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Abstract

Within the European framework, most of the current residential building stock does not satisfy the
minimum thermal specifications. In fact, the renovation rate across the EU is estimated to be at around 1%
per year. To fulfil with the goals stated by European Directives 2010/31/EU and 2012/27/EU, it is necessary
to ensure a minimum discrepancy between the designed and the real building energy performance, which
is also known as the energy performance gap. From a thorough literature review, it was detected that the
thermal behavior of a building is often underestimated or neglected during its construction and operation
stages. For this reason, an accurate non-destructive testing (NDT) should be required, improving the

shortcomings given by the current modelling tools and diagnostic techniques.

The purpose of this thesis was to develop a method for determining in-situ the thermal behavior of facades
under steady-state conditions using quantitative internal infrared thermography (IRT). After drawing up a
numerical model to estimate the thermal transmittance (U-value) as a key parameter of the built quality, the
dissertation continued with a validation process that was executed in two typical Spanish walls from
different construction periods. This allowed: (i) refining the proposed method; (ii) exploring the boundaries
conditions; (iii) assessing the influence of tabulated values set by international standards for wall emissivity
and convective heat transfer coefficients among other aspects. The results revealed lower deviations related
to the theoretical U-values (1.24 to 3.97%) for test durations of 2-3 hours. Furthermore, the results
demonstrated that the use of tabulated values might entail deviations around 40% in heavy multi-leaf walls

with low U-values.

Broadly, construction project documents for existing buildings, especially the oldest ones, are not available.
Hence, this method may provide information about the building envelope for future refurbishment. In the
case of new buildings, the method might allow the thermal behaviour of building fagades to be checked
according to the design parameters. Despite this, a subsequent literature review highlighted that a gap in
the standardization of this method for in-situ building diagnostics is still to fill, which leads to a lack of
measurement pattern. Considering this aspect, three studies were developed in order to enhance the
applicability of the quantitative internal IRT within the construction industry field. Firstly, the influence of
operating conditions on the determination of the measured U-value was analyzed through an experimental
room with a heavy single-leaf wall tested under a wide temperature difference range (3.8 < AT < 21°C).
Secondly, this dissertation performed tests in a public housing stock comprised of four unoccupied
buildings (without electric and heating systems in operation), to assess the influence of non-transient
thermophysical properties of the wall (i.e. heat capacity per unit of area) on the accuracy of the method.
Thirdly, a data-processing method based on U-value time series analysis was proposed and validated
through six building facades with heavy multi-leaf walls. The aim was to find a common criterion for

stopping the test when it is not necessary more data to obtain a reliable result.

il
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Having investigated the aspects mentioned above, it can be extrapolated that: (i) the optimum temperature
difference range is found to be between 7 and 16°C; (ii) the variance in the thermal transmittance could
mainly be predicted by changes in the outer air temperature; (iii) the quantitative internal IRT is more
accurate in heavy multi-leaf walls with high heat capacities per unit of area, reaching maximum deviations
0f 0.20%; (iv) the test might be executed in only 30 minutes; (v) the method could allow the assessment of
aspects related to the determination of U-value of unoccupied buildings for AT under 10°C, especially in
Spain or European countries with a Mediterranean climate where these test conditions might represent a
limitation. Hence, the decision-making could be streamlined in real built environments. In fact, this research
might lead to enhanced execution of the refurbishment process in buildings that are expected to have
shortcomings in 2050, in accordance with the existing literature. Consequently, it may increase the

European renovation rate in the mid-term.

The dissertation concludes by outlining the main contributions of this research. The issues that were raised
during the research undertaken although they could not be addressed are commented and proposed as future

work.
Keywords: energy performance gap, NDT (non-destructive testing), quantitative infrared thermography,

in-situ measurement, measured U-value, real built environment, building facade, operating conditions, heat

capacity per unit of area, test duration
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Resum

Dins del marc Europeu, la majoria dels edificis residencials actuals no satisfan els requeriments minims
termics. De fet, la taxa de renovacio a tota la UE s’estima entorn 1’1% anual. Per complir amb els objectius
establerts per les Directives Europees 2010/31/EU i1 2012/27/EU, és necessari assegurar una discrepancia
minima entre el rendiment energetic dissenyat i el real de ’edifici (Energy Performance Gap). A partir
d’una revisi6 exhaustiva de la bibliografia, va ser detectat que el comportament térmic d’un edifici és sovint
subestimat o negligit durant les seves etapes de construccio i operaci6. Per aquest motiu, una prova no
destructiva (NDT) i precisa hauria de ser requerida, millorant les deficiencies donades per les actuals eines

de modelitzacio i les técniques de diagnosi.

Vist aixo, el proposit d’aquesta tesi era desenvolupar un métode per determinar in-situ el comportament
térmic de les faganes sota condicions estacionaries utilitzant la termografia quantitativa interna (IRT).
Despreés d’elaborar un model numeéric per estimar la transmitancia térmica (U-value) com a parametre clau
de la qualitat construida, la dissertacié va continuar amb un procés de validacié executat en dues parets
tipiques espanyoles de diferents periodes de construccio. Aixo va permetre: (i) refinar el métode proposat;
(i1) explorar les condicions de contorn; (iii) avaluar la influéncia dels valors tabulats establerts per les
normatives internacionals per a I’emissivitat de la paret i els coeficients convectius de transferéncia de calor
entre altres aspectes. Els resultats van revelar baixes desviacions respecte als valors teorics de transmitancia
térmica (1.24 a 3.97%) per duracions de test entre 2 i 3 hores. A més a més, els resultats van demostrar que

1’0s de valors tabulats podria implicar desviacions entorn al 40% en parets compostes amb baixos U-values.

En general, els projectes de construccio per edificis existents, especialment els antics, no estan disponibles.
Per tant, aquest métode podria proporcionar informacid sobre la fagana per futures rehabilitacions. En el
cas d’edificis nous, el métode podria permetre verificar el comportament térmic de les parets d’acord amb
els parametres de disseny. Malgrat aixo, una revisio bibliografica posterior va posar de manifest que encara
hi ha una bretxa en la estandarditzacio d’aquest metode per la diagnosi in-situ, la qual cosa deriva a una
manca de patr6 de mesura. Considerant aquest aspecte, es van desenvolupar tres estudis per tal de millorar
I’aplicabilitat de la termografia quantitativa interna dins el camp de la industria de la construcci6. En primer
lloc, es va analitzar la influéncia de les condicions operatives en la determinacié de la transmitancia térmica
mesurada a través d’una cambra experimental amb una fagana simple sota un ampli rang de diferéncia de
temperatura (3.8 < AT < 21°C). En segon lloc, aquesta dissertaciéo va dur a terme tests en un parc
d’habitatges publics constituits per quatre pisos desocupats (sense sistemes eléctrics ni de calefaccio en
funcionament), amb la finalitat d’analitzar la influéncia de les propietats termofisiques no transitories (ex.
la capacitat de calor per unitat d’area) en la precisio del métode. En tercer lloc, es va proposar i validar un
meétode de processat de dades basat en 1’analisi de séries de temps de la U-value mitjangant sis parets
compostes. L’objectiu era trobar un criteri comu per aturar la prova quan no sén necessaries més dades per

obtenir un resultat fiable.



Resum

Havent investigat els aspectes mencionats anteriorment, es pot extrapolar que: (i) el gradient de temperatura
optim es troba entre 7 i 16°C; (ii) la variancia en la transmitancia térmica podria ser principalment atribuida
a canvis en la temperatura ambient de ’aire exterior; (iii) la IRT quantitativa interna és més acurada en
parets compostes amb altes capacitats de calor per unitat d’area, aconseguint unes desviacions maximes del
0.20%; (iv) el test podria ser executat en només 30 minuts; (v) el métode podria permetre 1’avaluacio
d’aspectes relacionats amb la determinacié de la U-value en edificis desocupats per AT sota 10°C,
especialment a Espanya o paisos europeus amb un clima mediterrani on aquestes condicions de test podrien
representar una limitacio. Per tant, la presa de decisions es podria simplificar en entorns construits reals.
De fet, aquesta recerca podria conduir a una millor execucid del procés de rehabilitacié en edificis que

s’espera que tinguin deficiéncies 1’any 2050, augmentant aixi la taxa de renovacid europea a mig termini.

La dissertacié conclou resumint les principals aportacions d’aquesta investigacio. Els temes que s’han
plantejat durant la recerca realitzada, i que no es van poder abordar, es comenten i es proposen com a linies

de treball futures.

Paraules clau: bretxa rendiment energetic, NDT (prova no destructiva), termografia quantitativa, mesura
in-situ, transmitancia térmica mesurada, entorn construit real, fagana, condicions d’operacid, capacitat de

calor per unitat d’area, duraci6 de test
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Symbols

- Unpesavg: Average measured thermal transmittance [W/(m* K)]

- Upesi: Instantaneous measured thermal transmittance [W/(m* K)]

- n: number of thermograms

- g, Specific heat flux by radiation [W/m?]

- gq.: Specific heat flux by convection [W/m?]

- eparr: Wall emissivity [---]

- h.: Convective heat transfer coefficient [W/(m* K)]

- AT: Temperature difference [K]

- Ty Inner air temperature [K]

- Tour: Outer air temperature [K]

- Twarr: Wall surface temperature [K]

- Trer: Reflected ambient temperature [K]

- o Stefan—Boltzmann's constant [W/(m*-K*)]

- Aair: Thermal conductivity of the air [W/(m-K)]

- L: Height of the wall seen from inside the building [m]

- N,: Nusselt number [---]

- G,: Grashof number [---]

- R Rayleigh number [---]

- P, Prandlt number [---]

- g: Gravitation [m/s?]

- Volumetric temperature expansion coefficient [1/K]

- n: Air viscosity [m%/s]

- Uy Theoretical thermal transmittance [W/(m*-K)]

- AU/U;: Deviation between the theoretical and measured thermal transmittance [W/(m*-K) or %]

- R Theoretical thermal resistance [(m?-K)/W]

- Ry Theoretical thermal resistance from outside the building [(m?-K)/W]

- Ry Theoretical thermal resistance from inside the building [(m?-K)/W]

- Ax;: Thickness of the layer [m]

- A Thermal conductivity of the layer [W/(m-K)]

- oU: Combined standard uncertainty [W/(m?-K)]

- oTw and oTour: Uncertainties associated with the environmental indoor and outdoor temperature
measuring equipment [W/(m?-K)]

- oTwarL, oTrer and oewarr: Uncertainties associated with the infrared camera when the wall surface

temperature, the reflected ambient temperature and the wall emissivity are measured [W/(m?-K)]

X



Symbols

- kn: theoretical heat capacity per unit of area [kJ/(m?-K)]
- pi density of the layer [kg/m]
- cpi: specific heat capacity of the layer [J/kg-K]

- ex(t): measurement noise [W/(m*-K)]
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Chapter 1: State of the art

This chapter provides an introduction to this thesis. The chapter is divided into four sections. The first and
second ones introduce preliminary notions on energy performance gap (EPG) in buildings and the
measurement techniques for determining in-situ thermal transmittance as a common indicator of the thermal
quality of the building envelopes in steady-state conditions. The third section is focused on the
shortcomings in the usability of the quantitative infrared thermography (IRT) as in-situ non-destructive
testing (NDT). Within this context, the section shows two points of interest: (i) sources of discrepancy that
could affect the accuracy of in-situ measured U-values using the quantitative IRT, based on a critical
literature review; (ii) aspects related to the execution of the method in order to reduce the current duration
of the data collection and post-processing. Finally, and in the fourth section, the topic addressed in this

thesis is justified in the discussion of the implications.

1.1 The Energy Performance Gap and the importance of building refurbishment

Most of the current European residential stock does not satisfy the minimum thermal specifications [Itard
and Meijer, 2008; Dowson et al., 2012; Gangolells and Casals, 2012; Gangolells et al., 2016]. Within the
European context, over 40% of buildings were built before 1960 and 90% before 1990, and most of them
will still be standing in 2050 [Itard and Meijer, 2008; Buildings Performance Institute Europe -BPIE-, 2011;
Economist Intelligence Unit —EUI-, 2013; European Parliament’s Committee on Industry, Research and
Energy —ITRE-, 2016; Interreg Europe, 2017]. This implies that up to 110 million buildings need
refurbishment [European Parliament’s Committee on Industry, Research and Energy —ITRE-, 2016].
Unfortunately, the renovation rate across the EU is estimated to be very low, at around 1% per year [Itard
and Meijer, 2008; Buildings Performance Institute Europe -BPIE-, 2011; Economist Intelligence Unit —
EUI-, 2013; European Parliament’s Committee on Industry, Research and Energy —ITRE-, 2016;
International Energy Agency —IEA-, 2013; O’Grady et al., 2017a].

Nowadays, most of the energy efficiency measures are focused on maximizing the thermal performance of
components [Taylor et al., 2013], since building elements may not perform as expected when they are in
situ [Bordass et al., 2004; Demanuele et al., 2010; Menezes et al., 2012; Dimitrijevic et al., 2012; Guerra-
Santin et al., 2013; De Wilde, 2014]. In fact, the thermal behaviour of a building is often underestimated or
neglected during its construction and operation stages [Demanuele et al., 2010; Dimitrijevic et al., 2012;
Menezes et al., 2012; Dowson et al., 2012; Zalejska-Jonsson, 2012; De Wilde, 2014]. In order to reduce
the energy dependency and improve energy performance of buildings, two European Directives have been
enforced in accordance to 2020 European Union’s climate targets. Directive 2010/31/EU [European Union,

2010], also called NZEB (Nearly Zero Energy Buildings —Figure 1-), requires energy certification for



Chapter 1: State of the art

properties in order to achieve higher energy savings and guarantee adequate indoor comfort conditions for
users [Albatici et al., 2010; Ficco et al., 2015]. Directive 2012/27/EU [European Union, 2012] establishes
a set of binding measures to use energy more efficiently at all stages of the energy chain. As regards
regulatory framework in the Spanish context, both directives were partially transposed by the R.D.

235/2013 [Spain, 2013] and R.D.56/2016 [Spain, 2016] respectively.

EC reports on
the progress of

MS In Increasing Use of minimum levels of All new
RES In bulldings buildings

thanctss (Directive 2009/28/EC) are nZEBs
LR o) 01/01/2015 31/12/2020
31/12/2012
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the EC on cost- Intermediate targets for All new public

optimality Improving the energy bulldings are

(every 5 years) performance of new bulldings nZEBs

21/03/2013 01/06/2015 31/12/2018

2012 1 2013 1 2014 1 2015 1 2016 1 2017 1 2018 1 2019 1 2020

Figure 1. Share of buildings in final energy consumption in EU-28. [Source: Eurostat; BPIE]

These aforementioned directives have forced public administrations, designers, private companies and
building manufacturers to ensure the minimum energy performance gap (EPG), which is the same as the
minimum possible deviation between the designed and the real building energy performance [Bordass et
al., 2004; Albatici et al., 2010; Demanuele et al., 2010]. Therefore, the requirements in the regulations on
facades have grown and are expected to continue growing in the future [Cuerda et al., 2014]. Nevertheless,
a lack of robustness has been observed in the tools used to calculate and certify building performance once
the construction process has been finished [Littlewood et al., 2015]. Similarly, a high level of discrepancy
has been found in the modelling of retrofit buildings [ Tronchin et al., 2008; Fitton et al., 2013; Ahern et al.,
2016; Marshall et al., 2017]. Simplified tools such as the Standard Assessment Procedure (SAP) in the UK
or CE3X in Spain very often also underestimate thermal bridging and thermal properties of building
components, since they generalize some details of the construction to reduce the management of input data
[Littlewood et al., 2015; Gangolells et al., 2016]. However, feedback from building diagnosis might be used
to upgrade the initial model of the building, and consequently to reduce the energy performance gap [De
Wilde, 2014; Marshall et al., 2017] and improve the management of construction quality [Taylor et al.,
2013].

Along this line, Ferrari et al. [2013], Nardi et al. [2014] and Soares et al. [2019] pointed out that the U-
value had become a key parameter for assessing the thermal quality of the building envelope and steady-
state heat transmission performance. Despite this, the measured thermal transmittance in real buildings can
be rather different from that estimated by modelling and calculations [Guerra-Santin et al., 2013; Ficco et
al., 2015]. For this reason, the future building diagnosis should require a precise measurement technique

for determining the thermal property mentioned above.
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1.2 Measurement techniques for determining U-values (thermal transmittances)

1.2.1 Background of the existing measurement techniques for determining U-values

In the last few decades, several researchers have focalized their efforts on the development and
implementation of techniques for assessing building features. Some of these techniques are the following:
the simulation [Emmel et al., 2007; Prada et al., 2014; Rossi et al., 2014; Liu et al., 2015], the guarded hot
box method [Asdrubali et al., 2012; Vereecken et al., 2014], the automatic guarded hot plate apparatus
[Kumar et al., 2013], the heat flux meter method (HFM) [Anderson, 1985; Roulet el al., 1987; Flanders,
1991; Flanders, 1992; Ahmad et al., 2014; Ficco et al., 2015; Gaspar et al., 2016; Atsonios et al., 2017] and
the infrared thermography (qualitative and quantitative IRT) [Anderson, 1977; Burch et al., 1977; Burn and
Schuyler, 1980; Flanders et al., 1981; MclIntosh, 1981; Flanders, 1991; Straube and Burnett, 1999;
Kalamees, 2007; Madding, 2008; Lucchi, 2011; Taylor et al., 2013; Meola et al., 2014; Fox et al., 2015;
Barreira et al., 2016]. In fact, a combination of some of them has also been carried out to complete studies
about the influence of boundary conditions on the measured U-values [Lehman et al., 2013; Tzifa et al.,
2014; Albatici et al., 2015; Meng et al., 2015; Nardi et al., 2016; O’Grady et al., 2017] or to validate the
results gathered by non-invasive techniques that are not fully developed (i.e. quantitative IRT)
[Haralambopoulos et al., 1998; Albatici et al., 2010; Kisilewicz et al., 2010; Fokaides et al., 2011; Dall’O
et al., 2013; De Freitas et al., 2014; Danielski et al., 2015].

Albatici et al. [2013] and Gaspar et al. [2016] highlighted that in-situ U-values are commonly determined
by the heat flux meter (HFM) method according to ISO 9869-1:2014 [International Organization for
Standardization, 2014]. The HFM consists of monitoring the heat flux rate passing through the facade and
the indoor and outdoor environmental temperatures to obtain the thermal transmittance. However, this
method presents some limitations. The first is that the HFM can only measure a local point of the wall and
requires to be installed in different points of the wall to avoid singularities [Carbonez et al., 2014; Danielski
et al., 2015; Tejedor et al., 2017]. Therefore, it does not provide accurate results for non-homogenous
building elements [Danielski and Froling, 2015]. Secondly, it requires a minimum test duration of 72 hours

and a maximum of one week [[SO 9869-1:2014; International Organization for Standardization, 2014].

Within this context, infrared thermography (IRT) may be a good alternative for in-situ U-value
measurements over the existing methods. IRT is a non-destructive test based on measuring the radiant
thermal energy distribution (heat) emitted from an object’s surface [Infrared Training Center and FLIR
Systems, 2015]. Traditionally, IRT has only been used to detect thermal irregularities in building envelopes
qualitatively, following EN 13187:1998 [International Organization for Standardization, 1998] and the
RESNET Interim Guideline for Thermographic Inspections of Buildings [Residential Energy Services
Network, 2010].
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Nevertheless, quantitative IRT methods may also be adopted to determine U-values even though they are
still not fully developed [Danielski and Fréling, 2015], since it is a method that provides reliable U-values
of a wall area with reduced time (2-3 hours) [Albatici et al., 2010; Carbonez et al., 2014; Danielski et al.,
2015; Nardi et al., 2015; Tejedor et al., 2017; Tejedor et al., 2018].

1.2.2 Quantitative Infrared Thermography (IRT)

Within the field of measuring on-site U-values with quantitative IRT, the main studies were conducted by
Albatici et al. [2010], Albatici et al. [2015] and Fokaides et al. [2011]. Albatici et al. [2010] and Albatici et
al. [2015] took measurements from outside the building, while Fokaides et al. [2011] carried out tests from
inside the building. External thermography has several limitations. Firstly, it is more susceptible to
environmental conditions than internal thermography, which provides a much more controlled environment
with slower and less significant climatic fluctuations [Dall’O et al., 2009; Fokaides et al., 2011; Lucchi,
2011; Fox et al., 2016]. Secondly, many objects with unknown thermal status can reflect on the target and
there is no control of the reflection index [Fokaides et al., 2011]. Finally, according to Dall’O et al. [2013],
the external convective coefficient cannot be considered constant in outside tests, and must be calculated

on the basis of weather conditions to achieve an acceptable result.

Jirge’s equation can be used to determine the external convective heat transfer coefficient [Albatici et al.,
2010; Dall’O et al., 2013; Albatici et al., 2015; Nardi et al., 2016]. This equation establishes a linear
relationship between the external convective heat transfer coefficient and the wind speed. Despite being
widely used in modelling, simulations and relevant calculations, Jiirge’s equation has several shortcomings
[Palyvos et al., 2008]. The value of the convective heat transfer coefficient may be overestimated, and it
may vary widely at different positions on the surface of a building [Hoyano et al., 1999; Rabadiya et al.,
2012; Sham et al., 2012]. In fact, surface-to-wind angle, wind intensity and wind direction play an important
role, and are strongly affected by the building’s surroundings [Emmel et al., 2007; Dall’O et al., 2013; Liu
etal., 2015]. Along this line, Albatici et al. [2010], Dall’O et al. [2013] and Albatici et al. [2015] highlighted
that the deviation between notional and measured U-value might be higher in light walls than in heavy
walls. The impact of wind speed will be greater in elements with low thermal mass, since they cool down
faster. Alternatively, the external convective heat transfer coefficient can be estimated using a tabulated
value stated in UNE-EN ISO 6946:2012 [International Organization for Standardization, 2012]. However,
this convective heat transfer coefficient is high, a precautionary value, since it is used to determine the heat

loss during the design stage of the building fagade [Dall’O et al., 2013].
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1.3 Shortcomings in the usability of the quantitative IRT (Infrared Thermography)

1.3.1 Accuracy of in-situ measured U-values: the main two sources of discrepancy

In general, construction project documents are not available for existing buildings, especially the oldest
ones, but methods such as quantitative internal infrared thermography (IRT) can provide valuable
information about in-situ thermal transmittance of the fagade for future refurbishment [Tejedor et al., 2017].
To guarantee correct execution of in-situ quantitative IRT tests and accurate outcomes, some operating
conditions must be fulfilled. Previous researchers stated that tests must be performed under 10-15°C of
temperature difference between outside and inside the building to ensure measurable heat exchange across
the building envelope [Albatici et al., 2010; Fokaides et al., 2011; Asdrubali et al., 2012; Dall’O et al.,
2013; Asdrubali et al., 2014; Biddulph et al., 2014; Kylili et al., 2014; Taylor et al., 2014; Fox et al., 2014;
Barreira et al., 2017], although this parameter could be reduced to a lower level (7 < AT < 16°C) according
to Tejedor et al. [2017].

Accuracy in the determination of the thermal behavior of facades [Gaspar et al., 2016] and the influence of
operating conditions [Nardi et al., 2016] have become a widely discussed concern in recent years, regardless
of the technique used for the assessment (i.e. heat flux meter —-HFM-, guarded hot box, and quantitative
infrared thermography, among others). For quantitative external IRT, some authors proposed a sensitivity
analysis in relation to the deviation between the theoretical and measured U-values. Lehman et al. [2013]
quantified the influence of climatic conditions on the surface temperature distribution in both insulated and
non-insulated facades by simulations in transient regime, to derive a criterion for IRT measurements.
External wall surface temperature strongly depended on wall assembly, thermal properties of materials and
solar irradiation. Tzifa et al. [2014], Albatici et al. [2015] and Nardi et al. [2015] analyzed the influence of
variables such as wind speed, outer and inner air temperatures and external wall surface temperature on the
accuracy of U-values in steady-state conditions. Errors depended on the thermal mass and on the exposure
of the wall, while wind speed was negligible for heavy walls. In addition, Albatici et al. [2015] concluded
that a deviation of 50% in the determination of outer air temperature and wall surface temperature could
lead to deviations from 50% (heavy walls) up to 350% (light walls) when U-values were measured by IRT.
This was attributed to the use of different measuring equipment (an IR camera versus a thermo hygrometer)
for low temperature values (0°C). In this case, tests were performed in an experimental building designed

for the research with five wall types.

Far fewer studies have been undertaken on quantitative internal IRT. Fokaides et al. [2011] drew up a
sensitivity analysis, focused on the parameters required to determine the wall surface temperature with an
IR camera. Results showed that the most sensitive parameters were the reflected ambient temperature and
the assumed emissivity of the wall surface. For instance, a deviation of 1°C in the determination of the

reflected ambient temperature might lead to an error of up to 10% in the wall surface temperature.
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Consequently, this might convert into a deviation of 100% in the determination of U-value [Fokaides et al.,
2011]. Nardi et al. [2016] analyzed the four approaches proposed in the last few years [Madding et al.,
2008; Fokaides et al., 2011; Dall’O et al., 2013; Albatici et al., 2015] in a single sample by guarded hot
box. Measured U-values were plotted against the temperature difference, the reflected ambient temperature
and the outdoor temperature difference. Outcomes showed better estimations of thermal transmittances for

lower reflected ambient temperatures when the temperature difference increased.

As mentioned above, some authors highlighted the role of walls’ thermal mass on the accuracy of measured
thermal transmittances for 10 < AT < 15°C. However, their studies were conducted on laboratories or
experimental rooms using quantitative external IRT, HFM and simulation among other techniques [Albatici
et al., 2010; Dall’O et al., 2013; Lehman et al., 2013; Tzifa et al., 2014; Albatici et al., 2015; Nardi et al.,
2015]. U-value uncertainties provided by HFM depend on the measurement conditions that are registered,
the building envelope (light or heavy wall), the data analysis (average method, black box method, LORD,
among others) and the HFM’ equipment [Cesaratto et al., 2013; Albatici et al., 2015; Ficco et al., 2015]. In
accordance with research carried out by Rabadiya et al. [2012], the HFM can only measure a local point on
the wall, and consequently it does not provide accurate results for non-homogeneous building elements.
Regarding quantitative internal IRT, the influence of thermophysical properties on the accuracy of the
method has not been addressed in the literature. In terms of thermal behavior of the facade, European
regulation UNE-EN ISO 13786:2011 [International Organization for Standardization, 2011] introduced
several thermal parameters for building envelopes (in addition to thermal transmittance), as well as their
calculation procedures. Nevertheless, most are transient parameters that can be used to describe the dynamic
behavior of the elements [Rossi et al., 2014]. They include thermal time shift, thermal decrement factor and
periodic thermal transmittance. The only non-transient thermal parameters that might explain different
accuracy values in heavy multi-leaf walls under the same operating conditions are the heat capacity per unit
of area and the thermal transmittance. Normally, the effects of thermal inertia and heat capacity per unit of
area (kappa value) are not considered, because data are acquired by instantaneous measurements [Nardi et

al., 2016].

1.3.2 Execution of the method: data collection and post-processing

Most of the aforementioned methods present some kind of regulation or guideline concerning the main
requirements and procedures to perform (i.e. guarded hot box: ASTM C177-13 [American Society for
Testing and Materials, 2013], ASTM C1363-11 [American Society for Testing and Materials, 2011] and
UNE-EN ISO 8990:1997 [International Organization for Standardization, 1997]; heat flux meter: ISO
9869:2014 [International Organization for Standardization, 2014]; qualitative IRT: ISO 18434-1:2008
[International Organization for Standardization, 2008], EN 13187:1998 [International Organization for
Standardization, 1998] and RESNET Interim Guideline for Thermographic Inspections of Buildings
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[Residential Energy Services Network, 2010]). However, a gap in the standardization of quantitative IRT
for in-situ building diagnostics still needs to be filled. This aspect directly leads to a lack of measurement
pattern, which can affect how the method is applied by practitioners, energy auditors or other stakeholders
within the construction industry field. Implementation of quantitative IRT encompasses aspects relating to
operating conditions (i.e. outdoor air temperature), thermophysical properties (i.e. kappa value or also
called heat capacity per unit of area) and technical conditions (i.e. test duration and data acquisition interval)
[Balaras et al., 2002; Datcu et al., 2005; Charlier, 2007; Albatici et al., 2010; Dall’O et al., 2013; Lehman
et al., 2013; Taylor et al., 2013; Van De Vijver et al., 2014; O’Grady et al., 2017; Tejedor et al., 2017;
Lucchi, 2018]. In previous studies of other techniques conducted in laboratories or experimental rooms, the
first two aspects might be considered a source of discrepancy in the determination of the measured U-value
[Lehman et al., 2013; Albatici et al., 2015; Nardi et al., 2016; Lucchi, 2018]. In the case of real built
environments, the influence of the operating conditions and non-transient thermophysical properties of the
wall was recently analyzed regarding to the accuracy of quantitative internal IRT for AT<10°C [Tejedor et
al., 2018]. Such temperature gradient had been considered a limitation for the method [Vavilov, 2010;
Lucchi, 2018].

Focusing on the technical conditions, some researchers underlined the difficulties of the use of quantitative
IRT tests with a short sampling duration [Hoyano et al., 1999; Fokaides et al., 2011; Dall’O et al., 2013;
Lucchi, 2018; Marshall et al., 2018; Nardi et al., 2018]. Kisilewicz et al. [2010] stated that data recorded
by an IR camera should be collected for a sufficiently long period (an integer multiple of 24 hours) to
determine the thermal resistance with reliable results, avoiding the fluctuations of both temperature and
heat flows. Carbonez et al. [2014] considered that the IRT instantaneous measurements only provided a
single value in time and consequently, both the applicability and accuracy of the method were limited.
Nevertheless, Nardi et al. [2016] performed tests on a specimen wall of a guarded hot box using HFM and
quantitative IRT in a laboratory, gathering instantaneous U-value measurements under stationary conditions

and a period lower than 30 minutes.

Along this line, a thorough literature review has shown the use of different test durations and data
acquisition intervals, which might also lead to a discrepancy in the assessment of in-situ U-values. The
minimum test duration for the quantitative IRT method was set at 2-3 hours under stationary conditions
[Albatici et al., 2010; Fokaides et al., 2011; Nardi et al., 2014; Taylor et al., 2014; Tejedor et al., 2017].
Regarding the sampling frequency, a random criterion was detected for the HFM and quantitative IRT
[Bienvenido-Huertas et al., 2018]. Fokaides et al. [2011] measured the surface temperature every 20
minutes for 3 hours and the U-value resulted from the average calculation of the 10 measurements for each
building element. Marinetti et al. [2012] took 30 thermograms with a sampling interval of 10 seconds.
Dall’O et al. [2013] established a data acquisition interval of about 15 minutes, but only some sub-periods

were suitable for the measurement. Lehmann et al. [2013] selected a sequence of single thermograms taken
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at 5 minute intervals. Porras — Amores et al. [2013] recorded images every 10 seconds and temperature
readings every 1 second. De Freitas et al. [2014] carried out 6 thermograms for each sunny day and at
different sampling intervals (3h, 4h, 1h, 1h, S5h). Fox et al. [2015] captured images every 20 to 30 minutes.
Tejedor et al. [2017] and Tejedor et al. [2018] configured all the measuring equipment with a data
acquisition interval of 1 minute, recording from 120 to 180 thermograms as the maximum. Bienvenido —

Huertas et al. [2018] proposed a sampling period of 15 minutes to make the subsequent data analysis easier.

1.4 Implications and justification of the thesis

The dissertation starts with a literature review to contextualize the current state of research related to the
energy performance gap in buildings. This has allowed detecting the necessity of a building diagnosis
testing that provides reliable results of the thermal build quality of facades with a short execution time in
comparison with the existing non-invasive measurement techniques (i.e. heat flux meter —-HFM-). The
findings have also suggested that quantitative infrared thermography (IRT) might fulfil the requirement

aforementioned, although this method is not still consolidated.

To select where it would be more suitable to conduct the tests, from inside or outside the building, the main
approaches of the last ten years were analysed. According to the limitations of the external thermography,
it was decided to develop a quantitative internal IRT method for determining in-situ measured U-values.
UNE-EN ISO 6946:2012 [International Organization for Standardization, 2012] and ISO 9869:2014
[International Organization for Standardization, 2014] recommendations should be used as references for

the test conditions and data analysis, despite of corresponding to the HFM.

The literature review also highlighted the role of operating conditions (i.e. AT) and thermophysical
properties (i.e. heat capacity per unit of area) on the accuracy of measured thermal transmittances. Previous
studies showed that tests must be executed under a temperature gradient of 10-15°C. However, some
researchers considered that such temperature difference was a limitation for the method [Vavilov et
al.,2010; and Lucchi, 2018] and it could be possible to measure from 7 to 16°C [Tejedor et al., 2017]. In
fact, most of sensibility analysis to estimate the influence of both aforementioned aspects were conducted
on laboratories or experimental rooms by means of simulation, guarded hot box, quantitative external IRT,
among others. Taking into account the aspects exposed above, it might be interesting to explore the limits
of the method from inside the building and to observe whether heat capacity per unit of area should be
included as a source of discrepancy when quantitative internal IRT is implemented in real built

environments, especially unoccupied buildings where AT is <10°C.
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Concerning the technical conditions, some researchers underlined the difficulties of the use of quantitative
IRT tests with a short sampling duration (<3 hours). Indeed, it was detected a lack of measurement pattern
for quantitative IRT (external and internal). For this reason, a data-processing method should be required

for stopping the test when the value of the thermal transmittance is reliable.

As seen, this research might contribute: (i) to avoid mistakes in relation to operating conditions, if this
building diagnostics technique is used as a tool for energy audits; (ii) to simplify the data analysis,
estimating a minor sampling duration to the assumed currently. Consequently, this research might help to
enhance the execution of the refurbishment process in existing buildings that are expected to have
shortcomings in 2050. As regards new building fagades, the method might allow to check them according

to their design parameters.
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Chapter 2: Objectives and research methodology

This chapter outlines the purpose, aim and objectives of this research, formulated from the discussion
presented in Chapter 1, sets out the scope of the work and summarizes the methodology implemented with

its limitations. Additionally, it describes the structure of the document.

2.1 Purpose, aim and objectives

The research conducted within this thesis pretends to determine quantitatively the thermal behaviour of
building envelopes, helping to promote a reduction of the energy performance gap and increasing the
European renovation rate in mid-term. As shown in the literature review, developing a new proposal of
method based on quantitative internal IRT is a challenging task. The method should allow measuring
accurately the thermal resistance or transmittance of a wall from inside the building, using a passive
approach. The method should also be suitable for heavy walls, assuming one-dimensional and horizontal
heat flux under steady-state conditions through the building facade. According to this, specific objectives

of this dissertation were the following:

- To identify the contributory factors (CF) which may cause the Energy Performance Gap (EPG)

- To identify the existing measurement techniques for determining U-values

- To propose a quantitative internal IRT method for the in-situ measurement of the current thermal
transmittance of building envelopes, achieving the minimum deviation between notional and
measured U-values

- To enhance the applicability range of techniques based on quantitative IRT in the construction

industry field

2.2 Overview of the research methodology and limitations of the thesis

The research methodology used in this thesis (Figure 2) includes the main steps to achieve the objectives
exposed previously. More specific employed methodologies were fully described in each chapter in

accordance with the aspect to be analysed.

As seen above, the lack of robustness of the current tools and the underestimation of the thermal behaviour
of fagades during the entire building life cycle (design, construction and operation stages) might contribute
to the energy performance gap. Therefore, the extensive literature review allowed detecting the necessity
of developing a quantitative internal IRT method as a building diagnosis tool as well as defining its main

features.
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For evaluating the feasibility of the proposed method, Thermal Engineering Laboratory of ETSEIB (UPC)
was used to perform the preliminary studies and calibration tests with two samples (single-leaf and multi-
leaf composite) on a thermal house with electronic regulation. For the data analyses, average method was
applied. Dynamic method might also be used in accordance to standard ISO 9869-1:2014 [International
Organization for Standardization, 2014]. However, this could not be applicable for data obtained from
thermography, because the data acquisition interval was not the same all time in the first step of the
development of the method. Thus, a more advanced software was required for next research steps. FLIR
TOOLS+ [FLIR Systems, 2015] was recommended, since it allows setting a fixed sampling frequency if

IR camera is connected with the computer during the monitoring process of the sample.

In order to extend and validate this approach, and considering the aspects of the previous study, several
measurement campaigns were developed in two typical Spanish wall typologies from different construction
periods. This second validation process allowed: (i) defining test conditions for real built environments;
(i1) selecting the measuring equipment; (iii) establishing data acquisition and data post-processing in the
case of buildings; (iv) defining how to determine the theoretical U-value and its deviation with respect to
the measured value; (v) determining the combined standard uncertainty associated with the measuring
equipment. Having applied the numerical model to calculate the measured U-value, an in-depth
comparative analysis was carried out in order to quantify the influence of tabulated values shown by the

regulations rather than those obtained by the proposed method.

To enhance the applicability range of techniques based on quantitative IRT in the construction industry
field, it is needed to assess three groups of causal factors that might influence on the determination of in-
situ measured U-values: (i) operating conditions; (ii) thermophysical properties; (iii) technical conditions.
In this way, it might be established a measurement pattern. Taking into account these aspects, three steps

were conducted. The details are briefly summarized below.

- The first step was focused on assessing the most influential operating conditions on the measured
U-values. An experimental room with a heavy single-leaf wall was tested under a wide temperature
difference range (3.80°C < AT < 20.60°C). Input data of each temperature difference range was
statistically analysed through a Pearson’s parametric correlation with SPSS Software. To
corroborate these gathered results, temperature differences (AT) were sorted and plotted from
lowest to highest. In this way, it could be observed the evolution of the input data for the numerical
model (T, Tour, Twarr and Trer) and the adjustment of the measured U-value when AT increased.

In addition, it could be established the optimum temperature difference range among other aspects.
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- The second step was based on evaluating the impact of non-transient thermophysical properties.
Quantitative internal IRT measurements were conducted on four real unoccupied residential
buildings with heavy multi-leaf walls (without electric and heating system in operation). After
determining the equation to calculate the heat capacity per unit of area (also referred to as the kappa
value) in accordance with the literature, the errors of the measurements of each fagade were plotted
against the measured U-values and the kappa values, in order to set a relationship among the

parameters.

- The third step consisted of analysing if the deviation between theoretical and measured U-values
drew a trend throughout the test, obtaining more accuracy for greater test durations. Having
observed the literature review, a common criterion for stopping the quantitative internal IRT test
has not yet been set when the trustworthiness of the U-value is enough. Hence, this study proposed
a data-processing method where the quantitative IRT measurements were assumed as a stochastic
process for N>30. To assess if the in-situ measured U-values might be a constant signal plus noise,
regardless the test duration, the ACF plot and the CP were used. As regards the study of variability
between instantaneous U-values of each time series for all walls, the following parameters were
calculated: the mean, the SD (or o), the CV and the 95% confidence intervals. Finally, a validation

process based on MATLAB was computed.

Concerning the main limitations of this dissertation, these were established in relation to the season of the
year in which the proposed method was implemented and validated, and the type of building facade that

was investigated.

- All measurement campaigns were developed during the winter. The numerical model has not still
been validated in Summer, since a cooler unit system is required inside the buildings. In addition,
most existing units of air conditioner provide a non-stationary regime as well as a non-homogeneity
of heat flux and temperature on the material to be assessed. In other words, cold air current peaks
might be generated when the inner air temperature is over the set point temperature and

consequently, a fluctuation of the internal parameters might be given.

- Standardized methods (i.e. HFM) were not applied to validate the results, since all tests were
performed on heavy facades. Some researchers demonstrated a low discrepancy (1.3-2.6%)
between the measured U-values obtained by HFM and the IRT for heavy walls, in contrast to light
walls that reached discrepancies of 47.6% [Nardi et al., 2015; O’Grady et al., 2017b]. However,
light walls (i.e. wood-frame insulated walls or walls with a heat capacity per unit of area lower than

150 kJ/m*-K) are not erected generally in Spain.
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2.3 Structure of the document

This PhD thesis consists of eight chapters, which are described below. Table 1 shows the structure of the
document, highlighting the chapters and publications that have derived from each specific and

complementary objective.

Chapter 1 presents a critical literature review about the energy performance gap related to the importance
of building refurbishment, current measurement techniques for determining the thermal performance of
facades and the shortcomings of the quantitative infrared thermography (sources of discrepancy on the
measured U-values and execution of the method). Having outlined the main barriers to accurately in situ
measure the thermophysical property aforementioned, this chapter supports the justification of the research

undertaken within this thesis.

Chapter 2 presents the purpose, the main aim and specific objectives of the research project raised from the
results of the previous chapter. Furthermore, it sets out the limitations and delimitations of the work before

describing the research methodology and remaining structure of this dissertation.

After presenting the state of the art and the research methodology (Chapters 1 and 2), there are two chapters
devoted to the development and validation of the proposed method and four chapters that are shown as a
compilation of different studies that derive from the implementation of the method in an experimental room

and several real built environments with heavy walls.

Chapter 3 proposes a quantitative internal IRT method for determining the thermal transmittance of building
envelopes with heavy multi-leaf walls, considering the following aspects: test conditions that should be
taken into account, how data acquisition and post-processing should be performed, and the determination

of instantaneous and average measured U-values.

Chapter 4 shows the validation process of the proposed method through case studies, including a
comparative analysis between theoretical and measured U-values. In addition, for each investigated
building, such thermal parameter has also been determined using tabulated values in accordance to the
current regulations, in order to check their influence on the measured U-values in comparison with those

provided by the proposed method.

Having identified which equations leads to a better adjustment of the numerical model to the real built
environment, it is necessary to know how to improve the shortcomings of this technique with the aim of
introducing it in the market of the construction industry field. Chapter 5 is focused on assessing the
influence of operating conditions on the results provided by the method. Chapter 6 evaluates the role of the

thermophysical properties in the accuracy of in-situ measured U-values. Chapter 7 is based on the analysis
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of the execution of the IRT technique and post-processing of the data, since a standardized test duration has
not been established yet. The purpose is to define a common criterion based on U-value time series analysis

for stopping the test, being possible to reduce the current sampling duration.

Chapter 8 presents the conclusions and summarizes the key findings of the dissertation, how the project has
contributed to knowledge and practice regarding the stated objectives, and shows suitable areas for further

research. During the research undertaken, some aspects were raised although they could not be addressed.

2.4 Related Publications

At the examination date, two works carried out into the scope of this thesis were published. The relationship
among the objectives, the tasks and the related publications is represented in Table 1. With respect to the

main characteristics of each paper, these are shown as follows.

Journal Paper | — Published

Tejedor, B; Casals, M; Gangolells, M; Roca, X. Quantitative internal infrared thermography for
determining in-situ thermal behaviour of facades. Energy and Buildings 151 (2017) 187-197
<DOI: 10.1016/j.enbuild.2017.06.040>

- Area: Construction and Building Technology

- Quartile: Q1

- JCR Impact factor: 4.457 (2017)

- Number of cites: 10 (Scopus), 6 (Researchgate), 10 (Mendeley), 11 (CrossRef)

Journal Paper 11 — Published

Tejedor, B; Casals, M; Gangolells, M. Assessing the influence of operating conditions and thermophysical
properties on the accuracy of in-situ measured U-values using quantitative internal infrared thermography.
Energy and Buildings 171 (2018) 64-75 < DOI: 10.1016/j.enbuild.2018.04.011>

- Area: Construction and Building Technology

- Quartile: Q1

- JCR Impact factor: 4.457 (2017)

- Number of cites: 2 (Scopus), 1 (Researchgate), -- (Mendeley), 2 (CrossRef)
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Chapter 3: Development of a quantitative internal IRT method

The proposed method is characterized by determining the in-situ thermal transmittance of a wall from inside
the building envelope using a passive approach. This chapter describes the development of this NDT which

is comprised of five steps.

In the step 1, the test conditions were specified, taking as reference the boundary conditions stated by other
researchers in previous studies and the own experience at Thermal Engineering Laboratory with the
calibration tests of the numerical model and the assessed existing buildings. The most relevant test
conditions are related to: (i) the use of qualitative IRT for detecting anomalies in the areas to be analysed;
(i1) weather limitations, since some parameters can be act as stimulus for the construction element (i.e. wind
speed, rain, sun); (iii) orientation of the facade to be tested, preferably northern wall; (iv) temperature
difference across the building envelope and optimum periods of the day to achieve it; (v) internal climatic

conditions to ensure a stationary regime and homogenous heat flux and temperature on the material.

The second and third steps were based on establishing the minimum requirements to select the measuring
equipment and their respective functions in the test, following the recommendations presented throughout
the literature review and considering the aspects revealed by the tests performed in laboratory and existing
buildings. In addition, a sketch of the top and front views of the position of the measuring equipment in
relation to the wall were drawn up, to show the main aspects that should be taken into account during the

continuous monitoring and recording of data.

The fourth and fifth steps consisted of developing the numerical model to calculate the instantaneous and
average measured U-values from inside the building, assuming one-dimensional and horizontal heat flux

under steady-state conditions through the building envelope.

It should be underlined that Journal Paper I [ Tejedor et al., 2017] describes extensively the proposed method
to determine in-situ measured thermal transmittances of fagades by quantitative internal IRT. Journal Paper
II [Tejedor et al., 2018] refines the numerical model for experimental rooms or unoccupied buildings when
inner air temperature is found to be within the range 0-15°C or 15-25°C, since some tabulated values related

to the properties of the airflow could be different in function of the aforementioned input parameter.
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3.1 Definition of test conditions

Qualitative IRT tests are defined by EN 13187:1998 [International Organization for Standardization, 1998]
and the RESNET Interim Guidelines for Thermographic Inspections of Buildings [Residential Energy
Services Network, 2010]. Previous researchers have established boundary conditions for quantitative IRT
tests [Grinzato et al., 1998; Hoyano et al., 1999; Martin-Ocaiia et al., 2004; Aelenei et al., 2008; Albatici et
al., 2010; Desogus et al., 2011; Fokaides et al., 2011; Asdrubali et al., 2012; Bagavathiappan et al., 2013;
Byrne et al., 2013; Cesaratto et al., 2013; Dall’O et al., 2013; Ferrari et al., 2013; Kumar et al., 2013;
Lehman et al., 2013; Ahmad et al., 2014; Asdrubali et al., 2014; Biddulph et al., 2014; Bisegna et al., 2014;
De Freitas et al., 2014; Latif et al., 2014; Kylili et al., 2014; Nardi et al., 2014; Pisello et al., 2014; Rossi et
al., 2014; Stazi et al., 2014; Taylor et al., 2014; Vereecken et al., 2014; Albatici et al., 2015; Ficco et al.,
2015; Fox et al., 2015; Pérez-Bella et al., 2015; Maroy et al., 2017]. The most relevant are detailed below.

Tests should be performed under low values of wind speed. The recommendation is 0.2 to 1.0 m/s. This

parameter can lead to greater thermal dispersion of convective factors.

Tests should be conducted on the northern fagades of buildings and preferably in the early morning before
sunrise and/or in the evening after sunset, to avoid solar radiation. Otherwise, the IRT survey would be
conducted on transient regime. Incident solar radiation can be considered a kind of thermal stimulus that
may lead to a time lag of a few hours. The wall temperature may tend to increase affecting the evaporation
process in materials. In addition, incident solar radiation depends on other parameters and may not be easily

predictable.

Tests must be carried out with a temperature difference (47) across the building fagade of at least 10-15°C,
to allow measurable heat exchange through the element. This statement was widely adopted by the majority
of researchers. Nevertheless, Tejedor et al. [2017] and Tejedor et al. [2018] demonstrated that it is possible
to execute quantitative internal IRT measurements from 7 to 16°C with the proposed method. Another
weather conditions such as humidity, rain and snow should be avoided 24-48 hours prior to the tests, since

they can reduce the measured temperature values.

Tests should be carried out in areas of the wall without anomalies (i.e. moisture, thermal bridges and cold
spots, among others). For this reason and before the on-site test, a qualitative infrared thermography
inspection must be performed. It should be pointed out that the influence of the weather (wind, sun, rain,

sky conditions, etc) may last for 2-6 hours, depending on the facades.

Some additional test conditions were determined from the developed research. Tests should avoid a
non-stationary regime as well as a non-homogeneity of heat flux and temperature on the material.

Consequently, special attention must be paid to the type of building fagade, the external conditions or the

20



Contributions to the determination of thermal behaviour of fagades using quantitative internal IRT

internal climatic conditions (i.e. type of heating system). Firstly, heated adjacent walls may influence the
thermal behaviour of the sample that is being tested, especially in single-leaf building fagades. Wall
temperature in the corners tends to be higher than the rest of the wall and, consequently, U-value uncertainty
may be increased. Secondly, outdoor air temperatures remain more constant during some periods of the
day. The tests should be undertaken at the start of the day, to ensure an optimum temperature difference
(47) without peaks. Thirdly, any air current peak generated when the inner air temperature is under the set

point temperature may lead to a fluctuation in internal parameters.

3.2 Selection of the measuring equipment

An IR camera, a reflector and a blackbody are needed to measure quantitatively on-site U-values by means
of IRT. Thermocouples with a data logger, or a thermohygrometer, are required to monitor environmental

conditions.

Several researchers have specified in their studies that the minimum requirements for an IR camera are
related to: the spectral range, the spatial resolution, the temperature range, the thermal sensitivity, the frame
rate and the angle of tilt. Taking into account that bodies at ambient temperature emit predominantly at
7-13 um (spectral range), the IR camera should be selected for long wave length band [Astarita et al., 2000;
Avdelidis et al., 2003; Fokaides et al., 2011; Asdrubali et al., 2012; Albatici et al., 2013; Bagavathiappan
etal., 2013; Porras-Amores et al., 2013; Bisegna et al., 2014; Fox et al., 2014; De Freitas et al., 2014; Kylili
et al., 2014]. The spatial resolution, also known as the Instantaneous Field of View (IFOV), is the ability
of the camera to distinguish between two objects within the field of view (FOV). In other words, it is the
smallest detail within the FOV that can be detected or seen at a set distance. Along this line, Bagavathiappan
etal. [2013] and Fox et al. [2014] stated that FOV depends on the object to camera distance, the lens systems
and the detector size. Its value represented in mrad corresponds to the size of the visible point in millimetres
of a pixel at a distance of 1 metre. For building diagnosis, FOV is described in horizontal degrees by vertical
degrees, 25° x 19°, and IFOV is established as 1.36 mrad. Furthermore, Bagavathiappan et al. [2013]
mentioned that the temperature range is the minimum and maximum temperature values, typically -20°C to
500°C-; the thermal sensitivity should be selected as 0.05°C for uncooled cameras and 0.01°C for cooled
cameras; and the number of frames acquired by the IR camera per second (frame rate) is normally set at

50Hz.

As shown in Figure 3, to avoid any reflection of the thermographer in the resulting images, the angle of tilt
should be a minimum of 5° from the thermographer to the target and a maximum of 50° —from the

horizontal- [Fox et al., 2014; Kylili et al., 2014].
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Figure 3. Top and front view of the position of the measuring equipment in relation to the wall

Before making the measurements, the IR camera should be calibrated for the wall. In other words, the
reflected ambient temperature (7zzr) as well as the wall surface emissivity are required to compensate errors
of reading with the IR camera. These parameters allow reliable surface temperature values to be obtained
in the area of known emissivity during the post—processing of each thermogram [Albatici et al., 2010;
Fokaides et al., 2011; Porras —Amores et al., 2013; Ohlsson et al., 2014; Albatici et al., 2015; Danielski and
Froling, 2015].

The average reading of Trer represents the average temperature of the surroundings, considering the
different reflection indexes. To determine this parameter, a crinkled piece of aluminium foil fixed on the
surface should be used as a reflector or substitute for Lambert’s radiator [Fokaides et al., 2011; Asdrubali
et al., 2012; Dall’O et al., 2013; Porras —Amores et al., 2013; Nardi et al., 2014; Ohlsson et al., 2014;
Danielski and Froling, 2015; Fox et al., 2015; Nardi et al., 2016]. In order to avoid uncontrolled reflection
indexes, the wall under measurement needs to be free of any object [Fokaides et al., 2011]. A blackbody is
needed to measure the wall surface emissivity. In thermal radiation theory, a blackbody is considered a
hypothetical object that absorbs all incident radiation and radiates a continuous spectrum, according to
Planck’s Law and the Stefan-Boltzmann Law. In practice, a blackbody can be a black tape, a curved plastic
hosepipe (with a hole 1cm® wide) or a blackbody simulator fixed to the target [Astarita et al., 2000;
Avdelidis et al., 2003; Fokaides et al., 2011; Bagavathiappan et al., 2013; Ohlsson et al., 2014; Danielski
and Froling, 2015]. Several blackbodies were tested in previous analysis of this PhD thesis (i.e. calibration
tests of the numerical model at the Thermal Engineering Laboratory of ETSEIB —UPC-). Some of these
elements were the following: a smoked metallic sheet using a candle, a tinted white tape with a black pen
and a black tape. The results revealed that the smoked metallic sheet (Figure 4) did not achieved the surface
temperature of the sample. Hence, the emissivity of the target could not be determined. Subsequently, a
matt tinted white tape and a matt black tape were also used. The fact of being matt implies having more
cavities to capture further light at microscopic level compared to bright tapes. Their emissivities were found
to be around the same order. However, the black tape was the most appropriate, because the temperature of

the blackbody was equal to the surface temperature of the samples.

22



Contributions to the determination of thermal behaviour of fagades using quantitative internal IRT

I I____

= 1

Figure 4. Images of the blackbody simulated using a smoked metallic sheet

Concerning the monitoring of environmental conditions, it should be pointed out that some uncertainties
may arise in the measuring chain due to the temperature sensor and its data logger. For this reason, the type
of sensor (thermocouple type K or thermistor), the position of the sensor, sensor linearity and the sensitivity,
sensor drift and calibration of the element should be taken into account. Type K thermocouples with a
resolution of 0.1°C and an accuracy of + 0.4% + 1°C are preferred. The data logger must enable
measurements within the temperature range 0 to 50°C, and a relative humidity below 85%. In addition, the
data acquisition interval should be 1 second to 3600 seconds. Nevertheless, low sampling frequency plays

an important role in the autonomy of the batteries of the data logger.

In all studies conducted on this thesis, operating conditions referring to environmental parameters (7;v and
Tour) were measured and recorded by data loggers with type K thermocouples (TF-500, PCE -T390, PCE
Iberica SL) that present a resolution of 0.1°C and accuracy of = 0.4% +0.5°C. In contrast, parameters
relating to the building envelope (ewart, Trer and Twarr) were monitored using a reflector (crinkled piece
of aluminum foil with dimensions 0.20 x 0.15 m), a blackbody (black tape with dimensions 0.01 x 0.05 m
and an emissivity of 0.95) and an IR camera of long wavelength band (FLIR60bx with an IR resolution of

320 x 240 pixels and an accuracy of 2 °C or 2% reading at ambient temperature).

3.3 Data acquisition and post-processing

The IR camera should be positioned on a tripod perpendicular to the wall at a distance of 1.5 metres and an
angle of 15° to avoid its own reflection on the building element. This distance is enough to analyse a wide

wall area characteristic of the thermal behaviour of the building fagade, including the reflector foil.

Measurements should be performed and recorded over a period of 2-3 hours, with a data acquisition interval
of 1 minute by the IR camera and FLIR TOOLS+ software [FLIR Systems, 2015]. Therefore, each test
involves the analysis of a sequential video with 121 to 181 thermograms. All data loggers are configured

to collect measurements from temperature sensors with the same data acquisition interval as the IR camera
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(1 minute). Surrounding environmental conditions are also continuously monitored and recorded during the
on-site test duration by data loggers and thermocouples. Post-processing of thermograms is carried out with
the software mentioned above. The instantaneous readings of the wall surface temperature (7w...) and the
reflected ambient temperature (7rzr) of each thermogram must be considered to determine the measured
U-value. The average reflected ambient temperature (7zer) should be measured in an area of the reflector
located at 1.5 m above ground level to avoid any reflection of the ground and most of the furniture. In
addition, the thermocouple of 7y should be positioned at the same height. As this IRT method is performed
inside the building, the height of the walls is around 2.5-3.0 m. Hence, a height of 1.5 m is acceptable to
consider an average inner air temperature value, approximately equal to Trzr. The wall surface temperature
(Twarr) should be calculated by measuring the maximum, minimum and average values of the total area of

the building element that is being evaluated (Figure 3).

3.4 Calculation of the measured U-value using the numerical model

In a real built environment, it can be considered that the building envelope is crossed by a one-dimensional
horizontal specific heat flux (g) resulting from the processes of convection (g.) and radiation (g,) of the
inner wall surface and its surroundings, without the influence of any kind of external thermal stimulus and
under steady-state conditions. According to this, the instantancous and average measured thermal

transmittances can be expressed by Equations 1 and 2.
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Where Up.es; [W/ (m*-K)] is the sum of the instantaneous specific heat fluxes through the building envelope
by convection g. [W/m?] and radiation g, [W/m?], divided by the temperature difference (AT) between
inside and outside the building [K]. Hence, T;y denotes the inner air temperature [K] and Toyr refers to the
outer air temperature [K]. Other parameters in the equations are: the wall surface temperature (7w4zz) in
[K]; the reflected ambient temperature (7zzr) in [K]; the emissivity of the wall (epuz); Stefan—Boltzmann's
constant (0); the thermal conductivity of the air (As) in [W/m-K]; the height of the wall (L) seen from
inside the building in [m]; and the dimensionless parameters Rayleigh (R,) and Prandtl (P,) numbers for a
laminar flow. Once all instantaneous measured U-values have been determined, the mean is estimated from

the total number of thermograms (n) that have been assessed for the test.

24



Contributions to the determination of thermal behaviour of fagades using quantitative internal IRT

As shown in the above equations, the contribution of the conduction heat transfer can be ignored for IRT
measurements [Albatici et al., 2010], since the processes seen by IR camera in relation to the wall are only
radiation and convection. Regarding the formulation of each term, this is extensively reported in sections

3.4.1.and 3.4.2.

3.4.1 Radiation heat transfer

To estimate the heat transfer through radiation that takes place in the infrared region, the Stefan-Boltzmann
Law should be applied. During the cold season, the surroundings radiate energy to a cooler object, such as

an inner wall surface, which leads to a net radiation heat loss rate (Equation 3).
qr = EwaLL "0 * [TREF4 - TWALL4] 3)

Where g, represents the specific heat flux by radiation [W/m?]; ewar is the emissivity coefficient of the
object (0 < & < 1, depending on the type of material and the temperature of the surface); ¢ is Stefan—
Boltzmann's constant with a value of 5.67x10® [W/m? -K*]; Trer denotes the reflected ambient temperature
[K]; and Twurr is the wall surface temperature from inside the building [K]. In contrast to Fokaides et al.

[2011], the equation was not linearized.
Considering all studies carried out in this dissertation, it should be highlighted that the wall emissivity for

a gypsum plaster with white paint can be estimated at 0.88.

3.4.2 Convective heat transfer

The heat energy transferred between a surface and a moving fluid at different temperatures is known as
convection. Considering natural convection and laminar flow, the heat transfer per unit surface through
convection (Equation 4) is known as Newton’s Law of Cooling. In the same way as in heat transfer by

radiation, the cooler object is the wall to be tested.

qc = he  [Tin — Twawel 4)
Where ¢. belongs to specific heat flux by convection [W/m?]; /. is the convective heat transfer coefficient

[W/m? -K]; Tiy denotes the air temperature near the target from inside the building [K] and Ty.4; is the wall

surface temperature from inside the building [K].

25



Chapter 3: Development of a quantitative internal IRT method

According to Dall’O et al. [2013], the external convective heat transfer coefficient tabulated in UNE-EN
ISO 6946:2012 [International Organization for Standardization, 2012] is a high and precautionary value,
since it is used to determine the heat loss during the design stage of the building fagade. Therefore, the same

assumption could be made in relation to the ISO value for the internal convective heat transfer coefficient.

In base on this, several options were contemplated in function of the calculation procedure for this
parameter. Such procedure was classified into dimensional and dimensionless approaches, since the second
one is found to be more accurate [Sham et al., 2012]. For the first group, the dimensional equations for
laminar and turbulent flow were taken from “ASHRAE 2005-Handbook: Fundamentals” [American
Society of Heating, Refrigerating and Air-Conditioning Engineers, 2005]. For the second group, the main
expressions were developed using thermal engineering books. Analysing the calibration tests of the
preliminary studies at Thermal Engineering Laboratory of the UPC, the measurements were better fit to
both a laminar flow and the equation resulting from the dimensionless approach. Hence, the internal
convective heat transfer coefficient (h.) is function of the Nusselt (Nu), Rayleigh (Ra) and Prandtl (Pr)

numbers within this research. The Nusselt number (Equation 5) can be estimated as follows:
NU = (hc ' L)//lair (5)

As mentioned above, 4. is the convective heat transfer coefficient [W/m? -K], Nu is the Nusselt number
[dimensionless] and L refers to the height of the wall [m] seen from inside the building. A is the thermal
conductivity of the fluid. Taking into account that the fluid is air, A is equal to 0.024 W/m-K for
Tiv=0 - 15°C and 0.025 W/m-K for T)y= 15 - 25°C. Even so, when the surface consists of a vertical plate

such as a wall, the expression that describes the Nusselt number is the following (Equation 6):

0.387-R,1/®
s (6)

()

Ny =1{0.825 +

Where Ra and Pr are the Rayleigh and Prandtl numbers respectively. The Prandtl number for air is
considered to be 0.73 for 7;y=0 - 25°C. The Rayleigh number (Equation 8), which is the product of Grashof
(Equation 7) and Prandtl numbers, should be 10* < Ra < 10" for a laminar flow. It should be noted that all

of these parameters are dimensionless.

. — .13
G, = g-B-(Tin VZWALL) L %)

-B-(Tin—=T )-L3
Ra — Gr . Pr — g ﬁ IN WALL . Pr (8)

p2
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The g refers to gravitation (9.8 m/s?). The f is the volumetric temperature expansion coefficient [1/K],
where all fluid properties should be evaluated at the film temperatures, so f=1/7,, where
Tw= (TvtTwarr)/2. The v is the air viscosity with a value of 1.4-10° m?s for Ti= 0 - 15°C m*/s and

1.5:10° m?/s for Ti= 15 - 25°C.

Concerning the formulation of some tabulated values (i.e. the thermal conductivity of the air, the Prandlt
and Rayleigh numbers and the air viscosity), they were taken from several sources [Touloukian et al., 1970;
Touloukian et al., 1970b; Keenan et al., 1983; Dixon, 2007; Shert et al., 2007], including those provided
by EES Software [F-Chart Software, 2016]. Replacing by the known values, the Rayleigh number (Ra)
mainly depends on the inner air temperature [K], the inner wall surface temperature [K] and the height of

the wall [m]:

Ry =3.18-10" B - (Tjy — Twar) - L? )

From (5) and (6), the convective heat transfer coefficient becomes:

1
0.387-Rg6

0.825+———""@" 4 Agir
(0.492)%:|ﬁ
1+(%5,
h, = - (10)
Taking into account the value of the Prandtl number, Equation 10 can be simplified:
112
he = (Aair/L) - {0.825 + 0325 - Ry} (11)
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Chapter 4: Validation of the proposed quantitative internal IRT method

This chapter presents the validation process used in this thesis through two case studies. Having performed
the quantitative internal IRT tests, the validation of the method consists of evaluating the accuracy of these
measurements through the comparison with the theoretical U-value (Uy). A further comparative analysis is
also conducted to check the influence of using tabulated values rather than the proposed method to
determine the measured U-values of each building envelope. Finally, the main aspects resulting from the
implementation of the method are discussed. It should be pointed out that this study was published in

Journal Paper I [Tejedor et al., 2017].

4.1 Framework of the validation process

The validation process of the proposed method is divided into several parts, as shown in Figure 5.

‘ MEASUREMENTS ’
p
MEASURED U-VALUE NOTIONAL U-VALUE
Umes [W/m?-K] Ut [Wm?-K]
g
; [ TABULATED VALUES ]
DEVELOPED UNE —EN IS0 50 UNE-EN ISO 10456:2012
METHOD 6946:2012 9869-1:2014
ewaLL= 0.90 ewarL = 0.90
\ h.=2.5 W/(m?-K) h.=3 W/(m*K)

|

COMPARISON ><7

Figure 5. Flowchart of the validation process through case studies

Once all instantaneous and measured U-values have been determined by the quantitative internal IRT, the
comparison with the theoretical thermal transmittance (U;) must be undertaken. According to Ficco et al.
[2015], the estimation of the notional U-value of existing buildings can be based on four approaches: (i)
using data obtained by historical analysis of the building or analogies with similar buildings using specific
technical databases; (ii) using nominal design data; (iii) the actual data obtained by structure identification

(sampling or endoscope method); (iv) in-situ measurement using HFM.
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In this study, the theoretical thermal transmittance of the building facade (U;) was estimated for each case
study through the nominal design data following the technical data available in the Spanish Technical
Building Code [Spain, 2006] and European Standards such as UNE-EN ISO 10456:2012 [International
Organization for Standardization, 2012] and UNE-EN ISO 6946:2012 [International Organization for
Standardization, 2012]. In particular, UNE-EN ISO 10456:2012 [International Organization for
Standardization, 2012] provides the thermal properties for each building material, including thermal
conductivity and resistance values in function of the material density or for an interval of densities, to
estimate design values [Fokaides et al., 2011; Ficco et al., 2015; Pérez —Bella et al., 2015]. The theoretical
thermal transmittance (U;) for building facades and its respective deviation with the average measured

U-value (4U/U;) can be calculated as follows (Equations 12-13):

U, =+ = L = L 12
t

- Ax; - Ax;
Re R5i+2?=0%;+RSe o.13+2?=0%i‘+0.04

AU/U; = [(Umes g = Ue)/U¢] - 100 (13)

Where R, is the theoretical thermal resistance [(m*K)/W]; Ry and Rs. denote the theoretical thermal
resistance from inside and outside the building respectively [(m*-K)/W]; Ax; is the thickness of the layer in

[m]; and 4; is the thermal conductivity of the layer [W/(m*-K)].

In accordance with ISO/IEC Guide 98-3:2008 [International Organization for Standardization, 2008] and
taking into account the accuracy of the measuring equipment (sensors and infrared camera) provided by the
manufacturers, the combined standard uncertainty (cU) of all measured parameters can be obtained by

Equation 14:

OUne)? = (322) " (0T )" + (222) " (0Tour)? + (2225) " (0Tyain)? + (2222) (0T + (22225 (e )? (14)
Where o7 and ofour are the uncertainties associated with the environmental indoor and outdoor
temperature measuring equipment respectively. o7warz, oTrer and cewarr are the uncertainties associated
with the infrared camera when the wall surface temperature, the reflected ambient temperature and the wall
emissivity are measured respectively. Notably, some parameters of the numerical model (», —Nusselt
number-, £ -volumetric temperature expansion coefficient-, R, —Rayleigh number- and 4. -convective heat
transfer coefficient-) in relation to convective heat transfer (g.) are a function of Ty and Twarr. When
tabulated values are used, the procedure should be the same, but it should be considered that /4. is no longer

a function of 7y and Twurr to be derived from Equation 1.
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Having obtained the deviations and uncertainties of the proposed method for each investigated building, it
should be analysed the added value that this non-invasive technique might imply to other approaches. The
second part of the validation process is based on another comparative analysis, to assess the influence of
using tabulated values of international standards instead of the developed method when the thermal
transmittance of walls is estimated. The first standard, UNE-EN ISO 6946:2012 [International Organization
for Standardization, 2012], establishes a wall surface emissivity of 0.90 and a convective heat transfer
coefficient of 4~=2.5 W/m?-K. The second standard, ISO 9869-1:2014 [International Organization for
Standardization, 2014], notes the same emissivity but #.=3 W/m?-K. Hence, considering the instantaneous
readings of Twarz and Trer gathered by IRT as well as the readings of the thermocouples in each test, the

options to be calculated were the following:

a) U-value with the proposed method.

b) U-value maintaining the measured emissivity and using the tabulated value of /. from UNE EN-
I1SO 6946:2012 [&wars = 0.88; h=2.5 W/m*K]

¢) U-value maintaining the calculated /. and using the tabulated value of emissivity from UNE EN-
ISO 6946:2012 [A. from the method; w4z = 0.90]

d) U-value with the tabulated values of emissivity and 4. from UNE EN-ISO 6946:2012
[ewarr = 0.90; h=2.5 W/m*-K]

e) U-value maintaining the emissivity and using the tabulated value of 4. from ISO 9869-1:2014
[ewarr = 0.88; h=3 W/m*K]

f) U-value maintaining the calculated /4. and using the tabulated value of emissivity from ISO 9869-
1:2014 [A, from the method; gparr = 0.90]

g) U-value with the tabulated wvalues of emissivity and 4. from ISO 9869-1:2014
[ewarr = 0.90; h.=3 W/m*K]

The c) and f) options produced the same result, since the tabulated value of the emissivity is equal. It should
be highlighted that the value of /. is slightly different to that obtained in a), since another value of emissivity
(ewarr =0.90) involves a new analysis for each thermogram of the test and consequently, new values of

Twarr in the numerical model.
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4.2 Validation of the method in real built environments

4.2.1 Description of the case studies

According to Gangolells et al. [2012], 59% of the current Spanish residential building stock was erected
before the first thermal regulation NBE-CT-79 [Spain, 1979]. Nearly 38% of Spanish residential buildings
already in use were built under NBE-CT-79 [Spain, 1979], satisfying the minimum thermal requirements.
Three per cent of Spanish residential building stock was erected under Spanish Technical Building Code
CTE-DB-HEI1 [Spain, 2006]. Along this line, Gangolells et al. [2016] stated that 53.6% of residential
buildings with energy certification had the worst energy label (E class). For these reasons, two typical

Spanish wall typologies from different construction periods were chosen as case studies (Tables 2 and 3).

Table 2. Technical characteristics and thermo-physical properties of case study A (from outside to inside)

AXi Cpi pi i R-value Sketch

# Case Study A
[m] [J/Kg K] [Kg/m?] W/mK)] | [(m*>K)/W] ‘
.
1 | Mortar 0.02 1000 1900 130 TR

—3

2 Perforated brick 0.14 1000 920 - 0.23 R\ \l
2 e
3 | Internal plaster 0.01 1000 1000-1300 0.57 foosad
Rse = 0.04 (m*K)/W; Rgi = 0.13 (m>-K)/W; Uy = 2.31 W/(m>'K) N

Axi: thickness of the layer; cpi: thermal capacity of the layer; pi: density of the layer; 1i: thermal conductivity of the layer; R-value:
thermal resistance of the material; Rse: theoretical thermal resistance from outside the building; Rsi: theoretical thermal resistance

from inside the building; Us: theoretical thermal transmittance of the building facade.

Table 3. Technical characteristics and thermo-physical properties of case study B (from outside to inside)

AXi Cpi pi i R-value Sketch
Case Study B
m] | WKgK] | [Kgm’] | [WAmK)] | [(m>KyW]
1 Mortar 0.002 1000 1900 1.30 - ] 3
2 Insulation EPS 0.06 -- -- - 1.62 .
3 Thermoclay 0.24 - - -- 0.57 2
4 Internal plaster 0.01 1000 1000-1300 0.57 -
Rse = 0.04 (m?-K)/W; Rsi = 0.13 (m*K)/W; Ur = 0.42 W/(m*K)

Axi: thickness of the layer; cpi: thermal capacity of the layer; pi: density of the layer; Ai: thermal conductivity of the layer; R-value:
thermal resistance of the material; Rse: theoretical thermal resistance from outside the building; Rsi: theoretical thermal resistance

from inside the building; Ui: theoretical thermal transmittance of the building facade.
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Case study A is a single—leaf wall that is 3.26 metres high, corresponding to the typical building facade
erected before NBE-CT-79 [Spain, 1979]. Case study B is a sample that is 2.54 metres high and consists of
a multi-leaf wall (external insulation), built under CTE-DB-HE1 [Spain, 2006]. The main technical features
and thermo-physical properties of these building fagades and a sketch of them are shown in Tables 1 and 2
respectively. In accordance with the method explained above, the measurement campaign took place during
January and February 2016, to ensure a temperature difference across the building facade that was within

10-15°C.

Considering northern fagades for both case studies, six tests were performed under different measuring
conditions. In case study A (single-leaf wall built before NBE-CT-79, -Spain, 1979-), two tests were carried
out: test A.1. was developed without heating; test A.2. was executed with the heating system switched on
48 hours previously. In case study B (multi-leaf wall erected under CTE-DB-HE1, —Spain, 2006-), the
building did not have a heating system. It was observed that outside temperatures range from 0 to 5°C
between 6 am and 9 am during the winter. Moreover, inner air temperature normally remains at 12 — 14°C
in unoccupied buildings. Therefore, a temperature difference within the range of 8 to 10°C can be ensured

between the inside and outside the building.

4.2.2 Discussion of method validation results

The results of the case studies are presented in Tables 4 — 6. The comparative analysis of the measured U-
values calculated using the proposed method and the theoretical U-values showed a deviation of 1.24% to
3.97%. Conversely, the deviation between the notional and the measured U-values was found to be 14 -
28% for the HFM [ISO 9869-1:2014, International Organization for Standardization, 2014] or 10 -20% for
other methods of quantitative IRT developed in recent years [Albatici et al., 2010; Fokaides et al., 2011;
Kylili et al., 2014; Nardi et al., 2014; Ohlsson et al., 2014; Albatici et al., 2015].

Table 4. Case study A.1. Comparison between notional and measured U-value using quantitative IRT, UNE-EN ISO
6946:2012 and ISO 9869-1:2014 (absolute deviations are presented as a percentage)

Case study A.1. MEASURED U-VALUE NOTIONAL U-VALUE
Without heating Umes [W/m?-K] Ut [W/m*-K]
8.7°C < AT <9.8°C DEVELOPED UNE-EN ISO ISO
UNE-EN ISO 10456:2012
181 thermograms METHOD 6946:2012 9869-1:2014
he = 2.142 W/m* K h.=2.5W/m*K | h.=3 Wm*K
DEVELOPED METHOD | £=0.88 2.360 + 0.280 2.449 +0.278 2.695 +0.293
(2.16%) (8.18%) (16.67%) 2310
he =2.125 W/m* K h.=25W/m*K | h.=3 W/m*K '
UNE -EN ISO 6946:2012
£=0.90 2.322+0.282 2.464 +0.280 2.655+0.295
ISO 9869-1:2014
(0.51%) (6.66%) (14.94%)

Umes: measured thermal transmittance; Uy notional thermal transmittance; AT= Tiv-Tour; ewaLr = emissivity of the

wall; he= convective heat transfer coefficient.
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Table 5. Case study A.2. Comparison between notional and measured U-value using quantitative IRT, UNE-EN ISO
6946:2012 and ISO 9869-1:2014 (absolute deviations are presented as a percentage)

Case study A.2. MEASURED U-VALUE NOTIONAL U-VALUE
With heating (>48h previously) Umes [W/m?-K] Ut [W/m?K]
7°C <AT < 15.8°C DEVELOPED UNE-EN ISO ISO
UNE-EN ISO 10456:2012
181 thermograms METHOD 6946:2012 9869-1:2014
he =2.370 W/m* K he=2.5 W/m*K he=3 W/m>K
DEVELOPED METHOD ewaLL = 0.88 2.339+0.335 2.395 +0.320 2.634 +0.337
(1.24%) (3.71%) (14.05%) 2310
h. =2.361 W/m*K he=2.5 W/m*K he =3 W/m*K ’
UNE -EN ISO 6946:2012
ewarLL = 0.90 2.320 +0.340 2.380+0.324 2.617+0.341
1ISO 9869-1:2014
(0.44%) (3.06%) (13.28%)

Unmes: measured thermal transmittance; Uy notional thermal transmittance; AT= Tin-Tour, ewarr = emissivity of the wall;

he= convective heat transfer coefficient.

Table 6. Case study B. Comparison between notional and measured U-value using quantitative IRT, UNE-EN ISO
6946:2012 and ISO 9869-1:2014 (absolute deviations are presented as a percentage)

Case study B MEASURED U-VALUE NOTIONAL U-VALUE
Without heating Umes [W/m?-K] U [W/m?-K]
8.7°C <AT <9.8°C DEVELOPED UNE-EN ISO ISO
UNE-EN ISO 10456:2012
121 thermograms METHOD 6946:2012 9869-1:2014
he=1.456 W/m*K | h.=25W/m*K | h.=3 Wm*K
DEVELOPED METHOD | ewarL=0.88 0.437+0.219 0.548 +0.243 0.602 £ 0.266
(3.97%) (30.47%) (43.32%) 0.420
he=1451 Wm?>K | h.=25W/m>K | h.=3 W/m*K '
UNE -EN ISO 6946:2012
ewarL = 0.90 0.436 +0.222 0.547 + 0.246 0.601 £ 0.269
ISO 9869-1:2014
(3.80%) (30.15%) (42.87%)

Unmes: measured thermal transmittance; Uy notional thermal transmittance; AT= Tin-Tour, ewarr = emissivity of the wall;

he= convective heat transfer coefficient.

Therefore, the proposed method has three advantages. Firstly, it can be used to achieve greater accuracy
than other methods. Secondly, it requires less execution time. In fact, the test takes 2-3 hours in comparison
to a minimum of 72 hours and maximum of one week for the HFM method. Thirdly, it allows reducing the
lowest level of the temperature difference range (7 < AT <16°C), in contrast to previous researches where
the tests were conducted under a AT between 10 and 15°C. Hence, the proposed method makes possible to
measure unoccupied buildings without a heating system in operation, obtaining reliable results. However,
the influence of the operating conditions on the measured U-value is an aspect that needs to be analyzed in-

depth, as shown in Chapter 5 of this dissertation.

In relation to the last potential of the proposed method, it should be noted that the period of time that the
internal heating system had been switched on prior to the test might not have had any influence on good
heat flux transfer from inside to outside the building facade. Moreover, it might be stated that it is not
required to maintain stationary conditions 48h before the measurements for existing buildings that have not
been used for a long-term (i.e. case study A, Table 4) or buildings recently built without connection to the
electrical grid and heating system (i.e.case study B, Table 6), because the boundary conditions have not

been altered previously.
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Regarding to the influence of tabulated values on the accuracy of the method, the main aspects are exposed
below. For the single-leaf wall when the room was without heating (test A.1, Table 4), the proposed method
had a deviation of 2.16% in comparison with 6.66% and 14.94% using tabulated values. In the same case
study, when the room was heated for 48 hours prior to the test (test A.2, Table 5), the proposed method
showed a deviation of 1.24% with respect to 3.06% and 13.28% using tabulated values. For the multi-leaf
wall (external insulated building fagade), the results were even more relevant. Considering the outcomes of
Table 6 for test B, the proposed method had a deviation of 3.97% compared to 30.15% and 42.87%

according to the two regulations mentioned above.

As seen, the measurements were only slightly influenced by the wall surface emissivity (ewarr). In contrast,
overestimated tabulated values for the convective heat transfer coefficient can lead to high deviations in
U-value. Considering Tables 4 and 5 for case study A, the discrepancy between the measured and the
tabulated values of h. was low: 2.142 W/m*-K without heating or 2.370 W/m?-K with heating, compared
to 2.5 and 3 W/m?-K. In accordance with Table 6, the measured h. showed a value of 1.456 W/m*-K in
comparison with the tabulated values of 2.5 and 3 W/m?*-K. Therefore, tabulated values for the convective

heat transfer coefficient (hc) might not be suitable for heavy walls with low U-values.

This study also highlighted the importance of temperature uniformity, which is defined as the difference
between the maximum and minimum inner wall surface temperature values (2-3°C for large areas; <0.5°C
for small areas) related to input data that derives from the thermograms during the post-processing
[Danielski and Froling, 2015]. In a single leaf wall, the lower temperature uniformity and the discrepancies
between the theoretical and measured U-values can be attributed to singular elements (i.e. the proportion
of mortar compared to the brick for the small areas; the influence of the corner where the temperatures are
higher than the rest of the wall for large areas). In contrast, a multi-leaf wall can present a higher degree of

uniformity, since any part of the element has the same average wall surface temperature (Figure 6).

_»'-\r.l Max 10
Min I ; Min
Average 18, Avergge
Ar3 Manc 3 Man:
a0y : Min

HAverage B Average

Figure 6. Wall surface temperature uniformity in case study A.2. (left) and case study B (right)
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In order to quantify the influence of the aforementioned parameter on the determination of the U-value,
several areas were defined in each thermogram (Figure 7). The optimum outcomes were given by an area
of 104x221 (22984 pixels) for the single-leaf wall and an area of 146x212 (30952 pixels) for the multi-leaf
wall. As an example of a non-homogenous wall, the results for case study A.2. were shown in Table 7. It
is concluded that the quantity of pixels is not as relevant as the homogeneity of heat flux and temperature
on the material in the area that is being analysed. Furthermore, it was concluded that the quantity of pixels
is not as relevant as the homogeneity of heat flux and temperature on the material in the area that is being

analysed (Table 7).
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Figure 7. Case study A.2. Influence of the analysed wall area in the thermogram

Table 7. Case study A.2. Influence of the analysed wall area in the thermogram. Comparison between notional and

measured U-value using quantitative IRT (absolute deviations are presented as a percentage).

MEASURED
NOTIONAL U-VALUE
AREAS NUMBER OF PIXELS U-VALUE )
) Ut [W/m*K]
Unes [W/m>K]
2339+ 0.335
Ar3 (104 x 221) 22,984
(1.24%)
2.031+0.334
Bx3 (226 x 63) 14,238
(12.09%)
2.310
2.575+0.337
EIl (30 x 30) 900
(11.49%)
2.299 % 0.335
EI2 (30 x 30) 900
(0.49%)
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Chapter 5: Analysis of the most influential operating conditions

Having identified which equations leads to a better adjustment of the numerical model for the real built
environment (Chapters 3 and 4), it is required to know how to improve this non-invasive technique with
the aim of introducing it into the construction industry market. This chapter pretends to analyze the most
influential operating conditions on the preciseness of in-situ measured thermal transmittance, and to
determine the optimum temperature difference range for quantitative internal IRT. The assessment
methodology and the main features of the measuring campaign are showed in Section 5.1. Subsequently,
the results are widely discussed in Section 5.2. It should be pointed out that this study was published in
Journal Paper II [Tejedor et al., 2018].

5.1 Identification of operating conditions and assessment methodology

The steps to conduct this analysis are represented in Figure 8:

NUMERICAL MODEL

[Input data: AT, Tiy, Tour, Tware» Trers €warcl

U

IMPLEMENTATION OF THE METHOD

Measured U-values

3.80<AT<9.80°C 6.70 <AT < 15.80 °C 16.50 < AT <20.60 °C

2

ANALYSIS OF THE MOST INFLUENTIAL OPERATING CONDITIONS

[ Without heating (Test 1) ] [ With heating (Test 2, 3 and 4) ] [ With heating (Test 5 and 6) J

. Pearson’s parametric correlation for each
U-value evolution = f (AT)
temperature difference range

Figure 8. Flowchart of the assessment of the most influential operating conditions on U-value

In accordance with the proposed method (Chapter 3), the main operating conditions that might influence
on the accuracy of measured U-values are those continuously measured by the equipment and introduced
as input data in the numerical model (AT, T, Tour, Tware and Trer). Nevertheless, this issue must be
analyzed in a controlled indoor environment under quasi steady-state conditions in order to observe the
limits of the model. For this reason, a measurement campaign was performed on an experimental room

located in the university with a heating unit to be configured (Figure 9) during January and February 2016.
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The fagade consisted of a single-leaf wall of 3.26 m height with a theoretical U-value of 2.310 W/m*-K,
since it was erected before NBE-CT-79 [Spain, 1979] without any subsequent refurbishment. As regards
its internal configuration (from outside to inside), this building envelope is comprised of 20 mm of mortar,

140 mm of perforated brick wall and 10 mm of gypsum plaster.

Figure 9. Experimental room

A total of 966 thermograms were recorded to evaluate the thermal behavior of this heavy wall for an air
temperature difference range from 3.80 to 20.60°C between inside and outside the building and to determine
the optimum temperature difference range for quantitative internal IRT. Measured U-values, with their
respective deviations and combined standard uncertainties associated with the measuring equipment, were

calculated following the method described in Section 3.5. and Section 4.1.

Finally, and to identify a significant relationship among the aforementioned variables and the measured
U-value, a statistical analysis based on Pearson’s correlation was computed using SPSS Statistics Software
[IBM, 2017]. However, temperature difference (A7) is an operating condition that derives from two others
(the inner and outer air temperatures near the target to be tested). Therefore, both 7 and Tour should be
carefully studied. It should be highlighted that the wall surface emissivity (ewarLr) Was not considered as a
possible causal factor of deviation in this dissertation, since Tejedor et al. [2017] already demonstrated that

measurements are slightly influenced by this parameter.

5.2 Influence of operating conditions on the accuracy of IRT measurements

Firstly, the analysis was carried out without heating (Test 1), under a temperature difference between inside
and outside the building that ranged from 3.80 to 9.80°C. Just one test was enough to reject this A7 for the
numerical model, since the worst outcomes were gathered for Test 1 with an average measured U-value of

3.618+0.542 W/m?-K (Table 8 and Figure 10). The instantaneous thermal transmittances were found to be
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overestimated, specifically 140-150% higher than the theoretical value when the temperature difference
was around 3°C-4°C. This percentage was reduced to ~100% when AT ranged from 4 to 5°C and 60% under
6°C. Subsequently, three tests were conducted for a temperature difference between 7 and 16°C (Tests 2, 3
and 4 in Table 8 and Figure 10). The measurements of 543 thermograms were found to better fit the
theoretical U-value, with the average measured U-value equal to 2.396+0.304 W/m* K (deviation of
3.73%). Finally, two tests were performed for 16 <A47< 21°C (Tests 5 and 6 in Table 8 and Figure 10),
showing similar results. In this case, the average measured thermal transmittance was found to be
2.017+0.194 W/m*-K, so was underestimated by 12.66% in relation to the theoretical U-value. Therefore,

a third test for this temperature difference range was deemed not to be necessary.

Table 8. Measured U-values using quantitative internal IRT (absolute deviations are presented as percentages)

Measured U-value

Unmes [W/(m?-K)]

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6
3.80<AT<9.80°C 7.90<AT< 14.90°C 6.70<AT< 15.30°C 7<AT<15.80°C 16.60<AT< 20.40°C 16.50<AT< 20.60°C
121 thermograms 181 thermograms 181 thermograms 181 thermograms 121 thermograms 181 thermograms

3.618+0.542 i 2.396 £0.304 i 2.017+0.194
(56.63%) i (3.73%) i (-12.66%)
7.00
6.00

Measured U-value [W/m?-K]

5.00 . for 3.80<AT <9.80°C
%
2
NE 4.00 i ) .
= o3
E & Measured U-value [W/m?-K]
2 ¢ for 6.70 < AT < 15.80°C
= 3.00
7
D o o
T fees ot 8 B R L RN o 1T
2.00 Theoretical U-value . Al o -‘{u'?lhl.i!::ﬁli“ :;:... .
[W/m?-K] e
Measured U-value [W/m?-K]
1.00 for 16.50 < AT <20.60°C
0.00
3.00 5.00 7.00 9.00 11.00 13.00 15.00 17.00 19.00 21.00

AT[°C]

Figure 10. Measured thermal transmittance for 3.80 < A7 < 20.60°C
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As mentioned above, a further statistical analysis of input data was also drawn up for each temperature
difference range using a t-test analysis, specifically a Pearson’s parametric correlation (r-value). A normal
distribution at 95% confidence level was assumed in SPSS software [IBM, 2017]. The results are
summarized in Tables 9 to 10, where the 1* value indicates how a variable can be predicted by changes in
another one [Love et al., 2002; Forcada et al., 2012]. Notably, the tables provide the r-value. To obtain the
percentage of variance in thermal transmittance due to each operating condition, the square value of

Pearson’s correlation coefficients (r-value) should be calculated and multiplied by 100.

Figures 11 to 13 corroborate the results gathered from the statistical analysis. These figures illustrate the
relationship among the operating conditions and the measured U-values (blue points) with respect to the
theoretical U-values (red lines), as temperature differences (A7) are sorted and plotted from lowest to
highest. In this way, and for the three AT ranges evaluated above (3.80 <AT <9.80°C; 7 <AT <16°C; 16
<AT<21°C), it can be observed the evolution of the input data for the numerical model (Tiv, Tour, Twarr and

Trer) and the adjustment of the measured U-value to the expected value when AT increases.

According to the results (Table 9), for a temperature difference range from 3.80 to 9.80°C (Test 1), the
thermal transmittance absolutely depends on AT (r=-0.963) as a direct consequence of outer air temperature
near the target (r=1+0.973). Data showed that 94.67% of the variance in thermal transmittance could be
attributed to changes in Tour, being the percentage of correlation between Toyr and AT of 99.40%. As
corroborated by Figure 11, Tour and the measured U-value describe the same decreasing trend when AT
values increase, whereas other operating conditions (inner air temperature, wall surface temperature and
reflected ambient temperature) remain practically constant. The registered values of 7;v were around 15°C;
Twarr and Trer were remained in 11°C and 14°C respectively. It should be noted that T4z was found to be

the parameter with the least influence on the measured U-value (2.46%), considering results of Table 9.

Table 9. Correlation matrix for measured U-values and operating conditions for 3.80 < AT < 9.80°C

Umes AT T~ Tour TwarL Trer
Umes 1
AT -0.963** 1
Tin -0.426** 0.584** 1
Tour 0.973** -0.997** -0.522%* 1
Twar 0.157 -0.075 0.468%* 0.122 1
Trer -0.214* 0.310** 0.674%* -0.264%* 0.899** 1

** Correlation is significant at the 0.01 level (2-tailed); n=121
* Correlation is significant at the 0.05 level (2-tailed; n=121
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Figure 11. Influence of operating conditions on the measured U-value for 3.80 < AT < 9.80°C
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For a temperature difference range between 7 and 16°C (Table 10 and Figure 12), correlation data revealed
that the thermal transmittance was only significantly related to the outer air temperature near to the target
(r=+0.469). In this case, the r* was low, indicating that only 22% approximately of the variance in the
measured U-value could be predicted by changes of Tour. In addition, a negative Pearson’s correlation
value between AT and Tour (r=-0.848) indicated that 71.91% of the variance in AT could be caused by

decreases in Tour.

Table 10. Correlation matrix for measured U-values and operating conditions for 7 < AT < 16°C

Umes AT T~ Tour TwarL Trer
Umes 1
AT -0.296%* 1
Tin 0.270** 0.376** 1
Tour 0.469%** -0.848%* 0.171%* 1
Twar 0.108%* -0.534** 0.460%* 0.830%* 1
Trer 0.077 -0.370%* 0.563%* 0.714%* 0.975%* 1

** Correlation is significant at the 0.01 level (2-tailed); n=543
* Correlation is significant at the 0.05 level (2-tailed; n=543

This analysis did not show any significant relationships between the thermal transmittance and the other
operating conditions. As seen in Figure 12, the inner air temperature (77v), the wall surface temperature
(Twarr), and the reflected ambient temperature (7zer) remained practically constant. The majority of
datapoints of Ty were from 20 to 22°C throughout the temperature difference range. In the case of Twurz
and Trer, the measurements were roughly concentrated between 14-16° for Twyrz and 16-18°C for Trer.
Besides this, the influences of these three parameters on the measured U-value were very low. Their
corresponding r* values expressed as a percentage were found to be 7.29%, 1.17% and 0.59% respectively

(Table 10).
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Figure 12. Influence of operating conditions on the measured U-value for 7 < AT < 16°C



Chapter 5: Analysis of the most influential operating conditions

Along the lines of Nardi et al. [2016], the findings also showed an underestimation of measured U-value
when the temperature difference and reflected ambient temperature increased (16 < AT < 21°C and 18 <
Trer<20.1°C, respectively). All Pearson’s coefficients for the measured U-value were found to be negative.
In this case (Table 8 and Figure 13), the data showed that 35.64% of the variance of the measured U-values
could be predicted by changes in Twyszz. In addition, higher correlation coefficients revealed that the
majority of TwarL measurements could have been produced by changes in Tzer (97.02%) and 77y (80.46%).
At higher inner air temperatures, the surroundings (including furniture and white walls) reflect more on the
target and consequently might have affected the readings of the wall surface temperature. Wall surface
temperatures gathered from 12 to 16°C seemed to be more stable (14.5 < Trer < 17.9°C), giving deviations
regarding the theoretical U-value of under £5%. However, a decreasing trend of the measured U-value was

observed for Twarr > 16°C, reaching deviations of measured U-values of around -15%.

Table 11. Correlation matrix for measured U-values and operating conditions for 16 < AT <21°C

Umes AT T~ Tour TwarL Trer
Umes 1
AT -0.352%* 1
Tin -0.353%* 0.876** 1
Tour -0.211%* 0.356** 0.763** 1
Twar -0.597** 0.657** 0.897** 0.857** 1
Trer -0.468** 0.608** 0.888%** 0.905%* 0.985** 1

** Correlation is significant at the 0.01 level (2-tailed); n=302

44



Contributions to the determination of thermal behaviour of fagades using quantitative internal IRT
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Figure 13. Influence of operating conditions on the measured U-value for 16 < AT < 21°C
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It should be noted that the relationship between T4z and Trer was observed in the three AT ranges, where
the measurements of 7wz were highly correlated with Trer. In fact, the reflected ambient temperature is a
measurement parameter that is required to compensate errors of wall surface temperature readings with the
IR camera. In addition, the percentages of r* value for Trgr in relation to the variance in thermal
transmittance ascended along the wide temperature difference (80.82% for 3.80 <AT < 9.80°C; 95.06% for
7 < AT < 16°C; 97.02% for 16 < AT < 21°C).

Finally, although testing procedures in quasi steady-state conditions might have influenced the variability
of some measurements (swinging trend of instantaneous measurements for values of the same order), it can
be considered that all obtained outcomes were reliable. A single-leaf wall is quite sensitive to outer air
temperature, due to a lack of insulation layer. In addition, a temperature difference range from 7 to 16°C

might be considered the optimum.
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Chapter 6: Analysis of the influence of thermophysical properties on

the proposed method

Chapter 5 allowed knowing which was the optimum temperature difference range and which operating
conditions could affect the determination of the thermal transmittance during the implementation of the
method in an experimental room. Assuming the premise of the Section 5.2., which stated that only 22% of
the variance in the measured U-value could be attributed to changes of Tour when the temperature
difference range is set between 7 and 16°C, Chapter 6 aims to evaluate the impact of thermophysical
properties in several real unoccupied buildings (AT < 10°C) under quasi steady-state conditions. The
literature review (Chapter 1) underlined walls’ thermal mass as a source of inaccuracy on the determination
of the measured thermal transmittance for 10 < AT < 15°C. It should be highlighted that this study was
published in Journal Paper II [Tejedor et al., 2018].

6.1 Identification of thermophysical properties and assessment methodology

In contrast to the operating conditions (Chapter 5), the thermophysical properties include aspects of the
building envelope which cannot be controlled by the thermographer. However, they might also influence
the accuracy of the quantitative internal IRT. Assuming that the method proposed in Chapter 3 was executed
in quasi steady-state conditions, measured U-value and theoretical heat capacity per unit of area of each
facade were the only non-transient thermophysical properties to be considered in this research. Measured
U-value should be calculated using the specifications reported in Chapters 3 and 4. Heat capacity per unit
of area (also referred to as the kappa value or &) defines the quantity of heat to be stored by an element for
later release and characterizes the thermal mass [Ficco et al., 2015]. Hence, a wall with a high potential to
accumulate heat has a high thermal mass. According to UNE-EN ISO 13786:2011 [International
Organization for Standardization, 2011], the theoretical heat capacity per unit of area (km) can be

determined by Equation 15 (considering that the summation is over all layers in the element):
km = (X Ax; - p; - ¢p;)/1000 (15)

Where £, [kJ/m*-K] is the theoretical heat capacity per unit of area; Ax; is the thickness of the layer [m]; p;
is the density of the layer [kg/m’]; and c,; is the specific heat capacity of the layer [J/kg-K].

This simplified method was found to be suitable for this study, since the building envelope can be taken as

a plane component and the approximation is not used to define the thermal inertia of the wall. However, it

might provide overestimations in comparison to the results obtained from dynamic thermal characteristics.
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Taking into account the aspects mentioned above, four unoccupied residential buildings with heavy multi-
leaf walls were tested from January to February 2017, ensuring the same internal boundary conditions
among samples and similar external weather conditions. It should be noted that these unoccupied buildings
form part of public housing stock and have no electric or heating system in operation. Indeed, some of them
(Facades 2, 3 and 4) have not been in-use since they were built. In the case of Fagade 1, the housing had
not been occupied for years, since it needed to be refurbished in accordance with current regulations.
Therefore, stable environmental conditions were accomplished in accordance to Section 4.2. and Section

5.2. During the performance of the method, the doors and windows remained closed.

Fagades 1 (Figure 14) and 2 were erected under NBE-CT-79 [Spain, 1979], while Fagades 3 (Figure 15)
and 4 were built under the Spanish Technical Building Code CTE-DB-HE1 [Spain, 2006]. Table 12 shows
the configuration and the main technical features of the four analyzed facades. Notably, endoscopy analyses
could not be performed. The thicknesses of each layer were taken from the construction project documents.
Concerning other technical features of facades, some construction project documents provided the thermal
resistances of each layer. Other documents contained the conductivities and thermal resistances of each
layer of the wall, and even the manufacturers’ datasheets. Values of density and specific heat capacity were
taken from UNE-EN ISO 10456:2012 [International Organization for Standardization, 2012] and the
existing literature [Albatici et al., 2010; Kumar et al., 2013; Rossi et al., 2014]. Theoretical U-values were

estimated following the recommendations of Section 4.1.

Figure 14. Measuring campaign in Facade 1
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Figure 15. Measuring campaign in Fagade 3

Table 12. Configuration and technical features of the fagades (from outside to inside)

N# Material Axi Ai pi Cpi Rei L Ut
layer layer [m] [W/(m'K)]  [kg/m’] [J/(kg-K)] [(m*K)/W] [m] [W/(m*K)]
1 Perforated brick wall 0.140 - 1140 1000 0.180
2 Insulation EPS 0.030 0.033 30 1400 0.909
Facade
3 Non-ventilated air cavity 0.020 - 1 1004 0.160 2.50 0.657
1
4 Hollow brick wall 0.050 --- 1000 1000 0.070
5 Gypsum plaster 0.010 0.300 1150 1000 0.033
1 Insulation EPS 0.080 0.038 20 1400 2.125
2 Perforated brick wall 0.140 - 1140 1000 0.180
Facade
3 Non-ventilated air cavity 0.050 - 1 1004 0.180 2.70 0.362
2
4 Hollow brick wall 0.040 - 1000 1000 0.090
5 Gypsum plaster 0.010 0.570 1150 1000 0.018
1 Limestone wall 0.030 2.300 2395 920 0.013
Facade 2 Reinforced concrete wall 0.250 2.300 2400 1000 0.109
2.51 0.480
3 3 Rock wool insulation 0.064 0.037 40 840 1.730
4 Plasterboard 0.016 0.250 825 1000 0.064
1 Mortar 0.002 1.300 1900 1000 0.002
Facade 2 Insulation EPS 0.060 - 20 1400 1.620
2.54 0.420
4 3 Thermoclay 0.240 - 910 719 0.570
4 Gypsum plaster 0.010 0.570 1150 100 0.018

Ax;: thickness of the layer; A.: thermal conductivity of the layer; p;: density of the layer; c,;: specific heat capacity of the layer; R,;: theoretical

thermal resistance of the layer; L: height of the wall; U,: theoretical thermal transmittance of the building facade.
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6.2 Influence of U-value and kappa value on method accuracy

For the first time, a study on quantitative internal IRT was undertaken in real unoccupied residential
buildings with heavy multi-leaf walls under AT <10°C. The results are presented in Table 13 and Figures
16-17. As shown in Table 13, and because of testing in several real built environments, AT values were
slightly lower (6°C < AT < 10°C) than optimal (7°C < AT < 16°C) specified in Section 5.2. During the tests,
the inner air temperature of the unoccupied buildings remained at 12-14°C and outside temperatures ranged
from 0 and 5°C between 6 am and 9 am. By way of example, the operating conditions and the instantaneous

measured U-values were plotted over time in Fagade 4 (Figure 16).
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Figure 16. Operating conditions and instantaneous measured U-values over time in Facade 4

The results lead to the conclusion that heavy multi-leaf walls are less sensitive and provide more reliable
results than heavy single-leaf walls for low temperature difference values (A7< 7°C) under quasi steady-
state conditions. In general, U-values measured using the proposed method showed deviations under 4% in
most samples (Table 13), except for Fagade 2. As shown in Figure 17, where the deviations AU/U, (%) are
plotted against the measured U-value, the percentage of deviation decreased as building envelopes
presented greater thermal transmittance. Hence, multi-leaf walls with lower U-values might be more

difficult to assess (i.e. Fagade 2 had a deviation of 9.34%; Table 13).
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Table 13. Theoretical thermophysical characteristics and measured U-values using quantitative internal IRT

(deviations between theoretical and measured U-values are expressed as a percentage)

Facade 1 Facade 2 Facade 3 Facade 4
6.8<AT<8.7°C 7.6<AT<9.1°C 5.8<AT<8.2°C 8.70<AT<9.80°C
121 thermograms 121 thermograms 121 thermograms 121 thermograms
Notional Kappa value
222.38 213.39 685.88 174.01
Km [kJ/(m*-K)]
Notional U-value
0.657 0.362 0.480 0.420
Ut [W/(m?-K)]
Measured U-value 0.665+0.214 0.396+0.270 0.481+0.330 0.437+0.219
Unes [W/(m*K)] (1.19%) (9.34%) (0.20%) (3.97%)

This analysis also demonstrated that facades with high theoretical heat capacities per unit of area might
give low deviations (Figure 17), as detailed below. Fagades 3 and 4, whose measured thermal transmittances
were 0.481+0.330 W/m*K and 0.437+0.219 W/m>K, presented deviations of 0.20% and 3.97%
respectively (Table 13, Figure 17). Despite being under the same test conditions, these multi-leaf walls with
similar U-values had different accuracy levels in relation to theoretical U-values. In the case of Facade 3,
the theoretical heat capacity per unit of area was found to be over 3 times higher than the estimated value

for Facade 4 (Figure 17).
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Figure 17. Deviation between the theoretical and measured U-value plotted against the thermal transmittance

determined by quantitative internal IRT as well as the kappa value
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Chapter 7: Analysis of the influence of test duration

As mentioned in the literature review, some researchers highlighted the limitations of using quantitative
IRT tests with a short test duration. Having evaluated the thermal behaviour of different heavy multi-leaf
walls (Chapter 6), and taking into account the previous recommendations (Chapters 3 to 5), this last study
pretends to assess the third shortcoming in the usability of the quantitative internal IRT (Chapters 1 to 2)
through two hypothesis. In the traditional approach, it is assumed that a greater test duration leads to more
accuracy. Thus, the first hypothesis should check if the deviation between theoretical and measured
U-value follows a trend over time. The second hypothesis, as long as first one is not affirmative, consists
of assuming IRT measurements as a constant signal plus a random error. The aim is to develop a data-
processing method based on U-value time series analysis, finding a common and objective criterion in order
to stop the in-situ NDT when it is not necessary more data to obtain a reliable result. To validate this
proposal, the System Identification Tool of MATLAB is applied, modelling the IRT measurements and

observing when the signal is constant.

7.1 The role of test duration on the accuracy of IRT measurements

Previous researches underlined the difficulties of using a short-lasting tests [Hoyano et al., 1999; Kisilewicz
et al. 2010; Fokaides et al., 2011; Dall’O et al., 2013; Carbonez et al., 2014; Lucchi et al., 2018; Marshall
et al., 2018; Nardi et al., 2018]. For this reason, the first hypothesis of this study (H1) was focused on
analysing if the deviation between the theoretical and measured U-value (AU/U;) decreased as sampling

duration was longer, according to the traditional approach.

The measurement campaigns were conducted on six typical Spanish heavy multi-leaf walls from January
to March 2017, to ensure a correct implementation of the method in accordance with Chapters 3 to 6. The
details of each investigated building envelope are exposed below, with information drawn from the

construction documents (Figure 18 and Table 14).

Fagades F1 to F4 belonged to apartments of the same unoccupied buildings shown in Chapter 6. F1 was
2.50 m high and 0.25 m thick. It consisted of a perforated brick wall, EPS insulation, a non-ventilated air
cavity, a hollow brick wall and gypsum plaster as an inner material layer. F2 was characterized by being
the highest wall (2.70 m) and 0.32 m thick. It was comprised of external EPS insulation, a perforated brick
wall, a non-ventilated air cavity, a hollow brick wall, and gypsum plaster. As seen, F1 and F2 were mainly
differentiated by the position of the first two material layers. F3 was made from a limestone wall, reinforced
concrete wall, rock wool insulation and plasterboard. This wall was 2.51 m high and 0.36 m thick. F4 was

made of mortar, EPS insulation, a thermoclay layer and gypsum plaster on the internal face. Its dimensions
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were 2.54 m high and 0.31 m thick. F5 belonged to an occupied residential building with walls 2.45 m high
and 0.38 m thick. It was comprised of a stone wall, EPS insulation, a perforated brick wall and gypsum
plaster. Finally, F6 was a new prefabricated panel whose dimensions were 2.64 m high and 0.30 m thick.
Regarding the internal assembly, this building envelope consisted of a mortar layer, lightweight concrete,

PIR insulation, a non-ventilated air cavity, another layer of lightweight concrete, and gypsum plaster.

Concerning their period of construction, facades F1, F2 and F5 were erected under the first thermal
regulation that came into force (NBE-CT-79 [Spain, 1979]), satisfying the minimum thermal requirements.
The rest of the building envelopes were built under the current Spanish Technical Building Code (CTE-
DB-HE]1 [Spain, 2006]). Notably, endoscopy tests could not be carried out. The main technical features of
each wall layer were taken from the construction project documents and the manufacturers’ datasheets

(Table 14). Section 4.1. and Section 6.1. were undertaken to determine the theoretical U-value and the heat

capacity per unit of area respectively.
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Figure 18. Schematic sections of the building envelopes and their year of construction
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Table 14. Configuration and technical features of the facades (from outside to inside)

N# Material Ax; Ai Pi Cpi Re i Ut Km
layer [m] [W/(mK)]  [kg/m’] [J/(kgK)] [(m*-K)/W] [W/(m*K)] [kJ/(m*K)]
1 Perforated brick wall 0.140 -—- 1140 1000 0.180
2 Insulation EPS 0.030 0.033 30 1400 0.909
F1 3 Non-ventilated air cavity 0.020 --- 1 1004 0.160 0.657 222.38
4 Hollow brick wall 0.050 -—- 1000 1000 0.070
5 Gypsum plaster 0.010 0.300 1150 1000 0.033
1 Insulation EPS 0.080 0.038 20 1400 2.125
2 Perforated brick wall 0.140 -—- 1140 1000 0.180
F2 3 Non-ventilated air cavity 0.050 1 1004 0.180 0.362 213.39
4 Hollow brick wall 0.040 1000 1000 0.090
5 Gypsum plaster 0.010 0.570 1150 1000 0.018
1 Limestone wall 0.030 2.300 2395 920 0.013
2 Reinforced concrete wall 0.250 2.300 2400 1000 0.109
F3 0.480 685.88
3 Rock wool insulation 0.064 0.037 40 840 1.730
4 Plasterboard 0.016 0.250 825 1000 0.064
1 Mortar 0.002 1.300 1900 1000 0.002
2 Insulation EPS 0.060 20 1400 1.620
F4 0.420 174.01
3 Thermoclay 0.240 -—- 910 719 0.570
4 Gypsum plaster 0.010 0.570 1150 100 0.018
1 Stone wall 0.180 2.200 2300 1000 ---
2 Insulation EPS 0.040 0.040 24 1340 ---
F5 0.586 603.54
3 Perforated brick wall 0.150 0.350 1140 1000 0.180
4 Gypsum plaster 0.015 0.570 1150 1000 0.018
1 Mortar 0.015 0.550 - — —
2 Lightweight concrete 0.060 0.125 -—- -—- -
3 PIR insulation 0.080 0.028 ---
F6 0.252 243.80
4 Non-ventilated air cavity 0.060 -—- - - 0.180
5 Lightweight concrete 0.070 0.125 -—- -—- -
6 Gypsum plaster 0.015 0.430 _— — o

Ax;: thickness of the layer; A thermal conductivity of the layer; p;: density of the layer; c,;: specific heat capacity of the layer; R,;: notional thermal
resistance of the layer, L: height of the wall; U,: notional thermal transmittance of the building facade; k,,: the heat capacity per unit of area of the

building facade
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To check the hypothesis H1, the measured U-values of each wall were determined for 2 hours of sampling
duration, following Section 3.5. Their respective deviations (AU/U;) were calculated according to Section
4.1. and plotted against time (120, 60, 30 and 15 minutes). A fluctuation of the optimum test duration might
imply that it cannot be set a common criterion to facilitate the decision-making during the in-situ building

diagnosis.

As can be observed in Figure 19, the optimum deviations between the theoretical and measured U-values
drew fluctuations over time. In other words, they did not trend to decrease with more minutes of test
duration. The lowest gap was obtained by F3 and F4 with only 30 minutes of test, since AT/U; were found
to be 0% and 1.19% respectively. F1 and F5 presented a deviation of 0.46% and 3.41% under 60 minutes
of test. The best results for F2 and F6 were gathered at 120 minutes, achieving an error of 9.39% and 1.98%
respectively. Therefore, the traditional approach cannot be used for standardizing this NDT and
consequently, the development of a data-processing method is required for stopping the quantitative internal

IRT measurements.
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Figure 19. Deviation of the measured U-values over time
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7.2 Development of a data-processing method for stopping quantitative IRT tests

7.2.1 U-value time series analysis

The proposed data-processing method is represented in Figure 20.

Quantitative internal IRT method [Tejedor et al., 2017; Tejedor et al., 2018] + 30’

U-value time series analysis: Stochastic process

30

v Y v

ACF Cp Analysis of variabiality

Autocorrelation Function Cumulated Periodogram Us, CV, CI(95%)
U-Value is a constant signal No
plus random error

Figure 20. Flowchart of the proposed data-processing method

Theoretically, the instantaneous measured U-values (U, ;) should define a constant mean over time that
would be known as Uyes g or U[W/ (m?-K)] and would be obtained at the end of an IRT survey from a

specific number of thermograms (), as shown in Equation 2 of Section 3.5.

Nevertheless, it can be assumed that the quantitative internal IRT measurements describe a stochastic
process of underlying data in practice, since a time series is a set of consecutive samples collected over a
time interval and they are ubiquitous in any field that involves data monitoring [ Yaffee et al., 2000; Mahan
et al.,, 2015]. Moreover, time series can lead to an understanding of evolving processes or provide

information about trends [Mahan et al., 2015].



Chapter 7: Analysis of the influence of test duration

Figure 21 is shown to support the aforementioned assumption. The instantaneous measured U-values draw
a constant signal as a function of time with a certain noise [ex (?)] that is characterized by random values
with a constant mean and variance, normally and independently distributed, and uncorrelated

(Equation 16). In accordance with Mahan et al. [2015], this last aspect is known as “white noise”.

Ut) = U + e (t) (16)

Hence, the hypothesis of a stochastic process comprised of a constant signal plus white noise might be

evaluated for a U-value time series with different test durations.

0.56
o 0.54
"g 052
2 050
S48
g
I 046

0.44

0.42

00:00 00:10 00:20 00:30 00:40 00:50 01:00 01:10 01:20 01:30 01:40 01:50 02:00

Time (HH:MM)

Figure 21. Example of a quantitative internal IRT test taken as a stochastic process

In accordance with the statement exposed above, the measurement noise [ex (2)] might also be determined
over time, assuming this parameter as the residuals if [U(?)] is modelled as a constant signal (Equation 17).
To confirm that the measurement noise is fitted to white noise, the autocorrelation function (ACF) and the
cumulated periodogram (CP) were used. Both had been used on previous studies for other fields that
involved monitored data [Andersen et al., 2000; Bacher et al., 2011; Macarulla et al., 2017; Macarulla et
al., 2018].

e,(t) =U—-U(t) (17)

The ACF measures the correlation between observations at different times [Meko, 2010]. When a process
is non-stationary, it does not tail away to zero quickly or cut-off after finite number of steps [Mahan et al.,
2015]. Hence, the ACF of the signal should not contain statistically significant terms more than the number
expected by chance. This number depends on the number of lags or delays [Mahan et al., 2015], which is

one time unit for the first-order autocorrelation [Meko, 2010].

The CP is the vector of partial sums of the periodogram, normalized by the sum of all of elements. Since
the Fourier transform of the residuals is obtained by a linear transformation with an orthogonal matrix, the
real and imaginary parts of the transform model would still be distributed independently and normally [Rust

et al., 2008]. The test is focused on constructing two lines parallel to the one above and passing through the
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points £5% point of the Kolomogorov-Smirnov statistics. These aforementioned lines define a 95%

confidence level band for white noise [Fuller et al., 1996; Rust et al., 2008].

In both statistical tests, the analysis was performed for 120, 60 and 30 points that correspond to the minutes
of test duration. The limitation related to the minimum data points was supported as follows. Roughly
speaking, a sample size of at least 40-100 repeat observations was recommended. Otherwise, due to
sampling error, the estimated functions might not contain enough information for a meaningful
identification [Box and Jenkins, 1976; Anderson et al., 1977; Huitema et al., 1991; De Carlo et al., 1993;
Lunden et al., 2000]. However, statisticians and researchers adopted a general criterion based on the central
limit theorem (CLT) in which the sample size should be N > 30 in practice, to assume the distribution of
sample mean approximated to the normal distribution [Plane and Gordon, 1982; Chang and Chen, 2008].
The shapes of probability distributions may vary for N<30 [Chang and Chen, 2008].

Finally, to determine the variability among the instantaneous U-values of each time series for all
investigated buildings, the following parameters were calculated: the mean (U), the standard deviation (SD
or o), and the coefficient of variation (CV). Subsequently, the 95% confidence intervals were also
statistically estimated to observe whether the readings of each time series were equal to each other. In other
words, the aim was to evaluate whether there was a relevant difference among average measured U-values
resulting from 120, 60 and 30 minutes. The following expression (Equation 18) was applied to calculate
the 95% confidence intervals (CI), taking into account that # is the specific number of thermograms or data

points to be analyzed:

CI (95%) = U + 1.96 - % (18)

7.2.2 Implementation of the proposed data-processing method

Roughly speaking, the data-processing method reported in Section 7.2.1. might allow observing tendencies
of the IRT signal with the reduction of the sampling duration. In other words, it could provide enough
statistical information to detect if the IRT signal draws cycles, which could indicate that the quantitative
internal IRT test is being executed under a transitory regime and consequently, more observations should
be required with a data acquisition interval of 1 minute in order to achieve reliable values. The results of

each building fagade are shown in Figures 22-28 and Tables 15 - 16.
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Table 15. Summary of results. Average measured U-values (U), standard deviation (o), coefficient of variation (CV)

and validation of the hypothesis of a constant signal plus white noise

AT Time U o CvV Hypothesis
[°C] [min] [W/m*-K] [W/m*-K] [%]
120 0.665 0.047 7.08 Fulfilled
F1 6.80 < AT < 8.70 60 0.654 0.047 7.29 Fulfilled
30 0.645 0.052 8.13 Fulfilled
120 0.396 0.050 12.70 Fulfilled
60 0.399 0.056 13.97 Fulfilled
F2 7.60 <AT <9.10
30 0.418 0.054 12.99 Fulfilled
120 0.481 0.032 6.67 Fulfilled
F3 5.80 < AT <820 60 0.481 0.030 6.34 Fulfilled
30 0.480 0.031 6.42 Fulfilled
120 0.430 0.031 7.25 Fulfilled
¥4 370 < AT < 9.60 60 0.431 0.033 7.69 Fulfilled
30 0.425 0.034 8.12 Fulfilled
120 0.557 0.028 4.97 Fulfilled
F5 18.30 < AT< 19.60 60 0.566 0.028 5.02 Fulfilled
30 0.554 0.031 5.68 Fulfilled
120 0.257 0.018 7.16 Fulfilled
F6 8.20 < AT < 10.40 60 0.260 0.019 7.32 Fulfilled
30 0.265 0.019 7.18 Fulfilled
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Figure 22. Graphical representation of 95% confidence intervals for U-value estimations

60




Contributions to the determination of thermal behaviour of fagades using quantitative internal IRT

Table 16. Estimation variability

F1 F2 F3 F4 F5 F6
Estimation mean [W/m?-K] 0.654 0.404 0.480 0.428 0.559 0.261
| Ui20 —Uso | 0.011 0.003 0.000 0.001 0.010 0.003
| Uso— Uso| 0.009 0.019 0.001 0.006 0.012 0.006
| Uiz — Uso 0.020 0.022 0.001 0.005 0.003 0.008
Estimation standard deviation [W/m? K] 0.049 0.053 0.031 0.033 0.029 0.019
| G120 —O0 | 0.000 0.005 0.002 0.002 0.001 0.001
| 560 — O30 0.005 0.001 0.000 0.001 0.003 0.000
| G120 — G0 | 0.005 0.004 0.001 0.003 0.004 0.001
Estimation coefficient of variation [%] 7.49 13.22 6.48 7.69 5.22 7.22
| CVi20—CVeo | 0.18 1.27 0.33 0.43 0.04 0.16
| CVgo — CV| 0.87 0.97 0.09 0.43 0.66 0.13
| CViz0— CVso| 1.05 0.29 0.24 0.87 0.70 0.02

The fagade F1 was characterized by an average thermal transmittance of 0.665 W/m?-K for 120 minutes,
0.654 W/m?-K for 60 minutes and 0.645 W/m*-K for 30 minutes (Table 15). The left graphs of Figure 23
plot the noise [ex (2)] of in-situ measured U-values as a function of time. Discontinuous black lines represent
the average value, that is 0, and the discontinuous blue lines represent 0. The e, values reached peaks
between 0+0.08 W/m*-K and 0+0.12 W/m* K. From the above aspects, it can be state that the IRT tests
were reliable. In accordance with Table 16, the deviation of the results was low with respect to the average
value obtained from the three times series (U=0.654 W/m*-K). As seen in Figure 23, the results of the ACF
revealed that some lags fell outside the 95 % confidence interval (2 for 120 minutes, 3 for 60 minutes and
1 for 30 minutes). Nevertheless, these lags did not exceed the expected values. Moreover, no cycles or
trends were observed in the three time series. Only one peak in the CP was detected, but it was of minor
importance. Hence, it can be affirmed that the measurements can be regarded as a constant signal plus white

noise.

The analysis of the graphical representation of 95% confidence intervals (Table 15; Figure 22), revealed
that there was no significance among the measured U-values for the three test durations. In addition, the
other statistical parameters related to the variability of the measurements indicated a similar dispersion
(Figure 23; Tables 15-16). The standard deviations were found to be between 0.047 W/m?-K and 0.052
W/m*-K. The coefficients of variation (CV) ranged from 7.08 % to 8.13 %.

In accordance with the aspects described above, the in-situ thermal transmittance of F1 might have been

determined after only 30 minutes.
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Figure 23. The left column shows the residuals of the measured data for F1. The middle column presents the ACF

plot for F1. The right column indicates the CP for F1

Most residuals of the quantitative internal IRT measurements of F2 were found to be reliable for the three
sampling durations. The average measured U-value of F2 was 0.404 + 0.053 W/m?-K (Table 16) and the
partial data were: 0.396 W/m?-K for 120 minutes, 0.399 W/m?*-K for 60 minutes and 0.418 W/m?-K for 30
minutes (Table 15). Hence, the IRT tests can be deemed acceptable. However, the difference between the
partial average measured thermal transmittances for 120 and 60 minutes was only 0.003 W/m?-K, whereas
| Ui20 — Uso | increased to 0.022 W/m?-K (Table 16). Indeed, and considering all fagades, this last value was
noted as the highest.

The ACFs did not have any peak and the CPs provided a similar information (Figure 24). The values were
fit to the top confidence interval band. Considering the aspects mentioned above, the quantitative internal
IRT measurements of F2 could be accepted as a constant signal plus white noise and a constant sigma

independent from the test duration for heavy multi-leaf walls with a low U-value.

The analysis of the variability of measurements obtained for this building envelope (Tables 15-16) leads
to the conclusion that this facade wall presented worse values of standard deviation (6=0.050-0.056

W/m?-K) and coefficient of variation (12.70 % < CV < 13.97 %) than the other investigated samples. There
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was substantially more variation for the test with 30 data points, as indicated in Figure 22 and Table 16.

However, the outcomes of the three test durations might be accepted as valid.
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Figure 24. The left column shows the residuals of the measured data for F2. The middle column presents the ACF
plot for F2. The right column indicates the CP for F2

The best results were gathered for F3, since the collected data for this building envelope showed extremely
similar signals (Table 15): 0.481£0.032 W/m*-K for 120 minutes; 0.481+0.030 W/m?-K for 60 minutes;
and 0.480+0.031 W/m?-K for 30 minutes. As seen in Table 16, the deviations among the results were

minimal (Table 16) and only four residual peaks presented a value over ex= 0 + 0.06 W/m?*-K (Figure 25).

The above aspects were corroborated with the time series analysis. No significant term was detected in the
ACEF plots (Figure 25; the middle column). In addition, the CPs of F3 (Figure 25; the right column) were
slightly better than the rest of the investigated buildings (the signal described almost a straight line in the
middle of the space defined by the two lines of the 95% confidence level band). Hence, it can be affirmed
that U-value measurements could be considered a signal with a constant mean plus white noise for each
test duration. Regarding the variability (Table 15), the CV was found to be between 6.34% and 6.67%.
Therefore, the difference of variability on instantaneous readings was set at 0.24% (Table 16). The standard

deviation showed the same value (¢ ~ 0.030 W/m?*-K), regardless of the sampling duration to be validated.
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These aspects were supported by the graphical representation of the 95% confidence intervals (Figure 22),
which were practically the same size. In other words, the same degree of dispersion and skewness was

produced in all data.

Considering the aforementioned aspects, it can be extrapolated that 30 minutes might be enough to calculate

the in-situ thermal transmittance of F3.
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Figure 25. The left column shows the residuals of the measured data for F3. The middle column presents the ACF
plot for F3. The right column indicates the CP for F3

In the representation of the residuals of the U-values for F4 as a function of time (Figure 26), some peaks
were distinguished outside of the range [0+c]. However, they remained under e,= 0+£0.06 W/m?-K. The
partial measured U-values were: 0.430+0.031 W/m?-K for 120 minutes, 0.431+0.033 W/m*-K for 60
minutes, and 0.425+0.034 W/m*-K for 30 minutes (Tables 15-16). To evaluate in-depth whether the
outcomes of this building envelope might be considered reliable, the results needed to be compared with

the time series analysis and the study of data variability.
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In the ACF plot, one significant term was noted for all test durations (Figure 26). Actually, a slight cyclical
trend might be described for 60 lags in the graph, but the signals obtained for 120 minutes and 30 minutes
discarded this aspect. It can be extrapolated that practically all readings were inside the 95% confidence

interval band, as seen in the CP.

The analysis on the variability of the results (Figure 22; Tables 15-16) presented similar standard deviations
for all signals (6=0.031-0.034 W/m*-K) and coefficients of variation (7.25 % < CV < 8.12 %). In the
graphical representation of the 95% confidence intervals for the U-value estimations, the dispersion of data
were slightly higher for the test that took 30 minutes. These aspects revealed that the hypothesis of a signal

with constant mean plus white noise can be adopted for quantitative IRT measurements.

Overall, the results revealed that the procedure for all tests was correct and the minimum sampling duration

might be adopted for F4.
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Figure 26. The left column shows the residuals of the measured data for F4. The middle column presents the ACF
plot for F4. The right column indicates the CP for F4
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Most residuals of U-values for F5 plotted against time were found to be far closer to sigma over the tests.
The intervals of the U-value measurements were: 0.557+0.028 W/m?-K for 120 minutes; 0.566+0.028
W/m*K for 60 minutes; 0.554+0.031 W/m*-K for 30 minutes (Tables 15-16). The statistical parameters
were all inside the acceptable range (Table 15), but the data points did not tail away to zero very quickly at
the beginning of the tests, especially when the test duration was set at 120 minutes (see the ACF -Figure
27-). Nine significant terms were detected. The residuals of measured U-values fell slightly outside the top
band of the 95% confidence interval (see the CP -Figure 27-). It should be noted that the behavior of the

signals over time was better for 60 or 30 minutes.

From the analysis of variability (Table 15 and Figure 22), it can be extrapolated that facade F5 had the
lowest CV, reaching values between 4.97% and 5.68%. This means that the dispersion of the probability
distribution was low. Notably, the difference between the minimum and maximum values of this last
statistical parameter was found to be 0.71% (Table 16). The standard deviations were found to be
0.028 W/m?-K for 120 and 60 minutes and 0.031 W/m?*-K for 30 minutes. These facts support the statement
that 120 data points are not necessary and the required test duration might be reduced to 30 minutes, as also

shown in the graphical representation of 95 % confidence intervals (Figure 22).
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Figure 27. The left column shows the residuals of the measured data for F5. The middle column presents the ACF

plot for F5. The right column indicates the CP for F5

66



Contributions to the determination of thermal behaviour of fagades using quantitative internal IRT

In the graphical representation of the residuals of U-values for F6 in function of time (Figure 28), most of
the data points showed minor ex values throughout the tests in comparison with other fagades. The average
thermal transmittance values were 0.257 W/m?-K for 120 minutes, 0.260 W/m?-K for 60 minutes and 0.265
W/m*K for 30 minutes (Tables 15-16). According to Figure 28, some peaks of minor importance were
observed in both ACF and CP for 120 points. As seen, it could be stated that the gathered measurements
can be regarded as a constant mean plus white noise and this fagade presented stationarity throughout the
tests. In contrast with other heavy multi-leaf walls, some aspects related to the analysis of variability can
be highlighted (Tables 15-16). F6 had the lowest values of standard deviation, reaching a maximum value
of 0.019 W/m?-K. The CVs were around 7% like other evaluated samples, but the variation among partial
data were extremely low (0.02 % -Table 16-). Indeed, the results of both statistical parameters were
expected, since F6 showed minor residual values (ex) throughout the tests in comparison with other fagades
(Figure 28). Taking into account these aspects, it can be assumed that all time series defined a signal with
constant mean plus white noise and the hypothesis of stationarity can be fulfilled. Concerning the graphical
representation of the 95% confidence intervals (Figure 22), the outcomes showed a downward trend of the
average measured U-value and its confidence intervals were far smaller for a greater sampling duration.

Therefore, only 30 minutes might be required to determine the in-situ measured U-value.
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Figure 28. The left column shows the residuals of the measured data for F6. The middle column presents the ACF
plot for F6. The right column indicates the CP for F6
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Overall, it can be concluded that all statistical results reported reasonable values. Hence, it can be stated
that 30 minutes might be enough to determine in-situ measured U-values. The proposed hypothesis for the
U-values time series analysis was fulfilled for all investigated samples, to obtain a signal with a constant
mean plus white noise. The deviation in the three means (U) for each facade was low compared to the
average value of calculated in Table 16. This aspect was in line with the results of the ACF and CP plots,

where some lags fell outside the 95% confidence interval but were less than 5% (Figures 22-28).

The graphical representation of the 95% confidence intervals of all investigated fagades suggested that the
variability in the measurements did not differ significantly among the three selected sampling durations
(Table 15-16; Figure 22). In fact, confidence intervals were extremely similar among samples (i.e. F1 and
F2; F3 to F6) and were slightly greater for 30 points. This last aspect was expected due to a reduction in
the sample size for the time series. In other words, the confidence interval is defined as CI1 = f (U, o, n) in
accordance with Section 7.2.1. If the mean and sigma remained practically constant among tests, the only
parameter that entailed an increase or decrease in CI length was the number of thermograms to be analysed.
Moreover, the comparative analysis among sigma values gathered for each time series (Table 16) showed
that the differences ranged around zero, reaching 0.005 W/m*-K as a maximum. The CVs were also low
(from 4.97 to 8.13% for facades F1, F3-F6), except facade F2 (12.70 to 13.97%). As seen in Table 16, the
differences in CVs among time series were found to be under 1% in most cases. Therefore, the execution
time that was commonly applied by other researchers would not represent an improvement in the results.
Moreover, the test duration might not be undertaken as an influential factor in the determination of
measured U-values. This leads to consider the possibility of evaluating short test durations with a higher

sampling frequency in future steps of the research.

A thorough literature review showed that quantitative internal IRT did not have a limit for the CV.
Nevertheless, the results of this research were consistent with previous studies on other techniques, such as
the standardized HFM method [Roulet et al., 1987; Flanders et al., 1992; ASTM C1555-95 (2013) -
American Society for Testing Materials, 2013-; ISO 9869:2014 -International Organization for
Standardization, 2014-; Ahmad et al., 2014; Ficco et al., 2015; Meng et al., 2015; Atsonios et al., 2017;
Gaspar et al., 2018].
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7.3 Validation of the proposed data-processing method

7.3.1 Definition of the validation process

To validate the results obtained by the U-value time series analysis, it is required to apply an alternative
and recognised method. Wiener [1949] and Brown et al. [1996] carried out several studies about
extrapolation, interpolation or smoothing of stationary and transient time series for engineering
applications. Within the enhancement of the heat transfer measurements, some authors compared inverse
heat conduction problems (IHCP) using experimental data to determine thermal properties [Beck et al.,
1996; llyinsky et al., 1997; Le Niliot et al., 1998; Rainieri et al., 1998; Rainieri et al., 2002]. Le Niliot et al.
[1998] combined thermographic measurements with numerical techniques to identify unknown heat line
sources and boundary conditions for the transient diffusion problem. Ilyinsky et al. [1997] and Rainieri et
al. [2002] determined the local distribution of the heat transfer coefficient in thermal systems, applying a
filtering technique to remove the undesired noise assumed as random uncertainties in temperature
measurements. Their methods were based on the Fourier Transform technique to estimate the heat source
distribution in a square domain, taking the surface map recorded by an IR camera as a starting point.
Rainieri et al. [2002] applied this type of analysis to compact heat exchangers. They concluded that Wiener
filter might be more efficient compared to other traditional filtering procedures, using the “Signal
Processing Toolbox” and the “Image Processing Toolbox” of MATLAB software [Mathworks, 1998].
Jiménez et al. [2008] used the “IDENT Toolbox” of MATLAB Software [Mathworks, 2006] to calculate
the thermal properties of building elements for tests undertaken from outside the building under transient
conditions. In this case, the authors exposed how RC-network models can be formulated as ARMAX or
ARX models by means of MATLAB. It should be noted that only ARX models might simplify the analysis
without loss of generality. They stated that if the predictions were correctly calculated, then the one-step
prediction error or residual could be considered as a white noise sequence. Despite this, similar approaches
have not been used to reduce the test duration of quantitative internal IRT tests under stationary conditions.
Only Biddulph et al. [2014] combined physical models and Bayesian networks to reduce the U-value

monitoring period under dynamic conditions for the HFM.

Taking into account the aspects mentioned above, the “System Identification Tool” of MATLAB Software
[Mathworks, 2018] was applied in this study. Firstly, operation pre-processes of the signal (i.e. filters) and
several models (i.e. ARX, ARMAX etc) were developed, introducing the IRT data into the “System
Identification Tool” of MATLAB Software [Mathworks, 2018]. Secondly, to detect if the results provided
by reduced order models were correct, the following aspects were checked: the stability of the model, the
resonance state in the frequency response plot, the distribution of zeros and pols and the ACF of the

residuals at 95% confidence level.
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7.3.2 Validation results

As mentioned above, a validation process was conducted on this study using the “System Identification
Tool” of MATLAB Software [Mathworks, 2018] in order to support the results obtained by the U-value

time series analysis.

The comparative analysis among the developed models and the original IRT signals showed that the
modelled signal was practically stable and continuous with only 30 minutes of test duration (Figure 29). In
addition, the respective U-values were slightly the same. Hence, these results confirm the assumption set

previously (Section 7.2). The details of the development of the model by MATLAB are reported below.

07 Measured and si d model output
. I T

Time

Figure 29. Fagade 3. IRT measurements and model output

<

In the operation pre-processes, several options were tested: “remove means”, “remove trends” and “filters.
However, the obtained results for each fagade were worse than the original IRT signals provided by the
quantitative internal IRT measurements. These options led to instable models with peaks of resonance.

Furthermore, the residuals fell totally outside the confidence intervals bands at 95%.

Regarding the modelling of the working data, “Transfer Function Model” and “Polynomial Models” among
others were checked. The results revealed that the models that better fitted with the reference signal were
ARX or ARMX. The current U-value [A(z)y(t)] on the ARX model only depended on the previous U-value
[B(z)u(t)], since the exponent of the term [B(z)u(t)] was 1. The model was stable for all heavy multi-leaf
walls if it was constituted by a simple structure (na=1, nb=4, nk=7). According to Jiménez et al. [2008], na
denotes the order of polynomial A(g), nb the order of polynomial B(g), and nk the delay between output

and input. In this thesis, the analysis was limited to models with na, nb and nk, varying between 1 and 10.
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By way of example, the results of fagade F3 are presented. Figure 30 shows the typical model structure for
this building envelope. The models indicated as “Best Fit” (red) by the “System Identification Tool” were
those characterized by na=10, nb= 10 and nk=8. Nevertheless, the MDL Choice (green) was enough for

this study, since the biggest change in the model was generated at the beginning and provided less

complexity in the execution.
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Figure 30. Fagade 3. ARX model structure

According to Figure 31, the model ARX was stable, because all zeros and pols were located inside the unit
circle. The frequency function does not show signals of instability for a simple model structure. However,
several peaks of resonance were detected when the complexity of the model increased (Figure 32). In the

ACF of the residuals, all observations were inside the confidence interval bands at 95% (Figure 33).
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Figure 31. Zeros and pols plot for fagades F3

71



Chapter 7: Analysis of the influence of test duration

Phase (deg)

Amplitude
3
>
T T T

Frequency response

o
R

o

=)
©,
&

10

107

102 107

-500 —

-1000 —

-1500
10

10

107

102 107
Frequency (rad/s)

Figure 32. Frequency response for facade F3. Peaks of resonance when the complexity of the model increased
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Chapter 8: Conclusions and further research

This chapter concludes the dissertation with a summary of the main contributions of this research and their
possible impact on the field of quantitative internal IRT, adopting the measured thermal transmittance as
an indicator of the built quality. During the dissertation undertaken, interesting questions were raised

although could not be addressed. These issues are presented as possible future research lines.

8.1 The main contributions of the research

The main findings and implications of this dissertation are presented below, demonstrating how the

objectives stated at the beginning have been achieved by the undertaken research.

The first and the second specific objectives of this thesis were focused on identifying the contributory
factors of the Energy Performance Gap as well as examining the measurement techniques that are used to

assess the thermal behaviour of fagades.

The third specific objective consisted of proposing a quantitative internal IRT method in order to determine
the in-situ measured thermal transmittances of building envelopes under steady-state conditions.
Subsequently, a validation of the method was conducted on two steps: (i) execution of preliminary studies
in a laboratory of thermal engineering, to calibrate the numerical model; (ii) implementation of the proposed
method on real built environments. In this sense, the aforementioned aspects and their respective results

were presented in Journal Paper 1. The main contributions are summarized as follows:

- A quantitative internal IRT method for in-situ measurements within the building diagnostics field
was developed in this dissertation. The validation procedures demonstrated that the proposed
technique was suitable for fagades with heavy walls, reaching a deviation between the theoretical

and measured U-value of 1.24% up to 3.97% under a test duration of 2-3h.

- Despite of having an advanced software for the monitoring process of fagades with an IR camera
in the second step of the model validation, the average method is found to be less complex than the
dynamic method for the data analysis. Taking into account the quantity of data to be post-processed
is established at 180 thermograms per test, the dynamic method implies greater time of statistical
analysis. Hence, it is not suitable in terms of efficiency and cost of the method in a future industrial

market.
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- Construction project documents for existing buildings, especially the oldest ones, are not available.
Hence, and in accordance with the results, this method may provide information about the building
envelope for future refurbishment. In the case of new buildings, the method might allow the thermal
behaviour of building facades to be checked according to the design parameters. These initial
conclusions were supported with further assessments, as seen in the enhancement of the

applicability range of techniques based on quantitative IRT within the construction industry field.

- In previous investigations conducted by other researchers, new buildings were not evaluated and
inner rooms of existing buildings needed to be at a uniform level of temperature at least 48 h. The
current method is characterized by not having this limitation if the building has not been used

recently, since it behaves like a system that operates under steady-state conditions.

- The proposed method also represented a significant improvement on current regulations, especially
for walls with low U-values (i.e. multi—leaf walls) where the use of tabulated values led to

overestimated thermal transmittances (around 40%).

- Concerning the thermal behaviour of walls, it was observed that fagades with low U-values
presented a higher degree of uniformity. This last aspect ensured homogeneity of the heat flux and
temperature of the material, as well as minimum influence of the wall area that was being analysed

in the thermogram during the post-processing stage to determine the measured U-value.

The fourth specific objective of this thesis was to improve the applicability range of techniques based on
quantitative internal IRT in the construction industry and consequently, to fill out the gap in the
standardization of the method. For the first time, an in-depth assessment of the most influential operating
conditions and non-transient thermophysical properties as well as a reduction of test duration in real built
environments was developed. The framework and results were extensively described in Chapters 5 to 7.

The key features are summarized below:

- The study based on the analysis of the operating conditions revealed that the measured U-values
were significantly related to the outer air temperature (7our) for temperature differences (A7) under
16°C. When the inner air temperature increased considerably (16<47<21°C), the variance in the
measured U-value could be attributed to changes in wall surface temperature (7w.z.). The analysis
highlighted that the optimum temperature difference range was from 7 to 16°C. Measured U-values
were found to be highly overestimated when the temperature difference was around 3-4°C and

slightly underestimated when AT ranged between 16 to 21°C.

- The study based on the influence of non-transient thermophysical properties of the wall, and

undertook in real unoccupied buildings, mainly showed three aspects: (i) multi-leaf walls are less
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sensitive and provide more reliable results than single-leaf walls for low temperature difference
values (A7<7°C); (ii) quantitative internal IRT is found to be more accurate for multi-leaf walls
with high values of heat capacity per unit of area, reaching maximum deviations of 0.20%; (iii)
multi-leaf walls with lower U-values might entail deviations of around 9%. These results were
consistent with previous studies generally conducted on laboratories or experimental buildings

where other techniques were applied.

- The study based on the data collection and post-processing revealed that the accuracy of
quantitative internal IRT measurements did not increase with a greater test duration. Subsequently,
the proposal of a data-processing method taken as a common criterion for stopping the IRT survey
showed that there was no difference in the estimation of in-situ U-values with test durations of 120
minutes, 60 minutes and 30 minutes and a sampling frequency of 1 minute. The hypothesis of a
constant signal plus white noise can be adopted, regardless of the heavy multi-leaf wall
configuration. The values of the autocorrelation function (ACF) and the cumulated periodogram
(CP) were inside the 95% confidence intervals bands. In addition, the results of the data-processing
method were consistent with those provided by the model ARX performed on “System
Identification Tool” of MATLAB [Mathworks, 2018] during the validation process. Consequently,

the test duration could be reduced to 30 minutes.

In terms of applicability, this research might help to streamline the decision-making in real built
environments. In this way, the execution of the refurbishment process in buildings might be enhanced,
increasing the European renovation rate in the mid-term that it is estimated at 1% per year. This statement

is supported by the following aspects:

- Having evaluated the influence of operating conditions and non-transient thermophysical
properties, mistakes in relation to operating conditions might be avoided if quantitative internal
IRT is used as an energy audit tool. Moreover, technical staff might be able to estimate the possible
deviation of thermal transmittance depending on the wall type and check if the measurement is in
line with expectations. Possible discrepancies might be related to bad workmanship, a lack of

insulation, and ageing of the building materials, among other factors.

- The findings also suggest that this proposed method might allow the assessment of aspects related
to the determination of the U-value of unoccupied buildings (without electric and heating systems)
for AT under 10°C, especially in Spain or European countries with a Mediterranean climate where
these test conditions might represent a limitation. Nevertheless, further research is required in this

arca.
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- The U-value time series analysis entails a considerable reduction of the sampling duration that had
been used in previous studies (2 - 3 h). In addition, the data-processing method proposed in this
thesis could help to advance the standardization of quantitative IRT: (i) a common measurement
pattern can be drawn up; (ii) the data analysis can be simplified, since only a short time period for
data collection and post-processing of thermograms is needed. Consequently, the entire procedure

gains efficiency and could be incorporated into the industrial market.

- The quantitative internal IRT method might provide a solution to the limitations showed by the
heat flux meter (HFM), the current standardized method and commonly used in the construction
industry field. The combination of qualitative and quantitative IRT in the same inspection makes
possible an in-depth evaluation of the building envelope, instead of providing a local measurement.
Moreover, the proposed method provides accurate results from non-homogeneous building
elements, taking 30 minutes in comparison with the minimum of 72h and maximum of one week

for the HFM.

8.2 Further research

During the development of this research, some interesting issues to be evaluated were emerged. However,
they were not addressed within this dissertation, since the level of analysis had been beyond the scope of

this dissertation. The most urgent research questions seeking for answers and explanations are listed below:

- The findings of the U-value time series analysis (Chapter 7) suggested that the test duration might
not become a source of discrepancy in the determination of the measured U-value, in contrast to
the operating conditions and the non-transient thermophysical properties that were assumed as
influential factors in previous studies. Nevertheless, future steps of this research should include the
assessment of minor test durations with a greater sampling frequency, since the current analysis
with a data acquisition interval of 1 minute only allowed the hypothesis to be adopted for N>30

measurements.

- According to the Chapter 7, it could be reliable to perform tests in 30 minutes. If future steps of
research demonstrate that a minor test duration with a greater sampling frequency is valid, two new
proposals of research might be performed. The first one is that solar irradiation might be assumed
as a constant parameter under the premises of a cloudy day and short test duration. Hence, the
proposed method would not only be limited to northern fagades. The second one is that the effects
of the wind speed in the material surface might be adopted as minimum for a short period of time.

This fact might allow to validate the proposed method for light walls. Roughly speaking, this wall
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type has less thermal mass and the impact of the wind speed may be greater, since they cool down

faster. However, both research proposals require to be validated.

As commented on Chapter 2, the numerical model has not still been validated in Summer, since a
cooler unit system is required inside the buildings. Most existing units of air conditioner provide a
non-stationary regime as well as a non-homogeneity of heat flux and temperature on the material
to be assessed. Cold air current peaks might not be given when the inner air temperature is greater
than the set point temperature. Therefore, a short sampling frequency might lead to reject the

current restriction of the proposed method for the summer season.

To enhance the combined standard uncertainty associated with the measuring equipment, an
assessment focused on the influence of the outer temperature sensor location and the type of
external measuring equipment (i.e. weather station, thermocouple type K, PT probe, a thermistor
encapsulated in epoxy-filled aluminium etc) in the determination of in-situ measured U-value

should be required.

As seen in Chapter 6 and Journal Paper II, the combined standard uncertainty associated with the
measuring equipment increased in walls with high heat capacity per unit of area. Nevertheless, this
type of wall presented the minimum deviation between theoretical and measured U-value. In
addition, and taking into account the results of the U-value time series analysis (Chapter 7), some
aspects were highlighted: (i) the collected data for this fagade showed extremely similar signals
and the same degree of dispersion for the residuals, regardless the sampling duration to be
validated; (ii) the autocorrelation function plot and the cumulated periodograms were slightly better
than the rest of investigated buildings. Therefore, it should be necessary to carry out a specific
study to improve the uncertainty that derived from the measuring equipment in relation to the

aforementioned thermophysical parameter and the thermal inertia of the wall.

Microsoft developed HoloLens glasses to integrate BIM with virtual reality. These type of glasses
are designed for scanning and measuring the 3D space in order to establish BIM solutions. It might
be interesting to incorporate an electronic circuit with a small infrared camera in the glasses for in-
situ building diagnosis. The electronic circuit should be able to read input data on real time, using:
measurements of the IR camera; the inner air temperature by an encapsulated sensor that would be
installed in the external surface of the glasses; the outer air temperature by a wire-less sensor
installed temporarily outside the building by the technician. Subsequently, the electronic circuit
should also be able to determine the measured U-value with the numerical model of the proposed
method. In this way, BIM and quantitative IRT would be completely integrated for in-depth

analysis in the operation stage of the building.
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