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Summary

Physical or virtual models are commonly employed to visualize the conceptual ideas of architects,
lighting designers and daylighting researchers. The models are also used to assess the daylighting
performance of their buildings, particularly when Complex Fenestration Systems (CFS) are consid-
ered. Recent studies have revealed a general tendency of physical models to over- estimate the perfor-
mance, usually expressed through work plane illuminance and daylight factor profiles, when compared
to that of the real building. These discrepancies can be attributed to several experimental errors. To
analyze the main sources of error, a set of comparisons between a real building, a virtual model and a
physical model was undertaken. The real building in our case consisted of a full scale test module with
a south-facing windows designed for experimentation on daylighting systems. A virtual model was a
computed model created in Radiance program while the physical model was a scale model (1:10) of the
real case. The fenestration systems considered in this study were a simple window (double glazing)
and two CFS (Laser-cut panel and Prismatic film).

The physical model was placed in outdoor conditions similar to that of the real building as well
as under a scanning sky simulator (for both real sky luminance distribution and CIE standard sky); the
virtual model simulations were carried out with the program Radiance using the GenSky function (for
CIE standard sky) and the Partial Daylight Factor (PDF) method, the later using the real sky luminance
distribution acquired by a digital sky scanner at the same time as the the real building’s daylight perfor-
mance was assessed. The daylighting performances of the building, daylight factor (DF) for overcast
sky and illuminance ratio (IR) for clear sky, were monitored using illuminance meters: a set of sensors
for exterior illuminance and another set of equally spaced 7 sensors placed at 1m intervals starting
from the window plane for the interior space were used for that purpose. The interior surface luminance
of both real building and physical model was measured using a luminance meter and a High Dynamic
Range (HDR) imaging technique (within the Photosphere program). The Radiance program was used
to determine the interior surface luminance within the virtual model. The measured performance of the
real case, physical models and virtual models were compared, the causes of discrepancies between
the real building and models were analyzed. The causes of errors that were evaluated were modeling
of building details and dimensions, CFS modeling, mocking-up of the photometric properties (surface
reflectance and window transmittance), model location as well as photometer features. To study the
impact of these error sources on daylighting performance assessment, virtual models created using
the Radiance program were used to achieve a sensitivity analysis of modeling errors. The significant
factors were considered, leading to a set of modeling guidelines.

The experimental study shows that large discrepancies can occur in daylighting performance fig-
ures. For example if glazings are omitted from the model’s window, a relative divergence of 25% to 40%
can be found at different points in the room, suggesting more light entering than actually measured in
the real building. Inaccuracy in window transmittance inaccuracy is a major cause of errors commonly
found in daylight modeling. In addition, significant discrepancies can be caused by even slight error in
surface reflectance values. Only 10% overestimation of surface reflectance modeling leads up to 80%
relative errors in work plane illuminance for a simple window and up to 90% for the assessment of CFS.
Continuous sky distribution presented more accurate results than 145 sky sectors simulation, particu-
larly when CFS were evaluated. These discrepancies can be reduced by making an effort to mock up
the geometric and photometric features including the daylight simulation of the models carefully. A
checklist presented in this thesis can be used as a guideline to help the daylight designers to estimate
and avoid errors when assessing daylighting performance.

Key words: Daylighting, scale model, virtual model, errors sources, daylighting performance as-
sessment, modelling guildelines
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Résumé

Les modéles physiques ou virtuels sont communément employés pour visualiser les idées pro-
jectuelles des architectes, des concepteurs d’'éclairage et des chercheurs en d'éclairage naturel. lls
sont de méme utilisés pour déterminer les performance des batiment, et plus particulierement des
systemes complexes de fenétres (CFS).

Des études récentes ont montré une tendance générale dans les modeéles physiques a la sur -esti-
mation de la performance en lumiére naturelle en comparaison avec des batiments réels, a travers des
profils d’éclairement sur le plan de travail et de facteurs lumiére du jour; plusieurs sources d’erreur en
sont la cause.

Pour analyser les principales sources d’erreur, un ensemble de comparaison d’un cas réel (un
module de test grandeur nature destiné a I'expérimentation de systémes de lumiére naturelle), d’un
model virtuel crée a I'aide du programme Radiance ainsi qu’un modéle physique a I'échelle 1:10 a été
entrepris. Les systémes de fenétres considérés dans cette étude étaient une fenétre latérale (double
vitrage) et deux CFS (Laser-cut panel et film prismatique).

Le modéle physique a été placé dans des conditions extérieures identiques au batiment réel, ainsi
que sous un ciel artificiel afin de reproduire la distribution de luminance du ciel réel et de ciels standard
CIE. Des simulations numériques ont été réalisées en utilisant la fonction Radiance GenSky (pour le
ciel CIE standard) et la méthode des Facteurs de Lumiére du Jour partiels, cette derniére utilisant la
distribution de luminance du ciel réel obtenue a I'aide un scanneur numérique de ciel au (mesure si-
multanée sur le batiment réel).

Les performances en lumiére naturelle du batiment, les facteurs de lumiére du jour (FLJ) pour les
ciels couverts et le facteur d’éclairement pour les ciels sereins, ont été mesurés par un ensemble de
luxmetres pour I'éclairement extérieur et, pour I'éclairement intérieur, 7 senseurs individuels placés a
1m d’intervalle depuis la fenétre. Les distributions de luminance du ciel ont été mesurées par le biais
d’un scanneur numérique de ciel. La luminance des surfaces intérieures des modéles réels et virtuels
ont été mesurée par un luminance-métre et des techniques d’imagerie High Dynamic Range (a I'aide du
logiciel Photosphere). Le programme Radiance a été utilisé pour déterminer la luminance des surfaces
intérieures dans le cas du modéle virtuel. Finalement, une comparaison a été effectuée pour les valeurs
obtenues dans les cas réel, physique et virtuel.

Les causes des différences obtenues entre les valeurs du cas réel et des modéles furent analy-
sées. Plusieurs causes d’erreur furent trouvées : la modélisation des détails du batiment et de ses
dimensions, la modélisation du CFS, la reproduction des propriétés photométriques (réflectance des
surface et transmittance des fenétres), la position du modéle ainsi que les caractéristiques des sondes
photométriques.
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Résumé

Pour étudier I'impact de ces sources d’erreur sur I'évaluation de la performance de la lumiére na-
turelle, des modeéles virtuels crées a l'aide du logiciel Radiance ont été utilisés afin de réaliser une
étude de sensibilité des imprécisions des modéles. Les facteurs les plus importants furent considérés,
ce que a mené a proposer des régles de conception pour les modéles.

L'étude expérimentale montre que de grandes différences peuvent apparaitre pour les grandeurs
qui caractérisent la performance en lumiére naturelle. Pour exemple, si le vitrage est omis dans la
modélisation de la fenétre (un cas relativement fréquent), une différence relative de 25 et 40% peut
étre trouvée a différents endroits de la piéce, ce qui suggere que plus de lumiére n’entre par rapport au
batiment réel. L'inexactitude dans le coefficient de transmision des fenétres est une cause commune
d’erreurs dans la modélisation en éclairage naturel, bien que son impact soit trés important par rapport
aux autres. De surcroit, de grosses incertitudes peuvent étre dues a de petites différences dans les
facteurs de réflexion des surfaces intérieures.

Rien que 10% de sur-estimation dans la modélisation de la réflectance de la surface conduise
jusqu’a 80% d’erreurs relatives dans les mesures d’éclairement sur le plan de travail pour une simple
fenétre, et jusqu’a 90% pour des CFS. En outre, la méthode de simulation pour la lumiére du jour utili-
sée pour I'évaluation doit étre choisie avec soin. Une distribution continue pour le ciel a donné des
résultats plus précis que la simulation a I'aide des 145 secteurs du ciel, particulierement lorsque les
CFS ont été considérés.

Ces différences peuvent étre réduites en faisant I'effort de faire correspondre la géométrie et la
photométrie des modeles en incluant la simulation pour la lumiére du jour. Une check-list présentée
dans cette thése peut étre utilisée comme guide pour aider le concepteur en lumiére naturelle a estimer
et éviter les erreurs lors d’une étude de performance.

Mot clés : Lumiére du jour, modéles physiques, modéle virtuels, erreurs d’évaluation de perfor-
mance lumineuse, guide de modelisation
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Chapter 1 Introduction 1.1 Daylight and architecture

Fig. 1.1

The clerestories of the great
temple of Amon at Karnak,
Egypt (1530-323 BC)

Fig. 1.2 —>
Guiding light into the temple
of Horus at Edfu, Egypt
(237-57 BC)

1.1 Daylight and architecture

Daylight is a primary source of energy for living beings and is the primary means of illumination by
which we see. Because daylight is important for visual perception it is always a requirement in architec-
ture, so architecture usually aims for optimal daylight quality.

Since humans started building shelters, the development of daylighting has been integrated with
that of architecture itself. Fenestration as a means of transmitting daylight is always considered in
conjunction with the structure of buildings. As a very early challenge, in Egyptian architecture from
1530 to 323 BC, the Great Temple of Amon at Karnak (Fig. 1.1), shows an attempt to bring daylight into the
temple by the design of the clerestory whose columns are arranged in two rows of differing heights. In
the Temple of Horus at Edfu (237-57 BC) several light openings were employed to bring daylight into the
temple, as shown in Fig. 1.2.

Subsequently, in the architecture of Rome,
the eye or “oculus” of the Pantheon (118-128 A.D.),
(Fig. 1.3) and the three groin vaults of the Bath of
Caracalla (212-216 A.D.) (Fig. 1.4), correspond to
the discovery of structures which permit daylight
through their enclosures. Additionally, in the
Bath of Caracalla a bronze mirror was used to
reflect daylight in order to brighten the interior
space, thus illustrating the effort to transport a
maximum flux of light.

In Gothic architecture, the insistent demand
to bring daylightinto buildings was met by the dis-
covery of the combination of rib vault and point-
ed arch as well as that of flying buttresses.These
Fig. 1.3 The eye or “oculus” of the Pantheon, Rome (118-128 AD) luminous structures allowed Gothic churches to
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Chapter 1 Introduction

1.1 Daylight and architecture

Fig. 1.4 Light streaming into the Bath of Caracalla, Rome (212-216 AD)

open their walls to huge panels of stained glass,
as shown in Norwich Cathedral (1096) (Fig. 1.5) and
Notre-Dame de Paris (1163-1250), (Fig. 1.6).

Nineteenth century building design achieved
optimal daylighting. Industrialisation had a great
impact on architecture; modular cast iron columns
and beams as well as glass panels led to the in-
novatory Crystal Palace (1851-1963) (Fig. 1.7). This
grand oversized greenhouse was built effectively
to allow a maximum of daylight to enter the expo-
sition building without hindering the view out from
inside.

Early in the twentieth century, Walter Gropius
(1883-1969) and Adolf Meyer created the adminis-
trative office of the Fagus Factory (1909) (Fig. 1.8)
in Germany. The inward-tapering structure of this
building allowed the merging of glass curtain walls
and a significant transparent corner, thus improv-
ing illumination in the building. The same concept
was also used in the working wing of the Bauhaus
(1925-1926) (Fig. 1.9), where the entire glass wall
hung away from the supporting structure. In 1926
the Swiss architect Le Corbusier specified the five
points of his architectural discipline. One, exem-
plified in free fenestration, can be seen for in-

stance in the horizontal ribbon window of his work Villa Savoye, Poissy (1928-1931) (Fig. 1.10), which he
was convinced provided better illumination of the interior.

Even in the second half of the twentieth century, when affordable electricity and artificial lighting
became available, most buildings showed a preference for natural lighting in architecture. In public
buildings such as the Guggenheim Museum (1943-1959) (Fig. 1.11) in New York, designed by the architect

Fig. 1.5 Norwich cathedral, Great Britain, and its glass windows (1096 AD)
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Chapter 1 Introduction

1.1 Daylight and architecture

Fig. 1.8

Glass curtain walls of the
Fagus Factory, Germany
(1909)

Fig. 1.6

The glass windows of
Notre-Dame de Paris, Paris

(1163-1250)

Fig. 1.7

Modular cast iron columns
and beams allowed

the composition of the
transparent Crystal Palace,
Great Britain, in industrial
times (1851-1963)
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Chapter 1 Introduction 1.1 Daylight and architecture
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Fig. 1.9

Entire glass walls of
the Bauhaus, Germany
(1925-1926)

Frank Lloyd Wright, skylights have been wisely used to illuminate the paintings. In religious architec-
ture, for instance the Notre-Dame-du-Haut (1950-1955) (Fig. 1.12) at Ronchamp and the Monastery of
Sainte Marie de la Tourette (1952-1959) (Fig. 1.13) at Evreux-sur-I’Arbresle, designed by Le Corbusier,
daylight also plays an important role in buildings. In both structures splendid fenestrations were used
to reveal the spiritual interior space.

In Eastern architecture, too, fenestrations bring a sacred light into the religious space, as often
shown in Thai temples (Fig. 1.14) where daylight is guided in to increase the holy ambience of the gilt
image of the Buddha. In residential buildings such as traditional Japanese houses, the shoji movable
screen made of translucent paper (Fig. 1.15) is commonly employed to allow daylight to illuminate the
interior.

The concepts of daylighting in architecture have been considered by many architects.The architect
Louis I. Kahn said in his theory regarding Silence and Light that “a room is not a room without natural
light”, the changeable quality of daylight giving life to architecture because one’s relationship to a
building changes according to the light surrounding and penetrating it. Kahn had practiced as a light-
ing designer for many years, trying to subjugate the fierceness of light and to deal with the unpredict-
ability of its nature. He considered that the amount of light reaching the interior should be controlled
in relation to the angle of the sun, giving rise to the adjustable fenestration devices used in his work.
A notable example can be seen in the wooden shutters used at the Salk Institute laboratory building
(1959-1965) (Fig. 1.16) in San Diego, California. These sunlight control devices were installed on win-
dows facing west onto the Pacific Ocean to avoid problems of glare and also to provide shade from the
head-on sun.

Naturally, fenestration is under constant deliberation. Thanks to the progress of building technol-
ogy many advanced techniques known as Complex Fenestration Systems (CFS) have been developed
and are currently in use in buildings. For instance, architects Herzog & de Meuron applied prismatic
external panels to the fagade of the CNA-SUVA building in Basle (Fig. 1.17), Switzerland (1993). The
prismatic panelis a CFS which reflects sunlight outwards while permitting diffuse light into the deeper
parts of a room to improve the daylight quality.
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1.1 Daylight and architecture

The development of CFS does not only en-
hance daylight quality in architecture, it presents
a simple form of preventive medicine, improving
health without compromising efficiency, thus pro-
viding a new challenge for the lighting community
(Wilkins, 1993) (Begemann et al, 1966). In addition
CFS contribute significantly to curbing a building’s
energy consumption, and associated carbon emis-
sions, by substituting for electricity. Recent surveys
show on average 15-40 % of the energy consumed
in non-residential buildings in Switzerland and the
United States goes on electric lighting (Scartezzi-
ni, 2003). By increasing the use of CFS in buildings
one can appreciably reduce electric lighting energy
consumption.

The integrated anidolic system (Fig. 1.18) used
in the LESO solar experimental building of the Swiss
Federal Institute of Technology in Lausanne (EPFL),
shows that lighting power densities lower than 5W/
m?2 can be achieved within office rooms thanks to
advanced daylighting technology (typical values
for Swiss buildings reach 10-12W/m?) (Linhart and
Scartezzini, 2007).

Efforts by the natural lighting research com-
munity to improve the performance and photomet-
ric properties of novel CFS, as well as attempts
by architects to integrate them in their projects,
continue. Several CFS were created during the last
decade (International Energy Agency, 2000). A cer-
tain number of daylighting design tools are used to
assess their daylight performances (International
Energy Agency, 1999). Physical models are usually
employed by the daylighting researchers and archi-
tects for that purpose. Virtual models have become
standard tools within architectural design, too, the
capability of computer simulation programmes
for daylighting design having been significantly
enhanced in the last decade (Compagnon, 1993)
(Erhorn and Dirksméller, 2000). To ease daylight-
ing performance assessment these models are, of
course, elaborated to achieve maximal accuracy
when compared to reality.

Fig. 1.13

Fenestrations of the
Monastery of Sainte Marie
de laTourette,
Evreux-sur-I'Arbresle
(1952-1959)

Fig 1.10
The horizontal ribbon windows of the Villa Savoye, Poissy (1928-1931)

Fig 1.11 Skylight at the
‘ Guggenheim museum, New York
(1943-1959)

Fig 1.12
Fenestrations at Notre-Dame-du-Haut, Ronchamp (1950-1955)
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Chapter 1 Introduction 1.1 Daylight and architecture

Fig 1.15 —

Bamboo screens (shoji)
traditionally used in
Japanese houses

Fig 1.14
Divine light in
a Thai temple

Fig 1.17
Prismatic panels

on the CNA-SUVA
building, Basle (1993)

Fig 1.16 —>
Wooden shutters

at the Salk Institute
laboratory building,
San Diego (1959-1965)

Fig 1.18 —

An anidolic system
integrated into

the LESO solar
experimental
building on the EPFL
campus (Lausanne,
Switzerland) (1999)
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Chapter 1 Introduction 1.2 Physical and virtual models for daylighting assessment

Fig 1.19
The scale model of Rivoli Castle by Fillippo Juvarra (1718). The model can be opened in
sections to assessment interior performance.

1.2 Physical and virtual models for daylighting assessment

In order to visualize conceptual ideas, architects and daylighting designers usually rely on physical
and virtual models; these are particularly needed to assess the daylighting performance of Complex
Fenestration Systems (CFS).

Physical models are tools commonly used in the architectural design process, and reflect the en-
gineering aspect of daylighting design. They play an important role for decision-making throughout
the development of the schematic design as well as in project presentation. Architects also use scale
models to evaluate the lighting environment of buildings.They are among the primary design tools used
for daylighting strategies before their integration into a real building (Chauvel, 1985). Daylighting re-
searchers require even more detailed scale models to assess the daylighting performance of CFS.

Since scale models are one of the most easily understood techniques for presentating a building
project, they were used as part of the design process from early on. Already in the 1300s documents
mention ‘models’, derived from the Latin root modus or modular (Pacciani, 1987). By the Renaissance
period the use of physical models (for size and interior assessment, materials) was already basic. How-
ever, scale models were mostly used to assist structure development and building construction.

Since that time, designers have tried to make the models correspond as closely as possible to real
buildings. The interior building performance and detailed assessment were often taken into account.
As in the scale model of Rivoli Castle (architect: Filippo Juvarra), made by Carlo Maria Ugliengoin in
1718 (Fig. 1.19) - this scale model allowed people to assess exterior and interior building performance.
The model aided the design team in their conception of the building. Detailed scale models were often
included to help see how the building would perform; a model of the fagade and windows of the Duomo
of Milan, designed by Giulio Gallioni in 1786, was employed to assess the facade detail during the ca-
thedral’s development and renovation (Fig. 1.20).

Scale models were commonly used as a major design tool. When a very complex building was
built scale models were obligatory. The Sagrada Familia, the master work of Antonio Gaudi, is a case in
point; development was long drawn out, beginning in 1901.To achieve this complex sculptural architec-
ture, scale models were used to visualize the three-dimensional performance of the building. Fig. 1.21
presents the overall scale model of the church together with a detailed model of the hyperbolic and
parabolic windows.
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Fig 1.20

The scale model of
the Duomo of Milan
by Giulio Gallioni
(1786) which was
used to evaluate the
detailed structure
of the windows and
fagade

Fig 1.21
Antoni Gaudi’s
scale models of the
facade and window
of the Sagrada
Familia (1901) help
understand his
requirements

» A
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Scale models are important tools for building assessment when investigating a novel system.The
study models of Notre-Dame-du-Haut at Ronchamp by Le Corbusier show various uses of modelling.
Some were used to appraise shade and shadow and a specific model was used to assess the building’s
construction and structure (Fig. 1.22).

Design teams employed scale models for several aspects of building assessment. Daylighting per-
formance assessment was usually one of the main aspects. Several detailed models for the evaluation
of the daylighting component were used in Louis | Kahn's building projects. The scale model of the roof
of sanctuary of the First Unitarian church and school, New York (1959-1969), (Fig. 1.23) is an example.This
scale model showed how daylight would penetrate the sanctuary.

In a complex building such as the Salk Institute, San Diego (1959-1969), different sizes and types
of models were used to evaluate the building’s performance (Fig. 1.24). A mass model was used for
overall shade and shadow, a section model demonstrated daylight penetration, while a detailed model
was used to judge the influence of the sunshield. Moreover, to simulate how natural light illuminates a
building with complex daylighting systems, precise scale models can represent the real building and
help simulate the lighting aspect, such as in the double skylight flanking used in Yale centre for British
Art in Connecticut (1969-1974) (Fig. 1.25).

Scale models are commonly used to provide qualitative assessment, as in a visual presentation
of a building project. Quantitative lighting measurement has been widely used by engineers and ar-
chitects since the invention of inexpensive photometers in the 1930s; scientifically used scale models
assess daylight properties as, for example, when measuring building illuminance. Fig. 1.26 shows the
daylighting scale model of the Building Research Station, London, which was built in 1966 specifically
for daylight assessment under both real sky and sky simulator conditions.
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1.2 Physical and virtual models for daylighting assessment

Another example of physical model employment in
daylighting is shown in Fig. 1.27: the scale model of the
Church of Light (1989) designed by the architect Tadao Ando.
It played an important role during the design procedure, in
particular for the study of the building’s daylight quality.
More detailed scale models were diligently constructed to
exactly assess daylighting performance of CFS, such as
for the anidolic systems (Fig. 1.28), which were installed on
the LESO solar experimental building.

Even if the scale models used by architects and day-
lighting researchers are carefully constructed with geo-
metrical and photometrical properties very close to those
of the real buildings, small discrepancies in the scale model
compared to the reality can lead to inaccurate daylighting
performance assessment. There are many reasons: dupli-
cation of details, a difference in furnishings, and so on.

Several recent studies (Schiler et al., 1987), (Love
and Navvab, 1991), (Cannon Brookes S. W. A., 1997) have
reported errors caused by these dissimilarities. The main
causes of discrepancies compared to reality, such as sur-
face reflectance and glazing transmittance, were analysed.
An attempt to find out the best way to produce a daylight-
ing scale model was investigated. They found the complex-
ity of the experimental construction of the scale model re-
mained the problem. Moreover, if CFS are needed in these
representations the difficulty of modelling them can be a
significant source of errors; no detailed study of CFS with
physical models has been reported yet.

Virtual models have recently become a universal de-
sign tool for architects and daylighting researchers. Many
validations of daylighting simulation programs have been
carried out (International Energy Agency, 1999). Computer
simulation was first used in the 1970s to create simple 3D
shapes and shadows for lighting performance assessment
(Fig. 1.29). In the 1980s the invention of pixelised bitmap
images helped create a better simulation. Since the late
1980s, thanks to the development of the Video Graphics Ar-
ray (VGA) and the Super Video Graphics Array (SVGA),
photorealistic images and rendering, together with com-
puter graphic lighting and daylighting simulation, have be-
come an important part of daylighting research.

During the same period artificial light source and re-
flectance models for rendering were introduced, followed
by mirror and transparent effects. Consequently, comput-
ers began to simulate natural light. The inter-reflection of
light was also pioneered at this time. However computer
simulations only really became common in the 1990s when
personal computers became more popular and inexpen-
sive.

Fig 1.22

For Le Corbusier’s Notre-Dame-du-Haut

at Ronchamp (1950-1953) various types of
scale model were used for different building
performance assessments

Fig 1.23

The detailed model of the Sanctuary,
First Unitarian church and school, by
Louis I. Kahn, demonstrates how daylight
penetrates into the building (1959-1969)
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1.2 Physical and virtual models for daylighting assessment

Fig 1.24
Different daylighting models of the Salk Institute by Louis |. Kahn (1959-1969):

the mass model for assessment of shadow and shade; the section model for
assessment of daylight penetrating into the building; a detail of the sunshield used
in comparing the building with the computer simulation

Radiance, which is a set of programs for light-
ing analysis and visualization, is currently one of
the best suites and is widely used in the daylight-
ing research community. Fig. 1.30 shows the day-
lighting simulation of the sun roof of a factory hall
(Scartezziniand Compagnon, 1994).This rendering
provided both qualitative information (visual feed-
back of a given integrated daylighting technology)
and quantitative Figures (workplane illuminance
and daylighting factors).

However, divergences in daylighting perfor-
mance Figures between virtual model and real
building are often mentioned.These result from the
virtual model's parameters not conforming to the
real situation. The sky luminance models, the vir-
tual model’s geometrical and photometrical prop-
erties, as well as the modelling of CFS, are some
of the major causes of errors. Detailed studies of
these causes have not yet been presented even
though they are fundamental to the architects’ and
daylighting researchers’ daylighting modelling.

The goal of this thesis is the identification
of the main causes of inaccuracies when using
physical and virtual models in the assessment of
a building’s daylighting performance.These princi-
pal causes were identified by pursuing sensitivity
analysis so as to discover and quantify the inaccu-
racies. The results are translated into a checklist
to assist the elaboration of daylighting models by
architects and researchers.

Scale model of the double
skylight flanking in the Yale
Centre for British Art by

Fig 1.25

Louis I. Kahn (1971)

Fig 1.26

The daylighting scale model by
R.G. Hopkinson was built mainly
for daylighting performance
assessment (1966). It was placed
under both real sky observation
and a sky simulator.
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1.3 Research objectives

Fig 1.27
The scale model of the Church of Light by Tadao Ando demonstrates
how daylight penetrates the building’s fenestration (1989)

Fig 1.28
The physical model of an anidolic integrated system being analysed
under an artificial sky (1999)

Fig 1.29
Rudimentary virtual models used for simple 3D shape and shadow
(1970s)

Fig 1.30
The virtual model of a factory hall produced by the Radiance suite of
programs (1994)

1.3 Research objectives

Since models are important in assessing day-
lighting performance, development of daylighting
models has evolved progressively over the years.
Accurate models now appear to resemble the real
situation very well. However, the degree of any in-
accuracies should be predictable.

The main objective of this thesis is to assist
the daylighting designer by improving the perfor-
mance assessment on an experimental basis by:

—Identifying the main causes responsible for
experimental errors within scale models of build-
ings, including the daylight performance assess-
ment of CFS integral to buildings.

—Pursuing a similar study for the main fac-
tors responsible for numerical errors within virtual
models, including the daylight performance as-
sessment of CFS integral to buildings.

—Comparing physical and virtual models with
real buildings as regards to their accuracy and re-
liability when assessing the performance of ad-
vanced daylighting technology.

—Establishing a practical checklist for day-
lighting designers who use physical or virtual mod-
els.

AnothaiThanachareonkit
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1.4 Structure of the report

1.4 Structure of the report

This document is arranged as follows:

Chapter 1 shows the importance of daylight
in architecture and daylighting research. It in-
troduces physical and virtual models used in the
daylighting design process, as well as defining the
main objectives and structure of the thesis.

Chapter 2 presents the models, both physical
and virtual, currently used in daylighting design
as well as the High Dynamic Range (HDR) imag-
ing technique. The main causes of errors are also
listed and explained.

Chapter 3 gives an overview of how the real
building, physical model and virtual model were
equipped in the experiments for this thesis. The
chapter ends with a description of the photometric
variables.

Chapter 4 explains the sky luminance moni-
toring used in the research as well as giving an
overview of sky luminance models. Comparisons
of the various modelling approaches are given, the
results being analysed and validated using rela-
tive divergences of the models’ monitored values
from those of the real building. Results of analysis
using the High Dynamic Range imaging technique
are included.

Chapter 5 describes the sensitivity study car-
ried out on models: their location, geometric and
photometric properties, design details and place-
ment of photometric sensors.

Chapter 6 presents a checklist for physical and
virtual daylighting models based on the results of
this thesis, discusses future research in this field
and brings the work to a conclusion.
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Chapter 2 Daylighting design tools: Physical and virtual models 2.1 Daylighting design tools

Fig. 2.1
Daylighting scale model by Hopkinson et al., equipped with
illuminance sensors for measuring a building’s lighting

Fig. 2.2

The study of C. Robbins shows how the scale and size of a physical
model depends on the requirements:

a) Small scale model for observing from the exterior

b) Medium scale model for internal observation

¢) Full scale model for accurate daylight simulation

2.1 Daylighting design tools

Physical models

During the architectural design process of a building architects commonly require tools such as
drawings, mathematical calculation or physical modelling, to facilitate their planning. Physical models
are frequently used during different phases of the design process, from the small-scale mass mod-
els for studying the building in its surroundings to the large-scale models for evaluating details of
the construction. However, scale models for lighting purposes may differ somewhat from the habitual
architectural model. Daylighting scale models usually play an important role throughout the decision-
making; they do not require high-technology though they do provide both quantitative figures (work-
place illuminance and daylighting factors) and qualitative information (visual feedback from a given
integrated daylighting technology) to the building’s designer. They are certainly important tools and
have an impact on the building’s performance.

Ever since simple and inexpensive lighting measurement instruments became available in the ear-
ly 1900s they have been used to measure lighting properties in buildings and streets (Johnston, 2001);
subsequently they were also used in daylight measurement. R. G. Hopkinson et al. mentioned that the
scale and detail of physical models depend upon the purpose of the models (Hopkinson, 1966); he was
the first to suggest some rules to improve their design. If the models are used for measurement, both
precise scale and internal surface reflectance including window details should be considered. The
photometer sensors had also a great effect in the lighting measurement; the size and positioning of the
sensor should correspond to the size of the model.

AnothaiThanachareonkit Comparison of Daylighting Performance Assessment of Complex Fenestration Systems
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The length and width of the model
should be at least 10-12 times the diameter
of the photometer’s sensitive area. On the
other hand, when models are built for sub-
jective evaluation, the scale of the models
should be appropriate to the observers’
view. The range of scales of 1:12-1:20 to 1:5-
1:4 was suggested as adequate (Fig. 2.1),
bearing in mind that the scale of the model
should be chosen according to the dimen-
sions of the considered interior space.

However, creating an accurate physical
model is not easy. C. Robbins produced a
study of scale modelling of daylighting sys-
tems (Robbins, 1986) which gave a number
of major factors the modeller must take
into account when constructing daylight-
ing scale models. It was mentioned in the
study that the scale and detail of the model
depend to a large extent on the informa-
tion required. Mass models for shade and
shadow analysis should have scales be-
tween 1:400 and 1:50 while scale models for
studying the penetration and distribution
of sun and sky light should be between 1:24
and 1:16. The floor-to-ceiling height should
not be less than 13 cm so that photometers

Fig. 2.3
can be used. If precision data is required, M. Schiler et al. strongly advised the reproduction of the building’s

scales between 1:24 and 1:12 can be used critical details: (a) reality (b) scale model

for observations from the outside, but if a

photograph is needed from inside then models scaled in the range 1:8 to 1:4 are necessary. A full 1:1
scale model is generally called for when the observers themselves need to be inside and very accurate
data is needed (Fig. 2.2).

Besides geometry, the transmittance replication of the building materials, reflectance and sur-
rounding context can play significant roles, depending on the objective of the models. In particular
the photometry properties, such as reflectance and transmittance, of the building materials should be
considered since they are the main factors which modify the daylight distribution within the building.
Moreover, the daylight source is one of the factors with which the modeller should be concerned. The
type of sky (real or artificial) and sky conditions (e.g. luminance sky distribution) have an important
effect on the daylighting performance assessment of buildings. The awareness in constructing a scale
model, which was resumed in the study, was based on the author’s experience but, however, no details
or quantitative results that could be used as a daylighting model checklist were reported in this work.

In @ manner similar to that of the previous studies, M. Schiler et al. established a manual for ar-
chitectural models used within daylighting simulations (Schiler et al., 1987). The modeller is strongly
advised to construct model details such as window frames and mullions adequately (Fig. 2.3). The scale
of the model should be carefully considered; a massing model between 1:100 and 1:200 should be used
during preliminary design and concept development, while a scale of 1:10to 1:1is required for a detailed
study. These authors identify the difficulty of accurately reproducing internal surface reflectances as
well as the penetration of parasitic light into scale models as the common error sources in daylight-
ing performance assessment. In addition, a step by step instruction for scale modelling approach is
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Fig. 2.4
More complex windows were assessed in the study of J.A. Love and M. Navvab

mentioned in this manual; for instance, model construction, sky simulation and data monitoring are
discussed. In the study, several significant sources of errors were addressed. However, the correlation
between the scale model precision and errors in assessing daylighting performances was not reported.
An appropriate guideline for scale modelling was still missing.

A further study carried out by J. A. Love and M. Navvab confirmed the previous results (Love and
Navvab, 1991); in addition, errors that can be attributed to the sensors used in the model are mentioned.
By comparing a simple building with its scale model under real sky conditions (overcast and clear sky)
these errors can be avoided by sensor calibration. Other causes of errors mentioned are the precision
of the sensor’s levelling and its position in the scale models.

A more detailed analysis of the impact of a model’'s surface reflectance was done by the same
authors by comparing two test spaces of differing reflectance. Assorted windows (Fig. 2.4) were also
compared in order to have an in-depth analysis of rather complex fenestration systems. The results of
this study showed that the general estimation of daylighting performance in physical models differed
by 10 to 50 percent from that of the real building (full-scale space) depending on the fenestration types
and photometer position in the space.Therefore, these comparative studies gave remarkable results in
spite of the fact that they were only evaluated qualitative.

A more recent paper from Cannon-Brookes (Cannon-Brookes, 1997) corroborates these earlier
studies by assessing more complex buildings (e.g. a gallery) (Fig. 2.5). A comprehensive study of a real
building and its 1:20 scale model was held under real sky conditions (overcast and clear sky). Besides
the geometric and photometric properties of the scale models, which the previous authors had pre-
sented, the study pointed out other physical parameters, such as maintenance and dirt in the building,
as contributors to discrepancies. This study strives to guide the modeller who constructs a physical
daylighting model. Some quantitative results were reported; relative divergences of +10 to +25% can
happen, for instance, if the surface reflectance of the scale model is not accurate.

As shown by these earlier studies, the development of daylighting design tools is progressing.
However, thorough sensitivity analysis has not yet been fully reported. No attempt has considered
Complex Fenestration Systems (CFS). Moreover, a complete assessment of real building and scale
models under various sky conditions (real sky and artificial sky) is still lacking. To achieve these objec-
tives a wider exploration of the relationship of physical and virtual models of a building to real building
should be accomplished, in which CFS need to be included. Table 2.1 summarises the previous stud-
ies.
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Table 2.1

Principal factors that contribute
to experimental errors when using
scale models, as identified in
previous studies

Authors

Main factors Relative Divergence
vs. Real Building

Hopkinson
1966

Scale of model N/A
Model details

Fenestration details

Model dimension accuracy

Surface reflectances

Window transmittance

Lux-meter size (sensing aperture)

Sensor placement

Robbins
1986

Scale of model N/A
Model details

Model dimension accuracy

Surface reflectances

Window transmittance

Surrounding context

Daylight sources

Schiler et al.
1987

Scale of model N/A
Model details

Fenestration details

Surface reflectances

Window transmittance

Daylight sources

Light leakages

Love and Navvab
1991

Model details + 10 to 50%
Fenestration details

Model dimension accuracy

Surface reflectances

Sensor calibration

Lux-meter size (sensing aperture)

Sensor placement

Cannon-Brookes
1997

Model details +10to 25%
Model dimension accuracy

Surface reflectances

Window transmittance

Surrounding context

Maintenance and dirt

Fig 2.5
The intricacy of a daylighting physical
model in the study of Cannon-Brookes

AnothaiThanachareonkit

Comparison of Daylighting Performance Assessment of Complex Fenestration Systems



Chapter 2 Daylighting design tools: Physical and virtual models 2.1 Daylighting design tools
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Fig 2.6
Ray tracing process in lighting
simulation (backward process)

Virtual models

Since 3D computer graphics were invented in the 1960s the effort to get photorealistic images has
been continuous. The earliest lighting effects were simple shadows and half transparent objects. An
attemptto have a computer model to predict luminance and illuminance was presented by C. G. H. Plant
and D. W. Archer (Plant and Archer, 1973) : only simple simulation cases, for instance lighting simula-
tion in a rectilinear environment, were validated under both natural and artificial light sources. In the
early 1980s the ray tracing algorithm was presented as a technique for rendering artificial light sourc-
es and modelling reflectance precisely. This algorithm was able to offer very attractive renderings in
computer simulation. It gave photorealistic images with mirror and transparent effects accounting for
refraction. Shortly afterwards the radiosity algorithm was introduced in order to solve inter-reflection
of light between diffuse surfaces and correct global illumination effects (M. Cindy et al., 1984). Subse-
quently, natural light in computer simulation was widely talked about. Photorealistic images by means
of inter-reflecting light rays between the illuminated objects as well as spectral effects of skylight
(including atmospheric scattering and absorption) became more familiar in this period. In the 1990s
virtual lighting design became more widespread through the use of advanced powerful computers, in-
teractive modelling tools and novel computer techniques (Nakamae and Tadamura, 1995).

Lighting design by computer graphics is an expanding field whose main goal is the accurate solu-
tion of global illumination problems (Kopylov and Dmitriev, 2000). With the advent of personal comput-
ers (PCs), powerful processors that can handle complex lighting calculation and simulation techniques
are today available to nearly all practitioners. In addition to a first generation of simple design tools,
several new programs have been developed since the 1980s to address light propagation into buildings;
in the last few years they have become capable of handling Complex Fenestration Systems (CFS) such
as prismatic panels or prismatic film. Recent surveys have shown that the number of these tools is in-
creasing, as well as their use within the building designer community (de Boer and Erhorn, 1998).

Another category of computer design tools for lighting simulation, distinct from ray-tracing tech-
niques, was also introduced (International Energy Agency, 2000). Originally developed for radiant en-
ergy calculations, the radiosity method can be used to determine illuminance and luminance of room
surfaces, by dividing them into small finite elements (Fig. 2.7). These surfaces must, however, be per-
fectly diffusive (i.e. Lambertian reflectors), which in practice reduces the flexibility of the method.
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Fig 2.7
Radiosity as a basis of lighting
simulation

The ray-tracing technique, on the other hand, determines the visibility of surfaces by tracing imag-
inary light rays from a viewer’s eye to a rendered visual scene (Fig. 2.6). Thanks to the power of new
computer processors, millions of rays can be traced to achieve a high-resolution computer rendering
(Compagnon, 1993). Most lighting software, especially that dedicated to calculation of daylight distri-
bution into buildings, currently uses this simulation technique (Erhorn and Dirksméller, 2000). Several
validations of ray-tracing programs have demonstrated its reliability for daylighting performance as-
sessment (Fontoynont et al, 1999).

Thanks to the expansion of computer graphics technology and affordable personal computers, vir-
tual models for lighting performance assessment are now common. Validations of lighting programs
have been carried out in an attempt to make the virtual model correspond as closely as possible to real-
ity. Both quantitative and qualitative figures are progressively introduced in order to have the greatest
accuracy. Nevertheless, several errors in assessing daylighting performance in virtual model are still
present: some of these errors were revised in recent studies.

A validation of computer daylight simulation programs achieved by comparing several leading
computer lighting software suites (both radiosity and ray-tracing algorithms) was undertaken by J.
Ashmore and P. Richens. This study analysed both physical accuracy and visual quality of Lightscape,
Radioray, Microstation and Adeline programs. Physical accuracy analysis was done by comparing day-
light factors with a physical model under two types of sky simulator (Mirror and Spot light sky simula-
tors).They found average discrepancies of the daylight factor in between the software and the physical
model about 30%; these errors comprised also an estimated experimental error between 25% - 40%
depending on the location in the room (Ashmore and Richens, 2001). Moreover, rendering parameters
such as the exposure were presented in this work as the main cause of errors in lighting simulation.

Recent studies to evaluate the accuracy of different lighting programs compared them with an
analytical solution (Maamari et al., 2003); they pointed out relative errors between 10% and 100% de-
pending on the reflectance, transmittance and types of opening. This study suggested that the external
light source (sky modelling), the external ground and obstructions can also be the causes of the errors.
In a more recent work (Maamari et al., 2004), comparisons of the results of different daylighting pro-
grams — Genelux, Inspirer, Lightscape and Desktop Radiance - presented a high accuracy in respect
to a given aspect of lighting simulation but not necessarily for other aspects. Concurrently, J. Mard-
aljevic asserted in his work on validation of lighting programs for illuminance modelling, that surface
reflectance, sky luminance distribution and imprecision in model parameters can lead to significant
errors - about 10% to 25% - in illuminance modelling (Mardaljevic, 2004). Even though recent studies

AnothaiThanachareonkit Comparison of Daylighting Performance Assessment of Complex Fenestration Systems



Chapter 2 Daylighting design tools: Physical and virtual models 2.1 Daylighting design tools

of daylighting performance assessment have reported virtual models of progressively greater accu-
racy, no attempt has been made to consider simulations of advanced daylighting technologies (CFS
integrated into buildings). Guidelines for computer lighting simulation in order to improve the accu-
racy of daylighting performance assessment are still lacking. Notably, no study has yet been presented
that compares physical and virtual models with a real building under different sky conditions. A study
showing a complete set of comparisons of real buildings with both models under the different daylight
sources is therefore necessary. Thanks to the scientific equipment (details in chapter 3) available at the
EPFL, such a complete assessment could be carried out. The results of these evaluations should help
the daylighting research community and architects to incorporate them into their physical and virtual
daylighting models. Table 2.2 summarises the previous studies.

Table 2.2
Authors Main factors Relative Divergence Principal factors that contribute
vs. Real Building to experimental errors when using

virtual models, as identified in
previous studies

Ashmore and Model dimension accuracy +25 to 40%
Richens Model details
2001 Surface reflectances

Lighting simulation
Chromatic effect
Software error

Maamari et al Fenestration type +10 to 100%
2002 and 2004 Surface reflectances

Window transmittance

Surrounding context

Daylight sources

Mardaljevic Model details +10to 25%
2004 Model dimension accuracy

Surface reflectances

Window transmittance

Surrounding context

Daylight sources

High Dynamic Range imaging technique

The High Dynamic Range (HDR) imaging technique, initially introduced in the 1980s in the cinema
industry, was conceived to create a greater dynamic range of exposure for lighting environment scenes
than the conventional digital imaging techniques (the dynamic range is the ratio of a scene’s maximum
radiance to its minimum). Itis now also used in lighting design and research (either daylight or artificial
lighting) to assess luminance distribution for the evaluation of visual comfort. A greater range of real-
world light intensity values than those registered by normal digital camera CCD sensors or displayed
by current computer screens can be stored and later analysed without loss of accuracy. Expensive high
precision CCD cameras do exist but usually have to be calibrated by the manufacturers, so separate
images taken at various under- and over-exposures using a common digital camera are merged into a
single HDR image by software.

Even though errors in luminance measurement by HDR cameras are still reported (Anaokar and
Moeck, 2005), the technique is widely employed in lighting assessment as a part of the Radiance light-
ing simulation programme (Ward, 1998) as well as in several software packages used for converting an
image to luminance distribution maps.The development of HDR imaging technique is currently expand-
ing, various research projects are under way.
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A study of the assessment of luminance distribution using high dynamic range imaging was pre-
sented by L.O. Beltran (Beltran, 2005). This included the use of luminance ratios to compare the result
of various combinations of different light sources (artificial and daylight). Several HDR image builder
programs and other image analysis software were evaluated to find how best to assess lighting per-
formance by this method. Both real buildings and scale models were used as case studies. The study
concluded that HDR imaging is a simple, quick and affordable technique for luminance distribution
assessment. In a short time it gives adequate luminance measurement for quite complex lighting envi-
ronments.

Another attempt to determine the errors in luminance mapping using the HDR imaging technique
was reported by S. Anaokar and M. Moeck (Anaokar and Moeck, 2005). The study determined the errors
in luminance mapping due to colour and reflectance, the light source’s spectrum, optical vignetting of
the camera and the object’s spatial resolution. The study concluded that although HDR for luminance
measurement has many advantages, being handy and inexpensive, it has also certain limitations. By
comparing measurements of the luminance mapping of different hues and saturation (using Munshell
chips) it shows that the errors on luminance assessment varied according to the reflectance properties
of the interior space’s surface materials. Warm hue colours gave the least error while cool hues create
the largest errors, saturation being another major cause of error. They recommended the use of a lumi-
nance meter in the scene to check the HDR imaging technique.

A more recent study by M.N. Inanici (Inanici, 2006) performed luminance mapping by HDR us-
ing different settings; an office room, a dark room lit variously by incandescent, fluorescent and metal
halide lamps, as well as outdoor conditions under cloudy and clear sky were considered. The average
relative error with greyscale and coloured targets was reported to be between 4.8 and 11.6%. However,
it was concluded in this study that HDR imaging technique cannot entirely replace luminance meters;
at least one target should be used in the field in order to calibrate the HDR pictures. In addition, the
stability of the lighting condition should be considered; dynamic lighting conditions can give significant
errors in luminance distribution measurement.

The use of HDR imaging in luminance measurement is currently expanding due to its remarkable
advantages.The daylight quality of a space can be effortlessly evaluated. A luminance mapping system
by HDR imaging technique is affordable, simple and convenient. However, even though a certain amount
of research comparing luminance measurement by HDR with conventional methods (luminance meter)
has been carried out, further study in this domain is still required. In particular, the validation of HDR
imaging technique when assessing daylighting performance of CFS integrated into both real buildings
and scale models must be carried out.
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Main causes of errors

Model geometry

:scale

Impact of sensors

Fig. 2.8

Major causes of error in
daylighting performance
assessment

2.2 Main causes of error in daylighting design tools

According to the aforementioned studies, over or under-estimation in daylighting performance
measurement has several causes. The main causes of error, as explained later in this chapter are il-
lustrated on Fig. 2.8, are:

—NModel geometry

—NModel photometry
—Daylight sources simulation
—Illuminance sensors
—Surroundings

Model geometry

The accuracy of the measurements of daylighting performance depends on how precisely the
physical model duplicates the real building. Ideally, a full scale model (1:1) with real details and materi-
als would give to the most accurate evaluation. However, such models are unusual, the common tool
being a small-scale model. The scale, details and dimensions of a daylighting model therefore have a
great impact on the daylighting assessment of buildings.

Scale
When a physical model is used to assess daylighting performance, the model’s scale is
usually defined by the requirement of the design or study, as shown inTable 2.3.

Type Purpose Scale
Massing model Shade and shadow analysis 1:400 - 1:50
Study model Sun and sky light distribution 1:50 - 1:10
(Observed from outside)
Detailed model Sun and sky light distribution 1:10-1:1
Table 2.3 (Observed from inside)

Scale according to model type
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10cm Fig 2.9

A small-scale model can lead to
greater error in dimensions and the
sensors have a larger impact

When creating a massing model to analyse shade and shadow, the exterior details,
the dimensions of the model, the exterior surface reflectance, the surrounding build-
ings and obstructions are all important. When the model is built to study the sun and
sky light distribution, critical design elements must be considered.The size of the scale
model has to be suitable for the observation of interior lighting and an even larger size
is necessary when photometers and/or cameras are used for interior measurement.

The scale of the model is one of the error sources which can amplify other inac-
curacies in daylighting performance assessment, especially if the scale is too small. A
very small scale can create difficulties when constructing the model’s details. Moreo-
ver, a very small scale model also leads to diminished precision when measuring di-
mensions. For example, an error of 1 cm in a 1:10 scale model equates to an error of 10
cm in reality, while 2 cm in a 1:5 scale model is equal to a real 10 cm. In addition, when
photometry sensors and/or cameras are used for daylight observation in the scale
model, the presence of the fixed-size measurement tool in a small-scale model will
have greater impact than in a larger scale one (Fig. 2.9).

Fig 2.10

Critical details of window elements
were accurately constructed in the
scale model
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Details
Detail reproduction in both scale and virtual models are important when they are criti-
cal design elements. It is usually necessary to include any building detail which has an
impact on daylight distribution. For example, the precise details of daylighting systems
are needed in daylighting model (Fig. 2.10). Modelling the material and texture used in
scale model is complicated. Real materials are sometimes used if the model is not too
small. Inaccuracy of the texture and material can occur in very small scale model.

Dimensions
Accurate dimensions in scale and virtual models are also important, particularly on
critical design elements. For instance, an error of an additional 1 mm on every side of
0.7 m x 0.7 m window frame in a 1: 10 scale model increases the window’s glazing area
by 6% (Fig. 2.11).

Fig 2.11

1 The impact of the model'’s
dimensions on a window'’s
glazing area

1 mmin 1:10 scale model

+ 6% of glazing area

Photometric properties of materials

When light falls on a surface it can be reflected, absorbed or possibly transmitted (Fig. 2.12).

Fig 2.12

reflection

p

transmission

Photometrical properties of a material
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The ratio of the reflected light flux to the incident light flux is reflectance (or p).
p=0 [ D, 2.1)

The ratio of the transmitted light flux to the incident one is transmittance (or 1).
=0/ (2.2)

The ratio of the absorbed light to the incident light is absorptance (or a).

a=o_ [P (2.3)

As described below, the properties of a material lead to various forms of reflectance and transmit-
tance by its surface.

Opaque material
The transmittance of an opaque material is nil. For an opaque surface, the reflectance of a perfect

black surface is defined as 0 and that of a perfect white surface as 1. The reflectance is proportional to
the incident light flux minus the absorbed light flux:

p=1-a (2.4)

As a first case, take direct incident light (e.g. direct sun light or a distant point source) falling on
an opaque material that reflects a light ray, as shown in Fig. 2.13. Such an opaque surface is called a
specular surface. Specular reflectance occurs when light rays obey Snell’s law of reflection. A good
example is the surface of a mirror, in which the angle of incident light to the normal is equal to the angle
of reflected light to the normal. As the reflectance is the ratio of reflected light to the incident light flux,
the considered reflectance is direct-direct reflectance.

Fig 2.13
Specular reflectance

Fig 2.14 Fig 2.15
Diffuse reflectance (Lambertian) Both specular and diffuse reflectance

= - N~
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A further case is when reflected light is dis-
tributed in all directions towards the hemisphere
even though the incident light is a single light ray.
Fig. 2.14 shows an opaque surface diffusing per-
fectly which is known as Lambertian diffusion.
However, perfectly specular or diffused materi-
als are rarely used for building; most materials
will have both specular and diffused properties as
shown in Fig. 2.15.

Spread reflectance, which is the combina-
tion of both specular and diffuse reflectance (Fig.
2.16), is another case. Some materials like alumin-
ium foil can have partial-scattering properties.
They have a smooth specular appearance but also
keep the directional property as shown in Fig. 2.17.
Complex materials such as a prismatic surface
can give random reflected light rays as shown in
Fig. 2.18.

Diffuse daylight falls from a hemispherical
sky vault. In such a case the incident and reflected
light can be considered as hemispherical-hemi-
spherical reflectance (Fig. 2.19).

As shown in Fig. 2.21, the specular reflection
of the mirror atrium in the Reichstag reflected (in
a specular way) most of the daylight entering from
the roof above, while the whitewash wall of the
British Museum reflected (in a diffuse way) only
partially the daylight delivered by the sky roof.

In this thesis reflectance was measured by a
reflectometer (Fig. 2.20). The reflectometer used
was a Minolta CR-200b chroma meter, a compact
tri-stimulus colour analyser which measures re-
flected light by providing a diffuse light flux, 0°
viewing angle geometry lighting over the 8 mm
measuring area. The optical fibre received re-
flected light only perpendicular to the surface.
Therefore, reflectance measured in this thesis is
hemispherical-direct reflectance.

Surface reflectance is a major factor influenc-
ing the daylight distribution in the indoor environ-
ment. It is obvious that inaccuracies of reflectance
can bring significant errors during the assessment
of daylighting performance. As reflectance is an
important influence on daylight quality, close care
and attention must be brought to it when elaborat-
ing scale and virtual models.

= » 29

Fig 2.16
Spread reflectance

Fig 2.17
Scatter reflectance

Fig 2.18
Random reflectance

Fig 2.19
Hemispherical-hemispherical reflectance
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Reflected light

Incident light

Fig 2.20

The reflectometer used in this thesis

Optical fiber
transmits reflected light

Pulsed xenon arc lamp

Diffusing plate

Sample surface
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Fig 2.21

(a) The mirrored interior surface in the Reichstag,
Berlin, Germany, by architect Lord Norman Foster
shows maximal reflection of daylight. (b) The reflection
of daylight by the whitewashed wall of the British
Museum, London, Great Britain (architect Lord
Norman Foster)
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Transparent material
When light falls on a transparent material, it

is reflected, absorbed and transmitted. The trans-

mittance is equal to the incident light flux minus

the absorbed and reflected light fluxes;
t=1-a-p (2.5)

As an example, a 6 mm clear glass has a nor-

mal reflectance equal to 10% and an absorptance
of 5%, giving a transmittance equal to 85%.

When the direct incident light falls on a trans-
parent material and it is transmitted without diffu-
sion, it is called regular transmittance, as shown
in Fig. 2.22.

And, as with the reflectance of an opaque sur-
face, the transmittance is the ratio of transmitted
light to the incident light flux. Such transmittance
in this case is called direct-direct transmittance.

When transmitted light is distributed in all di-
rections towards the hemisphere, even though the
incident light is direct, it is called diffuse transmit-
tance, as shown in Fig. 2.23.

As noted for reflectance, transparent materi-
als can have both specular and diffused transmit-
tance properties (Fig. 2.24).

Spread transmittance, which is the combina-
tion of both specular and diffuse transmittance as
shown in Fig. 2.25, also occurs.

Some materials like sanded glass can have
partial-scattering properties. They can be smooth
specular but also keep the directional property as
shown in Fig. 2.26.

Complex materials such as a prismatic sur-
face can give random transmitted light, as shown
in Fig. 2.27.

However, daylight falls from a hemispherical
sky vault. In such a case the incident and trans-
mitted light can be considered as hemispherical-
hemispherical transmittance (Fig. 2.28).

In general the transmittance value depends
ontheangle of incidence, as explained by Fresnel's
law and shown in the graph presented in Fig. 2.29.
Transmittance varies considerably with angle of

Fig 2.22
Specular transmittance

Fig 2.23
Diffuse transmittance

Fig 2.24
Both specular and
diffuse transmittance
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Fig 2.25
Spread transmittance

Fig 2.26
Scatter transmittance

Fig 2.27 Fig 2.28
Random transmittance Hemispherical-hemispherical transmittance
Angle of incident
100 % All
\\
80 %
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© 60 %
S
E
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Fig 2.30
Glass fenestration of the Branly
museum, Paris, France

incidence of the light rays; that at the normal is usually larger than transmittance at a grazing angle.
Fig. 2.30 shows the glass fenestration of the Branly museum in Paris, designed by architect Jean Nou-
vel so that different angles of sight give different visual impressions due to differing light transmission
for different grazing angles.

In this thesis, normal (perpendicular to the surface) glazing transmit-
tance was measured using a calibrated LS-110 Minolta luminance meter
(Fig. 2.31).

Glazing transmittance is very important for daylighting performance.
In physical models transmittance is tricky to reproduce faithfully, particu-
larly when at a very small scale; dirt and lack of maintenance can signifi-
cantly influence this parameter (Fig. 2.32). Usually modellers cannot scale
down glazing in an appropriate manner while at the same time keeping the
glazing transmittance equal to that of the real building components. In the
case of more complex fenestration systems, transmittance is even more
significant in lighting performance assessment. In virtual models, a cor-
rect transmittance value should be used and must correspond to that of the
real building. Accordingly the exact transmittance, either measured from

) i . ; ) ) Fig 2.31
the material or simulated in the models, is very important when assessing  Luminance-meter

performance.

Daylight source simulation

Real sky

To assess daylighting performance of buildings, besides an accurate model, appropriate daylight
conditions are also needed. Placing the physical model outdoors is the easiest way to visualise real sky
daylighting conditions (Fig. 2.33) but changeable skies can complicate the assessment of daylighting
performance. Various sky simulators have been developed to overcome this problem.
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Fig 2.32 Fig 2.33
Dirt can reduce glazing transmittance Real sky conditions

Fig 2.34
A mirror sky at the Seattle daylighting lab, Washington (USA)

Fig 2.35
A sky dome at the Lawrence Berkeley National Laboratory, California (USA)
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Sky simulator

Several types of sky simulator have been invented to reproduce appropriate sky conditions for
testing environmental lighting. Most of them can reproduce one or several CIE standard skies (details
in Appendix A).

Mirror sky
The mirror sky, which is the most common configuration (Fig. 2.34), consists of a mirrored enclo-

sure with a lighting ceiling (fluorescent tubes and opal diffuser). The advantages of this kind of simula-
tor are its moderate cost and minimisation of horizon error; however it can reproduce only CIE overcast
skies and has inter-reflection disturbed by the scale model.

Sky dome
A sky dome (Fig. 2.35) has a diameter of between 3 and 9 metres. Made of an opaque hemisphere il-

luminated by light sources in a circular groove, it can reproduce different standard sky models (uniform
overcast sky or CIE standard skies). Being quite large, it allows very easy access to the scale model.
However one drawback is that it is hard and tiresome to calibrate, requiring about one week. Moreover
the lamps use a lot of electricity and create frequent maintenance problems.

‘|"*79 e @Qah.
=

Fig 2.36 Fig 2.37
Spotlight sky simulator Scanning sky simulator

Spotlight sky simulator

Spotlight sky simulators are made of a vault of multiple incandescent lamps or a line of lamps
mounted in a quarter-circle arc (Fig. 2.36). They can reproduce all types of sky at moderate cost; how-
ever calibration and maintenance are complicated by the light sources aging at different rates. Other
disadvantages of this type of sky simulator are the high luminance discontinuity and slow measurement
procedure.

Scanning sky simulator

A scanning sky simulator (Fig. 2.37) is made of 25 light sources to create a sixth of the vault. The
whole hemisphere is based on Tregenza's model of 145 light sectors, which is reconstructed by a six-
step scan (60 degree angular rotation). Quantitative (illuminance) and qualitative (digitised video im-
age) data are summed at the end of the process. This simulator closely matches the IDMP sky lumi-
nance measuring format and can reproduce all existing standard or statistical sky models. Costs of
construction, maintenance and operation are low; however, it is impossible to visualise or measure
instantaneously inside the model. A scanning sky simulator was used in this thesis.
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Fig 2.38
Point, line and grid schemes for placement of
photometric sensors in both scale and virtual

models

Photometric sensors

Photometric sensors are commonly used during daylighting performance assessment to monitor
physical variables such as interior illuminance and daylight factors. To measure daylighting perform-
ance several sensors at a time are normally used, on either a horizontal or a vertical plane in and
outside buildings. In an interior space they are conventionally placed in point, line or grid schemes as
shown in Fig. 2.38. Many manufacturers produce photometers and sensors of differing sizes, precision
and quality (Fig. 2.39). Even when made by the same manufacturer it is strongly recommended to cali-
brate the many sensors used in an experimental set-up, otherwise divergence among sensors can lead
to significant measurement inaccuracies.
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Fig 2.39
A number of different photometers and sensors
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The area of sensitivity of the sensors can be a cause of error during assessment. An uneven inci-
dent light flux arriving on the sensitive surface (caused by possible gradient, as well as the effect of
shade and shadow) can lead to errors in lighting evaluation, as shown in Fig. 2.40.

As with the sensor sensitivity area, the imprecision of sensor positioning and levelling can cause
errors in lighting evaluation (Fig. 2.41). Especially with a small model, slight errors in sensor position
and levelling can cause significant assessment errors. Moreover, the relative size of the photometric
sensor and the scale model are very important (Fig. 2.42).

In virtual models, point-virtual sensors are normally employed so that the accuracy of positioning,
levelling and size is not so relevant. However, the position and level of sensors should always be ap-
propriate.

Fig 2.40
The impact of the size of the sensor’s sensitive area

=
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Fig 2.41
The impact of sensor leveling and positioning
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I
| Fig 2.42
The need for an appropriate relative size of scale
_ model and photometric sensor
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Surroundings

The impact of outdoor environments on scale and virtual models can cause significant errors in
daylighting performance assessment. The reflectance from the ground and surroundings, which has a
great impact on interior illumination, should not be forgotten. For example, in the simulation of an art
gallery by a scale model (Cannon-Brookes S.W.A., 1997) (Fig. 2.43), surrounding trees were modelled
by wooden board to minimise errors.

Fig 2.43

The daylighting model
for a gallery included the
surrounding trees

In assessing daylighting performance of buildings using physical or virtual models, the reliability
of the evaluation depends on which errors occur and their magnitude. To avoid errors, the modeller
should understand their causes, particularly the common and significant causes, which naturally will
then be considered during the modelling process. An effort to mock-up the models accurately will help
reduce the importance of any errors that may occur.
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Chapter 3 Daylighting performance assessment of buildings 3.1The real building

Fig. 3.1 Fig. 3.2
External view of the real building (south facade) Internal view of the real building towards the south facade

The objective of this thesis is to list and analyse how physical and virtual models give performance
measurements differing from those of a real building. Both the daylight factor and the illuminance ratio
of areal building and its models were carefully determined and then compared.This chapter documents
in detail the real building and its scale and virtual models, and also describes the considered daylight-
ing variables.

3.1 The real building

The real building used in this study was a simple one —a single office room. Its simplicity decreased
the overall number of factors usually encountered in buildings so as to concentrate on the main causes
of error in daylighting performance assessment. The building was originally a daylighting test module
used by the Solar Energy and Building Physics Laboratory at EPFL, Lausanne. It had the necessary
monitoring devices for daylighting performance assessment. The flexibility of this test module, such as
the movable wheels for orientation change, made the daylighting experiments easier.

Type of building

The real building was an office room, entered by a door on one of the long sides, equipped with a
sidelighting window (Fig. 3.1). The room was normally occupied by two desks, but in this study it was
emptied to avoid extraneous factors usually encountered in buildings, such as plant shadows, cup-
boards and so on that disturb daylight factor measurement (Fig. 3.2).

In an efficiently-designed office, the room generally requires adequate horizontal illuminance and
uniform light distribution on the task plane (IESNA, 2006). This work focused on the horizontal task
plane illuminance. The recommended illuminance for an office room lies between 300 and 1000 lux, de-
pending on the visual tasks involved (Table 3.1).
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Visual task requirements HHluminance (lux)
High contrast and large size 300
High contrast and small size 500

Table 3.1 Low contrast and large size 500

Illuminance recommended in office lighting design e e e 1000

(IESNA, 2006)

Location and surroundings

The real building was situated in the southern car park of EPFL campus, Lausanne (Switzerland),
which is located at latitude 46.5°N and longitude 6.6°E, 396 m above sea level (Fig. 3.3).

The location’s climate typically gives an average temperature in winter of about 4°C and 22°C in
summer. It has an average annual precipitation of 1250 mm and about 1907 hours of sunshine annually.
The annual global solar radiation on the horizontal plane is 1176 kWh/m? and the annual diffuse solar
radiation on horizontal plane is 255 kWh/m? (Fig. 3.4). The average annual global illuminance is about
14719 lux and diffuse illuminance is about 9253 lux (data using Meteonorm 5.0, 2006) (Fig. 3.5).

To reduce the impact of external obstructions the real building was placed on a concrete platform
with its window facing south, such that the angular height of surrounding buildings was less than 10
degrees (Fig 3.6) at the northern side of the car park. It looked on to agricultural fields to the east and
south, with Lake Geneva and the Alps on the horizon. On the west side, adjacent to the real building,
there was a test module of identical geometrical and photometrical properties, used for experimental
assessment of daylighting systems. Figure 3.6 shows a 360° panoramic view of the modules.The ground
reflectance and geometry of the platforms are as shown inTable 3.2 and Fig. 3.7.

Fig. 3.3
Location of the real building on the EPFL campus, Lausanne, Switzerland. Credit: Google Earth
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Radiation in [kWh / m2] Temperature in [°C]

Fig. 3.4
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Geometrical (dimensions) and
photometrical (ground reflectance)
properties of the real building and its
surroundings
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Ground surface Ground reflectance (%)
Platform A 20.2+2
Platform B 124+ 2
Ground 1 1023
Table 3.2 Ground 2 12843

Ground surface reflectance of platforms and ground

Geometry and dimensions

The real building has a simple rectangular interior space as shown in the drawings of Fig. 3.8. The
interior dimensions are shown inTable 3.3.
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Fig. 3.8
Geometry of the real building (unit: cm): (a) plan
view, (b) section view and (c) exterior elevation view
Geometry Dimensions (m)
Width 6.50 = 0.01
+
Table 3.3 Length 3.00 £ 0.01
Dimensions of the real building Height 2.50 £ 0.01
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The window of the real building, shown in Fig. 3.9, is a double insulated glazing one commonly used
in Swiss office buildings. It consists of five fixed glazing panels and a workable central window (Fig.
3.10). The details and interior dimensions are shown inTable 3.4 and Fig. 3.11.

V il

Fig. 3.9
Internal view of the real building’s windows
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Fig. 3.10 Fig. 3.1
Dimensions (unit: m) of the interior south facade Dimensions (unit: m) of the double-glazing
of the real building opening window
Geometry Dimensions (m)
Width 3.00 £0.01
Table 3.4 Height 1.65 £ 0.01

Dimensions of the window (real building)

Interior Features

Interior surface reflectance has a strong impact on daylight performance of buildings (Bodart,
2007). The reflectances recommended for office room surfaces are given inTable 3.5, together with the
actual interior surface reflectance of the monitored object.

The internal room surfaces are achromatic with white-painted walls and ceiling; the floor is cov-
ered by a uniform grey-green carpet. Fig. 3.12 shows an indoor view of the room, with close-ups of the
surfaces; the corresponding reflectances are given in Table 3.5 and Fig. 3.13. Table 3.6 shows the fur-
nishing materials used. The chromatic properties of the surfaces monitored using the XYZ CIE Colour
Space (i.e. x,y,z chromatic coordinates) are documented inTable 3.7.
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Fig. 3.12
Internal view of the real building (walls,
ceiling and floor)
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Fig. 3.13
Surface reflectance of the real building (graphically)

Surfaces Recommended Measured
reflectance (%) reflectance (%)
North wall 50-70 82.6+3
East wall 50-70 81.5%+3
South wall 50-70 721 +3
West wall 50-70 82.3+3
Ceiling 80 or more 79.9+3
Floor 20-40 16.1+3
giﬂi:ésreﬂectance of the real building Window frame - 12143
Surfaces Materials
North wall Canvas (white)
East wall Satin (white)
South wall Painted metal (white)
West wall Satin (white)
Ceiling Satin (white)
Table 3.6 Floor Fitted carpet (grey-green)
ZSﬁJil:];niShing materials of the real Window frame Painted metal (white)

The materials used in this study are those found in a typical office. The surface reflectance of the
materials is close to that recommended (IESNA, 2006). The reflectance and chromatic properties of the
materials were measured using a Minolta chromameter (details in Chapter 2).
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Surfaces CIE Chromatic
coordinates
North wall (0.32,0.34, 0.34)
East wall (0.31,0.33, 0.36)
South wall (0.32,0.34, 0.34)
West wall (0.31, 0.33, 0.36)
Ceiling (0.32,0.34,0.34)
Table 3.7 Floor (0.34, 0.36, 0.30)
Chromatic properties of the surfaces Window frame (0.32,0.34, 0.34)

monitored using the XYZ CIE Colour Space

Additionally, the real building is equipped with two rows of luminaries (2 x 36 W fluorescent,
Zumtobel Licht) suspended across the room’s width respectively at 1.7 and 5 m from the window facgade
as shown in Fig. 3.14. The solar blinds were fully retracted during the monitoring periods; the window
was cleaned to eliminate dust.

Fig. 3.14
Surface reflectance of the real building (photo)

Fenestration details

Side window

The test module is habitually equipped with double glazing windows (section shown in Fig. 3.15),
giving a glazed ratio to floor area of 0.26. The window fagade is oriented due south; its windows are
mounted on a 0.94 m high opaque breast wall supported by a metallic frame (Fig. 3.16). The normal-
normal window transmittance measured using a Minolta LS 110 luminance meter (details in Chapter
2) is given in Table 3.7. The latter was monitored by pointing the luminance meter on the window and
dividing the ratio of the luminance of the targeted point by the value measured for the same point with
an open window.

Window Transmittance (%)

Table 3.7

Transmittance of the double glazing Double glazing 80.5+3
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Fig. 3.16

Vertical section of the
0.05 real building’s south

fagade equipped with
double-glazed windows
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Laser Cut panel

LCP glass glass

interior exterior
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Fig. 3.17
Sections of double glazing, LCP and Prismatic film
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Fig. 3.18
Exterior views of the test module equipped with conventional double-glazing, Laser-Cut Panel and Prismatic film respectively

As this work’s objective was also to assess the daylighting performance of Complex Fenestration
Systems (CFS); two types of CFS were installed. They were attached on the southern facade of the test
module, one after the other, on the internal glazing surface of the upper part of the window (Fig. 3.17) to
compare CFS daylighting performances. Two direct-light guiding systems (Laser-Cut Panel and Pris-
matic film) were selected for study. Thus the fenestration systems used in this study were (Fig. 3.18):

* Double glazing window
e CFS - Laser-Cut Panel

e CFS -Prismatic film

Complex Fenestration Systems
Complex Fenestration Systems are advanced daylighting systems which are nowadays available

to the building profession, even though some of these systems are still in the development stage. CFS
have different performance figures: their main objectives are to redirect daylight into a room so as to
optimise the luminous environment, to improve the daylight flux on the work plane, to improve visual
comfort and to control glare (IEA, 2000). It is therefore necessary for researchers and building design-
ers to have accurate design tools in order to be able to assess their daylighting performance.

Laser-Cut Panel

A Laser-Cut Panel (LCP) is a daylight-redirecting system made of a 6 mm thick acrylic panel with
parallel laser cuts spaced at 4 mm intervals (Fig. 3.19). Each laser-cut surface obtained performs as a
small mirrored surface that deflects daylight passing through the panel (IEA, 2000). Fig. 3.20 shows a
view through laser-cut panel.

b
Fig. 3.19

e Geometry
I of laser-cut Fig. 3.20

6 mm panel View through the laser-cut panel
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When a light ray at incidence angle / is refracted into the LCP at angle r, a fraction (f) of the inci-
dent light flux is redirected; the remaining fraction (7-f) of the light beam is transmitted in the material
50 without any deviation from its original direction of propagation (Fig. 3.21).

The effectiveness of LCP in improving the illumination of rooms depends strongly on the type of
window fitting and sky conditions (Edmonds, 1992). The main property of LCP placed in the upper win-
dow part is its capacity to redirect sunlight towards the ceiling; when used in skylights, it admits low
elevation light rays and rejects high elevation light rays, thus contributing to solar protection. It effec-
tively redirects off-normal light rays through a large angle (>120°) and has good viewing transparency
in the near-normal direction. The reduction in viewing transparency relative to a conventional window
is however perceptible. LCP is usually fixed above eye level (Fig. 3.22) in order to avoid obstruction of
the external view as well as discomfort from glare.

§\§
//0‘

%
%, 1 §‘
AN | 1
%»
/@
{q
‘%@ 1 'f
%
/%

Fig. 3.21

lllustrating the fraction (f) of light
deflected in a prism and an array
of prisms

Fig. 3.22
The laser-cut panel fixed to the windows above eye
level in the real building
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Prismatic film

A Prismatic film is a daylight-redirecting system made of acrylic or polycarbonate material; it re-
fracts passing light rays towards the ceiling and illuminates the deeper parts of the room. In this work
a 3M prismatic film (3M Brand Optical Lighting Film) was employed. This continuous thin film incorpo-
rates microscopic prisms of identical 90° angle geometry, (Fig. 3.23). Fig. 3.24 shows a close-up view of
prismatic film.

0.5mm 0.18 mm

Fig. 3.23 Fig. 3.24
Geometry of prismatic film Close up view through prismatic film

The advantages of a prismatic film are its longitudinal flexibility, low maintenance and very low
light absorption, so allowing the film to transport and distribute light in an effective way.

Under clear sky, the prismatic film refracts sunlight and illuminates the ceiling in the centre of the
room. The film performs less well under cloudy sky conditions, but apparently diminishes glare (IEA,

2000) (Fig. 3.25).

Prismatic film is also usually attached to upper windows, above eye level (Fig. 3.26), in order to
avoid obstruction of the external view as well as discomfort glare.

o
-

y
Diffuse daylyig ht
Fig. 3.25 Fig. 3.26
The basic principle of prismatic Prismatic film fixed to the windows above eye level
panels and prismatic film in the real building
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Equipment set-up

The test module was equipped with the necessary equipment for evaluating both quantitative and
qualitative daylighting figures from both interior and exterior viewpoints. Fig. 3.27 illustrates the test
module’s environment and its instrumentation for the various experimental purposes.

Exterior illuminance

To monitor outdoor illuminance a horizontal LMT/BAP30FCT and 4 vertical Hagner ELV641 illumi-
nance sensors were mounted on a black honeycomb support (Fig.3.28). The sensors were connected to
a data logger which stored the illuminance values at intervals of one minute. The outdoor illuminance
was used to determine the daylight factors and illuminance ratios.

Sky luminance distribution
The sky luminance distribution around the test module was monitored using a digital sky scanner

(Fig. 3.29). This sky scanner, based on digital imaging techniques, was developed at the Solar Energy
and Building Physics Laboratory of EPFL, Lausanne (Michel, 1995). It was placed on the construction
adjacent to the test module to avoid obstructing the surroundings. (Fig. 3.30).

A mirror-surfaced sphere placed at the base of the scanner, as shown in Fig. 3.31, reflected an
image of the whole sky vault which was acquired by a CCD digital camera (Fig. 3.32) hanging over the
sphere and then sent to the control unit. The sky luminance distribution from this CCD digital camera
were continuously monitored and averaged according to the 145 sectors proposed by Tregenza (Fig.
3.33).

The control unit uses a powerful image analysis software (Image-Pro Plus™) and a user-friendly
interface made to facilitate the data acquisition and treatment (Michel L, 1999).

Fig. 3.27

Monitoring equipment used for
the daylighting performance
assessment of the test module.

@ Hagner/LMT sensors + Data logger @® BEHA sensors + Data logger
:outdoor illuminance :indoor illuminance
@ Sky scanner @® HDR camera + Luminance meter

:sky luminance distribution :surface luminance
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Fig. 3.28

A horizontal LMT/BAP30FCT for
outdoor illuminance monitoring

Fig. 3.30

N
Fig. 3.29
A digital sky
scanner

The digital sky scanner was placed on the roof of the
module next to the real building
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Fig. 3.31
Mirror sphere reflecting the sky vault

Fig. 3.32
Geometrical properties of the digital
sky scanner

Fig. 3.33
Tregenza's 145 sky sectors
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Interior illuminance

Seven calibrated BEHA 96408 sensors (Fig. 3.34) were used for indoor illuminance monitoring. They
were installed on a metal bar (Fig. 3.35), which lay along the length of the middle of the room at inter-
vals of 1 m distance from the window to deeper in the room, as shown in Fig. 3.36. The sensors were
connected to a data logger which collected the illuminance values at one minute intervals. The indoor
illuminance was used for daylight factors and illuminance ratios assessment.

Fig. 3.34
Calibrated BEHA 96408 sensor
for indoor illuminance monitoring

Fig. 3.35 —>

Internal view of the real building
and calibrated BEHA 96408
sensors on a metal bar for indoor
illuminance monitoring

630
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: Fig. 3.36

| Layout of the calibrated BEHA
i 96408 sensors monitoring indoor
i illuminance in the real building

1 (unit: cm)

Interior surface luminance

The luminance property of the interior surfaces is commonly used to analyse indoor luminous qual-
ity. The technique habitually used for this purpose is to monitor a surface point after point with a lumi-
nance meter (Fig. 3.37).

Fig. 3.38 shows the different points measured using the luminance meter in the test module.The
measurements were not made simultaneously but done rapidly, the values of the entire set of points
being acquired in less than 5 minutes.
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— T Fig. 3.38

Fig. 3.37 Internal view of the real building presents
A Minolta LS-110 luminance the surface luminance measured points.
meter

To overcome this luminance meter limitation and facilitate
evaluation, a luminance mapper was set up using a High Dynamic
Range (HDR) imaging technique. This technique allows a larger dy-
namic range of exposures than conventional imaging techniques. It
also provides greater accuracy for light intensity levels found in real
scenes ranging from direct sunlight to deepest shadow (Fig. 3.39).

Fig. 3.39
(upper) Digital images taken conventionally; (lower) High Dynamic Range images

A HDR calibrated camera, a Nikon Coolpix 5400 digital cam-
era was used for that purpose (Fig. 3.40). It was placed on a tripod as
close as possible to the luminance meter as shown in Fig. 3.41.
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Fig. 3.40
Nikon Coolpix 5400 digital camera with its fisheye lens

The camera takes a sequence of multiple exposure images.The series of images was created man-
ually by taking 8-10 digital photographs of differing f-stops, each of 2592 by 1944 pixels. The camera
settings are shown inTable 3.8.

Each set of images, such as shown in Fig. 3.42, Feature Setting
was merged using the Photosphere image builder
program to create an HDR image. Photosphere White balance Daylight
is a digital image browsing and cataloguing tool. Best Shot Selector (BSS) Off
It supports many standard HDR image formats Imag