Quantifying airtightness in Brazilian residential buildings with focus on
its contribution to thermal comfort

Abstract

Airtightness refers to the amount of air leakage through a building’s envelope. This uncontrolled
exchange of air between inside and outside, either infiltration or exfiltration, may lead to thermal
discomfort. Nevertheless, little or no attention has been given to airtightness in some countries including
Brazil. In Brazil, a range of different strategies are suitable to achieve thermal comfort depending on
the several climatic regions. In those regions where winter conditions are noticeable, such as in S&o
Paulo, airtightness is a key parameter, but it has been historically overlooked. In this work, the authors
deployed the innovative Pulse test methodology to determine airtightness levels for the first time in
Brazil, in the city of S8o Paulo. Three representative multifamily residential buildings dating from the
1970’s, 1980’s and 2000’s were measured, and the results’ values widely ranged from 1 h'* to 5.7 h?,
at 4Pa. Next, dynamic building simulations were conducted using measured and representative
airtightness values (converted to infiltration) to understand the contribution of this variable on the
thermal comfort. The results suggested that up to 9% improvement in the thermal comfort levels could

be achieved by adopting 1 h** as maximum infiltration, and up to 14% by adopting 0.5 h.
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Introduction

Airtightness refers to the amount of leakage paths where air can pass through a building’s envelope,
measured in various units. Airtightness plays an important role in the delivery of thermal comfort and
energy efficiency, in a range of different climates (Emmerich et al., 2005). Its recognised impact has led
to the progressive introduction of target values in various countries, set in place to improve thermal
comfort and energy efficiency in buildings (Building Research Establishment, 2013; Etheridge, 2015;
Khemet & Richman, 2020; Love et al., 2017; Mortensen & Bergsge, 2017; Prignon & Van Moeseke,
2017; Santamouris & Asimakopoulos, 1996). In the United Kingdom (UK), airtightness targets (or, more
specifically, air permeability as this is the metric used) appeared first in the regulations in 2002 (HM
Government, 2002), and testing became a mandatory requirement under Building Regulations Part L

in 2006 (HM Government, 2006).



Airtightness is measured through steady state pressurisation tests. The most common test is known as
the blower door testing, which measures the air leakage rate per hour per square metre of building
envelope area at a reference pressure differential of 50 Pascals. This involves mounting a ‘door’ with
an incorporated fan, into the frame of an external door opening, used to vary the pressure in the building.
The resulting difference between the pressurisation and depressurisation is then used to calculate the
permeability of the building envelope. Because this type of testing significantly impacts on buildings’
occupancy, talking hours to be prepared and performed, much work on the airtightness field has been
focused on the development of innovative airtightness measuring tests and representations. One of
such tests is the Pulse method (E. Cooper et al., 2016; Zheng et al., 2019), a simple, quick and accurate
test undertaken using a portable compressed air based system. Because it measures leakage at a
lower pressure, the system provides a better representation of normal inhabited conditions, helping to
improve understanding of energy performance, thermal comfort and ventilation needs. The whole test
process takes under a quarter of an hour, can be undertaken by one person and is much less invasive
than a blower door test for the occupiers. Because of its portability, simplicity of use and accuracy, this

system was used for the development of this work.

Despite the advances in the airtightness knowledge, its importance has progressed distinctively among
countries, mostly due to their different climatic contexts, cultural influences and levels of development
(Patrascu et al., 2018). It is common that countries of subtropical or tropical climates, such as Mexico
and Brazil, overlook the concept and do not measure airtightness levels neither evaluate their impact
on thermal comfort in buildings. In these generally warmer countries, ambient conditions are mostly
within an acceptable thermal comfort range of temperatures, and the largest proportion of buildings are
naturally ventilated. In naturally ventilated buildings, the relevance of airtightness become less evident
as the flow of air through the envelope is considerably smaller in comparison to the ventilation rates. In
these climates, there are not enough studies covering the contribution of airtightness on the thermal
comfort (Fernandez-Agliera, Dominguez-Amarillo, Alonso, et al., 2019; Ford et al., 2007; W. Ji et al.,

2018; Tubelo, 2016; Tubelo et al., 2018).

In Brazil, the concept of airtightness is neglected despite the variety of climates found and requirements
to use different strategies to achieve thermal comfort. In Sado Paulo, southern Brazil, where this study

was conducted, the climate is subtropical with warm summers and cool winters (Cfa, according to



Koppen classification). Residential buildings are predominantly naturally ventilated, but the use of air
conditioning has been growing significantly. In climates of this kind, due to the significant winter
conditions/or recognised cooler temperatures during winter, an airtight building may be appropriate,
even though the idea of an airtight building envelope with sealed windows feels contrary to the cultural
habits of naturally ventilated buildings (Pacheco & Lamberts, 2013) and preferences for air movement
(Candido et al., 2011). The benefits of airtight buildings may be more obvious in the winter period when
ambient conditions are mostly below the comfort levels and during heat waves in the summer period,
when extremes of temperature occur and the external conditions get unfavourable to the use of natural

ventilation to improve comfort levels.

In this work, the authors deployed the innovative Pulse test to measure the levels of airtightness of
multifamily residential buildings in S&o Paulo, Brazil, for the first time. The originality of the work lies on
the use of this innovative test method, on the collection of airtightness values for the first time, and in
the exploration of the contribution of this design parameter to comfort in buildings in this location. The
study was structured in two parts. The first part consisted of measuring the airtightness values in
representative case study buildings using the Pulse method and reporting on its meaning. The second
part consisted of using analytical work developed through dynamic building simulations. Various levels
of airtightness (converted to infiltration levels) were adopted as the varying parameter in a sensitivity

analysis that measured their impact on comfort levels.

This work did not survey a large sample of dwellings due to project constraints. Instead, a detailed
assessment of 3 selected case study buildings was undertaken, and this will join a larger body of work
under development by the team. The objective of the evaluation of the different case study buildings
was not to compare their performances, given their different design and construction features, but to
provide an overview of representative residential building typologies and their associated thermal and
airtightness performances in the climatic context of the city of Sdo Paulo. The work methods and
findings are relevant to building design, simulation, and construction in a number of cities in the

subtropical climate zones, and more widely to research in the field of airtightness.

Sao Paulo

Sao Paulo has a population density estimated to be 7,398.26 hab/km? as per 2010 census (IBGE,

2017). The city was ranked 10" out of the 5570 Brazilian municipalities in density and 1%t in absolute
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population (IBGE, 2017). Due to the city’s high population density, its most common housing typology
is apartments, particularly in the inner city. This typology accounts for a significant percentage of the
city’s housing stock; only between 2005 and 2014, 96% of the housing units launched in S&o Paulo

were part of apartment developments (Alves, 2019) and, thus, this typology was selected for this study.

Climate

The climate of S8o Paulo is subtropical humid (Cfa according to Képpen classification) with warm humid
summers and cool and drier winters, annual average temperatures of 19.1°C and annual average
minimum and maximum temperatures ranging from 10.7°C to 31.1°C (Alves et al., 2016). Monthly
averages of relative humidity do not exceed 80%, average maximum and minimum relative humidity
are in January (75%) and July (61%), respectively (Roriz, 2012). Figure 1 shows the annual distribution

of temperature and relative humidity in S&o Paulo, based on Roriz (2012).

S&o Paulo’s climate is generally mild and comfortable, but in recent years it has become more extreme
due to climate change and heat island effect (Alves, 2019). Average annual temperatures have
increased by approximately 3°C and the average annual relative humidity levels have reduced to 80%
in less than a century of measurements (Alves, 2019). Studies on urban heat island in Sdo Paulo, have
showed a temperature gradient of 6°C to 8°C among areas with different degree of urbanisation

(Oliveira et al., 2018).

January is the hottest month, with an average temperature of nearly 23°C, absolute minimum and
maximum temperatures reach 14°C and 37°C (INMET, 2018), respectively, whilst the relative humidity
varies between 31% and 100% (Uzum & Gongalves, 2020). July is the coolest month, with an average
temperature of nearly 17°C, absolute minimum temperature of nearly 1°C and absolute maximum
temperature of 30°C (INMET, 2018), whilst the relative humidity varies between 26% and 100% (Uzum
& Gongalves, 2020). In typical cooler/mild days, the temperatures can reach as high as 24°C, or slightly
higher, because of solar radiation, whereas in a cooler cloudy day, air temperatures hardly rise above

15°C.

Building occupant’s behaviour

Brazilian residential buildings are predominantly naturally ventilated, and this is particularly the case in

Sao Paulo. In summer, windows are kept open when possible regardless of outdoor temperatures. The



use of air conditioning units, which are mostly installed in bedrooms or/and living rooms, are common
(and growing) in middle- to high-income households. The electricity consumption for household air
conditioners more than tripled in 12 years according to 2017 data and its electricity demand is estimated
to increase 5.4% per year until 2035 (EPE, 2018). This trend might worsen with climate change as the
projections for the region indicate a rise in temperatures of between 0.5° and 1°C by 2040 and a gradual

rise between 1.5°C and 2°C by 2070 (PBMC, 2013).

In winter, the inappropriate use of windows and ventilation by the occupants can greatly affect thermal
comfort, but it is also the uncontrollable air leakage that impacts on the indoor thermal comfort as the
cold air enters the building by cracks and gaps within the envelope. The most common alternative to
achieve thermal comfort is the use of inefficient portable heating devices, but also the use of air

conditioning with the heating function.

Even though the use of heating and cooling devices in residential buildings is still somewhat limited in
Brazil (Alves et al., 2016), the rise in income and standard of living are expected to raise the numbers
of households that utilise these devices as this will be within their economic reach (EPE, 2018; Ghisi et
al., 2007; Triana et al., 2018). Mitigation strategies should be considered accordingly, specially solutions
that can increase indoor thermal comfort by passive means or using the lowest possible amount of
energy (Alves et al., 2016). In this sense, the technical work presented here investigated the extend by
which controlling air permeability can improve indoor comfort, particularly during the cooler and hotter

periods of the year in S&o Paulo.

Thermal comfort acceptability and criteria

Adaptive comfort models are based on the premise that people can adapt to make themselves more
thermally comfortable in naturally ventilated buildings and thus, the user is no longer seen as passive
to the surrounding environment, but as the controller of it (Humphreys et al., 2013; J. Nicol et al., 2012).
The adaptation can vary widely, such as through varying the clothing levels, the operation of windows

for ventilation or the use of fans to increase air speed.

Thermal comfort limits were calculated using ANSI/ASHRAE Standard 55 (2010) considering 90% of
acceptability by the occupants and taking S&o Paulo’s average monthly temperatures as reference

(Figure 2). The comfort limits were calculated to be 20-27°C throughout the year and broader comfort



temperatures were also demonstrated in Figure 2 for reference purposes, representing a higher degree

of acceptability by the occupants.

Adaptive comfort models overlook the effect of humidity on occupants’ comfort. It is known that higher
humidity level (relative humidity and/or absolute humidity) slightly decreases upper comfort temperature
limit, however, the extension of it is considered limited (F. Nicol, 2004; Parkinson et al., 2020; Rijal et
al., 2015). Prior research indicates that absolute humidity lower than 15 g/kg would not impact the
thermal comfort limits in naturally ventilated buildings (Givoni, 1992). Research in humid climate or in
conditions when the relative humidity is high, people may require temperatures that are just about 1 °C
lower to remain comfortable (F. Nicol, 2004). Psychrometric chart of S&o Paulo, created using Analysis
Bio Software (LabEEE, 2010) and climate data (Roriz, 2012) shows that absolute humidity is lower than

15g/kg and it is not an issue in this climate (Figure 3).

Airtightness in buildings

Airtightness is the property of how well a building is ‘sealed’. There are different metrics to measure
airtightness; one being air permeability, as used in the UK regulation, is defined as the rate of leakage
per area across the envelope, given in m3h™*m2. The other metric being when flow (m?%s) is not
normalised by volume and envelope area and is given as an overall building air change rate, expressed

in ht.

Airtightness for regulatory purposes in the countries that have airtightness requirements is currently
measured by means of the steady state pressurisation method alias blower door testing. The steady
state test is conducted by means of a fan installed within an opening of the building envelope. The fan
can either pressurise or depressurise the building and air flow rate is measured at points across a range
of pressure difference typically from 10 to 60Pa (BS EN ISO 9972, 2015). The airtightness, or air
permeability of a building is then quoted at a specific pressure difference, which varies in different

countries, e.g. UK regulation requires air permeability to be quoted at 50Pa pressure difference (Qso).

Even though airtightness is a relatively new topic for the practice of building design and construction in
countries such as Brazil, it has been widely studied elsewhere since the 1970’s. Airtightness measuring
methods such as the steady pressurisation method (blower door) has been deeply investigated (Chan

et al., 2005; M. Sherman & Palmiter, 1995) and internationally standardised (ASTM, 2019; BS EN ISO



9972, 2015). Despite its development, the steady pressurisation method has shortcomings such as
measuring airtightness at an elevated (artificially created) pressure difference regarded as not
representative of natural building conditions, or modifying the building envelope by mounting a door
frame in an original doorway. Acoustic (Hassan, 2013; lordache & Catalina, 2012; Varshney et al.,
2013), infrasonic (Watanabe et al., 1999) or decay (Mattsson & Claesson, 2007) methods to determine
airtightness levels have also been tested. More recently, the Pulse method has been investigated (E.

Cooper et al., 2007; E. Cooper et al., 2016; Zheng et al., 2019).

The Pulse method is a low-pressure self-contained device which can be implemented within the building
enclosure, hence not modifying it. Nevertheless, it does not have the capacity of leak detection. The
impact on airtightness of stack effect, wind, barometric pressure, or other conditions has been
investigated (Kraniotis et al., 2014; Patrascu et al., 2018; M. H. Sherman, 1987, 1991) and conclusions
show that when high wind speed is present, it is difficult to measure airtightness at low-pressure using

the steady pressurisation method (M. Sherman & Palmiter, 1995).

Airtightness mainly determines the infiltration rate of a building under certain environmental conditions.
Therefore, how airtightness relates to infiltration via air infiltration models has been investigated (Jones
et al., 2014; Orme & Leksmono, 2005; M. Sherman & Dickinson, 1985; Walker & Wilson, 1990).
Furthermore, the mathematical representation of air exchange in buildings has also been investigated
and two formulations have been tested, a power law and a quadratic equation (Chiu & Etheridge, 2002;
Walker & Wilson, 1998); though more recent studies using an extended power law have been carried

out (Baracu et al., 2017).

Finally, with the intention of aiding policy makers to provide airtightness standards, characterisation of
buildings in terms of airtightness levels have been carried out in countries such as Finland (Vinha et al.,
2015), Spain (Feij6-Mufioz et al., 2019; Fernandez-Aguera et al., 2016; Fernandez-Aguera,
Dominguez-Amarillo, Sendra, et al., 2019) or Portugal (Ramos et al., 2015; Salehi et al., 2017). For
illustration purposes, airtightness requirements in different countries are listed in Table 1, adapted from

RDH Building Engineering Ltd (2013).



In order to establish a reference to the Brazilian context, the airtightness levels were calculated (last
two columns of Table 1) using the typical Brazilian social housing dimensions (6m by 6m of floor plan,
2.50m of floor-to-ceiling height, 90 m? of volume and 132 m? of envelope area), as set by Ministério das
Cidades (2014) and showed in Tubelo (2016). Even though the case studies presented in this work do
not represent a typical social housing typology (as middle-class multi-storey residential buildings, such
as the ones selected for these studies, greatly varies in volume and envelope area), this was adopted

for reference purposes.

This information should, however, be carefully handled because the use of different units can lead to
different results, i.e. when ranking buildings depending on the airtightness, if m®*h™*m? is used as a unit,
one obtains a different order in the rank than the one obtained using m3/s or h** as unit (Y. Ji & Duanmu,
2017). It should be noted that the conversion performed for the data in the last two columns was made
using Equation 1, where C and n are flow constant and exponent, Q; (m%/s) is the flow at the i pressure
difference AP (Pa), and assuming that the flow exponent (n, dimensionless) is equal to 0.66, a
representative value of flow through adventitious openings (Orme & Leksmono, 2005). C can be
calculated from the measured Q, the known AP (4 for Pulse, 50 for blower door tests) and the assumed
or measured flow exponent. Once again, one must be careful using this assumption, this value can vary
from place to place, and the information presented can only be used for comparison between codes.
Nevertheless, this exercise has been useful to show the wide variance of values even across similar

climates.

Equation 1: Q;, = cApP™
As discussed, airtightness testing provides a metric to establish how ‘leaky’ a building is; however, this
value does not directly represent the transfer of air in and out of the building at ambient pressure
differentials. The non-intended flow of air from or to the outdoor of the building in the ambient condition
can be called infiltration or exfiltration depending on the direction of the flow. Air infiltration is mainly
dependant on airtightness, the main difference is that the first one changes with environmental
conditions, such as wind speed and temperature difference; and the latter can be considered as a
property of the building fabric, which does not change in the short term, unless human action is applied

(for example, interventions to the building fabric such as drilling holes for services).



Airtightness in Brazil

In Brazil, there is neither airtightness requirement nor test available to measure the airtightness levels
in buildings (Lamberts, 2008). The only reference for airtightness in the country has been published in
the Brazilian standard NBR15575 (ABNT, 2013a, 2013b, 2013c). This reference, expressed as
infiltration, is for use solely in dynamic building simulations and corresponds to an infiltration rate of 1
ht at ambient pressure. It is unknown, however, whether this value applies to new buildings only, is

related to a specific building type or whether this is a representative value of Brazilian buildings.

There is also uncertainty about the delivery of the recommended building infiltration levels due to the
traditional handcrafted nature of the overall Brazilian construction. The Brazilian construction is heavy
and robust with the use of brick and ceramic and concrete blocks, but it has a high construction
variability. On one hand, interiors are usually plastered, and slabs are made of in-cast concrete in most
of multifamily residential buildings, a characteristic that contributes to achieve greater levels of
airtightness. On the other hand, windows are fitted to the envelope without considerably attention to
airtightness and thermal bridges. On the top of that, services are executed within walls and slabs without

much attention to the integrity of the envelope, features that impair the airtightness levels delivered.

Very limited number of studies in Brazil have looked at infiltration rates and its impact on thermal comfort
(Pacheco, 2013; Pacheco & Lamberts, 2013; Tubelo et al., 2018). These studies, however, focused on

simulating different levels of infiltration and did not include actual measurements.

Pacheco (2013) evaluated the thermal comfort of an insulated and airtight housing under natural and
mechanical ventilation systems, in subtropical and equatorial Brazilian climate zones 1 (Curitiba) and 8
(Belém), respectively . For the subtropical climate, results suggested that the lowest thermal
transmittance building envelope had simultaneously the lowest and highest annual sums of heating
degree-hours, depending on the shading type adopted. The study, however, focused on the delivery of
thermal comfort by looking exclusively at the thermal transmittance of the building envelope, combined
with very low airtightness levels equivalent to the Passivhaus standards (0.6ach @ 50Pa) and did not

evaluate the contribution of varying airtightness levels.

Tubelo et al. (2018) conducted a parametric study using a single-family 1-storey 2-bedroom housing

typology and investigated two different infiltration rates (1 h* and 0.15 h'* at ambient pressure) for



different building envelope combinations, varying their insulation levels in the subtropical Brazilian
climatic zones 1 (Curitiba) and 3 (Porto Alegre and S&o Paulo). The findings revealed that limited
infiltration rates on typical building envelope combinations increased the thermal comfort by up to 25%
throughout the year. However, limited infiltration rates were shown to be more beneficial when adopted
on super-insulated envelopes, improving thermal comfort by up to 97% for a thermal comfort band

reference of 20-25°C.

The case study buildings

The aim of this work was to select representative apartments in multifamily residential buildings in the
city of S&o Paulo, to firstly measure the levels of airtightness delivered by their building envelopes and

secondly explore the impact of these levels on the delivery of thermal comfort.

The case study apartments have distinct building typology, orientation, floor area, volume, windows-to-
wall ratio, year of construction, exposure to the environment, and were built using different construction
components (Table 2, Table 3 and Table 4). All the buildings are located in densified urban sites of the

city of Sdo Paulo and the apartments’ levels were similar (2" to 4" floors).

As mentioned, the aim of evaluating different and representative case study buildings is not to compare
their airtightness values and resultant thermal performance against each other, given their different
design and construction features, but to provide an overview of different typologies, a range of
airtightness levels found and then, their thermal comfort contribution in the context of Sdo Paulo. Also,
it should be noted that it is not scope of this paper to explore the impact of tall and wind exposed
buildings, but it is to establish current values contemplating a larger number of examples that consist

of multifamily buildings of up to 4 floors.

Multifamily residential buildings are especially predominant in larger cities and started to appear in Sao
Paulo in the 1970’s (Veiga & Burgarelli, 2016). It is estimated that out of the 3 million buildings in Sao
Paulo, one quarter date back from the 70’s and one fifth date back from the 80’s (Veiga & Burgarelli,

2016), which demonstrates the significance of buildings of this era in the city

The apartment in Higiendpolis, built in the 1960’s, is the largest. Almost all its facade is made up of
glass and steel frame, in which gaps between windows were observed. The apartment is expected to

be less airtight due to the poor condition of the window frames and the closing mechanism of the
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windows. The building is one of the icons of the bioclimatic modernist movement of the Brazilian
architecture that considered shading, solar access and ventilation for the comfort of the occupants
(Serapido, 2014). The elements of this architecture are considered to be reference of good

environmental performance on the top of its great relevance within the Brazilian architectural context.

The apartment in Pinheiros, part of a low-income housing scheme from the 1980’s that in the end was
put to the market, is occupied by middle-class family. The original wooden-frame windows were
changed for aluminium frame ones, as it has happened to a great number of flats of this type in the past
decades, around the city. Despite the age of the building, the construction is in good visual condition.
The building was built within one of the most important national housing programmes that produced
more than 4.3 new million housing units across the country between the 1960’s and 1980’s, through
housing cooperatives for low and middle-class households (Bonduki, 1994, 2008). The quality of the
architectural design, including the size of rooms and durability of the building components in general,

reveals the great attention given to housing for lower-income households in those days.

The apartment in Alto da Lapa, built in the 2000’s, is more contemporary and features simplified
polymerizing vinyl chloride (PVC) windows. The windows reflect the current residential middle-class
market that keeps them to minimum areas. The building is one of the most common middle-class
building types erected in Sdo Paulo from the 2000’s, which consist of vertical multifamily residential
tower buildings in locations where the land is most valued, with reduced room areas and floor to ceiling

heights (Alves, 2019).

All the case study buildings selected have in common their architectural relevance within the context of
S&o Paulo’s built environment and their analyses will offer a broader indication, and certainly more

accurate than if adopting just one typology, in terms of the levels of airtightness found in the city.

Airtightness measurements

The tested dwellings were occupied, and therefore the simplicity of use of the Pulse test was an added
benefit. The Pulse technique is based upon a quasi-steady flow technique and is a rapid test, taking
around 6 seconds for each measurement. This equipment causes an instantaneous pressure rise within
the building by releasing compressed air into the enclosed space. The volume change of the internal

air at the order of 0.004%, then results in a generation of a pulse pressure of approximately 4-8Pa (E.
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Cooper et al., 2007; E. Cooper et al., 2016). A variety of measurements must be taken for a range of
pressure differentials and Pulse measurements results are quoted at a 4Pa pressure difference. The
Pulse unit used is shown in Figure 4. The advantages of the Pulse method in comparison to the
traditional steady state pressurisation test, is that it requires no penetration of the building envelope,
works at a low pressure (being closer to naturally occurring pressure difference) and importantly in

situations of inhabited dwellings, that there is no disruptive high volumetric air flow.

The measurements were carried out from the 20™ to the 23 of March 2017. The buildings were
prepared prior to the test following the standard 1ISO 9972 (BS EN ISO 9972, 2015). This means that
all the external windows and doors were closed, the neighbouring apartments had their windows

opened and the vents were sealed. Background pressures were measured by the Pulse equipment.

In order to improve the accuracy of the measurement, and to test the replicability of the technique,
several tests were carried out in each apartment and an average value was quoted. These tests
demonstrated good accuracy in the environment, showing good repeatability in the readings with

deviations of up to 5% from the average calculated value.

Measurements results

The airtightness test results are shown in Table 5, quoted at 4Pa pressure difference given as Qs for air

permeability (m3h*m2) and n, for air change rate (h?).

As mentioned, the Pulse airtightness measurements are given at a pressure difference of 4Pa. At the
time of writing there is no published method to convert the Pulse Q. measurement to an infiltration rate,
Q (h'Y). However, there is an accepted method of converting Qso to Q as used in the UK building
regulation (Building Research Establishment, 2013), where infiltration is predicted from airtightness
measurements using a ratio (Equation 2), this is based on M. H. Sherman (1987), Kronvall (1978) and

Persily (1982) findings.

Equation2 Q = Q.,/20
This ratio is then modified by height, shielding and leakiness correction factors. For all the buildings in
this study, the first and last correction factors (height and leakiness) are equal to 1, however, for the

shielding conditions, all the buildings are well shielded, consequently, the correction factor is 1.2.
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In order to use the above conversion, the Pulse measurement of Q, had to be converted to a Qs value.
Zheng et al. (2019) described a method to extrapolate low-pressure airtightness to high-pressure values
based on a power law. The authors acknowledge the errors created from the extrapolation procedures
(using Equation 1, and Zheng’s methodology), and also from the ratio given in Equation 2. However, it
is important to mention that this is the first study in Brazil that measured airtightness in different
dwellings, and therefore the use of this was necessary as there was no other context to base the work

upon.

In Figure 5 the measured results can be seen, converted to infiltration rate and these are compared

against the Brazilian standard NBR 15575 (ABNT, 2013a, 2013b) recommended value.

Airtightness simulations

The case study buildings were simulated using the dynamic building simulation software EDSL TAS
Engineering v. 9.4.2 (EDSL, 2018) to explore the impact of airtightness (infiltration as input used) on
the occupants’ thermal comfort in Sdo Paulo. Three different levels of infiltration were adopted at
ambient pressure: measured levels, recommended levels (1 h'?) as per Brazilian standard NBR 15575
(ABNT, 2013a, 2013b) and a stricter one (0.5 h') that reflects levels found in countries where
airtightness is considered (Table 6). All the cases were simulated with and without occupancy to
understand the impact of occupancy has on the delivery of thermal comfort when combined with a more

airtight envelope. Ventilation was adopted only when occupancy was taken into consideration.

Typical conditions of use were assumed in the simulations (Table 7) and these were based on the
Brazilian voluntary label RTQ-R (INMETRO, 2012) and ASHRAE (2009). Appliances usage was
considered based on affordable Brazilian housing occupancy as per PROCEL INFO (2006), INMETRO

(2014) and Tubelo (2016).

Simulation results

The results of the simulations of the case study buildings focused on the indoor thermal comfort for the
rooms with prolonged occupancy (living room and bedrooms) according to the established limits of
temperatures (20-27°C) and relative humidity (below 80%). When simulating occupancy, ventilation
was considered according to the windows opening areas, as shown in Table 3. Ventilation was

considered as selective (Table 7), meaning that when the outside conditions were not favourable, the
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windows were closed to avoid heat or cold coming inside the building. The concept is that occupants
can increase their comfort levels by strategically and adequately managing their ventilation strategies

according to the environment conditions.

Higiendpolis

Without occupancy and ventilation, when using the measured airtightness value (converted to infiltration
rate at ambient pressure), Higienopolis (Figure 6) had a percentage of thermal comfort estimated to be
circa of 66% of the time. Considering the infiltration levels at 1 h* and 0.5 h, Higiendpolis had the
thermal comfort (20-27°C) slightly increased to up to 69% and 70% of the time, an improvement in the
thermal comfort of nearly up to 4.5% and 6% related to the measured level, respectively. When
simulating typical condition of use, at measured infiltration rate (1.82 h?), the temperatures were up to
approximately 71% of the time within the thermal comfort interval. At typical conditions of use and
infiltration levels at 1 h'* and 0.5 h'%, the comfort levels were moderately increased to up to 77% (up to
76% and 78% in the bedroom) and 81% of the time, this represented nearly 9% and 14% more thermal

comfort when compared to the measured infiltration level, respectively.

Looking at relative humidity data, the external relative humidity levels showed to be above 80% in 43%
of the year. The indoor relative humidity level above the threshold of 80% showed to be significantly
lower, in an unoccupied scenario, it corresponded to just nearly 2% of the time at measured infiltration
rate but this was reduced significantly to negligible levels when infiltration was considered at 1 h** and
0.5 h. In an occupied and ventilated scenario, the relative humidity level above 80% was also minimal
and corresponded to nearly 1.5% of the time at measured infiltration level (1.82 h1), and it was within
1% range when lower infiltration rates were adopted. No significant impact on the relative humidity
levels above 80% was observed for the infiltration rates investigated under an occupied scenario, and

also a relatively steady pattern was observed in the range of 40-60% of relative humidity.

Pinheiros

Without occupancy and ventilation, assuming the measured airtightness value (converted to infiltration
rate at ambient pressure), Pinheiros (Figure 7) was within thermal comfort for 67% of the time. At 1 h!
and 0.5 h'! of infiltration levels, Pinheiros had its thermal comfort slightly increased to up to 69% and
72% of the time, 3% and 7.5% more in comparison to the measured level, respectively. With occupancy

and ventilation, at measured infiltration rate (1.35 h''), the thermal comfort corresponded to up to
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approximately 77% of the time. At infiltration levels of 1 h* and 0.5 h%, the comfort levels consistently
increased to up to 79% and 82% of the time, circa of 3% and 6.5% more thermal comfort when

compared to the measured infiltration level, respectively.

The indoor relative humidity levels above the threshold of 80% were low and corresponded to nearly
2.5% of the time at measured infiltration rate of 1.35 hl, when no occupancy and ventilation were
assumed. The levels showed a slightly decrease in the percentage of hours above 80% when infiltration
was reduced to 1 h'tand 0.5 h'?, equivalent to nearly 2% and 1%, respectively. With the occupancy and
ventilation, overall, the levels of relative humidity above 80% were increased. At measured level (1.35
h1), this represented nearly 3% of the time and at infiltration rates of 1 h*and 0.5 h! these were

increased moderately to circa of 4% and 11% of the time, respectively.

Alto da Lapa

In an unoccupied scenario and adopting the measured airtightness value (converted to infiltration rate
at ambient pressure), Alto da Lapa (Figure 8) had a thermal comfort percentage estimated to be up to
69% of the time). Considering the infiltration levels at 1 h™* and 0.5 h%, higher infiltration values when
compared to the measured one of 0.33 h?, a slightly decreased of the thermal comfort was perceived
and this represented to be up to 64.5% and 67.5% of the time, nearly 6% and 2% less related to the
measured value, respectively. In an occupied scenario, at measured infiltration rate (0.33 h'), the
frequency of temperatures within the thermal comfort interval were up to approximately 77% of the time
in Alto da Lapa. At infiltration levels of 1 h't and then 0.5 h%, as expected, the comfort levels decreased

to nearly 73% and 76%, circa of 5% and 1.5% lower related to the measured level, respectively.

In terms of relative humidity, in an occupied scenario, the levels above 80% threshold corresponded to
nearly 3% for the measured infiltration level of 0.33 h'* and were slightly increased to 4.5% and 3.5%
due to the increase of infiltration levels to 1 h™* and 0.5 h'%, respectively. In an occupied and ventilated
scenario, the frequency of relative humidity above 80% showed an inverse pattern in comparison to the
unoccupied scenario and this meant an increase of the time above the threshold of 80% for lower
infiltration rates. The relative humidity was above 80% in nearly 17% of the time for the measured
infiltration rate, 6% of the time for infiltration of 1 h* and 11% of the time for infiltration of 0.5 h?,

respectively.
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Discussion

The novelty of this work lies on the collection of airtightness values for the first time in Brazil using the
innovative Pulse test method and in the exploration of the contribution of this design parameter to
comfort in buildings in Sao Paulo though the use of dynamic building simulation. Whilst the levels of
airtightness were never measured, also rests a discussion about the impact of airtightness on the
thermal comfort in climates where natural ventilation is vastly adopted. This work makes an addition to

this knowledge, contributing to a vastly underdeveloped research area.

Even though the Brazilian construction sector overlook the concept of airtightness and its benefits on
the delivery of better levels of indoor thermal comfort, the residential construction sector specifically
utilises materials that are airtight themselves. Walls are normally plastered, and slabs are usually made

by cast-in-place concrete in the multifamily residential buildings, as found in the case study buildings.

However, whilst the building components seemed to contribute to achieve lower airtight levels, the fitted
windows seemed to be the most leakage and thermal bridging building component of the overall
construction in the cases investigated. Brazilian windows are mostly single glazed, and frames are
made of wood, steel, aluminium, with no use of warm spacers. The use of PVC framed windows is
relatively new, and those of better quality and more airtight are still limited to upper-classes due costs
constraints. This seems to be one of the reasons why the building in Alto da Lapa, which use the PVC-
framed windows demonstrate to be tightest apartment according to the measurements. Also, the reason
why the 1960’ apartment in Higiendpolis, which is fitted with unsealed steel framed windows, showed

the highest measured airtightness value.

Only one of the measured apartments met the recommended infiltration rate of 1 h"* (ABNT, 2013a,
2013b), the two other apartment units had nearly 35% and 80% values higher than the standard
recommends. This seemed to suggest a wide range of values and discrepancies among the Brazilian

building stock, that requires further investigation.

The analysis of thermal comfort, limited to dynamic simulations at established comfort temperatures
limits, showed that lower airtight values contributed to achieve better indoor comfort levels, mostly by
mitigating the cold temperatures. Figure 9 illustrates the case study buildings for temperature limits of

18°C and 20°C, for unoccupied (represented by solid lines) and occupied (represented by stripped
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lines) scenarios. It is worth mentioning that because the climate of S&o Paulo does not have extremes
of high temperatures in their climatic files, the benefits of limited infiltration on reducing thermal
discomfort due to the high temperatures were not observed. It is, however, important to further

investigate this in the future considering climate change predictions.

At infiltration rate of 1 h'l, as suggested by the Brazilian standard, the thermal discomfort due to low
temperatures was reduced to up to nearly half in Higiendpolis for an occupied scenario in comparison
to the measured rate of 1.82 h! for a 18°C reference. In Alto da Lapa, the adoption of the infiltration
rate as suggested by the Brazilian standard would double the thermal discomfort of temperatures lower
than 18°C compared to the measured infiltration rate of 0.33 h1. At lower infiltration rates, the frequency
of temperatures below 18°C were greatly reduced, showing that the temperatures were able to stay
most of the time within the thermal comfort or slightly below the lower thermal comfort limit (between
18°C and 20°C ). This demonstrated the importance of the airtightness as a design parameter in the
context of S&o Paulo and the importance that low levels of infiltration rates have on the delivery of

thermal comfort in this climate, considering the assumptions and comfort limits simulated.

The indoor relative humidity levels, illustrated in Figures 6-8, showed to be negatively impacted by the
reduction of the infiltration rates. However, this impact most of the time corresponded to be lower than
or nearly 10% of the year, which was immensely lower than the outdoor levels of relative humidity for
the threshold of 80%. This, however, showed to be more significant in Pinheiros and Alto da Lapa and
negligible in Higiendpolis, which might be attributed to the spacious size of the Higiendpolis apartment..
This is because large floor areas at a typical occupancy rate result in smaller heat gains (sensible and
latent) per square metre, which will then impact differently in terms of relative humidity. It needs to be
noted that, inevitably, the use of ventilation will also increase the levels of moisture inside the building
as it tends to follow the external condition. The impact of relative humidity in the case of more airtight
buildings must be further investigated, mainly in the context of Brazilian dwellings of limited size and

high occupancy rate, mostly for low and middle-income households.

Conclusions
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Airtightness measurements conducted for the first time in Brazil using the innovative Pulse test and
representative architectural examples showed a high variability of the air change rate across the case
study buildings, varying from 1 h'' to 5.7 h* (equivalent to infiltration rates varying from 0.33 to 1.82 hr
1). The measurement results (converted to infiltration) suggested that the Brazilian Standard NBR 15575
(ABNT, 2013a, 2013b) might be wrongly estimating the infiltration rates of Brazilian buildings, assuming
that these would correspond to nearly 1.0 h%. In one of the buildings measured, infiltration rate showed
to be nearly 80% bigger than the standard reference value. Similarly, the lowest value measured was
nearly 70% smaller than the standard recommends. The high variability on the levels measured and its
discrepancies with the recommended value indicated the need for further investigation considering a
much larger building’s sample, especially if the delivery of the predicted thermal performance is aimed

in Brazilian buildings.

The results of the occupants’ thermal comfort analytical investigation, conducted through the use of
dynamic building simulations, considering an occupied and ventilated scenario, supported the argument
that lower infiltration rate, matching the one suggested by the Brazilian standard (1 h?), delivered an
increase of thermal comfort of up to 9% considering as reference the building that had the highest
infiltration rate measured. For this case study building, stricter infiltration rate at 0.5 h'! was estimated
to deliver circa of up to 14% more thermal comfort than the measured level. However, for the building
that had the lowest infiltration rate, the recommended standard infiltration rate would decrease the
thermal comfort in 5% compared to the measured infiltration rate. The results consistently indicated that

lower levels of infiltration would deliver better indoor thermal comfort levels for the context investigated.

Relative humidity levels showed to be positively impacted by an airtight envelope when no occupancy
was considered but slightly negatively when occupancy and ventilation were considered. However, this
does not show to be an issue in the climate investigated, and high levels of relative humidity were
immensely lower than those outdoors. Further investigation needs to be conducted to evaluate the
impact of airtight envelopes on relative humidity for typical occupancy without the consideration of
ventilation, especially in compact and over occupied dwellings where internal gains are more

representative.

The authors acknowledge that the sample size (3 apartments) was a limitation of this work and plan to

expand this number in subsequent projects. More measurements should be conducted to examine the
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current levels of airtightness in a variety of other Brazilian multifamily residential building typologies, in
S&o Paulo and in other regions of the country. The findings seemed to suggest that newer buildings
have progressively been built with higher levels of airtightness over the years and could potentially
deliver greater levels of thermal comfort to the occupants when compared to the older buildings, a
hypothesis that could not be confirmed with a sample of this size. This hypothesis will need to be

explored through larger samples in subsequent studies.

Nonetheless, one should keep in mind that airtightness alone is not an all-encompassing solution to
improve thermal comfort in buildings in S&o Paulo. Given the demonstrated impact of this variable on
the delivery of the indoor thermal comfort in multifamily residential buildings, the authors suggest that
airtightness should be considered as one of the key building elements in the design and construction in
subtropical Brazilian climates. This work, although conducted in the city of Sdo Paulo, Brazil, can help
inform about the airtightness quantifying methods and its thermal comfort contribution in other countries

of similar climate, building typologies and construction components.
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