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Samenvatting 

In Nederlandse kantoren wordt 46% van het totale energieverbruik, gebruikt voor het verwarmen en 
koelen van het binnenmilieu en 21% voor kunstlicht (Meijer Energie & Milieu-management B.V., 2008). 
Door optimaal gebruik te maken van het beschikbare daglicht, zou een gepast gevelontwerp voor 
energiebesparing kunnen zorgen. Dit geldt ook het gebruiken van de warmte van de zon in koele periodes 
en deze warmte te weren op warme dagen. Het Nederlandse klimaat, met haar snel wisselende 
hemelcondities, eist daarbij enige flexibiliteit van een daglichtsysteem. Conventionele daglichtsystemen 
zijn vaak luidruchtig bij het schakelen en belemmeren tevens veelal deels of geheel het uitzicht voor de 
gebruiker. Automatische systemen kunnen worden geprogrammeerd te reageren op bepaalde situaties. 
Deze systemen houden echter geen rekening met de voorkeur van elke gebruiker. Een handmatig te 
bedienen systeem kan dat wel. De keerzijde is echter, dat de energiebesparing dan ook afhangt van de 
gebruiker, waardoor deze vaak niet optimaal is. 

Smart Energy Glass (SEG), ontwikkeld door Peer+ is een schakelbaar glassysteem, welke kan schakelen, 
tussen een heldere, een donkere en een diffuse stand, en gelijktijdig energie opwekt. De exacte 
eigenschappen van de verschillende standen zijn nog in ontwikkeling. In dit afstudeeronderzoek zal 
getracht worden de optimale waarden voor de transmissie van het glas vast te stellen ten behoeve van 
visueel comfort in de ruimte. 

In de literatuur zijn verschillende minimale transmissie waarden te vinden om discomfort bij verschillende 
hemelcondities te voorkomen; LTA=O,OOl (Piccolo & Simone, 2008), LTA<0,10 (Selkowitz et al., 1994) en 
LTA=0,25-0,38 (Boyce et al., 1995). Deze experimenten zijn op verschillende wijzen (simulatiemodel, 
schaalmodel en full-scale) uitgevoerd met een variërende nadruk van het onderzoek. Een vergelijking is 
daarom moeilijk te maken waardoor uniforme transmissie waarden voor visueel comfort nog niet 
geconcludeerd kunnen worden. 

Op basis van evaluatie en waardering van gebruikers is onderzoek uitgevoerd naar de transmissie 
waarden van glas ten behoeve van een visueel comfortabele ruimte. In het laboratorium van de Building 
Physics and Systems vakgroep van de faculteit Bouwkunde op de Technische Universiteit Eindhoven, 
Nederland, is een onderzoeksopstelling gebouwd. De opstelling bevat vijf identieke testruimten met west 
georiënteerde daglichtopeneningen van 1,2 x 1,2 m

2
• Vier van deze ruimten zijn ingericht voor evaluatie 

door testpersonen, de vijfde kamer is gebruikt als referentieruimte. Door de toepassing van folies met 
variërende transmissie waarden hebben de vier testkamers verschillende glas eigenschappen. De 

3 



Graduation Thesis 5. Chraibi 

transmissies van het glas en folie pakket resulteerden in LTA=0,08; 0,25; 0,52; en 0, 70, voor de vier 
testkamers en LTA=O, 70 voor de referentiekamer. 

Gedurende de metingen zijn in elke kamer een aantal parameters continu gemeten; de verl ichtingssterkte 
op vier verschillende posities, de temperatuur en de relatieve vochtigheid. Aan het begin en aan het einde 
van elke meetsessie zijn luminantiefoto's gemaakt in de referentie kamer. Metingen met testpersonen 
zijn gedurende drie seizoenen in 2010 uitgevoerd; de zomer, de herfst en de winter. Elk seizoen hebben 
circa negenentwintig participanten elke kamer geëvalueerd, waarvan 24 participanten, alle drie de 
seizoenen hebben meegewerkt. Tijdens de metingen is de participanten gevraagd een kantoortaak uit te 
voeren gedurende 10 minuten waarna ze middels een vragenlijst het visueel comfort in de ruimte hebben 
geëvalueerd. Na het invullen van de vragenlijst, is de participanten verzocht terug te keren naar een 
neutrale wachtruimte, waar de ogen konden adapteren aan een constant en laag verlichtingsniveau, 
alvorens de testpersonen de procedure vervolgden met het evalueren van de volgende testruimte. Deze 
procedure werd herhaald totdat elke testpersoon elk van de vier testruimten had geëvalueerd. 

De data is geanalyseerd middels de Repeated Measures ANOVA en de one-way ANOVA test, om een 
verband aan te tonen tussen het visueel comfort van de ruimte, de transmissie eigenschappen van het 
raam en de gemeten paramterers. In de analyse is een onderscheid aangebracht tussen de verschillende 
seizoenen en de hemel condities gedurende de metingen. 

Uit dit onderzoek kan worden geconcludeerd dat ten behoeve van visueel comfort bij daglicht in het 
Nederlandse klimaat, de horizontale verlichtingssterke op het werkvlak minstens 267 lux moet zijn. Dit is 
gebasseerd op jonge testpersonen (23±4 jaar) welke maximale 15 minuten aaneensluitend in elke ruimte 
hebben doorgebracht. 
Bij een maximale raamluminantie van 6500 cd/m2 is niet of nauwelijks verblinding ervaren door de 
participanten. 
Wanneer alle seizoenen tezamen worden bekekenen, wordt bij metingen met een directe zon op de 
gevel, de testruimte met LTA=0,25 het vaakst gewaardeerd als goed verlicht door daglicht. Bij metingen 
zonder zon, zijn de kamers met een transmissie van 52% en 70% het meest gewaardeerd voor de goede 
verlichting door daglicht. Wanneer de seizoenen apart worden bekeken, is in de zomer periode een licht 
transmissie van 0,25 en 0,52 het vaakst als goed gewaardeerd door de participanten. Dit geldt ook voor 
zonnige dagen in de herfst. Bij bewolkte dagen in de herfst en in de winter wordt een hogere licht 
transmissie gewaardeerd. 
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Wanneer uit wordt gegaan van een linear verloop tussen de gemeten waarde, zou een voorspelling 
kunnen worden gemaakt voor een optimale licht transmissie. Voor het gemiddelde van een jaar, wordt 
een transmissie waarde van 0,65 aanbevolen voor een visueel comfortabele ruimte gedurende zowel 
zonnige als niet zonnige dagen . Rekening houdend met de wens van Peer+, maximaal met 30% te 
schakelen, resulteert dat in een range van l TA=0,35-0,65 . Hiermee wordt een gebruikers tevredenheid 
gehaald van minstens 65% van de tijd, oplopend tot 90% van de tijd . Bij de niet zonnige dagen, welke veel 
voorkomen in het Nederlandse klimaat, wordt een hogere transmissie over het algemeen gewaardeerd. 
Wanneer een ruit schakelt met een transmissie range l TA=0,40-0,70, wordt een gebruikers tevredenheid 
gehaald van minimaal 71%, oplopend tot 89%. 
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Summery 

In a Dutch office environment, 46% of the energy is used for heating and cooling and 21% is used for 
electric lighting (Meijer Energie & Milieu-management B.V., 2008) . A better use of daylight and handling 
of solar heat could reduce the energy load. Since the Dutch elimate causes sky conditions to change 
rapidly, a daylight control system should be able to respond quickly to these changes to meet the set 
requirements. Conventional control systems are often noisy, partially or completely block the view and 
obstruct the use of daylight. Automated blinds can be programmed to respond to a certain situation but 
do not take every user his preferences into account. Manually handled systems meet those preferences 
butloseon energy saving efficiency. 

Smart Energy Glass (SEG), developed by Peer+ is a switchable glazing system, which can switch between a 
bright, a darkened and a diffuse state to improve comfort, and simultaneously generates energy. 
However, the exact characteristics of the different states have not been determined yet. In this research 
the optima I glass transmittance for visual comfort is explored . 
In literature minimum transmittance of LTA=O.OOl (Piccolo & Simone, 2008), LTA<0.1 (Selkowitz et al., 
1994) and LTA=0.25-Q.38 (Boyce et al., 1995) are given to avoid visual discomfort at different sky 
conditions. These earlier executed researches have been performed in various designs (simulation model, 
scale model, full-scale measurements) with a different focus. Therefore the studies are difficult to 
compare and u nivocal transmittance va lues for visual comfort could not be derived yet. 

In this study transmittance va lues of the glazing were examined basedon user perception and assessment 
in order to provide a visually comfortable environment. An experiment was set up in the Iaberatory of the 
Building Physics and Systems group of Eindhoven University of Technology, the Netherlands. Five similar 
full-scale test rooms were built with a West-facing window of 1.2 x 1.2 m2

. Four of the rooms were 
equipped for subjects and the fifth room functioned as a reference room. Each of the four rooms had 
different glass properties by the use of films with different light transmittances. The LTA values of the 
glass with films were 0.08, 0.25, 0.52 and 0.70. 
The illuminance was logged continuously at four different positions in each room, as well as room 
temperature and relative humidity. In the reference room, a luminanee picture was taken at the beginning 
and at the end of each session. Measurements with subjects were executed during three periods in 2010; 
covering summer, autumn, and winter. Each season about twenty-nine subjects evaluated each of the test 
spaces, of which twenty-four participated all three seasons. The test subjects were asked to perform an 
office task in the test space for 10 minutes, foliowed by a questionnaire about visual comfort. After 
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completing the questionnaire, the participants took place in a neutral waiting room to adapt to a 
constant, low lighting level, before continuing to the next room. This procedure was repeated until all 
subjects evaluated each of the four rooms. 

The data was analyzed using Repeated Measures ANOVA and the one-way ANOVA test in order to find 
relations between user comfort evaluation, glass transmittance and measured values as 'window 
luminance' and 'horizontal desktop illuminance' . A distinction is made in measuring season and in sun 
conditions during the sessions. 

From this research it can be concluded that for visual comfort by daylight, in the Dutch climate, the 
horizontal illuminance on the workplace should be at least 267 lux. This is based on test with young 
participants (23±4 years) and a maximum exposure to the conditions of fifteen minutes in a row. 
Regarding visual comfort, luminanee values of 6500 cd/m 2 were still accepted by the subjects and glare 
was barely experienced or indicated. 
During measurements with sunlight on the façade, the testspace with a glass transmittance of 0.25 was 
mostly evaluated for its good lighting by daylight. During measurements without sun, the test spaces with 
a glass transmittance of 0.52 and 0. 70 were mostly evaluated for their good lighting by daylight. In the 
summer period, glass transmittances of 0.25 and 0.52 were most preferred by the subject s. This also 
applies for sunny days in the autumn. While during clouded days in the autumn and during winter, there is 
a desire for higher light transmission. 

When assuming a linear progressof the preferred transmittances, a transmittance value of 0.65 would be 
recommended for optima! visual comfort. Taking the Peer+ desire, of switching with maximum 30% into 
account, leads to a lower transmittance boundary of 0.35. At a range of LTA=0.35 - 0.65 users are at least 
65% of the time satisfied, up to 90% of the time. At a range of LTA=0.4- 0.7 the users are satisfied with 
the lighting by daylight at least 71% of the time, up to 89% of the time. A transmittance range of 0.4 to 0. 7 
is best suited here. 
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1 Introduetion 

Sustainability has been an important topic for many years now. There are many ways to interpret 
sustainability in the built environment. A respected definition is according to the Trias Energetica, 
introduced by Novem (Novem, 1996). This definition recapitulates the important aspects for achieving a 
sustainable design; reducing energy demand, using sustainable energy sources, and using fossil fuels as 
efficient as possible. 

In Dutch office buildings about 46% of the energy is used for heating and cooling, and 21% is used for 
electric lighting (Meijer Energie & Milieu-management B.V., 2008). Conscious handling of daylight and the 
heat of the sun could reduce the energy load. The design of the façade of a building can make a large 
contribution here. 
The use of daylight does not only have energetic benefits. Daylight and a view of the outdoor 
environment are well appreciated by office users (Boyce, 2003; Osterhaus, 2005). Adequate use of 
daylight also has advantages concerning health and productivity (Osterhaus, 2009), it increases alertness 
by suppressing the melatonin hormone (Boyce, 2003) and has a positive effect regarding depressions 
(SAD) (Wirz-Justice, et al., 1996). On the other hand too much light can cause fatigue or headaches 
(Boyce, 2003). Therefore direct sunlight and high luminanee values should be prevented. Since sky 
conditions in the Dutch elimate change rapidly, a daylight control system should be able to respond 
quickly to these changes to meet the requirements. Conventional systems can have drawbacks as for 
example producing too much noise when switching. They also often partially or completely block the view 
in their direct sunlight suppressing state at which the use of daylight is prevented as well. Automated 
blinds can be programmed to respond to a certain situation. However they do not take user preferences 
into account. This can be resolved by manual handling; although that makes energy saving depended on 
user behaviour. This often causes in-efficient energy saving. An ambition would be a system that quickly 
responds, blocks disturbing light but leaves the view intact. 
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1.1 Smart Energy Glass 

Smart Energy Glass (SEG) developed by Peer· (Peer+, 2010) is a switchable glazing system developed to 
switch between a bright, a darkened, and a diffuse state to improve comfort and simultaneously 
generates energy. 
The technique is based on a combination of the Liquid Crystal Display (LCD) technology and the 
Luminescent Solar Concentrators (LSC's) technology. In a layered glass pane, light is absorbed using 
fluorescent dyes. After which the light is radiated by the fluorescent dye (fluorescence). Due to the higher 
refractive index of the pane compared to the surrounding air, only light within a certain angle (law of 
Snel!) is radiated. A large part of the light remains in the pane and is conducted to the sides of the pane, 
where traditional solar cells absorb the light and convert it into electric energy. This way SEG is able to 
generate energy. In the current version of the product, the generated energy is used for switching. 
In the active layer of the pane the molecular ordering takes place under electric tension. The amount of 
light absorption depends on the ordering state of the molecules, and results in different properties. 
Therefore the transmittance properties of the window pane are determined by the dye concentration and 
the molecular ordering in the pane. The maximum possible transmittance range is defined by the 
concentration as well as by the chemica! structure of the dye (Peer+, 2009). 

Developing SEG, different properties of the glasscan be varied. Visual important variables of the glass are 
the light transmission, the diffusing properties, the light polarization, the colou r and the switching 
characteristics. The exact characteristics of the different settings are not determined yet. For further 
product development of SEG, Peer· is interested in the characteristics of the glass belonging to visual 
comfort. 

1.2 Literature 

As mentioned before various characteristics of SEG can be designed to influence visual comfort . 
Concerning transmission, ditfusion and polarization, a literature study has been performed to map out 
what is already known (Chraibi, 2011). 

As mentioned, outdoor view is well appreciated by users in an office environment (Aries et al., 2010). 
Diffuse glass still enables daylight to enter the room, but eliminates the view. Diffusing the daylight cou ld 
prevent glare caused by direct sunlight by scattering the light. Therefore the accepted illuminance of the 
window could be higher. Research of Aries with diffuse light surfaces states that a lighted surface of 
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<1500cd/m 2 is still experienced as comfortable (Aries, 2005). Nevertheless the diffuse surface used for 
that experiment was lighted by electric light. There are still many questions concerning diffusing glass in 
office spaces and visual comfort. Ditfusion of glassis a difficult subject to frame because of the many ways 
it can occur. Therefore the performed literature study (Chraibi, 2011) did not give any solid conclusions to 
univocal boundary values for obtaining visual comfort by diffuse surfaces. 

Brugge (2010) stated in her thesis, that polarizing daylight should lower the risk of glare caused by 
reflections. However, not many publications have been made concerning daylight polarization and visual 
comfort. More research has to be done for solid statements. 

In literature different minimum transmittance values for avoiding visual discomfort can be found. The 
various studies have been performed under different conditions. 
Boyce (1995) stated that acceptable transmittance values should beat least 25%-38%, dependent on the 
sky conditions, glass used and desired indoor illuminance values. However this was to evaluate the indoor 
office space, at which outdoor view and light distribution were also included. The feasibility of glare 
control with glass was not included in the evaluation. 
To prevent glare trom daylight research of Piccolo and Sirnone (2008) stated that a transmittance value of 
at least 0.1% is necessary. For this study a scale model was used with a small double glazing system 
containing an electrochromic device. Discomfort glare was evaluated with glare indices (DGIN and SR). 
According to research of Selkowitz et al. (1994) a glass transmittance < 10% is required to avoid daylight 
glare. For this research a simulation model of an office with electrochromic glazing is used. Evaluation in 
performed with the glare index DGl (Selkowitz et al., 1994). 
Dubois et al. (2007) did research with glass transmittance and user evaluation . The goal was to examine 
the effect of different glass transmittance values on visual comfort . For this study a scale model is used, 
placed up against the façade, through which participants had to look. Frequent glare experience was 
experienced at transmittance values of 77% and 79%. The glare was not caused by direct sunlight. The 
appreciation of the room itself was positively correlated to the glass transmittance. 
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1.3 Problem statement 

When implemented successfully, SEG can imprave the visual comfort by daylight and make a sustainable 
contribution. Here for the characteristics should meet the requirements set for visual comfort. 
Even though other aspects also need more research, the focus of this study is glass transmittance in 
relation to visual comfort perception . 

For further development of SEG, Peer• is interested in the transmittance range of switchable glazing 
belonging to visual comfort in the Dutch Climate. Due to the used technology, SEG has an obstruction of a 
maximum possible transmittance range of 30%. Here by the boundary values of this 30% range are of 
importance. 
Previously executed researches concerning visual comfort and transmittance, have been performed in 
different designs; as scale models, simulation models and full scale studies. There also was a different 
focus; as glare assessment or a general indoor environment evaluation. Therefore the studies are difficult 
to compare, so u nivocal transmittance val u es for visual comfort cannot be derived yet. 

This leads to the research question; 
"Between which transmittance values should SEG be able to switch, for improving the visual comfort 
perception in office spaces, lighted by daylight only, in a Dutch climate?" 

With the sub questions; 
- What minimum horizontal illuminance of the workplace is considered comfortable by executing office 
tasks in an office environment? 
- What transmittance lower value is needed in order to provide enough daylight for visual performance 
and visual comfort? 
- What maximum window luminanee is considered comfortable in an office environment? 
-Wh at transmittance upper value is needed to avoid disability and discomfort glare? 
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2 Methods 

For this research, measurements have been executed in a full-scale Iabaratory set-up. Different full scale 
test spaces were evaluated for their lighting by daylight. The different test spaces had different window 
transmittance characteristics. Prior to the full-scale Iabaratory set up, a scale-model study is executed to 
define the transmittance characteristics that wil I be used. 
This chapter will bath elaborate on the performed measurements as well as the analysis methods used to 
examine the results. 

2.1 Scale model measurements 

Preparatory to full-scale measurements, a scale model research has been executed in the Daylight Room 
of the Architecture Building and Planning faculty of the Eindhoven University of Technology. 
Eighteen films with different transmittance va lues were examined fortheir effect on the light distribution 
in an office space. The aim of this study was to examine the ditterences in light distribution between the 
different films and the resemblances in luminanee ratios. A 1:20 scale model was used (see tigure 2.1a 
and b) with a window size of 60 x 60 mm. Figure 2.lc shows the scale model and its measuring set up in 
the daylight room. The transmission range of the selected films was based on the results of the earlier 
performed literature study (Chraibi, 2011) and varied from 6 to 90%. The characteristics of the different 
films used are shown in appendix I, as well astheir light distribution in the scale model. 
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a ~ ~ 

Figure 2.1 Scale model (a. and b.) and measuring set up in Daylight Room, TU/e (c.) 

Basedon these light distri bution measurements, the results of the literature study (Chraibi, 2011), and the 
desires of Peer·, three films with a grey darkening shift were selected for the full scale measurements 
with various transmittance values of 11, 35 and 75%. Appendix 11 presents an elaborate property 
description of the films used. 
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2.2 Full scale Iaberatory set up 

For this experiment a full scale study has been executed, to enable user evaluation alongside of measured 
values. In the Iabaratory of the Building Physics and Systems group of Eindhoven University of 
Technology, the Netherlands, a full-scale experiment set up was built, to accommodate five similar test 
rooms with a true West-facing window of 1.2 x 1.2 m2

. The rooms were 1.8 m1 wide, 3.9 m1 deep and 2.7 
m1 high. Figure 2.2 shows a floor plan and a façade view of the built test spaces in the laboratory. The test 
facility is equipped with a full-glass façade with HR++-glass (U=1.3 W/m2K, LTA=70%). 

Four of the rooms were equipped for subjects; a fifth room functioned as a reference room. The four 
rooms had different combined glass properties by the use of films with different light transmittances. The 
LTA of the glass-film package was 8, 25, 52 and 70%, determined by the LBNL software Windows 5.0. The 
rooms were lit by daylight with no additional electric lighting. To maintain a tolerabie constant room 
temperature the rooms were equipped with heating and air conditioning. Figure 2.3 shows a view in one 
of the test spaces equipped with a desk and a chair, located on the right wall of the test space and facing 
the window. Appendix 11 shows the luminanee distribution inthetest spaces, afteradding the films. 

LTA 0,08 0,70 

0 
0 .., 
l() 

11% no 
film film 

1800 

0,52 0,25 

75% 35% 
film film 

Figure 2.2 Floor plan and façade Iabaratory test spaces Figure 2.3 One of the test spaces 
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2.2.1 Test subjects 

Measurements with subjects were executed during three periods in 2010: summer, autumn and winter. 
Each season about twenty-nine healthy subjects, all students (age 23±4 years old), evaluated the test 
spaces. Twenty-four test subjects participated in all three periods, six subjects evaluated the rooms in only 
two periods and two only participated once (appendix V) . 
Because of the t ime set for this project, it was important to collect as many data in a short period of time. 
For the subjects students were chosen, because of their flexible schedule. Through a tight schedule 
measurements could be performed during office hours, 2 sessions per day, for two weeks. Subjects were 
paid fortheir participation to the experiment. 

2.2.2 Procedure 

As mentioned above, measurements with subjects were executed during three periods in 2010: summer 
from 20 August till 6 September, autumn trom 11 October till 21 October, and winter from 13 December 
till 23 December. Three periods were chosen for their different position of the sun; a high sun during 
summer, middle high sun during autumn, and a low sun during winter. 

The test subjects were asked to perfarm an office task; entering business card information in a database 
program. After 10 minutes they had to fill in a questionnaire about visual comfort, from which the 
daylight evaluation by users could be derived. This questionnaire has partially been adopted from 
(Osterhaus, 2005), presented in appendix 111. After completing the questionnaire, the participants took 
place in a neutral 'waiting' room to adapt to a constant, low lighting level, befare they continued to the 
next room. Th is procedure was repeated until the subject evaluated each of the tour rooms. At the end of 
the sequence the subject repeated one randomly chosen room, serving as a validation of the evaluation. 

2.2.3 Measuring eguipment 

Tests with subjects were performed in tour different test spaces. During the test sessions the illuminance 
was logged continuously at tour different positions in each room : vertically on the window, horizontally 
on the desk, vertically on the wall at eye level of the participant and vertically on the rear wall of the 
room, as shown in tigure 2.4 . For this end sixteen Hagner illuminance SD light detectors were used, a 
Multilab-TS amplifier and a laptop with the software Multilight l.O. llluminance was loggedinorder to link 
the values to the visual performance and visual comfort during the measurements. On account of 
knowledge of the environment during user evaluation, room temperature and the relative humidity were 

19 



Graduation Thesis 5. Chraibi 

continuously monitored in every room using Escort loggers. The loggers were placed in centre of the test 
spaces at a height of 2.0 m1

. The fifth room was used as a reference room, were a luminanee picture was 
taken at the beginning and at the end of each session. These pictures were shot by a Canon CCD camera 
(500), placed in the back of the room facing the façade, as shown in tigure 2.5. By means of a correction 
factor the luminance's for the four test spaces were calculated. The correction factor is determined by the 
luminanee ratios between the different test spaces. 
Appendix IV presents an extensive overview of the used measuring equipment. 

Figure 2.4 Meosuring points in the test spoces Figure 2.5 Position luminanee camera in the reference room 
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2.3 Evaluation 

In the literature study prior to this research (Chraibi, 2011) possible evaluation methods for visual comfort 
were examined. The results of this study combined with the stretch and purpose of this research resulted 
in three evaluation tools; a questionnaire, a minimum horizontal illuminance of the task and a maximum 
window luminance. 

2.3.1 Questionnaire 

A questionnaire was used by the subjects to evaluate the rooms (appendix 111). This questionnaire was 
originally developed by Osterhaus (2005) fora survey in office buildings in an effort to identify difficulties 
and factors in assessing visual comfort in day lit office spaces. The questionnaire takes the evaluation of 
the room in general into account, as well as the evaluation of daylight in the room and well being and 
preferences of the office space users. For the current study, the questions about the workplace 
description were eliminated, since these are constant and identical for this experiment. Questions about 
the view were added, as well as questions about changes experienced by the subjects between the 
different rooms. 

2.3.2 llluminance 

Adequate illuminance of the task is necessary for a comfortable task performance. The NEN standard 
(NEN-EN 12464-1:2009) prescribes illuminance guidelines. For office tasks as reading and writing, a 
horizontal illuminance at the desk of at least 500 lux is recommended. An upper comfort boundary limit 
for illuminance of the desk is not given. People tend to accept high illuminance values as long as extreme 
contrast in the field of view are limited (Boyce, 2003). Research from Boyce (2003) did show that up from 
2000 lux fewer participants evaluate the horizontallighting of their workplace as "good". 
The minimal horizontal illuminance recommendation of 500 lux for visual performance will be used for 
this experiment to asses user comfort . 

2.3.3 Luminanee 

The visual system functions best at luminanee values between 10 - 1000 cd/m 2 (NEN 3087, 1991). The 
window surface can aften reach higher luminanee values. Bright window surfaces can cause discomfort by 
their non-uniform clarity distribution and by glare caused by sudden occurring high luminance's (Wienold 
& Christoffersen, 2006). Universa! valid luminanee boundaries for visual comfort do nat exist. Different 
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researches give several luminanee guidelines concerning visual comfort. Piccolo and Sirnone (2008) state 
window luminanee should be less than 4000 cd/m 2 to prevent glare. Platzer (2003) sets this boundary at a 
wider range; 4000 - 6000 cd/m 2

• The NEN standard (NEN 3087, 1991) prescribes for visual comfort and 
healthy conditions a guideline with a maximum luminanee of 3000 cd/m 2 for daily tasks. Th is guideline wil I 
be reflected at the measured maximum luminanee values during this experiment. 

2.3.4 Glare indices 

In the earlier performed literature study (Chraibi, 2011) three glare indices were evaluated; Unified Glare 
Rating (UGR), Daylight Glare Index (DGl), and the Daylight Glare Probability (DGP). Since the DPG is too 
time consuming to include in this study, the data will only be evaluated using the UGR and DGl indices. 

The UGR is an international index developed by CIE, and mainly for evaluating glare caused by electric 
light. The UGR can be calculated by the following formula : 

(Wienold & Christoffersen, 2006) 

n 2 
0.25 "\' W 5 L5 

UGR = 8 log10 -L-L ----pr-
b i=l 

The UGR combines the luminanee of the room and the luminance, quantity and direction of the souree on 
the observer. UGR varies from 10, meaning no discomfort glare, till 30, meaning significant presence of 
discomfort glare (Osterhaus, 2005). For office tasks a UGR of maximum 19 is recommended (NEN-EN 
12464-1:2009). 

The DGl takes into account that the glare is caused by a large bright surface (window). However, the 
method is determined using fluorescent lamps behind a diffusing screen. Besides, the index does nottake 
the effects of uniform light distribution of a window into account (NRC CNRC, 2005) (Rutten, 2002) . The 
DGl can be determined by the following formula : 

L
n L1.6 D.0.8 

s s 
DG/= 10 log1a0.48 . Lb + 0.07w2·5 Ls 

1=1 
(Piccolo & Simone, 2008) 

A DGl value of 26 corresponds to uncomfortable glare, a value DGl > 28 corresponds to intolerable glare 
(Piccolo & Simone, 2008). 
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2.4 Data analyses 

The data was analyzed using SPSS PASW 18.0. By means of a Factor Analyses, evaluation results have been 
studied, whether they can be combined into a new variable. Hereaftera Reliability Test with a Cronbachs' 
alpha > 0.7 should point out whether a combination can be made (Nunnally, 1978). 

The Repeated Measures ANOVA and the one-way ANOVA test were used in order to find relations 
between the variables as user comfort, transmittance values, and measured values as window luminanee 
and the horizontal illuminance on the desktop. 
Fora significant difference between variables, the sig. should be <0.05 with F> 3. The Test of Homogeneity 
of Varianee is used to check whether the ANOVA test can be used, or the Robust Test of Equality of Means 
should be used instead. Post Hoc tests are used to point out where the differences within groups are to be 
found. 
The data consists of repeated evaluations of the different rooms in different seasons by the same 
participant. This is taken into account by the Repeated Measures ANOVA. The Partial Eta Squared 
presents the contri bution of each factor to the varia bie. 
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3 Results 

3.1 Descriptives 

3.1.1 Popuiatien 

During all three seasons thirty-two different subjects were took part in the evaluation of the rooms. 
Twenty-four subjects participated in all three periods, six subjects evaluated the rooms in two periods and 
two subjects participated once. The subjects were all students between the age of 19 and 27 with a mean 
of 23 years old. Appendix V shows an elaborate overview of the participant's characteristics. 

3.1.2 Measuring conditions 

During the measurements the temperature and relative humidity were kept as stabie as possible using 
heating and air conditioning. The average temperature during the 344 subject measurements in the test 
spaces was 21.6±1.3°( with an average relative humidity of 49 .5±4.3%. There was no significant difference 
in measured temperature and humidity between the different rooms. Of the 344 measurements the 
participants evaluated the room temperature as good 73% of the time, 11% was evaluated as a bit too 
warm and 16% as a bit too cold. 

Appendix VI shows the sky conditions during the subject measurements. Measurements were executed in 
morning (start 10hOO) and afternoon (start 14h00) sessions, of which 57% were morning measurements 
and 43% afternoon. The total experiment lasted about 2hours. Since the test façade is facing west, the 
morning sessions did never have direct sun on the façade. Some of the afternoon sessions did have some 
sun. With an overcast sky the lighting is uniformly distributed whereby there is no difference in morning 
or afternoon. Therefore in analyzing the results non distinction will be made between morning and 
afternoon measurements, however, there will be a separation between sunny sessions and sessions 
without any sun. This sun conditions are determined from the luminanee pictures taken during each 
measurement. Occurred sky conditions during the measurements are presented per season in appendix 
Vl. Sunny skies particularly occurred during the autumn measurements. 

24 



Graduation Thesis 5. Chraibi 

During the summer measurements, there was only one sunny afternoon. The autumn session had more 
sunny days. However the results of the questionnaire conclude glare by daylight was experienced 
minimally. During all three seasons, in the tests room with LTA=0.7, glare was experienced 6 out of 86 
measurements, of which one was rated as unbearable. In the test room with L TA=0.52 just noticeable 
glare was experienced 3 times out of 86 measurements. Appendix VI shows an elaborate overview of the 
conditions during the measurements for each season, including the experiences of the participants for 
each of the rooms. 

During the measurements, illuminance was measured at four positions in every room and luminanee was 
measured in the reference room. The horizontal illuminance on the desktop is used for evaluation of 
comfort and visual performance by daylight. The window luminanee is used for evaluation of glare. Table 
3.1 shows the descriptives for the average illuminance on the desk, the maximum luminanee of the 
window surface. For gaining insight in the situation, the average luminanee ratio between the window and 
the wall adjacent to the window is shown in table 3.1. 

Table 3.1 Descriptives of measured va lues 

N Min Ma x Range Mean St. dev. 

Total 320 4 3191 3187 533 638 
AVG illuminance desk [lux] 

Reference room 80 60 3191 3131 939 821 

MAX luminanee window Total 344 36 21800 21764 3062 3624 

[cd/m
2

] Reference room 86 224 21800 21576 5120 4617 

AVG luminanee Total 344 0 32 32 8 5.6 

ratio window: wall [-] Referente room 86 1 13 12 6 2.7 

As can be seen in table 3.1 the range of measured horizontal illuminance values as well as window 
luminanee values is large. Differences are caused by the various glass transmittance values of the test 
spaces and the different seasons measurements are performed in. Appendix VIl gives an elaborate 
overview of the measured va lues. 
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3.1.3 lmprovements 

At the end of each test the participants were asked whether they would like to make a modification in the 
test space for improving the room. Here for the participants were presented a list where they could check 
off one or more options. The results affecting lighting by daylight are shown in figure 3.1. 

Des i red modifications-% of total evaluations 

100% 

90% 

80% 

70% 

60% 

50% 

40% 

30% 

20% 

10% 

0% 

Total LTA=0.7 LTA=0.52 LTA=0.25 LTA=0.08 

• Glass • Sun- or clarity control Lighting 

Figure 3.1 Oesired improvements in percentage af tata/ evaluatians 

The results show that the lower the transmittance the more subjects would like to change the glass and 
the lighting and the fewer subjects would like to change sarnething regarding sun or clarity controL These 
desires to modification did not significantly differ between the different seasons. 
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3.2 Daylight Comfort 

The questionnaire used for evaluating the test spaces contained questions concerning the evaluation of 
the indoor environment and specifically the lighting by daylight. Several questions concerning daylight 
were distilled from the data by means of a Factor Analysis. These questions were: 

How do you evaluate the lighting by daylight on your desktop? 
How do you eva/uate the lighting by daylight in the surrounding space? 
How do you evaluate the lighting by daylight of the window surface? 

All three questions had a 5 point rating scale; too dark, a bit too dark, good, a bit too bright, and too 
bright. The questions were re-coded from -2 till 2 and by summation combined into a new parameter 
Daylight Comfort, with a Cronbach's Alpha of 0.793. The alpha should be 0.7 ar higherfora set of items to 
be considered a scale (Nunnally, 1978). 
The Day/ight Comfort parameter describes the overall evaluation of daylight in the test space, from toa 
dark till toa bright. 
Figure 3.2 shows the scale of the parameter. Descriptives of the parameter are shown in table 3.2. 

toa dark dark good bright toa bright 

Figure 3.2 Daylight comfort scale 

Table 3.2 Descriptives Daylight Comfort 

N Min Ma x Range Mean St. dev. Varianee 

Oaylight Comfort 344 -6 6 12 -1.44 2.23 4.96 

The parameter varies from too dark, (-6) till too bright (6), with a good evaluation between -1 and 1. 
Overall the mean evaluation is a bit toa dark. 
The parameter will be used to evaluate the comfort by daylight in the test rooms. The different light 
transmittance values will be expressed in a conesponding daylight comfort value. Daylight Comfort will 
also be presented with its conesponding illuminance values on the desk and luminanee values of the 
window surface. 
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3.3 Data distinction analysis 

The gathered data exists of several dependent and independent varia bles. Befare expressing the results in 
the, previously introduced, parameter Daylight Comfort, analysis will determine whether a distinction 
needs to made for the different groups. The analysis is performed using SPSS 18.0 for the one-way
ANOVA test and the ANOVA test with Repeated Measures. 

The distinguished groups are: gender of the participants, test season, glass transmittance of the test 
space, and sun conditions during the test. These groups will be discussed in the next section. 

3.3.1 Gender 

Analysis of the Daylight Comfort parameter for rnales and temales shows there is no statistically 
significant ditterenee between rnales and temales and their evaluation of daylight, with F=0.412 and 
p=0.521. 

3.3.2 Season 

Analysis of the Daylight Comfort parameter shows a statistically significant ditterenee between the 
summer, autumn and winter sessions, with F=22.819 and p=O.OOO. Results are shown table 3.3. The effect 
of seasons on the Daylight Comfort parameter is 32. 7%. By means of a post hoc Tukey test, statistically 
significant ditterences are found between all three seasons. Table 3.4 presents the descriptives of the 
Daylight Comfort parameter with a distinction of seasons. 

Table 3.3 Results repeated measures a na lysis of the different seasons 

Multivariate Tests· Within Subjects Design Value F Hypothesis df Error df Sig. Partial Eta Squared 

Season lwilks' Lambda 0.673 22.819 2.000 94.000 0.000 0.327 

Table 3.4 Descriptives of Davlight Comfort for the different seasons 

Descriptive Statistics Mean Std. Deviation N 

Daylight Comfort (summer) ·0.85 2.167 96 

Daylight Comfort (autumn) ·1.39 2.202 96 

Daylight Comfort (winter) -2.17 2.204 96 
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Figure 3.3 shows the distri bution of the Daylight Comfort results for each season in a boxplot Here can be 
seen, the comfort range declines at autumn and winter compared to summer. This is mainly caused by the 
fall out of the bright evaluations, resulting in a decreasing comfort mean. 
Other variables, 'measured values of luminanee of the window' and 'horizontal illuminance on the 
desktop' also show a statistically significant difference between the three seasons. In further analyses a 
distinction is made between the different seasons . 
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Figure 3.3 Boxplot with dis tribution Doylight Comfort summer, outumn and winter 

3.3.3 Glass transmittance 

Analysis of the Daylight Comfort parameter shows a statistically significant difference between the four 
different test rooms. Post-hoc tests showed the significant ditterenee was present between all four of the 
rooms. Since there was a statistically significant effect for season, the difference between the rooms was 
analyzed per season (summer session F=52.465 and p=O.OOO, autumn F=68.434 and p=O.OOO and winter 
F=85 .174 and p=O.OOO. Results are show in table 3.5. Table 3.5 shows the LTA has a large effect (Partial Eta 
Squared) on the Daylight Comfort parameter. Table 3.6 shows the descriptives of Daylight Comfort for the 
different test rooms for different seasons. 
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Ta bie 3.5 Results repeated measures a na lysis of the different test spaces 

Multivariate Tests Within Subjects Value F Hypothesis df Error df Sig. Partial Eta Squared 

lTA Wilks' lambda- Summer 0.144 51.465 3.000 26.000 .000 .856 

Wilks' lambda- Autumn 0.112 68.434 3.000 26.000 .000 .888 

Wilks' Lambda - Winter 0.089 85.174 3.000 25.000 .000 .911 

Ta bie 3.6 Oescriptives of Oaylight Comfort for the different test spaces 

Descriptive Stalistics Summer Autumn Winter 

Mean St. Dev. N Mean St. Dev. N Mean St. Dev. N 

Daylight Comfort (lTA = 0.70) .86 1.575 29 .24 1.154 29 -.54 1.478 28 

Daylight Comfort (LTA = 0.52) .07 .923 29 -.52 1.805 29 -1.14 1.484 28 

Daylight Comfort (lTA = 0.25) -.62 1.083 29 -1.48 1.745 29 -1.86 1.297 28 

Daylight Comfort (LTA = 0.08) -3.48 1.479 29 -4.00 1.732 29 -4.86 1.208 28 

Figures 3.4, 3.5 and 3.6 show the distribution of the Daylight Comfort results for each test space in a 
boxplot for the different seasons. 
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Figure 3.6 Boxplot with distribution Daylight Comfort test spaces - winter 

The boxplots show an increasing mean Daylight Comfort at an increasing transmittance value for each of 
the seasons. The figures also show that the comfort range decreases with an increasing glass 
transmittance value. However, in summer and winter the values of 0.52 and 0.70 do scatter more. 
Analyses of the results also show a statistically significant difference between the four test rooms for the 
variables 'luminance of the window' and 'horizontal illuminance of the desktop'. 

3.3.4 Sun conditions 

Analysis of the Daylight Comfort for the measuring days with sun on the façade and the days without sun, 
shows a statistically significant difference between the two groups, with F=7.563 and p=0.006. Figure 3.7 
shows the distribution of Daylight Comfort evaluation divided in sunny days and days with no sun for all 
four rooms. 
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3.4 Evaluation of glass transmittance values 

By means of the parameter Daylight Comfort the different rooms are reviewed. The results of the Daylight 
Comfort parameter are presented here by the glass transmittance of the test spaces. Based on the 
analyses defined in the previous paragraph, the results will be presented with a distinction in season and 
sky conditions. 
Table 3.7 shows the frequencies of the measurements performed in each of the four rooms. During the 
summer and winter period there were respectively 2 and 0 measuring moments with sun on the facade. 
Regarding this situations no condusion can be derived. 

Table 3.7 Frequencies of the measurements in each room 

Total N in each room 

all3 seasons Summer Autumn Winter 

Tot al 86 29 29 28 

sun 15 2 12 0 

no sun 71 27 17 28 

Distilling the positive evaluations of the rooms, using the Daylight Comfort parameter, an overview can be 
made from which the best performing room can be distinguished. Figure 3.8, figure 3.9, and figure 3.10 
show the results for the positive evaluations of respectively summer, autumn, and winter evaluations. The 
"good" evaluations are presented as a percentage of the total evaluations for that room in a specific 
season. The results of uncomfortable evaluations for each room are presentedinappendix VIII. 
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Figure 3.8 Positive daylight evaluations during summer measurements 

In figure 3.8 the results of the sunny days in the summer have been left out, because of the little 
evaluations of daylight these specific results are based on (N=2). Looking at the total of data of the 
summer and the daylight comfort distribution between the rooms, the test space with a transmittance of 
LTA=O.S2 has the highest rate of good and comfortable lighting by daylight. The test space with a glass 
transmittance of 0.08 has the least, with 10% of total. 28% percent of total daylight evaluations of the 
LTA=0.08 room were also rated as uncomfortable, caused by low lighting levels. The other three rooms 
have little to na uncomfortable evaluations of daylight. The results for the uncomfortable evaluations are 
shown in appendix VIII. 

35 



Graduation Thesis S. Chraibi 

% evaluated as GOOD- autumn 

100% 

90% 

80% 

70% 

60% 

50% • Total 

40% • sun 

30% • nosun 
20% 

10% 

0% 

0.08 0.25 0.52 0.7 
LTA[-) 

Figure 3.9 Positive daylight evaluations during autumn measurements 

As mentioned befare the autumn session had relatively many sunny days, which also can beseen in table 
3.7. During these sunny measurements, the test space with a glass transmittance of 0.25 had the most 
positive evaluations of daylight. When there is no sun, the higher the light transmission of the glass the 
more positive daylight evaluations the room has. 
The room with LTA=0.25 did have 18% of uncomfortable daylight evaluations (toa dark) during clouded 
and overcast days. 41% percent of total daylight evaluations of the L TA=0.08 room we re rated as 
uncomfortable during the autumn measurements, because of toa low lighting levels. 
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Figure 3.10 Positive day/ight evaluations during winter measurements 

During the winter measurements no sunny days occurred. The daylight evaluation is positively related to 
the transmittance of the glass. The test space with the 0.7 transmittance value got the most positive 
daylight evaluations. The room with the LTA=0.08 transmittance value is rated uncomfortable during 64% 
of the evaluations. The other three rooms had little to none uncomfortable evaluations of daylight. 
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3.5 Measured variables and visual comfort 

Besides the questionnaire, several variables were measured, like the horizontal illuminance on the desk of 
every test space and the illuminance of the window in the reference room. In this section these variables 
will be related to the Daylight Comfort parameter. 

3.5.1 Workplace illuminance 

For insight in comfort of daylight in the test rooms and its relation to desktop lighting, the results of the 
Daylight Comfort parameter are plotted versus the measured values of illuminance on the desktop, see 
tigure 3.11. The illuminance values represent the average horizontal illuminance [lux] on the desktop 
during the 15 minutes a subject spent in the test space. 
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Figure 3.11 Scatterplot Dayfight Comfort ond horizontof iffuminance workpface {lux] 
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Looking at the part from too dark (-6) till good (1), the tigure shows a general increase of the horizontal 
illuminance at increasing daylight comfort . In the bright part, from 1 till 6, there are too little results to 
distract a trend. 
Concerning the illuminance on the desktop, ranges of most interest are the boundaries of a good daylight 
evaluation and the boundaries of too dark daylight evaluation. 
Table 3.8 and table 3.9 show statistic descriptives and percentiles forthese ranges. 

Table 3.8 Descriptive statistics of horizontal iJ luminanee workplace 

Descriptive Statistics Daylight Comfort N Range Min Ma x Mean Std. Dev. Varianee 

good (-1, 0, 1) 172 3157 34 3191 773.06 644.544 415436 
Horizontal illuminance 

dark (-4, -3, -Z) 93 2006 11 2017 179.62 237.874 56584 
desktop AVG [lux) 

too dark (-6, -5) 43 519 4 523 71.21 94.425 8916 

Table 3.9 Percentiles horizontal illuminance workplace 

N Pereentil es 
Oescriptive Statistics Oaylight Comfort 

Va lid Missing 5 25 50 75 95 

good (-1, 0, 1) 172 14 113 267 600 1104 2163 
Horizontal illuminance 

dark (-4, -3, -Z) 93 8 19 58 122 231 513 
desktop AVG [lux) 

too dark (-6, -5) 43 1 5 20 41 90 262 

Desktop illuminance for a good daylight comfort has a wide range. For the lower boundary of good, the 
first quartile, 267 lux, will be used for eliminating extremes and exceptions. The upper boundaries of the 
dark and too dark categories confirm the assumption of the lower illuminance comfort boundary, which is 
located around 230- 267 lux. Results with a distinction of sun on the façade are shown in appendix IX. 

Figure 3.12 shows the horizontal illuminance boundaries in the scatterplot of Daylight Comfort and 
illuminance. The 267 lux boundary is called the comfort boundary. The minimum illuminance value of 500 
lux, as determined in chapter 2.3 is also included in tigure 3.12. Since the 500 lux value is what humans on 
average preter (NEN-EN 12464-1:2009), this will be seen as an energy boundary, since additional electric 
lighting would nat be necessary here. 
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Figure 3.12 Scatterpfot Dayfight Comfort and horizontaf iffuminance workpface [lux] with comfort and energetic boundary 

The figure shows the dark evaluations are al most all situated under the 500 boundary, it a lso shows lotsof 
good evaluations, with illuminance values below 500 lux. The figure also illustrates that there is nota real 
upper illuminance boundary for comfort. 
Figure 3.13 shows the measured illuminance values for the different rooms in a boxplot, including the 267 
lux and 500 lux boundaries. The figure shows the higher the glass transmittance, the higher the measured 
illuminance values on the desktop. 
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Figure 3.13 Boxplot of meosured horizontol illuminonce in the different test spoces 

Table 3.10 shows de percentage of time each of the rooms exceeded the boundary values for the 
horizontal illuminance during the tests. The boxplot and table report the measured results of the 

LTA=0.08 are all located under the 267 lux boundary, what means the lighting by daylight is never meets 
the visual comfort or visual performance boundary. About 79% of the measurements of the LTA=O. 70 
exceeds the 267 boundary, and 62.5% exceed the 500 lux boundary. 

Table 3.10 Percentage of time the measured i! luminanee [lux] is above the determined boundarv va lues 

Percentage of time: horizontal illuminance > boundary value 

0.08 0.25 0.52 0.7 

Comfort boundary: 2671ux 0% 47.5% 68.75% 78.75% 

En ergetic boundary: 500 lux 0% 30% 50% 62.5% 
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3.5.2 Window luminanee 

In this paragraph results wil I be presented for the evaluation of comfort by daylight in the test spaces and 
the relation to window luminanee values. The results of the Daylight Comfort parameter are plotted 
versus the measured values of window luminance, figure 3.14. The luminanee values represent the 
maximum luminanee [cd/m 2

] of the window at the moment the subjectstilled out the questionnaire. 
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Figure 3.14 Scatterplot Doylight Comfort and maximum window luminanee [cd/m1
] 

Looking at the part from too dark (-6) till good (1), tigure 3.13 shows a general increase of the window 
luminanee at increasing daylight comfort. In the bright part, from 1 till 6, there are too little results to 
distract a trend . 
Concerning visual comfort, due to luminanee of the window, the values of the limit of uncomfortable 
clarity are of interest. Table 3.11 and table 3.12 present the descriptives and percentiles results for 
window luminanee values corresponding to a good, bright and toa bright daylight evaluation . The results 
are for all weather conditions. 
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Table 3.11 Descriptive statistics of maximum window luminanee lcd/m2
] 

Deseriptive Statisties Daylight Comfort N Min Ma x Range Mean Std. Dev. Varianee 

good (-1, 0, 1) 186 174 21800 21626 4383.07 3802.30 1,446E7 
Maximum window 

bright (2, 3, 4) 
luminanee [ed/m2

) 11 312 19700 19388 6820.75 5604.00 3,140E7 

too bright (5, 6) 2 6200 7400 1200 6800.00 848.528 720000. 

Table 3.12 Percentiles maximum window luminanee lcd/m 2
] 

N Pereentiles 
Deseriptive Statisties Daylight Comfort 

Va lid Missing 5 25 50 75 95 

good (-1, 0, 1) 186 0 466 1170 3202 6500 10279 
Maximum window 

bright (2, 3, 4) 11 0 312 2088 6295 8600 
luminanee [ed/m2

) 

too bright (5, 6) 2 0 6200 6200 6200 

The third quartile states an upper boundary for good Daylight Comfort of 6500 cd/m 2
. However the 

luminanee value 10278 cd/m 2 was also still experienced as good lighting. However, the lower boundary of 
the bright category is with 2088 cd/m 2 much lower than the good value. The too bright luminanee values 
are again in the >6200 cd/m 2 range. Analysing only the sunny measurements, the bright category has a 
first quartile boundary of >6200 cd/m 2

. Toa maximum measured window luminanee in the range of 6000-
7000 cd/m 2 belengs a measured minimum value between 100 - 200 cd/m 2

, and an average luminanee 
between 1000-1700 cd/m 2

• Elaborate measurement results of the luminanee with a distinction of sun on 
the façade are shown in appendix VIII. lt should be noted that the upper categories of bright and too 
bright cannot be calculated, because of the little amount of data. These high luminanee values did not 
occur that aften. 

Figure 3.15 shows the window luminanee boundary of 6500 cd/m 2 in the scatterplot of Daylight Comfort 
and maximum luminance. The tigure also shows the maximum value of 3000 cd/m 2 (NEN 3087, 1991). as 
determined in chapter 2.3. 
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Figure 3.15 Scatterplot Doylight Comfort and maximum windaw luminanee [cd/m1
] 

Figure 3.16 shows the measured luminanee values for the different rooms, including the suggested 
boundaries of 3000 cd/m2 and 6500 cd/m 2

• 

Table 3.13 shows de percentage of time the measured maximum window luminanee in the rooms 
exceeded the boundary va lues. The luminanee va lues of the LTA=0.08 room never exceed the 3000 cd/m2 

boundary of discomfort The LTA=0.70 room exceeds the 6500 cd/m2 boundary 38.4% of the time. Glare 
would be expected here. 
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Figure 3.16 Boxplot of measured window luminanee in the different test spaces 

Table 3.13 Percentage of time the measured luminanee [cd/m 2
] exceeded the determined boundary va lues 

Percentage of time: horizontal illuminance > boundary value 

0.08 0.25 0.52 0.7 

Boundary: 3000 cd/m 
2 0% 18.6% 55.8% 55.8% 

Boundary: 6500 cd/m 
2 0% 4.7% 19.7% 38.4% 

3.5.3 Glare indices 

S. Chraibi 

In chapter 2.3.4 the glare indices UGR and DGl were introduced. By means of the software Photolux 3.1, 
the UGR and the DGl were calculated using the luminanee pictures that were taken in the reference room 
during each measuring session. Table 3.14 shows the descriptives of the DGl and the UGR. Both indices 
show a large range. 

Table 3.14 Descriptive statistics of the UGR and the DGl 

Descriptive Statistics N Min Ma x Range Mean Std. Dev. 

UGR 86 13 25 12 20.49 3.256 

DGl 86 21 30 9 26.43 2.509 
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Figure 3.17 and tigure 3.18 show respeetively the UGR and the DGl versus the measured window 
luminanee values. The figures also show the 3000 ed/m 2 and 6500 ed/m 2 luminanee boundary values 
determined in the previous ehapter. 

0 

------------

00 0 

12 14 16 18 20 

UGR[·) 

0 

0 

0 
0 

oO o 
8 0 00 
0 (I) 0 

0 00 000 
--eo<J..~~-
o o o 'tPOO 

0 

22 24 

Figure 3.17 Glare index UGR for the measures maximum window luminanee [cd/m1
] 

46 



Graduation Thesis 

~ l 2000 

f! 
c .. 
c 
-~ 
..2 

~ 
'C 
c 
-~ 

E 
~ 

0 

0 

Oo 
0 0 

0 

0 

0 

0 

0 

0 

0 ()) 0 0 0 

--------------'ct,'-?;o-·ó'a~ o o_ 
0 0 0 O<::JY oO 

-~ 

20 

0 re.-,.C?D ~ 0 

0 0 0 00 ób--uoo 
22 24 26 

DGl[-) 

0 

28 JO 32 

Figure 3.18 Glare index DG/ for the measures maximum window luminanee {cd/m2
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Figure 3.17 shows the 3000 cd/m
2 

is exceeded from about UGR=20. This matches the standard guideline 
of glare from UGR>19 (NEN-EN 12464-1:2009). The 6500 cd/m2 luminanee boundary is exceeded at 
UGR>22. 
Figure 3.18 shows the 3000 cd/m

2 
is exceeded from about DGI=26. This matches the prescribed guideline 

of uncomfortable glare at DGI=26 (Piccolo & Simone, 2008). The 6500 cd/m 2 luminanee boundary is 
exceeded at DGI>27, what meets thejust intolerable glare boundary of Piccolo and Sirnone (2008). 

For validatien of the user comfort evaluations the glare indices are shown versus the determined Daylight 
Comfort parameter. Figure 3.19 presents the results of the UGR versus the Daylight Comfort parameter. 
The figure shows the uncomfortable glare boundary at UGR>19 (NEN-EN 12464-1:2009) and the visual 
comfort area of Daylight Comfort (-1 till 1). As can be seen in the figure, the lighting by daylight is still 
evaluated as comfortable at situations with UGR>19. 
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Figure 3.19 UGR versus Daylight Comfort 

Figure 3.20 shows the results of the DGl versus the Daylight Comfort parameter. The figure shows the 
uncomfortable glare boundary at DGI=26 (Piccolo & Simone, 2008) and the visual comfort area of Daylight 
Comfort (-1 till 1). As can beseen in the figure, the lighting by daylight is still evaluated as comfortable at 
situations with DGI>26. Even the intolerable glare boundary of DGI>28 is exceeded with good Daylight 
Comfort evaluations. 
Bath the UGR and the DGl do not correlate to the user evaluations expressed in Daylight Comfort. 
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Figure 3.20 DG/ versus Daylight Comfort 
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4 Discussion 

In this study glass transmittance values for visual comfort in the Dutch elimate have been examined . An 
optimal window design could also contribute to energy saving in an office building. However, this part is 
not examined in this study, the focus was visual comfort. 
Glass transmittance values for optimal visual comfort depend among others on the requirements set for 
the indoor environment. The lower and the upper boundary are determined by different interests. For 
this research the assumption is made that the lower boundary for glass transmittance will be determined 
by the minimum illuminance needed for visual performance. The standard NEN-EN 12464-1:2009 states 
that the horizontal illuminance on the workplace should be at least 500 lux for properly performing office 
tasks. The results of this experiment state that the horizontal illuminance of the workplace should be at 
least 267 lux for visual comfort by daylight. This is based on experiments with young participants with an 
average age of 23±4 year. Apparently a desktop illuminance less than the 500 lux standard was well 
accepted. However, the 267 lux is basedon subject sessions of 15 minutes. Weariness and headache after 
langer exposures cannot be excluded. 
Here the 267 lux boundary will be seen as the minimum horizontal illuminance on the desktop, belonging 
to visual comfort in an office space. The 500 lux boundary will be seen as the energy boundary, since 
additional electric lighting will not be necessary. An upper limit for illuminance on the desktop cannot be 
deduced from this research . This was expected since the human eye is accustomed to very high 
illuminance values outdoors. For determining the upper limit of visual comfort, luminanee values of the 
window surface will be used. 

The standard NEN 3087:1991 states that the human visual system functions best at luminanee values 
between 10 - 1000 cd/m 2

. The standard prescribes a guideline for a maximum luminanee for visual 
comfort and healthy conditions of 3000 cd/m 2 for daily tasks. However, results of this experiment state 
that visual comfort is still experienced at 6500 cd/m2

. This value is based on the maximum luminanee of 
the window surface, extracted from the luminanee pictures. Since the luminanee distri bution of the whole 
window surface is not uniform, the maximum luminanee is used. lt can be questioned whether the 
maximum window luminanee is the correct quantity to use. The luminanee distribution of the window 
contains large differences. To maximum measured values of the window luminanee between 6000 - 7000 
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cd/m2
, belang measured mm1mum values between 100 - 200 cd/m 2

, and average luminanee values 
between 1000- 1700 cd/m 2

• 

lt can be remarked that the find comfortable luminanee value of 6500 cd/m2 differs a lot from the 
maximum luminanee of 3000 cd/m 2 recommended by the standard NEN 3087:1991. However, the 6500 
cd/m 2 value does come close to the visual comfort boundary of 6000 cd/m 2 stated by Platzer (2003). The 
determined comfort boundary of 6500 cd/m 2 is also only based on daylight, without additional electric 
light. The acceptance of daylight is generally higher then for electric light. 

On the basis of this experiment it was nat possible to determine the maximum luminanee for visual 
comfort, since the upper luminanee boundary is particularly defined by the maximum measured 
luminanee values. During the summer measurements, weather conditions were nat optima!, whereby 
high luminanee values by direct sunlight did nat occur. For determining this upper limit of luminanee by 
daylight, more research during clear sky, sunny periods is necessary. 

From this research it can be concluded that a transmittance value of 8% is toa low for a visually 
comfortable office space lit by daylight. The illuminance on the desk did nat reach the minimum comfort 
value of 267 lux in any of the experimental tests, as a result of which additional electric lighting is des i red 
at 100% of the measurements. Whether the 8% transmittance is suitable for preventing glare from direct 
sunlight cannot be stated either. Due to the circumstances during the measurements, sunlight never 
shined directly into the participants eyes; despite of the fact the sun did shine on the façade. 

Participants spend 10 minutes in a test space befare filling out the questionnaire. lt can be questioned 
whether the results would differ if the participants spend more time in a test space. lt is nat expected that 
the evaluation results of test spaces with a LTA of 0.25, 0.52 and 0.7 would differ that much. However, it is 
possible that the room with LTA=0.08 would be experienced less uncomfortable if the participants had 
more time to adapt to the low lighting level and forget the higher daylight levels of the other rooms. But 
whether those results will be more suited for an office environment is questionable. lf in practice different 
spaces in an office environment have different lighting by daylight, office workers would have to adapt to 
the low lighting level of the 0.08 L TA in practice to. 

Using the positive room evaluations of the Daylight Comfort parameter, an overview of good daylight 
comfort can be made. Figure 4.1, figure 4.2 and figure 4.3 give the results of good evaluation in a graph as 
a percentage of the total evaluations for respectively summer, autumn, and winter. Total transmittance 
values of the glass are put on a scale on the horizontal axis. Results of the test spaces are connected by 
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dotted lines for predicting the results of the transmittances in between. The grey area marks the area 
were 75 til I 100% of the evaluations we re good. 
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In the figures an assumption area is drawn, where good daylight is obtained, at least 75% of the time. For 
sufficiency of at least 75%, in non sunny summer days, glass transmittance in the range of 0.21 - 0. 7 is 
desired. At sunny days the range would be limited at LTA=0.6 according to figure 4.1, however this is only 
based on two measurements. 

During sunny autumn days a transmittance range between LTA=0.21 and LTA=0.7 falls in the 75-100% 
satisfaction area . For days without sun on the façade a transmittance of at least LTA=0.65 is desired for 
achieving good daylight evaluations for at least 75% of the time. 
During the winter period, the evaluation of daylight never reaches the 75-100% satisfaction area . Here, 
the highest transmittance value is desired; a transmittance of 0.7 provides a good lighting by daylight for 
71% of the time. 
Optimum values would be to switch from a LTA value of 0.21 to 0.7. However, SEG by Peer+ can switch 
with a maximum step of 30%. 

In figure 4.4 the results perseasonare combined in an overview for all three seasons. 
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According to this prediction the optimal transmittance for every sky condition would be a bout 0.65 . When 
taking the Peer+ desire, of switching with a maximum step of 0.30 into account, the transmittance will 
range from 0.35 to 0.65. 
Table 4.1 shows the percentage of good lighting by daylight fora switching range LTA=0.4- 0.7 and from 
LTA=0.35- 0.65. The satisfaction percentages for sunny summer days are shown in this table, but will not 
be included in the condusion because of the little number of measurements at this situation . 

Table 4.1 Percentage of good daylight evaluation 

Summer Autumn Winter 

Sunny sky Non-sunny sky Sunny sky Non-sunny sky Sunny sky Non-sunny sky 

0.4 33% 89% 83% 82% - 71% 

0.7 10 % 8S% 87% 42% - 49% 

0.3S 52 % 90% 83% 7S% 6S% 
0.6S 100 % 82% 89% 38% 48% 

At a transmittance range of 0.4- 0.7, users are satisfied with the lighting by daylight at least 71% of the 
time, up to 89% of the time. At a transmittance range of 0.35 - 0.65 users are at least 65% of the time 
satisfied, up to 90% of the time. Table 4.1 also shows a transmittance range larger than 30% would not 
results in higher user satisfaction . 
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Figure 4.4 shows an outlying value of 93% satisfaction for a transmittance of 0.25. Though, using a 
switching range of LTA=0.25 - 0.55 is nat an option, because of a maximum satisfaction of 53% during 
winter. 

The glare index UGR as wellas the DGl show na correlation to the Daylight Comfort parameter. This is nat 
surprising. The UGR is developed for artificial light and nat for lighting by daylight (Wienold & 
Christoffersen, 2006). The DGl does take into account that the glare is caused by a large bright surface 
(window). However, the methad is determined using fluorescent lamps behind a diffusing screen (Piccolo 
& Simone, 2008). The index does not take the effects of not uniform light distribution of a window into 
account. Earlier validatien of the method, showed the experienced glare by daylight and the calculated 
glare using the DGl, correlated less with each other then when glare was experienced by electric light. 
With daylight, the DGl tends to overestimate the glare in comparison to the actual appearing glare 
(Wienold & Christoffersen, 2006). 
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5 Conclusion and recommendations 

Different visual comfort parameters are influenced by the façade of a building and therefore should be 
designed with care. Adequate lighting is important for comfortably executing office tasks. Toa little light 
could lead to disadvantages like weariness and headache. Gaining the minimum required illuminance 
levels by daylight could lead to energy savings. From this research it can be concluded that for visually 
comfortable task performance by daylight in the Dutch climate, the horizontal illuminance on the 
workplace should be at least 267 lux, which is stated by user evaluation as a boundary value for good 

daylight evaluation. 

According to the standard NEN 3087:1991, the human eye functions best at luminanee values of 10 -
1000 cd/m 2

. In the Dutch climate, window surfacescan reach high luminanee values, bath on sunny and 
on overcast days. Toa high luminanee values could cause discomfort by glare ar by wearing out the eyes 
through high luminanee contrasts in the field of sight. From this research it can be concluded that at a 
luminanee level of 6500 cd/m 2 glare is barely experienced by subjects. 

Ou ring measurements with sunlight on the façade, the testspace with a glass transmittance of 0.25 was 
evaluated the most out of the four test rooms for its good lighting by daylight. During measurements 
without any sun on the façade the test spaces with a glass transmittance of 0.70 and 0.52 were evaluated 
for good lighting by daylight most of the measuring time. 

In the summer period, glass transmittance values of 0.25 and 0.52 were most preferred by the subjects. 
This also applies for sunny days in the autumn. During clouded days in the autumn there is a desire for 
higher light transmission. In the winter the highest light transmittance used, L TA=O. 70, is preferred. 

When assuming a linear progress of the preferred transmittances, predictions can be made for the 
evaluation of the transmittance va lues located between the tested va lues (figure 4.4). At a transmittance 
range of 0.4-0.7 the users are satisfied with the lighting by daylight at least 71% of the time, up to 89% 
of the time. At a transmittance range of 0.35- 0.65 the users are at least 65% of the time satisfied, up to 
90% of the time. A transmittance range of 0.4 to 0.7 is most sufficient for young (23±4 years) office users 
in the Dutch climate. 
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These results are based on young participants (23±4 years old). For making statements concerninga larger 
group of office users, more research is necessary with an older population. This also counts for giving a 
transmittance advised for visual comfort in other climates. Here for more research is necessary. 

During the measuring sessions for this experiment the summer days did nat include many sunny days. 
More experiments with a high direct sun are necessary for including those evaluations in the advised 
transmittance range. 

For validation of the user evaluation with a glare index, analyses with the Daylight Glare Probability (DGP) 
(Wienold & Christoffersen, 2006) should be executed. The DGP takes into account the glare souree does 
nat provide a uniform light distribution and shows a high correlation to user evaluations {Wienold & 
Christoffersen, 2006). 
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I. Scale model 

In a scale model, 18 different films were tested fortheir light distribution. Figure 1.1 shows through false 
colour pictures the luminanee distribution measured in a scale model with different light transmittance 
films. 

a. Film 1: r = 0.433 b. Film 2: T = 0.240 
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e. Film 6: T = 0.207 
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i. Film 10: t = 0.902 j . Film 12: t = 0.230 
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m. Film 15: t = 0.394 n. Film 16: t = 0.392 
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o. Film 17: T = 0.208 p. Film 18: T = 0.894 
Figure 1.1 Fa/se colour pictures luminanee dis tribution scale model with different light transmittance films, scale 0-2000 cd/m2 
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11. Full-scale model 

For the full scale measurements, as describes in chapter 2.2, three different films were used of Sign 0' 
Times (SOTI), the Netherlands. The used films were : 
Room no.1: DG- 11 (ext-11) 
Room no.2: CV- 75 (int- 75) 
Room no.5: EXT- 35 (ext-35) 

Table 11.1 presents the technica I information of the films provides by SOTI. 

Table 11.1 : Technica I information of the f ilms 

Film Application LTA [%) Absorbed solar energy [%) Total suppression ofsolar energy [%) 

DG-11 Exterior 11 52 44 

EXT- 35 Exterior 36.6 32.9 62 .6 

CV-75 Interier 73 42 57 

Peer• determined the transmittance properties of the films intheir laboratory. The results are expressed 
in relation toa regular glass pane without a film. Figure 1.1 presents the results. 
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Figure 1.2 shows the luminanee distribution in the different test spaces with their light transmittance 
values. 
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c. Room no. 3: T = 0.70 (reference room) d. Room no . 4: T = 0.52 
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e. Room no. S: t = 0.25 
Figure 1.2 Fa/se calaur pictures luminanee distributian test spaces and reference raam, scale 0-4000 cd/m' 
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111. Questionnaire 

The questionnaire used was partly adopted from (Osterhaus, 2005) and extended for implementation for 
this research. The questionnaire was presented to the subjects in Dutch. A dist inction is made between 
the general questions (A), tilled out in advance and the questions they had to answer aftereach room (B). 

A. Vragenlijst voor het bepalen van werkplek comfort- vooraf in te vullen 

In het kader van mijn afstudeeronderzoek aan de Technische Universiteit Eindhoven. faculteit Bouwkunde 
wil ik u verzoeken deze vragenlijst in te vullen. Hieronder een aantal vragen die u vooraf in kunt vullen. 
Tevens zult u aan het eind van elke sessie een aantal vragen krijgen. Het doel van deze vragenlijst is inzicht 
te krijgen in uw beleving van de verschillende kantoorruimten. Er zijn geen 'goede' of 'slechte' 
antwoorden. Probeert u a.u.b. alle vragen te beantwoorden. Er is telkens slechts één antwoord mogelijk. 
tenzij anders vermeld. 

Voor alle vragen geldt dat ze uitsluitend ten behoeve van dit onderzoek worden gebruikt. Ze worden 
anoniem verwerkt en zullen niet aan derden worden verstrekt. 

Bij voorbaat dank. 

Senna Chraibi 
Tu/e 

Algemeen 

1. Wat is uw leeftijd? 
Wat is uw geslacht? 
Wat voor werk of studie doet u? 

o man 2. 
3. 
4. 
5. 

Draagt u een bril of contactlenzen terwijl u werkt? o nee 
Indien ja: o gewone bril 

o varilux/ multifocus 
o contactlenzen 

participant nummer: ... 

o vrouw 

o ja 

o special bril voor beeldschermwerk 

6. 
7. 

o leesbril 
Heeft u uw ogen laten laseren? o nee o ja 
Heeft u op een andere wijze afwijkende ogen? o nee o ja. namelijk ................................ . 
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8. Draagt u een zonnebril als u buiten bent? 
Op heldere dagen o nooit o ja. soms o ja. altijd 
Op bewolkte dagen o nooit o ja . soms o ja. altijd 

9. Hoe gevoelig denkt u dat u bent voor verblinding? 
o totaal niet o vrijwel niet o een beetje owel o extreem 

10. Hoe heeft u geslapen de afgelopen nacht? 
o heel slecht o slecht o normaal o goed o heel goed 

11. Hoe groot denkt u dat de invloed is van de volgende aspecten op uw werk prestaties? 

De kwaliteit van de verlichting 
in het kantoor: 
Temperatuur van het kantoor: 
Het geluid in en rondom 
het kantoor: 

totaal niet vrijwel niet een beetje wel extreem 
0 0 0 

D 0 0 

0 0 0 

0 

D 

0 

0 

0 

0 

De geur in de kamer o o o o o 
Uitzicht o o o o o 
Aankleding o o o o o 
12. Hoeveel invloed denk u dat de volgende eigenschappen hebben op uw werk prestaties? 

totaal niet vrijwel niet een beetje wel extreem 
Een te helder verlichte kamer D 0 D 0 D 

Een te donkere kamer D 0 0 D D 

Een te koude kamer 0 0 0 0 0 

Een te warme kamer 0 D D 0 0 

Een zeer stille kamer D 0 D 0 D 

Een lawaaierige kamer D 0 D 0 D 

13. Hoe zou u de ramen in uw dagelijkse werkomgeving omschrijven? 
o zeer groot o groot o gemiddeld o klein o zeer klein 

S. Chraibi 
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B Vragenlijst voor het bepalen van werkplek comfort- na elke kamer 

Werkplek 
1. In welke categorie zou u de ramen in deze ruimte indelen? 

o zeer klein 
o klein 
o gemiddeld 
o groot 
o zeer groot 

2. Wat vind t u van het uitzicht? 
Niet Neutraal Wel 

saai 0 0 0 0 0 

prettig 0 0 0 0 0 

stimulerend 0 0 0 0 0 

levendig 0 0 0 0 0 

somber 0 0 0 0 0 

kleurrijk 0 0 0 0 0 

deprimerend 0 0 0 0 0 

onplezierig 0 0 0 0 0 

Welbevinden 
3. Hoe zou u uw lichamelijke toestand gedurende deze sessie omschrijven? 

o zeer slecht 
o slecht 
o gemiddeld 
o goed 
o uitstekend 

4. Hoe zou u uw emotionele toestand gedurende deze sessie omschrijven? 
o zeer slecht 
o slecht 
o gemiddeld 
o goed 
o uitstekend 

11 
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5. Hoe voelt u zich op dit moment? 
Zeer moe 0 0 0 0 0 Erg alert 

Comfort 
6. Wat vindt u in het algemeen van het binnenmilieu in deze ruimte? 

o zeer slecht 
o slecht 
o gemiddeld 
o goed 
o uitstekend 

7. Wat vind u van de temperatuur in deze ruimte? 
o koud 
o iets te fris 
o goed 
o iets te warm 
o heet 

8. Wat vind u van het geluid in en rondom deze ruimte ? 
o te lawaaierig. heb er last van 
o rumoerig 
o goed 
o stil 
o veel te stil. heb er last van 

9. Wat vindt u van de verlichting door daglicht? 
veel te donker iets te donker goed iets te helder 

Op de werkplek: 
In de gehele ruimte: 
In het raamvlak: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

10. Heeft u tijdens deze sessie verblinding door het daglicht ervaren? 
o nee (verder met 12) 
oja 

0 

0 

0 

veel te helder 
0 

0 

0 

S. Chraibi 
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11. Indien ja. in welke schaal zou u deze verblinding door daglicht plaatsen? 
o ondraaglijk 
o storend 
o merkbaar 
o nauwelijks waarneembaar 

12. Heeft u tijdens deze sessie verblinding door het beeldscherm ervaren? 
o nee (verder met 14) 
oja 

13. Indien ja. in welke schaal zou u deze verblinding door het beeldscherm plaatsen? 
o ondraaglijk 
o storend 
o merkbaar 
o nauwelijks waarneembaar 

14. Hoe groot zou je de invloed van de verblinding op je werk prestaties beoordelen? 
Absoluut geen o o o o o Heel veel 

15. Heeft u reflecties van het raam of de wanden in uw beeldscherm? 

raam reflecties 
wand reflecties 

Verbetering 

nee ja 
D 

D 

D 

D 

16. Wat zou u in dit kantoor veranderen of toevoegen ten behoeve van een verbetering in comfort? 
(meerdere opties mogelijk) 

o meubilair 
o kleuren/of materiaal van wanden en vloer 
o glas 
o temperatuur 
ozonwering 
o verlichting 
o ventilatie 

S. Chraibi 
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17. Heeft u een verschil tussen deze en uw vorige kamer ervaren? (indien dit de eerste kamer van deze 
sessie is. kunt u deze vraag overslaan .) 

Opmerkingen 
Heeft u nog vragen of opmerkingen naar aanleiding van de vragenlijst? 

Bedankt voor uw medewerking. u kunt terugkeren naar de wachtruimte. 

14 
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IV. Measuring equipment 

In this appendix an overview is given of the used measuring equipment. A distinction is made between the 
measurements required for the calibration of the illuminance cel Is, the scale model measurements in the 
daylight room and the full scale measurements in the laboratory. 

Calibration measurements 
Type 

Delllatitude 
Multilab-TS 

JO 

1629 
0811 

laptop 
Amplifier 
Power Supply 
Calibration instrument 
lntegrating globe 
Software 

Delta Elektrotechnika SM 300-100 1872 
Hagner EU-X digitalluxmeter 0315 

Multilight Version 1.0 

Scale model measurements 
Type 

laptop Delllatitude 0510 
Camera 
Software 

Full scale tests 

Canon 
DSlR Remote Pro for Windows 

llluminance measurements 

laptop 
Amplifier 
llluminance cell 

Software 

Type 

Dell latitude C840 
Multilab-TS 
Hagner 

Multilight Version 1.0 

luminanee measurements 
Type 

Laptop 
Camera 
Software 

Delllatitude 0510 
Canon 
DSlR Remote Pro for Windows 

ID 

2094 
2098 

JO 
1629 
0811 
356,357,358,362,363,364,365,921,922, 
923, 926, 927,1296,1297,2085,2086 

JO 
2094 
2098 
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Laptops used for questionnaires 
Type 

Laptop room no.1 Oell Latitude 0510 
Laptop room no.2 
Laptop room no.4 
Laptop room no.S 

Toshiba Satellite Pro 4600019 
Oell Latitude 
Oell Latitude 0510 

Temperature and humidity 
Type 

Tand RH loggers 
Log readers 

Escort 
Escort 

ID 

2091 

1383 
2092 

ID 

486,487,370,371,372 
1726, 1728 

S. Chraibi 
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V. Popuiatien characteristics 

Table V.l shows the number of subjects that participated at the tests, and the number of times they 
cooperated. Table V.2 gives some characteristics of the population. These were gained by the 
questionnaire. 

Table V.l Subject sequence 

Season Total N New participants Second time Third time 

Summer 29 29 - -

Autumn 29 2 27 -

Winter 28 1 3 24 

Table V.2 Participants characteristics 

requency a 10 ereent l7oJ Va lid Percent per season tC'oJ 

~ummer Autumn W1nter 

Male 18 ob ;y bl 57 

Gender Female 14 44 41 38 Qj 

ere >L lUU lUU lUU lUU 

NO lL j 41 ,, ::Sb 

centacts lb 50 45 51 53 
Reduced sight 

Glasses 4 13 14 14 11 

era " lW !UU lUU !UU 

es I n l4 ll 18 

A btt senstttve 1/ 55 52 55 57 
Sensitive for glare 

NO 11 jQ l4 j4 L> 

ora >L lUU IUU IUU IUU 

~rown IL 3 j8 >H jb 

Blue }j 40 38 38 43 
Eye colour 

utner Lj L4 L4 Ll 

ere >L luu IUU IUU 100 

Un1verS1ty LY 91 YO YO 96 

HBO l 6 7 7 4 
Study 

Other 1 3 3 3 0 

ere >L 100 lUU lW lUU 

S. Chraibi 
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Table V.2 Participants characteristics 

Alert 1u 31 3j 31 31 

Neutral 13 39 39 31 35 
Alert 

~re a ~ jU Lö "'" "'" 
ota 32 lUU 100 100 10U 

Average I 21 19 22 

Large 14 OL ,. jl 

Windows used to 
txtra arge 11 3 27 4/ 

otat .:IL 1UU 100 100 

Bonng 4 11 11 ~ 11 

P easant 22 0 /j 1 6 

~t1mu atmg 1-' 4L '" 4/ 44 

Vrvrd 16 49 55 44 >l 

Evaluation outside view 
ue1ectrng , D b LU 1> 

La our uil lol 41 bol 4M n 

Depressmg 3 9 5 10 ll 

unp easant L b j , lU 
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Vl. Measuring conditions 

The figures Vl.l, Vl.2 and Vl.3 illustrate the evaluation of the different rooms for variables as general 
indoor environment, temperature and acoustics. These were gained by the questionnaire. 

Room evaluation 

100 

'*' 90 

E 80 
0 e 70 
"_ 60 Q) 

• t TA=0.08 a. 50 ..... 
c: 

40 • LTA=0.25 Q) 

~ 30 Q) • LTA=O.S2 a.. 
20 

"0 
• LTA=0.7 

ro 10 
> 0 

General indoor environment 

Figure Vl.l Participant experiences during the measurements of the general indoor environment 

S. Chraibi 
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Room evaluation 

100 

*- 90 

E 80 
0 e 70 
.._ 

60 Q) 
• LTA = 0.08 c.. 50 ..... 

c 
40 • LTA=0.25 Q) 

~ 30 Q) • LTA=0.52 c.. 
20 

"'C 
• LTA=0.7 

1'\J 10 
> 0 

Temperature 

Figure V1.2 Participant experiences during the measurements of temperature 

Room evaluation 

100 

*- 90 

E 80 
0 e 70 
.._ 

60 Q) 
. LTA = 0.08 c.. 50 ..... 

c 
40 • LTA = 0.25 Q) 

~ 30 Q) LTA = 0.52 c.. 
20 

"'C 

-ro 10 • LTA=0.7 

> 0 

Acoustics 

Figure Vl.3 Participant experiences during the measurements of the acoustics 
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Table Vl.l Sky conditions during the subject measurements 

Va lid Percent per season [%] 
Frequency [-] Valid Percent [%] 

Summer Autumn Winter 

Sun conditions Sun on facade 57 17 7 41 0 

No sun 287 83 93 59 100 

Missing va lues 0 0 0 0 0 

Toto/ 344 100 100 100 100 

Sky conditlans Clear sky 24 11 - 20.7 0 

Cloudy sky 52 22 - 44.8 0 

Overcast sky 152 67 - 34.5 100 

Toto/ 228 100 100 100 

Missing values 116 - 100 - -
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VIl. Measured values 

Because of the extreme amount of data, the measured values can be found on the added cd. The cd 
contains the continuously measured illuminance values on four different places in each room and the 
luminanee picturestaken at the beginning and at the end of each measuring session. 
To illustrate the distribution and differences in the minimum, maximum and average values during the 
measurements, one measuring situation of each season is chosen and presented in this appendix. For the 
summer and winter measurements a non sunny measure session is chosen, because it is most 
representative for the measurements during these seasons. For the autumn, a sunny sky measure session 
is chosen, because of the many sunny days during the autumn tests. The x-axis represents the time 
expressed in measuring sets; the first room evaluation, the second, the third and the fourth. Starting at 
the moment a participant entered the room . 

Desktop illuminance [lux) 

slmZ- afternoon measurements- non sunny sky 

4000 

3500 

>< 
~ 3000 
Ql 
u 

2500 c 

"' c 
'ë 2000 

:€ 
a. 1500 
g 
",. 

1000 "' ~ 
500 

0 

1 2 3 4 
time - in sessions steps 

--room 1 (LTA=0.08) --room 2 (LTA=0.70) -- room 4 (LTA=0.52) -- room 5 (LTA=0.25) 

Figure V/1.1 Desktop illuminance during the secand measuring sessian in summer 
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s2m2- afternoon measurements- sunny sky 
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u 

2500 c:: 
"' c:: ·e 2000 

~ -- --- --~ 
c. 1500 
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c 
500 

0 

1 2 3 4 
time - in sessions steps 

--room 1 (LTA=0.08) --room 2 (LTA=0.70) --·room 4 (LTA=0.52) --room 5 (LTA=0.25) 

Figure V/1.2 Desktop illuminance during the second measuring session in autumn 

s3m2 - afternoon measurements- non sunny sky 
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Figure V/1.3 Desktop illuminance during the second measuring session in winter 
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Window luminanee [cd/m 2
) 

slm2- afternoon measurements reference room -non sunny sky 
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Figure V/1.4 Window luminanee during the seeond measuring session in summer 

s2m2- afternoon measurements reference room - sunny sky 
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Figure V/1.5 Window luminanee during the seeond measuring sessian in autumn 
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VIII. Room evaluation 

Figure VIII. I shows the percentage of uncomfortable daylight evaluations of the tota l evaluations for each 
of the rooms. In the figures Vll l.2, Vlll .3 and Vll1.4 a distinction in seasons is made. Table Vll l.l shows the 
number of measurements the results are based on. 

Table Vlll.1 Freguencies of the measurements in each room 

Total N in each room 

all3 seasons Summer Autumn Winter 

Tata/ 86 29 29 28 

sun 15 2 12 0 

no sun 71 27 17 28 

% evaluated as uncomfortable - all 3 seasons 

100% 

90% 

80% 

70% 

60% 

50% 

40% 
• sun 

30% 

20% • no sun 

10% 

0% 

0,08 0,25 0,52 0,7 

LTA [-) 

Figure V/11.1 Percentage of time rooms we re evaluated as uncamfortable- all three seasons 
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% evaluated as uncomfortable - summer 
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Figure V/11.2 Percentage af time raams were evaluated as uncamfartab/e- summer 

% evaluated as uncomfortable - autumn 
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Figure V/11.3 Percentage af time raams were evaluated as uncamfartable- autumn 
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% evaluated as uncomfortable -winter 
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50% • r otal 
40% 

• sun 
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Figure V/11.4 Percentage of time rooms were evaluated as uncomfortable- winter 

The figures VIII.S - Vlll.8 show the evaluation results of the different rooms as a percentage of the total 
evaluations in each season. Table V111.2 shows the number of measurements the results are based on. 

Table Vlll.l Frequencies of the measurements in each room 

Total N in each room 

all3 seasons Summer Autumn Winter 

Toto/ 86 29 29 28 

sun 15 2 12 0 

no sun 71 27 17 28 
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Figure V/11.5 Room evoluation LTA = 0.70 
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Figure V/11.6 Room evaluation LTA = 0. 70 
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Figure V/11.7 Room evaluation LTA = 0.70 
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Figure VIII. 8 Room evaluation LTA = 0. 70 
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IX. llluminance- comfort 

Table IX.l Descriptives measured horizontal illuminance va lues by Daylight Comfort evaluation- Sunny skies 

Descriptive Statistics Daylight Comfort N Range Min Ma x Mean Std. Dev. Varianee 

goed (-1, 0, 1) 40 3097 94 3191 1350,12 785,999 617793 
Horizontal illuminance 

dark (-4, -3, -2) 
desktop AVG [lux] 8 1967 50 2017 385,38 663,624 440396 

too dark (-6, -5) 5 198 31 229 148,20 73,162 5352 

Table IX.2 Statistics measured horizontal illuminance values by Daylight Comfort evaluation- Sunny skies 

N Percentiles 
Descriptive Stalistics Daylight Comfort 

Valid Missing 5 25 50 75 95 

goed (-1, 0, 1) 40 0 142.25 803.75 1266.50 1853.50 2944.45 
Horizontal illuminance 

dark (-4, -3, -2) 8 0 50.00 110.25 154.50 2n.so 
desktop AVG [lux] 

too dark (-6, -5) 5 0 31.00 85.50 164.00 230.00 

IUnny sky: yes 

400o-

)(' 
:I 
c:. 

~ 0 
0 g. 300o- 0 0 

~ .. 0 .. 0 
'1::1 0 

8 0 0 8 
c: 
:l! 200o- 0 

~ -~ 0 

:ê 0 
0 8 

!i 0 0 
c: 8 0 0 
0 ~I 0 
·~ 100o- 8 

~ 0 o -
J: 0 

ö !lQQ] 
0 

8 @ 0 g 0 ~ 
~ 

-6 -3 

Daytight Comrort 

Figure IX.l Scatterplot of meosured horizontol illuminonce va lues by Daylight Comfort evaluotion- sunny skies 
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Table IX.3 Descriptives measured horizontal illuminance va lues by Daylight Comfort evaluation- No sun 

Descriptive Statistics Daylight Comfort N Range Min Ma x Mean Std. Dev. Varianee 

good (-1, o, 1) 132 2084 34 2118 598.19 475.258 225870 
Horizontal illuminance 

dark (-4, -3, -2) 85 710 11 721 160.26 144.437 20861 
desktop AVG [lux] 

too dark (-6, -5) 38 519 4 523 61.08 92.929 8636 

Table IX.4 Statistics measured horizontal illuminance va lues by Daylight Comfort evaluation- No sun 

N Pereen ti les 
Descriptive Statistics Daylight Comfort 

Va lid Missing 5 25 50 75 95 

good (-1, 0, 1) 132 14 100.25 230.00 467.50 802.75 1637.85 
Horizontal illuminance 

dark (-4, -3, -2) 85 8 17.900 52.50 117.00 230.50 499.80 
desktop AVG [lux) 

too dark (-6, -5) 38 1 4.95 18.00 34.50 62.75 282.65 

.. nny oky: no 

~ 
~ 
a. 
0 
lil .. .. 
"0 

f! 
c .. 0 0 

8 0 c 
~ 

~ 
8 
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0 0 § 0 
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Figure IX.l Scatterplot of measured horizontal illuminance va lues by Daylight Comfort evaluation - na sun 
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X. Luminanee-comfort 

Table X.l Deseriptives measured maximum window luminanee va lues by Daylight Comfort evaluation- Sunny skies 

Deseriptive Statisties Daylight Comfort N Range Min Ma x Mean Std. Dev. Varianee 

goed (-1, 0, 1) 40 20348 653 21000 5663.02 4194.26 1.759E7 
Maximum window 

bright (2, 3, 4) 
luminanee [ed/m 2

) 4 13909 5791 19700 10472.7 6263.95 3.924E7 

toa bright (5, 6) 0 

Table X.2 Statisties measured maximum window luminanee va lues by Daylight Comfort evaluation- Sunny skies 

N Pereentiles 
Deseriptive Statistics Daylight Comfort 

Va lid Missing 5 25 50 75 95 

goed (-1, 0, 1) 40 0 723.38 2720.54 5427.68 6675.00 16441.61 
Maximum window 

bright (2, 3, 4) 4 0 5791.07 6293.30 8200.00 16925.00 
luminanee [ed/m 2

] 

too bright (5, 6) 0 
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Figure 1.1 Scatterplot of measured maximum window luminanee values by Daylight Comfort evaluation- sunny skies 
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Table X.3 Descriptives measured maximum window luminanee values by Daylight Comfort evaluation- na sun 

Descriptive Statistics Daylight Comfort N Range Min Ma x Mean Std. Dev. Varianee 

good {-1, 0, 1) 146 21626 174 21800 4032.39 3624.704 1.314E7 
Maximum window 

bright {2, 3, 4) 7 12088 312 12400 4733.89 4330.204 1.875E7 
luminanee [cd/m2] 

too bright {5, 6) 2 1200 6200 7400 6800.00 848.528 720000 

Table X.4 Statistics measured maximum window luminanee va lues by Daylight Comfort evaluation- na sun 

N Percentlies 
Descriptive Statistles Daylight Comfort 

Va lid Missing 5 25 50 75 95 

good (-1, 0, 1) 146 0 438.28 1109.87 2926.79 6319.64 9920.00 
Maximum window 

bright {2, 3, 4) 7 0 311.58 1215.79 3021.43 7805.36 
luminanee [cd/m2

] 

too bright (5, 6) 2 0 6200.00 6200.00 6800.00 

sunny sky: no 
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Figure X.2 Scatterplot of measured maximum windaw luminanee values by Daylight Comfort evaluation- no sun 
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