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Energy efficiency and indoor air quality are frequently-two conflicting objectives when establishing the
air change rate (ACH) of a dwelling. In Europe, the northern countries have a clear focus on energy con-
servation, leading to an obvious awareness of the importance of airtightness, which translates into a high
level of regulation and implementation. Meanwhile, the southern counterparts experience a more com-
plex challenge by having predominantly passive ventilation strategies and milder climates, which often
results in a more permissive approach.
This work proposes an innovative labelling methodology to classify the performance of naturally ven-

tilated dwellings. A representative sample of a southern European national built stock is used in a
stochastic process to create a pool of 43,200 unique dwellings. The simulation period refers to a month
of the typical heating season in the southern European mild conditions. The results test the labelling
methodology. With feature selection, ACH limits, and a labelling strategy, dwellings classify according
to their ability to provide adequate ACHs.
The terrain was the best splitter of the dataset from the applied categorical variables. Regarding con-

tinuous variables, the airtightness was the one explaining most of the variability of the outputted
ACHs, followed by the floor area. From the best performing dwellings labelled as compliant (Com), the
average airtightness level was 5.3 h�1, with 4.9 h�1 and 5.8 h�1 in rural and urban locations.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Energy losses due to air change rates

In a building, indoor air quality is dependent on proper air
change rates (ACH) [1]. Infiltration and ventilation characteristics
regulate ACHs in buildings [2]. In contrast with mechanically ven-
tilated dwellings, those ventilated naturally or adventitiously rely
solely on the temperature gradient and wind forces.

The built environment represents around 40 % of the final
energy use in the EU [3], and 27 % of it is associated with the res-
idential sector alone [4,5]. In this sector, 64 % of the total energy
consumption relates to space heating (Table 1), and the annual
heating energy loss due to air change rates (ACH) is 35 % of the
delivered energy for conditioning [6,7]. There is consensus that
carbon dioxide emissions could reduce up to 20 % if the built stock
was to comply with minimum air change rate levels [7]].

Regulating levels of pollutants demand a minimum threshold of
airflow, and handling heat transfers calls for constraint on addi-
tional air changes above the ones established for health and indoor
air quality (IAQ) related matters. Therefore, energy and health are
two conflicting issues in the air change rate strategy. The Southern
European building stock is dominated by naturally and adventi-
tiously ventilated dwellings. Mechanical and balanced ventilation
systems have a greater presence in northern and central European
countries than in their southern counterparts [8]. The former ven-
tilation strategies solely depend on the natural forces of tempera-
ture gradient and wind. Thus, accomplishing the minimum
threshold is a more significant challenge in the former than in
the latter.
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Nomenclature

ACH Air change rate (h�1)
IAQ Indoor Air Quality (–)
EWDI Excessive winter death index (–)
AEC Architecture, engineering and construction (–)
IEA International Energy Agency (–)
EBC Energy in Buildings and Communities Programme (–)
AFN Airflow Network (–)
EN European Norm (–)
a Terrain/Alpha (–)
SR Side ratio (–)
RS Roof slope (�)
ES Number of exposed vertical surfaces (–)
VD Number of vertical ducts (–)
NF Number of floors (–)
AF Floor area (m2)
CH Ceiling height (m)
n50 Air change rate at 50Pa of pressure difference (h�1)
n Airflow exponent (–)
ASHRAE American Society of Heating, Refrigerating and

Air-Conditioning Engineers (–)
KS Kolmogorov-Smirnov (–)
CS Chi-square (–)
WPC Wind pressure coefficient (–)
AIVC Air Infiltration and Ventilation Centre (–)
IPMA Portuguese Institute for Sea and Atmosphere (–)
Com Compliant dwelling (–)
NCd Non-compliant by default dwelling (–)
NCe Non-compliant by excess dwelling (–)
LL Lower limit (–)
UL Upper limit (–)
LHC Latin Hypercube (–)
ANOVA Analysis of Variance (–)
MSE Mean Squared Error (–)
P() Probability (–)
CP Compactness (m)
ELA50 Effective leakage area at a pressure difference of 50 Pa

(m2)
Q50 Airflow volume at a pressure difference of 50 Pa (m3/h)

CD50 Discharge coefficient at a pressure difference of 50 Pa
(–)

q Air density (kg/m3)
q50 Envelope air permeability at a pressure difference of 50

Pa (m3/h�m2)
Aenv Envelope area (m2)
QDPi Airflow volume at DP pressure difference at the i surface

(m3/s)
C Airflow coefficient (m3/(h�Pan))
DPi Pressure difference at the i surface (Pa)
DPwi Pressure difference resulting from the wind effect at the

i surface (Pa)
DPsi Pressure difference resulting from the stack effect at the

i surface (Pa)
IRP Internal reference pressure (Pa)
pref Reference atmospheric pressure (at 293.15 K) (kPa)
M Molar mass of dry air (kg/mol)
R Universal gas constant (J/(mol∙K))
Text Exterior temperature (K)
Cpi

Wind pressure coefficient (Cp) at the i surface (–)
v10 Wind speed at a height of 10m (m/s)
dmet Thickness of the atmospheric boundary layer at the

location of the meteorological station (m)
Hmet Height of the meteorological station (m)
amet Wind shear coefficient at the location of the meteoro-

logical station (–)
Hi Height of surface i of the envelope (m)
d Thickness of the atmospheric boundary layer at the

location of the dwelling (m)
hmean;i Mean height of the i surface (m)
hmax Height of the highest surface or interface (m)
Tint Interior temperature (K)
Aenvi Envelope area of the i surface (m2)
V Volume of the dwelling (m2)
rA Standard deviation of the horizontal component of the

wind direction at a particular hour (deg)

Table 1
Final energy consumption on space heating in eastern and
southern countries of the EU with no requirements on whole
building airtightness (). adapted from [4]

Country Final energy
consumption on
space heating (%)

Bulgaria 54.3
Greece 56.2
Hungary 74.0
Italy (1) 67.5
Malta 15.1
Portugal 21.2
Romania 63.4
Slovakia 68.3
Spain (2) 43.4

(1) except Trento and Bolzano regions.
(2) national-level requirements since late 2019.
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Even though the climate is milder in Southern European coun-
tries, additional research points to energy poverty as a primary fac-
tor in such low final energy consumption levels on space heating
2

[9]. With a 25.9 % excessive winter death index (EWDI) compared
to the 13.9 % average, Portugal is a case study in this regard [10],
alongside 56 % of the enquired reporting very cold and very hot
sensations in winter and summer, respectively [11]. These results
come after considering adaptation over time and acclimatization
processes, showing that it is a conscious decision to save income
by not conditioning the indoor environment. Thus, at least in the
Southern European context, the focus must concentrate on passive
systems, including adequate envelope airtightness, rather than
active ones.
1.2. Natural ventilation thresholds and airtightness

Maintaining favourable ACHs in a dwelling is a matter of bal-
ance between meeting minimum thresholds for the great majority
of the time and avoiding high ACHs for energy efficiency. Regard-
ing health concerns, the minimum limits imposed or recom-
mended by different countries greatly diverge [8], ranging from
0.3 h�1 to 1.0 h�1 limits (Table 2).

In Portugal, by 2020, this limit was 0.4 h�1 in the heating season
and 0.6 h�1 in the cooling season [12]. By mid-2021, legislation
changes indicate that if the mean ACH is below 0.5 h�1, it should



Table 2
Minimum air change rates (ACH) in dwellings (adapted from [8]).

Country Minimum ACH
for dwellings [h�1]

Assumption

Czech Republic 0.3 –
Finland 0.5 –
France 0.4 (1) Assuming 120 m3/h – 6 room

dwelling
Germany 0.45 (1) Assuming 135 m3/h – based on

floor area
Greece 0.7 –
Hungary 0.6 (1) Based on 0.42 l/s/m2

Italy 0.3 –
Lithuania 0.5 –
Netherlands 1.0 Based on 0.7 l/s/m2

Norway 0.5 (1) Based on 1.2 m3/h/m2

Portugal 0.4 Based on the heating season limit
Romania 0.4 (1) Assuming 120 m3/h – 6 room

dwelling
Slovenia 0.5 –
United Kingdom 0.45 (1) Based on 0.3 l/s/m2

(1) Assuming a dwelling with 120 m2 of floor area and a ceiling height of 2.5m.
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be considered 0.5 h�1 for calculating heat transfers by ventilation
[13]. If it is above 0.6 h�1, it should be regarded as 0.6 h�1.

The variability of ACHs over time, especially in a naturally ven-
tilated dwelling, is highly influenced by its envelope airtightness
performance [14,15,16,17]. The EPBD energy certification policy
translates this effect. An EPBD energy certificate attributes a label
to a dwelling regarding its energy performance and additional
information related to a reference baseline [18]. Regarding air
exchanges, the information provided is usually limited to compli-
ance with an airtightness limit validated by a blower door test or
a prescriptive path during construction [19].

Criteria on airtightness performance, particularly an upper air-
tightness limit, are defined at a national level and empirically
[20]. They are commonly a compromise between the interests of
AEC industry agents and regulatory agencies that intend to address
energy and constructability concerns jointly. Some countries
establish prescriptive paths during construction or retrofitting,
and others develop static limits based on a single dwelling charac-
teristic, usually the ventilation strategy [19]. These current
approaches lack the flexibility of boundaries by inputting too few
features, thus restricting their adaptation to distinct dwelling char-
acteristics and conditions.

A study aiming to simultaneously address IAQ and energy per-
formance issues in residential buildings due to the ventilation
strategy, proposed the definition of IAQ performance-based indica-
tors through the scope of IEA EBC Annex 68 [21,22].

This last work paved the way for developing an assessment
methodology for IAQ ventilation performance in residential build-
ings [23]. The authors highlight that despite pure CO2 not affecting
human health, it serves as a useful marker of occupants’ emissions
and human bio effluents. From which some present a negative
impact on human health [24]. Still, to include other performance
indicators, from a thorough review, fine particulate matter
(PM2.5), formaldehyde, and relative humidity (RH) indicators were
identified as being the most relevant. The selection of these pollu-
tants followed statistical information from collections of measure-
ments which fed ratios between concentrations and exposure limit
values. Arbitrary thresholds defined the hazardousness potential.
For example, the authors propose that a bathroom cannot have
more than 70 % of RH over 18 % of the time to avoid condensation
risk, and the maximum cumulative CO2 exposure in the bedrooms
cannot exceed 1000 ppm.

These same pollutants, CO2 and RH, are used in controlling air
change rate outputs in what is often called Demand Controlled
3

Ventilation (DCV) [25]. DCV systems performance was the focus
of an extensive review in many field studies [26]. While most
results showed positive ventilation energy savings, some less
favourable results occur. The authors highlight how crucial it is
to jointly consider the envelope airtightness level for the correct
performance of the ventilation, and how the indicators from the
already referred study [23] are quite sensitive to the envelope air-
tightness, particularly the ones relating to RH and CO2 [27,28].
1.3. Probabilistic airflow characterization

Research on airflow characterization commonly adopts proba-
bilistic approaches [29,30,31,32]. The aim is to have an input data-
set with enough variability on single features and their respective
combinations to characterize a group of dwellings or buildings. The
purposes range from addressing airtightness and ventilation per-
formance to dwelling energy performance.

In a comprehensive study [33], to simplify the compliance path
of naturally ventilated dwellings on a performance labelling strat-
egy program, a broad set of parameters for a large number of build-
ing models underwent detailed energy and airflow simulations.
They subsequently served to create a design tool that incentivizes
the use of efficient passive solutions. Sensitivity analysis results
point to the floor area and the number of floors as some of the most
influential geometry parameters. The wind speed at the building
site and the cooling degree days were amongst the most influential
climate and meteorological parameters.

The first-order reliability method (FORM) applied to the analy-
sis of infiltration in a low-rise building provided probability den-
sity functions of air change rates for different wind directions
based on climatic data, terrain data, airtightness performance
and geometry of the building [34,35].

IEA EBC Annex 55 and Annex 58 aimed to provide reliable
stochastic models based on databases or full-scale dynamic mea-
sured data. The models consider infiltration and apply sampling
methods to probability distributions on input data [36,37]. A
detailed study on the input parameters of Airflow Network (AFN)
models used uniform distributions to portray the uncertainty in
considering the width and length of cracks, and pressure coeffi-
cient of exposed facades, among other variables. Sensitivity analy-
sis found some of these among the most influential parameters,
scoring higher than mechanical outflow ventilation and exterior
temperature [38].

In research to assess the energy-saving potential of demand-
controlled ventilation, a representative dwelling was used on
stochastic analysis, applying, among others, intervals of façade ori-
entation, wind pressure coefficients, and terrain roughness and
normal distribution to the airtightness and length of ducts. This
approach identified the most robust ventilation strategy, i.e., the
one experiencing less variability with changing environmental
parameters, for heat loss and pollutant exposure synergy [28].
1.4. Gaps and objectives

As seen, while air change rate and ventilation strategies are fre-
quently discussed the impact of airtightness is not always
addressed. The lack of airtightness regulation in southern Europe
is both a symptom of the general disregard for the topic at a regio-
nal context and a probable cause of its oversight in the discussion
of ventilation strategies. The research gap is thus identified, as lit-
erature and current practices exhibit room to improve existing
policies or create new airtightness requirements.

Therefore, the present research aims to contribute to the defini-
tion of airtightness requirements in southern Europe by establish-
ing a methodology to classify the performance of naturally
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ventilated dwellings and applying it to a case study. The objectives
of the present work are as follows:

� Propose a labelling strategy of buildings based on airtightness
ranges and considering additional features;

� Evaluate the labelling strategy applicability in a representative
dataset of a predominantly naturally ventilated residential built
stock, particularly Portuguese single-family buildings, in the
context of southern Europe’s mild climates;

2. Methodology

2.1. Labelling strategy proposal

The present research considers that labelling the performance
of naturally ventilated dwellings is a first step in searching for ideal
ranges of airtightness performance. The methodology proposed in
this research to implement such a strategy demands defining a set
of minimum tasks, namely:

� Compile or create a dataset that includes building stock charac-
teristics and meteorological data representative of a certain
region;

� Calculate the airflow balance for each dwelling included in the
dataset at an hourly time step taking into consideration the
meteorological data;

� Perform a preliminary analysis to identify the most impactful
variables within the building characteristics and use that infor-
mation to reduce the dimension of the original dwellings
dataset;

� Define air change rate (ACH) limits, which will be the basis for
the dwellings classification (compliance and non-compliance)
and assess the performance ranges for the reduced dataset.

The accomplishment of the strategy is not straightforward,
as there are some limitations. For instance, measurements of
ACHs over an extended period are typically unavailable in a
set of dwellings with a wide variety of characteristics. To over-
come this issue and to implement the methodology, one needs
to use as input:

� a dataset of significant size and representativeness regarding
dwellings’ airtightness, geometry, and surrounding terrain
characteristics. Subsection 2.2 will explore the construction of
such a dataset based on real measured data. In this case study,
the final dataset comprises 43,200 unique single-family
dwellings;

� meteorological data of the studied region heating season. Sub-
section 2.3 details the data time series from a representative
meteorological station applied in the present research;

� the outputted ACHs time series by simulating each dwelling
with the meteorological data. Subsection 2.4 specifies the used
airflow model for the ACH simulations.

Fig. 1 schemes a flowchart of the overall rationale proposed in
this research for establishing the airtightness performance ranges
connected to the labelling strategy.

In the first stage, the dwelling characteristics are divided into
continuous or categorical variables. The continuous variables are
sampled with the Latin Hypercube technique coupled with a corre-
lation matrix to maintain potential statistically significant correla-
tions. For the considered categorical variables, all the possible
combinations are performed.

Next, together with the meteorological data, the input dataset
undergoes airflow balance simulation to assess the hourly ACH,
resulting in a large number of ACH time series. This data allows
4

identifying the most relevant input variables by applying feature
importance techniques. The variables with residual relative impor-
tance are then removed from the dataset, resulting in a reduced set
of dwellings with their respective ACH time series. Since this data-
set has time-invariant, those related to dwelling geometry and ter-
rain characteristics, and time-variant variables, the meteorological
variables and the dwellings ACHs over time, one abstracts the lat-
ter to global descriptors by applying the defined ACH limits to the
outputted ACH time series. A panel data analysis would be ade-
quate if one intended to dwell further into the correlations
between inputted meteorological and dwelling-related variables
[39]. For the present research it falls out of scope, as the focus is
on finding an airtightness labelling strategy that translates into
ranges of performance, assigning null relevance to the time stamp
of the ACHs.

The minimum ACH considered was 0.4 h�1. The upper limit,
related to excessive heating loads due to heat transfers by air
change rates, was defined at 0.7 h�1. The defined ACH lower and
upper limits at the EU level correspond to the default predefined
ventilation airflow rates for residential buildings of categories IV
and I, respectively, of EN 16798–1:2019 [40]. These categories
relate to indoor environmental quality and occupants’
expectations.

The chosen global descriptors were the ACH mean and the
percentage of time the ACH (P(ACH)) is below the lower limit
(LL), between the LL and the upper limit (UL), and above the
latter. Often, a time series, or distribution, can be represented
by two values: central tendency and dispersion measures. In
this case, both the median and mean were suitors to be the
central tendency ones, while variance and standard deviation
are commonly used as dispersion measures. In the current case
study, we found the percentage of time below the LL, within
the LL and UL, and above the UL, to better portray both the dis-
persion of ACHs and the compliance ability of the dwellings
they represent. These global descriptors are used in the label-
ling strategy, in which the following rules apply (Labelling block
in Fig. 1):

� Those with an ACH below 0.4 h�1 more than 20 % of the time are
labelled as non-compliant by default (NCd). This percentage
aligns with category II of EN 16798–1 standard on the expected
rate of dissatisfied occupants based on CO2 levels [40]. From
1000 ppm, around 20 % of users are expected to feel dissatisfied
with the indoor air quality [41];

� After applying the NCd threshold, the criterion shifts to the per-
centage of time the ACH is above the 0.7 h�1 upper limit for the
remaining dwellings. A step increment of 2.5 % in time above
this upper limit increment until a sample size of 5 % of the ini-
tial dataset gets encompassed. This group of dwellings is
labelled as compliant (Com), and they are the top performers;

� The remaining dwellings are labelled as non-compliant by
excess (NCe).

In the case of a passive ventilation system, dwellings with
different geometry, airtightness, and terrain characteristics, will
perform disparately. For example, dwellings of a particular
group where the wind speed has a high impact will experience
high ACH dispersion. Therefore, their ability to fulfil the
intended range of ACH in a certain percentage of time will be
diminished compared with dwellings from another group where
this impact is lower. The top-performing dwellings in the first
group will have a share of time between 0.4 h�1 and 0.7 h�1

ACH lower than the top-performing dwellings in the second
group. For this reason, for applying the labelling procedure,
the dataset divides by the most impactful categorical variable
found by feature selection.



Fig. 1. Flowchart on processing inputs, manipulating time series, and labelling dwellings performance. LHS – Latin Hypercube Sampling. LL – Lower Limit. UL – Upper Limit. P
(ACH) – ACH percentage of time. NCd – Non-Compliant by Default. Com – Compliant. NCe - Non-Compliant by Excess.

Vitor E.M. Cardoso, M. Lurdes Simões, Nuno M.M. Ramos et al. Energy & Buildings 269 (2022) 112266

5



Fig. 2. n50 distributions of INFILES project and the compiled Portuguese studies.
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2.2. Dwellings sample characterization

As data regarding airtightness characterization is rather limited
in Portuguese studies, one performs a joint analysis with Spanish
ones. Table 3 presents statistical information on samples of build-
ings tested for airtightness in Portugal and Spain. If one assumes
that ageing is associated with airtightness deterioration, the results
from the referred Spanish studies hint at higher air leakage rates in
newer buildings [20,42]. The most probable cause points to the
general disregard for the issue during the installation of building
systems. While the differences between periods of construction
present no clear trend, renovations seem to improve airtightness
performance, even if often marginally, because airtightness is not
directly addressed [43].

Spain recently completed the INFILES project [50]. The project
compiles most of the presented data in Table 3 of the studies per-
formed in Spain, and the applied sampling scheme aimed to obtain
a representative sample of the national built stock. A non-
probabilistic quota sampling scheme was applied considering con-
struction period, climate zone, and dwelling typology, which
resulted in a sample size of 411 dwellings [51].

When one plots the data together with the Portuguese collected
studies, it shows that the dwellings have very similar overall distri-
butions. This similarity confirms that the construction technology
and practices of the built stock are quite identical between the
countries (Fig. 2). The p-value of the two independent samples’ t-
student test supports this conclusion (Table 4). The distribution
of airtightness values presents positive skewness [52,53,54], justi-
fying their non-normality [47].

The whole analysis supports using the INFILES project data in
the subsequent analysis. The extracted data encompasses floor
area, envelope area, volume, air change rate at 50 Pa and airflow
exponent. The envelope area and volume apply to converting the
air change rate at 50 Pa to air permeability at the same pressure
difference. The ratio of volume by floor area computes the corre-
sponding ceiling height.

A fitness test was performed to find the best distribution types
for these continuous variables. Kolmogorov-Smirnov (KS) and Chi-
Square (CS) tests failed to reject the hypothesis of the variables fol-
lowing lognormal distributions. Therefore, distributions of this
type fit these variables (Table 5).

Since one aims to use a significant number of combinations
between the defined continuous variables, a Latin Hypercube
Sampling (LHS) was performed to represent the sampling space
[55,56]. The LHS technique divides the sampling space into equal
probability intervals assuming a normal distribution for each range
Table 3
Summary of dwellings n50 values measured in Spain and Portugal.

Country Sample size Period Renovation M

Portugal 7 1991 No 4.
24 1972 No 3.
25 1972 Yes 3.
2 <1960 No 7.
2 <1960 Yes 5.
12 1961–1990 No 2.

Total 72 All All 2.
Spain 45 1991–2012 No 3.

2 1961–1990 Yes 3.
11 1991–2012 No 2.
7 <1960 Mixed 5.
46 1961–1990 Mixed 3.
106 1991–2012 Mixed 2.
225 Together Mixed �2
111 Together Mixed 1.
18 Together Mixed 1.

Total 571 All All 1.
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and then samples a random data point of each partition [57]. Thus,
it outperforms a simple Monte Carlo sampling by ensuring a better
representativeness of the real variability of the original distribu-
tion [29]. The LHS method generated 300 dwellings, corresponding
to different combinations of the continuous variables.

This method allows inputting a correlation matrix alongside the
original data to preserve the existing significant correlations in the
output sample [57]. The Spearman correlation coefficient
addressed the correlation between the variables. Correlations
between the continuous variables were statistically significant at
the 5 % significance level between AF and n50 and between n50

and n (Table 6). Thus, the referred variables were considered corre-
lated, while the remaining relationships were deemed
independent.

Several categorical variables were also considered, in agree-
ment with representative reference dwellings of the Portuguese
built stock [58] to achieve a higher diversity of terrain and dwelling
characteristics. These characteristics include terrain (a), side ratio
(SR), roof slope (RS), number of exposed surfaces (ES), number of
vertical ducts (ND), and number of floors (NF). Table 7 compiles
the considered categorical and continuous variables for sampling.

Regarding terrain characteristics, two terrains are examined
(a = 0.14; a = 0.22) corresponding to rural and urban surroundings,
respectively, according with ASHRAE Fundamentals [59]. The ori-
entation of the house is 0�, north. Three configurations were con-
sidered regarding the number of exposed vertical surfaces (ES):
4, 3, and 2 ES. The west wall has no air exchanges in the three ES
configurations, and the west and east walls have no exchanges in
the two ES configurations. A total of 144 combinations result from
associating the levels of the considered categorical variables (2 ter-
inimum Average Maximum Std. Dev. Ref.

4 7.5 12.9 2.6 [44]
6 8.9 15.6 3.1 [43]
2 6.8 13.1 2.7 [43]
5 8.4 9.3 0.9 [45]
5 5.9 6.2 0.4 [45]
4 7.1 20.0 5.3 [46]
4 7.6 20 3.3 –
2 5.7 8.7 1.7 [47]
2 3.9 4.7 0.7 [48]
6 6.7 13.4 2.6 [48]
1 5.8 10.1 1.8 [42]
0 7.6 14.7 2.7 [42]
7 6.6 15.6 2.4 [42]

8.4 �38 4.2 [49]
2 7.1 21.8 3.7 [20]
4 6.1 12.4 2.9 [20]
2 7.4 �38 3.4 –



Table 4
Comparison of n50 distributions between the INFILES project and the compiled Portuguese studies.

Samples N Mean Std. Dev. Mean Std. Error. LogN p-value 2-sample t p-value

INFILES project 792 7.30 4.25 0.15 KS (0.86) CS (0.46) 0.48
PT studies 72 7.61 3.50 0.41 KS (0.99) CS (0.93)

Table 5
Details on the continuous variables regarding dwelling characteristics and evaluation of their respective distributions’ fitness.

Continuous variable Typology N Mean Median Std. Dev. Fitness p-value

Floor area (AF) [m2] Single 75 150.47 129.24 70.13 LogN KS (0.78) CS (0.19)
Ceiling height (CH) [m] Single 75 2.64 2.62 0.28 LogN KS (0.64) CS (0.61)
Airtightness at 50 Pa (n50) [h�1] Single 150 6.45 5.65 3.50 LogN KS (0.62) CS (0.37)
Airflow exponent (n) [-] Single 150 0.60 0.60 0.04 LogN KS (0.52) CS (0.56)

Table 6
Correlation matrix of the continuous variables considered pointing the Spearman correlation coefficient (q) and the p-values for a 5% significance level.

q (p-value) AF CH n50 n

AF 1
CH �0.05 (0.57) 1
n50 �0.30 (0.00) �0.02 (0.84) 1
n +0.03 (0.74) �0.10 (0.21) �0.20 (0.01) 1

Table 7
Considered geometry, terrain, and airtightness variables.

Categorical variables Levels

Location/Terrain (a) 0.14 / 0.22
Side ratio (SR) 1:1 / 2:1
Roof slope (RS) 0� / 20�
No. exposed vertical surfaces (ES) 2 / 3 / 4
No. vertical ducts (ND) 2 / 3 / 4
No. floors (NF) 1 / 2
Total of combinations 2 � 2 � 2 � 3 � 3 � 2 = 144
Continuous variables Distribution
Floor Area (AF) [m2] LogNormal
Ceiling Height (CH) [m] LogNormal
Airtightness at 50 Pa (n50) [h�1] LogNormal
Air flow exponent (n) [-] LogNormal

Fig. 3. Geometry relationships between SR, NF, and AF.
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rains times 2 SR, times 2 RS, times 3 ES, times 3 ND, times 2 NF).
This process translates into the maximum number of possible
arrangements from a collection of items where the selection order
does not matter [60].

The ceiling height is used instead of directly applying the envel-
ope area to ensure coherence in attributing levels of the categorical
variables, such as SR, and NF, to geometric characteristics. Using
the envelope area directly would result in dwellings sampled with
non-plausible geometries. Additionally, adopting the ceiling height
adheres with the assumptions of the source library for wind pres-
sure coefficients [61]. Fig. 3 depicts the relationship between SR,
NF and AF when quantifying envelope geometry.

In this stage, one links the produced continuous and categorical
variables. The group of 300 dwellings generated with the LHS
method combines with the 144 possible combinations of the cate-
gorical variables creating a dataset of 43,200 unique single-family
dwellings for simulation.
Table 8
Variables and sensors characteristics at the weather station.

Variable Sensor Range Accuracy

Text Vaisala HMP155 �80 . . . +60 �C ±0.2 �C
V10 Vaisala WAA15A 0.4 . . . 60 m/s ±0.17 m/s
WD Vaisala WAV15A 0 . . . 360� ±3.0�
GSR Kipp & Zonen CM11 0 . . . 1400 W/m2 ±3.0 %
2.3. Meteorological data and indoor environment characterization

The applied meteorological data comes from the Porto/Pedras
Rubras weather station, near Sá Carneiro Airport, in the Porto
region, north of Portugal. The temperature (Text) and solar radia-
tion (GSR) sensors are installed at 1.5 m from the ground, while
7

the readings on wind speed (V10) and direction (WD) occur at
10.0 m from the ground (Table 8).

While 10-minutes interval data collected between the 1st of
January 2015 and the 31st of December 2015 was available, for
reasons of computational cost, a representative month of the heat-
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ing season was chosen, from the 1st of February to the 2nd of
March of 2015, totalling 30 consecutive days. The raw data was
recorded at a time-step of 10 min but averaged hourly by the same
reasoning, totalling 720 h (Fig. 4).

Concerning the indoor environment, the interior temperature
was set to 18 �C, following the lower bound of the default indoor
operative temperature established by EN 16798–1 for category III
in residential buildings during the heating season [40]. One should
stress that this assumption may introduce an additional source of
uncertainty as, especially in the winter months, the indoor air tem-
perature tends to diverge from the operative temperature.

2.4. Airflow balance and input libraries

The single-zone model based on method 1 of the standard EN
16798–7:2017 [62] developed in previous work [16] allows one
to apply a probabilistic approach. The ACH calculations occur in
the 43,200 individual dwellings (300 � 144) for the 720 h consid-
ered, resulting in 31,104,000 events.

This model calculates the ACH by air mass flow rate balance.
One-way power laws for the volume flow (Q = C�DPn) model the
airflow paths, following an iterative process for airflow conver-
gence. Fig. 5 shows a schematic representation of the model.

As rarely every single component is solely addressed at the time
of measurement, the contribution of each of them to the whole
building’s airtightness is unknown. Therefore, the literature and
airflow analysis software often assume uniformly distributed air
permeability along the exposed surfaces [63,64].

Each vertical exposed surface divides in half horizontally on
each floor to better identify possible changes in the flow direction,
ease the pairing of wall sections with available wind pressure coef-
ficients (WPCs), and overall increase the detailing. Consequently,
the hmean of each wall section at each floor, occurs at an elevation
of 25 % and 75 % of the ceiling height, as these correspond to the
mid-height of each of the parametrized sections.

The formulation background is available in ASHRAE documen-
tation [59]. While Cardoso et al. [16] detail the whole model, the
present methodology provides several details on the model formu-
lation for the reader’s convenience.

As shown in Eq. (1) to (3), the airflow coefficient (C) expresses
itself as a function of air permeability, pressure differential at
which the air permeability was measured, envelope area, and air-
flow exponent. Using air permeability rate (q50) instead of the air
change rate (n50) establishes a direct relationship between envel-
ope surface areas and airtightness performance (Eq.(3)). Calcula-
tions of airflow occur for each exposed surface (Eq.(3)).

ELA50 ¼ Q50

CD50

ffiffiffiffiffiffiffiffiffiffiffiffi
q

2 � 50

r
ð1Þ

Q50 ¼ q50 Aenv ð2Þ
Fig. 4. Hourly averaged distribution of the meteorological varia
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QDPi ¼ C DPið Þn ¼ CD50 ELA50

ffiffiffiffiffiffiffiffiffiffiffiffi
2 � 50
q

s
DPi

50

� �n

¼ Q50i
DPi

50

� �n

¼ q50Aenvi

50n DPn
i ð3Þ

Equation (6) computes the pressure difference in each surface
(DPi), which, besides the wind (Eq. (4)) and stack (Eq. (5)) effects,
also includes the internal reference pressure (IRP) required to guar-
antee the convergence of the calculations. In other words, to guar-
antee that the volume of air that infiltrates is the same that
exfiltrates.

DPwi ¼
pref �M

R

2DText
Cpi v10

dmet

Hmet

� �amet Hi

d

� �a� �2

ð4Þ

DPsi ¼ � 9:81 hmean;i � hmax
� � pref �M

R
1
Text

� 1
Tint

� �
ð5Þ

DPi ¼ DPwi þ DPsi þ IRP ð6Þ
Replacing Equation (6) into Equation (3), one obtains the air-

flow at each surface (Eq. (7)). For each time step, the ACH is the
sum of either the positive, from outdoor to indoor, or the negative,
from indoor to outdoor, surface air flows divided by the dwelling
interior volume (Eq. (8)).

QDP i ¼ C DPið Þn ¼ q50Aenv i

50n DPwi � DPsi � IRPð Þn ð7Þ

X
QDPi ¼ 0; forQDP i > 0 [ QDP i < 0 : ACH ¼

P
QDP i

V
ð8Þ

The process presented for airflow convergence has the same
architecture as method 1 in the current version, EN 16798–
7:2017 [62], the iterative method of the superseded EN
15242:2007 [65]. The MATLAB Optimization Toolbox [66] provided
access to the implementation of the gradient descent method that
performed the iterative process [67].

Still, the generalization of the model developed in that work
[16] to be applied to a wider range of dwelling and terrain charac-
teristics requires input data that is currently unavailable. This data
refers to wind pressure coefficients (WPCs) and their relation with
changing category boundaries of the rA method regarding atmo-
spheric stability [68,69]. Because of this limitation, some of the
input data change to fulfil the current research objectives, but
the airflow model and the convergence engine remain unchanged.

Regarding WPCs, the tables available in AIVC documentation
[61], specific for low rise dwellings, were used. These tables divide
buildings by SR and sheltering level. For this work, from that doc-
ument, the designated exposed dwelling WPCs tables apply for a
rural location, and for an urban site, the semi-sheltered ones apply.
One used the flat roof WPCs tables for the defined roof slope of 0�
bles from the 1st of February to the 2nd of March of 2015.



Fig. 5. Schematic profile of the parametrized exposed surface areas and respective required input data.
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and the tables designated for roof slope till 30� for the defined roof
slope of 20�. As these tables only account for 45� steps, a linear
interpolation within each of them was assumed to obtain the 1�
step values for the remaining of the 360 possible angles.
3. Results and discussion

3.1. Exploratory analysis

Fig. 6 explores the correlations between variables. Fig. 6a) pre-
sents a scatter plot matrix of the ACH and meteorological variables
of the 720 h for the first dwelling simulated. Fig. 6b) informs on the
ACH and continuous variables regarding dwellings characteristics
of the 300 sampled with Latin Hypercube (LHC) sampling in the
first discrete combination for the first hour of the studied dataset.

Several significant correlations are present between variables
despite none reporting an absolute Spearman correlation coeffi-
cient above 0.26 between meteorological predictors and above
0.29 between dwelling predictors. Regarding correlations between
predictors and ACH, the wind speed and n50 show the highest
scores, followed by AF. As WD presents no monotonicity in its dis-
tribution, the coefficient presents no relevant information.

The demonstrated strengths of the correlation between vari-
ables and response give a general view of the importance of each
variable for the resulting ACH in the whole dataset. Still, these only
relate to the specific geometrical and airtightness characteristics of
a small portion of the dataset, as indicated in Fig. 6 caption. A fea-
ture importance analysis allows one to grasp the influence of the
variables in the produced ACHs.
3.2. Feature selection by importance

Feature selection encompasses a set of tests that score the
impact of each of the input variables, often referred to as features,
in the variability of the outputted ones, ACH in this particular
instance.
9

As a first indicator, one-way ANOVAs applied. One visualizes in
Fig. 6 that the response distribution has significant positive skew-
ness presenting a long right tail. Since the airflow as a function of
pressure difference follows an exponential law, applying a natural
logarithm to the ACH response variable before performing the
analysis brings the response closer to a Gaussian distribution, giv-
ing robustness to the test [70]. Table 9 informs on these statistics
between different categories in each categorical variable, normal-
ized to the maximum.

Fig. 7 pictures the overall F-statistics of the categorical vari-
ables, normalized to the maximum. An F-test measures the ratio
between two variances, between groups and within a particular
group. The between groups computes the variance between the
means of the different levels of the variable in study around the
global mean [71]. The within-group measures the variance of the
data in a particular level of the variable in study. For example,
the pairing of high between variance with low within variance
results in higher F-statistics, indicating increasingly different pop-
ulations with statistical significance amongst the levels of a certain
variable.

The change from a rural to an urban location (a) has the greater
influence in the ACHs, closely followed by NF. The least impactful
are RS, ES, and SR. Although the ANOVA test allows extracting rel-
evant information, the main drawback is that it only captures lin-
ear relationships. These results seem plausible since the
surrounding terrain impacts the airspeed and the sheltering effect,
unlike the other categorical variables that only affect the latter.
Still, as non-linear relationships are present in the dataset, other
methods should complement the analysis.

A decision tree regression can inform on the feature importance
of both continuous and categorical variables through the use of the
impurity criterion, usually the Mean Squared Error (MSE) in regres-
sion problems, attributed to each node [72].

Also referred to as node impurity, the impurity criterion repre-
sents the Residual Sum of Squares of the samples that reach a par-
ticular node. Its importance is the product of the impurity value
and the weighted number of samples that reach it minus the



Fig. 6. a) Scatter plot matrix of the meteorological variables and response for the first parametrized house (AF = 88.9 m2; CH = 2.95 m; n50 = 10.2 h�1; n = 0.5; a = 0.14;
SR = 1:1; RS = 0�; ES = 2; ND = 2; NF = 1); b) Scatter plot matrix plot of the sampled 300 dwellings continuous variables for a discrete combination (a = 0.14; SR = 1:1; RS = 0�;
ES = 2; ND = 2; NF = 1) for the first hour of the studied dataset.
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Table 9
One-way ANOVAs between the levels within the considered categorical variables normalized to the maximum.

Variable Level ACH mean [h�1] ACH std. dev. [h�1] F-stat normalized

Location (a) 0.14 0.747 0.550 1.000
0.22 0.534 0.344

Side ratio (SR) 1:1 0.619 0.444 0.039
2:1 0.662 0.495

Roof slope (RS) 0� 0.654 0.479 0.015
20� 0.627 0.462

No. exposed surfaces (ES) 2 0.625 0.477 0.038
3 0.639 0.461 0.009
4 0.659 0.474

No. vertical ducts (ND) 2 0.583 0.447 0.100
3 0.643 0.469 0.068
4 0.696 0.489

No. floors (NF) 1 0.558 0.417 0.913
2 0.724 0.506

Fig. 7. ANOVA F-statistics for the considered categorical variables normalized to
the maximum.

Fig. 8. Feature importance by decision tree regression.
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importance of the child nodes. The weighted number of samples is
the result of dividing the number of samples that reach that node
and the total number of samples. The importance of a variable is
the sum of the importance of each node that the particular variable
splits divided by the importance of all nodes irrelevant of what
variable splits them. The higher this ratio, the more important
the variable. Thus, a variable that more frequently splits nodes in
a decision tree commonly has higher importance in explaining
the response variability, the ACH in this research. For additional
details on decision tree implementation and feature importance
rationale, we invite the reader to check the scikit-learn documen-
tation [73] and chapter 5.3.4. Variable Importance in [72].

There are two main advantages of this method compared to tra-
ditional panel data [39]: (i) it identifies non-linear relationships
between the predictors; (ii) it is computationally less intensive,
and so the whole dataset can be treated simultaneously. Fig. 8 plots
the normalized importance of each feature by decision tree regres-
sion with MSE as the impurity criterion.

The results point to n50 as the variable with the most impact in
ACH variability. As expected, from the continuous meteorological
variables, the wind speed (V10) is the most impactful one, having
over five times the impact of Text, while WD has residual
importance. After n50, AF is the second most important feature of
the dwelling related continuous variables, followed by n. CH has
residual importance.
11
Similarly to ANOVA results, the order of the most impactful cat-
egorical features remains the same in the decision tree regression
results. The ES, SR, and RS have residual relative importance com-
pared to the other categorical variables, with only SR changing
places with RS compared to the ANOVA results. The initial assump-
tion of the number of exposed exterior walls in each ES configura-
tion proved unimpactful. From the analysis of the results of the
two methods, ES, RS, and SR categorical features are dropped from
the dataset to evaluate dwellings’ performance. Therefore, only the
combinations with a 2:1 SR, 4 ES, and a 20� RS will be considered
for the remaining analysis, reducing the number of dwellings to
analyze to 3600 unique dwellings.

The results found with the used feature importance methods
align with the results from a previous extensive simulation setup
followed by a comprehensive sensitivity analysis [33], which also
found floor area, number of floors, and wind speed at the building
site to be highly impactful.
3.3. Dwellings classified by the labelling strategy

To propose n50 performance ranges, one needs to detail the
highest performing dwellings, those deemed compliant (Com).
Since a, NF, and ND, were the most impactful categorical features,
only these will be addressed in this analysis.

The performance of the simulated dwellings is assessed by the
period in which their ACH is below, between, or above the limits
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defined in 2.1. By inspecting the ACH probabilities during the con-
sidered time scope, one can perceive the dwellings’ overall beha-
viour. For each of the 3600 remaining dwellings, Fig. 8 plots the
ACHs probability being below 0.4 h�1, between 0.4 and 0.7 h�1,
and above 0.7 h�1 plot against the ACH means. The results are
divided between a rural and an urban terrain for further under-
standing. This categorical feature applies as it is the one identified
as the most impactful in ACH variability.

Observing Fig. 9, the higher the relative importance of wind, the
less concentrated is the resulting ACH distributions. While the
ACHs maintain a more compact configuration in urban terrain,
the dispersion of ACHs intensifies as the terrain goes from urban
to rural.

In a rural environment, the dwellings have an average ACH of
0.79 h�1. On average, the ACH is 24.8 % of the time below 0.4 h�1,
31.3 % between 0.4 and 0.7 h�1, and 43.9 % of the time above
0.7 h�1. No dwelling performs over 63.9 % of the time between
0.4 and 0.7 h�1.

In an urban environment, the dwellings have an average ACH of
0.54 h�1. On average, the ACH is 41.5 % of the time below 0.4 h�1,
35.4 % between 0.4 and 0.7 h�1, and 23.1 % of the time above
Fig. 9. Mean ACH vs P(ACH) for each dwelling after feature selection in rural terrain and u
f) P(ACH > 0.7 h�1). P(ACH condition) stands for the percentage of time the ACH complie
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0.7 h�1. No dwelling performs over 83.3 % of the time between
0.4 and 0.7 h�1.

For the two considered terrains, the dwellings present subopti-
mal performance. As seen in Fig. 9, if one intends to rely on natural
ventilation in a terrain increasingly affecting wind speed, such as a
rural environment, one needs to relax the expectations on the per-
centage of time a dwelling will surpass the ACH upper limit. These
results are in line with the results of a case study tested through a
performance-based approach on IAQ indicators [23]. In that study,
none of the studied ventilation systems reached all the IAQ targets
or had complying results on IAQ performance.

The application of the methodology defined in 2.1 to find the
best performing dwellings, those to be labelled as compliant
(Com), achieves distinct percentages of time the ACH are above
the upper defined limit for the two considered terrains. While in
urban terrain, the reached percentage of time the ACH is over
0.7 h�1 must be below 20 %. This percentage undergoes a signifi-
cant relaxation in rural terrain, only needing to be below 40 %.
Regarding the lower limit compliance, as per the labelling strategy,
the dwellings’ percentage of time under 0.4 h�1 must be below
20 %, independent of any dwelling or terrain characteristic.
rban terrain: a) and b) P(ACH < 0.4 h�1); c) and d) P(0.4 h�1 < ACH < 0.7 h�1); e) and
s with the stated condition.
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The iterative process results in a subsample in a rural environ-
ment with 96 dwellings and the one in an urban environment with
100 dwellings. These subsets correspond to 5.3 % and 5.6 % of the
reduced dataset for each category (N = 1800), respectively. Table 10
states descriptive statistics on these Com labelled dwellings.

For these dwellings in a rural location, on average, the probabil-
ity of the ACH being between 0.4 and 0.7 h�1 is 52.1 %. In an urban
environment, time averages of 13.2 % under 0.4 h�1 and 14.5 %
above 0.7 h�1 showcase a more favourable performance regarding
a natural ventilation strategy. Despite these performance dispari-
ties, averagely, the n50 offset is <1.0 h�1, with 4.9 h�1 for the rural
environment and 5.8 h�1 for the urban environment. Regarding NF
and ND, frequency wise, dwellings with two floors tend to perform
better than dwellings with one floor only, as the means are closer
to two than one floor. Additionally, a higher number of vertical
ducts for extraction increase a dwelling’s ability to maintain proper
ACHs, as the means are over three in both terrains.

3.4. Applicability of an airtightness-based labelling strategy

Fig. 10 plots the n50 values as a function of floor area (AF) and
compactness (CP) to perceive the number of floors (NF) and the
number of vertical ducts (ND) impact in each of the locations
and address the n50 range of the group and not only the means.
CP represents the ratio between volume and envelope area, and
it is a useful scale in regularising dwelling characteristics for visu-
alization and comparisons, as AF can point to misleading
conclusions.

A positive trend is verified between the plotted features, as n50

increases when the floor area is larger or compactness grows, being
the effect clearer in the latter. Generally, the increase in ND is asso-
ciated with a rise in n50. This effect is more pronounced in an urban
environment.

A larger ND seems to be associated with maintaining adequate
ACH rates in dwellings with larger AF or higher CP, as this extreme
of the graph represents dwellings with three or four ducts only. In
the other extreme, a lower ND performs better in dwellings with
lower CP and smaller AF. An NF of two is almost twice more preva-
lent than an NF of one, showing that the maintenance of the ACH
between the pretended range is accomplished with two floors
more often.

Generally, one-floor dwellings need higher n50 than two-floor
ones to maintain the same level of performance, again an effect
Table 10
Descriptive statistics of the groups of highest performing dwellings (Com) in rural and
urban locations for the reduced dataset after feature selection. P(ACH condition)
stands for the percentage of time the ACH complies with the stated condition.

Feature Metric Rural
(a = 0.14)

Urban
(a = 0.22)

ACH [h�1] Mean 0.65 0.56
Std. dev. 0.27 0.16

P(ACH < 0.4 h�1) [%] Mean 14.51 13.21
Std. dev. 4.75 4.79

P(0.4 h�1 < ACH < 0.7 h�1) [%] Mean 52.14 72.32
Std. dev. 6.02 5.11

P(ACH > 0.7 h�1) [%] Mean 33.35 14.47
Std. dev. 5.38 3.32

n50 [h�1] Mean 4.89 5.75
Std. dev. 0.75 1.03

n [-] Mean 0.60 0.59
Std. dev. 0.04 0.04

AF [m2] Mean 115.4 104.1
Std. dev. 40.4 36.3

CH [m] Mean 2.63 2.61
Std. dev. 0.21 0.27

NF [-] Mean 1.63 1.68
ND [-] Mean 3.32 3.24
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noticeable to a greater extent in an urban environment. The lack
of dwellings, after selection, in the lower range of the CP scale in
a rural environment, shows that a low CP leads to non-compliant
dwellings in this location.

Overall, the graphs portray the terrain as the feature that best
splits the dataset. Additionally, the interpretation with CP values
is clearer, as it represents more information about the dwelling
than only AF. Still, even though the n50 ranges increase with CP
growth, one does not expect this trend to continue for scenarios
with less ES, i.e., less envelope area for the same volume resulting
in a higher CP. Since ES identifies as a feature with residual relative
importance, the expected result is a translation movement of the
n50 range along the CP axis. Therefore, while obtaining a mathe-
matical relationship between CP and n50 would be relevant, it loses
significance for the reason stated. A rule of thumb for a particular
CP ratio serves best practical applications.

For the scope of the characteristics of the used dwellings, mete-
orological data, and the chosen labelling strategy in the performed
research, the n50 should be between 3 and 5 h�1 for the CP lower
half range in a rural location. In the upper half range, the n50 should
be between 4 and 6 h�1. In an urban location, the n50 should be
between 4 and 7 h�1, in the lower half of the CP range, and
between 5 and 8 h�1, in the upper half (Table 11).

Although one believes the proposed operating ACH limits to be
an adequate middle ground between health needs and energy con-
servation, their range is somewhat narrow. A wider one would
make a natural ventilation strategy increasingly viable in dwellings
with different sets of characteristics.
3.5. Restricted scope and generalization path

While the workflow presented can be generalized, the case
study has restricted boundaries and acceptance criteria. It refers
only to single-family houses of one or two floors in uniform rural
and urban terrains, and therefore, the results relate solely to these
typologies of dwellings.

Regarding the terrain, variation from uniform characteristics
will most likely fall between fully rural and urban terrain perfor-
mance ranges. For single-family dwellings with an increased num-
ber of floors, one expects the performance ranges to move to lower
ranges of n50. For multi-family homes, there is the effect of
increased vertical lengths of stack ducts in lower floors compared
to single-family houses and higher wind impact in dwellings on
upper floors.

Even if the current research refers to single-family buildings
with one or two floors only, which is not a complete representation
of the existing dwellings in the Portuguese built stock, governmen-
tal statistical data point to single-family dwellings representing
around 85 % of the residential stock in number of buildings [74].
In this subset, over 44 % and over 47 % have one and two floors,
respectively, totalling over 91 % of the total single-family dwell-
ings. The remaining dwellings need additional research to establish
their airtightness performance ranges.

For reasons of computational cost, only one representative
month of the heating season was considered for simulation, as it
is seen as the most challenging season to fulfil the criteria defined
in the labelling strategy. Using a larger time frame would output
results increasingly accurate to the weather experienced at the
chosen location. It would be interesting to test the methodology
to a cooling season period, or even a whole year period. Addition-
ally, these results are the product of the defined ACH lower and
upper limits and cut off rules in establishing labels. A change to
those would inherently alter the outputted airtightness perfor-
mance ranges.



Fig. 10. Airtightness vs geometry characteristics colour split by environment: a) n50 vs AF detailed by number of ducts; b) n50 vs CP detailed by number of ducts; c) n50 vs AF
detailed by number of floors; d) n50 vs CP detailed by number of floors.

Table 11
Dwelling recommended n50 range in a rural and urban terrain as function of its compactness, in the case of four vertical exposed walls.

n50 [h�1] Terrain Rural Urban

Limits Lower Upper Lower Upper

CP [m]
(ES = 4)

<1.0 3 5 4 7
>1.0 4 6 5 8

Vitor E.M. Cardoso, M. Lurdes Simões, Nuno M.M. Ramos et al. Energy & Buildings 269 (2022) 112266
4. Conclusions

The present research pursued a further understanding of how
the Portuguese residential stock, existing and new single-family
buildings alike, typical of the southern European context, can be
increasingly sustainable regarding airtightness performance. It
intended to identify the impacts of naturally ventilated dwelling
characteristics and portray airtightness performance ranges by
establishing a reproducible methodology. The results depended
on calculating the ACHs of a dataset of dwellings with a wide scope
of features for a representative month of the heating season in a
southern European context and applying a rationale on air change
rate limits. Four main points are taken:

� The rationale allowed one to label the dwellings as non-
compliant by default (NCd), non-compliant by excess (NCe),
and compliant (Com). Nce when the dwellings had ACHs inad-
equate for health purposes by being too low too often. NCd
when the dwellings had ACHs inadequate for energy efficiency
issues by being too high too often. Com, for those dwellings
with less time above the defined upper ACH limit, after fulfilling
the requirement of not having more than 20 % of the time below
the defined lower ACH limit. In this scope, while Nce and NCd
labelled dwellings have a greater inability to provide solutions
regarding air change rates performance over time, Com labelled
dwellings are the best performing dwellings of the studied data-
set. The latter thus provide the most viable airtightness levels
14
according to their respective input variables in conferring an
increased ability of the air change rates performance of dwell-
ings over time;

� Regarding the characteristics of dwellings, airtightness (n50)
was the most influential continuous feature, followed by the
floor area (AF). The terrain (a) was the most influential categor-
ical feature, followed by the number of floors (NF);

� The characteristics of the dwellings influence their permissive-
ness in surpassing the defined ACH upper limit (0.7 h�1). The
dataset splits best by using categorical features. Thus, the ter-
rain was the feature best splitting the data. In rural terrain,
the best performing dwellings needed relaxation of the percent-
age of time over the upper limit twice that in urban terrain. The
thresholds found were<40 % and 20 % of the time, respectively,
in rural and urban terrain;

� The overall average n50 of the compliant dwellings was
5.3 h�1, with 4.9 and 5.8 h�1 in rural and urban locations.
In a rural terrain, the n50 of the highest performing dwell-
ings ranged between 3 and 6 h�1. The n50 of the highest per-
forming dwellings in urban terrain ranged between 4 and
8 h�1. As these ranges are wide, finding viable airtightness
levels among the studied dataset further depends on several
of the input variables. These are mainly the compactness of
the dwelling (ratio of volume to floor area), the number of
floors, and the number of stack ducts. By assessing these
properties, one narrows the resulting airtightness perfor-
mance ranges.
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Most of the implemented airtightness limits across the EU
country members align within the lower bound, and the average
values of this research achieved adequate airtightness performance
ranges. While this accordance partially validates the empirical lim-
its in force in central and northern European countries, the forced
hard limits and the often consideration of only one feature seems
reductive and potentially counterproductive to the primary objec-
tives of proper envelope airtightness. Particularly regarding mini-
mum ACHs for the health and comfort of the occupants.
Considering several impacting features would be a better approach
in defining airtightness requirements in general, and in the scope
of this research, for the southern European context.

Finally, the continuous variables used are the product of over-
sampling techniques over real measured data representative of a
residential building stock, therefore conferring greater confidence
in the correct representation. The categorical variables used do
not follow the same rationale, as a full combination between them
was applied, disregarding their representativeness in the building
stock. While using only real data could better represent the state
of a particular building stock, it falls out of the scope of the current
research. In searching airtightness performance ranges, using a full
combinatorial setup of categorical variables widens the output
space. In other words, it allows for studying the viability of a larger
set of different combinations of dwelling characteristics in provid-
ing adequate air change rates over time. Additionally, with such a
procedure, one increases the quality of potentially trained machine
learning models, with both the inputs and outputs from applying a
methodology like the one presented. These models could ease pre-
dictions and lead to widespread implementations, and it is the
main future work currently in development.
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