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Abstract: In residential buildings, air infiltration impacts energy, indoor air quality, and thermal
comfort considerably. While air infiltration in residential buildings has been the focus of many
studies, most published field-testing results pertain to developed countries, with little or no data
on air infiltration in developing nations. This paper presents the results of one of the first field
investigations into envelope infiltration in the residential buildings of the hot-arid climatic area of
Egypt. To analyze the air permeability of the building envelope, the fan pressurization method, often
known as the blower door test (BDT), is used, following ISO 9772. The study focuses on 20 residential
dwellings built with heavy construction materials and subjects them to extensive characterization
and testing. The average air leakage and the air permeability rate for the tested sample were 6.14 h~!
and 17.3 m3/(h-m?), respectively. However, significant variations in airtightness were observed
across the dwelling, leading the team to test several building-related parameters statistically to study
their impact on airtightness. Fenestration quality appeared to be a critical factor in determining air
infiltration, showing a strong correlation with the air change and leakage. A further investigation
underscored that the specific aperture factor and the fenestration quality can predict the infiltration
rates to a large degree. Thus, we recommend further investigation of these characteristics in heavy
construction material building. Finally, we strongly recommend that building codes in developing
countries such as Egypt include minimum performance requirements for fenestration.

Keywords: air infiltration; new residential buildings; envelope airtightness; aperture ratio; blower
door test; Egypt

1. Introduction

The building envelope’s resistance to airflow, or its airtightness, is the determining
factor in avoiding uncontrolled air movement in spaces [1]. Airtightness affects a range of
building-related performance metrics, including a building’s hygrothermal performance,
energy consumption, ventilation performance, fire resistance, noise levels, and the thermal
comfort and health of its occupants [2]. In locations that experience extreme hot or cold
weather conditions, reducing air infiltration and exfiltration through the building envelope
decreases the heating and cooling energy needed to maintain indoor comfort. On the
other hand, creating extremely airtight buildings may deteriorate indoor air quality if the
appropriate supply of fresh air through mechanical ventilation is not guaranteed.

Given the importance of building envelope airtightness, many countries and juris-
dictions incorporate airtightness into their energy performance calculation and building
commissioning procedures. For this purpose, international standards for measuring air
leakage in building envelopes have been developed [3], with ISO 9972 [4] and ASTM
E779 [5] being the most widely used. Both the ISO 9972 and ASTM E779 standards are
used to quantify, through field tests, the air permeability of a building or enclosed spaces.
The test mainly entailed pressurizing or depressurizing the space mechanically using a
fan, commonly using the blower door test (BDT) apparatus, after the test location had
been prepared. By ensuring that all air moving into or out of the space happens through

Buildings 2023, 13, 728. https:/ /doi.org/10.3390/buildings13030728

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings13030728
https://doi.org/10.3390/buildings13030728
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-3612-2128
https://orcid.org/0000-0002-2377-6982
https://orcid.org/0000-0002-2365-0351
https://doi.org/10.3390/buildings13030728
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13030728?type=check_update&version=2

Buildings 2023, 13, 728

2 0f23

its building envelope and its components, the fan is used to induce pressure to create a
pressure difference in reference to the outdoors, and the airflow through the fan would
equate to the flow through the envelope.

While ASTM E779 offers one standard test method, the ISO 9972 is distinct in that
it provides three distinct BDT methods: (1) Method A, to test a building in use (i.e.,
during the cooling or heating season); (2) Method B, to test the building envelope (i.e.,
in which any intentional opening is closed or sealed); (3) Method C, to test a building
in use (i.e., automatically regulating, externally mounted air transfer devices are sealed,
other openings are handled in the same way as for Method A). Air terminal devices of
mechanical ventilation or air conditioning systems are sealed. Other ventilation openings
(for example, openings for natural ventilation) are closed for Method A and sealed for
Method B. As for building components preparation, the entire building or part of it to
be tested is configured to respond to pressurization as a single zone. Furthermore, all
interconnecting doors (except for cupboards and closets, which should be closed) in the
part of the building to be tested are opened so that uniform pressure is maintained within a
range of less than 10% of the measured inside/outside pressure difference. As for heating,
ventilation, and air conditioning systems, heating systems with indoor air intake are turned
off. Open fireplaces are cleared of ashes, and mechanical ventilation and air conditioning
systems are turned off. Many published works, especially in Europe, have resorted to using
the ISO standard in their field tests.

With infiltration being a determining factor in buildings” environmental and energy
performance, research on air leakage has continued to garner interest in academic and
practitioner circles. The current research presents new data for quantifying air infiltration
for different construction types and locations. The literature also proposes new assessment
and testing methods and statistical prediction models to correlate infiltration with other
heat and moisture transfer phenomena in buildings [6]. Recently, new research has started
to study infiltration more extensively in regions where airtightness data is scarce, including
in developing countries and hot climatic regions. Filling these data gaps is essential for
addressing energy demand in the built environment, which is now increasingly perceived
as a global and internationally connected issue.

Alfano et al. [7] evaluated the airtightness of twenty residential buildings in southern
Italy. They discovered that the average air change rate (nsg) value was reasonably high
and that the most crucial causes of this excess infiltration were windows and chimneys,
which were not tight or were not sealed correctly, as well as air movement through the
mechanical ventilation systems. Papaglastra et al. [8] conducted a similar study that
analyzed 1094 air change rates at 50 Pa obtained from field tests in seven European countries:
Belgium, Greece, The Netherlands, France, Norway, Finland, and Germany. They found
that house airtightness data fit into a theoretical Weibull distribution, with significant
asymmetry in distribution for all countries except Greece and Norway. In Spain, the
results obtained in a study on the infiltration rate of detached houses concluded that air
infiltration through the building envelope has a significant energy impact, in the range of
2.43 to 19.07 kWh/(m?-y) [9].

Sfakianaki et al. [10] measured airtightness and infiltration in twenty houses in Attica,
Greece. They categorized the dwellings based on ISO 13790’s [11] envelope tightness
level categorization at a pressure difference of 50 Pa (standard is now revised: ISO 52016-
1:2017 [12]): high (10 h~! and above), medium (4 to 10 h!), and low (below 4 h~!). They
discovered that structures with medium and high envelope tightness levels are statistically
uneven, showing high standard deviations in their infiltration rates and the conditions of
their building parameters. They thus highlighted the need for redefining each category’s
range of values or developing new categories that could be added to ISO 13790 [11]. Stabile
et al. [13] measured air permeability and indoor pollutant concentrations in schools in
central Italy, and the pressurization tests revealed that infiltration from classroom leakages
alone is insufficient to meet the ventilation requirements in most of the classrooms tested.
They estimated the average air exchange rate to be 0.12 h~!. They found that air infiltration
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positively impacts indoor air quality during the spring season, with significant reductions
in CO; and radon concentrations. However, they reported that the classroom’s air quality
was inadequate throughout the fall and winter seasons despite the high infiltration rates.

Kalamees [14] conducted a field measurement study of the airtightness and air leak-
ages of thirty-two detached houses in Estonia, where little or no infiltration data has
previously been published. They also used an infrared image camera and smoke to dis-
cover the most prominent air leakage paths (ALPs). The average air leakage rate and air
change rate in the entire database at a pressure difference of 50 Pa were 4.2 m3/(h-m?)
and 4.9 h~1, respectively. In Spain, Feijo-Mufioz et al. [15] identified envelope ALPs using
thermal imaging and found that they are mainly concentrated around windows, pipe and
duct paths, and construction joints. Rolling shutters, a widespread element in this area,
were seen to create a discontinuity in the envelope and were identified as an especially
relevant leakage path. Based on the available work, leakage from exterior openings (i.e.,
windows and exterior doors) is the most significant component for regions that use heavy
construction, including some Mediterranean nations, as seen in a study conducted in
Greece, Spain, and Italy [10].

The building construction year has been previously reported as a critical factor influ-
encing air leakage in buildings for several reasons. First, materials and joints deteriorate
over time. For example, Jesus et al. [15] estimated an up to 10-15% increase in the infiltra-
tion rate every ten years. Second, the continuous improvement in construction systems has
reduced infiltration. Third, the year of construction is linked to the regulations in force at
each moment, which establish the requirements and conditions of the construction systems.
However, it is essential to mention that the latter reason is less applicable in locations with
no air infiltration regulations, including developing nations such as Egypt.

Another study was conducted by Yonghang et al. [16] to analyze the influence of
construction age on air infiltration. A significant positive relationship between air perme-
ability and the construction age was seen, but some of this reflects varying maintenance
levels by building management companies. The significant negative relationship between
air permeability and total length of penetration path/envelope area is a characteristic of
residential buildings, so they suggested involving regular checks of sealing and obvious
gaps, especially at the kitchen drain, windows, and door frames.

Valdas et al. [17] analyzed building construction materials to determine the change in
heat loss of end units in terraced houses (townhouses) in Lithuania due to various factors,
leading to uneven airtightness of the building envelope. The non-destructive assessment of
building airtightness was implemented through combined methods, namely the blower
door test (around 200 measurements) and infrared thermography. They stated that 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.

Researchers have also explored how various building parameters affect infiltration
rates. For example, in multi-unit building testing, Feijo-Mufioz et al. [18] investigated,
among other factors, how the position of dwellings within a building affects their infiltration
leakage rates in the field tests they conducted in Spain. They found that dwellings placed
in an intermediate position are more airtight than the ones placed in an extreme position.
Sfakianaki et al. [10] used statistical tests to study the correlation between airtightness
and the total frame length (FL) and confirmed that the FL significantly influenced each
house’s air leakage rates, highlighting exterior envelope window and door frames as a key
predictor of infiltration.

Another area of interest is the study of infiltration in multi-unit residential buildings. In
a recent study, Lozinsky and Touchie [19] investigated twelve newly constructed multi-unit
residential buildings to study inter-zonal infiltration. They found that, on average, most of
the infiltration (i.e., more than 60%) happens through the exterior envelope components and
that most inter-zonal infiltration happens through the corridor. They specifically identified
that this unit-to-corridor infiltration happens since the partitions are made of steel studs
rather than concrete or heavy construction, which separates the different units. Thus. in
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locations where heavy building materials are used in all interior compartments, such as
Egypt, it is safe to posit that most of the air infiltration in multi-unit residential buildings
should happen through their exterior envelope and its components.

As seen from the above overview, the findings obtained from field tests have provided
essential data for the forecast of building air leakage, which can then be used to assess
the thermal performance of buildings, predict energy consumption and demand for new
and existing construction, and study the comfort and well-being of its occupants. The
field tests” results can also provide crucial information to policymakers and designers,
allowing them to make more informed policy-related decisions and better detect energy
and environmental issues during building audits. However, to predict air infiltration at an
accurate level, large data sets are needed, which is the case in the United States, Canada,
China, and some European nations.

Based on the research of Dickerhoff et al. [20] and Harrje and Born [21], ASHRAE [22]
determined the percentage distribution of infiltration air leakage from building components.
The distribution indicates that the most significant components are walls, ceiling details,
forced-air heating and/or cooling systems, windows, doors, fireplaces, exhaust vents for
conditioned spaces, and diffusion through walls and ceilings. Using the air leakage charac-
teristics of almost 70,000 US houses, Chan et al. [21] developed a multivariate regression
model to estimate the effective leakage area (ELA) distribution of the single-family detached
dwellings building stock in the United States. The ELA is defined as the area of a special
nozzle-shaped hole that would leak the same amount of air as the building does at a pres-
sure of 4 Pa and is used in infiltration models to predict the air exchange rate as a function of
wind speed and indoor-outdoor temperature difference. Thus, using Chan et al.’s model,
a leakage area distribution for any single-family residence in the United States might be
obtained based on the attributes obtained from the American Housing Survey.

The performance of six different airtightness materials is applied and compared in
another study in the UAE [23], a country that shares Egypt’s climate zone, in order to
improve air tightness. The blower door method was employed both before and after the
sealants were applied. The airflow at 10 Pa, Q10 (m3/h), and 50 Pa, Q10 (m?/h) were
decreased by 70.15% and 67.95%, respectively, by the foam, proving that it was the best
sealant. This resulted in a 3% decrease in energy use over one year.

For this level of accurate infiltration and leakage area prediction to be obtained, many
field tests must be conducted, verified, and made available for analysis. Despite the
availability of studies conducted throughout the world, including tens of thousands of
significant airtightness test results, the cross-application of field results in different locations
and countries is not possible. This is because various elements, including construction
technology and quality, craftsmanship, and building materials and components, among
others, influence envelope airtightness.

This underscores the need for new research to continue collecting and publishing field-
testing results from locations where infiltration data is scarce or unavailable. Thus, while the
published research on air infiltration in residential buildings is rich, to the best of the authors’
knowledge, there have been no studies on the airtightness of residential buildings in Egypt,
a developing country with a hot and arid climate. Moreover, due to the use of heavy
construction materials, such as concrete and brick walls, and non-standardized window
and door systems in the Egyptian construction industry, the airtightness performance of
Egyptian residential buildings may differ significantly from that of other countries. Given
the scarcity of airtightness measurements in Egypt, a set of tests on residential buildings
is necessary.

This study assessed and analyzed the airtightness of twenty dwellings in the newly
developed New Cairo (Cairo, Egypt) area using the blower door test (BDT). Following
this introduction and background section, the paper presents the methodology of the
research, including an overview of the fundamental laws that govern the phenomenon of
air infiltration in buildings, a detailed description of the tested dwellings and test protocols
followed, as well as the method of analysis of the collected field data. The results section
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presents and discusses the findings from the field experiment and statistical analysis.
Finally, the paper highlights the study’s key contributions and proposes recommendations
for estimating air infiltration in Egyptian dwellings and reducing their air leakage, as well
as a series of suggestions for facilitating the BDT in similar conditions.

2. Methodology
2.1. Fundamentals of Air Infiltration through Building Envelopes

The airflow as a function of the pressure gradient across the building envelope is
represented using the power law equation (Equation (1)) [5].

Q=C (AP)" )

where Q is the airflow through the building envelope (m?/h); Cy. is the air leakage coefficient
(m3/(h-Pam)), which is a function of the size and conditions of the leakage paths; AP is
the pressure difference (Pa) between interior (reference pressure) and exterior (baseline
pressure); and 7 is the flow exponent that characterizes the flow and is usually in the range
from 0.5 to 1 for fully developed turbulent and laminar flow, respectively (a reference value
of 0.65 is commonly used). The parameters that constitute Equation (1) must be extracted
from all infiltration tests in order to estimate the air leakage quantity and characteristics.

In order to compare different envelopes” performance, airflow, Q, is normalized ac-
cording to ISO [4], using the following building parameters: exterior envelope surface area
(Ag in m?), net floor surface area (Af in m?), and internal volume (V in m3). The resulting
infiltration parameters are detailed in Table 1. Other building parameters previously used
in the literature to compare infiltration include the total frame length (FL in m), the total
frame area (FA in m?), and other ratios derived from the building parameters presented. In
this research, we use nsppre to denote the air change rate at 50 Pa during the pressurization
and nsgqep to denote the air change rate at 50 Pa during the depressurization testing.

Table 1. Standardized airtightness parameters.

Parameter Description Equation Unit
Qso Average airflow rate at 50 Pa Cr (50)n m3/h
N5 Air change rate at 50 Pa (ACHj5) Qs50/V h!
W5 Specific leakage rate at 50 Pa Qs0/Ar m3/(h-m?2)
q50 Air permeability rate at 50 Pa Qs0/Ag m3/(h-m?)

2.2. Description of Tested Dwellings

All the examined dwellings in this study are in New Cairo in Cairo, Egypt. The New
Cairo area was established in the late 1990s and is one of the new satellite suburbs built
around the old city of Cairo. The area is considered part of a hot-arid climate type of Bwh
according to the Képpen Geiger categorization [24]. Multi-unit residential buildings are the
most common typology in this area, with construction mainly driven by private developers,
either of large or small scale. The municipality sets standard rules and guidelines that limit
several design parameters such as setbacks, building heights, built-up area ratio to the net
area, and sometimes the exterior construction and finishing materials. While Egypt has a
building energy code, the code is not binding and is not readily applied in the industry.

Overall, 20 dwellings were selected for testing. The researchers intended to select a
random group of newly constructed dwellings in New Cairo that represent the typical
characteristics of the available residential stock in this location. The sample was chosen
to feature dwellings in the same development projects, others completed by the same
contractors in different locations, and a group of randomly selected dwellings with different
finishing qualities and properties. The specific characteristics of each of the tested dwellings
are specified in Table 2. Figure 1 illustrates the sample of tested dwellings, and Figure 2
shows a sample of the floor plans.
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Table 2. Details of the tested dwellings.
. No. of ore Fenestration
Construction Ar \" Ag FL FA Position :
Y wh md @ w m  Broed g Quily
D1 2010 135.00 371.25 55.065 30.1 10.34 2 2nd 1
D2 2010 135.00 371.25 55.065 30.1 10.34 2 2nd 1
D3 2010 135.00 371.25 55.065 30.1 10.34 2 1st 0
D4 2010 135.00 371.25 55.065 30.1 10.34 2 1st 0
D5 2010 135.00 371.25 55.065 30.1 10.34 2 0 0
D6 2010 135.00 371.25 55.065 36.26 12.27 2 1st 2
D7 2010 118.00 324.50 55.065 30.1 10.34 2 0 0
D8 2010 118.00 324.50 55.065 30.1 10.34 2 0 2
D9 2010 270.00 742.50 115.63 60.2 20.69 3 0 0
D10 2010 270.00 742.50 115.63 60.2 20.69 3 0 2
D11 2007 233.00 699.00 148.11 74.8 32.98 3 2nd 1
D12 2007 271.00 813.00 172.11 79.2 33.96 3 2nd 1
D13 2021 140.00 378.00 106.38 39.8 17.85 2 0 2
D14 2018 130.00 357.50 68.553 421 15.69 2 3rd 0
D15 2000 280.00 840.00 259.5 118.8 40.90 4 0 1
D16 2006 330.00 924.00 247.8 102.2 46.32 4 2nd 2
D17 2000 90.00 238.50 75.26 27.2 9.92 2 3rd 0
D18 2004 110.00 319.00 94.5 37.4 13.55 3 2nd 2
D19 2020 276.50 829.50 300 71.2 25.87 4 0+ 1st 1
D20 2017 230.00 621.00 324.8 62.6 26.47 3 0+ 1st 2

D1 to D18 are dwellings in multistorey buildings. All multistory buildings have four stories above the ground
floor (the ground floor is labeled 0 in the table), and D19 and D20 only have one story above the ground floor.

D1to D10

Same developer

D11 & D12

Same
specifications
but different
floor areas

D13 to D18

Random
sclection

D19

Single family
detached

D20

Single family
attached

D1to D6

Same dwelling
model with
different
opening
specifications
\. J

D7 & D8

Same dwelling
model with
different
opening
specifications

D9 & D10

Same dwelling
model with
different
opening

specifications
J

)
D6 has slightly
larger

windows

| —

Figure 1. Visualization for the sample of tested dwellings.

D1 to D18 are dwellings in multistorey buildings. All multistory buildings have
four stories on top of the ground floor (the ground floor is labeled 0 in Table 2). The
height of the dwellings is determined by the New Cairo area’s building regulations, which
dictate a five-story limit, including the ground floor. The following is the description of
the dwellings:

Ten dwellings (D1 to D10) are located in the same development.

O D1 to D6 are the same dwelling model but feature different opening specifications,
with D6 featuring slightly larger windows (modified by the current occupant).
O D7-D8 and D9-D10 are two pairs of similar dwelling models with different

opening specifications.

Two dwellings (D11 and D12) were constructed by the same contractor and featured
the same specifications, including the same windows but with slightly different
floor areas.
Six dwellings (D13 to D18) were selected randomly; they were completed by different
contractors and feature different finishing qualities and opening specifications.

D19 is a single-family detached dwelling.
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- D20is a single-family attached dwelling.

(B)

Figure 2. Floor plan example for (A) apartment dwelling and (B) single-family dwelling.

The last two building types are the least common in the New Cairo market due to
their high prices, which makes them only accessible to higher-income users. D19 and D20
only have one story on top of the ground floor. In all the tests, the window locations varied
in each dwelling based on their location in the building.

The tested dwellings were already furnished and occupied during this study. Thus,
all units” electric, network, and communication systems were already installed, and their
exterior doors and windows were installed and functional. Additionally, all the check
valves were installed at the inlets of the discharged flow and exhaust airway in the houses.
The required project acceptance and commissioning procedures were completed for all the
tested dwellings according to local laws and regulations.

All the tested dwellings had cast-in-situ reinforced concrete structures using a tradi-
tional column, beam, or flat slab system. The exterior and interior walls are primarily built
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using hollow red bricks and plastered with a layer of mortar on both sides. Exterior walls
are traditionally built with two layers of bricks (i.e., they are almost double the thickness
of interior partition walls). Multiple coats of paint are the primary interior finishing ma-
terial for all walls and ceilings. Exterior wall finishes varied between exterior paints and
other surface finishes. The floors were mainly finished using tiles installed using cement
mortar and sand. Roofs and wet areas (i.e., kitchens and bathrooms) featured a layer of a
modified-polymer bituminous membrane as a water-resisting layer. Figure 3 presents the
typical details of these building elements.

2
3

5
6
%
8

Tiles 1 Tiles

Cement mortar ——2 Mortar

Sand —3 Sand

Sloped plain concrete ——4 Cast on-site reinforced concrete
polymer-modified bituminous membrane —5 Plaster

Cast on-site reinforced concrete
Plaster
Paint - (or other surface finish)

—#6 Paint - (or other surface finish)

/8

Average thickness= 0.45 cm Average thickness= 0.3 cm

Roof Section Typical floor Section

1 Paint - (or other surface finish) 1 Paint - (or other surface finish)

2 Plaster 2 Plaster
3 Brick wall 3 Brick wall
4 Plaster 4 Plaster
5 Paint - (or other surface finish) 5 Paint
Average thickness= 0.2 cm Average thickness= 0.28 cm
Interior Wall Section Exterior Wall Section

Figure 3. The typical sections for building components” materials.

The dwellings’ internal clear height ranged between 2.6 and 3 m. All the tested
dwellings featured aluminum- or unplasticized polyvinyl chloride (uPVC)-framed win-
dows and exterior doors. All the exterior openings in the dwellings consisted of sliding
windows and window-doors with single or double glass panes. No mechanical ventilation
systems were installed in any of the dwellings examined (i.e., the units did not have any
HVAC ducts or diffusers), typical of the Egyptian residential building stock. Thus, the
fresh air for these dwellings is provided by opening the exterior windows or envelope air
infiltration. The dwellings included split unit wall-mounted air conditioning systems in
some rooms, commonly used for cooling, cooling, and heating. It is important to note that
none of the tested dwellings featured any light structure walls (i.e., metal studs or other)
and that no openings or paths existed between the dwellings and their adjacent spaces,



Buildings 2023, 13, 728

9o0f23

such as other units or corridors. It is also important to note that construction specifications
and documents were not readily available for all testing units. Thus, the research team had
to infer some building characteristics by inspection during the testing.

By inspection, there were apparent differences between the quality and specifications
of the units examined. Specifically, the exterior windows and window-doors varied signifi-
cantly, featuring different aluminum or uPVC window and door profiles, variations in the
installation and maintenance quality, and deviations in the quality of their integration in
the envelope. Previous research has highlighted that exterior windows and doors are key
ALPs [10], so the team recorded the overall fenestration quality for each unit. They were
then organized into three distinct categories based on the profiles’ quality, whether or not
they had any faults and the quality of their fitting in the envelope. The three categories are
as follows:

- Below average (0): Low-quality aluminum window or door profiles with apparent
construction, mechanism, and installation faults. Gaps between the frame and wall
are visible and identifiable, with missing caulking and weather strips.

- Average (1): Acceptable quality aluminum window or door profiles with apparent
construction, mechanism, and installation faults. No or minor gaps between the frame
and wall can be identified, and most caulking and weather strips are in place.

- Above average (2): High-quality aluminum window or door profiles with no visible
construction, mechanism, and installation faults. No gaps between the frame and wall
can be identified, and all caulking and weather strips are in place.

The details of the tested dwellings are displayed in Table 2.

2.3. Air Infiltration Measurements

The tests were conducted between January 2022 and April 2022, according to ISO 9772.
During the field testing, the locations” ambient temperature, wind speed, and wind direction
were recorded based on measurements conducted on the site at the tested dwellings’
level. The external dry bulb temperature, atmospheric pressure, and wind speed were
measured at the main entrance door level. The indoor dry bulb temperature was measured
in the geometric center of the space. A thermal image camera, FLIR E8-XT, was used
to capture images to help identify the key leakage pathways. It is conceivable that the
meteorological conditions in Egypt during the testing period did not significantly influence
the testing results.

All airtightness measurements for the dwellings were carried out following Method
B in ISO 9972, using the BDT. The Model 3 Minneapolis Blower Door (220 V) with the
DG-1000 pressure and flow gauge test system was used in this procedure [25]. The fan is
equipped with a 3 hp motor, with a maximum flow of 8495 m3/h at 75 Pa and a minimum
flow of 145 m3/h, with the appropriate flow rings installed. The pressure and flow gauge
have a differential pressure range of —2500 to +2500 Pa (—10 to +10 in. H,O), a display
resolution of 0.1 Pa for readings in the range of 0-999.9 Pa, and an accuracy of 0.9% of
pressure reading or 0.12 Pa, whichever is greater. The flow reading accuracy is £3%. The
equipment used was recently calibrated by the manufacturer (The Energy Conservatory,
Minneapolis, MN, USA). Figure 4 shows the Minneapolis Blower Door system in use.

The researchers ensured that the blower door assembly could convey air into the
conditioned or unconditioned compartment at the appropriate airflow rates during the
testing. The digital pressure and flow gauges were used to record the pressure difference
across the building envelope and the airflow rates. The average exterior pressure was
measured using more than one tap since the units had multiple facades. Two sets of
tests were completed: one to record measurements under pressurization and the other
under depressurization. During the tests, the applied pressure difference over the building
envelope was adjusted in ten-point increments (at 10 to 15 Pa intervals), starting at 10 Pa
and ending at 75 Pa, for both pressurization and depressurization. Flow and pressure
readings were averaged over 30 s, and the fans were covered before and after the tests to
measure the baseline pressure over 60 s.
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Figure 4. Minneapolis Blower Door system during the testing.

The airtightness test results highly depend on how the dwellings were prepared.
Method B in ISO 9972 standard was followed in preparing the tested dwellings. Specifically,
the exterior windows and doors were all closed during the test, while the internal doors
were all open. The drainage traps in toilets, sinks, and showers were filled with water
before the test. Since the buildings tested had no intended natural ventilation holes or
mechanical ventilation systems, no preparations were needed for HVAC systems. Knowing
the primary causes of infiltration is critical for proposing efficient solutions to improve the
airtightness of existing structures. Thus, during the depressurization stage, the primary
ALPs were detected using thermal imaging when there was a sufficient temperature
differential between the indoor and outdoor conditions, as shown in Figure 5.

Figure 5. Example of a thermal image used to identify typical air leakage paths: showing air
movement around a window.

2.4. Data Validation and Analysis

All the tests reported in this study meet the requirements of ISO 9972 [4]. Namely,
(1) the indoor-outdoor temperature differential multiplied by the building height was
less than 250 mK; (2) the wind speed near the ground was lower than 3.0 m/s dur-
ing the time of the testing; (3) the correlation coefficient between AP and the airflow
was greater than 0.96 when determining the airflow coefficient C and airflow exponent
n using a least squares technique; and (4) the airflow exponent ranged between 0.5 and 1.0.
The first two conditions were checked by means of the ambient condition measurements
completed for each test. To check Conditions 3 and 4, the corrections for zero flow pressure
difference, actual and observed airflow through the fan, and internal/external air density
differences were applied to the measured pressure differences and airflow rates. Then, the
corrected airflow rate through the building envelope was plotted on a log-log plot against
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the corresponding pressure difference. Figure 6 shows an example of the graphs produced
with a correlation coefficient of 0.999.
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Figure 6. Example of pressurization and depressurization test graph.

The most significant difference recorded between the indoor and outdoor air temper-
ature was 3.78 °C, and the product of building height and indoor-outdoor temperature
difference ranged between 6.3 mK and 52 mK. Additionally, the corresponding correlation
coefficients from the least squares technique for the tests ranged between 0.96 and 0.98. In
conclusion, all the measurements fulfill the corresponding requirements in ISO 9972, and
thus the test results were considered valid.

In addition to reporting the direct infiltration and air leakage test results (i.e., Qs),
and the standardized parameters (i.e., nsp, qs59, and wsp), the study statistically analyzes
the findings to understand correlations between specific building parameters and the
infiltration rates. Precisely, and based on the results reported by recent literature in areas
with similar construction conditions, the study investigates how the air infiltration results
correlate with the following building parameters: FL, FA, A, V, and Ag. Other building
parameters derived from these primary parameters were also examined, as presented
in Table 3.

Table 3. Derived building parameters used in the statistical analysis of results.

Parameter Equation Unit

Shape coefficient Ag/V m~!

Frame length factor (FLF) FL/V m 2
Specific aperture factor FA/Ag Unitless

3. Results and Discussion
3.1. Airtightness Results Using the Fan Pressurization Method

Table 4 and Figure 7 show the airtightness performance of the 20 tested dwellings.
Under a pressure differential of 50 Pa, the air change rate (nso) ranges from 2.89 h—! to
12.74 h~!, with an average of 6.14 h~! and a standard deviation of (2.92 h~!). Most of the
dwellings tested fell within the medium airtightness category as per ISO 52016-1:2017 [12].
The buildings’ air permeability rate (qsg) ranged from 5.75 m3/(h-m?) to 85.87 m3/(h-m?)
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with a standard deviation of 20.63 m3/(h-m?), and the specific leakage rate (wsg) ranged
between 7.96 m3/(h-m?) and 35.02 m3/(h-m?) with a standard deviation of 8.05 m3/(h-m?).
The results highlight the significant variations among the air tightness indicators in the
dwellings tested.

Table 4. The standardized airtightness parameters for the tested dwellings.

(n50) (qso) (W50) (Q50)
D1 3.13 21.13 8.62 1164.00
D2 3.50 24.18 9.80 1332.00
D3 7.50 51.09 20.84 2813.40
D4 12.73 85.87 35.00 4728.60
D5 6.25 42.16 17.20 2322.00
D6 2.89 19.51 7.96 1074.60
D7 9.86 58.12 27.12 3200.40
D8 3.50 20.78 9.70 1144.80
D9 10.37 66.59 28.50 7700.40
D10 2.90 18.82 8.06 2176.20
D11 6.05 28.58 18.16 4233.60
D12 5.50 26.05 16.54 4483.80
D13 4.90 17.64 13.41 1877.40
D14 9.60 50.51 26.64 3463.20
D15 8.30 26.98 25.00 7002.00
D16 5.22 19.49 14.64 4831.20
D17 8.38 26.57 22.22 2000.00
D18 3.80 12.97 11.15 1226.50
D19 4.80 13.37 14.50 4012.20
D20 3.01 5.75 8.13 1870.20
Mean 6.14 31.81 17.16 3132.82
Median 5.37 25.12 15.59 2567.70
Standard deviation 2.92 20.63 8.05 1922.96

As expected and seen in previous research [1], nsppre was larger than the N50dep for most
of the evaluated dwellings (only two dwellings had nspqep equal to or larger than nsppre).
This result demonstrates that most tested dwellings are leakier under the pressurization
test mode, indicating that some ALPs tend to close or tighten when air moves from the
outdoor to the indoor. This observation could be explained by the fact that various building
components in the tested dwellings open toward the outside, such as windows, doors, and
check valves. Thus, when under pressure, these ALPs components become less airtight.

The dwellings’ leakage assessment or rank varied significantly when using different
standardized airtightness parameters. For example, when ns, is used, D4 ranks as the
leakiest, and D6 is the most airtight. However, when using qsp, D20 is the most airtight, and
D4 is the leakiest. This contradicts the expected linear correlation between infiltration and
specific building parameters, such as volume and envelope area, in residential dwellings
reported by Jokisalo et al. [2]. This variation implies that the building characteristics of the
dwellings tested in New Cairo significantly differ from those tested in other locations.

Other studies have found similar variations in their test results and resolved them by
investigating correlations between the infiltration and different building parameters. For
example, in Greece, Sfakianaki et al. [10] used the standard ns, air change rate, to study
its correlation with different building parameters and found that the FLF was the most
significant building parameter in predicting infiltration. Additionally, in China, Ji et al. [1]
used nzp, but found that the shape coefficient was the most significant building parameter
in predicting infiltration. However, it is essential to highlight that the correlations with nsy,
the average flow rate over the volume, could be misleading since both FLF and the shape
coefficient depend on the building volume in their calculation.
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Figure 7. Air change rate at 50 Pa and ns for the tested dwellings (categorized as per Figure 1).

However, it is clear that the standardized airtightness parameters, nsy and qsg, alone
are insufficient for comparing infiltration results in situations with significant variations
in building conditions. Thus, investigating the infiltration or building parameter best
describes the airtightness of a region’s dwellings is critical. As a result, we examined the
data further to understand the effect of various building parameters on the airtightness of
the dwellings.

We first investigate the effect of background conditions of the dwellings, namely,
their position in the building (following Feijo-Mufioz et al. [18]), their year of construction
(following Ji et al. [1]), the number of exposed facades, and the observed fenestration
quality. We use nsg, which is determined by the net volume of the tested space, and qs,
which is determined by the envelope area. Following this analysis, we conducted a multi-
parameter correlation between the airtightness and building parameters to identify the
most significant in predicting the infiltration in the sample.

3.2. Investigation of the Effect of the Background Conditions of the Dwellings on Airtightness

The Shapiro-Wilk test of normality revealed that all building parameters (namely: FL,
FA, Ar, V, Ag, FLE, Ap/V, FL/Ag, FL/Ag, and FA/ Af) depart from normality (p < 0.005)
except for the envelope area (Ag) and shape coefficient (Ag/V). For the airtightness param-
eters, the test reveals that the air permeability rate (qs9) departs from normality but that
nsp and wsg follow a normal distribution (p < 0.005). Thus, we used non-parametric tests to
investigate the data set run correlations across these two categories.

We first investigate the effect of the dwelling position in the building on air tightness.
For this investigation, only dwellings in multi-unit residential buildings are considered
(N =18). The dwellings in extreme positions (i.e., ground and top floors, N = 9) are
compared to the units in intermediate positions (N = 9). It is worth noting that all of the
dwellings consisted of only four stories on top of the ground floor.

There are slight differences in the mean nsp: 7.11 h~! for the dwellings in an extreme
position and 5.72 h~! for the dwellings in intermediate positions; and mean g values:
36.46 m3/(h-m?) for dwellings in an extreme position and 32.99 m?3/(h-m?) for dwellings in
intermediate positions. However, the Mann-Whitney U Test shows no significant difference
between the two samples at p < 0.05 in either of these metrics. This contradicts the findings
of Feijo-Mufioz et al. [26], who concluded that dwellings in an extreme position had
significantly more infiltration than those in an intermediate position. Figure 8 illustrates
these findings. It is important to note that the lack of statistical significance could be due to
the small sample size. Additionally, the fact that all the buildings have only five floors poses
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another limitation since the effect of the position could be better measured in buildings
with different heights.
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Figure 8. Box and whisker plots showing the distribution of (A) nsg and (B) qsp for dwellings in
extreme and intermediate positions (black dots show the mean value).

We then investigate the construction year. We divide the sample into two groups, pre-
2009 (N = 6) and post-2009 (N = 14). The year 2008 saw the publication of new construction
laws in Egypt, with the publication of the Unified Law for Constructions [27] and its
executive regulations published, which were published in 2009 [28]. As seen in Figure 9,
in the pre-2009 sample, the average qs is 23.44 m3/(h-m?) and 35.97 m3/(h-m?) for the
post-2009 group. However, the nsy indicates that the post-2009 dwellings have almost
equivalent ACH to those constructed pre-2009 (with an average of 6.24 h~! and 6.21 h~!,
respectively). The Mann-Whitney U Test confirms no significant differences between the
airtightness metrics of the two samples at p < 0.05. This is justified, given that the executive
regulations of the unified building law [28] set some regulations on the sizes and orientation
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of the openings and also set minimum window-to-wall ratios in residential buildings but
do not include air infiltration or window quality within the regulations. Thus, the year
of construction did not affect the infiltration values. This is in contrast to the expected
findings in other countries where changes in the building regulations usually entailed more
stringent infiltration limits, such as various European nations and North America [18,29,30].
It is important to note that the test results are also limited due to the large spread of the
sample dwellings’ construction date and the small sample size. We recommend that more
tests be conducted to specifically target buildings constructed prior to and after 2009 in the
same location to further test the effect of the new building regulations on infiltration.
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Figure 9. Box and whisker plots showing the distribution of (A) n5y and (B) qso for dwellings
constructed before and after 2009 (black dots show the mean value).

Even though the mean values for nsy and g5 did not change significantly, the ranges
of the values post-regulation are much more expansive, which shows the indirect effect
of having other regulations, such as minimum WWR, on air infiltration. It is important
to emphasize that the focus of the significance test is not to see the direct impact of the
year of construction on infiltration, as the changes in construction techniques and materials
among the tested dwellings are subtle due to the range of years included. However, the
intent is to observe the effect of changing regulations on infiltration and compare it to other
regulations in European countries, for example.
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We then investigated the effect of fagade exposure on airtightness. We divided the
sample into two groups: dwellings with two or fewer exposed fagades (N = 11) and
dwellings with more than two fagades (N = 9). As seen in Figure 10, dwellings with two
or fewer exposed fagades are leakier than those with more than two exposed facades,
with an average nsg of 6.67 h~! and an average qsg of 38.69 m3/(h-m?) for dwellings with
two or fewer exposed fagades compared to an average nsg of 5.54 h™! and an average qs
of 24.29 m3/(h-m?) for dwellings with more than two facades.
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Figure 10. Box and whisker plots showing the distribution of (A) nsp and (B) g5 for dwellings with
two or less, and more than two exposed fagades (black dots show the mean value).

The Mann-Whitney U Test shows no significant difference between the nsy of the
two samples at p < 0.05. However, the test returns a significant difference between the values
of gsp (at p < 0.05). This finding is in line with the results reported by Gomes in their study
of Portuguese multi-unit residential buildings [31], which explained the higher leakage
in less-exposed facades by differences in wind pressures and the dwelling directions. In
this study, this finding could be because dwellings with more than two exposed facades
had larger floors, volumes, and envelope areas, leading to smaller air tightness metrics.
However, due to the small sample size, further investigation is required to determine the
reasons for the significant differences in qsy between the two groups.

Finally, we investigated the effect of the observed fenestration quality on airtightness.
While fenestration quality has not been directly investigated in previous work, other
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researchers have resorted to studying how regulation changes affect infiltration. These
building regulations often include minimum specifications for windows and exterior doors,
as well as stringent commissioning guidelines for fenestration finishes and installation. We
compare the three groups, Below Average (N =7), Average (N = 6), and Above Average
(N =7). The box and whisker plots in Figure 11 show differences in the nsy and g5y between
the three groups, with below-average quality fenestration group having an average of
9.42 h~! and 54.42 m3/(h-m?), the average group 6.61 h~! and 24.72 m3/(h-m?), and above-
average group 3.48 h™! and 16.42 m?®/(h-m?). We compare the three groups using the
Mann-Whitney U Test, which shows a significant difference in ns5y and gsg at p < 0.05
between the above-average and average fenestration quality groups, and between the
average and below-average fenestration quality groups. This indicates that the observed
fenestration quality was a major determining factor in the air leakage characteristics of
the dwelling.
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Figure 11. Box and whisker plots showing the distribution of (A) ns5p and (B) gs9 based on the
different observed fenestration quality (dots show the mean value).

3.3. Correlation between Air Tightness Measurements and the Dwelling Background Conditions

We employed Spearman’s correlation analysis to investigate the potential relationship
between various building and airtightness parameters. Specifically, we focused on the
building parameters discussed in Section 3.2 and assessed their potential impact on air
infiltration. Table 5 shows that the year of construction, number of exposed fagades, and
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floor position did not demonstrate a statistically significant correlation with air infiltration,
despite observed variation in the data. However, we identified a significant correlation (at
p < 0.001) between fenestration quality and both n5y and gsg as shown in Table 5, indicating
that the quality of windows and doors can play a critical role in air tightness.

Table 5. The Spearman’s Rho test results show the correlations between the dwelling background
conditions and airtightness parameters (nsy and qsp).

. Number of . Fenestration
Construction Position .
Year Exposed (Floor) Quality
Facades Level
N 20 20 18 20
N5 -0.175 —0.096 —-0.02 0.824 ***
q50 —0.138 —0.364 —0.08 0.871 ***

% < 0.001.

3.4. Correlation between Air Tightness Measurements and Different Building Parameters

To expand our investigation, we measured additional building parameters including
floor area, volume, envelope area, frame length, and frame area, and conducted a correlation
analysis with different air infiltration parameters. As shown in Table 6, we found no
significant correlations at p < 0.001. However, we found that the qsg is correlated with
the shape coefficient (Ag/V) and FL/Ag (at p < 0.01), while Ag and FA/Ag (at p < 0.05).
These correlations confirm that the overall infiltration depends on the dwelling’s envelope
and fenestration characteristics. What is important to highlight is that n5y and wsg are
not correlated with any building parameters. This contradicts previous research findings
and highlights that the ACH or n5( value is not an effective parameter for predicting and
comparing the tested dwellings’ airtightness.

Table 6. The Spearman’s Rho test results show the correlations between building and airtightness
parameters (nsg, qso, and wsp).

ns5g q50 W50
Ap —0.074 —0.206 —0.029
\% —0.074 —0.206 —0.029
Ag —0.089 —0.499 * —0.05
FL —0.098 -0.35 —0.042
FA —0.125 —0.381 —0.075
Shape coefficient —0.042 —0.566 ** —0.023
FLF 0.045 —0.334 0.057
Specific aperture 0.119 0.509 * 0.124

*p <0.05 *p<0.01.

Considering that both the nsg and g5 differed significantly based on the observed fen-
estration quality, we re-ran Spearman’s rank-order correlation conditional on the observed
fenestration quality. Table 7 shows the result of this correlation. We found three significant
correlations at p < 0.01. Namely, the correlations between gsg, the shape coefficient at
—0.625, and the specific aperture at 0.605. This finding is similar to that of Ji et al. [1],
whereby they also found that the shape coefficient was the most significant parameter in
predicting infiltration in their test sample.
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Table 7. Spearman’s rank-order correlation between building and air tightness parameters, condi-
tional on observed fenestration quality.

N5 q50 W50
Afg 0.275 0.023 0.348
\Y 0.275 0.023 0.348
Ag 0.408 —0.426 0.466 *
FL 0.465 * —0.048 0.553 *
FA 0.492 * —0.036 0.571 *
Shape Coefficient 0.433 —0.625 ** 0.45
FLF 0.531* -0.215 0.533 *
Specific Aperture -0.17 0.605 ** —0.15

*p <0.05 *p<0.01.

We plotted the linear correlation between the g5y and the shape coefficient (Figure 12)
and the g5p and the specific aperture (Figure 13) based on each of the three fenestration
categories (i.e., below average, average, and above average). We found the linear correlation
between q5p and the specific aperture more robust and coherent. This is in line with the
work of Sfakianak et al. [8,10,32], where they found that window-related parameters, such
as FLF, tend to provide more accurate predictions of leakage in tighter dwellings based on
the testing they conducted in dwellings built with heavy construction materials.

100
90
80
70
60
50
40
30
20
10

Oso (Q/Ae)

R2=0.46
R2=0.47
@i [ J
L. Il SEIITTrrPossves. ) Q... .................................. R2=0.85
............... PY
0.1 0.2 0.3 0.4 0.5 0.6
Shape Coeffecient (Ag/V)
® High Quality Average Quality Low Quality

Linear (High Quality) Linear (Average Quality) Linear (Low Quality)

Figure 12. Linear correlation between qsy and shape coefficient across the three different observed
categories of observed fenestration quality.

As seen in Figure 13, the group of dwellings with an average fenestration quality, the
linear trend line has an R? value of above 0.89 for the above-average quality fenestration
group, an R? value of 0.79 for the average quality fenestration group, and an R? value of
0.16 for the below-average fenestration quality group. The bigger variations in the quality
of those cases explain the decreasing correlation trend.

Thus, in the dwellings tested, which use heavy construction materials and have no
mechanical ventilation systems, the number of openings (i.e., the ratio of exterior openings
to the envelope area) and the quality of these fenestrations are the two critical determinants
of infiltration. The specific aperture, s/ (FA/Ag), could be considered an effective measure
to understand and compare infiltration in these dwellings. We propose the specific aperture
leakage rate (SAL), defined as the quantity of air envelope leakage rate in m3/(h-m?) at
50 Pa in reference to the percent of exterior openings in the envelope. This directly links
the predicted infiltration rates to the window-to-wall ratio, a widely used parameter in
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environmental design and assessment. Figure 14 shows the SAL distribution across the
three observed fenestration quality categories.
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Figure 13. Linear correlation between g5 and specific aperture across the three different observed
categories of observed fenestration quality.
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Figure 14. Box and whisker plots showing the distribution of SAL (q5¢/(FA/AEg)) across the
three observed fenestration quality categories (dots show the mean value).

4. Conclusions

Airtightness is a critical factor in determining the energy performance of buildings and
the comfort and well-being of their occupants. Air infiltration has been extensively studied
through field tests over the last decades, yet significant data gaps in infiltration data in
developing nations still exist. The cross-applicability of the available field data in different
locations is not possible due to the different construction standards, materials, technologies,
and significant differences in airtightness regulations. In recent years, researchers have
started to collect and publish airtightness data from locations with limited or no existing
data available.

Against this backdrop, this study presented the first effort to collect and analyze data
pertaining to new residential buildings in New Cairo, Egypt. Twenty dwellings were
selected based on a clear sampling criterion, and were tested following Method B in ISO
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9972, using the BDT, in which all ventilation and air conditioning systems in the dwellings
were sealed, and any natural ventilation openings were closed. All the sample units were
built using the same building materials and techniques, and the sample featured different
residential typologies. However, significant variations were observed in the quality of the
fenestration, ranging from low-quality profiles with major installation faults to high-quality
profiles that are well-installed.

Most of the tested units fell within the medium category of airtightness as per ISO
52016-1:2017 [12], and their n5y ranged from 2.89 h™!to 12.74 h~!, with an average value
of 6.14 h~!. The large variations in the airtightness parameters underscore the significant
difference in the tested dwellings’ building parameters and construction quality. Thus, we
investigate how the dwellings’ basic characteristics affect the infiltration. For the position
of the dwelling within the building, for the dwellings in extreme positions, the mean ns
qso values were found to be 7.11 h~! and 36.46 m>/(h-m?) respectively, and for dwellings in
intermediate positions, the mean ns( qsp values were found to be 5.72 h=132.99 m3/(h-m?),
respectively. When comparing the mean value of nsy (and gsg) for pre-2009 regulation
dwellings to those built after 2009, we found it to be 6.24 h~! and 6.21 h—! (23.44 m3/(h-m?)
and 35.97 m3/(h-m?)), respectively. Finally, buildings with two or fewer exposed facades
showed a mean ns; of 6.67 h~! and a mean gso of 38.69 m3/(h-m?), compared to 5.54 h!
and 24.29 m3/(h-m?) for dwellings with more than two facades. While the differences in
the position of the dwelling within the building, the year of construction, and the number
of exposed facades were found not statistically significant, this could be attributed to the
small sample size.

On the other hand, the observed fenestration quality was significant in predicting
infiltration rates and air change rates. Based on this, further examinations confirmed that
the air permeability leakage rate (qsp) is strongly correlated with the specific aperture factor.
The linear correlation between qso and the aperture factor confirmed this, showing an R? of
0.89, 0.78, and 0.16 for the above-average, average, and below-average fenestration quality
groups. The study concludes that the quality and quantity of the fenestrations are key
parameters in predicting infiltration in the tested dwellings.

We propose the specific aperture leakage rate (SAL) as a valuable metric for compar-
ing dwellings with properties like that of this study’s sample, including new residential
buildings in the city of Cairo, and to estimate the leakage in dwellings based on their
window-to-wall ratio, which is a building parameter commonly used to assess other envi-
ronmental performance metrics.

We recommend further research to conduct additional testing on units with similar char-
acteristics and use published data, such as those found in southern Europe [9,10,27,33,34], to
validate this conclusion further and overcome the limitations posed by the relatively small
sample examined in this study. Thus, this study could be considered an initial investigation for
a more considerable effort to collect and analyze infiltration detail in Egypt, the Middle East,
and North Africa. Finally, based on the reported finding, we recommend that countries with
no energy codes for buildings, such as Egypt, include basic regulations and commissioning
requirements for windows and fenestration in their general building codes to control infiltration
in newly constructed dwellings.
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Abbreviations

AP Pressure difference Pa (Pascals)
Ag Envelope surface area m?

Afg Net floor surface area m?

FA Total exterior opening frame area m?

FL Total exterior opening frame length m

FLF Frame length factor m~2

nsg (ACHsg)  Air change rate at 50 Pa h-1

Qso Airflow rate at 50 Pa m3/h

ds0 Air permeability rate at 50 Pa m3/(m?2-h)
sC Shape coefficient m~!

\% Net building or space volume m?

W50 Specific leakage rate at 50 Pa m3/(m?-h)
ALP Air leakage path

ASHRAE The American Society of Heating,
Refrigerating and Air-Conditioning Engineers

ASTM American Society for Testing and Materials

BDT Blower door test -
ELA Effective leakage area distribution

1SO International Organization for Standardization
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