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The need for airtightness control is a reality given its impact on buildings’ energy use and Indoor Air Quality
(IAQ). For the past few years, this fact has resulted in energy performance regulations establishment that involves
airtightness requirements in many countries in Europe and North America. In this sense, efforts should not only

EI:,ZETOSOY be focused on new buildings, but also existing ones. Considering that around 90% of the built stock in the EU is
Databasi expected to still be standing in 2050 and that almost 75% of the buildings are energy inefficient, attention must

be paid to retrofitting actions.

Airtightness predictive models have become useful in the decision-making process and to estimate input values
in energy performance simulation tools. So far, several predictive models have been developed in different
countries. However, specific construction systems and practices lead to a lack of consensus regarding the impact
of different factors on airtightness performance. Therefore, the applicability of existing models is limited to their
specific contexts.

This paper presents a predictive model for envelope airtightness, which was developed from a database that
contains a fully characterised representative sample of the residential building stock in Spain. A General Linear
Model (GLM) was considered to assess significant variables related to the age of the building, typology, building
state, construction system, and dimensions. As a result, a predictive model is presented and validated. Overall,
even if some limitations were identified, the relevance of the model proposed is warranted from the statistical
point of view. The airtightness predictive model presented offers a procedure for airtightness estimation of
residential buildings in Spain.

Statistical analysis

1. Introduction

The energy crisis has led to a need to reduce energy consumption
and, thus, greenhouse gas emissions. In this sense, the European Union
(EU) is committed to establishing a sustainable, competitive and deca-
rbonised energy system by 2050 as part of the Green Deal [1]. In this
context, buildings’ energy performance is crucial, and the EU has
already established a legislative framework to address this issue through
the Energy Performance of Buildings Directive (EPBD) [2]. The EPBD
determined that all new buildings must be nearly Zero-Energy Buildings
(nZEB) and established long-term renovation strategies to improve the
existing building stock. In this sense, the Renovation Wave aims to
renovate 35 million inefficient buildings by 2030 [3].

However, the low replacement rate of existing buildings into effi-
cient ones under current energy standards (0.4-1.2%) highlights the

need for strategies that contribute to the renovation of national building
stocks [4]. This is key to shifting to a low-carbon building stock
considering that 85-95% of buildings in the EU are expected to still be
standing in 2050 [3].

In this regard, the reduction of heat transmission through the
building envelope has been a priority. On the contrary, air infiltration is
often overlooked in spite of the great energy impact on the overall en-
ergy performance of buildings, which can account for 10%-30% of the
heating demand depending on climate [5-13].

Understanding airtightness as the main building feature that impacts
air infiltration [14] is decisive and, therefore, airtightness assessment
turns key to evaluating energy performance and prioritising efforts to-
wards renovation strategies. This involves not only airtightness quan-
tification, but also the identification of the main leakage paths and
factors that condition global performance.
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1. Poza-Casado et al.
1.1. State of the art

This issue has been broadly approached in the literature from the
analysis of airtightness databases in the USA [15], Canada [16], France
[17], the UK [18,19], and Belgium [20]. Among others, the year of
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construction, building geometry-related factors, materials used, type of
construction and climate seem to be influencing factors for airtightness.
Overall, common trends can be identified although some contradictions
among different analyses were found due to the fact that construction
practices vary considerably among regions, and differing approaches

Table 1
Summary of previous predictive models developed from airtightness databases.
Country Database origin Number of Type of building Metric Methodology Model variables R? Ref.
cases
USA Different sources from 100,000 Single-family houses. NL [-] Multiple linear Climate zone, floor area, 0.3 [23]
(Mcwilliams research programs, The database does not regression height, basement type,
& Jung, weatherization contain equally energy program, occupant
2006) assistance programs distributed data that is income, testing age, floor
(WAP) and energy representative or leakage
rating programs geographically uniform
USA (Chan Same source as 134,000 Same source as NL [-] Multiple linear Year built, climate zone, 0.68 [15]
et al., 2013) Mcwilliams & Jung, Mcwilliams & Jung, regression WAP, energy efficiency
2006 2006 rate, floor area, height,
foundation type, duct
location
Croatia (Krsti¢ Research study 58 Representative nso Neural networks Input parameters: wall - [27]
et al., 2014) dwellings in terms of [(h11 thickness, ceiling/floor
year of construction in thickness, wall material,
the area of Osijek- ceiling/floor material,
Baranja County thermal insulation
thickness, quality of
installed joinery,
maintenance quality,
opening frame material,
type of opening glazing,
share of transparent
envelope, share of
exposed envelope
Netherlands Blower door 320 Single-family houses Wig ANOVA and multiple Year of construction, total 0.421 [25]
(Bramiana organizations’ across the country at [dm®/ linear regression leakage
et al., 2016) databases different stages of the (sm?)]
construction process
UK (Pan, Building companies 287 Post-2006 new-built Qso One-2-3-way ANOVA, Dwelling type, 0.49 [26]
2010) dwellings, reasonable [m®3/ multiple linear management context,
geographical coverage, (hm?)] regression building method +
different typologies interaction between
building method, dwelling
type
Canada Residential energy Subset of Low-rise single-family Nso Univariate analyses 3-variable model: 3-variable [16]
(Khemetand  efficiency program 330,000 of detached dwellings h™1] and multiple linear building volume, year, model: 0.32
Richman, a 900,000 throughout Canada and NL regression. height. 8-variable
2018) cases built between the late [-] Development of two 8-variable model: model: 0.46
database 1700s to 2016 models building volume, year,
height, heating degree
days, ceiling, foundation,
window, wall
Canada National airtightness 2297 Light framed, detached Nso Multiple linear Volume, Rim Joist Ratio, 0.262-0.865 [24]
(Khemet and database homes in a cold climate [h ™1 regression. Fenestration Perimeter to
Richman, zone in Canada and NL Development of seven Height Ratio, Ceiling to
2021) [-1 models from subsets Wall Ratio, Above Grade
Height, Perimeter Ratio,
Shell Area, Exposed Area
to Condition Floor Area,
Ceiling Area, Builder
Identification
Spain-France CETE de Lyon 251 Dwellings in France C [m%/ Multiple linear Structure type, floor area, 0.37 [28]
(Montoya database from 1983 onwards (s Pa® regression age of the building,
et al., 2010) 3 number of stories
Spain Research study 45 Seven multifamily Nsg ANOVA and multiple Mean floor area, volume, 0.98 [29]
(Fernandez- buildings (2011-2013) [(h 11 linear regression with mean window area, mean
Agiiera in southern Spain. Low- variable selection using ~ window perimeter
et al., 2016) income, open gallery- factorial analysis
type buildings
Spain Research study Model 1: 98  Low-income nso PCA and clustering. Window area, window Model 1: [30]
(Fernandez- Model 2: 53  multifamily buildings [h™1] Development of two perimeter, window type, 0.887
Agiiera in Southern Spain models for buildings bathroom window, blinds, Model 2:
et al., 2019) built before and after separate kitchen, winter 0.626

1979. Separate
multiple linear
regression in each
cluster

severity, exposure, facade
type, net floor area,
general condition
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regarding metrics, parameters definition and statistical approach [21,
22].

Deep analysis of statistical relationships between the variables of
airtightness datasets led to the development of airtightness predictive
models over the past few years in the USA [15,23], Canada [16,24], the
Netherlands [25], the UK [26], or Croatia [27], and Spain [28-31]
(Table 1). Although airtightness estimation cannot be seen in any way as
a replacement for on-site measurement [32], the tightening of building
regulations has strongly increased the interest in tools to analytically
assess airtightness. Predictive models are useful to consider the infil-
tration phenomenon in energy performance (EP) simulation tools in
order to control costs and time in the decision-making process before
building construction and retrofitting actions.

The analysis of previous approaches shows that the purposes and
origin of the airtightness databases that were used for the development
of predictive models determined their size and type of buildings
included. Government energy programs resulted in huge datasets in the
USA and Canada [15,16,23], although those studies could be lacking
certain building types and uniform distribution. In addition, those da-
tabases from different sources did not contain standardised and com-
plete information. On the other hand, the limited number of cases and
restricted contexts in the case of Croatian and Spanish models [27-30]
hindered their applicability to specific populations.

Most of the models studied contained airtightness information of
existing dwellings, which turns critical when evaluating the impact of
potential improvements and retrofitting actions before assuming any
investment [31]. But it is important to highlight that understanding the
performance of new buildings is also useful to evaluate current practices
and assess design at an early stage, such as in the models developed in
the UK and Canada [24,26]. The latter introduces several
builder-specific, geometric-based and temporally independent models.

The available data concerning airtightness results of the databases
and different national requirements explain the diverse metrics used by
the models. This adds difficulty when comparing the outcomes. Turning
to the methodology, aside from some exceptions, ANOVA combined
with multivariate linear regression seem to be the widespread approach
to building predictive models.

In line with previous analyses, common variables are present in most
of the models, which account for the location or climate conditions [15,
16,23,30], the age of the building [15,16,23,25,28], dimension-related
characteristics [15,16,23,24,27-30], building systems [15,16,23,26,
27,301, and, to a lesser extent, type of construction [26,28], participa-
tion in an energy program [15,23], its conservation state [27,30], or
workmanship [24,26].

As previous authors mentioned, interactions among factors and the
influence of supervision and workmanship add difficulties to the anal-
ysis of factors that impact airtightness [21]. This could also be explained
by the lack of data or representativeness and is reflected in their fitting
quality (R%), which is not too high in most cases, except for very uniform
and specific datasets, such as the case of Spanish ones [29,30].

In Spain, specifically, previous approaches regarding airtightness
estimation based on specific regions and typologies were developed
[28-31]. Montoya et al. [28] conceived a model to predict air leakage of
single-family dwellings in Catalonia. Arguing that construction pro-
cedures are similar in Catalonia and France, the model was based on
data from 251 dwellings in France. Another example is an algorithm that
was developed by Ibanez-Puy and Alonso [31] to predict the airtightness
of new and retrofitted dwellings. However, the algorithm is not fully
detailed in the paper or published elsewhere to the authors’ knowledge,
making it very difficult to be applied in practice or compared to others.
For this reason, the model was not included in Table 1. The authors
revealed that the most important factor was workmanship, which added
difficulties to its integration into a model. Similar conclusions were
reached by Ferndndez-Agiiera et al. [29,30] from the study of
low-income multifamily buildings in Southern Spain.

All the models previously assessed in Spain were obtained from
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samples that consider specific regions and typologies, and, thus, their
applicability is restricted to those populations. On an international scale,
other mentioned models were developed from built stocks with con-
struction typologies, characteristics and configurations that vary among
regions. This seems to be a drawback that makes airtightness predictive
models not easily reproducible nor exportable to different contexts.

Therefore, there is a lack of knowledge in this field and, in this sense,
a predictive model from representative experimental data is proposed to
estimate the level of airtightness of existing dwellings in Spain, which is
applicable at a national level. This model will shed light on remaining
open questions on a scientific level, such as understanding the factors
that most impact airtightness in the national-built stock. The model
presented could easily be applied or adapted to other Southern European
countries where construction systems have similarities and there has
also been a lack of specific limitations concerning envelope airtightness
[29,33,34], and its methodology, which considers interactions among
variables in a natural way, could be reproduced for other datasets.

The outline of the rest of this paper is as follows. In the next section,
the airtightness database is described and the regulatory framework in
Spain is considered and analysed showing that the estimations obtained
from this framework are not consistent with real data. Then, in subse-
quent sections, the methodology used for the predictive model consid-
ered here is described and applied to the data. Moreover, the predictive
model generated is exposed and validated in full detail. The final sec-
tions discuss the results and present the final conclusions obtained.

2. Context in Spain
2.1. Airtightness database

The proposed model was developed from results gathered in INFILES
national airtightness database [35]. The database consisted of a repre-
sentative sample of the existing residential building stock in Spain. For
this purpose, a sampling method was carried out by means of a
non-probabilistic quota sampling scheme considering climate zone, age
and typology as control variables [36].

Airtightness tests were conducted in 400 dwellings in Spain whose
owners allowed voluntarily the performance of the test. The final dis-
tribution of the dwellings followed strictly the criteria set by the sam-
pling design [37,38]. Although the sample may seem limited compared
to other previous approaches detailed in Section 1.1, the cases are uni-
formly distributed and are representative of the national built stock.

Four simplified climate zones were established according to their
representativeness: Mediterranean climate (209 cases, 52.1%), Conti-
nental zone (129 cases, 32.2%), Oceanic zone (47 cases, 11.7%) and the
Canary Islands (16 cases, 4%).

Regarding the age of the building, airtightness tests were performed
in dwellings built between 1880 and 2015. The periods of major con-
struction activity in Spain during the decades 1960-1979 (148 cases,
36.9% of the sample), and the period 1980-2006, including the years of
the real state bubble, just before its bursting in 2007 (158 cases, 39.4%
of the sample) were the most represented ones. According to the planned
sampling scheme, 325 cases were apartments (81%), and 76 cases were
single-family houses (19%).

The selected cases of the sample were characterised, not only in
terms of airtightness but also through a whole process of feature data
gathering. The need to capture and manage a great volume of data led to
the development of a specific tool called infilAPP [35,36], which
constituted the core of the database. A wide characterisation of different
parameters, more than 140, were stored in the database, including
identification information, configuration, construction of the envelope,
and building systems.

Global descriptive results, their distribution and the impact of
different parameters on airtightness can also be found in the literature
[37,39,40]. However, so far, no estimation model has been proposed
from the database.
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2.2. Regulatory framework

The traditional dependence of ventilation on air renewal supple-
mented by window airing and air infiltration has hindered Mediterra-
nean countries with temperate climates, and, specifically, Spain,
awareness of the impact of the lack of airtightness. Currently, mandatory
controlled ventilation systems that guarantee adequate IAQ in residen-
tial buildings make air infiltration no longer necessary as an air renewal
source. Therefore, the need to comply with EPBD has led to a change in
the scenario, and, in order to meet energy requirements, the improve-
ment of airtightness of the building envelope becomes a priority to
achieve nZEB.

Until 2019, airtightness was only considered establishing maximum
permeability values for doors and windows of the building envelope
depending on the winter severity of the climate zone [41-43].

In December 2019, a new update of DB HE1 [44] came into force
introducing whole envelope airtightness. This requirement is only
applicable for new and retrofitted dwellings for private use with a floor
area greater than 120 m?. Limit airtightness values are established
considering the air change rate at 50 Pa (ns) as reference metric, which
vary between 3 and 6 h~/ depending on the compacity of the dwelling.
Compliance with limits can be proved either by performing pressuriza-
tion tests or by means of reference values.

Pressurization tests can be performed according to Method 2
described on UNE-EN ISO 9972 [45], considering no further guidelines.
It must be noted, though, that there is currently no quality control sys-
tem nor tester scheme, in contrast with other countries like France [46],
the UK [47], Germany [48] or Belgium [20]. Therefore, the consistency
of results could be compromised.

Compliance with airtightness limits can be also proved analytically
from reference values. The air change rate at 50 Pa (nsy) can be esti-
mated through reference values provided by regulations, as shown in
Equation (1):

A A
ngy=0.629-50 A0+ G A ”J‘;Ch - )}

where: ns is the air change rate at 50 Pa [h~/]; V is the internal volume of
a building or part of a building [m’]; C, is the airflow coefficient of the
opaque part of the thermal envelope at a reference pressure of 100 Pa
[m* /Jhm?]. Reference values are assigned depending on the type of
building. For new or existing buildings with improved airtightness, C is
16 m’/h m?, whereas for existing buildings a value of 29 m’/ hm? is
assumed; A is the sum of areas of the opaque thermal building envelope
with heat exchange with the outdoor air. Therefore, internal partitions
and the envelope area in contact with other adjacent spaces or buildings
are excluded [m?]; Cy, is the permeability of doors and windows on the
thermal building envelope at a reference pressure of 100 Pa [m* /h m?],
according to laboratory testing results provided by the manufacturer; Ay
is the sum of the area of the doors and windows of the thermal building
envelope [m?].

In practice, this analytical approach is generally preferred by de-
signers and construction companies and, thus, tests are only performed
to comply with voluntary energy programmes (Passivhaus, BREEAM,
LEED, etc.), or by some contractors who wish to ensure the quality of
construction.

2.3. Regulatory analytical model assessment

Since airtightness testing is still not a widespread approach to prove
compliance with envelope airtightness limitations, it is crucial to vali-
date the current airtightness estimation model proposed by regulations.
The study of the estimation method proposed by Spanish regulations as
an alternative to pressurization test performance revealed some in-
consistencies regarding envelope area definition and reference values
for airflow coefficients. In addition, results obtained from the model

Building and Environment 223 (2022) 109435

were compared to values obtained from pressurization tests performed
in a representative sample of existing dwellings, as described in Section
2.1. It must be noted, though, that the sample of dwellings tested was
built before current regulations came into force. Therefore, cases were
not subject to whole envelope airtightness limitation.

The model suitability for existing dwellings was evaluated consid-
ering an initial sample of 400 dwellings. After an outlier detection
procedure, 8 dwellings were dropped, so that a final sample of 392
observations was analysed. Fig. 1 shows the results of a correlation
analysis between the ns, values obtained in the pressurization tests and
the values obtained using the CTE model. In Fig. 1 it can be seen that
there is a lack of linear association between the values of the CTE model
and the test values as the correlation is as low as 0.15. However, it can
also be observed that both variables are highly asymmetric so it might be
argued that the lack of linear association is due to this feature.

For this reason, a second correlation analysis was performed with the
logarithms of these two nsy values. Fig. 2 shows the results of this second
analysis. It can be seen that the transformed variables are now sym-
metric and approximately normal but that the correlation is still as low
as 0.20, which confirms the low linear association between the two ns
values. Notice that, taking into account the relationship between the
correlation coefficient and the coefficient of determination R? of the
simple regression model, this means that only 100 x 0.20? = 4% of the
variability of the measured nsjvalues is explained by the CTE model.
Therefore, it can be concluded that CTE model does not fit well the real
values obtained from test results.

In this sense, the analysis performed proved that the CTE model is
not suitable for the estimation of the airtightness of existing buildings.
Although on-site testing is the only reliable way to assess airtightness for
energy certification of buildings, an accurate estimation can be useful
for energy performance calculation tools, and also in order to prioritise
efforts and determine strategies for building design and renovation of
the existing building stock. In this sense, the airtightness characterisa-
tion of the envelope turns essential to reaching the decarbonisation
objectives set.

The model to be presented in this study can be used on a national
scale since it considers a much bigger representative sample (400
dwellings) than previous approaches, it is not restricted to a single city
or climate zone, and includes a wide range of building typologies as will
be apparent when the different variables measured are described (see
Table 2 below). This model could constitute an alternative for airtight-
ness estimation of residential buildings in Spain in a more accurate way.

3. Methods
3.1. Airtightness testing

The airtightness of the cases assessed was measured by means of fan
pressurization tests, commonly known as blower-door tests, according
to the International Standard ISO 9972 [49]. Further and specific
guidelines were gathered in a specific protocol that was developed,
whose definition was verified and validated, and broadly detailed by
Feij6 et al. [36]. In multi-family buildings, individual-unit tests were
performed considering no guarded-zone tests.

Results were obtained from the commonly referred to as the power-
law (Equation (2)), which describes the relationship between the airflow
rate and pressure difference [50]:

Qpr:cL'(Apf)n (2)

where: Q, is the airflow rate of the opening at a reference pressure
difference [m’ /h); C; is the air leakage coefficient [m’ /(h Pa")]; Ap; is
the reference pressure difference [Pal; n is the airflow exponent | — |.

Results at a reference pressure of 50 Pa were then normalised by the
volume of the premises under study (V), obtaining the air change rate at
the reference pressure (ns) as in Equation (3).
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Fig. 1. Correlation analysis between the nso values obtained from pressurization tests and those computed using the CTE model.
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log(n50_Test)
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log(n50_CTE) 0,20

log(n50_Test) 0,20

log(n50_CTE)
log(n50_Test)

Fig. 2. Correlation analysis between the logarithms of the ns values obtained in the pressurization tests and those computed using the CTE model.

nsp = % 3

where: ns is the air change rate at 50 Pa [h~']; Qs is the air leakage rate
at 50 Pa [m’ /hJ; V is the internal volume [m’].

It expresses the exchange of the equivalent volume of indoor air per
hour [h~']. It is of particular interest when referring to ventilation air-
flows. In Spain, the airtightness obtained from the calculation method
from reference values is expressed through the metric nsy, and results
obtained are introduced in the official EP calculation tool LIDER/CAL-
ENER (HULC) in order to verify the requirements established by regu-
lations. Furthermore, although there is no agreement among countries,
this metric has also been used in previous approaches as shown in
Table 1, which allows comparability.

3.2. Statistical model development

In order to establish a predictive model for airtightness, we consid-
ered a General Linear Model (GLM), which is a statistical methodology
that allows assessing which variables (both categorical and quantitative)
have a significant influence on the response variable. In the model, we
have not only considered the main effects of the explanatory variables
but also possible first-order interactions among them. The formulation
of this model can be written as in Equation (4):

P
Y=p,+ ZﬁiXi + ZTU' (XiX;) +e C))
im1

i<j

where: Y is the response variable to be predicted, X; withi =1, ...,p are
the explanatory variables, p; are the main effects of the explanatory
variables on the response, tj; are the first-order interactions among
variables X; and Xj, and ¢ are the random independent homoscedastic

normal perturbations. For the qualitative explanatory variables, the
usual decomposition in dummy indicator variables has been considered.

After fitting the full model, outlier detection and elimination were
performed and then a stepwise procedure was considered. This pro-
cedure starts with the model containing all variables and then an iter-
ative procedure is performed. In this procedure, in each step the less
significant variable (the one with highest p-value) is dropped, provided
its p-value is higher than 0.05, to simplify the model and drop those
explanatory variables that are not significant enough in the model. The
model is then refitted without that variable and the next step performed.
In this process model parsimony was considered in each step, i.e. no
main effect was dropped if the corresponding variable had any signifi-
cant interaction present in the model. The process stops when all vari-
ables in the model are significant, either through their main effects or
through an interaction with other variables. In this way, it is ensured
that all variables in the final model are significant. Residual analyses
were also performed at each step to check the GLM assumptions of
linearity, homoscedasticity, independence and normality.

In this study, due to the asymmetry exposed by ns in the initial study
appearing in Fig. 1, we considered log (nsy) as response variable Y in
model (4).

As for possible explanatory variables X; to be included in the pre-
dictive model, variables related to location, age of the building, building
typology, state, building systems, and dimensions were considered.
First-order interactions among these variables were also considered.
Table 2 contains a list of the variables initially considered, detailing
which ones had a significant impact on the response variable. These
significant variables are fully described below.

The relationship among variables and significance of the assessed
variables on airtightness results were addressed through statistical
analysis. The following variables were significant and, therefore,
considered in the model proposed:
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Table 2
Variables considered classified according to their type and their significance in
the GLM model.

Variables in the final Variables dismissed in the final
model model

Type of variable

Location Climate zone (CTE) City

Winter severity climate
Summer severity climate
Simplified climate zone
Year of construction
Decades of construction
Applied regulations
Position within the building
Height

Number of floors

Property developer

Number of rooms/bathrooms
Layout of the floorplan
Improvement of thermal bridges
Identified cracks

Closed balconies

Integrated balconies
Kitchen refurbishment
Bathroom refurbishment
Improvement of the envelope
Envelope layer composition
Outer cladding

Insulation of the envelope
Air chamber

Windows opening system
Double window

Shutter type

Partitioning system

Heating system

Cooling system

Ventilation system
Adventitious openings
Ductwork

Kitchen hood exhaust

Floor area

Volume

Age of the Period of construction

building

Type of building Typology

Building state Retrofitting state

Building system False ceiling
Window permeability
Window material

Shutter position

Share of windows
Share of opaque
envelope

Dimensions

Envelope area
Compacity

Ceiling height

Share of wet rooms
Windows joint length
Window area

Share of joint length

- Climate zone: climate was considered according to DB HE1 [44]
regarding winter (zones A to E and a and summer severity (1-4).
Climate severity combines degree-days and solar radiation in each
location. From the international perspective, these zones would have
the following equivalence in the Koppen-Geiger climate classifica-
tion [51]: A3 = Csa, B4 = BSk-Csa, C1 = Csb-Cfb, C2 = Csa, C3 =
BSk, D2 = Csb, a3 = BSh.

Period of construction: the age of the building is related to Energy
Performance Regulations (EPR) over time. This fact was assessed by
considering cases built before and after the first national regulations
that established measures related to energy performance were
implemented in 1980 [42].

Typology: dwellings were classified as single-family or multi-family
buildings given the impact that different construction systems and
envelope features may entail. This variable is key in Spain, where
multi-family housing prevails.

Retrofitting estate: dwellings tested could be in their original state, or
the envelope could have been retrofitted by their owners to a vari-
able extent (windows replacement, external/internal insulation
layer, etc.).

False ceiling: the presence of this element can lead to the conceal-
ment of construction imperfections and, thus, leakages. A simplified
characterisation was addressed considering dwellings with no false
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ceiling (FCO), dwellings with false ceiling only in corridor, kitchen
and bathroom (FC1), and dwellings with false ceiling in all the rooms
(FC2).

Window permeability: the air permeability of windows was assessed
according to UNE-EN 12207 [52] and classified as Class 0 (not tested
windows), Class 1 (up to 50 m®/h m?), Class 2 (up to 27 m®/h m?),
Class 3 (up to 9 m®/hm?), or Class 4 (up to 3 m®/h m?). It must be
noted, though, that this information was not always available and
could be just estimated from visual inspection.

Window material: the impact of window frame material was
considered (aluminium, PVC, wood, steel). The most representative
material was considered when more than one type of window was
found.

Shutter position: shutters are widely used in Spain, and they have an
important impact on the envelope airtightness since they constitute a
discontinuity of the envelope. Rolling shutters were classified
regarding their position: non-integrated shutters, external shutters,
internal shutters, and no shutters, according to Fig. 3. The most
common solution is external shutters integrated into the inner layer
of the envelope, whereas non-integrated shutters make reference to
cases that originally had no shutter, and it is added constituting no
additional leakages.

Share of windows: it is the sum of the area of doors and windows
related to the total envelope area. This parameter is closely related to
Ap, in the model proposed by Spanish regulations. This is a quanti-
tative variable [m?].

Share of opaque envelope: it is the sum of areas of the opaque
thermal building envelope with heat exchange with the outdoor air
related to the total envelope area of the dwelling. This parameter is
closely related to Ag in the model proposed by Spanish regulations.
This is a quantitative variable [m?].

4. Predictive model results

All analyses in this section: descriptive study, model estimation,
variable selection and model validation, were performed with IBM SPSS
software [53].

4.1. Descriptive study

The outlier detection procedure mentioned in the previous section
resulted in the elimination of 8 observations that had anomalous log
(nsp) values possibly due to measurement errors. Therefore, in the final
model 392 observations are considered. Table 3 contains a descriptive
study of the explanatory variables in the final model while Table 4 gives
a more detailed descriptive study of the initial response variable n5y and
the final transformed response variable log (ns)) and Fig. 4 shows his-
tograms of these two variables.

4.2. Predictive model

The final predictive model selected according to the procedure
described in the statistical model development section resulted in a
model containing 10 main effects and 2 interactions. The ANOVA table
corresponding to this model is shown in Table 5. This table shows the
variability of the response variable explained by each of the explanatory
variables and interactions included in the model and whether this
explained variability is statistically significant or not. It can be observed
that all main effects are significant at the usual 0.05 level, except the
main effect of the variable “Share of opaque envelope”. However, the
interaction of this variable with both “Typology” and “Period of con-
struction” is significant at that 0.05 level. These interactions mean that
the effect of “Share of opaque envelope” on log (ns) is significantly
different for the different levels of “Typology” (that are single-family
and multifamily dwellings) and for those dwellings built before and
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Fig. 3. Shutter position classification.

Table 3
Descriptive study for the explanatory variables n the final model.
Value N %
Retrofitting state Original 271 69.13%
Retrofitted 121 30.87%
Climate zone A3 33 8.42%
B4 85 21.68%
Cl 47 11.99%
Cc2 85 21.68%
Cc3 112 28.57%
D2 16 4.08%
a3 14 3.57%
Period of construction Before 1980 219 55.87%
Since 1980 173 44.13%
Window permeability Class O or 1 46 11.73%
Class 2 196 50.00%
Class 3 117 29.85%
Class 4 33 8.42%
Window material Steel 5 1.28%
Aluminium 263 67.09%
Wood 54 13.78%
PVC 70 17.86%
Shutter position P.01 19 4.85%
P.02 290 73.98%
P.03 21 5.36%
P.04 62 15.82%
False ceiling FCO 85 21.68%
FC1 245 62.50%
FC2 62 15.82%
Typology Multifamily 317 80.87%
Single-family 75 19.13%
Share of windows Mean 5.18
Std. Dev. 2.04
Share of opaque envelope Mean 25.07
Std. Dev. 17.52

from 1980 onwards.

As a final caution, notice that we are not claiming that the variables
that have been dropped in the selection procedure do not have any in-
fluence on airtightness. Their effect, as usual in multivariate statistical
studies, may already be collected in the model by the variables that are
already present in it.

Table 4

Table 6 contains the p; and t;; coefficients of the equation of the final
GLM model appearing in Equation (4) that can be used for predicting
airtightness, together with the significance level of each coefficient. As
usual in many studies, the convention used here is that p-values between
0.10 and 0.05 showed weak significance, p-values between 0.05 and
0.01 showed strong significance, and p-values less than 0.01 show very
strong evidence of significance. We can see that, for example, the log
(nsp) value of a building in its original state is estimated to increase by
0.15 over a retrofitted building in the case that the other variables are
the same.

Fig. 5 contains the residual analysis for this final GLM model. The
graph shows that the main hypotheses of the model (linearity and ho-
moscedasticity) can be assumed since no curvature or other shape is
observed in the graph. Moreover, a single observation studentized re-
sidual appears outside the [—3,3] interval, which is completely
compatible with the absence of significant outliers in the model.

5. Discussion

The GLM model allows the identification and analysis of factors with
a significant impact on the level of airtightness. The influence of features
such as the state of the dwelling or window permeability was evaluated
through the model. While trends regarding these factors did not differ
from what may be expected, the model additionally quantifies their
effect. For example, from the model, it is estimated that the value of log
ns5g decreases by 0.150 if the dwelling is retrofitted and no other changes
are made in the construction. Moreover, the analysis of other variables
such as the climate zone and building systems (window material, shutter
position or false ceiling) revealed the effect of different configurations
on the level of airtightness of the building envelope. For example, it is
estimated from the model that using wood as window material instead of
PVC in a building increases log nsg by 0.321 provided there are no other
changes in the building.

Special attention should be paid to interactions. That is the case of
the period of construction and typology, which present interaction with
the share of opaque envelope. When analysing the main effect of the
period of construction, the model showed better airtightness perfor-
mance for dwellings in the group “before 1980 than for more recent
buildings. A similar effect was also pointed out by McWilliams et al. [23]
in the model they developed. It should be noted, though, that in this case
the main effects should not be interpreted when interactions are present
as they may lead to wrong conclusions. In this case, the interactions

Descriptive study for the variable nso and the final transformed response variable log (nsp).

N Minimum Maximum Mean Standard deviation Lower quartile Median Upper quartile
nso 392 1.1930 39.4217 7.2238 4.2981 4.3371 6.2763 9.1672
Log (nso) 392 0.18 3.67 1.8291 0.5463 1.4672 1.8368 2.2156
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Fig. 4. Histograms for the variable nso and the final transformed response variable log (nsg).

Table 5

ANOVA table for the final GLM model showing the variability of the response
explained by each of the variables and interaction included in the model and its
statistical significance.

Source Type III Degrees of ~ Mean F-value p-
Sum of freedom Square value
Squares
Corrected model 44.899° 24 1.871 9.565 .000
Intercept 23.171 1 23.171 118.470  .000
Retrofitting state 1.377 1 1.377 7.039 .008
Climate zone 10.363 6 1.727 8.831 .000
Period of 2.219 1 2.219 11.343 .001
construction
Window 4.940 3 1.647 8.420 .000
permeability
Window material 2.216 3 739 3.778 .011
Shutter position 2.058 3 .686 3.507 .016
False ceiling 2.854 2 1.427 7.297 .001
Typology 1.518 1 1.518 7.762 .006
Share of windows 1.862 1 1.862 9.522 .002
Share of opaque 0.340 1 .340 1.736 .188
envelope
Period of 2.468 1 2.468 12.620 .000
construction *
Share of opaque
envelope
Typology * Share of  0.834 1 .834 4.262 .040
opaque envelope
Error 71.779 367 .196
Corrected Total 116.677 391

2 R% = .385 (Adjusted R? = .345).

indicate that the effect of the share of opaque envelope is significantly
higher for buildings in the group “before 1980 than in the group “after
19807, and also for single-family dwellings with respect to multi-family
ones.

Overall, the variables that build the model are in line with previously
developed models addressed in Section 1.1, related to climate condi-
tions, the age of the building, dimension-related characteristics, building
systems type of building, and conservation state. It considers, in addi-
tion, variables that make reference to the singularities of the Spanish
national built stock such as the effect of the position of rolling shutters,
or the role of the share of the envelope to outdoors in the case of multi-
family buildings.

The R? value of this model is 0.385 so the model explains 38.5% of
the variability of the response. While this value may seem not too high, it
is in line with previous approaches as detailed in Table 1. It should be
noticed that, as opposed to other studies with much higher R? values
[29], a sample representing faithfully the population of dwellings in
very different zones of Spain is considered. Thus, the value is even
higher than what could be expected. Notice also that, from the statistical
point of view, the relevance of the model is warranted by the signifi-
cance of the coefficients and by the validity of its residual analysis as
explained before (Fig. 4).

In contrast, the analytical model proposed by regulations in Spain

Table 6
Equation of the final GLM predictive model for airtightness.
Parameter Coefficient ~ Parameter Coefficient
Intercept 0.543** Shutter position. P01 0.142
Retrofitting state. 0.150%** Shutter position. P02 0.089
Original
Retrofitting state. 0" Shutter position. P03 —0.255**
Retrofitted
Climate zone. A3 0.456%** Shutter position. P04 0"
Climate zone. B4 0.651%** False ceiling. FCO —0.260%**
Climate zone. C1 0.311%* False ceiling. FC1 —0.252%%%*
Climate zone. C2 0.646%** False ceiling. FC2 0"
Climate zone. C3 0.563%** Typology. Multifamily 0.444%**
Climate zone. D2 0.027 Typology. Single-family 0"
Climate zone. a3 0" Share of windows 0.035%**
Period of —0.291***  Share of opaque envelope 0.001
construction.
Before 1980
Period of 0" Period of construction. Before ~ 0.010%**
construction. Since 1980 * Share of opaque
1980 envelope
Window 0.591%** Period of construction. After 0"
permeability. Class 1980 * Share of opaque
Oorl envelope
Window 0.311%*** Typology. Multifamily * Share =~ —0.008**
permeability. Class of opaque envelope
2
Window 0.227** Typology. Single-family * 0"
permeability. Class Share of opaque envelope
3
Window 0"
permeability. Class
4
Window material. 0.147
Steel
Window material. 0.095
Aluminium
Window material. 0.321%***
Wood
Window material. 0"
PVC

* stands for p-value < 0.1, ** for p-value < 0.05 and *** for p-value < 0.01.
? This parameter is set to O as it corresponds to the reference class of the
variable.

could only explain 4% of the variability, as explained before. It should be
highlighted, though, that parallelism among variables of both models
was identified:

- The effect of the variable “Retrofitting state” can be reflected in the
variable C, of CTE model (airflow coefficient of the opaque part of
the thermal envelope for new or existing buildings with/without
improved airtightness).

- “Window permeability” makes reference to the same concept as Cp
(permeability of doors and windows).
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Fig. 5. Residual analysis for the final GLM model proposed.

- The effect of “Share of opaque envelope” can be identified in Ay (sum
of areas of the opaque thermal building envelope with heat exchange
with the outdoor air).

“Share of windows” can be associated to A (sum of the area of the
doors and windows.

The improvement of the proposed model can be explained because it
considers a wider range of variables including their main effects and
some interactions, resulting in a more accurate model for the sample
chosen. Therefore, we may conclude that, while the variables considered
in current regulations are interesting, this study suggests that, if a closed
formula for airtightness is to be established, other variables should also
be taken into account to improve the accuracy of the predicted values.

However, the model involves some limitations. First, the sample size
is limited because cases were selected proportionally to the existing built
stock in Spain. This fact might lead to the underrepresentation of some
dwelling types, adding uncertainty to the model. For instance, even
though the main climate zones were represented, not all the local var-
iants could be addressed.

Another limitation is the fact that some of the characterization var-
iables addressed are not easy to evaluate from visual inspection in a
standardised way. This is the case of window permeability, which, when
no information was provided, was estimated by the technician. Also, the
retrofitting state of the dwelling can involve different criteria and im-
provements can be carried out to a different extent leading to a diverse
degree of impact on the airtightness of the envelope. Characterization
data introduction into a database by different agents always introduces
unknown bias. However, in order to avoid inconsistencies, a stand-
ardised protocol was developed, and the technicians were accordingly
trained. Furthermore, all cases were reviewed and verified upon
completion to limit bias [36].

Lastly, the wide scatter in the airtightness results obtained could be
in part due to the workmanship effect. As other authors have previously
claimed [21,29,31], workmanship and supervision seem to be parame-
ters with a great impact on airtightness performance. Although previ-
ously addressed for specific contexts [24,26], challenges related to the
thoroughness of workmanship and supervision still remain and are
difficult to consider in predictive tools, thus hindering more consistent
models [21,26,27,29,31,32].

6. Conclusions

The urge for more energy-efficient building stocks has raised
awareness of the airtightness performance of the building envelope. The
reduction of envelope permeability has become a priority in many
countries, and this is reflected in EP standards.

In Spain, whole building airtightness requirements were recently
introduced for the first time. This approach, although not too stringent,
can be seen as a way to raise awareness and positive progress towards
energy-efficient buildings. However, compliance can be justified
through analytical estimation based on a calculation model, which was
proved to be inaccurate.

In this context, a GLM to predict the envelope airtightness was pre-
sented based on real test results obtained from a representative sample
of existing dwellings in Spain. The model considers several variables
related to location, age of the building, building typology, state, building
systems, and dimensions.

The methodology used to develop the model, although based on
widespread strategies, offers added value regarding the origin of
representative data, full characterization of the cases, standardised
procedures, and the assessment of both quantitative and qualitative
interactions.

Still, predictive models like the one proposed encounter some limi-
tations such as representativeness, lack of data and predictive quality
partially due to the great impact of workmanship. In spite of reasonable
uncertainty, the model is robust, and it provides valuable knowledge
regarding the airtightness of dwellings and the factors that most impact
its performance. Therefore, it is intended as a useful tool during the
design stage, to evaluate the impact of certain retrofitting actions, or as a
method to provide realistic hypothetical input values in energy perfor-
mance simulation tools.

Nevertheless, inherent limitations hinder the possibility of
substituting on-site testing with the predictive model. Only on-site
testing can provide accurate and reliable airtightness performance
data, so models should not be seen as tools to use in certification pro-
cesses. In this line, adequate design and careful workmanship and su-
pervision seem to be some of the challenges to overcome in the near
future in order to accomplish airtight buildings.

The development of the proposed model opens a window for
remaining questions and other issues to be addressed by future research.
First, the methodology proposed could involve an opportunity for other
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contexts, especially in countries with mandatory test performance to
prove compliance with regulations, where huge and fast-growing
airtightness datasets are available. In Spain, the growing interest in
the energy performance of buildings seems to point towards more
airtightness data of new and retrofitted dwellings in the near future, so
that knowledge of current building practices may be approached. In
addition, the applicability of the model in other contexts, especially in
building stocks around the Mediterranean area, could be assessed.
Lastly, the combination of different airtightness datasets draws the
possibility of building a wider model, which could involve greater
representativeness from the international perspective.
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