





If your mental attitude is positive,

even when threats abound, you won't lose your inner peace.

On the other hand, if your mind is negative, marked by fear,

suspicion and feelings of helplessness, even among your best friends,

in a pleasant atmosphere and comfortable surroundings, you won't be happy.

— Dalai Lama

To my lovely children. ..
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Abstract

The appropriate choice of the type of glazing and glazed area in a fagcade depends on many
factors. They include amongst other criteria: location, orientation, climatic condition, ener-
getic efficiency, usage of the building, required user comfort, and the architectural concept.
All requirements can not be fulfilled at all times and priorities have to be set to find a com-
promise between occupant comfort, design objective, cost and energetic efficiency. On the
south facade of high-rise buildings in particular, it is a challenge to have simultaneously large
glazed area, no glare, no excessive cooling loads, a clear view and sufficient natural light
flux. In Switzerland, electric lighting, heating and air conditioning account for about 74% of
the total energy demand in private housing (dominated by heating : 70%) and 32% of the
overall Swiss electricity usage (dominated by lighting :13%) [Prognos et al., 2013]. This energy
consumption can be strongly influenced by using the most appropriate fenestration system
[Grynning et al., 2014, Florides et al., 2002, Danny et al., 2008].

CFSPro stands for complex fenestration systems profile ray tracing optimisation and is the
name of the software developed during this thesis to engineer new complex fenestration
system (CFS). A mixed dimensionality approach was used to achieve a very fast and accurate
ray tracing of any lamellar structure that has a two dimensional profile. The originality of
the implemented Monte Carlo ray tracing algorithm is the separation of intersection and
interaction. Intersections are computed using only the two dimensions of the profile, the
complexity of the algorithm is thereby significantly decreased and the computational speed
is increased. With these optimisations, the user interface can give an instantaneous idea of
the light path and interactions in the modelled system. This visualisation and the proposed
performance indicators such as the distribution of transmitted solar radiation and angular
dependent transmittance can be used to design new CFSs. The software provides all the
mentioned results in the user interface where the different designs can be compared, making
the optimisation process of a profile with a defined objective very intuitive. The model also
calculates an accurate bidirectional transmission distribution function (BTDF) that is used in
combination with Radiance to obtain a rendering of the daylighting distribution in an office
space. For the study of daylight performance, these Radiance simulations can be used to obtain
indicators such a the daylight factor and daylight autonomy (DA). Finally, to estimate the
thermal performances, a simple nodal thermal model was added to simulate the temperature
evulotion and the thermal loads in a given office.

A glazing combining several functions and that can contribute to significantly reduce energy
consumption in buildings with favourably oriented glass facades was developed using this
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Abstract

novel ray tracing approach. It was designed to obtain a strongly angular dependent trans-
mission and a specific angular distribution of transmitted light. The engineered geometry
provides elevated daylight illuminance by redirecting the incoming light towards the depth
of the room. This redirection simultaneously protects occupants from direct sunlight and
reduces the risk of glare. For an optimised usage of available solar radiation, the transmission
of direct sunlight is maximised in winter and minimised in summer. Thereby heating loads in
winter and cooling loads in summer are reduced. Taking advantage of the changing elevation
of the sun between seasons, such a seasonal variation can be created by a strongly angular
dependent transmittance. This novel glazing will combine the functions of daylighting, glare
protection, and seasonal thermal control.

A fabrication process was identified and samples of embedded micromirrors were produced
to demonstrate the feasibility. The fabrication of such structures required several steps. The
fabrication of a metallic mould with a relative high aspect ratio and mirror polished surfaces is
followed by the production of an intermediate polydimethylsiloxane (PDMS) moulds that was
subsequently used to replicate the structure with a ultraviolet (UV) curable polymer. Selected
facets of these samples were then coated with a thin film of highly reflective material in a
physical vapour deposition process. Finally, the structures were filled with the same polymer
to integrated the mirrors.

The samples were characterised during the various fabrication steps using scanning electron
microscopy (SEM), energy-dispersive X-ray (EDX) spectroscopy , confocal microscopy and
profilometry. A miniature goniophotometer was built to assess the performance of the struc-
tured glazing. The final samples redirect up to 70% of the light flux and are very transparent
when looking through at normal incidence

Keywords : Complex fenestration system, Daylighting, Thermal control, Ray tracing, Microstruc-
ture, Thin film, Imprint lithography, Glare control, Smart glass
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Zusammenfassung

Die richtige Wahl einer Verglasung hangt von vielen Parametern ab. Unter anderem ist die
Orientierung der Fassade wichtig, die geographische Lage, das Klima, die erwiinschte energe-
tische Effizienz, die Nutzung des Gebaudes und die Integration im architekturellen Konzept
des Gebaudes. Alle Ziele kbnnen gleichzeitig nicht erfllt werden, und Prioritaten muissen
gesetzt werden, um ein Gleichgewicht zwischen Design, Komfort und Effizienz zu finden. Auf
Sudfassaden in Gebauden mit einem hohem Verglasungsanteil zum Beispiel ist es schwierig,
gleichzeitig das ausgieblig vorhandene natirliche Tageslicht zu nutzen ohne Blendeffekte zu
verursachen. Anderseits ist es auch schwierig, die hohen natirlichen thermische Gewinne
zu nutzen und gleichzeitig eine Sommerliche Uberhitzung zu vermeiden. In der Schweiz
machen Heizen, Klimatisieren und Beleuchten in privaten Haushéltern etwa 74% des ener-
getischen Bedarfs aus (hauptséachlich Heizung : 70%), und 32% des schweizerischen elektri-
schen Bedarfs (hauptséachlich Beleuchtung: 13%)[Prognos et al., 2013]. Dieser energetische
Verbrauch kann durch die Anwendung sorgfaltig ausgewahlter Fenster stark gesenkt werden
[Grynning et al., 2014, Florides et al., 2002, Danny et al., 2008].

CFSProistdas Akronym fr "complex fenestration system ray tracing profile optimisation™, der
Name der Software, die im Rahmen dieser Dissertation entwickelt wurde. Das Programm wur-
de fur das Design und die Studie innovativer Verglasung entwickelt. Um die Strahlverfolgung
maglichst schnell durchzufuhren, wurde ein multi-dimensionaler Algorithmus entwickelt.
Dieser Algorithmus ermdglicht das Finden von Schnittpunkten in zwei Dimensionen. Da es
sich um zweidimensionale Profile handelt, ist dieses Vorgehen geeignet und schneller als
in drei Dimensionen. Die Reflexion oder Brechung des Lichtstrahls an den Schnittpunkten
ist hingegen dreidimensional behandelt. Mit einer solchen Methode kénnen die Strahlen
direkt verfolgt und angezeigt werden und das optische Verhalten der untersuchten Geometrie
leichter verstanden werden. Zuséatzlich werden auch noch verschiedene Leistungskennzahlen
gegeben um das winkelabhangige Verhalten des Systems abzuschéatzen. Die winkelabhangige
Transmissions Verteilung wird berechnet. Durch diese Simulation kann auch die sogenannte
bidirectional transmission distribution function (BTDF) berechnet werden, um die winkelab-
hangige Lichtstrahlung des Systems zu beschreiben. Diese Beschreibung kann dann mittels
anderer Software wie Radiance benutzt werden, um eine Tageslichtbewertung zu simulieren.
Dies ergibt eine Bildsynthese und auch die quantitative information der Beleuchtungsstérke
in einem Raum. So kann der Tageslichtfaktor ermittelt werden und mit jahrlichen Berech-
nungen auch die Tageslichtautonomie (DA). Ein vereinfachtes thermisches Modell wurde
einbezogen, um den Temperaturverlauf zu verfolgen. So kann die Wirkung der Verglasung auf
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das thermische Verhalten des Gebaudes abgeschatzt werden.

Ausgehend von dieser Software wurde im Rahmen dieser Dissertation ein neuer Typ von
innovativer Verglasung entwickelt. Diese neue Verglasung hat eine starke winkelabhéangige
Transmission: Strahlung die unter einem héherem Winkel einfallt, wird stark reflektiert, fur
niedrige Winkel aber nicht. Weil sich die H6he der Sonne Uber das Jahr stark andert, kann
somit eine Jahreszeit abhéngige Dynamik entstehen. Im Winter wird die Sonnenstrahlung
hereingelassen, im Sommer aber reflektiert. Zusatzlich, und fur bessere Tageslichtnutzung,
wird das Licht auch umgelenkt und in die Tiefe des Raumes geleitet. Gleichzeitig entsteht auch
ein Blendschutz fur das direkte Sonnenlicht.

Dieses neues System wurde nicht nur mittels Computer Simulation untersucht, sondern
auch im Labor hergestellt. Fur die Herstellung der vorgeschlagenen verkapselten Spiegel
mussten verschiedene Methoden entwickelt und angewandt werden. Diverse Profile wurden
mit verschiedenen Fabrikationsprozessen hergestellt, sie wurden dann mittels einer PDMS
Form in einen aushartbaren Kunststoff gepragt. Die Verhartung dieses Kunststoffes erfolgt
durch UV Bestrahlung. Die somit erhaltene Mikrostruktur wurde dann mit einer diinnen
reflektiven Schicht beschichtet. Diese Beschichtung erfolgte durch Vakuum Verdampfung von
Aluminium oder Silber. Um diese Spiegel zu verkapseln, wurde der selbe Kunststoff wie zuvor
benutzt. Es wurde so demonstriert, dass die Miniaturisierung der Strukturen die Transparenz
des Systems verbessert und dass Tageslichtlenkung durch verkapselte Spiegel moglich ist. Fur
das Blockieren von ausgewahlten Winkeln werden streifenférmige Reflektoren bendétigt, diese
wurden durch Lithographie hergestellt.

Die Ergebnisse aller Etappen des Herstellungsprozesse wurden mit verschiedenen optischen
Techniken charakterisiert. Rasterelektronenmikroskopie, optische Mikroskopie und konfokale
Mikroskopie wurden benutzt, um die Oberflachen zu charakterisieren und das Profil der
verschiedenen Strukturen zu ermitteln. Verschiedene Profilometriemessungen wurden auch
durchgefihrt. Weiterhin wurde auch ein Messgerat hergestellt, um das winkelabhéangige
Verhalten zu messen: die Transmissionsverteilung kann mit dem Miniaturgoniophotometer
gemessen werden.

Slagworte: Komplexe Verglasungssysteme, Tageslichtnutzung, Thermische Kontrolle, Son-
nenschutz, Strahlverfolgung, Mikrostrukturen, Dinne Schichten, Replikation, Blendschutz,
Intelligentes Glas



Résume

Le choix du type de vitrage et de la surface de vitrage sur une facade dépend de nombreux
parameétres. Entres autres, la localisation du site, le climat de la région et I'orientation de
la facade jouent un réle important. L'efficacité énergétique désirée, le type de batiment,
le niveau de confort visé et le concept architectural du batiment entre aussi en ligne de
compte. Les objectifs de confort, d’efficacité, de coQt de construction et de design ne peuvent
pas toujours étre atteints simultanément et des compromis doivent étre fait. En particulier,
sur une fagade sud fortement vitrée, il est difficile d’avoir a la fois des niveaux d’éclairage
naturels élevés et une vue vers I’extérieur sans avoir de problémes d’éblouissement. Dans
cette situation, d’un point de vue thermique, il est difficile de jouir des gains thermiques
élevés requis en hiver sans avoir de problémes de surchauffe en été. En Suisse, I'éclairage,
le chauffage et la climatisation représentent 74% de la consommation énergétique dans le
secteur résidentiel (principalement pour le chauffage, 70%). Ces besoin représentent 32%
de la consommation électrique suisse (dominé par I'éclairage)[Prognos et al., 2013]. Cette
consommation énergétique peut étre diminuée par un choix judicieux des éléments de vitrage
[Grynning et al., 2014, Florides et al., 2002, Danny et al., 2008].

CFSPro est I'acronyme pour "complex fenestration systems profile ray tracing optimisation",
le logiciel développé dans le cadre de cette these pour I'étude et le design de systémes de
vitrages complexes. Un algorithme mélant I'approche tri- et bi-dimensionnelle pour un tracé
de rayon plus rapide a été développé. L'originalité du tracé de rayons Monte Carlo ainsi
développé est de séparer les intersections des interactions. Les intersections sont calculées
dans les deux dimensions du profil alors que les interactions sont calculées en utilisant des
vecteurs tri-dimensionnels. Cette approche permet de réduire significativement la complexité
du tracé de rayon et d’accélérer le calcul jusqu’a offrir une visualisation en direct des chemins
pour de nombreux rayons. Cette visualisation, ainsi que les indicateurs de performance
calculés de maniére quasi instantanée, offrent une bonne base pour la compréhension du
systeme étudié ainsi que pour son optimisation. Ces indicateurs de performance sont la
distribution du rayonnement transmis et la transmittance en fonction de I’'angle incident.
Pour I’étude de I'impact sur la thermique du batiment, des indicateurs plus complets tels
que les gains thermiques horaires et les charges thermiques résultantes sont calculées par un
modéle thermique simplifié. Pour I'évaluation de I’éclairement dans I'espace, des rendus avec
Radiance, le facteur lumiére du jour et des métriques dynamiques tel que le DA sont aussi
donnés. Ces derniers sont basés sur une BTDF calculée par tracé de rayons.

Un nouveau type de vitrage complexe a été développé dans le cadre de cette thése grace a cet
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outil. Ce systeme offre simultanément une forte dépendance de I’'angle pour la transmittance
et une forte redirection de la lumiére. La dépendance angulaire de la transmittance permet
d’obtenir une dynamique saisonniére des gains thermiques basé sur la hauteur changeante du
soleil, en été le rayonnement est bloqué pour éviter la surchauffe alors qu’en hiver, le rayonne-
ment est transmis pour réduire la charge de chauffage. La redirection, quand a elle, permet de
guider la lumiere plus en profondeur dans la piece et d’élever le niveau d’éclairement dans les
parties reculées de la piéce. La redirection évite aussi un éblouissement par le rayonnement
direct.

Ce nouveau concept de vitrage avance a été étudié par simulation et des échantillons ont étés
produits en laboratoire afin de vérifier certaines hypotheéses. Il a ainsi été démontré qu’en
encapsulant des miroirs de taille micrométriques, il est possible de rediriger la lumiére et
de conserver une transparence a travers le systeme. Différentes formes ont été fabriquées
dans un moule métallique puis répliquées dans une résine photo-polymérisée et transparente.
Pour la réplication, un moule intermédiaire en PDMS est utilisé pour un bon démoulage et
pour sa transparence. Certaines faces des structures ainsi obtenues ont ensuite été revétues
d’une couche mince réfléchissante d’aluminium ou d’argent. Cette couche a été déposée
par évaporation sous vide. Les structures ainsi miroités ont finalement été noyées dans la
méme résine que celle utilisée pour la réplication afin d’obtenir des miroirs encapsulés. Leffet
de blocage de certain angles d’incidence peut étre obtenu en plagant une bande de miroirs
au point focal d’'un miroir parabolique encapsulé. Ces miroirs striés on été fabriqués par
lithographie "lift-off".

Les échantillons ont été caractérisés aux différents stades de la fabrication a I'aide de diffé-
rentes techniques pour contréler la fabrication et optimiser les processus. La microscopie
electronique a balayage ainsi que la microscopie confocale et optique ont été utilisées pour
observer les états de surfaces et obtenir le profil de ces structures. Différentes techniques
de profilometrie ont aussi été utilisées. Finalement un goniophotométre miniature a été deé-
veloppé pour mesurer la transmittance en fonction de I'angle ainsi que la distribution du
rayonnement transmis. Les derniers echantillons produits redirigent une grand partie du flux
lumineux (plus de 70%) et sont trés transparents a incidence normale.

Mots-clés: Systéme de vitrage complexe, Eclairage naturel, Contréle thermique, Tracé de
rayons, Microstructure, Couche mince, Réplication, Protection contre I'éblouissement, Vitrage
intelligent
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i} Introduction

1.1 Context

Windows are a major element in buildings and can cover nearly 100 % of a building fagade in
modern constructions. Besides aesthetic motivations, large glazed areas create bright spaces;
and sound levels of natural light in offices reduce general sickness [Begemann et al., 1997].
In particular, sufficient daylight exposure synchronises the circadian system with beneficial
effect on sleep quality, mood, and cognitive performance [Gooley et al., 2001, Webb, 2006,
Minch and Bromundt, 2012]. Hence glazing has become an elegant structural element that
creates comfortable and healthy working or living spaces. But excessive sunlight or strong con-
trast luminance can also become a problem and cause glare to the occupant [Wienold, 2009].
Shading elements have been introduced to manage this inconvenience but they introduced
an other problem: the blind control. If users instinctively close blinds to eliminate an inconve-
nience, the re-opening of blinds is not an automatism for most of them [James and Bahaj, 2005].
Regarding daylight, the usage of large glazed areas in buildings is hereby double edged. With
large window to wall surface ratios (WWRs) thermal confort becomes of importance as well.

Being a major part of the building envelope and with the growing importance of energy
management and low carbon emissions, glazed areas are subjected to important energetic
constraints. Single glazed windows, that insulate from the exterior as much as an oiled paper
window, have been the weak part of a building shell for centuries. Meanwhile, noble gas
filled double glazing with low emissivity coatings have become the standard for a low heat
transfer coefficient (U value), good insulation and reduced energy losses. In combination
with the solar gains linked to the transparency of windows, these properties apply mainly
during the heating season when outdoor temperatures are lower than inside and insufficient
insulation causes heat losses. In the hot season however, large surfaces of transparent material
cause high thermal gains due to transmitted radiation that create the necessity for cooling
when combined with well-insulating building envelopes. These gains can be reduced with
solar protection glazing by lowering its solar heat gain coefficient (SHGC). To keep reasonable
illuminance, the glass can be coated with specially designed stacks of thin films to create an
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interface with a selective spectral transmittance as described for example in [Oelhafen, 2007].
In the visible range of the spectrum the transmittance is maximised; it is minimised in the
infrared and ultraviolet.

Such state-of-the-art glazing may have a positive impact on health and for the reduction of
lighting and cooling loads [Danny et al., 2008]. But a large visible transmittance ¢, can still
be a problem and cause glare and visual discomfort for occupants. On the other hand, a low
energy transmittance ¢ suppresses solar gains that would be of great use to reduce energy
consumption during the heating season. The energetic and photometric performances of
a fenestration system are becoming central and important issues for architects. But with
such contradictory effects, the right compromise between sound illuminance, visual comfort,
electricity savings, usage of solar gains in winter and solar control in summer is not easy to
find. In addition there are numerous families of solutions available to architects for a good
light management. At most latitudes, an overhanging balcony on a south facade offers a great
seasonal solar protection: in winter the sun is low and hits the window, in summer the sun is
high and the balcony creates a shading element for the window. Also, many different types of
blinds prevent glare while keeping reasonable daylight provisions. Furthermore, automated
blinds and shading elements have been introduced to adapt to changing exterior conditions
without the need for a highly conscious occupant who constantly adapts the blind position
[Daum and Morel, 2010]. Finally, a great number of advanced or complex fenestration systems
(CFS) were proposed in the past decade: electrochromic windows, gasochromic windows,
laser cut panels, microscopic blinds, prismatic structures, etc. However, these solutions all
have their drawbacks, costs and cannot be applied in all situations.

It is clear that a smart management of the available renewable resources is interesting:
appropriate illuminances are enjoyable, prevent the so-called "sick building syndrome"
[James and Bahaj, 2005] and decrease the energy demand due to electric lighting by a fac-
tor of three [Linhart and Scartezzini, 2010]. And an optimal exploitation of solar radiation can
reduce heating costs in winter and cooling loads in summer. To the best of the authors knowl-
edge, a static CFS that combines the advantages of daylighting, glare protection, seasonal
thermal control and clear view does not exist up to today. The work presented in this thesis is
an attempt to get closer to such an ideal system.

1.2 Motivation

For latitudes between 40°N and 55°N, the solar annual solar radiation reaching the surface of
the earth is generally between 1000 and 1800kW h/m? [US Department of Energy, 2014]. The
heating loads per area of living space are in the order of 40kW h/m?. For a single family home
with 75m? of roof and 150m? floor area, the available radiation (135MW h) is thus far beyond
the heating loads (6MW h). This radiation is spectrally distributed from ultraviolet to infrared
as shown shown in Figure 1.1. With about 53% in the visible range the daylighting provision
is also high. According to Reinhart, the outdoor illuminance is sufficient between 90% and
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Figure 1.1 - AM1.5 solar spectrum for global radiation.

100% of the time within 9am and 5pm for all latitudes below 50° (where 93% of the world’s
population live) [Reinhart, 2014a, p. 47]. It is hereby obvious that solar radiation is available
in sufficient quantity to directly provide daylight for visual tasks and energy required for space
heating. The difficult task is to use it appropriately to avoid glare while providing sufficient
task illuminance when possible and to prevent overheating in summer yet have sufficient
solar gains in winter. To reach this set of objectives, advanced optical systems providing
simultaneously transparency, angular dependent transmittance and light redirection by the
means of embedded micromirrors are investigated. This type of approach is interesting for
the following reasons:

» By redirecting light, sunbeams can be diffused and spread over a selected range of
angles in an opposite direction. This is particularly suitable for a better use of daylight
in buildings. Redirected, diffuse light is well suited for most office work tasks and
contributes to a more comfortable and healthy environment.

e When sunlight is redirected and diffused, glare is reduced.

e Because the solar elevation changes over the year, angular dependent transmittance
can result in a seasonal behaviour. Used in a window with the appropriate angular
transmittance, this protects from overheating in summer and maintains solar gains in
winter.

» The embedded mirrors can be almost horizontal and their projected height is very small
compared to the gap between two mirrors. Therefore at angles close to the normal, light
rays are only partly influenced by the structures and traverses mainly the transparent
medium.

» Because the micromirrors are embedded, the faces of the medium they are in are flat
and parallel, thus the system is imaging with a straight light rays transmission.
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< Miniaturised, these mirrors can have a height in the range of 10 j 50,,m making them
hardly visible. These properties ensures not only translucency but high transparency
and enable a view through the system.

* The system can potentially be produced as embedded microstructures in a film with a
total thickness below the millimetre. A film of this dimension can be laminated with
aglazing. Such films can potentially be produced inexpensively in a roll to roll or web
process. This would provide a low cost solution for the glazing industry.

< The system may be combined with selective coatings to obtain wavelength dependent
transmittance, for example to achieve an optimised ratio between visible light and solar
radiation.

1.3 Method

Various geometries were investigated; an overview of existing designs offering daylight, ther-
mal control, glare protection is presented in Chapter 2. In order to ease the design and evaluate
optical performances of envisaged structures, an advanced ray-tracing program was specially
developed. This program facilitates the search for new solutions, the study of parametrised
laminar structures and the optimisation of the latter parameters. This software and some of
the studied structures will be described in Chapter 3. The making of embedded micromirrors
requires several steps including the fabrication of a mould with the structure, replication of the
structure, alignment of optical components, thin film coating and embedding. The steps of
the fabrication process and the corresponding experimental methods and tools are presented
in Chapter 4. Many of the used methods had to be developed. The methods used for the
characterisation of produced samples are introduced in Chapter 5. They include topographical
measures, scanning electron microscopy, optical microscopy and confocal microscopy for the
observation of samples but also goniophotometric measurements. The simulation results are
presented in Chapters 6 whereas the experimental results obtained with these methods are
introduced in Chapter 7. Finally the results, remaining problems and outlook are discussed in
Chapter 8.
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1.4 Hypothesis

The following hypothesis were accordingly formulated in the framework of this thesis:

« Redirection of light rays increases the daylight provision when far from the
windows and reduces glare risks.

« Angular dependent transmittance of light rays creates an intrinsic seasonal
thermal control.

« Alow impact on transparency at viewing angles can be reached with horizon-
tal elements and parallel surfaces.

» Ray tracing simulation can be used to design and optimize a novel static opti-
cal system combining these three aspects.

* The miniaturisation of structures can ease the integration and increase the
visual contact with the exterior.

e This optical system can be fabricated using a combination of advanced micro
fabrication techniques.






pd State of the Art

In this chapter the state of the art in the field of optical devices used for daylighting and sea-
sonal thermal control will be presented. Conventional solutions are presented first, categorised
regarding their main functionality as they mostly serve a single purpose. Microstructured
devices, introduced more recently are then presented separately in greater detail. Most so-
lutions have major drawbacks regarding the complex objective set in this thesis but their
understanding was crucial to propose a new approach.

2.1 Daylighting devices

Glazing has been a light source and a link to the outer world in buildings since the Roman
empire, long before the existence of glass, oiled paper windows were extensively used in Asia
and animal skins in Europe. Windows with glass panes were initially expensive and small;
they became the standard solution for windows in European homes only in the 17" century.
Since then extraordinary progress has been made and a great variety of novel systems have
been introduced in the past decades to increase the daylight illuminance. The daylight factor
(DF) is the ratio between the interior illuminance and the exterior horizontal illuminance
for an unobstructed standard overcast sky. Assuming a required task illuminance of 3001ux
and a mean daylight factor of 2% in a building, daylight is appropriate to lit the workplane
when the outdoor horizontal illuminance is larger than 15,0001ux. It was shown that this
condition is met for over 80% of the time between 9 am and 5 pm for latitudes below 50°
[Reinhart, 2014a]. This means there is a possibility for daylight to become the main source of
light in buildings; providing a strong motivation to develop new approaches. Generally this
topic was covered in the International Energy Agency (IEA) Task 21 "Daylight in buildings".
Many of the technologies presented below are listed in the sourcebook issued from this task
[Ruck et al., 2000]. Currently an other IEA task is focusing on "Advanced lighting solutions for
retrofitting buildings”, investigating efficient daylighting and electrical lighting strategies.
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(a) Ray tracing of a laser cut panel for (b) Ray tracing of a prismatic struc-

an incident angle of 30°. The tilted ture as proposed by 3M™ for exam-

rectangles represent the cuts, light ple. Rays are mostly reflected back in

rays are reflected at the interface due the direction they came from. This is

to total internal reflection. due to total internal reflection at the
interface.

Figure 2.1 — Ray tracing of complex fenestration systems: a laser cut panel and a prismatic
pane, both rely on the total internal reflection.

2.1.1 Lightredirecting translucent structures

Various CFSs use physical phenomena to redirect light. With horizontal cuts made into an
acrylic panel as shown in Figure 2.1a, normal incident light rays are simply transmitted while
higher angles create grazing incidence within the panel and total internal reflectance occurs at
the air-glass interface. This device known as laser cut panel was suggested by [Edmonds, 1993].
Only light rays hitting this interface above the critical angle are reflected, for other angles the
light is refracted through the different elements. This device protects from glare and redirects
daylight into the depth of the room as it can be observed in Figure 2.2a. For better redirection,
the cuts are usually tilted by a few degrees. The main drawbacks of this design are that it does
not provide solar protection and that because of the thickness of the cuts, transparency is
reduced. One more example of such a static light redirecting system is the Lumitop™ glazing
by St-Gobain (see Figure 2.2b). It "traps" daylight rays into banana shaped elements to guide
them upwards. These advanced glazings are partially transparent and often placed in the
upper third of the window in order to preserve the view in the outside in the bottom part. They
do not protect from excessive solar gains in summer and blinds have to be installed on the
lower part to avoid glare.

2.1.2 Blinds

Various types of mobile blinds and sun shadings have been introduced to prevent glare risks.
They permit to adapt to changing conditions all along the year by opening, closing or tilting the
blinds. Over time, designers have optimised the shape and materials of shading elements to
combine protection with comfortable daylight conditions. Recently, split blinds with different
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2.1. Daylighting devices

(a) Photograph of a a class room with a laser cut panel installed in the  (b) Photograph of the Lumitop™ glass
top part of a window. (in the upper section of the window
only).

Figure 2.2 — lllustration of various state of the art daylighting systems using redirection of light.

inclination angles have been introduced. They allow to separately control the upper part and
lower part of the blinds. The latter provide a dynamic control at a relatively low cost and a
robust system to separately control daylight, view and thermal contributions. In summer, the
upper part may then be used for daylighting while the lower part reduces glare and overheating
risks. An other interesting solutions is provided by perforated blades (Durlum GmbH), when
closed they maintain a view to the outside and some daylight flux yet they maintain their solar
protective role. The blinds proposed by RETROSolar™ achieve simultaneously redirection of
light and blocking at certain incidence angles but require a form of control, they are described
in more detail later.

2.1.3 Dynamic systems

Lately, recent technology has been applied to create windows with variable opacity. The family
of called smart glass rely on thermochromism, electrochromism, gasochromism, suspended
particles, liquid crystals and micro-blinds to provide this effect. Electrochromism directly
uses the physical properties of some materials that reversibly change colour when a electrical
voltage is applied, the colour changes slowly but remains in its state without current. Reverse
current has to be applied to regain full transparency. In gasochromism an electrochrome,
usually a metal oxide, interacts with an oxidising or reducing gas (commonly oxygen and
hydrogen) to produce a reversible colour changes. Likewise thermochromism relies on tem-
perature change; interestingly this could provide a self regulating device as the transparency
needs to be reduced in hot conditions [Zhou et al., 2013]. The main drawbacks of these solu-
tions are the long switching time, the high cost, the extra installation considerations (wiring,
power supply) and control system to work properly.
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zenithal

/ collector

anidolic
element \

ceiling
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(a) Photograph of the LESO-PB (b) Schematic of the fagade concept with a

south fagade. normal window and an anidolic element.

(c) Radiance rendering of typical office with such an anidolic element.

Figure 2.3 — A complex architectural concept using large anidolic mirrors to create well daylit
spaces: the fagcade of the LESO-PB building , photograph and schematic. In (c) the Radiance
rendering of an office is compared with and without the anidolic system [Courret, 1999]

2.1.4 Architectural integration

Multiple other architectural solutions can be found to handle daylight properly; these are
generally the best and smartest solutions. Anidolic systems with large reflective surfaces have
been developed at Ecole Polytechnique Federale de Lausanne (EPFL) [Courret et al., 1998,
Scartezzini and Courret, 2004]. Such systems have been in use for several years at the Solar
Energy and Building Physics Laboratory (LESO-PB) on the south fagade of the laboratory’s
experimental building (see Figure 2.3), and have proven their potential for visual comfort and
energy savings [Scartezzini and Courret, 2002]. The overhanging part with the anidolic mirror
simultaneously offers protection for the window in the lower part that provides mostly the
view to the outside. Other designs such as light ducts are using anidolic reflectors to guide
light rays deep into the space. Zenital openings with diffusing or redirecting elements can also
be used to increase daylight illuminance far from windows on the upper levels of a buildings.
The Bartenbach licht labor [Bartenbach, 2014] has been a pioneer in matters of daylight and
beside the numerous proposed solution, the interesting construction of it’s offices is also a
example of how to provide comfortable and well daylit spaces. In one office, reflection of light
on a pond’s water surface is used to create an indirect daylight flux with added moving caustics
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2.2. Seasonal thermal control

effects. The drawback of such architectural solutions is that they often require complex and
non standard building procedures along with increased cost and high expertise in the design
phase.

2.2 Seasonal thermal control

From an energy perspective, the thermal properties of a window need to be considered to
assess their implication on the energy balance of a building. As it has been introduced, ideal
windows bring in a large quantity of daylight; but with a large daylight flux comes a large
quantity of solar energy, especially in summer. These solar gains will heat up the inner space
if they are transmitted. In buildings with highly glazed facades, the solar gains can raise the
room temperature by several degrees and lead to overheating problems in summer. On the
other hand these gains are welcome in winter where the heating loads can be suppressed
completely for most climates by the appropriate choice of g /U value ratio, window orientation
and dimension [Manz and Menti, 2012].

2.2.1 Solar control glazing
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Figure 2.4 — Simulated transmittance of a simple [ZnS / Ag / ZnS ] solar control coatings de-
scribed in [Leftheriotis et al., 2000] and a more refined theoretical transmittance as described
in [Oelhafen, 2007]. The normalised spectral distribution of the solar radiation (AML1.5) is
shown for comparison.

Thin films or sometimes additives can be used to reduce the solar energy transmittance of
a glazing by increasing reflectance or absorptance, such devices are called solar protective
glazing or solar control glazing. In particular, thin film coatings can be used to offer high
transmittance in the visible range of the spectrum but low transmittance in the infrared range.
Hereby the thermal gains are reduced but most of the visible spectrum is still transmitted.
A multilayer thin film coating is applied to the glass to create an interferometric filter, the
thickness of each layer is typically smaller than a micrometer and at each interface the reflected
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http://www.ltioptics.com/Photopia/overview.html
http://www.ltioptics.com/Photopia/overview.html



http://web.mit.edu/SustainableDesignLab/projects/ReferenceOffice/index.html
http://web.mit.edu/SustainableDesignLab/projects/ReferenceOffice/index.html



http://www.retrosolar.de/
http://diva4rhino.com/



apps1.eere.energy.gov/buildings/energyplus/cfm/weather_data.cfm
http://lancet.mit.edu/ga/
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