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Abstract

Facades of recent buildings, especially the commercial ones, have been built with a high window-to-wall
ratio window-to-wall ratio, such as curtain walls, double-skin fagades and skylights. Despite the appealing
design from the aesthetic standpoint and allowing pleasant daylighting levels, this architectural trend can
nevertheless give rise to thermal and luminous indoor discomfort problems. Solar gains through glazing
systems, especially in climates with long and hot summers, contribute significantly to cooling loads and
lead to overheating of indoor spaces and/or glare problems, disrupting users’ productivity.

This work’s main objective was to evaluate the thermal, luminous and energy performance of glazing
facades with solar control films (SCFs) through an experimental study conducted in situ and a building
energy simulation approach using experimentally calibrated models. For this purpose, several office rooms
were selected from two different buildings, which constitute the present doctoral thesis’s case studies. The
first building has clear single glazing on the windows’ fagade and the second one has double-glazing
systems with a solar control coating incorporated. In both buildings, adjacent office rooms were selected to
be monitored, where SCFs were installed on the glazing except in one office left with the original window
without SCFs, which serves as a basis for comparison (reference office). The selection of several office
rooms with identical geometry, constitution, solar orientation, and occupancy characteristics, with and
without SCFs installed on the glazing, allows to assess the existing thermal and visual comfort conditions
without SCFs and to perform a comparative analysis of the effects of the SCFs application on the indoor
conditions.

The experimental field data was also used to calibrate the geometrical models of the office rooms of both
of the buildings in a well-established building energy simulation program (EnergyPlus) to perform a more
comprehensive and thorough study on the impact of the window films’ application in existing windows of
office spaces.

An environmental and economic study was also performed for the three SCFs that showed the highest
thermal, visual and/or energy performance. This study considered the application of the films as a
retrofitting scenario of the existing glazing systems of the second building used as case study. The complete
replacement of the existing windows with a new one was also analysed as an alternative scenario.

Finally, a parametric analysis was performed to evaluate the thermal, visual and energy performance and
the global performance of a typical second case study building office for different solar orientations, types

of glazing, climate, and glazing area on the facade.

KEY-WORDS: Window retrofitting; Solar control films; Visual performance; Thermal performance;

Energy efficiency; Office buildings; In-situ measurements; Energy simulation.






Resumo

A utilizac8o do vidro na construgdo tem tido uma expressdo cada vez mais significativa, resultando em
racios de envidracado na fachada muito elevados, especialmente em edificios ndo residenciais. Esta
tendéncia deve-se as boas caracteristicas estéticas e dticas do vidro, que permitem a entrada de luz natural
e visdo para o exterior, podendo contribuir para poupancas de energia com iluminacdo. No entanto, os
ganhos solares pelos envidracados, especialmente em climas com verdes quentes e prolongados,
contribuem de forma significativa para as cargas térmicas de arrefecimento e podem originar problemas de
sobreaquecimento e/ou encandeamento, perturbando o conforto e produtividade dos utilizadores.

O objetivo principal deste trabalho consistiu no desenvolvimento de campanhas experimentais in-situ e
de modelos para simulacéo energética de edificios, que permitem avaliar o desempenho térmico, luminico
e energético de envidracados de fachadas com peliculas de controlo solar (PCS). Para tal, foram
selecionados gabinetes de escritorios em dois edificios, tomados como casos de estudo da presente tese,
onde a janela da fachada de um dos edificios é constituida por um envidragado simples incolor e o segundo
por um envidragado duplo com pelicula de protecdo térmica incorporada. Em ambos os edificios foram
selecionados gabinetes adjacentes para monitorizagdo experimental de diversas varidveis que permitem a
analise do desempenho térmico e luminico e onde um deles permaneceu sem PCS (gabinete de referéncia)
e nos restantes gabinetes foram instaladas PCS. A sele¢do de diversos gabinetes com caracteristicas de
geometria, constituicao, orientacdo solar e ocupagdo idénticas, com e sem PCS instaladas no envidragado
da fachada permite uma analise das condicdes existentes do conforto térmico e visual e uma analise
comparativa do efeito da aplicagdo de PCS. Para além disso, os dados recolhidos nas campanhas
experimentais permitem calibrar modelos de simulagdo dindmica dos escritorios através de um programa
de simulagdo energética de edificios (EnergyPlus), com o objetivo de realizar um estudo mais abrangente
e completo sobre o efeito da aplicagdo de diversas PCS em janelas existentes de escritorios.

Para além disso, foi analisado o desempenho ambiental e econémico de trés PCS diferentes que
apresentaram o melhor desempenho na anélise de simulagdo energética do ponto de vista térmico, luminico
e energético. Este estudo foi realizado considerando a aplicacdo destas PCS como um possivel cenario de
reabilitacdo na totalidade dos envidragados do segundo edificio caso de estudo da presente tese. A mesma
analise ambiental e econdmica foi também efetuada para um cenario de ndo reabilitacdo, mas de
substituigdo total dos envidragados existentes por um novo envidragado com melhor desempenho térmico
e luminico.

Por fim, foi realizado um estudo paramétrico onde se avaliou o0 desempenho térmico, visual e energético,
e o desempenho global, de um gabinete tipico do segundo edificio caso de estudo para diferentes orientagdes

solares, tipo de envidracado, clima e area de envidracado na fachada.

PALAVRAS-CHAVE: Reabilitacdo de envidracados; Pelicula de controlo solar; Conforto visual;

Conforto térmico; Eficiéncia energética; Edificios ndo residenciais; Medi¢do in-situ; Simulacdo energética.
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Chapter 1 — Introduction

1. Introduction

1.1 Framework and motivation

Scientific evidence for rapid climate change resulting from human activities is unequivocal [1]. The
increase of human-made emissions is very likely the primary driver for the global warming trend in the past

decades. As a fact, the sixth warmest years on record occurred from 2014 onward (Figure 1).

2002 2012 2019

CO;z (ppm)

Figure 1. Progression of global surface temperature (dark blue and red indicate areas cooler and warmer than average,
respectively) and concentration of CO2 emissions at an altitude range of 3 to 12.87 km (red-to-yellow and green-to-
blue areas indicate higher and lower concentrations of COz, respectively). Adapted from [2]

The Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC) [1]
establishes that global temperature has increased, oceans have warmed, glaciers are retreating, extreme
weather events are getting more intense, and global sea level is rising. The concentration of CO; in the
atmosphere is the highest of the last two million years, and the planet is 1.1°C warmer than before the
industrial revolution. This latest report outlines five scenarios to understand future planet conditions,
ranging from a world where climate policy is rolled back to a world where very ambitious actions take
place in the 2020s. The five possible future scenarios show that the next decades will be warmer than today;
however, future actions to reduce CO, emissions will dictate different outcomes for the planet’s living
conditions by mid-century. If CO, emissions are reduced to net zero and the global temperature does not
increase over 1.5°C, global warming can be stabilized.

Several efforts have been made to tackle climate change and mitigate and adapt to its impacts over the
last years. The Paris agreement established in the 21% Conference of Parties targets net-zero emissions by

2050 [3]. This agreement that includes more than 60 countries, further stipulates that all Parties are invited
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to submit their long-term development strategy by 2020, aiming to accelerate and intensify actions on a
global scale to reduce greenhouse gas (GHG) emissions, and for that, it defines three comprehensive
objectives:
e limit average global warming to below 2°C since pre-industrial levels and encourage efforts to
limit the average global temperature increase to 1.5 °C;
e increase the aptitude to adapt to the adverse impacts of climate change, increasing climate
resilience and low carbon development;

¢ and align financial flows to be consistent with a more resilient and low carbon development path.

In the 2010s, GHG emissions on the planet were around 50 billion tonnes of carbon dioxide equivalent
per year, and almost three-quarters come from energy use, around one-fifth from agriculture and land use,
and the remaining 8% from industry and waste [1], [4], [5]. Identifying the most pollutant sectors is essential
to reduce GHG emissions effectively. In 2016 in Portugal, 30% of the GHG emissions were mainly related

to electricity and heat, manufacturing & construction energy, and buildings (Figure 2).
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Figure 2. GHG emissions by sector in Portugal, in million tonnes of carbon dioxide equivalent, COzeq, from 1990 to
2016 [6]
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With the global population growth trend, the increasing demand for higher standardized comfort levels,
and the rise of active systems in buildings, a potential rise in total energy demand is expected [7]. These
circumstances make the building sector a potential target to implement energy efficiency measures and to
increase environmental sustainability on a global scale.

In the European Union (EU), Member States are being pushed by European directives to promote energy
retrofit and decarbonize their building stock, disrupting the construction sector paradigm of the last decades
[4-6]. This net-zero pathway reinforces the EU commitment with the Paris agreement in developing a more
sustainable, competitive, secure, and decarbonized energy system by 2050.

In regards to the energy consumption of the building stock, the heating and cooling energy needs are
highly related to the age of the building. The International Energy Agency (IEA) stated in their Energy
Technology Perspectives 2020 report [7] that buildings prior to 1960 may require three times more heat
loads than those constructed under current thermal regulations. In fact, while new buildings have improved
their energy performance over time due to higher demanding regulations for thermal comfort levels (reports
indicate an increase of energy efficiency and a reduction of energy needs of 20% globally and 30% in the
USA and EU since 2000 [10]), older buildings still represent the vast majority of the building stock (Figure
3). In this context, and as part of a much-needed long-term national policy to enhance the market growth in
the rehabilitation works’ sector, there is a pivotal opportunity to create policies that decarbonize the building

sector and promote nearly zero energy of new and existing buildings.
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Figure 3. Age categorization of the residential building stock in Europe [11]

The European Directive of the European Parliament and of the Council of 2018/844 of 30 May 2018 [9]
establish milestones for short (2030), medium (2040), and long (2050) terms through policies and

investment decisions at a national level to decarbonize the energy supply and to reduce the final energy
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consumption. These ambitious and broad goals are very much linked to the rehabilitation and refurbishment
of existing buildings, since almost 50% of the final energy consumption within the EU is related to heating
and cooling, of which 80% is consumed in buildings (around 3 100 Mtoe [7]). When considering both the
construction and operational use phases of the building, the sector’s direct and indirect CO, emissions
account for 9.8 GtCO; globally [7]. Materials’ manufacture and construction buildings add more than 3.5
GtCO; of energy [7].

In order to support effective policies for the transition towards more energy-efficient buildings and to
monitor whether new regulations for new and existing buildings are meeting the established goals of the
EU, Portugal has developed a comprehensive plan for the long-term renovation of its national building
stock (PNEC) [12], [13]. From the set of challenges that affect the energy performance of national buildings,
besides natural ageing of materials and lack of maintenance, PNEC highlights the low thermal performance
of building envelopes (inadequate thermal insulation of walls/roof and low energy-efficient windows) and
the use of energy inefficient active systems. In fact, a considerable share of the national building stock
precedes the first thermal regulation — about 70% [14] — creating a key opportunity to promote overall
energy efficiency and decarbonize the building sector.

In what concerns the rehabilitation of the building envelope, windows are within the primary building
elements to merit attention as regards the implementation of energy retrofitting measures due to the higher
heat exchange between indoor and outdoor environments, when compared to the other components in the
building envelope, and whose impact is proportional to the area they occupy in fagades. Office buildings
represent a case where thermal and visual comfort problems are more acute since the glazing areas are more

significant in the facades than the opaque ones.

1.2 Objectives and methodology

This thesis presents a contribution to enlarge the knowledge of the thermal, daylight, and energy
performance of solar control films (SCFs) as a retrofitting solution for glazing areas of existing buildings
to enhance its energy efficiency and contribute to decarbonizing the building sector. In this context, this
research aims to support decision-making for retrofitting existing windows through dynamic simulation
with an added contribution of experimental analysis from in-situ field monitoring.

The methodology followed was based on a combined experimental and modelling analysis that focused

specifically on two case study buildings located in Lisbon, capital of Portugal, one with single and the other
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with double-glazed windows. Both buildings were selected due to their large areas of glazing in the facade,
poor thermal and visual performance, and high energy demand in the office areas.

The experimental field analysis involved monitoring and comparing data collected through
extensive in-situ experimental campaigns using small-scale modelling and actual full-scale office spaces
with similar characteristics (geometry, materials, solar exposition and orientation, and internal gains). In
the two case study buildings of the present thesis, office rooms with and without solar control films were

monitored during the summer and winter seasons. The objectives of this experimental analysis are:

e to assess the existing conditions of the office rooms without SCF — temperature, illuminance,
and irradiance on the working plane area — and the share of the offices’ thermal and visual
comfort and energy demand attributed to the window systems. This is an introductory study that
also helps identifying the film and its thermal and optical properties that could better improve
the indoor comfort conditions and decrease the energy demand;

e to compare the thermal and visual differences and comfort characteristics of similar office rooms
in actual occupancy conditions without and with SCFs under the existing windows’ scenario;

e to calibrate a geometrical model of the office rooms in a well-established building energy
simulation program (EnergyPlus) to perform a more comprehensive and thorough study on the

impact of the window films’ application in existing windows of office spaces.

Although it is time-consuming, model calibration is the most significant step when designing models in
simulation programs that represent real case study rooms or buildings. The calibration process helps
improving the agreement between the models’ output and the actual conditions and thus is an important
step for the purpose of predicting the building’s performance for different retrofitting scenarios with an
admissible and measurable accuracy. The calibration process developed in this thesis was conducted by
comparing the predicted values of indoor temperature and other variables obtained through EnergyPlus
with the ones obtained experimentally. With the calibrated models established, it was possible to estimate
the energy performance and calculate comfort indexes based on an annual performance for different SCFs,
solar orientation, and climate conditions.

The main aspects that contributed to the definition of this research study were the following:
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e interest on the topics of thermal and visual comfort, energy efficiency and sustainability in the
context of building rehabilitation;

o lack of consistent information regarding the thermal and visual performance of existing films for
building rehabilitation and the corresponding optical and thermal properties of different glass
substrates without and with films;

e address the gap in knowledge concerning the variation in energy needs between glazing systems
without and with films, in the Portuguese context, characterized by the predominance of clear
sky conditions;

e contribute to energy efficiency and sustainability in the building sector by predicting energy
savings related to indoor temperature and lighting comfort levels in scenarios pre and post-
rehabilitation of glazing systems with films;

e interest in developing experimental procedures to evaluate indoor spaces' thermal and visual
performance and design energy simulation models that forecast energy performance of

buildings.

1.3 Research questions

The specific research questions addressed by the present thesis are the following:

o Isthere reliable information available for decision-makers and building professionals regarding
the retrofit potential of SCFs (differences in type and application, and advantages and
disadvantages)?

The decision of the films’ selection often depends on the knowledge and experience of distributors and/or
installers, which can be insufficient from a comfort standard or energy efficiency point of view. Taking
into account the long-term goals related to sustainability and decarbonization in the construction sector and
the wide spectrum of available retrofitting solutions for building envelopes, there is a need to develop
available and useful information to support building professionals in the decision-making process for

retrofitting of existing buildings.
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e How do SCFs influence glass’s thermal and optical properties in a window system?

Nowadays, there is a wide range of window films for retrofitting purposes with applications on both
internal and external surfaces in glazed areas of buildings facades, appropriate for cold and hot climates.
One of the most significant aspects of considering SCFs for rehabilitation purposes is assessing variations
in the thermal and optical properties of existing glazing.

The optical properties of the individual films are not straightforward to assess through experimental or
numerical analysis. Due to the films’ composition and thickness, the optical properties can only be
measured using a glass sample as a substrate, and then calculations and assumptions/simplifications must
be performed to assess the individual properties of the films. This fact directly affects the scarce information
concerning SCFs as an individual material.

The complete technical sheets of SCFs usually provide thermal and optical properties for single and
double glazing without and with SCF for specific glass’s thickness. This information allows for comparing
the properties without and with SCFs when applied on generic glazing. Though this information may be
beneficial, it falls short when considering the full range of different glazing currently manufactured and

placed in existing buildings.

e How do Solar Control Films (SCF) influence the thermal and visual conditions and the energy
performance of existing office buildings?

SCFs have gained popularity in commercial buildings as an effective means of lowering building energy
costs by reducing excessive solar heat gain through windows while improving people’s comfort. For
comfort and energy efficiency purposes, it is essential to balance the daylight availability and the solar heat
gains and losses throughout summer and winter. This balance can be very complex to achieve since it is
dependent on many variables such as type of window, % of the glazed area in the facade, solar orientation,
climate region, etc. For example, in Mediterranean climates, where most of the regions are characterized
by relatively mild winters and very warm summers, it is critical to evaluate if the solar heat gain reduction
due to the films’ application is adequate to significantly decrease the cooling loads in the summer without
increasing the heating loads substantially in the winter. Besides, in most situations, the application of the
film reduces the daylight availability, and if the film is not correctly selected, it can increase the use of

electric lighting and thus increase the energy consumption of the building.
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e What are the environmental and economic impacts of this retrofitting solution?

The nearly zero-energy buildings defined in recent EU directives, as being high energy performance
buildings with the low amount of energy demand being satisfied by renewable sources, are one of the long-
term goals for the decarbonization of the buildings sector. Energy-saving policies and programs formulated
for buildings at the national and international levels generally address the topics of energy efficiency and
renewable energy sources during the operational stage of a building. The main reason for this relates to the
fact that operational energy is the dominant energy share of the building’s life cycle energy demand due to
the long service life inherent in the structures. The operational energy typically accounts for the vast
majority of a building’s life cycle energy and GHG emissions, thereby offering significant energy and cost-
saving potential. Nonetheless, as an intrinsic part of sustainable development of any country, energy-saving
and efficiency of energy use should not be only focused on building’s service life but regarded in a broader
perspective by considering the entire life cycle of the construction. In this perspective, when studying a
new material such as SCFs, not only the energy savings during the operational stage shall be accounted for

but also the total energy required for the extraction, processing, manufacturing, and operation in buildings.

1.4 Outline of thesis

This thesis is structured in eight chapters and four appendixes.

Chapter 1 (current chapter) — Introduction — establishes the framework of the studies’ field, presenting
the motivation and objectives, specific research questions, methodology used, and the output contributions
of the thesis.

Chapter 2 — Glazing systems and solar control films: comfort, energy efficiency and sustainability —
presents an overview of the topics considered and a comprehensive state-of-the-art review concerning solar
control films as a material and retrofitting measure for existing glazing systems.

Chapter 3 — Experimental analysis of daylighting availability — presents the methodology and the results
obtained from a field experiment in a small-scale model to assess the influence of different SCFs on the
indoor daylight illuminance levels and their spatial distribution on the horizontal plane (at work plane
height) when applied on single glass. The experiment was performed with the glazing oriented to the South,
in Lisbon, under clear sky conditions, during summer and winter solstices, and under overcast sky

conditions.



Chapter 1 — Introduction

Chapter 4 — Performance of solar control films in single-glazed windows — and Chapter 5 — Performance
of solar control films in double-glazed windows — present the thermal, daylighting, and energy performance
of office spaces that show thermal and/or visual discomfort conditions. Both these chapters investigate the
thermal and luminous performance of windows of existing office rooms experimentally, without and with
solar control films (SCFs), and use the experimental data to calibrate building simulation models and assess
the energy performance of several SCFs with different thermal and optical characteristics. The main
difference between the two chapters is based on the type of windows installed in the facade, Chapter 4
addressing clear single-glazed units and Chapter 5 double-glazed units with a solar coating.

Chapter 6 — Energy, environmental, and economic analysis of windows’ retrofit with solar control films
— examines through an energy, environmental, and economic standpoints over a defined life cycle period
the impact of installing three different SCFs on the existing windows of a building. The complete
replacement of the existing window with a new one is also analysed as an alternative retrofitting solution.

Chapter 7 — Thermal, daylighting and energy performance of glazing with SCFs — aggregated
performance indicators — develops a parametric analysis to evaluate the performance of single and double
glazing units of office rooms without and with two high-performing solar control films for different facade
conditions and different locations on the mainland Portugal. This chapter consolidates and unifies the
information of experimental and numerical conclusions of the previous chapters

Chapter 8 — Conclusions and future work — describes an overall conclusion of the work developed in the

present thesis and describes possible lines of investigation for future research.
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2. Glazing Systems and Solar Control Films: comfort, energy efficiency and

sustainability

The topic of energy efficiency in buildings has been the centre of a broad technical and scientific
discussion in recent years in what concerns decarbonization or carbon neutrality in the building sector. In
that sense, several innovative materials for opaque and transparent components with application in the
buildings’ enclosure, high-performance lighting systems, and more efficient heating and cooling systems
that maximize energy savings have been investigated and developed in the last decades.

Glazing systems are one of the most significant components concerning thermal and visual comfort and
energy efficiency in buildings. The relevance of energy rehabilitation of existing buildings significantly
impacts a country at several levels in both the final energy demand and GHG emissions. In this regard,
research and development in glazing systems have experienced a rapid evolution with several innovative
breakthroughs, such as laminated glass panes in the 1920s and coated products in the 1970s. Since then,
the traditional clear single glass window has changed from single pane to low thermal transmittance and
then to low-emissivity windows, vacuum glazing, electrochromic windows, thermotropic materials, silica
aerogels, and transparent insulation materials. The development of transparent selective coatings and films
provides a wide range of optical properties for glazing surfaces, allowing high daylight levels while
preventing excessive heat gains throughout the glazing. In a report study, Bakker and Visser [15]
demonstrated that a greater use of high-performance glazing systems with solar control coatings in
residential buildings in EU countries could prevent up to 80 million tons of CO2 emissions annually.

In Mediterranean climate regions, the problem of the high levels of energy consumption through glazing
surfaces in building envelopes can be more acute, considering that the difficulties are not only related to
the heat losses but also to the excessive passage of solar and visible radiation. Glare and overheating risks
of the occupied spaces are more likely to occur and, as a result, the operational energy consumption to
maintain the required comfort levels throughout both heating and cooling seasons can increase (air
conditioning loads are as significant as the heating loads). Also, when considering the transparent
components of the building’s enclosure as opposed to the opaque ones, not only the mean thermal
transmittance needs to be considered to assess the heat exchanges between the indoor and outdoor
environments but also the solar and visible transmittance coefficients to evaluate the daylight availability

and estimate the energy demand associated with artificial lighting loads.
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Portugal’s construction sector has evolved at different rates throughout the last decades. From the existing
building stock, two-thirds were built prior to the first decree-law for energy efficiency requirements of new
buildings in 1990 [16] — Decree-Law 40/90 of 2 June, meanwhile revoked. In the period between 2010 to
2014 — probably the most challenging due to stalled economic growth and extreme austerity measures that
limited the access to public and private investments in the construction sector — rehabilitation works
increased at a rate that was almost inversely proportional to that of new construction works (Figure 4a).
Since then, with the economic recovery, rehabilitation works have decreased their pace and currently
represent 24.4% of the total finished buildings in Portugal (approximately 6700 buildings), of which 28%
was in the non-residential buildings (Figure 4b). While new buildings have improved their energy
performance over time due to higher demanding regulations for thermal comfort levels, older buildings
represent the vast majority of the building stock. In this context, and as part of a much-needed long-term
national policy to enhance the market growth in the rehabilitation works’ sector, there is a key opportunity

to promote nearly zero-energy buildings.
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Figure 4. a. Share of new construction works and building rehabilitation in Portugal [16]; b. Rehabilitation by type of
building (residential and non-residential in Portugal) [16]

Globally, a substantial share of the existing building stock is very likely to still be in use in 2050 as the
average lifetime of modern residential construction and commercial buildings vary between 70-100 years
and 30-50 years, respectively, and historic buildings can last more than 150 years.

For Portugal to achieve the energy and climate objectives proposed in the national energy and climate
plan 2021-2030 (PNEC 2030) [17] and the roadmap to carbon neutrality (RNC2050) [18], it is essential to
renew the energy efficiency of the existing building stock deeply. The rehabilitation of existing buildings
brings multiple benefits at national and individual levels: reduction of energy consumption and therefore

energy dependency and energy poverty, improvement of thermal comfort and indoor air quality and
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therefore labour productivity. These are strong arguments for investing in the rehabilitation of existing
buildings [19]. Thus, prioritizing energy efficiency and promoting energy from renewable sources assumes
particular relevance and priority.

In that respect, the Long-Term Strategy for the Renovation of Buildings in Portugal [12] provides an
effective response to renovate the entire national buildings stock, establishing indicative goals for the
horizons of 2030s, 2040s and 2050s, compared to the 2018 records:

e renovate the built area in the proportion of 363 680 501 m? until 2030, 635 637 685 m? until
2040 and 747 953 071 m? until 2050;

e increase by 11%, 27%, and 34%, the primary energy savings by 2030, 2040, and 2050,
respectively;

e decrease the discomfort hours in buildings by 26%, 34%, and 56% by 2030, 2040, and 2050,

respectively.

By means of theoretical and experimental work, the present thesis explores the use of SCFs as a
rehabilitation material for existing buildings to enhance thermal and visual indoor comfort and increase
energy efficiency and environmental sustainability in alignment with international and national goals to
reduce GHG emissions. The following sections 2.1 and 2.2 describe the theoretical information concerning
different glazing as a substrate for the application of window films (section 2.1) and rehabilitation material
(section 2.2). The information and developed topics of the following sections are essential and relevant for

the developed work throughout the present thesis.

2.1 Glazing System

Glass is manufactured from the fusion of inorganic substances, usually silica and metal oxides. Soda-lime
silicate glasses, usually used in the construction industry, are made from a vitrified compound (silica) used
in the form of sand, soda in the form of carbonate and sulphate, which acts as a melting compound, a drying
agent (calcium oxide) in the form of limestone, and other metal oxides. The coloured features of tinted glass
derives from this mixture, which improves the physical properties of glass, in particular its resistance to
atmospheric agents.

The glass made for glazing is usually manufactured using the float process. This manufacturing process

allows to obtain clear glasses with great optical quality (insignificant optical distortion) and perfectly flat
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surfaces. After being manufactured, glass may have heat treatment, generating tempered glass. In case of
breakage, this heat treatment confers greater mechanical resistance, increasing the protection against
injuries as glass breaks up into small non-cutting pieces. There are also laminated types of glazed glass,
consisting of at least two glass panes fixed together by one or more polyvinyl butyral (PVB) films, which
offer safety in case of impact since most shards remain adhered to the film, reducing the risks of injury.
The level of safety of laminated glass varies according to the thickness and/or number of glass panes and
lamination films.

Currently, there is a great variety of glass available on the market tailored to adapt to the different types
of buildings and glazed facades to satisfy the desired functions of the glazed glass. The cost, configuration,
thermal and optical properties vary depending on the type of glass. Amongst all the thermal and optical
properties, the Visible Light Transmittance (z,,) and the Solar Factor (g) properties, referred to in the
European standards [20], [21], are highlighted as being the main properties of a glazed pane. In turn, the
Thermal Transmittance (U) is also considered an important property because it represents the greater or
lesser ease of the heat flows through the glazing. The selection of the most suitable glass to be employed
depends on the properties mentioned above, which are essential for optimizing and sizing the glazed frame.

In the scope of the current study, the most common and significant types of existing glass are:

o clear or float glass: glass with high transmittance with both flat and parallel surfaces. It is the most
common type of glass from which the other types of glass are manufactured;

e tinted glass: in this case, colour is added to the glass during the manufacturing process, which
confers solar control properties by the absorption effect. This type of glass can be applied for
aesthetics, privacy, or solar control purposes;

o reflective glass: glass resulting from the deposition of thin metal coats on a clear glass, which
confers to the glass solar control properties by the reflection effect. This type of glass is
recommended for glazed windows and fagades with intense sun exposure;

o spectrally selective glass: glass with a deposited solar control coat that significantly reduces, by
reflection or absorption, the solar gains of the thermal radiation while allowing high visible
radiation transmittance levels;

e low emissivity: glass with a high thermal performance due to the deposition of a thin and

transparent coat made of metallic materials on the glass that reduces its emissivity. It reflects the
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long-wavelength infrared radiation, reducing thermal losses and gains by radiation through the
glazed glass.

As a result of the combination of different types of glass mentioned above, with specific thicknesses and
properties, it is possible to create multiple types of glazing suitable for different applications. Figure 5
shows the most common types of glazing for consideration as representative solutions for windows: single
glazing, double glazing, and multilayer glazing. Single glazing has the lowest thermal performance but
exhibits the highest visible and solar radiation transmission values. This characteristic, if manifestly
excessive can cause visual discomfort to the occupants compared with other types of glass. Double glazed
glasses with two glass panes and a gas filling chamber present not only a better thermal performance,
namely the low emissive double glazing, but also a lower visible and solar transmission. Multilayer glasses
consist of multiple glass panes and glass filling chambers that strongly impact the thermal and optical

properties by increasing the thermal performance but at the expense of the luminous performance.
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Figure 5. Types of glass for consideration as representative solutions for windows [20], [21]
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The various types of glazing shown in Figure 5 and their main properties (U, g, t,,) can be observed in
Figure 6 to Figure 9. Moreover, the values of the properties shown in these figures correspond to average
values of similar glazing from different manufacturers [22], [23]. It is also important to note that these
values are only accurate for the centre of the glass and not for the total glazing area, as they depend on the
glazed configuration and the materials and structure of the frame. Therefore, it is only possible to compare
types of glazing and not windows.

Compared with other glasses, the clear single glass (Figure 6a) provides greater thermal energy and
visible transmittance, ensuring greater solar gains and/or losses and greater availability of natural light.

Adding colour to the single glass manufacturing process leads to tinted single glass (Figure 6b), reducing
its visible light transmittance (z,,) value and the solar energy factor (g), but does not modify the thermal
transmittance (U value) when compared to the clear single glass. Tinted single glasses are mainly applied
as a glare control solution. Absorptive glasses reduce the solar gains through glazed glasses by absorbing

part of the incident radiation.
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Figure 6. Thermal Transmittance, U-value [W/m?.K], Visible Light Transmittance, z [-], and Solar Factor, g [-], in
the centre of single glasses: a. clear; b. tinted
The double-glazing gas filling chamber shown in Figure 7 is filled with atmospheric air mainly consisting
of oxygen and nitrogen. The clear double glass (Figure 7a) has Visible Light Transmittance and Solar Factor
values lower than the values of clear single glass. Within these two glass panes, there is a gas filling chamber
that, when properly sealed, improves the thermal and acoustic insulation of the glass. The thermal

transmittance value for this type of glass is approximately half of the clear single glass value.
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The tinted double glass (Figure 7b) is usually applied when the main objective is to reduce the solar factor
for thermal reasons, which has costs in terms of natural lighting since the colour of the glass penalizes its
visible transmittance in relation to the clear double glass. The use of blue or green colours in double glazing
tends to penalize less its visible light transmittance. This type of glass is available in the market in various
colours, commonly bronze or grey, and one (exterior) or both panes can be tinted. As already concluded
for the tinted single glass, the thermal transmission value does not change significantly in the tinted double
glass.

The high-performance tinted double glazing (Figure 7¢) has a higher visible light transmittance and a
lower solar factor than the double-tinted glass, so a larger fraction of the visible solar spectrum radiation is

transmitted, and most of the infrared radiation is absorbed.
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Figure 7. Thermal Transmittance, U [W/m?.K], Visible Light Transmittance, t,, [-], and Solar Factor, g [-], in the
centre of double-glazing with an air filled chamber: a. clear; b. tinted; c. high-performance tinted and; d. reflective
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The reflective double glass (Figure 7d) undergoes treatments based on metal oxides during its
manufacturing process to increase the solar radiation reflection, thus reducing the heat transfer to the indoor
environment. Throughout the sun hours, radiation reflection from the outdoors occurs while, at night, the
radiation from indoors is reflected by the glass. The properties of this type of glass depend on different
criteria such as location, reflectance of the metal layer, thickness of the glass and gas filling chamber. This
type of glass is common in commercial and service buildings that present excessive solar gains due to their
large glazed areas.

The low emissive double glass (low-e) incorporates low-emissive coating layers with low emissivity
values and thermal radiation reflection (infrared and ultraviolet radiation). The presence of these low
emissive layers enables the control of solar gains by reducing the solar factor of the glass without penalizing
the transmission of visible radiation, thus avoiding the mirror effect observed in the case of reflective
glasses. Thermal radiation from the outdoor and indoor environments is reflected by the low outer and inner
emissive layers, which contribute to the rejection of long-wavelength outdoor radiation and the keeping of
indoor thermal radiation.

Glasses with low emissive coating layers can be grouped according to the following solar gain levels:
high solar gain, moderate solar gain, and low solar gain. The thermal transmittance value for the three types
of glass with low-emissive coating layers is approximately the same. The values of some properties (U, g,
T,,) in the center of low-emissive double-glazing, with an argon chamber (1/2 in =12.7 mm), are associated
with different solar gains (high, moderate, and low) and are shown in Figure 8.

The low-emissive double glass with high solar gain (Figure 8a) enables the reduction of thermal losses
from the indoor environment and admits solar gains, and it is usually used in climates associated with high
energy heating needs. The low-emissive layers included in these glasses are usually deposited by means of
a pyrolytic treatment during the manufacturing process.

The low-emissive double glass with a moderate solar gain coefficient (Figure 8b) is considered spectrally
selective since it reduces the solar heat gains and presents high values of visible radiation transmittance.
This type of glass is suitable for temperate climates with both similar heating and cooling energy needs as
it reduces the cooling needs without significantly increase the heating needs and by decreasing a little more
than half the solar factor of the glazed glass. The low-emissive layers are commonly applied through a

vacuum sputtering process during glass production.
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The low-carbon double-glazed glass with a reduced solar gain coefficient (Figure 8c) is more spectrally
selective than the double-glass with a moderate solar gain coefficient, significantly reducing solar gains
and allowing high values of visible radiation transmittance. This type of glass has a greater visible
transmittance level with a certain reduction of solar gains, than the tinted or reflective double glazing. It
also reduces heat losses to levels as those observed in the case of low-emissive double-glazed glass.
However, it leads to a significant reduction in solar gains, greater than that observed for the other low-
emissive glasses. Therefore, this is a glass with a high application potential in climates with significant
cooling energy needs. During glass manufacture, the low-emissive coating layers are typically applied using

the vacuum sputtering process.
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Figure 8. Thermal Transmission, U [W/m?.K], Visible Light Transmittance, z,, [-], and Solar Factor, g [-], in the
centre of low-emissive double-glazing with a glass filling chamber (1/2 in =12.7 mm): a. high solar gain; b. moderate
solar gain; c. low solar gain

Incrementing the number of glass panes, generating multilayer glazing, increases the window's thermal
insulation; however, this increase is not proportional to converging to a stabilized level. Despite reducing
the thermal and optical properties of the glazed glass, each glass pane increases the thickness and weight
of the glazed glass to a point where the addition of more glass panes becomes physically and economically
unfeasible. A multilayer glass (clear triple glass) and its main properties (U, g, t,,) values are displayed in
Figure 9. Clear triple glass reduces the thermal transmittance to less than a third, compared to clear single

glass.
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Figure 9. Thermal Transmission, U [W/m?.K], Visible Light Transmittance, z,, [-], and Solar Factor, g [-], in the

centre of clear triple glass

Figure 10 shows the transmittance of UV, visible and infrared radiation of several glazing with 6 mm
glass pane thickness and 12 mm air gap chambers thickness in the case of double and triple glazed glass.
The transmittance values were determined using the Optics program [24]. It can be observed that the
transmittance of visible radiation decreases with the glass thickness, and the transmittance value is higher
for the clear single glass, followed by clear double and clear triple glazing (Figure 10).

When comparing the visible light transmittances of the tinted single and double glasses with the clear
single and double glasses, it can also be concluded that the use of colouring (bronze colour) for tinted
glasses reduces the visible transmittance. The low-emissive double glass with moderate solar gain allows a
higher reduction of the thermal radiation transmission, thus exhibiting a visible light transmittance close to

the triple glass value.

1 - —  Clearsingle glass

———  Tinted single glass
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Transmittance [-]

Tinted double glass

Low-e double glass (low solar gain)

--------- Low-e double glass (low solar gain)

uv % Visible % Infrared

Wavelenght [nm] and type of radiation

""" Clear triple glass

Figure 10. Transmittance of clear and tinted single-glazing with 6 mm glass panes thickness and double-glazing with

6 mm glass panes thickness with a 12 mm air filling chamber
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2.2 Solar Control Films

2.2.1  Introduction to window films

Solar control film (SFC) is a thin laminate film material that can be applied to glass surfaces to modify
their optical and thermal properties without having to change the type or structure of glazing systems in
buildings facades. Nowadays, there is a wide range of window films for retrofitting purposes with
applications on both internal and external surfaces in glazed areas of buildings facades, suitable for
retrofitting purposes in cold and hot climates [25]. The efficiency of a film is directly related to the glass
substrate, solar orientation, external and internal shading conditions, air-conditioning system and local
climate. Films with external application on the glass surface present lower durability than those with
internal application because they are exposed to weather elements and possible damages induced by people
or objects for glazing surfaces at the ground level [26]. Also, inappropriate cleaning tasks or insufficient
maintenance routines have proven to decrease the life span of the films [26].

The first window films were developed in the 1960s and had the primary purpose of balancing heat
exchanges through glass surfaces by blocking radiation across the entire range of frequencies of the solar
spectrum [27]. Although this was a significant discovery with a high potential to improve thermal and visual
comfort in buildings, problems regarding the decrease of the external visibility (reductions in the visible
range spectrum), excessive use of artificial light and heating loads motivated new research and product
development.

In the 1970s, with the industrial revolution at its peak, new solutions and materials that improved thermal
comfort and energy efficiency in buildings have been investigated and developed. The incorporation of
polyester fibres in window films produced more energy efficient films for cold climates due to the increase
of the absorption coefficient and reradiation of long wave in the infrared electromagnetic spectrum, thus
reducing the heat losses to the outdoor environment without decreasing the visible solar transmittance

through the glass surface [27].

2.2.2  Typical composition of window films
Existing window films are composed of several membranes of different intercalated materials that can
reach up to eight different layers and undergo seven different manufacturing procedures [28]. Figure 11

shows a standard structure of a solar control film.
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Figure 11. Standard structure of a solar control window film with internal application on the glass surface: 1. scratch
resistant coating, 2. and 5. polyester layers, 3. lamination adhesive(s), 4. metal, 6. high performance UV resin, 7.
adhesive and, 8. protective release liner

As shown in Figure 11, a typical layout of a solar control film with internal application on the glass surface
can be constituted by eight different layers [27], [28], namely:

1. Scratch resistant coating: this hard acrylic coating finishing layer is in contact with the indoor
environment of the building and its function is to protect the film from scratching and abrasion;

2. and 5. Polyester: the polyester membrane offers good optical, thermal, mechanical, physical and
chemical characteristics to the film. It is very durable, resistant, flexible and withstands high and low
temperatures. It can have different finish types, such as UV resin or adhesives. Incorporating several layers
of polyester (multi-layered structure), connected through lamination adhesives, increases the absorption
and solar (front) reflectance coefficients. Many films are made with metal deposits on their polyester
substrate. This type of film is in the solar control series range due to the high solar (front) reflectance
coefficient and is traditionally called reflective or metallized films;

3. Metal: the oxide metals presented in the solar control films are incorporated into the polyester
membrane and has the function of reducing solar gains through glazing. The metal used is usually aluminum
and can reduce solar gains by about 80% and reduce visible radiation between 15% to 70%. Recent films
based on nanotechnology are produced without metal oxides, resulting in thin films with a combined high
visible transmittance and low solar (front) reflectance coefficients;

4. Lamination adhesive: joins several layers of polyester through lamination processes. Sometimes they

are embedded in the polyester membranes themselves;
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6. High performance UV resin: blocks UV radiation and protects the polyester layers and lamination
adhesives. This resin improves thermal performance by reducing the solar gains in the UV solar spectrum
and protects the indoor environment content from early degradation by exposure to UV rays. It can be
incorporated in the adhesives or in the polyester layer itself;

7. Adhesive: there are two types of adhesives in window films — pressure sensitive and water activated
adhesives. The first one adheres to the glass surface through the application of pressure forces without the
need to apply any type of solvent, water, or heat. On the contrary, water activated adhesives, as the name
implies, needs water to ensure a correct adherence, forming chemical bonds with the glass surface, which
guarantees higher durability and a more transparent appearance. However, its removal or replacement can
be difficult;

8. Protective release liner: a polyester film that protects the adhesive from contamination before

installation. It should only be removed before applying the film to the glass.

2.2.3  Types of window films

Films designed for use in glazing are composed of different polyester layers connected with pretreatment
to ensure a correct adherence of adhesives and coatings to which a transparent, tinted or metallized polyester
layer can be incorporated, thus contributing to a greater or lesser reduction of UV radiation flow (thermal,
solar, and ultraviolet range spectrum) through the window by reflecting or absorbing part of the incident
radiation.

As mentioned before, the performance of SCFs depends on the type and size of the glazing; the local
weather conditions; the application of SCF on the interior or exterior glass surface; the facade orientation;
the existing interior and exterior shading; the type of air conditioning system and the cleaning and
maintenance of the building.

Currently, there is a wide range of films designed to be applied on the interior or exterior of glazed
windows with different objectives. The most important types of window films identified in accordance with
EN 15752-1 [20] and shown in Figure 12 are:

= solar control films (the focus of the current study): they decrease the solar gains by reducing the
solar factor (g) of the glass substrate to which they have been applied. They can be applied on

the interior or exterior surface of the glazing;
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low emissivity films: they promote thermal insulation by reducing the thermal transmittance (U
value) of the glass pane, and should be applied on the exterior (hot climates) or interior (cold
climates) surfaces that are in contact with the outdoor and indoor environments, respectively, in
order to obtain a better performance when applied to double glazed windows;

ultraviolet protection (UV) radiation films: they reduce the UV radiation transmittance through
the glazing below 0.001, having a positive impact on the residents’ health and the durability of
material goods present in the indoor environment;

privacy films: they reduce vision through the glass pane by decreasing its visible light
transmittance, by increasing the visible light reflectance of the glass pane on the outside/public
side or by applying opaque or decorative features to the glass;

decorative films: they change the appearance of the glass pane to which they have been applied,
and they may present different patterns, textures or colours;

protection films: they increase the resistance of the glass pane to intentional or accidental impacts
and reduce the amount and size of possible shrapnel, protecting residents and material goods
while keeping most shards bonded to the film;

safety films: while the previous films increase the resistance of the glass pane to impacts, these
films can offer resistance to shock waves from explosions and/or ballistic attacks;

protection of Radio Frequency and Electromagnetic Frequency films: they attenuate the
transmittance of frequencies over the range of 30MHz to 15 GHz by > 20 dB;

anti-graffiti films: they protect the surface of the glass pane against scratching, graffiti, and
painting, and can be easily removed. They present a resistant anti-scratch layer that prevents the

glass from being replaced.

The presentation of window films by the industry, as shown in Figure 13 is different from that indicated

in EN 15752-1 [20] (Figure 12). In fact, the industry has treated window films differently to allow a better

perception of the films available in the market and a comparison between them by the customer.
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Figure 12. Main types of window films according with EN 15752-1 [20]

Figure 13. Film solutions offered by the main industry players

2.2.4  Main properties of window films
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The determination and knowledge of glazed systems' thermal and optical properties are essential to ensure
a good thermal and energy performance in buildings, especially when the building has a high ratio of glazed
to opaque areas in its envelope. An appropriate choice of the glazed system to be applied at the design stage
enhances the thermal and visual comfort of the occupants and, consequently, the energy efficiency of the
building.

The International Glazing Database (IGDB) [29] encompasses the most extensive collection of products
used for the construction of windows, namely: different types of glass, films, lamination adhesives, window
frames, and filling gasses. It also contains detailed optical and thermal information on these products, which
determines the energy performance of glazed systems.

The addition of a new product into the IGDB database follows a set of standards issued by the National
Fenestration Rating Council [30]. The incorporation of a new film into this database requires that
manufacturers provide film samples applied to single uncoated glass substrates, with a solar and optical
transmittance greater than 0.83 and 0.89, respectively, thus ensuring that the film will have transmittance
values similar or lower than those of the glass on which it will be applied [31]. The glasses that meet these
criteria are: 3 mm single glass; 3 mm single glass with low iron content, and 6 mm single glass with low
iron content. Additionally, manufacturers must submit samples of the same glass, but without the film, so
that this product’s thermal and optical properties can be determined separately. Due to this requirement and
given that the film works when applied on a glass substrate, the manufacturers’ technical datasheets provide
aggregate thermal and optical information of the film in single 3 mm and/or 6 mm glasses. Although the
existing glasses on building windows are currently usually double glazing and not single glazing, it is still
common to see technical data sheets containing information of films available in the market being applied
to single 3mm or 6mm glasses.

According to EN 15752-1 [20], the definition of window films depends on their reflectance (interior and
exterior) and their transmittance properties for the different radiation in each spectral range: solar, visible,
UV and thermal ranges. Following the EN 12898 standard [32], thermal radiation refers to emissivity over
long wavelength infrared radiation. The solar-optical properties for window films determined in accordance
with EN 410 [33] and referred to in EN 15752-1 [20] are:

e solar transmittance (z.): fraction of solar radiation passing through the glass and film system;
o solar reflectance (p,): fraction of solar radiation which is reflected by glass and film system;

e solar absorptance (a,): fraction of solar radiation which is absorbed by the glass and film system;
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e visible light transmittance (t): fraction of visible radiation passing through the glass and film
system;

o exterior visible light reflectance (py.): fraction of visible radiation that is reflected by the
exterior surface of the glass and film system;

o interior visible light reflectance (py ;): fraction of visible radiation that is reflected by the interior
surface of the glass and film system;

o total solar energy transmittance factor or solar factor (g): relationship between the total amount
of radiation (transmitted directly and after being absorbed) flowing into the interior environment
and the global incident solar radiation on the glass and film system;

o total shading coefficient (SC): ratio between the gain of solar heat through a glass and film
system and the gain of solar heat through a double-resistant transparent glass system;

e UV transmittance (z,): fraction of UV radiation that runs through the glass and film system;

o general colour rendering index (R,): degree of reliability of the light source that permeates the
film revealing the colours of the illuminated objects compared to their appearance when

illuminated by natural daylight.

The values of previous properties can be expressed in decimal or percentage except for the total shading
coefficient (SC) and the general colour rendering index (R,) [20]. In addition to the solar-optical properties
listed above, the manufacturers' technical datasheets also usually contain thermal properties of the glass
and film system such as:

e thermal transmittance, U [W/m2.K]: quantifies the heat flow that passes in one hour through 1
m? of the glass and film system separating two environments (exterior and interior) with a
temperature difference of 1 °C;

e emissivity, € [-]: the relationship between the energy emitted by the glass pane and film system

and the energy emitted by the blackbody at the same temperature.

The awareness of these properties is fundamental to evaluate the effective performance in each range:
thermal, optical, and energy ranges. In fact, when exposed to solar radiation, I, the glazing system composed
of glass and film exchanges heat between the indoor environment (*) and the outdoor environment (), as

illustrated in Figure 14. This process involves three different heat transfer mechanisms: conduction through
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the glass, the film system, and the window frame; radiation through the glass and film system surfaces and
gas convection in the filling chamber, in the case of double or multiple glazing windows. As regards the
incident radiation on the glazed pane, a fraction is reflected directly to the outdoor environment (p., py .);
another fraction is transmitted directly to the indoor environment (z., Ty, Tyy) and the remainder is absorbed
by the glass (a,). In terms of the absorbed radiation, part is subsequently re-radiated to the outdoor
environment and another part to the indoor environment. Some of the properties described in this section

are shown in Figure 14.

Pv.i

Figure 14. Heat transfer through a single glass: incident radiation, I; solar transmittance, z, reflectance, pe, and
absorptance, oe; visible light transmittance, =v; exterior, pve, and interior, pve, visible light reflectance; and UV

transmittance, tuv

The characterization of the ranges for thermal and solar-optical properties of different types of Solar

Control Films (SCFs), when applied to a clear single glass (6 mm), are shown in Figure 15.
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Figure 15. Characterization of the ranges for thermal and solar-optical properties of the different types of Solar
Control Films (SCFs) when applied to a single clear glass of 6 mm: solar transmittance, z, reflectance, pe, and
absorptance, ae, visible light transmittance, =, exterior, pv.e, and interior, pve, visible light reflectance, UV

transmittance, tuv, emissivity, ¢, thermal transmission, U [W/m?.K], solar factor, g, and shading coefficient, SC

2.25 Influence of solar control films on different types of glass

The performance of SCFs depends on their thermal and optical properties as well as on the properties of
the glass substrate to which they have been applied to, as referred to in EN 15755-1 [34]. To test the
influence of a substrate (glass) on the thermal and optical properties of the glass and film system, a total of
eight different glasses, two single and six double glazing panes were selected, which represent the most
common types of glass referred to in section 2.2. The selected glasses, manufactured by Saint Gobain Glass
(SGG), and used as a glass substrate to which the SCF will be applied, are composed of glass panes with a
6 mm thickness and gas filling chambers with a 16 mm thickness, in the case of double-glazing windows.
The selected glasses and their main optical and thermal properties are shown in Table 1. The reflective and

low-emissive double-glazed glasses have solar control coatings on the internal surface of the exterior glass,
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which is in contact with the gas filling chamber (surface 2), resulting in the most appropriate solar control

solution suitable to the Mediterranean climate.

Table 1. Representative solutions of various types of common glazing (single and double) with 6 mm thickness glass
panes and a 16 mm thickness glass filling chamber in the case of double glazing, and their main optical and thermal
properties: solar transmittance, ze; visible light transmittance, =; visible exterior reflectance, pv.e; visible interior

reflectance, pv,i; external emissivity, ee; internal emissivity, «i; solar factor, g; and thermal transmittance, U [W/m?2.K]

Type of glazed glass T, T, Pue Do, e & g U
Single
Clear 0.82 0.89 0.08 0.08 0.84 0.84 0.85 5.81
Tinted (Bronze) 0.50 0.49 0.05 0.05 0.84 0.84 0.64 5.81
Double
Clear 0.68 0.80 0.15 0.15 0.84 0.84 0.75 2.69
Tinted (Bronze) 0.42 0.44 0.07 0.12 0.84 0.84 0.52 2.69
Reflective 0.39 0.29 0.54 0.46 0.84 0.84 0.45 2.69
Low-emissive high solar gain 0.49 0.79 0.12 0.12 0.05 0.84 0.54 1.72
Low-emissive moderate solar gain 0.34 0.70 0.32 0.13 0.04 0.84 0.38 1.70
Low-emissive reduced solar gain 0.26 0.60 0.16 0.17 0.04 0.84 0.30 1.70

After inspecting the Optics6 tool library, the SCF of the leading manufacturers (3M, Hanita Coatings,
Johnson Window Films, Llumar, Solar Gard) were compiled. Table 40 to Table 43 of Annex A show the
list of films considered within the scope of this study and their main properties. Since the properties of films
without a substrate are not available, the properties of the several films analysed in section 2 are shown
when applied on clear glass with 6 mm in Annex A.

The following sections present the obtained results of applying the different films shown in Annex A in
each of the types of glass presented in Table 1. The thermal and optical properties of the glazed systems
and films were obtained by using Optics6 and Window?7.6 tools. In the scope of this study, seven parameters
were considered and analysed: solar transmittance, visible light transmittance, interior visible reflectance,
exterior visible reflectance, emissivity, solar factor, and thermal transmittance. It is important to highlight
that there are limitations when SCFs are applied to specific glazed glass due to glass ruptures by means of
potential thermal break, usually promoted by the increased of the solar absorptance coefficient and,

therefore, a careful analysis should be done before the application of the film.

e Single glazing
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The main thermal and optical properties for clear and tinted single glass, without and with the various
types of SCFs, are shown in Figure 16 and Figure 17, respectively. Annex B presents the mean and the
coefficient of variation of these same properties for each film type applied to single glazed glass.

The application of SCFs to the internal surface of the glazed windows (Figure 16a and Figure 17a)
likewise enabled a reduction of the solar (z,) and visible (z,,) transmittance values on both single glasses.
For a given exterior visible reflectance (pv.e) value, the SCF caused a negligible increase in the reflective
properties of the external surface of the single tinted glass, contrary to what was observed in the case of
single clear glass. In the presence of SCF, the interior visible light reflectance (pv,;), internal emissivity (&)
and solar factor (g) values are approximately the same between the two single glasses. The thermal
transmittance (U) for each type of SCF is approximately the same for both single glasses. The most
significant reduction in both glazed glasses is associated with the low-emissivity SCF.

Figure 16b and Figure 17b show the thermal and optical properties of single clear and tinted glass, without
or with SCF, applied to the external surface of the glass. It is possible to observe that the effect of the films
on the values (z,, 7, & and g) are approximately the same for each type of SCF for both single glasses.

Each type of film has similar exterior visible light reflectance (p, .) values for both single glasses when
applied externally, except for the case of the reflective SCF, which provides a negligible reduction when
applied to a single-tinted glass. The reflective, protective and safety films considered in this study led to a
significant increase in the interior visible light reflectance (p,, ;) values when applied to single tinted glass.
The thermal transmittance (U) remained unchanged with the application of the SCF, except for reflective

films applied to single tinted glass. In this case, a small reduction of these values was obtained.
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Figure 16. Ranges of the main thermal and optical properties (te, Tv, pve, pv.i, € g and U) of a single glass without and

with SCFs applied to the a. internal and b. external surfaces

1.0+ r 7.0
- ] - 6.0
0.8 1
—_ - 5.0 O
&0 0.6 1 =
. - 4.0
w - - ' é“
a 0.4 - P30 Y
- - 2,0
0.2
L 1.0
0.0 0.0
Te Te Pre Prai & 3 u
a.
1.0 - - 7.0
- _ 6.0
0.8 1
= 50 G
o -
70,6 - i g
- - - 4.0 ‘é-.
Q: 0.4 - - 3.0 .E.
" L 2.0
0.2 1
L 1.0
0.0 0.0
T T Pree P € g u
b.
B Clear single glass Reflective Dual-reflective Neutral
Low-e Spectrally selective Ceramic Protetion and safety

Figure 17. Ranges of the main thermal and optical properties (te, tv, pv.e, pv.i, € g and U) of a (bronze) tinted single
glass without and with SCFs applied to the a. internal and b. external surfaces
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e Double glazing

The main thermal and optical properties of the double glass solutions, without or with the various types
of SCF, which were selected previously in Table 3, will be analysed in this section. Annex B presents the
mean and the coefficient of variation of these same properties for each SCF type applied to double glazed
glass as well as the number of SCF of each type considered in this study.

Figure 18 shows the thermal and optical properties values for clear double-glazed glass without and with
SCF. The SCF applied to the internal surface of the glazed glass (Figure 18a) allowed a reduction of the .,
Ty, Pu,is Prer @Nd g values similar to those previously observed in the presence of these same films when
applied to the single clear glazed glass. For a given solar factor (g), the SCF did not cause such significant
reductions in this property value when compared to those obtained by the same films applied on single clear
glass. A reduction of the thermal transmittance (U) was obtained like the one previously observed in the
case of single clear glass.

In the presence of SCF applied to the external surface of the clear double glazed glass (Figure 18b), the
reduction of the thermal and optical properties values, for each type of film, are approximately the same as
those previously obtained for the single colorless glazing.

The ranges of the main thermal and optical properties for tinted double glazed glass, without and with
SCF, are shown in Figure 19. SCF applied to the internal surface of the glazed glass (Figure 19a) caused a
reduction of the values of the properties like the one previously obtained for the single tinted glazing.
However, the SCF allowed a reduction of the solar factor (g) values like the one observed in the case of
single tinted glass, contrary to what was observed for double and single clear glazed glass.

The application of films on the external surface of the tinted double glazed glass caused a reduction in

thermal and optical properties like the one observed in the case of single tinted glass.
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Figure 18. Ranges of the main thermal and optical properties (te, v, pve, pv.i, € g and U) of a clear double glass
(6+16A+6 mm) without and with SCFs applied to the a. internal surface of the interior glass pane and b. external

surface of the exterior glass pane
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Figure 19. Ranges of the main thermal and optical properties (te, v, pve, pvi, & g and U) of a (bronze) tinted glass
(6+16A+6 mm) without and with SCFs applied to the a. internal surface of the interior glass pane and b. external

surface of the exterior glass pane
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Figure 20 shows the thermal and optical properties of a double reflective glazed glass without and with
SCF. In the presence of SCF applied to the internal surface of the glazed glass (Figure 20a), the ranges of
solar (z,) and visible light (z,) transmittance values are smaller than those obtained for the clear double
glazing, because the reflective glass (without SCF) has significantly lower values of these properties. In the
presence of these SCF and due to its high exterior visible light reflectance (p,, ), the reflective glazed glass
provides a negligible increase in the values of this property.

The remaining p, ;, €; and U values are like those observed in the case of the clear double glaze for all
types of SCF. However, the SCF allows to obtain lower solar factor (g) values than those obtained in the
case of clear double glass as the reflective glass without film presents a low solar factor.

Figure 20b shows the properties in the presence of SCF applied to the external surface of glazed glass.
Again, it is possible to observe that smaller ranges of z,, 7,, and g values are obtained, when compared to
the clear double glass, which, in the absence of SCF, shows higher values of these properties. Contrary to
what was observed in the case of clear double glazed glass, the application of SCF to the external surface
of the reflective glass promoted the reduction of the exterior visible light reflectance and a negligible
increase of the interior visible reflectance. In the presence of the same SCF, both the external emissivity
and the thermal transmittance are approximately the same as those previously obtained for the clear double
glass.

The ranges of the main thermal and optical properties of the low-e (high, moderate and low solar gain)
glasses are shown in Figure 21, Figure 22, and Figure 23, respectively. The solar control films applied to
the interior surface of a low-e (high solar gain) glazed glass (Figure 21a) allowed to obtain ranges of t,,
Pues Py and g; values like those previously observed in the case of clear double glazing, because these
values are similar between both glazed glass in the absence of SCF. However, in the presence of these films,
it is possible to observe a reduction in the ranges of ., g, and U values, when compared to those obtained
for the clear double glass, because the low-e glass has lower values than those observed in the case of clear
glass. These relationships can also be analysed by comparing the ranges of most properties in the presence
of SCF applied to the external surface of the low-emissive (high solar gain) double glasses (Figure 21b)
and tinted double glasses (Figure 19b). The emissivity values of the external surface increase significantly
in the presence of SCF, because the original low-e glass shows an extremely low external emissivity (0.05).

The application of the SCF did not change the thermal transmittance of the glazed glass and film system.
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Figure 20. Ranges of the main thermal and optical properties (te, Tv, pv.e, pv.i, €, g and U) of a reflective double glass
(6+16A+6 mm) without and with SCFs applied to the a. internal surface of the interior glass pane and b. external

surface of the exterior glass pane
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Figure 21. Ranges of the main thermal and optical properties (e, v, pve, pv.i, €, g and U) of a low emissive double
glazed glass (high solar gain) without and with SCFs applied to the a. internal surface of the interior glass pane and b.

external surface of the exterior glass pane
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The low-e (moderate solar gain) glazed glass shows p,,;, €, and U values like those observed in the case
of a high solar gain glazed glass in the presence of SCF applied to the internal surface (Figure 22a). The
ranges of solar (z,) and visible light (z,)) transmittance values calculated for a moderate solar gain glazed
glass are smaller than those obtained in the case of a high solar gain glazed glass, keeping the lowest values
within the range, but reducing the maximum values. The exterior visible reflectance (p, ) value of a
moderate solar gain glass is higher than that observed in the case of a high solar gain glass. Thus, in the
presence of SCF, values are concentrated within smaller intervals. As a result, the maximum values of this
property remain the same while minimum values are higher than those obtained in the case of high solar
gain glass with SCF. This is because the solution adopted as representative of the low-e (moderate solar
gain) glass (Table 1) shows solar control properties through high reflection of the solar radiation. The solar
factor (g) values of a moderate solar gain double glazed glass are concentrated within smaller intervals,
and thus show lower values than those observed in the case of high solar gain glazed glass in the presence
of SCF, as one would expect. This is because the moderate solar gain glazed glass has a lower g value than
that observed in the case of the high solar gain glazed glass before the application of the SCF.

The impact of the application of SCF to the external surface (Figure 22b) is similar to that described above
for SCF applied to the internal surface of moderate solar gain glazed glass when compared to the impact of
the same films applied to the high solar gain glass, except for the exterior visible light reflectance (p;,.),
which shows values concentrated within smaller intervals because the moderate solar gain glazed glass has
a higher (p,, ¢) value than the one in the case of the high gain glazed glass in the absence of SCF.

The impact of SCF applied to the internal (Figure 23a) and external surfaces (Figure 23b) of reduced solar
gain glazed glass led to p,,;, €, U values similar to those previously obtained in the presence of the same
SCF when applied to moderate and high solar gains glazed windows. In the presence of SCF applied either
to the interior or exterior, the g, 7., and 7, values show smaller intervals and lower values than those
previously obtained when compared to those obtained for the same properties in the case of a moderate
solar gain glazed glass. In the presence of SCF applied to the internal surface, the exterior visible light
reflectance (p,,.) shows larger intervals while values are slightly lower than those obtained in the case of
the moderate solar gain glazed glass in the presence of the same SCF. As the reduced solar gain glazed
glass, without SCF, has a p,, . value lower than that of the moderate solar gain glazed glass, the presence
of external SCF led to larger intervals of values of this property having reached lower values when

compared to the moderate solar gain glazed glass.
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Figure 22. Ranges of the main thermal and optical properties (te, v, pve, pv.i, €, g and U) of a low emissive double
glazed glass (moderate solar gain) without and with SCFs applied to the a. internal surface of the interior glass pane

and b. external surface of the exterior glass pane
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Figure 23. Ranges of the main thermal and optical properties (te, v, pve, pv.i, € g and U) of SCFs when applied to the

a. interior and b. exterior surfaces of a of 6+16A+6 mm low-emissive and spectrally selective double glass (low solar

gain)
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2.2.6  Existing studies

The world's population growth and the improvement of people’s living conditions have caused a
significant increase in global energy needs. Exploring non-renewable fossil fuels, which are the most
consumed energy sources globally, is highly harmful to the environment. Thus, increased society awareness
is needed for a more efficient and sustainable energy consumption aimed at reducing energy needs and
reduce social inequalities.

The energy consumption by the building sector worldwide has increased and, currently, accounts for 40%
of the world's energy consumption. It also accounts for approximately 36% of the greenhouse gases
emissions [8], [35], [36] . Several studies have been conducted to find solutions that improve buildings'
energy performance, which also contributes to countering and reversing this trend. Virtual modelling;
optimization studies; methods of application and maintenance, from the materials to the building and city
dimensions, are examples of increasingly frequent practices that help and promote sustainability in the
construction sector.

However, the study of the energy performance at the building level implies the knowledge of numerous
physical, social, economic, and political variables combined with building users’ behavior and climatic
variables, which makes this topic a complex area of research.

Glazed surfaces of the external envelopes, for originating overheating and glare occurrences and an
increase of the building’s energy consumption, are one of the main parts of the building where
refurbishment is strongly recommended. Installing solar control films (SCFs) can be considered as an
alternative and effective solution in reducing heat gains through window systems by changing the reflecting
and absorbing solar radiation coefficients. Beyond being of easy application and not requiring facade
alteration, also contribute to improve thermal, luminous and energy performance of buildings, while
reducing glare and UV penetration, and further provide fade protection for furniture. In addition, spectrally
selective films can provide a wide range of optical properties for glazing surfaces, making them appropriate
for cold and warm climates. Although the number of studies about the effect of Solar Control Films (SCF)
on the performance of buildings is still relatively small, they generally conclude that the presence of these
films increases the energy efficiency of buildings and improves the thermal and visual comfort of occupants
as they reduce extreme solar gains and tackle glare discomfort conditions.

Very scarce studies have investigated the impact of SCFs on buildings performance either using numerical

simulation [37]-[40] or the experimental approach [41]-[43].
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Yin et al. [37] modelled and simulated a commercial building in Shanghai (China) with double low-e
glazing systems for two different SFCs and obtained an average value of 50% reduction in the cooling
loads. Despite the heating loads have increased, the overall performance of the building resulted in an
energy efficiency improvement. An evaluation of a double-glazing unit, with and without SCF, was
performed by Xamaén et al. [38], [39] for both warm and cold climates. Results showed that, for warm
climates, the application of SCF could reduce the energy gains up to 52% when compared to the case
without SCF. Other study, performed by Chaiyapinunt et al. [40], deeply investigated thermal comfort and
heat transmission for different types of glass with and without SCF for Bangkok climate. The results
indicated that the glass with SCF lead to a reduction in the heat gain due to solar radiation in the same
amount of the optical properties of the film and have a minimal effect in heat gain by thermal conduction

Regarding experimental research and product development, Nagahama et al. [41] developed a new SCF
that decreased the solar transmittance by 51% on a float glass with 8 mm. Moretti et al. [42] carried out an
experimental and a numerical analysis in two similar offices in Italy, on a double pane window in the South-
West facade, one with and the other without SCF. In the office with SCF applied the incoming solar
radiation showed a reduction of the mean and peak values in a range of 46-66%, while the reduction in
illuminance was quite constant and consistent with the optical properties of the SCF. As a result, the glass
surface temperature decreased 10°C and the indoor air temperature 2°C in sunny days, approximately. The
authors concluded that, in general, the application of SCF decreases the cooling energy demand and the
indoor temperature in the cooling season and, inversely, increases the heating energy demand and the
energy consumption with artificial light in the heating season. Li et al. [43] conducted an experimental
study in Hong-Kong in two test cells with glazing systems facing the South-Southwest direction. Different
combinations of glass and SCF were evaluated. The authors reported that film applications on single glass
windows induce higher indoor glass surface temperatures for clear glass than for tinted or laminated glass,
proving the higher ability of solar films in absorbing and reflecting radiation when applied on clear glazing.
Also, a dynamic simulation through EnergyPlus was used by the same authors to evaluate the annual energy
saving potential for different typical built environments in Hong Kong, the results showing a significant
reduction in energy consumption per unit window area of SCF.

As noticed in the above literature review, the impact of solar films on the performance of the buildings’
transparent elements is a recent subject of study with different topics of interest and that still have a large

potential of research, as are the different types of impact (thermal, luminous and energy performance), the
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factors of which the impacts depend on (film properties and film positioning, glazing characteristics, type
of building, climate parameters, facade orientation) and the study approach (experimental, numerical).

As it so possible to conclude from the existing studies, the topic of SCFs for glazing rehabilitation is
disperse in terms of methodology followed and studied variables or indexes to assess the film’s
performance. Moreover, most of the existing studies are located in Europe and the East and South-East
Asia, corresponding to temperate and subtropical climate areas, respectively, according to the
Koppen-Geiger classification (Figure 24) [44]. This fact justifies the need of further studies and more

extensive result sets to get deeper into the subject.

o Aw Bsk W Bwh Cfa o Cfb Csa Cwa

Figure 24. Studies on the performance of solar control films distributed according to their climate (Képpen-Geiger
climate classification [44]): wet tropical climate in dry season (Aw); cold semi-arid climate (Bsk); hot arid desert

climate (Bwh), humid subtropical climate in hot and long summer (Cfa); long and cool summer oceanic temperate

climate (Cfb); Mediterranean dry summer climate, hot and long (Csa), humid subtropical climate in dry winter, hot

and long summer (Cwa)

Table 2 presents the main characteristics of the existing studies that address the topic of solar control

films.
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Table 2. Main type of performed analysis and several research characteristics of existing studies in solar control films

(organized by type of climate, according to Kdppen-Geiger climate classification)

Glazing Numeri_cal Experimental analysis Simulation analysis
analysis Economic
. Ref.
Single | Double Thermal | Visual | Energy Model Thermal | Visual | Energy analysis
calibration

X X [45]

X X X X X [46]

X X X X X [43]
X X X

X X X X X [47]

X X X X [48]

X X X [37]

X X [41]
X X
X X X
X X

X X X [50]

X X X X X X X [42]

X X X X X [51]

X X X X [52]

X X X [53]

X X X [54]

X X X X X X [55]

X X X X [56]

X X X X X X X [57]

X X X X [58]

Cwa B Aw Cfa Cfb B Bwh Bsk Csa
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3. Experimental analysis of daylight availability

The daylight illuminance level and their spatial distribution are important design elements to achieve
indoor visual comfort conditions and sustainability in buildings during its operational stage. While a proper
daylighting scheme increases the efficiency of the building, the excessive use of glazed surfaces can
contribute to thermal and visual discomfort, hence increasing the cooling demand and the artificial lighting.
This section analyses experimentally the impact of single glazing with different SCFs on the indoor
illuminance levels and the respective distribution on horizontal plane (height of the working plane) by
comparing the measured absolute values and by examining them according to the useful daylight
illuminance metric. Field experiments in a small-scale model with the glazing oriented to the South, in
Lisbon, were performed for a clear glass (with 6 mm) without and with 4 different SCFs applied on the
external surface of the glass, under clear sky conditions during summer and winter solstice at 900, 12h00
and 15h00 and under overcast sky conditions.

Even though this thesis analyses different SCFs with application on external and internal of single glazing,
SCFs A to M (Table 7, section 4), and on external pane of double glazing, SCFs A to G (Table 14, section
5), this current section intends to perform a preliminary assessment of the daylight availability on horizontal
plane for two types of films — two reflective and two spectrally selective films. The work presented in this

chapter/section was published in [28].

3.1 Introduction

Daylighting has played an essential role in the history and evolution of architecture. While the lack of
natural light is known to cause negative effects on humans’ health and mood [59], an appropriate strategy
between lighting design and building project can improve the visual comfort and indoor environmental
quality and the energy efficiency through the optimization of artificial lighting, cooling and heating energy
needs [60], [61]. In a study conducted by Klepeis et al. [62] showed that people spent more than 85% of
their time in enclosed buildings and that daylighting is a fundamental functioning resource to be taken into
account in buildings.

Computer simulations and scale models are two different approaches that can be used to tackle accurately
daylighting systems in buildings exposed to lighting conditions. Both approaches can be evaluated under
real sun and sky conditions or under artificial sun and sky conditions [60]. Software-based approaches
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broadened conventional practices of how daylight modelling was being performed. In early years, this type
of analysis was very time-consuming, computationally demanding and not easily to handle. Faced with the
emergence of computational modelling based on the mastery of physics involved, but not yet fully
experimentally tested, building designers initially showed some reservations in integrating into their
practices tools that did not allow the use and modelling by hand the real materials involved in the lighting
study as scale models did [60], [63]. Nowadays with higher computer power and more advanced simulation
tools through the evolution of specialized hardware and development of complex algorithms [63], [64], the
use of computer modelling to predict illuminance levels in early stages of the building design has gained
attention from professionals in the building sector. Different methodologies and tools to predict daylight
behaviour in indoor environments have emerged, supported by sophisticated light transport algorithms that
allowed more accurate results in acceptable timeframes and the possibility to optimize the design of simple
or complex design facades to promote the visual comfort and the energy efficiency of the building.

The use of scale models is widely accepted as an adequate method for daylight assessment of indoor
environments of buildings [65]. While this method allows to predict the daylight performance in early
stages of the design process or in pre-refurbishment interventions, scale models, particularly small-scale
ones, tend to overestimate the illuminance values on horizontal and vertical plane when compared to full-
size buildings [66]. Studies comparing illuminance performance on horizontal plane measured in
small-scale models and full-size buildings demonstrate that small-scale models out-perform by 10-30% the
real scenario or building they represent, under overcast sky conditions [67]-[69]. According to
Cannon-Brookes [69], errors in the physical representation of the indoor environment and difficulties in
accurately defining photometric properties of materials can justify this discrepancy as well as other physical
parameters as maintenance and dirt in the building. As underlined by Boccia & Zazzini [65], experimental
tests performed under real sky conditions produce a more realistic representation of the daylight
performance when compared with tests conducted under artificial sky using sky simulators. Moreover, the
study developed by Kesten [66], highlights that model scale factor is a function of the daylighting design
purpose, where greater scales within 1:10 to 1:1 are appropriate to accurately assess more critical or
advanced daylighting devices and useful for detailed building facades and rooms.

This section presents a study of daylight availability using a small-scale model (1:10) approach to test
various SCFs with different optical properties to assess their performance on a horizontal plane at 0.8 m (at

full scale) when applied in single-pane glass units. This study increases the existing research on solar control
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films (SCFs) by studying the indoor illuminance performance of office rooms with single-pane glass units
without (reference scenario) and with 4 different solar control films (SCFs) — 2 spectrally selective and 2
reflective — for retrofitting purposes of existing buildings. This approach can be useful for refurbishment
purposes of buildings with single-glazed windows in Mediterranean climates, Csa and Csh Kdppen-Geiger
climate classification [44], as it is the case of Portugal, to increase visual comfort without having to activate
shading devices or other solutions that can compromise the view to the outside [70], [71]. The illuminance
levels were measured under overcast sky conditions and under real sky conditions during summer and
winter solstice. An analysis and discussion based on the registered absolute illuminance values and the
useful daylight illuminance was performed and SCFs that presented the most suitable illuminance values

to perform office activities (e.g. writing, typing, reading, data processing) were identified.

3.2 Small-scale model definition and experimental procedure

To evaluate the daylight illuminance levels and the spatial distribution of solar control films (SCFs)
applied in single-pane glass, in-situ measurements of indoor illuminances on a horizontal plane were carried
out in a small-scale model on the rooftop of DECivil building in Instituto Superior Técnico in Lisbon,
Portugal. Taking advantage of the modularity of the model, 5 different glazing systems were tested: a
single-pane clear glass, SG, with 6 mm, taken as the reference scenario, and 4 different solar control films
applied on the external surface of a 6 mm single-pane glass (designated as SG_SCF B, SG_SCF D,
SG_SCF F, and SG_SCF G). Tests were conducted with the glazing system oriented to South under:

e overcast sky conditions;

o clear sky conditions during the summer and winter solstice when the sun’s elevation angle is at
its highest and lowest, respectively, with respect to the annual solar dynamic behaviour in three
periods of the day 09h00, 12h00 and 15h00 (True Solar Time — TST).

The definition for both the overcast and clear sky days was considered as defined in ISO 15469:2004 for
CIE (Commission International de I'Eclairage) standard overcast and clear sky [72].

Figure 26 (a) and (b) show a photo and a 3D representation of the small-scale model used in this study,
respectively. The model was built with 30 cm high, 40 cm wide and 70 cm long (as interior measurements)
in compliance with the daylighting rule of thumb where the depth of the daylight area of an indoor
environment is between 1 to 2 times the size of the window-head-height [64] combined with the typical

geometrical representation of office rooms in buildings. The surfaces were constructed using medium
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density fiberboards (MDF) and, except for the floor, all surfaces have white melaminic finishing. During
the construction of the model, special attention was given to possible openings in the structure that could
allow the entrance of radiation other than from the fenestration system and therefore interfere with the
results. For this reason, silicone sealant was applied in some parts of the model as a precaution. In addition,
to enable a swift exchange between different glass substrates and minimize the time interval between
successive measurements, the model fenestration wall was designed to be completely filled with glass,
without any other parts that could make glass assembly difficult. For the tests, the model was placed over
a black plastic to decrease the influence of the solar reflection from the ground and to protect the materials

from the floor’s humidity.

Figure 26. 3D representation of the small-scale model: (a) position of the indoor Ixmeter sensors on horizontal plane
(12 points), (b) and position of the indoor and outdoor Ixmeter sensors on vertical plane
Illuminance values were measured with Ixmeter LI-COR LI200 sensors (+ 5% accuracy) over a grid of
12 points on a horizontal plane at 0.08 m (0.8 m at full scale) above the floor, corresponding to the common
height of the working plane (Figure 26a). In the small-scale model, a wooden ruler with 4 Ixmeter sensors

fixed on stoppers (Figure 25 and Figure 26b) was placed in three different positions (right, central and left)
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during the measurements. The right, central and left illuminance points were measured in different moments
in time, taking about 2 minutes to record all the 12 illuminance values on the horizontal plane for each glass
substrate. This timeline was tested on the rooftop in one pilot day previously to the first real measurement
during the summer solstice to test the facility and understand the logistics of the tasks involved. Details
regarding the timelines and steps of each measurement were registered and as a result, all the measurements
were established to start 20 minutes before and end about 20 minutes after the schedule time (09h00, 12h00
and 15h00, TST), with the following sequence being adopted: 1° SG_SCF B, 2° SG_SCF D, 3°SG_SCF F,
and 4° SG_SCF G, and 5° SG. Outdoor illuminance on horizontal planes were measured in one point in the
model’s exterior in each of the three periods of the day. Also, photos were captured inside the model for all

the 5 tested fenestration systems.

3.3 Glazing solutions

Table 3 shows the main thermal and optical properties of the analysed solutions. These properties were
obtained using Window and Optics tools [73] which allow to calculate spectral data of combined layers of
glass with applied films. While SCFs F and G are spectrally-selective films and can be identified by their
high visible transmittance (SCF B: zis= 16%; SCF D: is= 35%, SCF F: 7is= 66%; SCF G: is= 39%),
SCFs B and F are reflective films and show higher values of solar (front) reflectance (SCF B: psoi= 58%;

SCF D: ptsoi= 37%, SCF F: ptsoi= 27%, SCF G: ptsoi= 25%).

Table 3. Thermal and optical characteristics of 5 different glazing solutions: solar transmittance, zso1, solar (front),
prsol, and (back), po.sol, reflectance, absorptance, o, visible transmittance, s, visible (front), prvis, and (back), povis,

reflectance, thermal transmittance, U, and solar factor, g

Tsol P.sol Pb,sol a Tvis Pfvis Pbvis U [W/m?.K] g
SG 0.85 0.08 0.08 0.08 0.90 0.08 0.08 5.73 0.88
SG_SCFB 0.11 0.58 0.55 0.30 0.16 0.58 0.58 5.63 0.23
SG_SCF D 0.25 0.37 0.38 0.36 0.35 0.33 0.37 5.63 0.41
SG_SCFF 0.35 0.27 0.14 0.36 0.66 0.12 0.14 5.62 0.51
SG_SCF G 0.22 0.25 0.13 0.52 0.39 0.7 0.12 5.62 0.44

3.4 Results and discussion
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The daylight performance was evaluated through the absolute values of indoor illuminance on horizontal
plane considering 500 Ix as the recommended value for comfortable daylighting illumination for office
room activities (e.g. writing, typing, reading, data processing) according to EN 12464-1 of 2014 [74] and
considering the illuminance range values defined in the Useful Daylight Illuminance (UDI) metric [75].
The UDI metric considers that values below 100Ix are insufficient and can contribute to increase the energy
needs with artificial lighting, values between 100-300Ix require supplementary artificial lighting and values
above 3000Ix can cause thermal and/or visual discomfort and therefore values in these illuminance ranges
are not considered useful. On the contrary, values between 300-3000Ix are considered useful and desirable
for indoor environments. This section presents the experimental data of indoor illuminance on horizontal
plane collected under overcast and clear sky conditions. The 12 individual data points with experimental
measured illuminance values for each tested fenestration system were interpolated and extrapolated for
mapping the illuminance distribution along the entire horizontal working plane area. Accompanying each
graph, a digital photo taken before the measurements from the interior of the small-scale model with a
Canon EOS 600D camera, controlled remotely, is shown.

Table 4 shows the outdoor illuminance on horizontal plane, Eoy, registered at 09h00, 12h00 and 15h00

for the three measured days.

Table 4. Outdoor illuminance values [kiIx] on horizontal plane, Eout, measured at 09h00, 12h00 and 15h00, for clear
sky conditions and overcast sky conditions

Illuminance values [KkIx] 09h00 12h00 15h00
Clear sky
Summer solstice 72 104 116
Winter solstice 29 59 36

Overcast sky

Low direct and global radiation 24

3.4.1  Overcast sky conditions
In this section, the distribution of the illuminance levels at the work plan was evaluated through the
absolute values of daylighting and the Daylight Factor (DF). The experimental procedure was performed
during one day of February at 11h00 with predominance of overcast sky conditions where the average of
outdoor global and diffuse radiation on horizontal plane during the data collection period were 281W/m?

and 274W/m?, respectively, and the outdoor illuminance on horizontal plane was ~26kix (Table 4).
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e Solar and visible transmittance
Visible transmittance, t,,;,, is a fraction of the visible spectrum of daylight (380 to 720 nanometers) and
the optical property that allows characterizing the “attenuation” of daylighting due to the presence of a
glazing. The definition of this parameter through experimental methods uses illuminance measurements
during an overcast day according to the following equation:

_ EVL'nd
Tyis =

3.1
EVout ( )

where

Eyina: indoor illuminance on vertical plane, measured closer to the inner pane of the glass and with the
sensor facing the outdoor environment (vertical pyranometer attached to a vertical wood inside the small-
scale model in Figure 25);

Eyous: outdoor illuminance on vertical plane, measured closer to the outer pane of the glass and with the
sensor facing the outdoor environment (vertical pyranometer attached to a vertical wood outside the small-
scale model in Figure 25).

Figure 25 shows the results of the visible transmittance values for the five scenarios of the glazing

systems, from the higher to the lower value of visible transmittance.
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Figure 27. Visible transmittance values of the five glazing systems

The comparison between the transmittance values obtained from the Window and Optics tools (Table 3)
and the experimental measurements ((Figure 27) show that the later ones are lower than expected. Since
this difference is observed for all the scenarios, one reason could be that the substrate (single clear glazing
with 6 mm, SG) used in the experimental procedure, for all the glazing scenarios, has a lower visible
transmittance value than the observed for the same type of glass in the IGBD database of Window and
Optics tools. Another reason could be associated with the distance between the gazing substrate and the
sensor; due to the continuous replacement of the different substrates of this experiment and the sensor cable,
the sensor could not be placed precisely after the glass substrate.
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e Daylight Factor (DF) and Uniformity (Unif) on horizontal plane
Daylight availability can vary significantly throughout the days and seasons of the year, for both clear
and overcast skies. However, assessing and characterizing daylight availability in indoor spaces can be a
difficult task for overcast skies due to the high variability of daylighting associated with cloudy
unpredictability and variability. For this reason, the assessment of daylight availability is not quantified nor
evaluated by the absolute values of illuminance but rather by the proportion of the indoor and outdoor
illuminance values, as follows:

DF = EHind

(3.2)

EHout

where

DF: Daylight Factor;

Eying: indoor illuminance value on horizontal plane;

Eyoue: outdoor illuminance value on horizontal plane.

The uniformity, Unif, is also an important quality parameter for the evaluation of indoor daylight since it
quantifies the contrast in illuminance values and it is calculated as follows:

EHmin

Unif = (3.3)

EHaver

where
Unif: Uniformity;
Eymin: minimum indoor illuminance value on horizontal plane;

Eyaver: average illuminance value on horizontal plane.

The assessment of daylighting levels under overcast conditions is usually carried out with the primary
objective of quantifying the distribution of illuminances through the Daylight Factor (DF). The DF presents
a significant advantage over other concepts or methods for characterizing the daylight availability in indoor
environments under overcast sky conditions [76], since, in principle, it should not vary with the outdoor
conditions. As the outdoor daylight availability varies due to cloudy unpredictability, so thus the indoor
daylight availability, keeping the DF at constant values.

CIE recommends this method to analyze indoor daylighting conditions in buildings [76] under overcast

sky conditions. This type of sky is not representative of the average climatic conditions occurring in
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Portugal; however, it is useful for establishing minimum daylight conditions since it represents the
worst-case scenario in terms of daylight availability [76].

Figure 28 shows the DF and Unif values on horizontal plane at 0.8 m height (working plane) in a scale
ranging from 0 to 26 % under overcast sky for the 5 scenarios of the fenestration system: SG; SG_SCF B;
SG_SCF D; SG_SCF F, and SG_SCF G. Due to technical difficulties it was not possible to take digital
photos from the interior of the small-scale model in overcast sky conditions.

a) SG b) SG_SCF B ¢) SCF D d) SG_SCFF e) SG_SCF G Scale
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Figure 28. DF on horizontal plane under undercast sky conditions

3.4.2  Clear sky conditions

Figure 29 and Figure 30 show the digital photos and the indoor illuminance values on horizontal plane at
0.8 m height (working plane) in a scale ranging from 0 to >10 KkIx at 9h00, 12h00 and 15h00 under clear
sky conditions in both summer and winter solstices, respectively, for the 5 scenarios of the fenestration
system: SG; SG_SCF B; SG_SCF D; SG_SCF F, and SG_SCF G. The photos were taken from the interior
of the small-scale model with a Canon EOS 600D camera, controlled remotely.

During both summer and winter seasons, all SCFs significantly reduced the indoor illuminance values,
showing in the summer solstice lower illuminance values than those obtained in the winter solstice. This
can be explained by the higher summer sun angles and thus lower values of incident direct radiation on a
facade South oriented in the summer period when compared to the winter period [77]. This effect is also
noticed in the photos captured inside of the small-scale model (see photos of the SG in Figure 29 and Figure
30, as an example).

In the summer solstice, illuminance values on a horizontal plane for the glass with SCFs vary between
0-1000 Ix in a significant area of the horizontal working plane at 0.8 m, except for SG_SCF F, which is the

film with the higher value of the solar transmittance. While the SG and SG_SCF F showed values higher
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than 500-1000 Ix in almost all of the total area of the working plane, SCFs SG_SCF B, D and G showed
illuminance values between 500-1000 Ix in more than 50%, which results in a better visual performance by
preventing possible glare situations. The SG and SG_SCF B scenarios showed the highest and the lowest
range of illuminance values, varying between 0.33-10 klx and 0.34-2.11 KkIx, respectively, which results in
a higher and lower daylight availability asymmetry throughout the horizontal working plane. Analyzing the
experimental results in the summer solstice through the range values defined in the UDI metric, it is possible
to conclude that the reference scenario, SG, showed the highest area of illuminance values outside the useful
range (>3 kix), which indicates that this scenario shows a high risk of causing visual discomfort conditions
to perform any type of work activity. In the summer solstice, SG_SCF A and B showed a high area of the
working plane within the useful illuminance range value, however in the winter solstice almost all the
illuminance values are above the useful range. The most reflective film, SG_SCF C, showed values within
the useful range throughout the day in all the area of the working plane, except during the winter solstice
at 12h00. SG_SCF D showed medium values between the two spectrally selective SG_SCF A and B.

In the winter solstice, as expected, the illuminance values were higher for the SG since it is the fenestration
scenario with the highest solar factor, showing illuminance values higher than 500 Ix in all the horizontal
working plane area and above 10 KIx in 50% of the horizontal working plane area. The SG scenario’s results
indicate that visual discomfort through the influence of glare situations can occur, making this space
unpleasant or even impossible to work on it without the activation of complementary shading devices.
SG_SCF A, B and D also showed values well above the recommended values of 500 Ix to perform office
tasks while the reflective SG_SCF C showed illuminance values closer to those recommended during the
morning and afternoon periods. The results of the reference scenario, SG, showed illuminance values
outside the useful range in almost all the working plane area, which indicates that from 09h00 to 15h00 the
illuminance levels are so high that visual discomfort associated with glare is very likely to occur. Spectrally
selective SG_SCF A and B showed, during the morning and afternoon periods, small areas within the useful
range of illuminance values (0.3-3 kIx) in the working plane area. The reflective SG_SCF C and D exhibited
a higher area of the grid within the useful illuminance values, especially SG_SCF C with more than 50%
of the grid area within the useful values during the morning and afternoon periods. In fact, when compared
to the other films, SG_SCF C (zso= 11%, 7is= 16%) provides the highest decrease of the illuminance values
and thus is the most appropriate retrofitting scenario to prevent possible glare situations during both summer

and winter seasons.
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Figure 29. Photos and illuminance levels on horizontal plane in the summer solstice under clear sky conditions
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Figure 30. Photos and illuminance levels on a horizontal plane in the winter solstice under clear sky conditions
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3.5 Conclusion and perspectives

In this study, the indoor illuminance distribution on the horizontal working plane at 0.8 m was measured
under clear sky conditions in the summer and winter solstice using a small-scale model for 5 different
glazing systems. A single pane clear glass with 6 mm was tested and taken as the reference scenario.
Furthermore, four different solar control films, two spectrally selective and two reflective, were applied to
the external surface of a 6 mm single-pane clear glass and tested.

The results show that for single-pane glass systems, SCFs can significantly decrease the indoor daylight
illuminance levels likely to cause glare problems (> 3 klx), which is a relevant issue in locations with
predominant clear sky conditions. The application of SCF in glazing showed a greater performance in
summer, when compared with single glazing without SCF, not only in decreasing the illuminance levels
below the critical values (3 kix), but also in promoting a more extensive spatial distribution of acceptable
levels of daylight availability (0.3 — 3 kiIx). In winter, the performance of these films was not as noticeable
as in summer, due to the lower sun’s height and greater perpendicularity of the sun's rays to the glazing
surface.

The application of reflective SG_SCFs B and D and spectrally selective SG_SCF F and G on a 6 mm
single-pane glass decreased the illuminance indoor values throughout the working plane, which had a
positive effect in lessening possible glare situations due to the high illuminance levels, in both summer and
winter seasons.

The highly reflective film, SG_SCF C, which has the lowest solar and visible transmittance, was found
to be the best retrofitting scenario in providing illuminance values within the useful range (0.3 — 3 KkIx)
according to the UDI metric ranges in clear sky days. Therefore, this film has the highest potential to
increase the visual comfort conditions in office rooms with single pane clear glass oriented to South,
showing illuminance values closer to 0.5 Ix in a higher area of the working plane and preventing possible
glare situations when compared to the other films, during sunny days in both summer and winter seasons.
In fact, except SG_SCF C, for which the area with acceptable values of illuminance during the winter is
considerable, the other three SCFs lead to higher risk of glare occurrences in the whole room extension.
During the winter solstice when compared to the summer solstice under clear sky conditions, SG_SCF C
showed higher illuminance values across the working plane. On the one hand, this film decreased the
daylight availability reducing the risk of glare occurrences during both summer and winter seasons and, on

the other hand, as the results showed, it did not decrease the daylight values to a point where supplementary

55



Chapter 3 — Experimental analysis of daylight availability

artificial lighting is required for office work activities. Nevertheless, to overcome the problem with glare
occurrences, movable shading devices might be considered as a feasible complementary solution, especially
during the winter period under clear sky conditions.

This section focused the analysis on visual comfort and under clear sky conditions, which are typical of
Southern countries, where summer is the dominant season, and under overcast sky conditions, which can
be considered as the worst scenario for cloudy days. Window films when compared to shading solutions
decrease the solar and visible transmittance of glazing systems without compromise the view to the outside,
which, alongside the ease of maintenance (same as the glass without SCF) and flexibility in application, is
an advantage. As a possible drawback of the films studied, which may cause suspicion in the use of window
films, the less durability of this solution is pointed out when compared to traditional ones. Depending on
the type of application (on the internal or external side of the glass), the service life of these films can vary
between 6 and 12 years and thus require frequent replacements to maintain the same performance
throughout the building operation stage, which can be a disadvantage of SCFs when compared to shading
solutions. Other potential drawback is the decrease of the daylight availability and the heat gains during the
winter season, which can lead to higher energy demand with electric lighting and heating loads. Therefore,
although these films proved to be appropriate when the aim is to minimize the risk of visual discomfort, it
is recommended in the design to extend the analysis to overcast sky conditions and to thermal comfort,
even if these are not the prevailing climate conditions in European Southern countries such as Portugal.

The results of this study show that SCFs have a high influence in the indoor illuminance levels and
therefore the studies on visual comfort metrics and on thermal and energy efficiency indicators should not
be considered separately but instead in an integrated approach enabling to better understand the trade-offs
between the variation of solar and visible transmittance and the heat gain/losses coefficients derived from
the application of the film. Also, a combined approach between SCFs and other shading devices should be

considered to increase the visual comfort conditions when higher illuminance levels are registered.
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4. Performance of solar control films in single-glazed windows

This section examines the thermal and luminous performance of single-glazed windows of an existing
building without and with solar control films (SCFs) and a venetian blind for comparison purposes in actual
working conditions. An experimental campaign was carried out simultaneously in both cooling and heating
seasons in two similar office rooms, one with a SCF applied on the internal surface of the glass and the
other without any SCF. The experimental data was used to calibrate a simulation model in EnergyPlus and
assess the energy performance of several SCFs with different thermal and optical characteristics for
different orientations of the facade. A decision-making framework was applied to identify the potential use
of SFCs as retrofitting solutions for single-glazed windows based on energy performance criteria. The

investigation developed in this section give rise to the publication [25].

4.1 Methodology

Thermal, luminous and energy performance of the glazing system of two similar offices in Lisbon
(38°7'N, 9°1'W), one with a solar control film (SCF) — retrofitted office — and the other without — reference
office —, were investigated through combined experimental and modelling approaches. The methodology
showed in Figure 31 comprises the following steps:

a. experimental campaign carried out simultaneously in both offices during the cooling and heating
seasons and included temperature, illuminance, and irradiance measurements;

b. calibration of the reference office through a building energy simulation model using SketchUp and
EnergyPlus modelling software [78]. The model calibration was based on the use of the statistical indices
Mean Bias Error — MBE — and Coefficient of variation of the Root-Mean Square Error — Cyrmse —, Which
are found to adequately measure the level of approximation between numerical and experimental results
[79]-[81];

c. simulation of the reference office to assess the current conditions of the heating, cooling, and lighting
energy needs;

d. definition of the different configurations of the glazing system of the office using Window and Optics
tools [73] to calculate glazing system optical and thermal metrics: without SCFs and with different types

of SCFs (SG_SCFs A to G designed for application on the external side of the glass and SG_SCFs H to M
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designed for application on the internal side) and with a venetian blind (VB) for North (N), South (S), East
(E) and West (W) solar orientations;

e. using hourly weather data, annual energy use was estimated and analysed for different configurations
of the glazing system of the office. The energy performance of the case study was estimated and compared
for all solar control solutions — SCFs and venetian blind — and a decision-making framework was designed

to select a trade-off solution according to the defined objective.

Office room

Retrofitted office Reference office
Office A Office B
(original windows (original windows
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Figure 31. Methodology flowchart

4.2 Case study

Field experiments were carried out in two office rooms oriented East on the second floor of the DECivil
building in Instituto Superior Técnico of Lisbon, Portugal (Figure 32a). The building, located in the city
center, has a rectangular shape with four floors above ground: both the ground and the first floor consist
essentially of classrooms and the second and third floors of office rooms. The facades have large areas
(Figure 32b) of single clear glazed windows with 6 mm thickness and thermo-lacquered aluminium frames
without thermal break.

By aiming to rehabilitate the glazing system via the decrease of the solar gains through the windows

without compromising daylighting, the unit responsible for the building maintenance decided to make a
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pilot test in one office by installing a spectrally selective SCF on the glazing — office |1 — and observe the
corresponding impact on comfort, namely during the summer season. The applied SCF is a commercial
metal-free film with an almost clear colour and 38 p thickness. In view of making the installation easier
and cheaper, the film was applied on the internal side of the glass, although a later analysis of the technical
sheet of the film recommended its application by the external side.

In this study the impact of this SCF under the actual installation conditions was assessed by confronting
the experimental results obtained in the retrofitted office with those collected in the reference office — taken
as basis for comparison — with the original glazing. The analysis of the same film but under the
recommended installation conditions — application on the external side of the glass —, together with similar
analyses of other films, is made through dynamic simulation of a calibrated model of the same typical
office, allowing for comparative assessments and providing insight into the potential of thermal, luminous
and energy improvement of SCFs as a retrofitting measure.

The offices | and 11, where the experimental campaign took place, have a total area of 13.5 m? and 3.15 m
height and a window area of 3.5x2.1 m? (Figure 32c). The facade oriented to the East is the only surface in
contact with the outdoor environment and is exposed to direct solar radiation during the morning period.
The office rooms have the same opaque and transparent components and the same configuration of the
walls, ceiling, and floor.

Table 5 shows the main characteristics of the glazing system with and without SCF (office rooms | and
11, respectively) and Figure 33 the full spectrum graphics for the Solar Control Film (SCF), the glazing

system with and without SCF.

Figure 32. Case study: (a) location of the building in the Faculty Campus; (b) East oriented fagade and; (c) office

rooms
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Table 5. Thermal and optical characteristics of the glazing system of office | and Il: visible transmittance, zis, Vvisible
(front) reflectance, pryis, Visible (back) reflectance, po.is, Solar transmittance, zso, solar (front) reflectance, pssoi, solar

(back) reflectance, pb.sol, absorptance, o, thermal transmittance, U, (W/m?2.K), solar factor, g

Tvis Pf.vis Pb,vis Tsol Pf.sol Pb,sol o U g
Office | (w/ SCF) 0.66 0.12 0.14 0.35 0.27 0.14 0.36 5.80 0.46
Office Il (w/o SCF) 0.89 0.08 0.08 0.77 0.07 0.07 0.16 5.91 0.82

a) Solar control film (SCF) b) Office A —with SCF c) Office B — without SCF
1.0 1.0 10
0.9 0.9 0.9
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Figure 33. Transmittance and (front) reflectance of: a) solar control film (SCF), b) SCF in the internal side of the
glass and, c) glass without SCF

Both offices have an internal venetian blind (VB) with vertical cream-coloured slats with 10 cm width,
8 cm distance between slats, 0.25 cm thickness and material conductivity of 0.2 W/m.K. During the data
collection period, the VB was kept at the same position in both offices and outdoor obstacles, such as trees
and overhangs, were flagged for further use in the modelling study. Internal gains were considered the same
for the two offices due to the similarities in the schedules and characteristics of occupancy, electric
equipment and lights. The HVAC system of both offices is a multi-split unit with COP= 3.0 and EER= 3.4.
To simplify the modelling in the simulation study, the HVAC system was assumed to start operating when
the indoor temperature is out of the thermal comfort range according to the Portuguese Regulation of the

Energy Performance of Buildings (18°C to 25°C) [82].

4.3 Experimental set-up

The experimental campaign took place from 241" to 30" of November (heating season — winter) and from

25M to 31%t of July (cooling season — summer). The following parameters were measured: i) indoor and
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outdoor temperature; ii) internal and external glass surface temperatures; iii) indoor and outdoor
illuminance and irradiance on vertical plane and; iv) global solar radiation on horizontal plane. The internal
(and external) glass surface temperatures were measured by securing thermocouples to the glass surfaces
using overlapping layers of transparent tape to ensure the isolation from the indoor (and outdoor)
environment. Field measurements are illustrated in Figure 34 and the main information about the equipment
used can be found in Table 6. All measuring devices or sensors were connected to two data acquisition
systems (one in each office room), data logger Campbell CR10X and DeltaT DL2 that recorded the data in

ten minutes averages from one-minute records.

Pyranometer

@
. Lxmeter
®

Thermocouple on air

[

Thermocouple on surface

Figure 34. Layout of the instrumentation of a typical office room

Table 6. Equipment and measurements used in the experimental campaign

Equipment Parameter Model Number  Precision Name Location
Tsi, Tee Internal and external surface of

+0.2°C at the glass
Thermocouple Temperature Type-T 7 100°C T, Tux  Indoor and outdoor

environments

LI-COR East fagade’s plane

|
0, out,vert
LI210R 2 3% louthor Roof
0,
Pyranometer glj()ig?ilon Kipp & Zonen 2 ?fofcf:gm I Side of the desk (15 cm away
CMP3 ert from the window)
40°C
Eivert Side of the desk (15 cm away
Lxmeter Illuminance LI-COR LI200 3 +5% from the window)

Eouver  East facade’s plane

4.4 Simulation modelling

To evaluate the thermal and energy performance of different SCFs for several solar orientations, a
building energy simulation model was performed in EnergyPlus software and calibrated by using the
experimental data of the indoor temperature of the reference office. Due to very limited information
available on SCFs, this study tested various SCFs with different thermal and optical characteristics to assess

their performance and different applications on the glass substrate (internal and external application).
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Table 7 lists different SCFs applied on a 6 mm clear glass (the same glass of the reference office) either
on the external or the internal side and correspondent thermal and optical properties, in a descending order
of solar (front) reflectance, prsoi. These properties were determined using Window and Optics tools [73],
which are computer programs designed to deal with glass and glazing systems. For comparison purposes,
the internal venetian blind existing in the offices was also implemented in the simulation model and its
energy performance assessed considering full activation (whole window area covered by the device) and a
constant 10° angle between slats. It is important to notice that SCFs I (U = 3.3 W/m2.K) and L (U = 3.5
W/m2.K) are the only films that decrease significantly the thermal transmittance, which is a result of their

low-emissivity properties.

Table 7. Thermal and optical characteristics of a 6 mm glass, SG, with solar control films (SCFs) applied on the
external and internal side, arranged in a descending order of solar (front) reflectance: solar (front) reflectance, ps.sol,
solar transmittance, zso, Visible transmittance, wis, absorptance, «, emissivity, ¢, thermal transmittance, U [W/m?.K],

solar factor, g, and light-to-solar gain ratio, LSG

Pt.sol Tsol Tvis a £ U [W/m?.K] g LSG?

External application

SG_SCF A 0.64 0.10 0.15 0.26 0.87 5.64 0.20 0.75
SG_SCF B 0.59 0.10 0.16 0.31 0.70 5.64 0.23 0.70
SG_SCFC 0.50 0.17 0.26 0.33 0.87 5.64 0.30 0.87
SG_SCFD 0.37 0.23 0.34 0.40 0.84 5.64 0.39 0.87
SG_SCFE 0.34 0.29 0.43 0.37 0.76 5.63 0.44 0.98
SG_SCFF*Y 0.27 0.33 0.65 0.40 0.87 5.63 0.50 1.30
SG_SCF G 0.25 0.21 0.38 0.54 0.87 5.63 0.43 0.88
Internal application

SG_SCFH 0.53 0.14 0.18 0.33 0.71 5.30 0.21 0.86
SG_SCF I 0.46 0.22 0.34 0.32 0.04 3.30 0.26 131
SG_SCF 1 0.27 0.36 0.47 0.37 0.79 5.50 0.45 1.04
SG_SCFK 0.26 0.21 0.23 0.53 0.90 5.80 0.33 0.70
SG_SCF L 0.19 0.47 0.70 0.34 0.10 3.50 0.52 1.35
SG_SCFM 0.16 0.36 0.39 0.48 0.93 5.80 0.46 0.85
Slats of the VB 0.75 0.10 0.50 0.15 0.90 - 0.45-0.56 1.00

1 corresponds to the spectrally selective film applied in office I under the recommended installation conditions — application on the
external side of the glass

2LSG = wislg

To assess the accuracy of the calibration model two commonly used statistical indices are employed [79]-
[81]: the Mean Bias Error, MBE, which measures how close the simulation values are from the experimental
values, and the Coefficient of variation of the Root-Mean Square Error, Cyrmse, Which is a normalized
measure that determines how well the simulation values fit the experimental ones considering both positive
and negative differences. Lower values of Cyrmse indicate a lower dispersion between simulation and

experimental data. MBE and C, rmse, Written as percentage errors, were calculated through equations (4) to

0.
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_ Z?=1(X5im,i _Xexp,i)

MBE, (%) = - X 100% (4.1)

i=1(Xexp,i)

RMSE,,
Cyruse (%) = e % 100% (4.2)
exp

RMSEn _ \/Z?zl(Xsim,ril_Xexp,i)z (4_3)

n .
Xexp — Zl=1(X€xp,l) (44)

n
where X ; and X,,,,; are the simulated and the experimental data for the i period, respectively, X,,,, is

the experimental mean value and n the number of input data.

4.5 Experimental results

In this section, two comparable days for each summer and winter measuring periods are analysed in detail
regarding the thermal, energy and luminous performance. These days were selected in periods without
occupancy in both offices and no HVAC operation during both summer (DwC-S, 27™ and 28" of July) and
winter (DWC-W, 24™ and 30™ of November) seasons to minimize the influence of the different occupant

behaviour in the results.

Table 8 presents the average and maximum outdoor temperature for the sun-hours period and the incident

global solar radiation on vertical plane for those selected days.

Table 8. Average and maximum outdoor temperature (Tout and Toutmax), and incident global solar radiation on vertical

plane (loutvert and loutvertmax), for summer (DwC-S) and winter (DwC-W) representative days for the sun-hours period

Tout [OC] Toutmax [OC] loutvert [\N/mz] lout,vert,max [W/ITIZ]
DwC-S (271/28% of July) 22.66/22.00 34.12/26.10 192/112 577/317
DwWC-W (24"/30™ of Nov) 11.21/10.63 13.90/12.89 164/148 553/550

45.1  Indoor and surface temperatures
Figure 35 shows the indoor, outdoor, and internal and external glazing surface temperatures, along with
the incident solar radiation on vertical plane in the selected summer and winter days. It can be observed
that the indoor temperature has the highest increase during the morning period, between 06h00 and 12h00,

evidencing the strong influence of the direct solar radiation on the indoor environment of the offices.
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Figure 35. Indoor, Ti, and outdoor, Tout, temperatures, internal, Tsi, and external, Tse, surface temperatures, and global
solar radiation on vertical plane, loutvert, in office | (w/ SCF) and office Il (w/o SCF) for: a) DwC-S and; b) DwC-W
By comparing the daily values of the indoor temperature of office | (w/ SCF) with office Il (w/o SCF),
an average daily (and peak) reduction during working hours (from 9h00 to 18h00) in office | of 0.92°C (and
2.03°C) and 0.47°C (and 0.76°C) is observed on the 27" and 28" of July and of 1.06°C (and 1.94°C) and

2.31°C (and 2.57°C) on the 24" and 30™ of November, respectively. It is interesting to note that the level
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of irradiance in the two winter days is almost similar to that of summer day July 27" (Table 8) but induces
a higher temperature reduction between offices | and II. This may be due to the lower winter sun angles
and corresponding higher glass solar transmittances, which highlights the effect of the SCF in office I [77],
[83], [84].

Regarding the surface temperatures, when the offices are directly exposed to solar radiation, the internal
surface temperature of the glass is higher in office | (w/ SCF) than in office Il (w/o SCF), reaching peak
values in office | of 44.8°C and 34.6°C in the two summer days respectively, and 23.1°C in both winter
days. The external surface temperature of the glass in office | (w/ SCF) is also higher than in office 1l (w/o
SCF) when the offices are exposed to direct solar radiation, reaching peak values in office | of 43.4°C and
34.9°C in the summer days, and in office Il of 20.9°C and 15.5°C in the winter days. The higher surface
temperatures of the glass with SCF (office 1) are due to the increase of the absorption coefficient with the
application of the film (o= 0.36 and «y; = 0.16). Moreover, when the offices are not directly exposed to
solar radiation, the surface temperatures of the glass in both offices approximate each other and the outdoor
temperature (Tsii = Tseq and Tsin = Tse)-

Regarding the performance of the applied SCF (office 1), the results did not meet the expectations since
the reduction in indoor temperature of the office was low (less than 1°C on average on a daily sun-hours
basis during the summer days) when compared to office Il (w/o SCF). This can be explained by the low
reflective coefficient of the glass w/ SCF (Table 5) and by the fact that the film was applied to the wrong
side of the glass. In fact, the correct application of the SCF in office Il should be on the external surface of
the glass and not on the internal surface as it was done. As a consequence of the incorrect application of the
film in the glazing, the absorptance and (front) reflectance coefficients are operating to the indoor
environment, which may contribute to increasing the indoor and internal glass surface temperatures. Also,
the fact that the internal partition/wall between the offices in not adiabatic may increase the heat exchanges

between the office areas and lessen the difference in indoor temperature.

45.2  Indoor vertical irradiance and illuminance
Figure 36 and Figure 37 show the indoor and outdoor irradiance and illuminance on vertical plane,
respectively, in both offices | and I1.
During insolation hours, the indoor irradiance (l;) and illuminance (E;) on vertical plane are higher in

office 1l (w/o SCF) than in office | (w/ SCF) for the summer and winter days.
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The use of the SCF produced an average daily reduction in indoor irradiance on vertical plane of 48-55%
on the 27" and 28" of July and 49-50% on the 24" and 30" of November. These results are in accordance
with the lower values of the solar factor of the glazing system with SCF (Table 5). As expected, the use of
SCF decreases the solar gains through windows, which in general has a positive effect in summer, in terms
of thermal comfort and energy savings, but a negative one in winter, where solar gains are welcome for
naturally increasing the indoor temperature. Regarding the illuminance levels, the average daily reduction
in indoor illuminance on vertical plane due to SCF use in office I, compared with office Il, was 14-15% on
the 27" and 28" of July and 49-50% on the 24" and 30" of November. It is possible to note that the daily
reduction in indoor illuminance on vertical plane was higher in the winter than in the summer days.
Moreover, an analysis using the UDI concept (Useful Daylight llluminance) [75] was performed (Table 9).
Daylight illuminance values below 100 Ix can contribute to increasing energy consumption with artificial
lighting and above 3000 Ix can induce thermal and/or visual discomfort and lead occupants to activate

shading devices.

Table 9. Useful daylight illuminance for office I and 11 during summer and winter periods

Useful daylight illuminance (%)

UDlI<100 UDI100-3000 UDI>3000
Office I (w/ SCF) 6.5 323 61.3
_ th th
DWC-S (27%/28™ of July) Office Il (w/o SCF) 6.5 29.0 64.5
Office | (w/ SCF) 15.4 61.5 23.1
_ th th
DWC-W (247/30™ of Nov) Office Il (w/o SCF) 15.4 34.6 50.0

It is possible to conclude that the UDI100-3000 increases with the use of SCF in the glazing system by 3.2%
and 26.9% for the summer and winter periods, respectively, and the UDI .o is the same in both offices for
both the winter and summer periods.

The ratio of the measured indoor, E;, and outdoor, Eoy, illuminance on vertical plane allows to estimate
the visible transmittance of the glass which, according to the measured data is 0.71 and 0.82 for offices |
and 11, respectively, in the summer days and 0.65 and 0.89 for offices I and II, respectively, in the winter
days. By comparing these results with those of the simulation programs Window and Optics (tvis,= 0.66
and 1vis1= 0.89, Table 5) it is possible to conclude that the experimental and simulation results are closer to
each other during the winter days, which is a consequence of the lower sun angles in the winter days being
closer to a normal incidence (optical properties of the glazing in the simulation programs are calculated at

normal solar incidence), when compared to the summer days.
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Figure 37. Indoor illuminance on vertical plane in office I, Ei,, office Il, Ein, and outdoor illuminance on vertical

plane, Eout

4.6 Simulation results

4.6.1  Model calibration
The data collected in the experimental campaign, the indoor temperature and the climate data (outdoor
temperature and global solar radiation on horizontal plane), was used to calibrate a computational model of
the reference office built into the EnergyPlus building simulation program. The model calibration is
important to minimize the difference between predicted simulated and measured experimental values and
was performed for indoor temperature during one week of the cooling (25" to 31% of July) and of the heating

(24™ to 30™ of November) seasons.

67



Chapter 4 — Performance of solar control films in single glazed windows

Figure 38 shows the experimental and simulated values of indoor temperature along with the outdoor
temperature and incident global solar radiation on horizontal plane. Table 10 presents, by its turn, the error

values for the heating and cooling periods calculated through equations (4.1) to (4.4).

a) cooling period b) heating period
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Figure 38. Computed and experimental indoor temperatures along with outdoor temperature and solar radiation on

horizontal plane from: a) 25 to 31%t of July (cooling period) and; b) 24™ to 30" of November (heating period)

Table 10. Threshold limits and indices of the manual hourly calibration of the reference office

Reference office calibration Maximum values

Cooling period Heating period [79] [80] [81]
MBE -0.86 1.18 +10 5 +10
Cv.ruse (%) 6.10 6.22 30 20 30

It can be observed from Figure 38 that, although the experimental and the simulated values present some
differences, the general trend is apprehended by the simulated model for both cooling and heating periods.
It is worth highlighting that in the cooling period the difference between experimental and simulated values,
Tiexp @nd Tisim, iS higher during non-working hours on workdays. This means that the outputs obtained by
the simulation model during working hours (from 9h00 to 18h00) have a lower error value associated in
the cooling period. As referred to before, the modelling error was evaluated by two statistic indices, the
Coefficient of variation of the Root-Mean Square Error (Cyrmse) and the Mean Bias Error (MBE). To

validate the calibration, both indices were compared with threshold limits given by the Standard/Protocol
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presented in Table 10 [79]-[81]. As it can be observed in Table 10, MBE and C, rmse indices calculated for
the reference office are both much lower than the threshold limits admitted in the literature for model
calibration. Therefore, the simulation model can be considered sufficiently accurate to reproduce the
thermal and energy performance of the reference office of the case study and thus appropriate to perform
simulations for different scenarios, such as glazing systems with different types of solar control films, as

described in the following section.

4.6.2  Impact of SCF

In order to assess the impact of several solar control films (SCFs), seven different SCFs with application
on the external side of the glass (SCFs A to G) and six with application on the internal side of the glass
(SCFs H to M) were selected and the respective performance evaluated by computational simulation using
the EnergyPlus office model calibrated as described in section 6.6.1. The optical and thermal characteristics
of the glazing system with these SCFs were calculated through Window and Optics programs (Table 7) and
then used to define different transparent materials in EnergyPlus. The SCF selected for the simulation study
also included the film existing in office | and simulations were performed for the internal and external
surface positioning on the glass. The first case corresponds to the actual case study of incorrect application,
with solar and optical characteristics given in Table 1 and identified in simulations as case F-. The second
case corresponds to the application on the correct side of the glass and is assigned with the reference symbol
F+ in Table 3. Moreover, the existing venetian blind in the reference office was also modelled in
EnergyPlus (Table 7) for comparison purposes.

In a first stage, some simulations were carried out without HVAC system in EnergyPlus to infer the
influence of SCFs and the existing venetian blind on the thermal behaviour of the office and to assess the
indoor thermal comfort conditions. With this purpose, the indoor temperature was simulated and analysed
for two days, the coldest and the warmest day of the year using synthetic data of weather conditions based
on thirty years of meteorological data (weather file) for Lisbon, Portugal. The coldest day was registered
on the 31 of January with an average outdoor temperature during working hours (from 9h00 to 18h00) of
8.74°C and global solar radiation on horizontal plane of 245W/m?. The warmest day was registered on the
29" of August with an average outdoor temperature during working hours of 32.41°C and global solar
radiation on horizontal plane of 426W/m?2. Figure 39 presents the global solar radiation on the fagades’
plane, louvert, indoor temperature of the office for the warmest and coldest days of the year for 5 different

scenarios of the glazing system: without SCF (Glass), with the original SCF applied on the wrong side of
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the glass (SCF F-), with the same film but applied on the correct side (SCF F+), with the SCF with the

highest solar (front) reflectance coefficient (SCF A) and with the venetian blind (VB).
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Figure 39. Global solar radiation on the facades’ plane, loutvert, indoor temperature of the office for the glazing system
without SCF (Glass), with SCF F- (wrong side of the glass), with SCF F+ (correct side of the glass), with SCF A
(highest solar front reflectance coefficient) and with VB (venetian blind), for: a) warmest day and; b) coldest day
In the warmest day of the year: i) for all the cases analysed in Figure 39a, the indoor temperature during

working hours is above 25°C, which is the summer reference comfort temperature for Portugal according

to Portuguese legislation [82]; ii) SCF F-, SCF F+, SCF A and the VB reduced the peak indoor temperature
of the office at 9h30, when compared with the case without SCF (Glass) in 3.0°C, 4.8°C, 8.9°C and 6.5°C,
respectively; iii) SCF F-, SCF F+, SCF A and the VB reduced the daily average indoor temperature in the
office, when compared with the case without SCF (Glass) in 2.2°C, 2.8°C, 4.1°C and 2.9°C, respectively;

iv) in the warmest day of the year, SCF A presents the highest thermal performance when compared to the

cases analysed in Figure 39a for this summer day, which can be explained by the low value of solar

transmittance and high value of solar (front) reflectance when compared to the other SCFs and the VB

(Table 7).

In the coldest day of the year: i) for all the cases analysed in Figure 39b, the indoor temperature during
working hours is below 18°C except for the case of the office without SCF (Glass) from 10h00 to 12h00,

which is the winter reference comfort temperature for Portugal according to Portuguese legislation [82]; ii)

SCF F-, SCF F+, SCF A and the VB reduced the peak indoor temperature in the office at 10h40, when
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compared to the case without SCF (Glass) in 3.4°C, 4.4°C, 7.8°C and 5.0°C, respectively; iii) SCF F-, SCF
F+, SCF A and the VB reduced the daily average indoor temperature in the office, when compared with the
case without SCF (Glass) in 1.7°C, 2.1°C, 3.3°C and 2.1°C, respectively; iv) in the coldest day of the year,
the office without SCF had the best thermal performance when compared to the cases analysed in Figure
39b, as expected, since a solution of the glass without SCFs or the VB presents the highest solar
transmittance.

It should be noted that the application of SCFs F+ and A showed a higher reduction of the peak indoor
temperature in the warmest day than in the coldest day of the year. Although these films did not provide
indoor temperatures within the reference comfort temperature range of 18-25°C during working hours, the
decrease in the peak indoor temperature in the hottest day of the year suggests that these films may have an
important contribution in reducing the cooling energy needs and thus improving the energy efficiency of
the office during the summer season.

To enhance the knowledge of the thermal comfort conditions provided by the application of SCFs and
use of a venetian blind the number of working hours in a year for every temperature for the office without
SCF (Glass) with SCFs F-, F+ and A and the venetian blind VB were determined, as illustrated in Figure
40.
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Figure 40. Number of working hours (from 9h00 to 18h00) in a year (%) for: Office w/o SCF (Glass), with SCF F-
(wrong side of the glass), with SCF F+ (correct side of the glass), with the SCF with the highest solar (front)
reflectance coefficient (SCF A), and with the venetian blind (VB)

As it can be observed in Figure 40, the current glazing system of the typical office room (Glass) located

in DECivil building in Instituto Superior Técnico do not provide thermal comfort for occupants, showing
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more than 50% of the working hours of the year above 25°C and 19% below 18°C, and 25% within the
thermal comfort temperature.

It is also found that the use of SCF F- applied in the glazing of the office presents an improvement of the
indoor thermal comfort conditions for the summer season, but not as high as the SCF F+, which represents
the situation of the glazing with the same SCF but applied on the correct (outer) side of the glass. These
results show that an incorrect application of the film can compromise the thermal performance of the office
since the (front) reflectance coefficient is working towards the indoor environment and the absorptance
coefficient is increasing the indoor temperature as the internal surface temperature of the film grows.

The venetian blind (VB) and SCF F+ presented similar values of the number of working hours within the
thermal comfort zone. Optical properties of the VB are dependent on solar incident angles, slat’s material
optical and thermal properties (Table 7) and slate’s angle. With the use of a VB in the glazing, part of the
solar radiation passes through the window without hitting the slats and the other part passes indirectly
through reflections between slats and transmissions through the slats [85]. The results indicate that the
existing VB in the office of the case study, with a constant 10° angle between slats and with the thermal
and optical characteristics of the material indicated in Table 7, provide an annual indoor temperature closer
to the SCF F+ case than to the SCF A one (Figure 40).

SCF A improved the thermal comfort of the office during the summer season, presenting the highest
decrease of the discomfort hours above 25°C from 50% (office without SCF) to 15%, when compared to
the other analysed solutions. Although this film did not improve substantially (12%) the percentage of hours
throughout a year within the thermal comfort zone (from 25% in the office without SCF to 37% with SCF
A), it improved considerably the number of hours above 25°C, resulting in a more comfortable and energy
efficient environment in the summer season.

In a second stage, simulations with HVAC system were conducted to analyse the impact on the energy
performance of the different types of SCFs and the venetian blind listed in Table 7 for different fagade solar
orientations (North, N, East, E, South, S, and West, W). The simulation model was calibrated using
EnergyPlus program (Figure 38 and Table 10) to analyse the energy performance of the office. SCFs with
application on the external side (SCFs A to G) and on the internal side (SCFs H to M) of the glass were
studied. Simulations without SCF (Glass) and with the venetian blind (VB) were also carried out for
comparison purposes. The energy use for cooling, heating, and lighting is presented in Figure 41 and Figure

42, respectively, for external and internal application SCFs, respectively.
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Figure 41. Annual energy use for different configurations of the glazing system: without any solar control solution

(Glass) with a venetian blind (VB) and with SCFs on the external surface of the glass (A to G)
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Figure 42. Annual energy use for different configurations of the glazing system: without any solar control solution
(Glass) with a venetian blind (VB) and with SCFs on the internal surface of the glass (H to M)

The results show that all SCFs reduced the cooling and annual energy use when compared to the solution
of single clear glass for all solar orientations. As expected, the cooling energy use shows the dominant share
of the total energy use of the building of the case study due to Lisbon’s Mediterranean climate
characteristics (dry and hot summers and mild to cool wet winters, according to the Képpen-Geiger climate
classification).

SCF A with external application (Figure 41) and SCF H with internal application (Figure 42) show the
highest reduction in the cooling energy use for all solar orientations, varying between 74-86% and 69-82%,

respectively, when compared to the other solutions. However, an increase in the heating and lighting energy
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use is noticed when compared to the case of single clear glass (Glass), which is due to the lower solar and
visible transmittance coefficients of the glazing with those two SCFs.

On the other hand, SCF F+ with external application (Figure 41) and SCF L with internal application
(Figure 42) show the lowest reduction of the cooling energy use, varying between 52-63% and 25-39% for
SCFs F+ and L, respectively. Also, these films present the lowest increase in the heating and lighting energy
use. Figure 43 presents the annual energy use savings (%) associated with the different SCFs (A to M) and
the venetian blind (VB) when compared to the situation of the office without solar control solutions for

different solar orientations, North, East, South and West.

Energy savings [%0]

.10 | VB A B C D E F+ G H | J K L M

North
East
South

-60 West

Figure 43. Energy use savings of the office with the venetian blind (VB), with external (A to G) and internal (H to M)
solar control films

As it can be seen in Figure 43, when the facade is South oriented a significant reduction of the total energy
use between 37-68% is found with the use of the venetian blind (VB) and with SCFs A to M. The offices
oriented West and East have similar reductions in the energy use with VB and SCFs H to M with internal
application, which vary between 24-47%. For the North oriented facade, almost half of the films (SCFs A,
B, C, H, I and J) increase the energy use between (9-52%) and therefore are not recommended for thermal
and energy retrofitting of single glazing systems with North solar orientation.

SCF C has one of the highest performances in reducing the energy use for East (savings of 42%), West
(savings of 37%), and South (savings of 68%) solar orientations. This can be explained by the low solar
transmittance (zso= 0.17) and high solar (front) reflectance (prsoi= 0.50) coefficients of this film, which
reduces the cooling energy use in the summer season, and by its medium light-to-solar gain ratio (LSG=

0.87), which reduces the lighting energy use, especially during the winter season.
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From the obtained results, Table 11 shows for the SCFs presented in Table 7 a decision-making
framework based on different performance criteria, cooling (C), heating (H), lighting (L) and combinations
deriving therefrom (C+H, C+L, H+L and C+H+L) for all fagade orientations (N+E+S+W). The
corresponding solar transmittance, (front) reflectance and absorption coefficients of the glazing system with

SCFs A to M, SCF K- and without SCF (Glass) are presented in Figure 44.

Table 11. Decision-making framework based on energy performance criteria for different solar orientations

Orientation
Performance criteria
North (N) East (E) South (S) West (W) N+E+S+W

Cooling (C) A A A A A
Heating (H) L L L L L
Lighting (L) L L L L L
C+H A A A A A
C+L F C C J C
H+L L L L L L
C+H+L F C C J D
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Figure 44. Optical properties of SCFs A to M, SCF K-, and without SCF, Glass

From Table 11 it is possible to conclude that SCFs A have the best energy performance for cooling, and
L for heating and lighting performance criteria, for all solar orientations and for the combination
N+E+S+W. This is due to the fact that SCF A has the highest solar (front) reflectance coefficient (pfso=

0.64) and SCF L the highest visible transmittance and light-to-solar gain ratio (zis= 0.70, LSG= 1.35), as
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described in Table 7. It is important to notice that the SCFs with applications on the external surface of the
glass had a better performance in reducing the energy needs when the analysis takes into account the cooling
performance criteria for almost all solar orientations.

For the C+H combination, SCF A has the best energy performance for all solar orientations. In this
combination, the reduction in the cooling energy use (C) has a higher influence since the HVAC efficiency
is lower for the cooling (COP= 3.0) than for the heating (EER= 3.4) energy supply and the cooling demand
of the office is much higher than the heating demand, especially for South, East and West orientations.
Therefore, the most energy efficient SCF for the cooling performance criterion (C) was expected to be the
same for the C+H combination in orientations with high solar gains, such as, East, South, and West
directions and in this study in was also the best solution for the North orientation.

For the C+L combination, all solar orientations show a different type of SCF that minimizes the energy
use of the office. This may be related to the fact that SCFs with higher performance for the cooling energy
use are associated with higher values of the solar (front) reflectance coefficient and, consequently, lower
values of the visible transmittance, which increase the lighting energy use.

For the H+L combination, SCF L has the best energy performance for all solar orientations. This film has
the highest solar transmittance (zso= 0.47) and the highest solar factor (g= 0.52), resulting in a decrease of
the heating energy use. Also, this film has the highest visible transmittance (zis= 0.70), which leads to a
decrease of the lighting energy use in both heating and cooling seasons.

For the C+H+L combination, SCF F has the best energy performance for North solar orientation
(orientation with lower annual irradiation values) which can be explained by the higher values of solar
factor (g= 0.5) and visible transmittance (zso= 0.65) when compared to the other SCFs. SCF C shows the
best performance for East and South solar orientations due to the high value of solar (front) reflectance
(pr.so= 0.50) and lower values of solar factor (g=0.30) and visible transmittance (zsoi= 0.26), decreasing the
solar gains and the total energy needs with cooling, heating, and lighting. Even though SCF J showed the
best energy performance for West solar orientation, SCFs C to G with external application on the glass
surface (prsol and zvis Varying between 0.25-0.50 and 0.26-0.65, respectively) showed similar performances.

Finally, it is worth referring that the last column of Table 11 shows the SCF with the lowest energy use
for each performance criteria considering all solar orientations at the same time. This is particularly
important when the uniformization of the visual aspect of fagades of the building is a requirement. SCF D

has a low solar transmittance (zso= 0.23) and medium values of visible transmittance (zis= 0.34) and solar
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(front) reflectance (prs0= 0.37), when compared to the other SCFs. This balanced combination of properties
results in a combined reduction of the three performance criteria — cooling (C), heating (H) and lighting (L)

—which explains the lower value of the annual energy use.

4.7 Conclusions and perspectives

In this section, an experimental campaign and a simulation study concerning an existing building were
described and analysed to evaluate the thermal, luminous and energy performance of offices with
single-glazed windows for different scenarios of the glazing system: without solar control solutions (only
glass) and with solar control films (glass with SCFs) applied either to the internal or the external glass
surface. From the experimental campaign, carried out simultaneously on two similar offices, one with the
SCF applied to the internal surface of the glass (retrofitted office A) and the other without any film
(reference office B), the following main conclusions can be drawn for representative selected days (offices
not climate controlled) of the summer and winter periods:

e when compared to the single clear glass alone (office B), the glass with the SCF (office A) reduced
the average indoor temperature during working hours (from 9h00 to 18h00) both in the winter and
summer days, with the maximum percent reduction in the summer days (14.7%) being
approximately the double of the winter days (7.1%);

e  during working hours (from 9h00 to 18h00), the percent reduction achieved with the installed solar
control film in the indoor irradiance on vertical plane was approximately the same in the summer
(48-55%) and winter (49-50%) days, whereas in the indoor illuminance on vertical plane a lower
difference was noticed, 14-15% and 49-50% in the summer and winter days, respectively.

From the computational study, conducted through a calibrated model of the typical office, the following
main conclusion can be drawn for the energy performance associated with the different SCFs tested:

e all SCFs increased the heating and lighting energy use but reduced the cooling energy use of the
typical office for East, South and West solar orientations;

e SCFs with low solar transmittance and high solar (front) reflectance, such as SCFs A and H,
induced higher reductions of the cooling energy use and higher increases of the heating and

lighting energy use;
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SCFs with high solar (front) reflectance and low solar and visible transmittance, as are SCFs B
and I, led to the best energy performance for the criterion accounting for the cooling, heating, and
lighting energy use for all solar orientations (N, E, S and W);

when an uniformisation of the visual aspect of the building is required, SCF B revealed to be the
most energy-efficient, reducing 16%, 47%, 68% and 44% of the annual energy use for North, East,
South and West solar facade orientations, respectively. This film has a low solar transmittance
coefficient (zso= 0.22) and medium values of visible transmittance (zis= 0.34) and solar (front)
reflectance (prso= 0.46), when compared to the other SCFs;

the analysis also showed the importance of applying the films to the correct side of the glass;
incorrect applications result in unsatisfactory performances that unfairly contribute to product

discredit.

This study expands the existing knowledge on SCFs by experimental and modelling approaches for a

temperate Mediterranean climate, presenting a decision-making framework based on an energy

performance criterion. Future work should consider thermal and lighting comfort indicators and the

economic and environmental assessment of SCFs as a rehabilitation solution for glazing retrofitting of

existing buildings.
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5. Performance of solar control films in double-glazed windows

This section examines the thermal, daylighting, and energy performance of double-glazed windows of
office spaces of a building located in Lisbon, without and with solar control films (SCFs) in actual working
conditions. The building of the case study has large areas of glass in the facades and reveals thermal and
visual discomfort conditions in the office spaces due to excessive solar gains and illuminance levels. To
increase the comfort conditions, a SCF was applied previously to this study to decrease the solar gains
through the windows without compromising the view. However, the SCF has reached its end of life and
needs to be removed. The current section aims to analyse experimentally the thermal and daylight
conditions of the office areas without and with SCFs. In this experiment, there was also the opportunity to
monitor the performance of a SCF in new conditions (new film) and installed according to good application
rules and other in an advanced stage of use and installed under poor applications, providing interesting
elements of comparison on the in-service degradation of films and the importance of the quality of materials
and installers. Based on the collected experimental data, a building energy simulation is modelled to assess
the energy performance of different scenarios of the window with SCFs. Such an approach can be useful to
support the definition of energy improvement strategies on office buildings with low thermal and/or visual

comfort conditions and high glazing areas in temperate Mediterranean climates.

5.1 Case study

The building considered in this study is in the south area of Lisbon (38°7'N, 9°1'W), in Portugal, in front
of the Tagus river (Figure 45). The city experiences a temperate Mediterranean climate (Képpen-Geiger:
Csa/Csh) [44] with an average annual temperature of 16°C and minimum and maximum temperatures

occurring from December to February and from July to September, respectively.

Figure 45. External view of the building of the case study — main entrance
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The building is divided into three main areas: an area consisting of halls, security rooms and a conference
room (area A, Figure 46 a.) and two areas of office spaces, one with south-north oriented fagades and three

floors and the other with east-west oriented fagades and four floors (areas B and C, Figure 46 a.).
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Figure 46. Location of the four offices: a. main floor plane; b) disposition and; c) front South elevation

Exterior walls are double brick (11 + 11 cm) with an air gap of 7 cm partially filled with extruded
polystyrene (4 cm) and floor slabs are in reinforced concrete (20 cm). The original windows have argon
filled double glazed units with a 14 mm argon chamber (from the outer to the inner panes of the glass:
8 mm low-¢ glass, 14 mm argon, 8+8 mm laminated glass with a polyvinyl butyral coating) and due to
thermal discomfort associated with overheating in the office spaces, a SCF was applied to the external
surface of the outer pane in all the glass area of the facade.

Before the present study, a SCF has been applied before this study to the building, with the purpose of
decreasing the solar gains through the windows without compromising the view (highly reflective film).
The film has reached its end of life and revealed several problems regarding its integrity as shown in Figure
47. As a result, the optical and thermal properties of the film were seriously affected, losing homogeneity
throughout the glass area, and showing differences from window to window depending on the type of

problem and the level of deterioration of the film.
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Figure 47. Examples of windows of the second case study building with the damaged SCF: a. tears; b. cracks; c.
blistering; d. lack of transparency; e. detachment and; f. deterioration of the external layers of the film

5.2 Methodology

To assess the thermal, daylight, and energy performance of double-glazing units of offices areas without
and with SFCs, four similar offices of the building were selected to be investigated. A spectrally selective
and a highly reflective film were applied in office | and office Il (retrofitted windows), respectively, to the
external surface of the windows. In office Ill, the damaged SCF was removed, and the window was left
without any SCF (original window). This latter scenario is considered in this study as the reference office.
In office IV the damaged film was kept on the window (current window) in order to analyse the existing
conditions of the office areas of the building.

The methodology showed in Figure 48 includes the following steps:

a. removal of the damaged film in offices I, Il and I11 and application of the new SCFs B and G in offices
I and 11, respectively;

b. experimental campaign conducted simultaneously in the four offices during summer and winter periods

that include measurements of indoor and outdoor temperature, illuminance, and irradiance;
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c. modelling the four office areas using SketchUp, Window and Optics, and EnergyPlus software [78];

d. assessment of the quality of the simulation model of the offices based on the collected experimental
data by using the statistical indices Mean Bias Error — MBE — and Coefficient of variation of the Root-
Mean Square Error — Cy ruse —, Which are found to adequately measure the level of approximation between
numerical and experimental results [79]-[81]. For assessing the model performance, the generic hourly
weather file of Lisbon’s city was used, but the outdoor related variables of temperature, humidity, radiation,
and wind were replaced with the ones measured during the experimental campaign;

e. using the synthetic hourly weather file of Lisbon’s city and the simulation model of the offices, the
annual energy use related to heating, cooling, and lighting was estimated for the retrofitted and the original
windows of the office areas as well as for different types of SCFs (SCFs A to G designed for application to
the external side of the glass) for North (N), South (S), East (E), and West (W) solar orientations. The
energy performance was estimated and compared for all the glazing options and a decision-making

framework was designed to select a trade-off solution according to a specific defined objective.

a. Office areas
(i) Retrofitted window (ii) Original window (iii) Existing window a. EnergyPlus
Office I Office 11 Office 111 RS Simulation of the operational energy:
(SCF A) (SCF B) (w/o SCF) : heating, cooling and lighting
T . D A e
o B S Window and Optics A
b 0 : T : C |
'E,tl 3 - Y Y
e 1! With solar with different |
i i I control films solar control
. ntrol film
(i), i) nd (i) Y control films Aand B films :
1R y
v Window and Opties [ « | T — — — — — — — T — — — — — — — —

Figure 48. Methodology flowchart

5.3 Experimental procedure

The experimental campaign was performed simultaneously in the four offices I, 11, 111, and IV from the

1%t of August of 2017 until the 31% of January of 2018. All the four offices are located on the 2™ floor
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(Figure 46) and have a floor area of 2.4x6.0 m? and a south oriented window with 2.4x2.2 m? (width x
height). The four office areas can be considered similar to each other in what regards the construction
materials, geometrical and layout characteristics, occupancy schedule, lights, electric equipment and
HVAC system, which are very similar to other office spaces of the building.

The existing damaged SCF was removed from the windows of offices I, 11, and Il previously to the
experimental procedure (Figure 49 a.) and the new SFCs G and B were installed in offices | and I,
respectively, on the external side of the glass (Figure 49 b.). Figure 50 and Figure 51 show an inner and
outer view of the final appearance of the glazing systems in the offices, respectively. It is interesting to
observe that the installation of the films changed the outer and inner colour of the original window and that
the different daylight availability in each office is perceptible to the naked eye (see Figure 50 and Figure

51).

Figure 49. a) Removal of the existing damaged SCF on the external surface of the glass (external view); b)

Installation of SCF on the external surface of the glass (internal view)

Figure 50. Monitored office areas (inner view): a. Office I; b. Office Il; c. Office Il and; d. Office IV
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Figure 51. Monitored offices (outer view) before (a) and after (b) the installation of the films

Table 12 shows the main properties of the glazing systems of offices | (w/ SCF G), Il (w/ SCF B), and 11l
(w/o film). The properties of the original window of office IV were not assessed due to the difficulties of

accurately modelling a damaged material in a simulation program.

Table 12. Thermal and optical characteristics of the glazing system of offices I (with SCF G), Il (with SCF B) and Il
(without film): transmittance, z, (front) reflectance, pr, (back) reflectance, p», absorptance, , thermal transmittance,
U, [W/m?.K], and solar factor, g

Visible (%) Solar (%) U (W/m?) g (%)
T pr Pb T 451 02 pf
Office | (w/ SCF G) 24 8 12 12 62 1 25 1.423 234
Office Il (w/ SCF B) 11 58 30 6 35 1 59 1.424 121
Office 111 (w/o film) 56 14 10 37 41 6 16 1.430 48.0

The following physical parameters were continuously monitored in each office: indoor and outdoor
temperatures, internal and external glass surface temperatures, and indoor and outdoor illuminance and
irradiance on horizontal and vertical plane. The sensors were connected to dataloggers Delta T DL2,
positioned in each office room and another in the roof, all programmed to record averages every 10 minutes
from 1 minute’s readings. The weather data was collected on the rooftop through a weather station and
additional pyranometers.

Table 13 summarises the experimental equipment used, the respective location and equipment’s accuracy,
and measured variables. Figure 52 shows some pictures of the equipment installed in the office spaces and
the rooftop. One important thing to highlight in this experimental procedure is that the equipment is
distributed amongst the four offices and the roof (see Table 13 and Figure 52), and the data acquisition is
independent from office to office. All it takes is one piece of the experimental equipment to fail to record

the data, to not be possible to perform an analysis based on variables’ comparison between the four offices.
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For this reason, the decision of selecting several consecutive days, without data gaps, from all the days of

the experimental campaign was taken in the current study. This decision allows a timeline analysis and

variable comparison of representative days of summer and winter seasons: from the 14™ to the 27 of

August and from the 6™ to the 13" of January.

Table 13. Experimental equipment and respective measured variables

Equipment Model Variable Name Accurancy Location
Tsiy Tee Internal and external surface of the
Thermocouples  T-type Temperature +0.2°C at 100°C  glass
Tind, Tout Indoor and outdoor environment
LI-COR Eoutvert 0 South fagade
LI200R g(;;g?ilon Eindyert 3% Vertical side of the work table
Kipp&Zonen 5to 20uV/W/m?  Roof
Global Eoutvert 2 1100
Pyranometer radiation +5 W/m* £12%
BF5 Delta T . Eoutvert Roof
Difuse (diffuse)  +20 W/m? £15%
radiation
LI-COR . loutvert 0 South facade
Luxmeter LI210R IHluminance ind.vert 5% Vertical side of the working table

Figure 52. Experimental equipment installed in the office rooms and in the rooftop: a. pyranometer and luxmeter on

vertical plane; b. thermocouples on the windows” glass surface; c. pyranometers on horizontal and vertical planes

5.4 Simulation modelling

and; d. weather station

A numerical model of the office rooms was created to evaluate the thermal and energy performance of

the office areas of the building. The geometrical characteristics were designed in SketchUp 3D Design

Software, and the envelope properties, internal gains, HVAC thermostat temperatures, and schedules were

specified using EnergyPlus software. The glazing properties of the original window of office Ill, the

retrofitted windows of offices | and Il, and other different SCFs applied to the original window were

determined using Window and Optics tools [73] from Lawrence Berkeley National Laboratory. Figure 53

shows the 3D geometric BES model of the three offices I, 11, and 111 of the building.
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The modelling parameters and the assumptions of the simulation model regarding the internal gains were
defined by examining occupants behaviour during the different days of the week (working days and
weekends) or assumed as close to reality as possible and compared with values presented in the literature
for office buildings [86], [87]. The infiltration rate was considered of 0.6 and 1.0 air changes per hour
during non-working hours and working hours, respectively [82], for both heating and cooling periods.

Regarding the installed lighting power density (LPD), which depends on lamps’ efficiency and control
gear, it was assumed to be 3.33 W/m? for office spaces [88]. These values are compatible with the
benchmark and maximum values for LPD defined in the Energy Consumption Guide 19 [89] and in
ASHRAE Standard 90.1-2007 [90], respectively. Also, the lights were programmed to switch on during
working hours when the minimum recommended values of illuminance levels for office areas (500 lux)
was reached [74]. The office electrical equipment heat gains were considered 15 W/m? during working
hours, and it was assumed that 20% of the equipment was left on during the night period (standby mode).
Offices’ occupancy was considered to be of 1 person per office in office areas during working hours.

The existing HVAC system of the building starts to work at 05h00 and is programmed to maintain the
indoor temperature of the building at 21 °C and the occupants can manually program the thermostat in each
office room by £3 °C (18°C to 24°C). In the simulation model of the current study, the HVAC system was
set to turn on when the indoor temperature is outside the thermal comfort range of temperatures for Portugal

(18 °C to 25 °C), according to the Portuguese Regulation of the Energy Performance of Buildings [82].

Figure 53. Geometrical model of the office areas built in SketchUp 3D modelling program

The performance of the model was assessed by comparing the values of the indoor temperature and the
internal and external glass surface temperatures of offices I, I, and Il obtained through simulation and
experimentally during both the heating and cooling periods in which the experimental campaign took place.
To evaluate the agreement between experimental and simulation results, the standardized statistical indexes

— Mean Bias Error (MBE) and Coefficient of variation of the Root-Mean Square Error, (Cyrmse) [79]-[81]
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— defined in equations (4.1) to () in section 4 were used. They provided a quantitative assessment of the
model capability in predicting the existing conditions of the office spaces. The experimental collected
values of outdoor temperature, relative humidity, global and diffuse radiation, and wind speed were set
under the weather data file format of EnergyPlus (epw file) for the verification simulations.

Once the performance of the model is checked, the original synthetic weather data of Lisbon's city [78]
is used in the subsequent performance simulation study. Therefore, the model's predictions could represent
an annual performance of a typical meteorological year in Lisbon's city. Assessment of the quality of the
model is an essential step of this evaluation, as it minimizes the difference between predicted numerical
and measured experimental values. The verification process was not performed in office IV (with the
current damaged SCF), as stated before, due to the difficulties of accurately modelling a damaged material
in a simulation program.

To perform a comprehensive study on the energy performance of SCFs in double-glazed windows, several
films with different optical properties — besides the SCFs B and G installed for the experimental analysis —
were selected to be analysed using the original window of the building of the case study (without the
damaged film) as a substrate. The energy performance of the glazing solutions was assessed for the different
solar orientations and a decision-making framework based on energy performance criteria was elaborated,
identifying the potential use of SFCs as an energy retrofitting solution for double-glazed windows. Table
14 lists the different SCFs with application on the external side of the back pane glass, when applied on the
original glazing window (office I11) and the correspondent thermal and optical properties determined using

Window and Optics tools.

Table 14. Thermal and optical characteristics of the original double-glazed window with different SCFs applied on
the external side of the back pane glass: solar (front) reflectance, pssol, Solar transmittance, zsol, visible transmittance,

wis, (front) absorptance, o, thermal transmittance, U [W/m?.K], solar factor, g, and light-to-solar gain ratio, LSG

SCF (external application) Pr.sol Tsol Tyis o U [W/m2K] g LSG=1,if/g
Original Window 0.16 0.37 0.56 0.41 1.43 0.48

A 0.56 0.06 0.10 0.33 1.42 0.12 0.83

B — Office 11 0.59 0.06 0.11 0.35 1.42 0.12 0.92

C 0.44 0.10 0.17 0.45 1.42 0.18 0.94

D 0.37 0.13 0.22 0.48 1.42 0.22 1.00

E 0.35 0.16 0.28 0.48 1.42 0.25 1.12

F 0.28 0.19 0.42 0.51 1.42 0.29 1.45

G - Office | 0.25 0.12 0.25 0.62 1.42 0.23 1.09
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From the group of external SCFs studied in the current section (Table 14), SCFs A to C are highly
reflective films and SCF D to G are highly absorbing films. According to the United States Department of
Energy [91], the window with SCF F is the only spectrally selective solution since it shows a Light-to-Solar
Gain ratio, LSG, higher than 1.25. It is important to notice that none of the SCFs changed the thermal
transmittance, U, of the window due to the films’ low thickness. In the previous section 4, [55] has identified
that within the films in the category of solar control films, only the low-¢ films change significantly the
thermal transmittance of the window. In the current analysis, none of the selected external SCFs show low-

g properties since these types of films are mostly used on internal applications.

5.5 Experimental results

In the following sections, the experimental results obtained in the four offices that allow assessing the
thermal, luminous, and energy performance without and with occupancy are analysed in detail. First, the
indoor temperature of the four offices and the internal and external surface temperatures of the different
offices are analysed for a selection of consecutive days of both the summer — 14" to the 27 of August —
and winter — 6 to the 13" of January — periods of the experimental campaign that lasted from August to
January (six full months). Then, for the same summer and winter periods, the indoor and outdoor irradiance
and illuminance at the working plane (desk height of ~0.8cm) are analysed, and the results discussed.
Finally, four reference days with specific outdoor weather conditions — highest and lowest outdoor
temperature and sun’s elevation angle — are selected to be analysed in greater detail.

The measured outdoor conditions from the 14" to the 27" of August (two weeks of the cooling season)
and from the 6™ to the 13" of January (one week of the heating season) are graphically depicted in Figure
54 and Figure 55. Due to technical problems related to the experimental equipment, it was not possible to
measure the diffuse and direct solar radiation on horizontal plane and the global solar radiation on vertical
plane in the winter period. At this stage, the analysis of the outdoor variables allows to understand and
foresee the weather conditions that impact the indoor environment of the office spaces in the summer and

winter periods.
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Figure 54. Outdoor conditions in the summer period: global, louthor, diffuse, loutnor (diffuse), and direct, louthor (direct),

solar radiation on horizontal plane, global solar radiation on vertical plane, loutvert, and outdoor temperature, Tout
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Figure 55. Outdoor conditions in the winter period: global solar radiation on horizontal plane, loutor, and outdoor

temperature, Tout

The summer period results show higher values of outdoor temperature and global solar radiation on

horizontal plane, evidencing higher values of direct radiation (peak value of ~450 W/m?) and lower values

of diffuse radiation (peak value of ~233 W/m?). These results point out a predominance of clear sky over

intermittent or overcast sky conditions [92]. The measured global solar radiation shows a similar trend

throughout the different days, reaching peak values ~500-550 W/m?2.
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It is possible to observe a high variation of solar radiation during the winter period, with predominance
of CIE clear and overcast sky conditions throughout the day. Moreover, it is observed that CIE intermittent
sky conditions were predominant, and subsequently, global solar radiation on horizontal plane showed a
higher variation of the average and the maximum values throughout the measuring days. In days
characterized by CIE overcast sky conditions — as was the case of the 7" of January — the registered values
of global solar radiation on horizontal plane (peak value of ~145W/m?) and outdoor air temperature
(varying between 9.0-15.5°C) were much lower than those observed for intermittent CIE sky conditions
(~145W/m? and 7.3-21.6°C). The outdoor temperature shows a similar trend throughout the winter days
except on the 9" of January, showing, as expected, lower peak values due to the lower global solar radiation.

In the obtained results of the different outdoor weather variables, it is possible to notice several days with
higher values of peak and average solar radiation and outdoor temperature in summer and lower ones in
winter (particularly on the 7" of January), which potentiate higher and lower heat gains in summer and
winter seasons, respectively. Given these potential adverse effects, the outdoor conditions of the two
summer and winter periods can be seen as representative design scenarios of summer and winter periods
and, as a result, appropriate to evaluate the indoor thermal and luminous performance of indoor office
spaces.

Table 15 shows the average and maximum outdoor temperatures and the incident global solar radiation
on vertical plane during the sun-hours period in the summer and the winter days within which the

experimental campaign took place.

Table 15. Average and maximum outdoor temperatures (Toutaver and Toutmax), and incident global solar radiation on

vertical plane (loutvert.aver and loutvertmax), for summer and winter days during sun-hours

Tout,aver [OC] Tout,max [OC] Iout,ven,aver [W/mz] Iout,vert,max [W/mz]
Summer (14" to the 27" of August) 26.39 39.14 286.30 549.10
Winter (6" to the 13" of January) 14.80 21.57 211.64 619.01

5.5.1 Indoor and surface temperatures
The thermal performance of the office areas was evaluated by examining the indoor temperature profiles,
Ting, which constitute the offices’ thermal response to the external actions of temperature, Tou, and solar
radiation, lounor. The internal, T and external, Ts, surface temperatures of the glass fagade are also
examined to complement and support the information provided by the indoor temperature profile and assess

the SCFs performance in terms of absorbed heat in both the inner and outer window panes. The obtained
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results are shown in Figure 56 to Figure 59 for the summer period and in Figure 60 to Figure 63 for the

winter period, for offices I, Il, 11l and IV.
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Figure 56. Thermal performance of office | in the summer period: indoor temperature, Ting, and internal, Tsi, and

external, Tse, surface glass temperatures, as well as global solar radiation on horizontal plane
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Figure 57. Thermal performance of office 11 in the summer period: indoor temperature, Ting, and internal, Tsi, and

external, Tse, surface glass temperatures, as well as global solar radiation on horizontal plane
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Figure 58. Thermal performance of office 111 in the summer period: indoor temperature, Ting, and internal, Tsi, and

external, Tse, surface glass temperatures, as well as global solar radiation on horizontal plane
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Figure 59. Thermal performance of office IV in the summer period: indoor temperature, Tind, and internal, Tsi, and

external, Tse, surface glass temperatures, as well as global solar radiation on horizontal plane
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Figure 60. Thermal performance of office | in the winter period: indoor temperature, Ting, and internal, Tsi, and

external, Tse, surface glass temperatures, as well as global solar radiation on horizontal plane
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Figure 61. Thermal performance of office Il in the winter period: indoor temperature, Tind, and internal, Tsi, and

external, Tse, surface glass temperatures, as well as global solar radiation on horizontal plane
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Figure 62. Thermal performance of office 11l in the winter period: indoor temperature, Ting, and internal, Tsi, and

external, Tse, surface glass temperatures, as well as global solar radiation on horizontal plane
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Figure 63. Thermal performance of office IV in the winter period: indoor temperature, Tind, and internal, Tsi, and
external, Tse, surface glass temperatures, as well as global solar radiation on horizontal plane

In the summer period during working hours, the HVAC system keeps the indoor temperature between
17-28 °C, 16-27 °C, 19-31 °C, and 20-27 °C in offices I, Il, lll, and IV, respectively. When the HVAC
system is turned off on weekends, the indoor temperature in homologous working hours ranges between
23-31 °C, 24-30 °C, 22-36 °C, and 24-30 °C in offices I, 11, Il1, and IV, respectively, indicating that offices
I and Il with the new SCFs G and B show lower average and peak indoor temperature values. The offices
with SCFs show lower indoor temperature ranges and temperature averages when compared to office Il
(reference office — original window without SCF), as expected, on all days of the summer period. It is
possible to notice that peak indoor temperatures are ~3°C higher in offices with SCFs and ~5 °C higher in

the reference office during weekends when compared with week days, indicating that the HVAC
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consumption is higher in the reference office to keep the indoor temperature within the comfort temperature
values (18-25°C).

In the winter period during working hours, when the HVAC system is turn-on by default, the indoor
temperature ranges between 17-26 °C, 18-23 °C, 14-30°C, and 17-25 °C in offices I, II, 1Il, and IV,
respectively. It is noteworthy that the reference office shows the highest (30°C) and lowest (14°C) indoor
temperature and the highest indoor range of temperatures during the winter period compared to the other
three offices. This fact is significant from a thermal comfort and energy efficiency standpoints as the indoor
temperature displays higher periods outside the comfort range (18-25°C) according to the Portuguese
regulations [82], increasing the energy consumption due to higher heating and cooling loads. On weekends,
when the HVAC system is turned off, the indoor temperature values in homologous hours (working hours)
are very similar to those obtained during working days in the reference office, showing a range temperature
difference lower than 1°C. These results are justified by the fact that the occupant of this particular office
does not acclimate the ambient air, turning off the climate control of the office when the HVAC system is
activated automatically.

The internal surface and indoor temperatures show a similar profile shape, with the internal surface
temperature showing higher range values. The maximum, minimum, and average internal temperature of
the inner surface of the glass during working hours in working days are similar or higher than the indoor
temperature (in most of the working hours, the difference is less than 1°C) during both summer and winter
periods, except on the 9™ of January (which corresponds to the day with the lowest outdoor temperature
and global solar radiation). When the solar radiation and outdoor temperatures begin to decrease during the
afternoon period, the internal surface temperature of the glass begins to decrease due to lower radiative
solar heat gains. This decrease occurs at higher rates than the decrease of the indoor temperature, and when
the radiation approximates null values (and there are no radiative solar heat gains), the internal temperature
is lower than the indoor temperature of the offices. The observed discrepancy between indoor and internal
surface temperatures results from the windows thermal and optical properties. Low U- and g- values prevent
the penetration of high values of incoming solar radiation during sun hours and less heat escape during
night-time, decreasing the radiative solar heat gains during sun hours as well as the conduction heat losses
during the night periods (or when the outdoor temperature is lower than the indoor temperature).

In the summer season during working hours, the external surface temperature of the outer glass surface

shows a higher temperature range than the internal surface temperature in all offices, varying from 15-54°C,
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15-48°C, 15-51°C, and 15-51°C in offices I, II, 11, and IV, respectively. In the winter season, the external
surface temperature also shows a higher temperature range than the internal surface temperature in all
offices, varying from 7-25°C, 6-40°C, 6-44°C, and 6-44°C in offices I, II, Ill, and 1V, respectively. All
offices show similar minimum external surface temperatures during low insolation periods (15°C for
summer and 6/7°C for winter) and different maximum values (48-54°C for the summer and 25-44°C for the
winter periods). These results indicate that the external surface temperature is more dependent on the
outdoor conditions (e.g. radiation, outdoor temperature, wind velocity and direction) than on the indoor
conditions (e.g. indoor temperature, ventilation). On the other hand, the absorption coefficient also plays a
significant role in the external surface temperature values: the higher this coefficient is, the higher the
external temperature.

For those reasons, it was possible to identify wrong measurements of the external surface temperature in
office | during the winter period. Since this office shows the highest absorption coefficient (office I:
01=0.62; office 1I: 0,=0.35; office Ill: ¢2=0.41) and the four offices were exposed to the same weather
conditions, it was expected that the external surface temperature of office | would be the highest one when
compared to the other offices. A comprehensive analysis of the recorded data during the winter period
showed that the external surface temperature values increasingly approximate the outdoor temperature
throughout the last days of the experimental period. It was theorised that these results could be related to a
higher degradation of the insulation material (tape) that prevented this specific thermocouple from
contacting the outdoor environment.

In conclusion, the results show that the absorption and the (front) reflective coefficients play a significant
role in the thermal performance of the glazing. The higher the absorption coefficient of the external film is,
the higher the external surface glass temperature will be. On the other hand, the higher the reflective
coefficient, the lower are the solar gains and the indoor and internal and external glass surface temperatures.
A careful selection of these coefficients can effectively reduce indoor temperature and mitigate possible
thermal asymmetries on days with high solar radiation levels (higher temperatures near the window and

lower ones on the opposite space).

5.5.2  Indoor vertical irradiance and illuminance
Figure 66 (summer) and Figure 67 (winter) show the outdoor and indoor irradiance on vertical plane for
all the offices. In the graphics depicted on those figures, the vertical axis on the left side represents the

indoor measurement and on the right side, the outdoor measurement. Although the two vertical axis show
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the same parameter (irradiance), it was impossible to show the indoor and outdoor values on the same axis

due to scale compatibility, as the outdoor irradiance is 5 to 6 times higher than the indoor irradiance.
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Figure 64. Indoor irradiance on vertical plane, lindvert, in offices I, 11, 111, and 1V and outdoor irradiance on vertical
plane, loutvert, during the summer period
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Figure 65. Indoor irradiance on vertical plane, lindvert, in offices I, 11, 111, and IV and outdoor irradiance on vertical

plane, loutvert, during the winter period
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Outdoor irradiance maximum values occur around 12h00-13h00 as expected, due to the fagades’ South

solar orientation, showing peak values of 530-630 W/m? in summer and 750-1000 W/m? in winter (except

on the 9™ of January and 12" of January with lower values of solar radiation and a predominance of overcast

and intermittent sky conditions, respectively). Table 16 sums the indoor irradiance maximum values, and

the reduction in relation to the outdoor environment and to the reference office.
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Table 16. Maximum irradiance and reduction in relation to the outdoor environment and to the reference office

during days without occupancy in the summer and winter periods

Period Office Maximum Reduction in relation to Reduction in relation to
[wim?] the outdoor environment [%] ¥ the reference office [%] V
| 36 95.2 64.5
1 25 96.4 75.6
summer 113 85.2 -
v 48 91.8 45.0
| 78 92.6 66.2
. | 42 95.9 81.5
Winter
! I 229 78.0 ;
AV 151 86.3 38.3

9 Calculated using trapezoidal numerical integration

Office 11 (original window) shows an indoor irradiance reduction on vertical plane of 85.2% in summer
and 78.0% in winter in relation to the outdoor irradiance on vertical plane. These are very significant
reductions and are exclusively related to the glazing system (without SCF), which shows that the original
window already delivers by itself reasonable protection against solar heat gains. Nonetheless, solar heat
gains are still at high levels and do not assure thermal comfort without resorting to the HVAC system
(indoor irradiance peak values of 113 W/m? in summer and 229 W/m? in winter).

The application of SCFs in offices | and Il resulted in decreased indoor irradiance on vertical plane of
64.5% and 75.6% in the summer days and 66.2% and 81.5% in the winter days compared to the reference
office I11. Given the fact that SCFs reduced the windows’ g-value (office I: g=0.23; office Il: g=0.12; office
111: g=0.48), it was expected a decrease of the solar gains with a beneficial effect in summer periods in
terms of thermal comfort and energy savings and a detrimental one in winter (as solar gains are desirable
for naturally increasing the indoor temperature). However, it should be noticed that the minimum indoor
temperature values registered in the winter period, during working hours, are very close to the minimum
comfort temperature of 18°C in the winter season, indicating that the solar heat gains in this period
correspond, approximately, to the minimum values to ensure thermal comfort in the office areas.

Office 1V (with the damaged SCF) shows higher peak vertical irradiance values (45 W/m? in summer and
151 W/m? in winter) than offices I and Il with the new films. As the building management team reported,
the damaged film is a reflective film with an approximate value of the (front) reflectance coefficient of SCF
B. However, the obtained results do not show high similarity between irradiance values of offices Il and
1V, evidencing the already predicted variation of the optical and thermal properties of the film between the

moment of its application and the moment of this study. To quantify the variation of the optical properties,
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the ratio of the measured indoor (ling) to outdoor ( lou) irradiance, which allows estimating the solar
transmittance of a window, was calculated. Measurements during the winter days usually are closer to the
values given in windows and films technical sheets due to the lower sun angles during this season being
closer to a normal incidence of the solar rays. According to the experimental results, office IV has a solar
transmittance of ~0.09 in summer (when the sun angles are higher) and ~0.20 in winter (when the sun
angles are lower). When comparing the calculated value of solar transmittance of office IV at normal
incidence (zs0=0.20) with the one of office Il (zs,/=0.06) it is possible to observe a variation of 70%.

Indoor horizontal and vertical illuminance are important indicators of the daylight availability in both the
office area and the occupant’s field of view (FOV), having a significant impact on the adaptation levels of
the eye. Currently, office work activities involve the use of visual display units (computer, monitors, etc.)
that are typically located at short distances (<1m) from the occupant’s eye, promoting intense
accommodation of the eye for prolonged hours a day. Frequently, due to office spaces’ configuration
(partitions, walls, etc.), far and near vision is confined to the latter, increasing the risk of developing ocular
motility (abnormal eye alignment or difficulty in controlling eye movements) and binocularity functions
(maintain visual focus on an object with both eyes, creating a single visual image) [93].

More recent glare indexes to predict visual discomfort conditions related to excessive luminance values
are dependent on luminance ratios between glare sources and background surfaces in the occupants’ FOV.
These new indexes incorporate vertical illuminance in the viewer’s FOV, which indicates the light
availability that effectively reaches the occupant’s eyes. Verdes et al. acknowledge in one study [94] that
there is a high correlation between glare ratings and measured vertical daylight at the viewers’ eyes when
the occupant faces directly the window or walls that are perpendicular to the window, in a scenario without
blinds. Also, the author states that vertical illuminance measurements near the window can effectively
record the illuminance entering the room through the glass facade and therefore, it allows to estimate the
visible transmittance of the glazing for different sun angles.

Apart from visual comfort, it is also important to evaluate the daylighting conditions in order to increase
energy efficiency in buildings. Visual discomfort associated with excessive daylighting can trigger the
activation of shading devices that too often remain in a “closed” position even after the discomfort
conditions are no longer in place, ultimately increasing the electric light consumption [95].

Several studies [96], [97] suggest that workstations should be placed perpendicularly to the daylight

sources — as is the case of windows — so that the line of sight would be parallel to the light source. This
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preferred workspace configuration is proven to reduce the risk of reflections in visual display units, such
as monitors and computer screens, and the excessively bright light in the occupants’ FOV. Guidelines or
instructions to achieve comfortable indoor lighting conditions are varied and disperse in literature, as
underlined by Jae Suk [98]. Even though visual comfort is not a new research topic, recommended threshold
values are wide-ranging and too often applied to a restricted set of luminous conditions [98].

Different studies identify luminance thresholds of 2000-2800 cd/m? for visual comfort [99]-[103] and
2740-6000 cd/m? [99]-[101] for visual discomfort in the FOV, for a viewer’s direction parallel to the light
source (cd/m?: candela per square metre is the Sl unit of illuminance and luminous emittance and equals to
11x). Lower threshold values were found for a viewer’s direction perpendicular to the light source
(workstations placed parallel to daylight sources). Moreover, vertical illuminance at the occupants’ eye
between 875-2000 Ix was found to provide visual comfort, whereas threshold values between 1250-3000 Ix
were found to cause visual discomfort conditions.

Figure 66 and Figure 67 show the outdoor, Eoytvert, and indoor, Eind.vert, Vertical illuminance for all offices
in summer and winter periods, respectively. Just as the graphics depicted in Figure 64 and Figure 65, the
two vertical axis present the same variable (illuminance), as it was impossible to present the indoor and
outdoor values on the same axis due to scale compatibility, as the outdoor illuminance is almost two times

higher than the indoor illuminance.
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Figure 66. Indoor illuminance on vertical plane, Eind.vert, in office I, I1, 11, and 1V and outdoor illuminance on vertical

plane, Eoutvert, during the summer period

99



Chapter 5 — Performance of solar control films in double glazed windows

= 60 - - 120 o
= s
= 50 - y - 100 &
o ! =]
8 40 - | 80 -
£ ; £
s ¥ z 0 2
‘= 20 A | 40 5
o H | o
o ] @
E 10 4 : 20 E

D o % o % o %

(«5) o o (=)

£ < = <

D N N N

D — — —

8 | o | 1 | 1
January
Weekend Eind,vert (Office I) Eind,vert (Office Il)
Eind,vert (Office 1) Eind,vert (Office IV) ~ --------- Eout,vert

Figure 67. Indoor illuminance on vertical plane, Eind,vert, in office I, 11, 11, and 1V and outdoor illuminance on vertical

plane, Eoutvert, during the winter period

As it was also noticed in the vertical irradiance analysis, the outdoor illuminance maximum values occur
around 12h00-13h00 as expected due to the facades’ South solar orientation, showing peak values of 61-
69 Kklx in the summer and 95-108 KIx in the winter periods (except on the 9™ of January and 12" of January
with peak values ~6.5 kIx and ~62 kIx due to the predominance of overcast and intermittent sky conditions).
Table 17 sums the obtained indoor illuminance peak values and the reduction in relation to the outdoor

environment and to the reference office.

Table 17. Peak and reduction of indoor illuminance values in the four offices during days without occupancy in the

summer and winter periods

Period Office Indoor peak Reduction in relation to Reduction in relation to
[kIx] the outdoor environment [%] ¥ the reference office [%]
| 28.1 96.8 89.8
1 6.5 92.2 7.2
summer -y 29.6 65.7 0.0
v 141 82.7 49.7
| 5.0 95.6 90.2
. 1l 10.1 91.6 81.5
W
nEr gy 50.2 485 0.0
v 32.7 72.5 39.3

1 Calculated using trapezoidal numerical integration

Office I (original window) shows a peak illuminance value of 29.6 KlIx in summer and 50.2 kiIx in winter
and an indoor illuminance reduction on vertical plane in relation to the outdoor illuminance of 65.7% in
summer and 48.5% in winter. This significantly reduces the indoor illuminance levels and is exclusively
related to the original glazing system (without SCF). The original window already delivers by itself

reasonable protection against visible gains. Nonetheless, illuminance peak values are still very high in this
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office, showing that visual discomfort through the influence of glare situations are very likely to occur,
making this area unpleasant or even impossible to work on without the activation of complementary shading
devices.

The application of SCFs resulted in the decrease of indoor illuminance on vertical plane in 89.8%
(office 1) and 77.2% (office I1) in summer days and of 90.2% (office 1) and 81.5% (office Il) in winter days,
respectively, when compared to the reference office (original window). Given the fact that SCFs reduced
the windows’ visible transmittance (office I: zis= 0.25; office Il: 7= 0.11; office Il 7= 0.56), it was
expected a decrease of the visible gains with a beneficial effect in both summer and winter periods by
reducing possible glare situations due to high illuminance levels. Although there is a significant reduction
of indoor illuminance values with the application of SCFs G and B, the maximum values of 28.1 klix (office
1) 6.5 kIx (office II) in summer days and 6.5 klx (office 1) and 10.1 kix (office II) in winter days are still
high and do not ensure that glare situations do not occur (recommended values in literature: for office and
computer work are of ~0.5 Ix and for high-precision work of ~1.5-2.0 Ix).

Office IV (with the damaged SCF) shows higher peak illuminance values in winter (32.7 kiIx) than offices
I and Il and higher peak values in summer (14.1 kix) than office I1. The ratio of the measured indoor, Eind,vert,
to outdoor, Eoutvert, illuminance on vertical plane allows estimating the visible transmittance of the glass.
According to the experimental results, office IV has a visible transmittance of ~0.22 in summer (when the
sun angles are higher) and ~0.34 in winter (when the sun angles are lower). When comparing the calculated
value of visible transmittance of office IV at normal incidence (zs,=0.34) with office Il (zs0=0.11) it can be
noticed a variation of 68%. This result is very similar to that obtained for the solar transmittance, proving
that the initial properties of the damaged film were seriously affected since its application.

Nabil & Mardaljevic [75] developed a new concept to assess daylighting in buildings through the Useful
Daylight Illuminance (UDI) metric. The UDI considers the number of hours of daylighting availability
within defined ranges values categorized as useful (U) and not useful (NU):

o values below 0.1 klx are insufficient and can contribute to increase the energy needs with
artificial lighting (NU);

o values between 0.1-0.3 kIx may require supplementary artificial lighting (NU);

e and values above 3 klx can cause thermal and/or visual discomfort, and therefore values in this

illuminance range are not considered useful (NU);
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e on the contrary, values between 0.3-3 kix are considered useful and desirable for indoor
environments (U).

Table 18 shows the daylight analysis using the UDI metric for weekend Days (Without Occupancy),

DwO, of summer, -S, and winter, -W, periods. The selected days, DwC-S and DwC-W, ensure that artificial

lighting was deactivated in all offices and that the indoor illuminance values are only dependent on the

daylight availability related to the windows of each office area.

Table 18. Useful daylight illuminance, UDI, for office I, I1, I1l, and IV during the summer, DwC-S, and winter,

DwC-W, days without occupancy

Useful daylight illuminance [%]
UDl<1 UDlo 103 UDlg3.3 UDlIs3

Office | (Ww/ SCF G) 12.2 12.2 75.6 0.0
DWC-S Office Il (w/ SCF B) 55 7.3 50.9 36.4
Office 111 (w/o SCF) 0.0 3.6 23.6 72.7
Office IV (w/ damaged SCF) 1.8 55 30.9 61.8
Office | (w/ SCF G) 22.9 114 48.6 17.1
DWC-W Off!ce I (w/ SCF B) 22.9 8.6 314 37.1
Office Il (w/o SCF) 171 0.0 17.1 65.7
Office IV (w/ damaged SCF)  17.4 43 13.0 65.2

Office Il has the lowest performance of the UDI metric, showing a high percentage of hours above 3 kix
in summer (72.7%) and in winter (65.7%). These results combined with the high maximum illuminance
values in summer (29.6 kix, Table 17) and winter (50.2 kIx, Table 17) indicate that visual discomfort
associated with glare is almost certain to occur without the activation of shading devices.

In line with the literature [55], [57], it can be concluded that the daylight availability below 3 kIx has
increased with the application of SCFs on the glazing system. In the summer period, office | shows the
highest number of hours (75.6%) within the useful range of 0.3-3 klx, followed by office Il (50.9%), office
IV (30.9%) and office 111 (23.6%).

In the winter period, the useful daylighting availability, UDIg3-3, in the offices was not as high as in
summer, showing a substantial decrease in the number of hours inside the useful range. A possible
explanation is the lower sun’s elevation and greater perpendicularity of the sun’s rays to the glazing surface
in the winter, increasing the incident direct radiation around 10h00-14h00 (fagade South oriented) but
decreasing enormously in the remaining hours due to higher shading effects derived from the windows’

boundaries and surrounding buildings.
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Compared to the other glazing solutions, SCF G (zso0= 12%, wis= 25%) shows the highest increase of the
useful daylight illuminance, UDlo3-3, and is the most appropriate retrofitting scenario to prevent possible

glare situations during both summer and winter seasons, within the SCFs studied experimentally.

5.5.3  Summary of the experimental results

The data collected in the experimental campaign in August and January, considered in this study as
representative of summer and winter periods, yielded a set of results described in sections 7.5.1 and 7.5.2
and summarised in Table 19. It should be noted that the parameters analysed with regard to thermal
performance were obtained through data collected on days when the air conditioning was not working to
evaluate the impact of the different glazing systems without having the interferences from the thermal
control of the indoor environment.

Office Il (original window) presents the lowest thermal, luminous, and energy performance for the
summer season, reaching indoor temperature maximum values of 35.82°C and presenting the highest indoor
average temperature of 27.18°C. This office shows the highest indoor illuminance, reaching maximum
values of 29 619 Ix in summer and 50 219 Ix in winter, increasing the need of activating the shading device
to control the transmitted solar radiation. However, it does not prevent excessive solar gains and the
consequent risk of indoor overheating. These conditions are very likely to induce thermal and visual
discomfort conditions for the occupants and reduce the satisfaction with the working space, especially
during high insolation periods. Also, the daily range of indoor temperature throughout the days is very high
in this office — with temperature varying between 21.88°C and 35.82°C in the summer period and between
15.89°C and 27.81°C in the winter period —, which contributes to occupants’ thermal perception and
awareness and increasing thermal discomfort in the office.

When comparing the results of the retrofitted offices, it can be noticed that the glazing system of office Il
is more effective in reducing the indoor temperature. In fact, SCFs G (office I) and B (office 1) are both
solar control films that alter the windows’ properties by decreasing the solar gains through absorption
(office I: piso= 0.25; au= 0.62) and reflection (office I1: prso= 0.59; aa= 0.35) processes, respectively [104].
These properties justify the higher external surface temperatures of the outer pane of the glass in office |
compared to office II.

From the existing literature of SCFs, the thermal performance of offices | and 11 was expected since office
Il has a higher reflective coefficient than office I. Also, it should be noted that the minimum value registered

during the winter campaign is very close to the minimum comfort temperature of 18 °C for the winter
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season, according to the Portuguese regulation [82]. From a thermal standpoint, different studies emphasize
that the application of SCFs is usually beneficial in summer and disadvantageous in winter due to the
reduction of the solar gains [55], [57]. In the experimental study developed in section 4 [43], it was
concluded that the application of a low reflective coefficient film in single glass windows with an East solar
orientation resulted in a short and insufficient decrease of the indoor temperature (less than 1 °C on average
on a daily sun-hours basis during the summer days). In the same study, a further investigation through a
numerical analysis concluded that highly reflective films could decrease the discomfort hours above 25 °C
by ~35% in the cooling season and increase the annual percentage of comfort hours by ~12%. Another
study [57] compared two office areas located in a Mediterranean climate with double glazing units without
and with a highly reflective external SCF with a Southeast solar orientation. In this study, the authors
concluded that a higher reduction of the indoor temperature in the cooling than in the heating season resulted
in an increase of the annual working hours within the comfort temperature range, according to the
Portuguese regulations [82]. In terms of energy performance and aligned with literature findings, office 1l
shows the highest irradiance reduction on vertical plane in relation to the outdoor environment (~96% for
summer and winter) and in relation to the reference office 111 (75.6% for summer and 81.5% for winter),
reaching maximum irradiance values of 25 W/m?2. The results indicate that this glazing is the most energy
effective solution in reducing the solar gains in the summer and winter seasons (highest reduction in relation
to the outdoor environment and the reference office).

The luminous performance analysis revealed that office | shows the lowest indoor illuminance peak value
on vertical plane and consequently the highest illuminance reduction in relation to the outdoor environment
and the reference office in both seasons, and office Il the second-highest reduction. Even though the
illuminance reduction levels are high, the absolute values of indoor illuminance indicate that offices I and
Il still show daylight illuminance values above the recommend ones to perform office activities during
working hours (0.5 Ix according to [74]).

A comprehensive analysis of the results obtained in office IV with the damaged SCF, which is a highly
reflective film comparable to SCF B, showed that the level of deterioration of the film (tears, cracks,
blistering, lack of transparency, detachment, and deterioration of external layers) seriously affected its
optical and thermal properties. The calculated optical properties showed a variation of 70% of the visible
and solar transmittance, having a high impact on the thermal and visual performance of the office space

with this film.
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Table 19: Monthly results of the experimental campaign yielded during both summer and winter periods: thermal, luminous, and energy performance of offices I, 11, I1I, and 1V

Thermal performance

Luminous performance

Energy performance [w/m?]

Ting [°C] Tsi [°C] Tee [°C] lindvert Eind.vert
Offce Min A Ma M per wan wn A we M febclonebloe  Rebconcsmo e febelonebiowe S csiono
| 2346 2653 3049 2290 27.07 3320 17.85 2922 54.16 2810 96.8 89.8 36 95.2 64.5
g 1 23.64 2628 29.65 2284 2658 3213 17.65 2697 48.16 6483 92.2 77.2 25 96.4 75.6
g e 2188 27.18 3582 2292 2791 3589 1786 27.87 50.80 29619 657 0.0 113 85.2 0.0
\Y 23.80 26.61 30.02 2319 26.72 31.74 1795 2750 49.76 14112 827 49.7 48 91.8 45.0
| 1772 2055 2538 16.26 2043 29.74 6.33 13.05 25.66 5035 95.6 90.2 78 92.6 66.2
& 1 1741 1991 2373 16.09 1943 258 5.95 1530 40.66 10082 916 81.5 42 95.9 81.5
g 13 1589 2061 2781 1477 2064 3281 6.01 1712 44.08 50219 485 0.0 229 78.0 0.0
\Y 16.96 20.15 2528 1598 1980 27.05 6.24 1649 436 32678 725 39.3 151 86.3 38.3

Y Based on experimental data from days when the HVAC system was turned off
2 Calculated using trapezoidal numerical integration
3 Office 111 (without SCF)

Legend:

Ting: indoor temperature
Tsi: internal surface temperature of inner surface the glass

Tse: external surface temperature of outer surface of the glass

Max: maximum value

Min: minimum value
Aver: Average value

highest value for the parameter
lowest value for the parameter
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554 Reference days

A comprehensive study on the thermal and visual performance of SCFs on glazed facades is carried out
by analysing four reference days with extreme and opposing characteristics. The selected reference days
were selected from the six months of the experimental campaign, comprising two days with the highest and
lowest outdoor temperatures to analyse the thermal behaviour and two days with the highest and lowest
sun’s elevation to analyse the daylight availability at the working plane, as follows:

e Day with the Highest daily average Outdoor Temperature (D-HOT): 19" of August
(Tou= 26.73°C);

e Day with the Lowest daily average Outdoor Temperature (D-LOT): 6" of January
(Tou= 11.48°C);

o Day with the highest sun’s elevation angle — as close as possible to the Summer Solstice (D-SS):
~21% of June;

e Day with the lowest sun’s elevation angle — as close as possible to the Winter Solstice (D-WS):
~21% of December.

It should be noted that the selected reference days, subject of study in this section, do not necessarily
follow within the selected consecutive days analysed in both section 5.5.1, 5.5.2, and 5.5.3. The reference
days were selected from the several days of the experimental campaign (full months from August to
January) for displaying extreme climate conditions (outdoor temperature and sun’s elevation) that directly
influence the thermal and luminous performance and, consequently, the energy performance of the office
areas. The selected days and the following analysis aim to contribute to the comprehensive knowledge of
the influence of SCFs on the thermal and visual conditions of existing office buildings with double-glazed
windows by analysing its impacts over the full spectrum of outdoor temperature and the sun’s elevation

possibilities.

5.5.4.1 D-HOT and D-LOT

Figure 68 shows, for the four offices, the values of indoor temperature, Ting, internal, Tsi, and external, T,
surface temperatures, outdoor temperature, Tou, and global solar radiation on vertical plane, loutverr. The
outdoor temperature, Toy, iS the same in the three graphics depicted in D-HOT and D-LOT in Figure 68
and provide a reference for visual comparison of the three different temperatures depicted Ting, Tsi, and Tse.

The vertical axis on the left and right show temperature and radiation values, respectively.
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Figure 68. Thermal performance of the four offices in D-HOT (19" of August) and D
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global solar radiation on vertical plane, loutvert
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In D-HOT it can be noticed that from 09h00 to 18h00, offices Il and 111 show the lowest (24-29°C) and
the highest (25-36 °C) range of indoor temperature, respectively, and offices I, II, Ill, and 1V show
maximum indoor temperature values of approximately 30 °C, 29 °C, 36 °C, and 30 °C, respectively. In D-
LOT it can be noticed that from 09h00 to 18h00, offices Il and 11 also show the lowest (18-24 °C) and the
highest (16-26 °C) daily range of indoor temperature, respectively, whereas offices I and IV show indoor
temperature ranges between 19-25 °C and 18-24 °C. In D-LOT it is important to notice that office 111 shows
indoor temperatures that exceed the maximum comfort range of 25 °C according to the Portuguese thermal
regulation [57]. This is a crucial observation. If office 111 (original window) shows overheating hours in the
day with the lowest daily outdoor temperature, then overheating hours will likely occur on all the other
days with higher outdoor temperatures. In non-working hours, the indoor temperature is similar for the four
offices in D-HOT and for the three offices with SCFs on D-LOT. These results support the conclusion that
SCF B (film with the highest reflective coefficient) installed in office Il has the best thermal performance
in days with the highest and the lowest outdoor temperature since this office shows the highest percentage
of the working hours within the comfort range of temperatures.

It can be concluded that thermal discomfort due to overheating of indoor spaces occurs during the entire
working hours of D-HOT in all the offices and in some hours of D-LOT in office Ill. This fact underlines
and justifies the relevance of this study since both the retrofitting SCFs B and G studied increased the
thermal comfort conditions and therefore reduce the need to activate climatization systems.

The internal surface temperature of the glass, T, in the four offices have a similar behaviour throughout
D-HOT. First, the temperature starts to increase after 09h00 following the increase of the global solar
radiation on the facade. Then, Ts; increases until 14h00 and then starts to decrease until 09h00 of the next
day. However, the maximum values vary from office to office, reaching values of between 49-56 °C in
office I11. The external surface temperature, Ts, shows higher values than Ts;i for the same hours of the day,
ranging between 56 °C and 49 °C in office | and in office Il, respectively, at around 14h00. Offices Il and
1V show similar values of Ts. throughout the day, presenting a peak value of 52 °C. By comparing the values
of Ts. and Tsi at 14h00 in D-HOT it can be noticed that the difference in the surface temperatures (Tse-Tsi)
is around 22 °C in office I, 17 °C in office II, 15 °C in office 11l and 21 °C in office IV. Office 11l shows the
lowest difference of the surface temperatures (Tse-Tsi) and office | the highest. This was expected since

office 111 shows the highest indoor and internal surface temperatures (decreasing the difference of Tee-Ts;)
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increasing the Ts. values (office I: 01=0.62; office II: 01=0.35; and office III: 0;=0.41).

Figure 69 shows the profiles of indoor and outdoor temperatures, Ting and Tou, and internal and external

surface temperatures, Tsi and T, in offices I, 11, 111, and IV for D-HOT.
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Figure 69. Horizontal temperature profile in D-HOT: indoor, Tind, and outdoor, Tout, temperatures and internal, Ts;,

and external, Tee, surface temperatures at different hours for: a. office I, b. office 11, c. office Il and, d. office IV

The values of outdoor temperature, Tou, are the same in the graphics depicted in Figure 69 because Toyt is
not dependent on the type of office but rather on weather conditions. At 12h00, 15h00, and 18h00, Tou
varies between 30.5°C and 34.8°C and in the other hours varies between 20.2°C and 24.7°C. It was expected
that at 09h00, Toyu could show higher values than those effectively observed (closer to those observed at
15h00, due to the fagades South solar orientation). However, due to the building’s “L shape” (zone B of the
building identified in Figure 46a), there is a shading effect in the first hours of the morning period. This
shading in the morning period can also be noticeable on outdoor vertical solar radiation levels, as solar

radiation increases at a higher rate straight after 09h00 (see Figure 68 for example).
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In the hours with higher solar radiation values (12h00 and 15h00), the external surface temperature, Ts,
is higher than the outdoor temperature, Tou, and the difference between the two temperatures (Tse-Tout) iS
more noticeable in office I and less noticeable in office Il. At 12h00 and 15h00, office | shows Ts. values
of 54°C and 52°C and office Il of 46°C and 48°C. These differences are related to the different absorptance
coefficients of the external surface of the window — which in offices | and 1 are related with the films and
in office 111 with the outer glass layer of the window (office I: a;= 0.62; office II: ay= 0.35; office llI; 1=
0.41). The higher the absorptance coefficient and the solar radiation levels, the higher the values of Tee.

Regarding the internal surface, Ts, and indoor, Ting, temperatures, Tsi is higher than Ting at 12h00 and
15h00 in all offices, and office I11 shows the highest T value (office I: Tsi= 32.24°C, office II: Tsi= 31.44°C,
office II: Tsi= 36.58°C, and office IV: Ts= 32.28°C). The difference between the two surface temperatures
is more pronounced in office Il than in the other offices. A higher gradient temperature between the inner
surface of the glass and the indoor environment (Ts-Ting) increases the heat transfer by convection and
radiation, increasing the indoor temperature of the office, especially in locations nearby the window.

When comparing the Ting at all hours, as concluded before, all offices show Tin outside the comfort
temperature according to the Portuguese thermal regulations (between 18 °C and 25 °C) [105]. However, it
is essential to emphasize that office 111 showed the highest range of Ting, varying between 24°C and 34°C,
and office I, the lowest range of Ting, varying between 24°C and 29°C. These results indicate that office Ill
without SCF shows a higher heat exchange between indoor and outdoor environments when high solar
radiation values are observed. This fact is crucial for the office space's thermal comfort and energy
efficiency, as it indicates that greater use of the HVAC system is needed when there is no SCF that could
avoid the temperature to reach the maximum thermal comfort temperature of 25°C.

Figure 70 shows the profiles of indoor and outdoor temperatures, Ting and Tou, and internal and external
surface temperatures, Tsi and Ts, in offices I, 11, 111, and IV for D-LOT.

At 12h00 Toy varies between ~18°C and at all the other hours it varies between 9°C and 11°C. On this
day, it is also noticeable that T, at 18h00 is closer to the temperature values observed during the night

period since there is no solar radiation at this hour.
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Figure 70. Horizontal temperature profile in D-LOT: indoor, Tind, and outdoor, Tout, temperatures and internal, Tsi, and
external, Tse, surface temperatures at different hours for: a. office I, b. office Il, c. office Il and, d. office IV

During insolation hours, Ts is higher than Tou in all offices. The difference between these two
temperatures is more pronounced in office I11 and less pronounced in office 1. At 12h00 and 15h00, office
111 show values of Ts of 30°C and 27°C and office Il of 25°C and 24°C, respectively.

In D-LOT, the values of T and Ty at the same hour are comparable with each other in all offices as
opposed to the values recorded in D-HOT. Similar values demonstrate a lower heat transfer between the
different layers of the window, resulting in lower heat exchange between the inner surface of the glass and
the indoor environment. Regarding the internal surface, Ts;, and indoor, Tin, temperatures, Ts; is higher than
Ting at 12h00 and 15h00 in offices I and 111, and similar to each other in offices Il and I1V. In the remaining
hours, with lower or no radiation levels, Ts, Tsi, and Ting Show similar temperature values.

The Ting Of the offices varies between 19-25°C, 18-23°C, 17-26°C, and 18-24°C, in offices I, I, 111, and
IV, respectively. According to the Portuguese thermal regulation [105], offices I, Il and IV show
approximately Ting Within the comfort range of temperatures. Office 111 displays the highest range of Ting
with recordings of ~16°C at 09h00 and ~26°C at 12h00, which means that in those three hours it was

observed the highest increase of Ting, changing from being below the minimum thermal comfort temperature
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of 18°C to being above the maximum thermal comfort temperature of 25°C [105]. This rapid increase of
Ting can cause thermal discomfort as it goes from being too cold to being too warm in three hours, increasing
occupants’ thermal perception and awareness and very likely increasing the activation of shading devices
or climatization systems.

Figure 71 and Figure 72 show, for each office, the values of outdoor and indoor vertical illuminance,
Eoutvert and Eingvert, and indoor horizontal illuminance, Eingnor. Indoor vertical illuminance was measured at
0.70m height and 0.10m distance away from the window. This sensor was placed in the same position in
all four offices. The indoor horizontal illuminance was measured at the desk plane height (~0.70m) and
placed next to each computer in each office, thus preventing measurements that encompassed light from
the electrical equipment. However, during some visits to the office areas, it was often observed misplaced
sensors (near the window or in front of the computer). The new misplaced positions were considered to be
associated with occupants reorganizing the desks' materials or cleaning tasks. In a future investigation, it is
recommended that sensors placed on the work desk should be fixed, for instance, with double-sided tape,

preventing possible shifting/positioning of the sensor.
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Figure 71. llluminance levels during D-HOT: outdoor and indoor vertical illuminance, Eoutvert and Eind,vert, and indoor

horizontal illuminance, Eind,hor, at different hours for: a. office I, b. office Il, c. office Il and, d. office IV
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Figure 72. llluminance levels during D-LOT: outdoor and indoor vertical illuminance, Eoutvert and Eind,vert, and indoor
horizontal illuminance, Eind hor, at different hours for: a. office I, b. office 1, c. office Il and, d. office IV

In the D-HOT, the outdoor vertical illuminance, Eouvert, (Vertical axis on the right side of the graph in
Figure 71) in the four offices are similar in shape and maximum values (~63klx), as expected, since the
offices have the same Southside solar orientation. Also, it shows a considerable difference in the indoor
horizontal, Eingnor, and vertical Eingvert, illuminance (both on the vertical axis on the left side of the graph)
in offices I, Il and I1l. During the insolation hours in the D-HOT, Eind.vert ShOws a mean (and maximum)
value of 1.1klIx (2.4klx), 2.5kIx (5.9klIx), 11.1klIx (25.8klx), and 5.3kIx (12.2klx), in offices I, Il, 111, and
1V, respectively. The results indicate that the maximum values are higher than twice the mean values in
each office and that office 111 and office | show the highest and the lowest mean indoor vertical illuminance.
Indoor horizontal illuminance showed a daily mean (and maximum) value of 0.5kIx (1.2klx), 3.3klx
(15.8kIx), 1.5kiIx (3.2kIx), and 4.1klIx (17.3klx), for offices I, Il, 11l, and 1V, respectively. It was expected

that horizontal illuminance values in office Il could be lower than those in offices | and 111 due to the higher
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visible transmittance of the glazing in office Il; however, this was not the case. These results can only be
justified due to offices” occupants changing the sensors arrangement on the desk tables.

According to the Useful Daylight Illuminance (UDI) range values — that consider daylight horizontal
values within 0.3-3klx to be useful and values >3klx to cause thermal and visual discomfort — it can be
concluded that offices 1l and IV are likely to show visual discomfort in sunny summer days in almost all
the working hours.

Regarding D-LOT (Figure 72), the outdoor vertical illuminance, Eouvert, in the four offices is similar in
shape and show the same maximum value ~96.6kIx (~35% higher than the Eouvert peak recorded in
D-HOT). As stated before, this was expected since the offices have the same Southside solar orientation.
During insolation hours, the indoor vertical illuminance shows a mean (and maximum) value of 0.8klIx
(4.8KkIx), 1.5kIx (9.7KklIx), 7.6kIx (47.8klx), and 4.8Klx (33.0klIx), for offices I, Il, Ill, and 1V, respectively.
Vertical illuminance values show that the SCF G in office | is the most suitable in reducing the indoor
illuminance, followed by the SCF B in office Il. Finally, office I1l presents the highest values of indoor
vertical illuminance, which potentiate visual discomfort conditions.

Figure 73 and Figure 74 show, for each office, the values of indoor (vertical axis on the left side of the
graph) and outdoor (vertical axis on the right side of the graph) vertical irradiance, loutvert and lingvert. The
indoor irradiance was measured at 0.70m height and 0.10m distance from the window. The outdoor
irradiance was measured on the south facade.

The maximum outdoor and indoor irradiance on vertical plane occurs around 12h00, as previously
observed with the outdoor and indoor illuminance results. In D-HOT, the outdoor irradiance on vertical
plane in the four offices is similar in shape and maximum values, ~830W/m?, since all the offices have the
same south solar orientation.

In the D-HOT, office Il with SCF B shows the lowest maximum and average indoor irradiance values,
showing a maximum of 25W/m? and an indoor irradiance reduction of 96% in relation to the outdoor
environment and a reduction of 76% in indoor irradiance on a vertical plane when compared to the reference
office. Office | with SCF G shows a maximum value of indoor irradiance of 36W/m? and an indoor
irradiance reduction of 95% in relation to the outdoor environment. Comparing the solution of the glazing
system in office | with the reference office Il1, it can be noticed a reduction of 65% in indoor irradiance on

a vertical plane. Office IV exhibits a maximum irradiance value of 48W/m? and an irradiance reduction of
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92% in relation to the outdoor environment. Comparing the solution of the glazing system in office IV with
the reference office I, it can be noticed a reduction of 45% in indoor irradiance on a vertical plane.

In the D-LOT, it can be noticed that indoor irradiance on vertical plane, linvert, Shows daily mean values
of 21W/m?, 9W/m?, 48W/m?, and 34W/m?, approximately, and maximum values of 65W/m?, 36W/m?,
182W/m?, and 135W/m?, in offices I, 11, 111, and IV, respectively.

The results in both the D-HOT and D-LOT show that the SCF G in office Il is the most effective in

reducing indoor irradiance, followed by the SCF B in office I.
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Figure 73. Irradiance levels during D-HOT: outdoor and indoor vertical irradiance, loutvert and lindvert, at different

hours for: a. office I, b. office I, c. office Il and, d. office IV
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Figure 74. Irradiance levels during D-LOT: outdoor and indoor vertical irradiance, loutvert and lind,vert, at different

hours for: a. office I, b. office I, c. office Il and, d. office IV

5.5.4.2 Summer and winter daylight availability

The daylight availability was evaluated through the absolute values of the indoor illuminance on
horizontal plane (h=0.8m) considering 0.5kIx as the recommended value for comfortable daylighting
illumination for office room activities (e.g. writing, typing, reading, data processing) according to EN
12464-1 (2014) [74]. The evaluation was performed under clear sky conditions in days closer to the summer
and winter solstice when the sun’s elevation angle is at its highest and lowest level, respectively, concerning
the annual solar dynamic behaviour. For each day, the illuminance values were measured at three different

hours 09h00, 12h00, and 15h00 in 27 different points in each office as illustrated in Figure 75.
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Figure 75. llluminance measurement points in one office room

Figure 76 and Figure 77 show the obtained results of illuminance values on the working plane in the

summer and winter days, respectively, for the four offices.
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Figure 76. Horizontal illuminance distribution, Einghor, at the working plane at 09h00, 12h00, and 15h00 in summer
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Figure 77. Horizontal illuminance distribution, Eindhor, at the working plane at 09h00, 12h00, and 15h00 in winter
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The results of indoor illuminance on the working plane on the summer day demonstrate that all four
offices show a significant area of the office room within the illuminance values of 0.2-0.5klx, which are
close to the recommended value of 0.5klx for comfortable daylighting illuminance to perform office
activities (e.g. writing, typing, reading, data processing), according to EN 12464-1 (2014) [74]. On the
winter day, the illuminance values are higher than in the summer, especially at 12h00, due to the lower
winter sun angles and higher values of incident direct radiation when compared to the summer period.

From the obtained results, it can be concluded that, in all the offices, the region near the window (~1-2
and ~1-3 meters away in summer and winter, respectively) is the one that presents higher illuminance values
(>5kIx) and a higher risk of visual discomfort conditions. Furthermore, it is the region where office
occupants like to place their desk, as it provides a view to the outside while they are working. In this sense,
the illuminance distribution of the office spaces will be analysed in greater detail for the three meters closer
to the window (identified in Figure 76 and Figure 77 on the vertical axis on the right).

On the summer and winter days at 09h00 and 15h00, offices I, I, and IV with SCFs show lower
illuminance values than office Ill, especially near the window. It can be noticed that offices | and Il
significantly reduced the area near the window with illuminance values above 0.5kIx. At 12h00 on both
days, all offices show similar illuminance results. On the summer day, offices I, Il, and IV showed lower
illuminance values; however, office Il with the highly reflective SCF B showed similar values to office 111
on the winter day.

Analysing the results in the summer and winter days, SCF B showed the highest reduction of the indoor
illuminance on horizontal plane near the window except in the winter day at 12h00. In this specific hour,
the sun’s height is at its lowest level and there is a greater perpendicularity of the sun's rays to the glazing
surface. On sunny winter days, for all the analysed glazing scenarios without and with SCFs, visual
discomfort through the influence of glare is very likely to occur in the region near the window. To prevent
visual discomfort associated with the high levels of daylighting availability, it is recommended to place the

desk table two to three meters away from the window or to activate existing shading devices.

5.6 Simulation results

5.6.1  Model calibration
The data gathered in the experimental procedure, namely the indoor temperature, the internal and external

surface temperatures of the inner and outer surface of the windows’ glass, and the weather data were used
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to design and check the accuracy of a computational model in the EnergyPlus simulation program
considering offices I, I, and 1. Figure 78 and Figure 79 show for the summer — 14" to the 27" of August
— and winter — 6™ to the 13" of January — periods, the experimental and simulated values of indoor air
temperature, Ting, and internal, Tsi, and external, Tse, surface temperatures of the reference office. The same
results for offices | and Il are provided in Annex C. The error values of the simulation model for all the
days of the experimental procedure are presented in Table 20 to Table 25 for offices I, I, and I1I.
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Figure 78. Experimental (plain lines) and simulated (dashed lines) values of indoor temperature, Ting, and internal, Tsi,

and external, Tse, surface temperatures of office 111 in the summer period

121



Chapter 5 — Performance of solar control films in double glazed windows

30 1 A
|
i N LY A M \.\.\\
25 / M\\ \ ! ‘\l # o ‘\1\ ‘\ “‘ )
5) [\ Y NG VA N I N N
S, 20 A [\ ‘ | ‘ [ ‘ S - —
E S\ J\\ \Jv‘\/*’ J "“qu ‘ |
= 15 - Ll ”\‘,J
10
D o o o o o o o
D o o o o o o o
oy < = < = = < <
D N N N N N N N
D — i i — i - -
6 7 8 9 10 11 12
January
40 +

D o o o o o o o

D o o o o o o o

£ = = = = = = =

D N N N N N N N

D — — i i — i i

6 7 8 9 10 11 12
January

0
D o o o o o o o
D o o o o o o o
oy < K < K < < <
D N N N N N N N
D — — — — — — —
6 7 8 9 10 11 12
January
Weekend —— T (experimental) T (simulation)

Figure 79. Experimental (plain lines) and simulated (dashed lines) values of indoor temperature, Ting, and internal, Tsi,
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Table 20. Hourly calibration of office I in the summer period: simulated values and threshold limits

Weekend Working days All days Maximum values
Tind Tsi Tse Tina  Tsi Tse Tina  Tsi Tee [79] [80] [81]
MBE [°C] -0.18 0.06 -0.84 092 136 -064 066 105 -0.69 +10 5 10
RMSE [°C] 049 098 211 216 190 214 190 173 213 - - -
NMBE [%] -0.02 0.01 -0.10 0.16 0.22 -0.08 0.11 0.16 -0.08 - - -
CW(RMSE) [%%] 186 361 721 912 7.68 752 781 6.83 745 30 20 30

Table 21. Hourly calibration of office Il in the summer period: simulated values and threshold limits

Weekend Working days All days Maximum values

Tind Tsi Tee Tind Tsi Tse Tind Tsi Tee [79] [80] [81]

MBE [°C] -0.12 -0.13 -0.71 126 127 -0.72 122 123 -062 10 5 +10
RMSE [°C] 041 093 176 247 205 190 247 206 1.83 - - -
NMBE [%] -0.02 -0.02 -0.10 0.22 0.21 -0.10 0.22 0.20 -0.09 - - -

CW(RMSE) [%] 158 350 654 1034 824 7.02 1040 833 6.88 30 20 30

Table 22. Hourly calibration of office 111 in the summer period: simulated values and threshold limits

Weekend Working days All days Maximum values
Tind Tsi Tse Tind Tsi Tse Tind Tsi Tse [79] [80] [81]
MBE [°C] -0.06 -057 -1.04 -0.12 110 -105 -0.11 0.60 -1.05 =10 +5 +10
RMSE [°C] 068 144 214 208 206 213 179 189 213 - - -
NMBE [%] -0.01 -0.07r -0.13 -0.02 0.17 -0.14 -0.02 0.04 -0.14 - - -

Cv(RMSE) [%] 252 515 769 843 811 773 7.02 725 7.72 30 20 30

Table 23. Hourly calibration of office | in the winter period: simulated values and threshold limits

Weekend Working days All days Maximum values
Tind Tsi Tse Tind Tsi Tse Tiind Tsi Tse [79] [80] [81]
MBE [°C] 0.03 029 035 -081 0.07 -001 -057 014 0.09 =10 +5 +10

RMSE [°C] 036 091 135 165 091 120 140 091 125 - - -
NMBE [%] 001 007 021 -018 002 -001 -013 003 005 - - -
CWRMSE) [%] 175 4.46 1057 7.76 447 935 668 447 971 30 20 30
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Table 24. Hourly calibration of office Il in the winter period: simulated values and threshold limits

Weekend Working days All days Maximum values

Tind Tsi Tee  Tind Tsi Tse  Tiind Tsi Tse [79] [80] [81]

MBE [°C] -0,16 -0,29 080 -0,24 -036 -049 -022 -0,34 -0,12 10 5 10
RMSE [°C] 040 065 318 0,75 0,74 257 067 0,71 276 - - -
NMBE [%] -0,04 -008 033 -0,06 -0,10 -0,24 -0,06 -0,09 -0,06 - - -

CWRMSE) [%] 180 469 869 845 482 846 716 478 854 30 20 30

Table 25. Hourly calibration of office I1 in the winter period: simulated values and threshold limits

Weekend Working days All days Maximum values
Tind Tsi Tse Tind Tsi Tse Tiind Tsi Tse [79] [80] [81]
MBE [°C] 0.04 016 0.16 -061 066 061 -042 051 048 +10 15 +10

RMSE [°C] 051 047 168 219 157 265 187 135 241 - - -
NMBE [%] 001 004 005 -013 015 026 -0.09 012 0.19 - - -
CWRMSE) [%] 255 2.35 9.63 10.18 7.60 17.18 8.86 659 1509 30 20 30

It can be observed in Figure 78 and Figure 79 that the highest difference between the experimental and
the simulated values of office Il is related to the unpredictability of the usage of the HVAC system
associated with the occupant’s behaviour or preference on those specific days (working days). Although
the building has a centralised program system to maintain a set point temperature during working hours
(21°C +3°C), occupants can manually regulate indoor temperature through dedicated fan coils in their
offices. Moreover, at ~05h00, it is possible to observe a sudden drop of the indoor temperature in office 1l
to ~18°C in all the working days of the summer period and a sudden rise of the indoor temperature to ~23°C
on the 9™ of January. The fact that it is not possible to identify evident periods during the working hours
with constant indoor temperature in the office (Figure 78 and Figure 79) shows the inconsistency of
occupant’s individual behaviour in the HVAC usage, observing even cases where no HVAC is used. Indeed,
intermittent periods of the use of the HVAC system are common in Mediterranean climates. On the
weekend days, when there is no occupancy and the HVAC is turned off, a minor discrepancy between
experimental and simulation results is observed. The statistical indexes MBE and Cy ruse (Table 20 to Table
25) support these conclusions, and during the weekend, the values of C,rmse are ~ 70-78%, 79-85%, and
70-75% lower in offices I, Il, and 11, respectively, than those observed during the working days. It can be

observed that the calculated values of the statistical indexes for the indoor temperature of the offices model
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are both lower than the threshold limits for model calibrations [79]-[81], which indicates a good fit between
simulation and experimental data. The differences in Nuwge and Cyruse Were considered satisfactory for
subsequence comparative analyses of different solutions for the glazing fagade such as glazing systems
with different types of solar control films.

In the present study, the model calibration was performed for the indoor temperature and the internal and
external surface temperatures variables for being the most straightforward way to conduct the experimental
procedure. In fact, some factors related to the building of the case study did not make it possible to use
energy to calibrate the model. First, it would be necessary to have knowledge of the individual consumption
regarding the heating, cooling, and lighting energy needs of each office space to analyse the influence of
SCFs on the office’s energy performance. Measurements of individual energy consumption of office spaces
or measures of energy consumption of the building by type of end-use (lights, electric equipment, HVAC
system, electric vehicles, and data centres) are not implemented in the building of the case study, and
therefore the share of electric consumption associated with heat gains and losses due to the fagade’s
characteristics is not possible to be deducted from the electric bills. In this case study, a high amount of
data centre is present in the building and the energy consumption with the HVAC system to maintain the
indoor temperature of those dedicated spaces is unknown. And second, due to the building construction
configuration, it was not possible to experimentally measure isolated parts of the electric energy associated
with energy consumption (and after convert the results into energy needs) without damaging existing
materials or the structure of the building.

Although the calibration procedure did not use the energy consumption as a comparative analysis between
experimental and simulated values, the simulated energy needs are only dependent on the indoor
temperature and not on the type and characteristics of the HVAC system of the building. By choosing the
indoor temperature and the internal and external temperatures of the glass as a term of comparison between
predicted and experimental results in office spaces, if there is a close agreement between both, it is expected
that a reasonably good agreement could also be found between what would be the estimated energy needs
and what would be the real energy needs associated with the different glazing alternatives. Furthermore,
the calibration study carried out had the main purpose of assessing the suitability of the data used related
to the construction (building geometry, building orientation, materials properties) — actual characteristics
of the building —, and which are invariable parameters through the simulation analysis. Once this calibration

is achieved, the subsequent simulation to predict the results of the different retrofitting solution was carried
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in nominal conditions, which do not have necessarily to match with real conditions. For example, the
existing HVAC system was not used in the model and instead a generic HVAC template with efficiency
values of COP=3.0 and EER=3.4 as expressed in the Portuguese regulations were adopted. The results of
energy needs obtained through the simulation model may not be the real ones because nominal conditions

were used instead, but they are credible and comparable since the same basis of comparison was used.

5.6.2 Impact of SCFs in operational stage: thermal and visual comfort, and energy

performance

To assess the impact of different SCFs on thermal and visual comfort, and energy performance of office
spaces with double glazing systems, the SCFs that exhibited a higher energy performance in section 4 —
SCFs with external application (SCFs A to G) — are numerically analysed in the current section 5
considering the building of the case study with double-glazing units (described in section 5.1). The
calibrated computational model built in the EnergyPlus simulation program (section 5.4) and the Lisbon’s
city generic hourly weather file were used to estimate the indoor temperature, the daylighting availability,

and the energy needs of the office spaces for different solar orientations.

5.6.2.1 Thermal comfort

To analyse the thermal performance of the office spaces without and with SCFs, several simulations were
conducted in EnergyPlus considering a free float mode scenario (offices without HVAC system). The
indoor temperature of the office spaces with the different glazing alternatives was analysed for the days of
the year with the highest, 29" of August (warmest day), and the lowest, 31% of January (coldest day),
average outdoor temperature, according to the generic data of weather conditions for Lisbon’s city, for
different solar orientations (Figure 81 and Figure 82). The warmest day shows average values during
working hours (from 9h00 to 18h00) of the outdoor temperature of 32.41°C and global solar radiation on a
horizontal plane of 426W/m? and the coldest day shows, for the same parameters, 8.74°C and 245W/m?,

respectively.
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Figure 81. Solar radiation on the fagade, loutvert, and indoor temperature, Ting, Of the office area for the different
glazing: original window without SCF, Original, and with SCFs A to G on the day with the highest average outdoor
temperature for: a. North, b. East, c. South and d. West solar orientations

On the warmest day of the year, all the glazing systems analysed in Figure 81 show indoor temperature
values in working and non-working hours above the upper limit of 25°C of comfort temperatures for
Portugal [82]. For all solar orientations, the glazing with SCFs decrease the indoor temperature compared

to the original window, and the highest decrease was observed for the glazing solution with SCF C.
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Figure 82. Solar radiation on the fagade, loutvert, and indoor temperature, Ting, Of the office area for the different
glazing: original window without SCF, Original, and with SCFs A to G on the day with the lowest average outdoor
temperature for: a. North, b. East, c. South and d. West solar orientations

On the coldest day of the year, all the glazing systems analysed in Figure 82 show for North, East and
West solar orientations indoor temperature values in working and non-working hours below the lower limit
of 18°C of comfort temperatures in Portugal [82]. The original window generates indoor temperature values
above 18°C during 90% of the working hours for the South solar orientation, whereas the glazing systems
with SCFs show values between 17 % (SCF C) and 85 % (SCF F). It can be concluded that on days with
extreme outdoor temperatures, the office spaces do not present thermal comfort conditions for occupants
during the working hours for all the analysed solutions of the glazing system without and with SCFs, except
for South facing offices during extremely cold days. It should be noted that the application of the SCFs

significantly decreased the indoor temperature during the warmest day, especially for East, South and West
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solar orientations, which indicates that during the summer period, the glazing solutions with SCFs should
have a higher decrease of the discomfort hours above 25°C.

Table 26 presents the annual percentage of working hours inside and outside the comfort range of
temperatures according to the Portuguese regulation [82] as well as the annual overheating (ODH<1s) and
overcooling (ODHs3s) degree hours calculated according to the following equations (5.1) and (5.2):

ODH_yq = Z'Ti"d —18|x 6 (5.1)
ODH. 5 = Zmnd —25|x6 (5.2)

where

d is the counter of the number of hours below 18°C for ODH_,4 and above 25°C for ODH.-,,s. It equals

zero if Ting is above 18°C in the equation (5.1) and below 25°C in the equation (5.2).

Table 26. Thermal comfort indexes: discomfort working hours below 18°C and above 25°C, and overheating,

ODH.<1s, and overcooling, ODHs2s, degree hours

Discomfort working hours ~ ODHx<1s Discomfort working hours ~ ODHs2s

below 18°C [%] [°C.h] above 25°C [%] [°C.h]

North  Original Window 359 3716 37,6 4674
SCFA 39,5 4368 33,7 3481

SCFB 39,5 4348 33,7 3506

SCFC 40,1 4445 33,3 3287

SCFD 39,5 4341 33,7 3441

SCFE 39,2 4303 33,8 3506

SCFF 38,6 4174 34,7 3767

SCF G 38,9 4247 34,2 3640

East Original Window 22,1 1413 52,1 12432
SCFA 28,4 2361 458 8308

SCFB 28,0 2264 46,0 8390

SCFC 29,6 2518 44,6 7596

SCFD 28,8 2362 455 8052

SCFE 28,5 2305 46,0 8291

SCFF 271 2069 47,6 9232

SCF G 27,6 2179 46,8 8765

South  Original Window 4,3 196 63,1 10561
SCFA 11,8 556 46,3 6149

SCFB 12,0 572 46,6 6194

SCFC 14,5 723 443 5670

SCFD 12,6 620 45,8 6094

SCFE 11,5 574 46,9 6299

SCFF 8,8 423 49,8 7031

SCF G 10,0 484 48,3 6629

West Original Window 275 2288 47,2 9126
SCFA 32,7 3132 415 6003

SCFB 32,8 3163 41,3 6004

SCFC 33,3 3304 40,2 5602

SCFD 32,8 3170 40,9 5967

SCFE 32,7 3110 414 6149

SCFF 31,6 2906 42,8 6769

SCF G 32,2 3007 422 6431
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According to the results of Table 26, the application of SCFs increased 3-10 % the discomfort hours
below 18°C and decreased 3-20 % the discomfort hours above 25°C. Moreover, SCF C showed the lowest
value of the overcooling hours compared to the other films, showing reduction values of the ODHsx5 of

33%, 39%, 46%, and 39% for North, East, South, and West solar orientations.

5.6.2.2 Visual comfort

To analyse the visual comfort of the office spaces without and with different SCFs with external
application, several simulations were conducted in Energyplus. The daylight availability was analysed in
one point of the office space corresponding to the seating position recommended in the experimental
analysis of section 7.5.4 — at the desk plane height of 0.8 m and two meters away from the window. The
calculated daylight glare index was analysed at the same point position but at 1,0 m height for a viewer’s
direction parallel and perpendicular to the lighting source. The light source corresponds, in this case, to the
glazing system.

First, the daylight availability and the daylight discomfort glare of three typical days with different
outdoor conditions — summer (Figure 83) and winter (Figure 84) solstice under clear sky conditions and
one typical day under overcast sky conditions (Figure 85) — were analysed for the original glazing without
and with SCFs A to G. The clear sky days were selected by analysing days closer to the summer and winter
solstice that showed both higher values of global solar radiation and lower values of diffuse radiation (21
of June and 19" of December, respectively), and for the overcast sky day, , the day of the year with the
lowest values of global and diffuse radiation (17 of January) was selected. The analyses of these three
days allow assessing the visual performance of the office for different and opposite climate conditions and
for different glazing solutions.

The clear sky days in the summer and winter solstices show during the working hours (from 9h00 to
18h00) average outdoor temperatures of 25.87°C and 14.10°C and global solar radiation on horizontal plane
of 725W/m? and 236W/m?, respectively. The overcast day shows averages of 13.22°C and 22.68W/m?2.

Second, the annual daylight availability and the daylight discomfort glare were analysed according to the
Useful Daylight Illuminance metric, UDI (useful range of 0.3-3klx [75]) and the Daylight Glare Index, DGI

(considering comfort range values below the value of 22 [106]).
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Figure 83. Daylight illuminance and glare index for a viewer’s direction parallel (dotted lines on the right) and

perpendicular (straight lines on the right) to the light source on the summer solstice for the original window without
SCF, Original, and with SCFs A to G for: a. North, b. East, c. South and d. West solar orientations
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Figure 84. Daylight illuminance and glare index for a viewer’s direction parallel (dotted lines on the right) and
perpendicular (straight lines on the right) to the light source on the winter solstice for the original window without
SCF, Original, and with SCFs A to G for: a. North, b. East, c. South and d. West solar orientations

132



Chapter 5 — Performance of solar control films in double glazed windows

a. North
— 4000 - 45
x
3
— 3000
2 x 30 -
§ 2000 - 'g
2 1000 - 2 1]
e [0
O — 0
D o o o o o o o D o o o o o o o
D o o o o o o o D o o o o o o o
£ < = = = = < e £ = = = = = = =
D ™ [{o] (2] N [Te) o] — D ™ © (2] N [Te} (e} —
D o o o — — — N D o o o — — — [qV]
17th of January 17th of January
b. East
4000 ~ 45 -
X' 3000
= « 30 -
2 2000 A B
2 1000 - g 157
2 o
D o o o o o o o D o o o o o o o
D o o o o o o o D o o o o o o o
£ < < < e < < = £ < < < e < < =
D ™ © (2] N [Te} o) — D [a0) © (2] N [Te} [oe) —
D o o o — — — [\] D o o o — — — N
17th of January 17th of January
c. South
4000 - 45 4
X' 3000
= % 30 -
2 2000 - S
=] - 15 - :
2 1000 - g b
g - © /
(@] 0 0 :
D o o o o o o o D o o o o o o o
D o (=) o o o o o D o o o o o (=) o
£ < < = = < < = £ = e = = = = ey
D ™ © D N [Xe] (o] — D (a2} © D N Yol (e} —
D o o o — — — N D o o o — — — N
17th of January 17th of January
d. West
4000 ~ 45 -
%' 3000
= « 30 -
2 2000 A ©
S 1000 - g 157
z o
(@] 0 1 0
D o o o o o o o D o o o o o o o
D o o o o o o o D («) o o o o o o
£ e = = = e = = £ = = = = = = =
D ™ © (2] N [Te} o) —i D [92) © (2] N [Te} [oe) —
D o o o — — — [q\] D o o o — — — N
17th of January 17th of January
— Original ——SCFA —SCFB SCFC —SCFD
—SCFE ——SCFF ——SCFG —— Lower limit —— Upper limit

Figure 85. Daylight illuminance and glare index for a viewer’s direction parallel (dotted lines on the right) and
perpendicular (straight lines on the right) to the light source on one day with overcast sky conditions for the original
window without SCF, Original, and with SCFs A to G for: a. North, b. East, c. South and d. West solar orientations
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Figure 86 presents the annual percentage of the working hours of different daylighting range values for

the original window, original, and for SCFs A to G, for all solar orientations.
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Figure 86. Annual percentage of the working hours of different UDI range values in the office area for the original

window without SCF, Original, and with SCFs A to G for: a. North, b. East, c¢. South and d. West solar orientations

The application of SCFs to the original window decreases the daylighting availability in the office room
above 3 000 lux in all solar orientations, reducing the risk of visual discomfort due to glare occurrences.
The UDI values between 300-3 000 lux (useful daylighting) also decreased as the daylight availability
below 300 lux and 100 lux increased, which according to the UDI metric, can contribute to increasing the
energy needs with artificial lighting as it may require artificial lighting to perform office work activities.
Some exceptions can be found for the South orientation with SCFs C to G solutions and West orientation
with SCF F, as the UDI values between 300-3 000 lux are the same or higher than those obtained for the
original window and the UDI values above 3 000 lux decreased. In sum, the use of SCFs decrease the risk
of glare occurrences and may increase the energy needs of the office room due to low UDI values.

Figure 87 and Figure 88 show the Daylight Glare Index, DGI, for the window without SCF, original, and

with SCFs A to G for North, East, South, and West solar orientations.
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Figure 87. Annual percentage of working hours of different DGI values in the office space for a viewer’s direction
perpendicular to glazing for the window without SCF, Original, and with SCFs A to G for all solar orientations
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Figure 88. Annual percentage of working hours of different DGI values in the office space for a viewer’s direction
perpendicular to glazing for the window without SCF, Original, and with SCFs A to G for all solar orientations
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The DGI results indicate that glare occurrences are likely to occur for a viewer’s direction perpendicular
to the glazing system — when the viewer is working in a position where he faces the window. The original
glazing shows non-perceptible or perceptible but tolerable in 20% of the annual working hours for the North
and East orientation and 11% and 8% for a South and West orientation, respectively. With the application
of highly reflective films as is the case of SCFs A and B, the possibility of glare occurrences decreased,
showing values of non-perceptible or perceptible but tolerable glare in almost 100% of the working hours
for the North orientation and values greater than 70% in the remaining solar orientations.

For South and West solar orientation, an almost constant value of DG1>28 of 20-24% is observed for all
glazing solutions. The application of the different window films on the original glazing for both these solar
orientations did not significantly improve the values of DGI>28 (characterized by intolerable glare
occurrences).

A comprehensive analysis of the clear and overcast sky condition days (Figure 83 to Figure 85) can justify
these results. On summer days closer to the summer solstice (Figure 83), when the sun’s path depicts its
highest arc (displaying the highest elevation angles of the year), it can be observed values of DG1>28 in the
morning period for the East orientation, and in the afternoon period for the West orientation, for all glazing
solutions. However, for the East orientation, the values of DGI1>28 occur outside the working hours of the
day and for the West orientation, the values of DGI1>28 occur between 15h00 and 18h00, falling inside the
working hours for all glazing solutions and justifying the obtained constant annual values of DGI>28. On
the contrary, during winter days closer to the winter solstice (Figure 84), when the sun’s path depicts its
shortest arc (displaying the lowest elevation angles of the year), it is possible to observe values of DGI1>28
in the South orientation for all glazing solutions. These results are observed for both clear and overcast
(Figure 85) sky conditions in the winter period.

Altering the seated position to a viewer’s direction parallel to the glazing system reduces the annual
percentage of the working hours above the maximum recommended value of 22, decreasing the risk of
visual discomfort due to glare occurrences. In this seated position, the risk of glare occurrences in one year
for North and West solar orientation approximates zero, and for East and South solar orientation

approximate ~2-3% and ~8-9%, respectively, for all glazing solutions without and with SCFs.
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5.6.2.3 Energy needs

A generic HVAC template was included in the simulations to analyse the energy needs in the office space
without and with different SCFs. The thermostat temperature was defined according to the thermal comfort
range of temperatures for Portugal (18 °C to 25 °C). The HVAC efficiency values of COP=3.0 and EER=3.4
expressed in Portuguese regulations were assumed to the Portuguese Regulation of the Energy Performance

of Buildings [82]. The annual energy use was calculated as shown below:

_ ENheat ENcoul
EN—( =op + FER + ENjighe (5.3)

where
ENnear: €nergy needs with heating;
ENcooi: €nergy needs with cooling;

ENiignt: energy needs with lighting.

Simulations without SCF were also carried out for comparison purposes. The annual energy use for
cooling, heating, and lighting and the total energy use per square meter of floor area is presented in Figure
89 and the annual energy use savings (%) in Figure 90, for the original window without SCF, Original, and

with SCFs A to G for North, East, South and West solar orientation.
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Figure 89. Annual energy use of the original window without SCF, Original, and with SCFs A to G for North, East,

South, and West solar orientation
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Figure 90. Annual energy savings of the original window without SCF, Original, and with SCFs A to G for North,
East, South, and West solar orientation

The results of Figure 89 show that all SCF reduce the cooling energy use and increase the heating and
lighting energy use compared to the solution of the original window without SCFs, for all solar orientations.
The cooling energy use represents the major share of the total energy use of the office rooms (46% for
North, 78% for East, 87% for South, and 68% for West orientation) due to Lisbon’s Mediterranean climate
characteristics of dry and hot summers and mild to cool wet winters, according to the Koppen-Geiger
climate classification. As expected, the highly reflective SCFs A and B show the highest reduction of the
cooling energy use for all solar orientations, showing reductions of 45% for North, 70% for East, 73% for
South, and 63% for West. Despite the high cooling reductions, an increase in heating and lighting energy
use is observed compared to the solution of the original window. In fact, the results of Figure 90 show that
the highly reflective films A and B show the lowest overall energy savings of all the SCFs due to the higher
increase of the heating and lighting loads compared to the other films.

In terms of energy use savings (Figure 90), the spectrally selective film F shows the highest reduction of
the total energy use for all solar orientations compared to the other solutions — 6% for North, 28% for East,
37% for South, and 20% for West. This can be explained by the high Light-to-Solar Gain ratio, LSG= 1.45,
and lowest solar front reflectance prsoi= 0.28 when compared to the other solutions, which reduces the
cooling energy use at a higher rate than the increase of the lighting and heating energy use, especially during
the winter season. SCF A shows one of the lowest performances in reducing the total energy use for East,
South, and West orientations and shows an increase of the total energy use when applied to a North
orientation — energy increase of 12% for North, and energy savings of 28% for East, 28% for South, and
15% for West. This can be justified by the low visible transmittance, zis= 0.10, and the high solar (front)
reflectance, prsoi= 0.56, coefficients of this film, increasing the lighting and the heating energy use

(especially during the winter season) at higher rates than the other solutions.
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Based on the previous results, Table 27 shows a decision-making framework based on different
performance criteria, cooling (C), heating (H), lighting (L) and combinations deriving therefrom (C+H,
C+L, H+L, and C+H+L) for all fagade orientations (N+E+S+W). Figure 91 shows the corresponding solar
transmittance, solar (front) reflectance, and absorption coefficients of the glazing system without SCF

(Original) and with SCFs A to G.

Table 27. Decision-making framework based on energy performance criteria for different solar orientations

Orientation
Performance criteria
North (N) East (E) South (S) West (W) N+E+S+W

Cooling (C) A A A A A
Heating (H) Original Original Original Original Original
Lighting (L) Original Original Original Original Original
C+H B A D A B
C+L F B B B F
H+L Original Original Original Original Original
C+H+L F F F F F

01 1 B SCF w/ the best performance for at least one criteria

01 1 O]  Other SCF

01 A » » : Absorptance coefficient
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Figure 91. Optical properties of the original window without SCF, Original, and with SCFs A to G

From Table 27 it is can be concluded that SCFs A has the best performance for cooling and the original
window for heating and lighting performance criteria for all solar orientations. For the C+H+L combination,
SCF F has the best energy performance considering all solar orientations, which can be explained by the
high value of the visible transmittance, zis= 0.42, and the medium value of the solar (front) reflectance,
pisoi= 0.28 compared to the other SCFs.

Comparing the optical properties of the SCFs with the best performance for at least one criteria, it can be

observed that films with high (front) reflectance coefficients — located on the right side of the graph in
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Figure 91 — show better performance when considering the cooling criteria (C, C+H, and C+H+L) and the
films with high solar transmittance coefficients — located on the left side of the graph in Figure 91 — show
better performance when considering the heating and lighting criteria (H, L, and H+L). SCFs with medium
values of (front) reflectance and solar transmittance — located on the centre of the graph in Figure 91 — such
as the spectrally selective film, SCF F, show better performance when considering C+H+L for all solar
orientations. The balanced combination of the optical properties results in a combined reduction of the three
performance criteria — cooling (C), heating (H), and lighting (L) — which explains the lower value of the

annual energy use.

5.7 Conclusions and perspectives

In this current section, an extensive experimental investigation and a simulation study of existing office
rooms located in Lisbon were described to evaluate the thermal and visual comfort and the energy
performance of the offices for different scenarios of the glazing system: with the original double-glazed
windows without and with different SCFs with external application.

The experimental analysis was carried out on four similar office rooms, two offices with SCFs (offices |
and I1), one office with the original window without any film (office I1), and one office with the original
window and a damaged film (office IV). Office Il (original window) shows the lowest thermal, luminous,
and energy performance for the summer period, reaching indoor temperature maximum values of 35.82°C
and presenting the highest indoor average temperature of 27.18°C. This office shows the highest indoor
illuminance, reaching maximum values of 29 619 Ix in summer and 50 219 Ix in winter, increasing the need
of activating the shading device to control the transmitted solar radiation. However, it does not prevent
excessive solar gains and the consequent risk of indoor overheating. These conditions are very likely to
induce thermal and visual discomfort in the occupants and reduce the satisfaction with the working space,
especially during high insolation periods. Also, the daily range of indoor temperature throughout the days
is very high in this office — with temperature varying between 21.88°C and 35.82°C in the summer period
and between 15.89°C and 27.81°C in the winter season, which contributes to occupants’ thermal perception
and awareness and increasing thermal discomfort in the office.

When comparing the results of the retrofitted offices, it can be observed that the glazing system of office
Il is more effective in reducing the indoor temperature. In fact, SCFs G (office I) and B (office 1) are both

solar control films that alter the windows’ properties by decreasing the solar gains through the absorption
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(office I: prsa= 0.25; a1= 0.62) and reflection (office Il: prsoa= 0.59; a1= 0.35) process, respectively [104].
These properties explains the higher external surface temperatures of the outer pane of the glass in office |
compared to office II.

From the existing literature of SCFs, the thermal performance observed of offices | and 11 was expected
since office Il has a higher reflective coefficient than office I. Also, it should be noted that the minimum
value registered during the winter campaign is very close to the minimum comfort temperature of 18 °C for
the winter period, according to the Portuguese regulation [82]. From a thermal standpoint, different studies
emphasize that the application of SCFs is usually beneficial in summer and disadvantageous in winter due
to the reduction of the solar gains [55], [57]. In the experimental study developed in section 4 [43], it was
concluded that the application of a low reflective coefficient film in single glass windows with an East solar
orientation resulted in a short and insufficient decrease of the indoor temperature (less than 1 °C on average
on a daily sun-hours basis during the summer days). In the same study, a further investigation through a
simulation study concluded that highly reflective films could decrease the discomfort hours above 25 °C
by ~35% in the cooling season and increase the annual percentage of comfort hours by ~12%. Another
study [57] compared two office areas in a Mediterranean climate with double glazing units without and
with a highly reflective external SCF with a Southeast solar orientation. In this study, the authors concluded
that a higher reduction of the indoor temperature in the cooling than in the heating season resulted in an
increase in annual working hours within the comfort temperature range, according to the Portuguese
regulations [82]. In terms of energy performance and aligned with literature findings, office Il shows the
highest irradiance reduction on vertical plane in relation to the outdoor environment (~96% for summer and
winter) and in relation to the reference office 11l (75.6% for summer and 81.5% for winter), showing
maximum irradiance values of 25 W/m?. The results indicate that this glazing is the most energy effective
solution in reducing the solar gains in the summer and winter seasons (highest reduction in relation to the
outdoor environment and the reference office).

The luminous performance analysis revealed that office | show the lowest indoor illuminance peak value
on vertical plane and consequently the highest illuminance reduction in relation to the outdoor environment
and the reference office in both seasons, and office Il the second-highest reduction. Even though the
illuminance reduction levels are high, the absolute values of indoor illuminance indicate that offices | and
11 still present daylight illuminance values above the recommended ones to perform office activities during

working hours (0.5 Ix according to [74]).
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A comprehensive analysis of the results obtained in office IV with the damaged SCF, which is a highly
reflective film comparable to SCF B, showed that the level of deterioration of the film (tears, cracks,
blistering, lack of transparency, detachment, and deterioration of external layers) seriously affected its
optical and thermal properties. The calculated optical properties showed a variation of 70% of the visible
and solar transmittance, having a high impact on the thermal and visual performance of the office space

with this film.
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6. Energy, environmental, and economic analysis of windows’ retrofit with

solar control films

Incorporating or replacing materials in buildings may decrease the energy use during the operational stage
but increase the embodied energy in a building's life cycle. In this section, three different solar control films
from those analysed previously (SCFs B, F, and G), applied to the existing windows of a building are
investigated through energy, environmental and economic perspectives over a defined life cycle period as
potential retrofitting solutions of the building glazed area. The complete replacement of the existing
window with a new one is also analysed as an alternative retrofitting solution. SCFs B and F were selected
to be further studied in this section as they correspond to the films that showed higher performances in
section 5 (see Table 27). This study also included SCF G because it corresponds to a spectrally selective
film recently introduced in the Portuguese market, and a further analysis of this film’s performance can
provide a holistic view and more informed decisions for glazing retrofitting. The LCA approach (Life Cycle
Analysis) carried out in this section, involves the study of different retrofitting scenarios and, for their
implementation, the second case study building described previously (section 5.1) was used. The work

developed in this section was published in [58].

6.1 Materials and methods

6.1.1  Goal and scope of the LCA study

Regarding energy rehabilitation of buildings-related projects, the decision-making process on alternative
strategies is essentially based on the operational energy savings that can be achieved and the economic
costs involved. Although other factors such as environmental sustainability and the life cycle of products
are particularly important in decision-making today, their effective consideration has been far from
desirable. In this context, it is expected that LCA can give a useful input in the decision-making process
since it gives numerous life cycle outcomes of a product, consequence of human activities, with potential
impact on the environment and therefore can be used for product comparison over the whole life cycle
period.

The present LCA approach uses, as basis of the various analyses, the second case study building of this

thesis and comprises the products and processes included in the life cycle of the following three
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scenarios: Scl) original window; Sc2) retrofitting of the existing window using a solar control film (SCF)
for three films (SCFs B, F, and G); Sc3) retrofitting through full replacement with a new window
(NW). Scl is considered the base case scenario — no intervention is done to the building — and Sc2 and
Sc3 are the two alternative retrofitting scenarios. Operational and embodied energy and the carbon footprint
are the LCA outcomes used in this study for comparative evaluation and supporting decision-making in
retrofitting options of the building glazed area. Further, a more holistic overview of the system performance
considers the economic costs incurred in the life cycle of the three SCFs and the NW, which represent
another performance measure and provide more comparison information upon the different solutions for

the building glazing area.

6.1.2 Databases and calculation tools

The LCA study was carried out using the SimaPro Life Cycle Assessment tool, which is a well-recognized
sustainability software package with which complex life cycles can be modelled and analyzed according to
the 1SO 14040 principles [107]. The LCA process's core is the life cycle inventory (LCI). To build the LCI
dataset regarding the materials and activities involved in the retrofitting works, the Ecoinvent database
[108] was employed.

In this study, the bill of quantities and works' information of the construction project of the second case
study building, on which the LCA of the different scenarios was conducted, and that are essential to perform
the corresponding LCI, were not available, whereas in the case of the glazing retrofitting scenarios, they
did not exist at all. Measuring the layout elements concerned and using the Andalusia Construction Cost
Database (ACCD) to obtain work items and schedule quantities that allow compiling the final inventory
were a way of bypassing the problem [109]. The applicability of this Spanish database ACCD to Portuguese
buildings has been previously assessed using the Carbon Footprint indicator [110].

Complementary to the tools used specifically for the LCA approach, the popular building energy
simulation program EnergyPlus [78] is employed in this study to predict the OE use based on the required
heating, cooling and artificial lighting demand to maintain indoor thermal and visual comfort. The
calibrated simulation model previously described in section 5 was used.

Since this study involves a comparison between three scenarios — existing window (Scl), different SCFs
(Sc2) and a new window (Sc3) — using the LCA methodology for its evaluation, the life cycle period is

considered to start when retrofitting takes place. Given that the useful life of windows is established around

144



Chapter 6 — Energy, environmental, and economic analysis of windows’ retrofit with solar control films

30-50 years [111], to enable a comparable timeline between SCFs and NW, a life cycle period of 40 years
was considered. As the useful life of the SCFs selected for this study is estimated around 10 years [112]
and given the building life cycle of 40 years, the film will be installed three times after the first retrofitting.

Since retrofitting is a process that occurs after the building has been completed, the life cycle stages of
the LCA methodology do not involve the building itself. However, they only encompass the new competing
construction solutions, with the building (second case study building) being regarded as a previously
finished and consolidated system. Thus, the following stages are the focus of the present work: Product
stage, associated with raw material supply, transport and manufacturing only referring to the retrofitting
construction products; Construction stage, associated with transport to workplace and installation
construction process only of the retrofitting products; and Use stage, related with the impacts during the
life-cycle only of the implemented retrofitting solutions. Finally, the End-of-Life stage, which includes the
disposal, recycle and reuse stages, was not considered particularly interesting because the destiny of most
products after use is uncertain; as such, it was not included in the study.

The life cycle of the proposed study is shown schematically in Figure 1. As Scl is related to the original
glazing, no major intervention is required besides regular maintenance during the life cycle period in this

scenario.

.......... R - - T .
OE > OE OE OE
4 (10 years) (10 years) (10 years) (10 years)
Retrofitting .
Window films S' EE Windows films EE Windows films EE Windows films EE Windows films End of Life Cycle
new window? instalation instalation instalation instalation End of life of the
(1%* installation) (2™ installation) (3™ installation) (4" installation) last film (10 years)

== Life Cycle Assessment (Scenario 2) = 4*Embodied Energy (EE) + 40 years*Operational Energy (OE)

Start of Life Cycle T, )
Assessment. * e
Improving energy QE

efficiency of window. (40 years)
EE New window End of Life Cycle
instalation End of life of the
(only once) window (40 years)

Life Cycle Assessment (Scenario 3) = 1*Embodied Energy (EE) + 40 years*Operational Energy (OE)

Figure 92. Timeline of events in the life cycle period for retrofitting scenarios Sc2 and Sc3
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6.1.3  Organization of the study

The methodology proposed in this study, for investigating the life cycle performance of the fenestration
solutions under study, is shown in Figure 93 and comprises the following steps:

a. definition of the three analysed case scenarios: Scl) original glazing of the base case study; Sc2) original
window for three alternative SCF solutions applied on the external surface of the glazing; and Sc3)
replacement of the original window by one alternative new window;

b. building energy simulation (BES) with the same model calibration of section 5.6.1, but now extended
to the whole building, and again based on the EnergyPlus, SketchUp, Window and Optics programs, so as
to assess the building operational energy (OE) of the three analysed scenarios;

c. assessment of embodied energy (EE), carbon footprint (CF) and economic costs (EC) for the three
analysed case scenarios, when implemented in the building, through an LCA approach; in correspondence
with the type of element installed in the fenestration area — NW or SCF — the bill of quantities can be
prepared from the work units concerned, taken from the Andalusia Construction Cost Database (ACCD),
and the surface area that the fenestration occupies in the building envelope. With the total amount of
resources consumed (materials consumption in the retrofitting solutions) and the Ecoinvent database [108]
implemented in the SimaPro software, it is possible to obtain the energy and greenhouse gas emissions
involved in the production (materials extraction, transport and manufacture) of the retrofitting elements and
determine the environmental indicators: Embodied Energy (EE) and Carbon Footprint (CF). Likewise, the
good execution of the budget associated with materials and construction works, from data provided by
ACCD, and the operational energy costs provided by PORDATA [113], allows to perform the economic
evaluation of the analysed scenarios.

d. finally, a comparison of the operational energy, environmental impacts and economic costs of the base

case and the retrofitting strategies for the glazing area of the facade is carried out.
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Figure 93. Methodology flowchart

6.2  LCA calculation process

6.2.1  Operational energy

Building energy modelling has become a preferred method to predict energy demand and evaluate
different retrofitting scenarios based on energy performance and other metrics in recent years [114]. In this
study, the operational energy (OE) is considered in the LCA approach as the primary energy required to
maintain the thermal and visual comfort in the case study building and was assessed through a whole
building energy simulation (BES) using both the EnergyPlus and the SketchUp 3D modelling software over
the defined 40 years life cycle. BES models allow to predict the energy use under the influence of external
inputs (e.g. weather, occupancy and infiltration) to maintain specified performance criteria, such as indoor
temperature and humidity. The simulation model described and calibrated in section 5.6, concerning the
office area without SCF, was used as a basis for executing the office areas in a BES model applied to the

whole building.
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The building energy simulation (BES) model, as showed in Figure 94, was designed in the SketchUp and
EnergyPlus software by using the complete architectural plans, detailed construction descriptions, and the
materials’ properties tuned through the calibration process for the reference office the building carried out

in section 5.6.1.

Figure 94. Geometrical model of the building executed on a SketchUp 3D modelling program

The annual OE of the building was calculated as shown below (6.1):

ENheat ENcool
cop ' EER +EN”9’”) * Per 6.)

0E = (
where
ENnear: €nergy needs with heating;

ENcool: €nergy needs with cooling;

ENiight: energy needs with lighting.

These indicators were obtained from BES for the three alternative scenarios of the glazing. The efficiency
ratios of the HVAC equipment considered in the equation (6.1) are: the coefficient of performance (COP)
and the energy efficiency ratio (EER) used to convert the energy needs into energy use and the primary
energy factor of electricity generation, Per, used to convert energy use into primary energy.

It must be noted that the OE considered in the calculations only accounts for the share of the building
energy charged to the windows, to be coherent with the embodied energy calculation, which relates solely
to the window systems. The COP and EER used to convert the energy needs into energy use were 3.0 and

3.4 [105], respectively, and a primary energy factor, Per, of 2.5 kWher/kWh [105] was considered.

6.2.2 Embodied energy and carbon footprint
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To estimate the embodied energy and the economic and environmental impacts related to the glazing
retrofitting operations, it is necessary to quantify all the resources involved in the Product stage (raw
material extraction, transport to factory and manufacture of retrofitting products), the Construction stage
(transport to site, assembly and installation of retrofitting products), and in the maintenance operations
(concerned to retrofitting products) during the Use stage and make the subsequent conversion into energy
and carbon emissions by multiplying the resource quantities by proper coefficients representing the energy
consumed and the CO; equivalent per resource unit (kg, litres, m2, m®) [115].

To obtain the consumed resources of the retrofitting works for the different analyzed scenarios, a
methodology that incorporates an internal economic and environmental cost database, based on ACCD,
was employed in the analyzed case study [116], [117]. This cost database uses a hierarchical classification
system whereby each group is divided into subgroups of similar characteristics [109]. The unitary costs
representing the group of materials necessary to complete a unit of traditional construction work (work
unit) are included at the lower level of the hierarchic structure. Once the work units corresponding to the
envisaged retrofit solutions are identified in the database and the involved glazing areas are measured, it is
possible to quantify the resources broken down into materials, manpower and machinery. For the inventory,
associated with the retrofitting systems, only materials are accounted for computing EE and CF of the
building life cycle.

To obtain both the EE and the CF of a particular product or building component, the mass of the
constitutive materials (kg) is first obtained. Then, the Cumulative Energy Demand (CED) and the
International Panel of Climate Change 100a (IPCC 100a) impact indicators are applied not only to
respectively estimate the primary energy use to calculate the EE but also to measure the total GHG
emissions expressed in CO; equivalent to calculate the CF, per kg of manufactured material. The
environmental database used in both indicators is Ecoinvent, implemented in SimaPro, and developed by
the Swiss Center for Life cycle Inventories, due to its transparency in the development of processes,
consistency, references, and the outstanding fact that it fuses information from several international
databases of the construction industry.

The procedure which is applied in the retrofit of a building window for each scenario formerly analysed

is shown in the following equations (6.2) and (6.3):

EEy = Z M; X (Emati + Etransl-)
i
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CFy = Z M; x (Imati + Itransi) (6_3)
i

where

EE, and CF,,: embodied energy and CO; equivalent associated with the material resources involved in the
retrofitting alternatives;

M : mass of a basic constitutive material of the retrofitting work;

E e and Ep.qns: Primary energy consumption of manufacture and transport of the material;

Lnae and Ipqns: CO2 equivalent of manufacture and transport of the material.

The life cycle energy (LCE) for each retrofitting solution, throughout the 40 years life-cycle is given by

the following formula extended to the number of retrofitted windows:
LCE = Z EEy, + OE (6.4)
i

where
EE,, (equation 6.2) = embodied energy during the Product and Construction stages;

OE (equation 6.1) = operational energy during the Use stage.

On the other hand, the carbon footprint, CF, associated with all the retrofit windows for each scenario

throughout the 40 years life-cycle is shown below:

OE
CF:ZCFMi+[OE XE (65)
where

CF), (equation 6.3): CF during the Product and Construction stages and the CO; equivalent associated with

the energy use during the Use stage;

I conversion factor from electricity to carbon emissions in Portugal (0.28271 kgCO»eq/kWh [118]).

The environmental and economic impacts associated with the maintenance and cleaning operations were

assessed by using data from [115], by built surface (11.42 m?), as provided in Table 28.

Table 28. Economic (EC) and environmental costs (EE, embodied energy and CF, carbon footprint, respectively), for

the maintenance and cleaning operations during the life cycle [115]
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Item EC ECrotaL EE EEtortaL CF CFroraL

[€/m?ly] [€/m%40y] [MJIm?y] [MJI/m?/40y] [kgCO2eq/m?ly]  [kgCO2eq/m?/40y]
Cleaning 42.2300 19294.04 0.916 418 416.10 0.259 118 286.23
Maintenance 0.0104 4 755.06 4.563 2084756.20 1.290 589360.58

6.2.3  Economic costs

The economic costs. EC. associated with the different retrofitting solutions of the glazing system were
determined for all the window area of the building of the case study and for a 40 years life-cycle period

according to the following equation (6.6):

k=N—
B 4 Z ECini X (1 +a)F S, x OF x (1 + a)* 6.6)
m (1 + a)kxR (1+a)k

&
Il
g
=
Il
o

where

EC: economic cost associated with each retrofitting solution;

ECini: initial cost with production and construction works of the retrofitting solution;
Ce: current value of the electricity cost for domestic consumers;

a”: harmonized index of consumer prices;

a: discount rate based on a 10year government treasury yield;

N: life cycle period (N=40);

R: periodicity of the retrofitting scenario (R=10 in Sc2 and R=40 in Sc3).

The first sum of Equation 6.6 represents the net present value of economic costs with product and
construction works of the retrofitting solution during its life cycle; the second sum represents the net present
value of economic costs with the annual operational energy imputed to the glazing systems (OE). Through
the LCA methodology used in this study, the initial costs, EC;,;, associated with the retrofitting works,
cleaning and maintenance tasks were calculated considering the bill of quantities and the work
specifications taken from the ACCD. For the calculation of the net present value of periodic and periodic
fixed annual costs that occur in different periods of time, the harmonized index of consumer prices obtained
through the macroeconomic projections for the euro area by the European Central Bank [119], o, as well
as the discount rate based on a 10 year government treasury yield [120], o, were considered. Regarding the

electricity cost for domestic consumers, Ce, the current value of 0.215 €/kWh was assumed [113].
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6.3 Results and discussion

In this study, two alternative retrofitting scenarios for double-glazing systems were studied on the second
building case study of this thesis: the application of SFC on the external surface of the glass and the
replacement of the existing window by a new one as shown in Table 29. SCF B is a reflective film with
silver colour, 0.050mm thickness, and is manufactured through several layers of metallized polyester
attached with a pressure sensitive acrylic adhesive and a siliconized Polyethylene Terephthalate (PET)
protective liner as a finishing layer. SCFs F and G are less reflective than SCF A due to the metal-free
manufacturing process consisting of multi-layers of Polymethyl Methacrylate (PMMA) and PET with a
pressure sensitive acrylic adhesive a siliconized PET protective liner as finishing layer. Both films F and G
are spectrally selective with 0.05mm thickness and different solar transmittances (higher for SCF F) and
while SCF B shows a tinted dark-yellow appearance when installed, SCF B shows a clear appearance and

does not affect the colour of existing glazing.

Table 29. Retrofitting scenarios

Scenario (Sci.) Description
Sc2 Solar control films (SCFs) Application on the external layer of the original window without the damaged SCF
Sc2.1 SCF B Application of a reflective SCF
Sc2.2 SCF G Application of a spectrally selective SCF (lower solar transmittance)
Sc2.3 SCF F Application of a spectrally selective SCF (higher solar transmittance)
Sc3 New window (NW) With an air gap
Sc3.1 NW Increase the thickness of the glass layer and decrease the solar and visible transmittance

Window program has a broad database of glasses, applied films, coatings, and frames that calculate total
window thermal performance indices. Nonetheless, it is not always straightforward to select and analyse
different films due to the extensive available data. Optics complements the Window program since it
provides access to a database of various applied films organized in a specific list, simplifying the process
of selecting the films to be investigated. Table 30 shows the optical and thermal properties considering the

different scenarios calculated through Window and Optics programs [73].
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Table 30. Thermal and optical characteristics of the existing window and the alternative retrofitting scenarios: solar

transmittance, zsol, Solar (front) reflectance, pr.sol, absorptance (front), a1, visible transmittance, zis, visible (front),

pruis, and (back), pbyis, reflectance, thermal transmittance, U [W/m?.K], and solar factor, g

. Tsol f.s0l (253 Tvis f.vis b.vis U

Scenario (5¢:) ™ g b P b0 ba B ekl
Scl Existing window (EW) 32 36.6 16.6 40.9 56.4 142 9.82 14 48.0
Sc2 Solar control films (SCFs)

Sc2.1 SCF B 32 5.9 58.5 29.8 10.6 57.8 30.4 14 12.1

Sc2.2 SCF G 32 11.9 25.4 52.5 24.5 8.35 11.5 14 23.4

Sc2.3 SCF F 32 19.4 28.1 37.2 415 15.1 12.1 14 29.3
Sc3 New window (NW)

Sc3.1 NW 38 12.0 25.6 48.6 284 233 26.4 11 29.6

The OE for the different scenarios of the glazing system was calculated, using the BES model with the

original synthetic weather data of Lisbon’s city [78], considering the lighting, heating and cooling energy

use, from Monday to Friday and from 8h00 to 18h00. The energy consumption with water heating and

appliances was considered independent of the type of the window system used on the facade and therefore

was not considered in the OE calculation. The HVAC system was set to turn on when the indoor temperature

exceeds the thermal comfort range of temperatures for Portugal (18 °C to 25 °C), according to [82].

6.3.1  Operational energy

Figure 95 shows the lighting, heating, cooling, and the total variation of the operational energy, AOE,

between the retrofitting solution and the original glazing calculated per m? of floor area during the 40 years

life-cycle, for: Sc2.1 retrofitting using SCF B, Sc2.2 retrofitting using SCF G, Sc2.3 retrofitting using SCF

F, Sc3.1 replacement with a NW.
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Figure 95. Lighting, heating, cooling, and total variation of the operational energy, 4OE, per m? of floor area
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When comparing the retrofitting scenarios for the glazing area of the building (Figure 8), it is possible to

observe that:

all retrofitting solutions are feasible to increase the energy efficiency of the building under
consideration during the operational stage since they all show negative values of the 4OF when
compared to the original scenario of the glazing system without SCF, Sc1;

SCF G (40E= -283 MJ/m?/40years) and SCF F (4OE = -394 MJ/m?/40years) show a higher
AOE when compared to SCF B (40E= -105 MJ/m?/40years). These differences can be explained
by the higher visible transmittance coefficient and solar factor of SCF G (zis= 24.5; g= 23.4) and
SCF F (wmis= 41.5; g=29.3) compared to SCF B (wis= 10.6; g= 12.1). In fact, previous studies
[25], [57] show that the application of SCFs on glazing systems decrease the cooling energy use
and increase the heating and lighting energy use of glazing systems. For the building under
consideration, the cooling energy use represents ~62% of the total OE, and the lighting is about
~29%. Therefore, retrofitting solutions with higher light-to-solar gain ratios (zis/g) as SCF G
(wis/g= 1.05) and SCF F (wis/g= 1.42) show a higher variation of the operational energy by
decreasing the solar gains in a higher proportion than the decrease of the visible transmittance;
SCFs show higher A0E when compared to the alternative scenario of full replacement of the
EW, especially in the variation of the cooling energy. The higher insulation of the NW
(L.1W/m2.K vs 1.4W/m2.K, see Table 30) decreased the heat losses during the night periods
when compared to the other 3 SCFs, trapping heat during the night and requiring more cooling
load in the summer periods and less heating load in the winter periods in the first hours of the
working hours. These results are in accordance with O'Neill et al. [121] who concluded that the
combination of low U values and high solar factor in windows allows the entry of more solar
radiation during the day and less heat escapes during the night, increasing the energy needs with

HVAC consumption.

It is worth highlighting that a preliminary study that considered 3 NWs with comparable optical and

thermal properties to the 3 SCFs applied in the existing glazing was performed. It was concluded that the

results of the 3 NWs were very similar due to their similar optical and thermal characteristics, and therefore

only one of the NW is presented in this study for comparison purposes.

6.3.2
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Following the methodology described in section 6.2.2, Table 31 and Table 32 show the list and the
quantity of resources (materials consumed and total hours of labor) and corresponding disaggregated basic
prices involved in Sc3.1 and Sc2.3 scenarios for a single building window unit (1.012 m?). The single unit
economic cost of the retrofit work of a window is equal to the sum of the products of the quantities and the
respective basic prices.

EE and CF were obtained by converting the original measure unit of each basic price (meters, square
meters, tons, cubic meters) into cubic meters so that the established density available in supporting
documents can be applied. Then, equations (6.2) to (6.5) are applied to obtain EE and CF of each resource

and the respective totals of the retrofit work of the window.

Table 31. Disaggregated resources and basic prices, economic and environmental costs, and carbon dioxide emissions

for the replacement of a window unit

Economic Cost Environmental Cost

Price code Qu.  Un. geez(c’;‘i:ft?on EC EC  EE EE CF [110] CF
[Eun]  [€] [MJun]  [MJ] [kgCO.eq/un]  [kgCO,eq]
01KLV90001 1.012 m?  Labor in selective demolition of window with aluminum profiles
TP00100 0.3 h Special labor 18.28 5.55 0.00 0.00 0.00 0.00
06WWRS80060 1.012 m?  Received from received from fagade fences.
WW80010 0.09 kg TIPS 20x100 cm 7.42 0.68 0.00 0.00 0.00 0.00
AGMO0500 003 e E‘ement mortar M5 (1:6) CEM 11/ A-L 32.5
GW00100 0263 m®  Water 0.55 0.00 31.06 0.25 7.40 0.06
GCO0200 0258 t  CememtU/ALgo54 072 377806 2050 78600 53.34
32.5 N in sacks
AA00300 1.102 md Gross sand 6.53 0.22 141.43 473 15.29 4.35
TP00100 1.030 h Special labor 18.28 0.57 0.00 0.00 0.00 0.00
Professional
TP00200 0.350 h workmanship 19.23 6.81 0.00 0.00 0.00 0.00
TA00100 0.350 h Assistant 18.42 6.52 0.00 0.00 0.00 0.00
11LVA80050  1.012 m?  Window folding aluminum lacquer type IV with TBB (>3m?)
TO01600 015 h  Workmanship 1923 292 000 0.00 0.00 0.00
carpentry
TP00100 0.17 h Special labor 18.28 3.14 0.00 0.00 0.00 0.00
Pre-fence tube
KA01100 3 m steel galvanized 311 9.44 18.43 55.95 1.16 0.59
fixed or fixed
White lacquered
KL80300 1 me  auminum folding 55505 53576 159506 161511 99.09 297.27
window with
TBB
RWO01900 3 m Sealing gasket 1.30 3.95 6.12 18.59 0.13 0.40
Complementary
WWO00300 1 u material or 0.55 0.56 2.65 2.68 0.16 0.48

specials pieces.
12L.T180016 0.533 m?  Thermoacoustic lighting colorless polished lenses 8+14+8+8mm. air chamber 14mm.
Double reflective
and colorless
VL04650 1 me  under emissive 4322 2304 13874  73.95 158 0.84
and solar control
8+14+8+8mm (air

chamber)
VWO01500 3 m gﬂ%‘;ﬂ?“e“w 040 064 9109 14565  2.62 7.85
TO01700 085 h  Glass worker 1923 871 000 0.00 0.00 0.00
Total (EC. EE. and CF) 306.24 1946.50 365.17
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Table 32. Disaggregated resources and basic prices, economic and environmental costs and carbon dioxide emissions
for a window retrofitted with SCF F

Economic Environmental .
Carbon Footprint
Price code Qu. Un.  Resource Description Cost Cost
EC EC EE EE CF [110] CF
[€un]  [€] [MJun]  [MJ] [kgCO.eq/un]  [kgCO.eq]
20FCL90026 1.012 m? Outdoor window
cleaning
TP00100 0.08 h Special labor 1828 148  0.00 0.00 0.00 0.00
JLO0100 0.08 h Cleaning materials 0.70 0.06 2.87 0.23 0.23 0.00
1.012 m? Installation of outdoor
12WWWwW00001 window protection
film
TP00300 0.3 h Special labor 19.23 577 0.00 0.00 0.00 0.00
HWO01000 ° m*  Scaffolding forsale in .5 1,0 g0 000  0.00 0.00
facade
1 m?  Sheet for windows.
090 exterior placement. 58.00 5870 4858 49.16 3.90 11.70
2 u Complementary
WWO00300 material or pzas. 0.30 0.61 2.65 5.37 0.16 0.32
specials
Total (EC, EE and CF) 67.81 54.76 12.02

Table 33 shows the economic costs (EC), embodied energy (EE) and carbon footprint (CF) obtained for
the retrofitting scenarios normalized per m? of building floor area without considering the contribution of
the operational energy. The values of EC, EE, and CF for Sc2 are indicated for each installation of the films
as well as for the four necessary installations in the life cycle studied. Sc3 comprehends only one
replacement in the starting point of the life cycle under scope, so the values of EC, EE, and CF in the

beginning and end of the life cycle are the same.

Table 33. Economic costs, EC, and embodied energy, EE, and carbon footprint, CF, excluding the contribution of

operational energy for the 4 retrofitting solutions, per m? of floor area

) ECini EEuw+EEp CFM EC (W/O OE) EEuM+EEp CFM
Scenario (SC)  reimz10y]  [MIMZ10y]  [kgCOeq/mP10y]  [€/m?40y]  [MIm40y]  [kgCOseq/m¥/40y]
Sc2 SCFs One installation in 10 years Four installations in 40 years
Sc2.1 SCF B 2.69 4.64 1.06 11.72 18.57 4.26
Sc2.2 SCF G 6.57 5.85 1.30 28.65 23.39 5.20
Sc2.3 SCFF 6.67 5.39 1.18 29.08 21.54 473
Sc3 NW One replacement in 40 years
Sc3.1 NW 30.12 191.46 35.93 30.12 191.46 35.93

The results show that during the life cycle period, the EC of SCFs F and G are very similar to that of the
NW and the EC of these 3 retrofitting solutions are, in turn, ~2.5 times higher than the EC of SCF B. The
EE of retrofitting scenario Sc2 shows the lowest value for the reflective film SCF B (18.57 MJ/m?/40y) and
the highest one for the spectrally selective film SCF G (23.39 MJ/m?/40y). The average of the EE of the

three films is ~89% lower than the EE of the NW and the CF of the retrofitting scenarios Sc2 and Sc3 is
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4.4 to 5.3 times higher than the value of the EE of the retrofitting solutions, evidencing a high relationship

between these two indicators during the Product and Construction stages.

6.3.3  Energy, economic and environmental analysis

Table 34 shows the operational, OE, and embodied, EE, energy, and the life cycle energy, LCE, associated
with the retrofitting scenarios per m? of building floor area. The following calculation gives the ratio of the
embodied energy to the life cycle energy: EE/LCE.

Comparing the values of the OE of the retrofitting solutions, it can be concluded that the OE varies
between 420.84 and 551.66 MJ/m?%/40y, and SCF F shows the lowest value of OE because of the higher
light-to-solar gain ratio (zis/g= 1.42) compared to the other solutions. On the other hand, comparing the
LCE results for the four retrofitting solutions, it can be noticed that the LCE is lower using SCFs mainly
due to the lower values of EE when compared with the total replacement of the window. Observing the
proportion of embodied energy to life cycle energy, the embodied energy shows the highest and the lowest

percentage of LCE for NW (25.8%) and for the reflective SCF B (3.3%), respectively.

Table 34. Life cycle energy for the 4 retrofitting solutions: operational, OE, and embodied,. EE, energy, life cycle
energy, LCE, and the ratio of the embodied energy to the LCE, EE/LCE

Scenario (Sci) EE OE LCE EE/LCE
" [MJ/m?/40y] [MJ/m?/40y] [MJ/m?/40y] [%]
Sc2 SCFs
Sc2.1 SCF B 18.57 536.63 555 3.3
Sc2.2 SCF G 23.39 465.19 489 4.8
Sc2.3SCF F 21.54 420.84 442 4.9
Sc3 NW
Sc3.1 NW 191.46 551.66 743 25.8

Table 35 shows the economic, EC, and environmental, CF, costs related to the retrofitting solutions during
the 40 years life-cycle. SCF B and NW show the lowest (48 €/m?%/40y) and the highest (1046 €/m?/40y)
economic costs of the 4 retrofitting solutions, respectively. It is worth noticing that although SCF B shows
the highest operational energy costs (35.83 €/m?%/40y) of the three films, the total economic cost is the lowest
of the retrofitting solutions due to the lower production and construction works’ economic costs associated
with this film (11.72 €/m?/40y).

Observing the results of the CFy, it can be concluded that the three SCFs generate almost the same amount

of CO; equivalent per m? of floor area (average of 4.73 kgCOeq/m?/40y). In terms of the NW, the CFy
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(35.93 kgCO2eq/m?/40y) is almost eight times higher than the average of the three films. The total CF of
the four retrofitting solutions shows that the three SCFs analysed produce almost half of the amount of CO,

equivalent per m? compared to a new window replacement during the 40 years life cycle (which corresponds

to the useful life of windows).

Table 35. Economic and environmental costs, EC and CF, respectively, for the 4 retrofitting solutions: inicial, Ci, and

operational, ECog, economic costs; material, CFwm, and operational, CFoE, carbon footprint

ECoE EC CFm CFoe CF

Scenario (Sci.) [€/m2/40y]  [€/m2/40y]  [KgCOzeq/m?/40y]  [kgCO-eq/m?40y]  [KgCOzeq/m?/40y]

Sc2 SCFs
Sc2.1 SCF B 35.83 48 4.26 42.14 46
Sc2.2 SCF G 31.06 60 5.20 36.53 42
Sc2.3 SCF F 28.10 57 4.73 33.05 38
Sc3 NW
Sc3.1 NW 36.84 67 35.93 43.32 79

Figure 96 shows the combined embodied, EE, and operational, cooling, heating and lighting, energy
results and the economic and environmental costs that allow identifying the best solution from a multi-
criteria decision analysis for window retrofitting of non-residential buildings in temperate Mediterranean
climates. The combined operational and embodied energy results identify the lowest life cycle energy and
carbon footprint retrofitting scenario — SCF F (LCE= 442 MJ/m?/40y, CF= 38 kgCO,eq/m?/40y) and SCF
B shows the lowest EC (48 €/m?/40y) and the highest LCE and CF (LCE= 555 MJ/m?/40y, CF= 46
kgCO.eq/m?/40y) among the three SCFs, resulting in the best SCF investment from an economic point of

view, and the least effective from an energy and environmental standpoint.
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Figure 96. Operational energy with cooling, heating, and lighting, embodied energy, EE, economic costs, EC, and
carbon footprint for the retrofitting solutions per m? of floor area during the life cycle period
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6.4 Conclusions

The purpose of this section was to describe and assess the energy, environmental and economic impacts
for alternative retrofitting scenarios for glazing areas of existing non-residential buildings using a LCA
comparative approach and to quantify the relative importance of embodied and operational energy
associated with solar control films (SCFs). The scenario of three SCFs (SCFs B, F and G) with different
thermal and optical properties and the scenario of a new window (NW) replacement were the retrofitting
scenarios considered in this study to improve the energy efficiency of an existing office building located in
Lisbon, considered as the case study. The methodology used consider the building as a previously finished
and consolidated system and therefore the life cycle stages of the LCA do not involve the building itself
but only the new construction solutions and the economic and environmental costs associated with one of
the four retrofitting solutions (three SCFs and one NW). The established life cycle period was set in 40
years (useful life of windows) to enable a comparable timeline between the two alternative retrofitting
scenarios.

This study showed that different retrofitting scenarios such as SCFs and NWSs can reduce the total
operational energy while meeting the current thermal and visual comfort requirements standards in the work
environment. The operational energy results showed that retrofitting solutions with higher light-to-solar
gain ratios (tvis/@), such as SCFs F and G, exhibit higher operational energy savings by decreasing the solar
gains in a higher proportion than the decrease of the visible transmittance. Therefore, the reduction in
cooling energy needs is much higher than the increase in lighting and heating energy needs. The higher
insulation of the new window (U=1.1 W/m?2.K) was also a factor that contributed to the lowest operational
energy savings of this solution when compared to those obtained for SCFs (U=1.4W/m?.K), since it lowered
the heat losses during the night periods, trapping heat during the night, and requiring more cooling load in
the morning periods.

As expected, all retrofitting solutions increased the embodied energy of the building since retrofitting
interventions have impacts associated with the production and transportation of the new components related
to each retrofitting solution. The found embodied energy for the four retrofitting solutions revealed that the
NW shows the highest value in the life cycle period compared to the three SCFs (~9 times higher than the
average of the embodied energy of the films). In fact, the lower values of the life cycle energy of SFCs are

related to the lower values of EE and OE of the 3 SCFs compared to that of the NW.

159



Chapter 6 — Energy, environmental, and economic analysis of windows’ retrofit with solar control films

The Carbon Footprint results showed that the carbon equivalent generated to produce the films is between
38-46 kgCOqeq per m? of building floor area for 40 years, whereas manufacturing NW is 2 times higher
than those of the films.

Window retrofitting solutions such as SCF B with lower production and construction costs can be
economically advantageous. However, while this film was the best investment from an economic point of
view compared to the other three retrofitting solutions, it also yielded the highest operational and
environmental costs.

Retrofitting solutions with higher light-to-solar gain ratios showed higher energy savings during the
operational stage by decreasing the solar gains in a higher proportion than the decrease of the visible
transmittance. The best retrofitting solution, SCF G, showed a life cycle energy (LCE) (embodied plus
operational energy) and a carbon footprint of 4447 MJ/m?/40y and 380 kgCO,eq/m?/40y, respectively,
whereas the least performant solution, new window, showed a LCE 1.5 times higher than the average of
the three SCFs. The higher LCE value of the new window was related to the higher value of the embodied
energy compared to those of the three SCFs (~9 times higher than the average of the films).

The results of this section show the importance of a combined operational and embodied energy analysis
for retrofitting solutions of existing glazing systems and present valuable information to support the
decision-making process towards more efficient and sustainable buildings. Comprehensive studies of
retrofitting scenarios should be thoughtfully investigated before retrofitting interventions to promote
accurate estimations on the life cycle energy and awareness of possible environmental impacts during their

life cycle.
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7. Thermal, daylighting and energy performance of glazing with SCFs —

aggregated performance indicators

To consolidate and unify all the experimental and numerical conclusions compiled in the execution of the
present thesis, a parametric analysis was carried out to evaluate the performance of single and double
glazing units of office rooms without and with two high-performing solar control films for different facade
conditions and different locations on the mainland Portugal. SCFs B and F were considered, as these films
presented the highest energy performance in sections 4, 5 and 6, according to at least one criteria (cooling,
heating and lighting) for clear single and double glass panes.

The embodied energy (EE) was not considered in the study of this section since it was concluded that
during the life cycle of a window, the EE of a SCF is negligible as it represents 3% to 5% of the total life
cycle energy (see EE/LCE, Table 34 in section 6).

This last section provides a conclusion of the work developed, based on the results obtained in previous
sections, as well as valuable information for decision-makers and professionals from the building industry

regarding the application of window films in existing buildings in Portugal.

7.1  Methodology

In this section, a parametric analysis to investigate the thermal and visual comfort as well as the energy
performance of glazing units in office areas without and with two window films for different facade
scenarios is described. Single and double clear glazed units were adopted as reference substrates,
representative of two transparent components of building fagades. On the other hand, spectrally selective
and highly reflective films that showed higher performances (see results and conclusions in sections 5 and
6) were selected as the representative films to be considered. In this section, the office rooms (2.4x6.0m?)
studied in sections 5 and 6, which correspond to the office areas of the building of the second case study,
were considered.

Table 36 shows the thermal and optical properties of each of the representative window scenarios

investigated in this section.
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Table 36. Thermal and optical characteristics of single and double-glazed windows with SCFs B and F applied to the
external side of the back pane glass: solar (front) reflectance, ptsol, Solar transmittance, zsl, Vvisible transmittance, zvis,

(front) absorptance, o1, thermal transmittance, U [W/m?.K], and solar factor, g

Tsol  pfsol a1 o2 Tvis  Pfvis  Pbyis U g
6] [%] [%] [%] [%] [%] [%] [W/mAK] [%]

Single-glazed window -

Glazing scenario Nomenclature

SG 77 7 16 88 8 8 5.7 83
(SG)
SG window with SCF B SG_SCFB 10 58 30 - 16 58 57 5.6 23
SG window with SCF F SG_SCFF 33 27 36 - 65 12 14 5.6 50
Double glazed window 11

DG 61 11 17 79 14 14 2.8 72
(BbG)
DG window with SCF B DG_SCF B 9 59 30 2 15 58 54 2.7 18
DG window with SCF F DG_SCF F 28 28 37 4 58 15 19 2.7 34

Due to the large number of simulations required and amount of results involved in the parametric analysis,
the jJEPIus tool for EnergyPlus was used. This tool was developed to perform complex parametric analysis
using EnergyPlus files (.idf) and manage several simulation runs while gathering the results in single output
files (e.g .csv), simplifying the analysis for several building design parameters. In this study, the adopted
methodology includes the following steps (Figure 97):

a. The development of two Energyplus models (.idf file): the first model (office area of the building of
the second case study) was created considering a free float scenario (i) — without climatization and electric
lights — to assess the thermal and visual comfort conditions without resorting to energy consumption,
whereas the second was designed considering a generic HVAC template and electric lights (ii) to evaluate
the energy needs to maintain the indoor thermal and visual comfort conditions, according to the Portuguese
and international regulations;

b. the selection of three different climate regions (.epw files) on mainland Portugal located in the south,
centre and north regions of Faro, Lisbon and Braganza;

c. the definition of different facade scenarios using the jEPIlus tool (.jar file) for the parametric analysis,
that include the variation of the solar orientation of the facade: North, East, South, and West; the window
type: single and double glass units, without and with two SCFs; and the window-to-wall ratio (WWR) that
varies between 20% and 100% in increments of 20%.

d. the definition of output variables in RVIs file format using the jEPIlus tool, for both the Energyplus

models:
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d(i). indoor temperature, and daylighting in two reference points at different heights to calculate the
useful daylight availability at the work desk height and the daylight glare index at the occupants’ eyes
height;

d(ii). energy consumption and carbon footprint related to the heating, cooling, and lighting energy
needs.

According to the Koppen-Geiger climate classification, on the mainland Portugal the climate is divided
into two regions with Mediterranean climate conditions [44]: one with short, mild winters, and being
characterised by dry and hot summers (Csa), and another with rainy winters, dry and mild summers (Csb).
According to the Kdppen-Geiger climate classification, Lisbon and Faro are characterized by having a Csa
climate, whereas Braganza has a Csb climate. The mean temperatures vary in each region, Lisbon shows

monthly average temperatures between 11-22°C, Faro between 13-24 °C, and Braganza between 4-21°C.

a 4 N

Energyplus Performance

Climate region Orientation Window type WWR .
model Indicator
idf file epw file jar file jar file jar file rvi file:

Faro s 4 SC .
4 . . s 4 20%,
B 3 * __SG_SCFB_ '

4 Thermal comfort

o

With/o HVAC +---3»  Lsbon .| fa’ "
4 * Visual comfort
* Braganza 3 * DG_SCF E
l:
Faro =
& 4 4 20%,
! N SG_SCF B A . Encrgy
0 . i = 20% 4 performance
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Figure 97. Methodology flowchart: parametric simulations, software, and respective files

To analyse the data obtained using the parametric analysis from a thermal, visual, energy, and
environmental performance standpoints, a multi-criteria analysis proposed by Diaz-Balteiro & Romero

[122] was used and adapted to the context of the current study. This method considers an aggregated
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indicator, IS;, allowing for a direct comparison of the global performance of i= 1, 2, ..., n fagade scenarios,

which are evaluated according to j=1, 2, ..., m performance indicators, as shown in equation (7.1):

m
j=1

where

IS;: aggregated indicator for the i facade scenario;

n: total number of facade scenarios;

m: total number of performance indicators j for the facade scenario I;

W;: weight or relative importance of the performance indicator j;

R;;: normalised value of the j indicator for the fagade scenario i.

To compare the performance of the different fagade scenarios, four aggregate indicators were estimated
and the weights, W;, were evenly distributed according to several categories. This method estimates a global
indicator assembled through a weighting process allowing for a direct comparison between the
performances of each strategy for different facades and solar orientations. Consequently, and according to
this methodology, the best window solution is the weighted sum of the normalised j indicator for the facade
scenario i, which yields a maximum result. The worst window solution is the weighted sum of the
normalised j indicator for the fagade scenario i, which yields a minimum result.

Figure 98 shows the aggregated indicators of performance and Table 37 the adopted weight distribution
for the calculation of the aggregate indicators: thermal, visual, energy, and environmental aggregate

indicators, and global aggregate indicator.
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Figure 98. Aggregate indicators, j, and weight distribution: discomfort hours above 25°C, DHss, and
below 18°C, DH<1s, overheating, ODH<s, and overcooling, ODH<1g, degree hours, useful daylight

illuminance, UDI300-2000, daylight glare index, DGl<»

Table 37. Attributed weights for each j aggregate indicator

j aggregate indicator DH.;s DH<as  ODH<s  ODHas  UDlsgozo0 DGl H Consu(r:nption L Cco
Thermal 1/4 1/4 1/4 1/4

Visual 172 172

Energy 1/3 1/3 1/3
Environmental 1
Global 1/16 1/16 1/16 1/16 1/8 1/8 1/12 1/12 1/12 1/4

The value of the thermal aggregate indicator depends on the annual discomfort hours above 25°C and
below 18°C as well as the overheating and overcooling degree hours. These are commonly used metrics to
evaluate the thermal discomfort due to the low and high temperatures in indoor spaces. The quality and
quantity of daylight was evaluated by the visual aggregate indicator considering values between 300Ix and
2000Ix as useful daylighting illuminance values and values below 22 as desirable daylight glare index
values. As regards the energy aggregate indicator, the energy consumption with heating, cooling, and
lighting per square metre was calculated considering the following values of COP=3.4 and EER=3.0 to turn
the energy needs into energy consumption values and per area of the office room. To determine the

environmental aggregate indicator, the annual CO, emissions factor was estimated considering the primary
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energy associated with the energy consumption (heating and cooling) during the working hours. The
considered energy mix and CO, emission factors, EF, for the calculation of the annual CO, emissions are

described in Table 38.

Table 38. Energy mix [%] and emission factors, EF, [gCO2/kWh]

Energy mix [%] EF [gco2/kWh]
Nuclear 2.03 0.00
Renewable cogeneration 3.99 0.00
Other renewables 6.68 0.00
Hydro 7.04 0.00
Fossil cogeneration 8.13 327.00
Natural gas 8.59 386.00
Coal 13.99 970.00
Wind 47.59 0.00
Municipal solid waste 1.96 1.96

It should be noted that the estimated CO, emission values are proportional to the obtained energy
consumption values for each i fagade scenario as the acclimatization and lighting systems have the same
energy source — electricity — for heating, cooling and lighting.

In this study, the global indicator comprises the analysis of the thermal and visual comfort, and the energy
and environmental performances, for each fagade scenario, through the calculation of the different adopted
metrics, as shown in Figure 98; however, aggregate indicators take into account different variables and their
absolute values are usually in different scales or units (e.g. the calculation of the DH is in hours whereas
the energy consumption is in kW.h.m2). For these reasons, the first step required for the calculation of any
aggregate indicator consists of normalising the m indicators to the same scale, for comparison purposes.
Diaz-Balteiro & Romero [122] proposes a normalisation procedure when the indicator is of the type “higher

values are better”, as given by equation 7.2 and of the type “lower values are better”, as given by equation

7.3:
Ry=1-S "Ry o 7.2
ij = R _R. b (7.2)
J *j
Rij —R}“
1_ ;V'l j "
3] R*] _R; l] (7 3)
where

R;;: simulation result of fagade scenario i" when is evaluated according to the j™ indicator;
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R;: optimum value of the j™ indicator of performance (ideal value);

R.;: worst value achieved by the j™ indicator of performance (anti-ideal value).

7.2 Results and discussion

After the simulation of different scenarios using the jEPIus tool, as shown in Figure 97 and considering
the weight distribution of the different indicators as mentioned in Table 37, the results of the global
performance indicator was estimated for single and double glazed units without and with two different
SCFs applied to facades orientated North, East, South, and West for Lisbon, Faro, and Braganza including
five different Window-to-Wall Ratios (WWR) as described in Figure 99, Figure 100, and Figure 101.
Second, the thermal and visual comfort and the energy performance aggregate indicators for a south
orientated facade located in Lisbon, Faro, and Braganza for a value of WWR=60% was estimated for the
same single and double-glazed units without and with SCFs. The final results are shown below.

From the analysis of Figure 99, Figure 100, and Figure 101, the global performance indicator, IS, shows
that for North oriented facades, the glazing solutions without and with the spectrally selective film, SCF F,
show similar IS values varying between 0.69 and 0.76, for Lisbon, Faro and Braganza. On the other hand,
glazing solutions with the reflective film, SCF B, present lower IS values (0.58< IS <0.65), indicating that
highly reflective films for existing glazing of office rooms with a North solar orientation have worst
performances from a thermal and visual comfort and energy and environmental point of views than the
glazing without films or with the spectrally selective film. The same conclusions can be drawn for fagades
oriented to East or West with WWR=20% and WWW=40% and to South with WWR=20% for the three
studied cities of Lisbon, Faro, and Braganza. These results indicate that for lower values of incident solar
radiation (as it is the case of facades oriented to the North or with lower areas of glass in the fagade), glazing
rehabilitation through the application of window films is only advantageous if the applied film is in the
spectrum of spectrally selective films to ensure high levels of daylight and reduce the energy needs with
lighting while reducing the solar heat gains and the cooling energy needs.

In facades with high glazed areas (WWR>60%) oriented to the East, South, and West, glazing without
films or with the spectrally selective film show lower IS values than the glazing with the reflective film.
According to the results obtained for the 3 cities, the single — and double — glazed windows show the worst
global performance, due to the high daylighting values above 2000Ix and the discomfort hours above 25°C,

which consequently increase the cooling energy needs and the CO; emissions. For the two window
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solutions without any applied film, the higher the WWR s, the lower values of IS were found. The single
—and double — glazed windows with the reflective film showed the highest results of the global indicator.
The high performance of the glazing with this film is related with the lower values of solar and visible gains
due to the reduction of the solar (front) reflectance coefficient, which reduced the discomfort hours above

25°C, increasing the thermal comfort without resorting to the acclimatisation system, and the cooling energy

needs.
Lisbon
a. North b. East
WWR=20 A =)
08 0\.\8WR 20
0.7
WWR=100 WWR=40 WWR=100 WWR=40
WWR=80 WWR=60 WWR=80 WWR=60
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Figure 99. Global performance indicator for single and double glazed units without and with SCFs in a facade
orientated to: a. North, b. East, ¢. South and, d. West in Lisbon’s city for different Window-to-Wall Ratios (WWR)
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Figure 100. Global performance indicator for single and double glazed units without and with SCFs in a facade

orientated to: a. North, b. East, c¢. South and, d. West in Faro’s city for different Window-to-Wall Ratio (WWR)
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Figure 101. Global performance indicator for single and double glazed units without and with SCFs in a fagade

orientated to: a. North, b. East, c. South and, d. West in Braganza’s city for different Window-to-Wall Ratio (WWR)
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To perform a more thorough analysis of the thermal and visual comfort and the energy performance of
the glazing systems without and with SCFs, the individual aggregated indicators for a South orientated
fagade with a WWR of 60% located in Lisbon, Faro, and Braganza was investigated. The results are shown
in Figure 102. According to the obtained results, it is possible to conclude that South oriented facades of
office rooms with large areas of glazing in the facade (WWR=60%) show higher thermal, visual, and energy

related indicators for glazing with highly reflective films.

South orientation and WWR=60%

Lisbon Faro Braganza
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Figure 102. Thermal, visual, and energy aggregated indicators for a South oriented facade with a WWR of 60% for
single and double glazed units without and with SCFs
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8. Conclusions and perspectives for future research

8.1 General remarks

In the buildings’ rehabilitation context, decision-makers often face challenges in selecting materials or
construction solutions as, on the one hand, rehabilitation decisions must consider thermal and visual
comfort requirements, energy efficiency and environmental sustainability, and on the other hand, consider
users’ preferences, economic availability and even personal preferences. Moreover, the relationship
between comfort conditions and energy and environmental sustainability in selecting the best retrofitting
scenario is not straightforward, since solutions that increase the thermal conditions may decrease visual
comfort or daylighting availability, and result in an increase of energy needs. Also, incorporating or
replacing materials in buildings may increase energy efficiency but also increase the embodied energy in a
building's life cycle.

To address the first question of the thesis, “is there reliable information for decision-makers and building
professionals regarding the retrofit potential of SCFs regarding the differences in type and application, and
advantages and disadvantages”, an extensive literature review was conducted (chapter 2). Even though
SCFs are not a new material in what concerns their use in windows systems of buildings, the existing studies
and available information are somewhat scarce and scattered (Table 2), making it challenging to identify
the best film to apply in order to tackle thermal and/or visual comfort issues and increase the overall energy
efficiency.

A comprehensive investigation allowed to enumerate the typical composition, main types and main
thermal and optical properties of SCFs. Clear and consistent information regarding the performance of
SCFs, specifically the variation in the thermal and optical properties, was calculated for commonly used
types of glass in Portugal. This calculation allowed to answer the second question, “how do SCFs influence
glass’s thermal and optical properties in a window system”. After reviewing the extensive libraries of
both Optics and Windows tools, it was possible to identify 156 films from leading manufacturers and
estimate the full range of the main thermal and optical properties for eight types of glass with the films.

To address the third question of the thesis, “how do Solar Control Films (SCF) influence the thermal and
visual conditions and the energy performance of existing office buildings”, a combined experimental and

modelling analysis that focused on two buildings located in Lisbon, capital of Portugal, one with single
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(chapter 4) and the other with double-glazed (chapter 5) windows was performed. The proposed
methodology involved the following steps:

o experimental field analyses of office areas with similar characteristics — geometry, materials,
solar exposition and orientation, and internal gains —, wherein one office area was monitored
without any film applied and taken as a reference scenario, and in the other office area(s) SCFs
were applied to the glazing system. This experimental analysis helped identifying the film and
respective thermal and optical properties that could better improve the indoor comfort conditions
and decrease the energy demand. Also, the experimental data allowed to compare the differences
in terms of thermal and visual comfort of similar offices without and with SCFs under real usage
conditions;

e use the experimental data to calibrate simulation models in EnergyPlus by comparing the
experimental measured values of different variables with the predicted data of the simulation
model. The generic climate file of Lisbon’s city was used and variables, such as, outdoor
temperature, and global and diffuse radiation were replaced with the measured outdoor
corresponding variables when executing the verification procedure;

e estimate the comfort indexes based on an annual performance using the calibrated models of the
office areas of the two buildings of case study — one with single and the other with double glazing

—, and extend the analysis for different SCFs and solar orientations.

In order to understand the “environmental and economic impacts of SCFs in the life cycle of a building”,
an examination using a LCA process, comprising the products and processes included in the life cycle of
three different scenarios of the glazing system — original window, retrofitting with SCFs, and retrofitting
through full replacement with a new window — was performed (chapter 6). The second building,
corresponding to the second case study of this thesis, was considered for this investigation and the calibrated
models of the office’s rooms were taken into consideration when defining building parameters in the
simulation model of the building. An energy, economic and environmental study was achieved that allowed
to compare spectrally selective and reflective films and compare films as a refurbishment solution with the
replacement of the glazing areas by a full new window.

A final study that allowed to determine a global performance indicator and that estimates, for single and

double glazed units, without and with two different SCFs applied on fagades with different orientations for
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three different climates in Portugal and five different Window-to-Wall Ratios of facades was also
performed using the jEPIus tool (chapter 7). This chapter concludes the thesis and provides valuable
information for decision-makers and professionals in the building industry regarding the application of

window films in existing Portuguese buildings.

8.2 Final conclusions

This thesis enhances the knowledge of the thermal, daylight, and energy performance of solar control
films (SCFs) as a retrofitting solution for glazing areas of existing buildings to improve their energy
efficiency and contribute to decarbonizing the building sector. In this context, this research is a contribution
in the retrofit decision-making process in what concerns the application of SCFs in existing glazing. In
chapter 2, it was concluded that:

e despite the existing documentation and the several studies on window films’ properties and
performance, the information is still limited and scattered;

e  SCFs are composed of several membranes of intercalated materials, and one film can reach up
to eight different layers and undergo seven different manufacturing procedures. A standard
structure of a SCF comprises the following layers: scratch-resistant coating, polyester layers,
lamination adhesive(s), metals, high-performance UV resin, and protective release liners;

e extensive research identified the main types of window films: solar control (the focus of the
current study), low emissivity, protection against ultraviolet (UV) radiation, privacy, decorative,
protection, safety, and radio and electromagnetic frequencies' protection, and anti-grafitti.

o the optical and thermal properties by type of film (reflective, dual reflective, neutral, low
emissivity, spectrally selective, ceramic, and protection and safety) applied to different types of
glass (clear and tinted single glass, clear, and tinted, reflective, low emissivity for low, medium
and high solar gains) were estimated. The range value (minimum and maximum) of each optical
and thermal property was estimated, which allows understanding the full potential of window

films in varying the properties of different glazing systems.

The experimental and computational work performed in office areas with single and double glazed

systems without and with SCFs in chapters 4 and 5 allowed to conclude:
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o the application of SCF in single glass reduced the average indoor temperature during working
hours (from 9h00 to 18h00) both in the winter and summer days, with the maximum reduction
in the summer days being approximately the double of the winter days;

e all SCFs increased the heating and lighting energy use but reduced the cooling energy use of the
typical office for East, South and West solar orientations;

e  SCFs with low solar transmittance and high solar (front) reflectance induced higher reductions
of the cooling energy use and higher increases of the heating and lighting energy use;

e  SCFs with high solar (front) reflectance and low solar and visible transmittance led to the best
energy performance for the criterion accounting for the cooling, heating, and lighting energy use
for all solar orientations (N, E, S and W);

e retrofitting solutions with higher light-to-solar gain ratios (tis/g) exhibit higher operational
energy savings by decreasing the solar gains in a higher proportion than the decrease of the
visible transmittance. Therefore, the reduction in cooling energy needs is much higher than the
increase in lighting and heating energy needs;

e higher insulation of windows (U below 1.1W/m?.K) lead to higher energy needs since it lowers
the heat losses during the night periods, trapping heat inside during the night, and requires more
cooling load during the morning periods;

e incorrect applications of SCF result in unsatisfactory performances that unfairly contribute to

product discredit.

The LCA analyses performed in chapter 6 indicated that the embodied energy is not significant compared
to the operational energy since it only represents 3% to 5% of the total life cycle energy of the building.

In chapter 7, several simulation analyses were performed for a typical office room considering the
variation of the following parameters: single and double glazing, two SCFs, different fagade orientations,
three different cities in mainland Portugal, and different WWR. For each simulation, the thermal and visual
comfort and the energy performance aggregate indicators were calculated. The results indicate that for
lower values of incident solar radiation (as it is the case of North oriented facades or with lower WWR),
glazing rehabilitation through the application of window films is only advantageous if the applied film is
in the spectrum of spectrally selective films to ensure high levels of daylight availability and reduce the

energy needs with lighting while reducing the solar heat gains and the cooling energy needs. In facades
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with large glazed areas (WWR>60%) oriented to the East, South, and West, glazing with reflective films

exhibit higher aggregated performance values than glazing without films or with spectrally selective films.

8.3 Future work

Future development of the research work initiated with this thesis can be composed of many research
streams. The ones considered by the author to be the most promising, and that can be initiated immediately,
are:

e develop a numerical model to assess the optical properties of window films independently,
without considering the substrate where the film is applied,;

o perform experimental measurements on a building scale and develop calibrate building energy
simulation models using sensitivity analysis to identify the optical parameters that most
influence SCFs performance, for different temperature and global radiation ranges;

e regarding the calibration of the simulation models, the work developed in this thesis can be
further improved by calibrating other variables that also contribute to approximate experimental
and simulated values, such as energy consumption and air infiltration rates. Other types of
sensors, to monitor occupancy of office areas and sensor that indicate when shading devices
were activated or when the windows were opened and closed, can contribute to an added value
when analysing experimental data and better estimate energy consumption profiles;

o perform an experimental and computed study on thermochromic and electrochromic films;

o develop a national energy label for SCF that support the decision making of glazing retrofitting

considering the thermal, daylight and energy performance of each film.
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Annex A — Thermal and optical properties of the analysed glazing without and with

different SCF

Table 39. Thermal and optical properties of the analysed SCF in a clear single glazing with 6mm: solar transmittance,

7e ; Visible light transmittance, z; visible exterior reflectance, pv.e; visible interior reflectance, pv,i; external emissivity,

ge; internal emissivity, ei; solar factor, g; and thermal transmission coefficient, U [W/m2.K]

Type of SCFs P! Man.? SCF T, 7, Poe Pu,i £ & g U
Low-e i HC Silver 20 Low-E 011 016 054 063 084 039 022 442
LL LEP 35 SR CDF 020 034 042 025 084 005 026 326
LEP70SRCDF 0.43 0.68 0.08 0.04 0.84 0.09 0.50 341
VE35SRCDF 0.19 0.30 0.40 0.39 0.84 0.38 0.29 4.38
VE50SRCDF 033 048 024 023 084 045 042 462
SG Silver AG 25 Low-E 0.14 0.21 0.39 0.48 0.84 0.33 0.24 4.23
Silver AG 50 Low-E 033 050 023 027 084 037 043 436
Ceramic i 3M CM 30 023 036 017 015 084 084 042 580
CM 40 030 044 014 012 084 08 048 586
CM 50 038 053 011 010 084 087 054 589
JWF PD25 021 024 026 024 084 09 040 5098
PD 35 027 041 016 014 084 09 045 597
PD 45 0.34 0.48 0.13 0.11 0.84 0.91 0.50 6.01
PD 55 042 057 011 009 084 093 057 6.06
Dual-reflective e HC Titan 07 Xtra 0.07 0.08 0.57 0.18 075 084 0.18 5.77
Titan 20 Xtra 017 019 034 013 092 084 031 580
Titan 35xtra 029 035 022 013 088 084 043 580
Titan 50 xtra 038 052 018 018 084 084 050 579
i 3M NV 15 0.12 0.15 0.37 0.11 0.84 0.76 0.29 5.56
NV 25 021 024 019 007 084 080 040 567
NV 35 031 036 012 007 084 08 049 585
HC Optitune 15 SR WA 011 013 053 025 084 076 024 556
Optitune 22 SR WA 017 021 030 014 084 080 034 568
Optitune 30 SR WA 024 032 031 026 084 081 038 571
Optitune 05 SR WA 005 006 060 015 084 075 019 554
Optitune 40 SR WA 031 040 020 018 084 083 046 577
Optitune 55 SR WA 047 059 012 010 084 087 060 588
JWF  Night Scape 05% 015 007 010 010 084 080 035 567
Night Scape 15% 026 016 013 006 084 08 045 581
Night Scape 25% 029 027 015 008 084 084 047 579
Night Scape 35% 032 035 017 011 084 081 048 570
SV 10 007 009 051 024 084 08 023 590
SV 30 024 032 030 021 08 08 039 576
SV 40 038 048 015 012 084 075 054 596
LL V 14 SR CDF 0.08 0.11 0.50 0.24 0.84 0.88 0.24 5.92
V 18 SR CDF 014 020 038 020 084 08 031 592
V 28 SR CDF 0.20 0.27 0.31 0.19 0.84 0.87 0.36 5.90
V 38 SR CDF 029 039 022 016 084 087 045 590
V 48 SR CDF 036 045 014 010 084 092 053 6.03
V 50 SR CDF 036 050 008 008 084 071 050 542
SG Slate 10 008 012 043 021 084 08 023 574
Slate 20 015 022 030 017 084 084 032 580
Slate 30 021 029 023 014 084 084 038 580
Slate 40 033 044 017 012 084 081 047 571
Slate 50 0.33 0.47 0.24 0.24 0.84 0.82 0.47 5.73

! Position of the film: i — interior; e — exterior
2 Manufacturer: 3M — 3M; HC — Hanita Coatings; JWF — Johnson Window Films; LL — Llumar; SG — Solar Gard
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Table 40. (cont.) Thermal and optical properties of the analysed SCF in a clear single glazing with 6mm: solar

transmittance, e ; visible light transmittance, zv; visible exterior reflectance, pve; visible interior reflectance, pv.i;

external emissivity, ce; internal emissivity, ei; solar factor, g; and thermal transmission coefficient, U [W/m?2.K]

Type of SCFs P! Man2 SCF T, 7, Poe Pu,i £ & g U
Dual-reflective i SG True Vue 15 008 0.12 0.43 023 084 075 0.23 5.54
True Vue 30 0.25 0.31 0.21 0.13 0.84 0.75 0.40 5.54
True Vue 40 034 038 014 010 084 075 048 554
True Vue 05 0.05 0.05 0.43 0.08 0.84 0.75 0.21 5.54
Spectrally- e 3M PR 40 EXT 023 042 006 005 087 084 040 580
selective PR 70 EXT 037 071 007 007 087 084 048 580
PR 90 EXT 0.61 0.88 0.09 0.09 0.89 0.84 0.65 5.80
i 3M PR 40 0.22 0.39 0.06 0.07 0.84 0.78 0.41 5.63
PR 50 028 050 008 007 084 078 045 563
PR 60 032 060 008 008 084 078 048 563
PR 70 037 069 008 009 084 078 051 563
HC E-Lite 70 034 065 015 015 084 073 048 548
LL VS 42 SR CDF 021 042 010 012 084 083 038 577
VS 60 SR CDF 032 060 008 009 084 068 045 533
VS 61 SR CDF 0.43 0.62 0.17 0.18 0.84 0.76 0.54 5.55
VS 70 SR CDF 037 069 008 008 084 066 048 526
SG Sterling 20 014 022 044 042 084 067 026 530
Sterling 40 027 041 032 030 084 068 038 533
Sterling 50 033 049 025 024 084 069 044 536
Sterling 60 046 063 017 016 084 076 056 557
Sterling 70 056 073 012 012 084 080 065 570
Neutral e JWF DNZ20EXT 020 022 026 025 092 084 037 580
DN 35 EXT 036 036 016 018 095 084 051 581
DN 50 EXT 0.42 0.48 0.11 0.13 0.95 0.84 0.56 5.81
i 3M RE 20 NEAR 012 015 020 019 084 078 033 563
RE 35 NEAR 0.28 0.35 0.19 0.18 0.84 0.77 0.45 5.60
RE 50 NEAR 0.43 0.52 0.12 0.11 0.84 0.85 0.57 5.84
RE 70 NEAR 059 069 009 008 084 08 069 584
JWF DN 15 0.15 0.17 0.18 0.16 0.84 0.92 0.38 6.02
DN 20 020 022 025 026 084 092 040 601
DN 25 023 026 015 012 084 094 044 6.08
DN 35 036 036 018 016 084 095 052 6.12
DN 50 042 048 013 011 084 095 057 6.11
DN 60 053 061 010 009 084 096 066 6.13
LL N 1020 B SR CDF 0.12 0.19 0.36 0.35 0.84 0.70 0.25 5.38
N 1020 SR CDF 020 023 028 026 084 09 038 596
N1035BSRCDF 0.24 0.36 0.24 0.23 0.84 0.71 0.37 5.43
N 1040 SR CDF 033 039 017 015 084 093 050 6.05
N 1050 B SR CDF 0.41 0.54 0.14 0.12 0.84 0.77 0.53 5.60
N 1050 SR CDF 041 0.48 0.14 0.12 0.84 0.94 0.56 6.08
V 33 SR CDF 028 033 021 019 084 092 045 6.02
V 45 SR CDF 0.36 0.42 0.16 0.14 0.84 0.94 0.53 6.06
V 58 SR CDF 050 058 012 009 084 095 063 6.10
SG Stainless Steel 10 008 009 042 042 084 079 026 565
Stainless Steel 20 020 023 027 025 084 084 039 580
Stainless Steel 30 029 033 019 017 084 08 046 586
Stainless Steel 35 036 041 015 012 084 088 053 591
Stainless Steel 50 041 047 013 011 084 089 057 594

! Position of the film: i — interior; e — exterior
2 Manufacturer: 3M — 3M; HC — Hanita Coatings; JWF — Johnson Window Films; LL — Llumar; SG — Solar Gard
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Table 41. (cont.) Thermal and optical properties of the analysed SCF in a clear single glazing with 6mm: solar

transmittance, e ; visible light transmittance, zv; visible exterior reflectance, pve; visible interior reflectance, pv.i;

external emissivity, ce; internal emissivity, ei; solar factor, g; and thermal transmission coefficient, U [W/m?2.K]

Type of SCFs P! Man2 SCF T, 7, Poe Pu,i £ & g U
Protection and e HC Silver 20 5 mil Xtra 0.12 0.17 0.63 059 081 084 0.19 5.77
safety SG Sentinel 4 mil Clear 0.74  0.87 0.09 009 090 084 0.80 5.79
i HC Silver 20 4 mil 013 0418 057 061 084 074 025 549
LL V 28 SR PS8 0.20 0.27 0.30 0.22 0.84 0.94 0.37 6.04
V 38 SR PS8 0.27 0.37 0.25 0.19 0.84 0.94 0.44 6.04
SG 10 mil Clear 073 08 011 011 084 096 079 6.09
10 mil Silver 20 011 017 055 056 084 070 024 536
11 mil Clear 0.72 0.86 0.11 0.11 0.84 0.96 0.78 6.09
14 mil Clear 0.71 0.84 0.12 0.12 0.84 0.94 0.77 6.03
2 mil Clear 074 087 009 009 084 095 080 6.12
4 mil Clear 0.74 0.86 0.10 0.10 0.84 0.96 0.79 6.12
4 mil Silver 20 0.10 0.15 0.57 0.60 0.84 0.71 0.23 541
4 mil Solar Bronze 35 018 031 0.28 027 084 068 031 5.32
4 mil Stainless Steel 20 019 022 026 025 084 08 038 582
4 mil Stainless Steel 50 040 046 013 011 084 090 056 5.96
4 mil Sterling 60 043 061 019 018 084 072 053 544
7 mil Clear 074 08 010 010 084 096 079 6.11
8 mil Clear 072 08 010 010 084 096 079 6.10
8 mil Silver 20 0.10 0.14 0.56 0.59 0.84 0.70 0.22 5.37
8 mil Silver 35 024 035 034 033 084 071 038 540
8 mil Slate 40 033 045 020 013 084 083 047 574
8 mil Stainless Steel 20 018 021 026 024 084 08 038 583
8 mil Stainless Steel 35 033 038 015 013 084 088 050 5.89
8 mil Stainless Steel 50 0.37 043 0.13 011 084 088 054 589
Reflective e HC Silver 20 Xtra 0.11 0.17 0.62 059 080 084 0.19 5.79
Silver 35 Xtra 023 032 041 040 076 084 033 5.78
Silver 50 Xtra 0.34 0.47 0.27 0.27 0.84 0.84 0.45 5.79
Solar Bronze 20 Xtra 0.24 0.33 0.41 0.36 0.78 0.84 0.33 5.78
Solar Bronze 35 Xtra 0.20 0.32 0.30 0.26 0.70 0.84 0.28 5.77
JWF  SS 20 EXT 0.15 0.22 0.50 0.48 0.73 0.84 0.25 5.77
SS 35 EXT 028 039 032 032 076 084 039 578
SG Sentinel Silver 20 OSW 011 016 061 056 076 084 018 5.78
Sentinel Silver 35 OSW 024 033 041 036 078 084 033 578
i 3M P18 AR 011 017 055 058 084 066 023 528
HC Silver 20 SR WA 0.12 0.17 0.59 0.62 0.84 0.71 0.24 5.42
Silver 35 SR WA 0.24 0.33 0.40 0.40 0.84 0.72 0.36 5.45
Solar Bronze 20 009 017 038 045 084 069 022 536
Solar Bronze 35 019 032 028 029 084 070 032 539
Solar Bronze 50 0.34 0.49 0.18 0.17 0.84 0.71 0.45 5.42
JWF  MBL 20 022 023 015 031 084 077 039 559
MBL 35 0.31 0.34 0.11 0.18 0.84 0.83 0.48 5.78
MBL 50 047 051 009 010 084 093 061 6.05
MG 05 014 006 010 009 084 080 035 567
MG 10 009 007 013 053 084 072 028 545
MG 20 021 023 014 031 084 077 039 560
MGD 20 0.15 0.21 041 0.49 0.84 0.73 0.29 5.47
MGD 35 028 037 026 030 084 077 042 559
MGN 20 022 024 013 028 084 078 040 562
MGN 35 032 034 009 015 084 086 049 585

! Position of the film: i — interior; e — exterior
2 Manufacturer: 3M — 3M; HC — Hanita Coatings; JWF — Johnson Window Films; LL — Llumar; SG — Solar Gard
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Table 42. (cont.) Thermal and optical properties of the analysed SCF in a clear single glazing with 6mm: solar

transmittance, e ; visible light transmittance, zv; visible exterior reflectance, pve; visible interior reflectance, pv.i;

external emissivity, ce; internal emissivity, ei; solar factor, g; and thermal transmission coefficient, U [W/m?2.K]

Type of SCFs P! Man.? SCF T, 7, Poe Pu,i £ & g U
Reflective i JWF SB20 012 019 035 033 084 070 026 5.39
SB 30 021 032 026 024 084 072 035 545
SB 50 038 052 015 014 084 076 051 557
SS 20 015 022 048 050 084 073 028 547
SS 35 028 039 032 032 08 076 041 557
LL R 20 SR CDF 011 016 057 059 084 071 024 543
R 35 SR CDF 020 028 044 045 084 074 032 550
R 50 SR CDF 034 047 027 027 084 079 046 563
SG Silver 20 011 016 056 058 084 070 023 5.39
Silver 35 024 034 036 036 084 073 037 548
Silver 50 037 052 022 022 084 077 050 5.60
Solar Bronze 20 012 022 036 036 084 066 024 527
Solar Bronze 35 020 034 028 027 084 068 032 533
Solar Bronze 50 0.28 0.44 0.22 0.21 0.84 0.69 0.39 5.36

! Position of the film: i — interior; e — exterior
2 Manufacturer: 3M — 3M; HC — Hanita Coatings; JWF — Johnson Window Films; LL — Llumar; SG — Solar Gard
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Annex B — Mean and standard deviation of the main thermal and optical properties

of clear and tinted glass with SCFs

Table 43. Mean, x, and coefficient of variation, C,, of the main thermal and optical properties of the analysed SCFs

applied in a clear and tinted single glazing with 6mm: solar transmittance, ze; visible light transmittance, zv; visible

exterior reflectance, pve; visible interior reflectance, pv,i; external emissivity, ee; internal emissivity, &i; solar factor, g;

and thermal transmission coefficient, U [W/m?2.K]

Type of glass substrate Te Ty Py Pu,i e & g

Type of SCFs P! n ¥ ¢, ¥ C, ¥ C ¥ C X C, ¥ C, ¥ C, % G
Clear single glass

Low-emissivity i 7 025 048 0.38 048 0.33 0.47 0.33 059 0.84 0.00 0.29 0.54 0.34 0.33 4.10 0.13
Ceramic i 7 031 025 043 0.26 0.15 0.34 0.14 0.37 0.84 0.00 0.89 0.04 0.48 0.13 5.94 0.02
Dual-reflective e 4 0.23 0.60 0.29 0.67 0.33 0.54 0.16 0.19 0.85 0.09 0.84 0.00 0.35 0.40 5.79 0.00
Dual-reflective i 31 022 051 0.28 054 0.27 0.53 0.15 0.42 0.84 0.00 0.81 0.06 0.38 0.29 5.74 0.03
Spectrally-selective e 3 040 048 0.67 0.35 0.07 0.21 0.07 0.29 0.88 0.01 0.84 0.00 0.51 0.25 5.80 0.00
Spectrally-selective i 14 0.33 0.33 055 0.27 0.16 0.71 0.16 0.66 0.84 0.00 0.74 0.07 0.46 0.20 5.51 0.03
Neutral e 3 0.33 0.34 0.35 0.38 0.18 0.43 0.19 0.33 0.94 0.02 0.84 0.00 0.48 0.20 5.81 0.00
Neutral i 24 031 044 037 043 0.19 042 0.17 049 0.84 0.00 0.87 0.09 0.48 0.24 5.89 0.04
Protection and safety e 2 043 102 052 095 0.36 1.06 0.34 1.04 0.86 0.07 0.84 0.00 0.49 0.86 5.78 0.00
Protection and safety i 22 0.39 0.64 049 0.58 0.25 0.68 0.24 0.76 0.84 0.00 0.85 0.12 0.51 0.42 5.80 0.05
Reflective e 9 0.21 0.37 0.30 0.34 0.43 0.30 0.40 0.30 0.77 0.05 0.84 0.00 0.31 0.29 5.78 0.00
Reflective i 30 0.22 045 0.29 044 0.29 0.53 0.34 0.45 0.84 0.00 0.74 0.08 0.36 0.28 5.51 0.03
Tinted single glass

Low-emissivity i 7 0.16 050 0.21 0.49 0.13 0.36 0.31 0.63 0.84 0.00 0.29 0.54 0.31 0.25 4.27 0.18
Ceramic i 7 020 0.25 0.24 0.26 0.08 0.20 0.13 0.42 0.84 0.00 0.89 0.04 0.43 0.09 5.94 0.02
Dual-reflective e 4 014 060 0.16 0.67 0.32 0.55 0.08 0.10 0.85 0.09 0.84 0.00 0.30 0.37 5.79 0.00
Dual-reflective i 31 0.4 058 0.15 0.62 0.12 0.39 0.15 0.43 0.84 0.00 0.82 0.06 0.37 0.20 5.74 0.03
Spectrally-selective e 3 0.25 051 0.37 0.35 0.06 0.10 0.05 0.10 0.88 0.01 0.84 0.00 0.41 0.21 5.80 0.00
Spectrally-selective i 14 0.20 0.29 0.29 0.26 0.08 0.44 0.14 0.74 0.84 0.00 0.75 0.09 0.40 0.13 5.53 0.04
Neutral e 3 021 034 0.19 0.37 0.17 0.45 0.09 0.21 0.94 0.02 0.84 0.00 0.41 0.18 5.81 0.00
Neutral i 24 0.20 044 0.20 0.43 0.09 0.27 0.17 0.50 0.84 0.00 0.86 0.10 0.42 0.17 5.86 0.04
Protection and safety e 2 0.8 1.04 029 097 0.35 1.14 0.13 0.80 0.86 0.07 0.84 0.00 0.39 0.83 5.78 0.00
Protection and safety i 22 025 065 0.27 0.59 0.11 0.48 0.23 0.82 0.84 0.00 0.85 0.12 0.45 0.30 5.80 0.05
Reflective e 9 012 046 0.15 0.40 0.43 0.30 0.16 0.23 0.76 0.05 0.84 0.00 0.24 0.32 5.78 0.00
Reflective i 30 0.3 048 0.16 0.45 0.12 0.40 0.35 0.46 0.84 0.00 0.74 0.08 0.35 0.18 5.52 0.03

! position of the film: i — interior; e — exterior
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Table 44. Mean, x, and coefficient of variation, C,,, of the main thermal and optical properties of the analysed SCFs

applied in a clear double glazing: solar transmittance, ze; visible light transmittance, zv; visible exterior reflectance,

pue; Visible interior reflectance, pv,i; external emissivity, ee; internal emissivity, «i; solar factor, g; and thermal

transmission coefficient, U [W/m2.K]

Type of glass substrate Te Ty Pre Pui e & g

Type of SCFs P! n ¥ ¢ ¥ € x¥ C, X G x ¢, x¥x C x €, x C,
Clear double-glazing

Low-emissivity i 7 023 053 0.36 048 0.34 042 0.32 0.61 0.84 0.00 0.28 0.52 0.43 0.28 2.21 0.14
Ceramic i 7 026 024 0.39 0.26 0.20 0.20 0.15 0.29 0.84 0.00 0.89 0.04 0.57 0.07 2.72 0.01
Dual-reflective e 4 019 060 0.26 0.67 0.34 0.50 0.21 0.10 0.85 0.09 0.84 0.00 0.27 0.47 2.69 0.00
Dual-reflective i 31 0.20 0.48 0.27 0.60 0.30 0.41 0.16 0.38 0.84 0.00 0.83 0.06 0.50 0.20 2.68 0.02
Spectrally-selective e 3 0.34 047 060 0.35 0.11 0.36 0.14 0.10 0.88 0.01 0.84 0.00 0.42 0.33 2.69 0.00
Spectrally-selective i 14 028 0.32 0.48 0.26 0.22 0.41 0.19 0.51 0.84 0.00 0.75 0.07 0.53 0.13 2.59 0.03
Neutral e 3 0.27 0.34 0.32 0.37 0.19 0.36 0.23 0.21 0.94 0.02 0.84 0.00 0.37 0.25 2.69 0.00
Neutral i 24 026 043 0.33 042 0.24 0.28 0.19 0.41 0.84 0.00 0.87 0.09 0.56 0.14 2.71 0.02
Protection and safety e 2 036 1.01 047 0.94 0.39 0.86 0.36 0.82 0.86 0.07 0.84 0.00 0.42 0.91 2.68 0.00
Protection and safety i 22 033 062 045 0.57 0.28 0.51 0.26 0.64 0.84 0.00 0.84 0.13 0.55 0.26 2.68 0.03
Reflective e 9 017 044 0.26 0.39 0.43 0.28 0.42 0.24 0.76 0.06 0.84 0.00 0.23 0.37 2.68 0.00
Reflective i 30 0.19 044 0.27 0.44 0.32 0.40 0.35 0.43 0.84 0.00 0.74 0.08 0.45 0.19 2.61 0.02

! pPosition of the film: i — interior; e — exterior

Low-emissive high solar gain
Low-emissive moderate solar gain

Low-emissive reduced solar gain
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Table 45. Mean, x, and coefficient of variation, C,, of the main thermal and optical properties of the analysed SCFs
applied in tinted double glazing: solar transmittance, ze; visible light transmittance, w; visible exterior reflectance, pv.e;
visible interior reflectance, pv,i; external emissivity, ee; internal emissivity, «i; solar factor, g; and thermal transmission

coefficient, U [W/m2.K]

Type of glass substrate Te Ty Py P, Ee & g U
Type of SCFs P! n ¥ ¢, ¥ ¢ ¥ C, X C x¥ C xx C % C % C
Tinted double-glazing

Low-emissivity i 7 0.13 0.47 0.19 0.47 0.14 0.28 0.34 0.54 0.84 0.00 0.29 0.54 0.31 0.16 2.15 0.09
Ceramic i 7 016 0.24 0.21 0.26 0.09 0.14 0.14 0.32 0.84 0.00 0.89 0.04 0.41 0.06 2.72 0.01

0.12 0.60 0.14 0.67 0.33 0.54 0.14 0.05 0.85 0.09 0.84 0.00 0.21 0.43 2.69 0.00
0.11 0.51 0.14 0.54 0.12 0.30 0.15 0.40 0.84 0.00 0.82 0.06 0.36 0.15 2.67 0.02
0.21 0.50 0.33 0.35 0.07 0.19 0.12 0.04 0.88 0.01 0.84 0.00 0.31 0.30 2.69 0.00
14 0.17 0.33 0.27 0.27 0.09 0.30 0.17 0.58 0.84 0.00 0.74 0.07 0.39 0.10 2.61 0.02
0.18 0.34 0.17 0.37 0.18 0.43 0.15 0.10 0.94 0.02 0.84 0.00 0.29 0.22 2.69 0.00
24 0.16 0.44 0.18 0.42 0.10 0.19 0.18 0.43 0.84 0.00 0.87 0.09 0.41 0.12 2.71 0.02
0.23 1.04 0.26 0.96 0.36 1.07 0.19 0.46 0.86 0.07 0.84 0.00 0.31 0.90 2.68 0.00
22 0.20 0.64 0.24 0.58 0.12 0.37 0.26 0.67 0.84 0.00 0.85 0.12 0.41 0.21 2.69 0.03
0.10 0.46 0.14 0.40 0.43 0.30 0.21 0.14 0.76 0.06 0.84 0.00 0.17 0.36 2.68 0.00
30 0.11 046 0.14 0.46 0.13 0.31 0.34 0.44 0.84 0.00 0.74 0.08 0.34 0.15 2.61 0.02

Dual-reflective
Dual-reflective
Spectrally-selective
Spectrally-selective
Neutral

Neutral

Protection and safety
Protection and safety
Reflective
Reflective
Reflective double-glazing
Low-emissivity
Ceramic

- ® —® — o — o
w
N w w - >

- @
©

7 011 0.44 0.14 0.41 0.58 0.04 0.42 0.31 0.84 0.00 0.29 0.54 0.25 0.16 2.15 0.09
7 0.14 0.24 0.14 0.24 0.55 0.01 0.23 0.09 0.84 0.00 0.89 0.04 0.35 0.06 2.72 0.01
4 0.11 0.58 0.10 0.68 0.38 0.34 0.54 0.01 0.85 0.09 0.84 0.00 0.20 0.40 2.69 0.00
1
3

i

i
Dual-reflective e
Dual-reflective i 31 0.11 0.49 0.10 0.50 0.57 0.04 0.20 0.34 0.84 0.00 0.82 0.06 0.31 0.16 2.67 0.02
Spectrally-selective e 0.18 0.59 0.22 0.35 0.30 0.53 0.52 0.00 0.88 0.01 0.84 0.00 0.26 0.31 2.69 0.00
Spectrally-selective i 14 0.14 0.38 0.18 0.25 0.55 0.03 0.31 0.29 0.84 0.00 0.74 0.07 0.32 0.11 2.60 0.02
Neutral e 3 0.18 0.32 0.12 0.34 0.25 0.13 0.54 0.01 0.94 0.02 0.84 0.00 0.29 0.21 2.69 0.00
Neutral i 24 0.5 0.43 0.13 0.40 0.56 0.02 0.25 0.23 0.84 0.00 0.87 0.09 0.35 0.12 2.71 0.02
Protection and safety e 2 0.22 1.01 0.18 0.85 0.55 0.23 0.56 0.09 0.86 0.07 0.84 0.00 0.28 0.85 2.68 0.00
Protection and safety i 22 0.19 0.64 0.17 0.54 0.57 0.04 0.39 0.36 0.84 0.00 0.85 0.12 0.35 0.23 2.68 0.03
Reflective e 9 0.10 0.43 0.11 0.35 0.48 0.21 0.57 0.03 0.76 0.06 0.84 0.00 0.17 0.34 2.68 0.00
Reflective i 30 0.11 0.44 0.11 0.41 0.57 0.04 0.39 0.34 0.84 0.00 0.74 0.08 0.29 0.16 2.60 0.02

Low-emissive (high solar gain)
Low-emissivity i
Ceramic

Dual-reflective

Dual-reflective

i 0.18 0.46 0.34 0.47 0.32 0.39 0.34 0.55 0.05 0.00 0.29 0.54 0.37 0.18 1.44 0.08
i 0.20 0.25 0.38 0.26 0.18 0.22 0.14 0.32 0.05 0.00 0.89 0.04 0.47 0.05 1.74 0.01
e 0.15 0.62 0.25 0.67 0.33 0.52 0.18 0.12 0.85 0.09 0.84 0.00 0.20 0.52 1.70 0.00
i 0.15 0.50 0.24 0.53 0.27 0.42 0.15 0.40 0.05 0.00 0.82 0.06 0.41 0.15 1.71 0.01
Spectrally-selective e 0.29 0.38 0.59 0.35 0.09 0.30 0.11 0.13 0.88 0.01 0.84 0.00 0.33 0.30 1.70 0.00
Spectrally-selective i 14 0.24 0.28 0.48 0.27 0.18 0.47 0.17 0.58 0.05 0.00 0.74 0.07 0.46 0.10 1.68 0.01
Neutral e 3 019 035 031 0.37 0.18 0.39 0.20 0.24 0.94 0.02 0.84 0.00 0.25 0.28 1.70 0.00

i

e

i

e

i

[SUR =S NN

Neutral 24 0.19 0.42 0.33 0.42 0.21 0.30 0.18 0.44 0.05 0.00 0.87 0.09 0.45 0.10 1.73 0.02
Protection and safety 2 0.27 0.96 0.46 0.95 0.37 0.96 0.32 0.87 0.86 0.07 0.84 0.00 0.31 0.90 1.70 0.00
Protection and safety 22 0.25 0.59 0.43 0.58 0.25 0.53 0.25 0.68 0.05 0.00 0.85 0.12 0.44 0.19 1.72 0.02

Reflective 9 0.14 0.42 0.25 0.40 0.43 0.29 0.38 0.25 0.76 0.06 0.84 0.00 0.17 0.38 1.70 0.00
Reflective 30 0.15 0.42 0.26 0.44 0.29 0.42 0.34 0.44 0.05 0.00 0.74 0.08 0.40 0.16 1.68 0.01
Low-emissive (moderate solar

gain)

Low-emissivity i 7 0.14 0.46 0.30 0.47 0.38 0.10 0.34 0.54 0.04 0.00 0.29 0.54 0.27 0.18 1.43 0.08
Ceramic i 7 015 025 0.34 0.26 0.34 0.03 0.15 0.31 0.04 0.00 0.89 0.04 0.33 0.06 1.72 0.01
Dual-reflective e 4 0.11 0.65 0.22 0.67 0.38 0.38 0.18 0.09 0.85 0.09 0.84 0.00 0.15 0.51 1.70 0.00
Dual-reflective i 31 0.10 051 0.22 0.53 0.37 0.10 0.16 0.40 0.04 0.00 0.82 0.06 0.29 0.15 1.70 0.01
Spectrally-selective e 3 0.23 0.36 053 0.35 0.31 0.30 0.12 0.09 0.88 0.01 0.84 0.00 0.28 0.26 1.70 0.00
Spectrally-selective i 14 0.19 0.27 0.43 0.27 0.34 0.08 0.17 0.56 0.04 0.00 0.74 0.07 0.33 0.10 1.67 0.01
Neutral e 3 0.14 0.36 0.28 0.37 0.22 0.19 0.20 0.19 0.94 0.02 0.84 0.00 0.19 0.26 1.70 0.00
Neutral i 24 014 042 0.29 0.42 0.35 0.06 0.18 0.43 0.04 0.00 0.87 0.09 0.32 0.10 1.71 0.02
Protection and safety e 2 0.20 0.94 0.41 0.95 0.48 0.50 0.30 0.76 0.86 0.07 0.84 0.00 0.23 0.86 1.70 0.00
Protection and safety i 22 0.18 0.58 0.38 0.58 0.36 0.12 0.26 0.66 0.04 0.00 0.85 0.12 0.31 0.20 1.70 0.02
Reflective e 9 0.10 041 0.22 0.40 0.52 0.21 0.34 0.23 0.76 0.06 0.84 0.00 0.14 0.36 1.70 0.00
Reflective i 30 0.11 0.43 0.23 0.44 0.38 0.10 0.34 0.44 0.04 0.00 0.74 0.08 0.28 0.16 1.67 0.01

! position of the film: i — interior; e — exterior
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Table 46. (cont.) Mean, x, and coefficient of variation, C,,, of the main thermal and optical properties of the analysed

SCFs applied in a double glazing: solar transmittance, ze; visible light transmittance, zv; visible exterior reflectance,

pue; Visible interior reflectance, pv,; external emissivity, ee; internal emissivity, «i; solar factor, g; and thermal

transmission coefficient, U [W/m2.K]

Type of glass substrate Te Ty Py Pu,i e & g U
Type of SCFs P! n ¥ ¢, xx ¢, ¥ C, ¥ C % C ¥ C X C x G
Low-emissive (low solar gain)

Low-emissivity i 7 0.11 0.45 0.26 0.46 0.28 0.27 0.35 0.51 0.04 0.00 0.29 0.54 0.22 0.17 1.43 0.08
Ceramic i 7 0.2 025 0.29 0.26 0.19 0.12 0.16 0.27 0.04 0.00 0.89 0.04 0.26 0.05 1.72 0.01
Dual-reflective e 4 0.08 065 0.19 0.67 0.34 0.49 0.20 0.06 0.85 0.09 0.84 0.00 0.13 0.48 1.70 0.00
Dual-reflective i 31 0.08 052 0.19 0.53 0.25 0.28 0.16 0.38 0.04 0.00 0.82 0.06 0.23 0.14 1.70 0.01
Spectrally-selective e 3 018 0.36 0.45 0.35 0.12 0.38 0.16 0.05 0.88 0.01 0.84 0.00 0.23 0.24 1.70 0.00
Spectrally-selective i 14 0.15 0.26 0.37 0.26 0.20 0.26 0.19 0.50 0.04 0.00 0.74 0.07 0.26 0.10 1.67 0.01
Neutral e 3 0.10 0.36 0.24 0.37 0.19 0.34 0.22 0.13 0.94 0.02 0.84 0.00 0.16 0.24 1.70 0.00
Neutral i 24 0.10 042 0.25 0.42 0.21 0.18 0.19 0.39 0.04 0.00 0.87 0.09 0.25 0.09 1.71 0.02
Protection and safety e 2 0.5 0.92 0.36 0.94 0.40 0.81 0.30 0.58 0.86 0.07 0.84 0.00 0.18 0.82 1.70 0.00
Protection and safety i 22 0.14 057 0.33 0.57 0.24 0.34 0.27 0.59 0.04 0.00 0.85 0.12 0.25 0.19 1.70 0.02
Reflective e 9 0.08 0.40 0.20 0.39 0.44 0.28 0.33 0.18 0.76 0.06 0.84 0.00 0.12 0.34 1.70 0.00
Reflective i 30 0.08 0.43 0.20 0.43 0.26 0.28 0.35 0.42 0.04 0.00 0.74 0.08 0.23 0.15 1.67 0.01

! Position of the film: i — interior; e — exterior
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Annex C — llluminance levels according to UDI metric scale

Figure 103. Digital photos and illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00 and 15h00 in
the summer solstice under clear sky conditions for: a) clear glass; b) SCF A, ¢) SCF B; d) SCF C and; e) SCF D
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Figure 104. (cont.) Digital photos and illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00 and

15h00 in the summer solstice under clear sky conditions for: a) clear glass; b) SCF A; ¢) SCF B; d) SCF C and; e)
SCFD

e) SCFD

Figure 105. Digital photos and illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00 and 15h00 in
the winter solstice under clear sky conditions for: a) clear glass; b) SCF A; ¢) SCF B; d) SCF C and; ¢) SCF D
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Figure 106. (cont.) Digital photos and illuminance levels on a horizontal plane at 0.8 m height at 09h00, 12h00 and
15h00 in the winter solstice under clear sky conditions for: a) clear glass; b) SCF A; ¢) SCF B; d) SCF C and; e)
SCFD

c) SCFB

d) SCFC

e) SCFD

Figure 107. Digital photos and illuminance levels on a horizontal plane at 0.8 m height under overcast sky conditions

for: a) clear glass; b) SCF A; c) SCF B; d) SCF C and; e) SCF D
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Annex D — Model calibration
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Figure 108. Experimental (plain lines) and simulated (dashed lines) values of indoor temperature. Tina. and internal.

Tsi. and external. Tse. surface temperatures of office | in the summer period
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Figure 110. Experimental (plain lines) and simulated (dashed lines) values of indoor temperature. Tina. and internal.

Tsi. and external. Tse. surface temperatures of office 11 in the summer period
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Figure 111. Experimental (plain lines) and simulated (dashed lines) values of indoor temperature. Tindg. and internal.
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