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Abstract

Light is essential to human’s rhythm. It is therefore necessary to adapt the lighting of a building to its
occupants in order to support them during their specific activities. This thesis has been entirely centred on
addressing the needs and requirements of students in architecture for their visual and non-visual
responses, and to sustain at once, their learning experience, as much as their comfort, health and
wellbeing.

To answer this problematic, it was needed to characterise the needs of the students, particularly in terms
of the lighting that is demanded to support their visual task performance, and the specific non-visual
requirements that are dictated by their working and living styles. To do so, this thesis was articulated on
three fundamental research methodologies: surveys, measurements, and simulations. They were done in
the actual studios. Based on the results obtained from the analysis of the actual design studios and its
inhabitants, verification and recommendations can be provided for the design of the new building.

The lighting strategies for an architectural design studio should support the students and the pedagogy
with great horizontal and vertical homogeneity, good colour rendering, and consistent luminous intensity.
Moreover, daylight with a view would always be the preferred source of this light, but this has to be
complemented by a spectrally-tunable and flexibly adaptable electric lighting system. Yet personal control
is an element of major importance because all users of an architectural design studio should be able to
choose, and adapt, the lighting they need at the time they want.

La lumiére est essentielle pour le rythme de vie des humains, il est donc nécessaire d'adapter celle-ci aux
occupants des batiments afin de les aider dans leurs activités spécifiques. Cette these a été entiérement
axée sur les besoins et les exigences des étudiants en architecture pour leurs besoins visuels et non visuels,
et pour soutenir a la fois leur expérience d’apprentissage, ainsi que leur confort, leur santé et leur bien-
étre.

Pour répondre a cette problématique, il était nécessaire de définir les besoins des étudiants, en particulier
en termes d’éclairage requis pour soutenir leur performance visuelle, et les exigences non visuelles
spécifiques qui sont dictées par leur méthode de travail et leur mode de vie. Pour ce faire, cette these
s'articule autour de trois méthodes de recherche fondamentales : les enquétes, les mesures et les
simulations. Ces trois étapes ont été effectuées dans les ateliers actuels et, sur base des résultats obtenus
a partir de I'analyse de ces ateliers et de leurs habitants, des vérifications et des recommandations peuvent
étre fournies pour la conception du nouveau batiment.

Les stratégies d’éclairage d’un atelier d’architecture doivent soutenir les étudiants et la pédagogie avec
une grande homogénéité, horizontale et verticale, un bon rendu de couleurs et une intensité lumineuse
constante. En outre, la lumiére du jour avec une vue extérieure sera toujours la source de lumiére a
privilégier, mais elle doit étre complétée par un systeme d'éclairage électrique a réglage spectral et
adaptable de maniere flexible. Le controle personnel est un élément d'une importance majeure, car tous
les utilisateurs d'un atelier d’architecture devraient pouvoir choisir et adapter I'éclairage dont ils ont
besoin au moment ou ils le souhaitent.






Table of Contents

1.

2.

4.

5.

[[a1dgoTe [¥To1dTe] o DU RO T POV PR PSPPI 15
Problem Stat@MENT ... ..ci ittt ettt st e st s e e s b e e s b e s be e e anee e sreeenneas 15
1.2, RESEAICH HYPOTNESES ..ooeieiiiieeceee ettt e e e et e e ettt e e e s aaa e e e eataeeessnsaeeeeensaneenan 15

LIterature REVIEW ......cciiiiiiiiiiiiiiiti et e e s 17
T4 31 TP OO URURPRPION 17

2.1.1. LAV o P L= o SRR 17

2.1.2. Parameters, Measures and IMELIICS ......cccuviiieeie ittt e e e e trrre e e e e e e e e anaraaee s 23

2.1.3. Visual Comfort and HEalth ........couooiiiiiiiee et 26
2.2, Architectural DeSiZN STUIOS ....ccccuuiiiiiiiiei ettt e e e ree e e e are e e e e atee e e e nnbeeeeenteeeeennrenas 27

2.2.1. What is @ DeSIN STUIO? ..ccueiiiiieiiee et e s e e s ree e e s abae e e s nreeas 27

2.2.2. Pedagogy, SPace, TECANOIOZY ....cciiiciiiiiiiiiie ettt ettt e s e e e sbre e e s sraeeeesanes 28

2.2.3. A & =T o 6 1Y | PP 30

2.2.4. Design Studios at UCLOUVAIN ......ccceccuiiieiciiieeectieee ettt e ettt e e ette e e e evte e e s sbeeeesebeeeesenneeeeeeanes 31

F AN Lo Y=Y e [ ] o1 T=T e o V7= SRR 33
AIM OF the RESEAICI ...ttt sttt e st e s bt e e s bt e e ab e e sabeesbbeesabeeenees 33
I o 1= Tol 1 Toll @] o =T 4 V7Y PSPPSR 34

3.2.1. (0] o T=Tot 1V PSPPSR U PR PRRTRP 34

3.2.2. (0] oY [=To1 4 1YL= 1 R 34

Materials @Nd METNOMS ......couiiiiiiee ettt ettt b e bt st e st et e sbe e sbeesaneeas 35
THE “ATEIIEIS” VINC weeetieiieiieee ettt en e e b e sae e s e e smneeneeneenns 35

4.1.1. 1) oo [¥ Lot o] o HA TSP PR PUSOPTON 35

4.1.2. MEASUIEMENT TOOIS. ..cetiiiiiiieeie ettt ettt st st et e be e be e sbeesae e st e sabeebeenbeens 37

4.1.3. Simulations — ClMateStUIO......cceiiieieee e 42

4.1.4. SUIVYS iitttteteteteeeteeeeereeeeeeeeerarereaereaerererererererererenererasesssssssnsssssssssssssssssssssnsssssssnsnsnsnsnsnsnsnnnnns 45

4.1.5. Methods for Data COIlECTION ......cccuieiieiieriereee e e 46

4.1.6. ANAIYSIS METNOUS.....iiiiiiiee e e e e e et e e st e e e e abae e e e sabaee e eenneeas 49
4.2, ANEW StUAIO BUIIAING coeeeeeeeeeee ettt e e e e e e e e e e e e s b ar e e e e e e e e e sennnnnes 52

4.2.1. a1 agoTe [3Te AT ] o DU TSRO POROPRT 52

4.2.2. D LT F=d T o T ol o] [ PSPPSR 53

4.2.3. The OWL SIMUIGtioN TOOIS ...cccueiiiiriiiiieieeeeeerte e s 57

4.2.4. Lighting Standards .......cooccuiiiiiiieee e e et e e e e e e bre e e e srraeeeeanes 65

RESUIES ettt e st e sa e e s bt e e b e e e s b et e he e e s a e e e s b e e e sareesre e e anreesreeennns 70



L0 P @ ol ol T o - o Ll (=T o ToT s Y=L SRR 70

5.2, MEASUIEA Data.....ceiiiieiiieiiie ettt ettt ettt et sa e s bt e e st e e ab e e st e s bee e s b e e e at e e sareesneeesareean 78
5.3, Lighting SImMUIGtIONS ..ceceiieie it ee e e ee e e e nareeas 85
6. DISCUSSION .eetiiiiiiiiii ittt ettt s a e s s rae s 103
6.1.  The Vinci and the NeW STUdIOS.........ooviiiiiriieiieieee ettt st 103
6.2.  Lighting Strategies for the New BUilding .......ccceiiviiiiiiiiiiii e 104
7 o] Tol [ V1Y [ Y o TSP P PP PO PRROTOPPROPTRIOt 106
2 T Y/ = o I T2 T o T~ £ PR RPPPPRN 106
7.2, LIMITAIONS oot e 107
7.3, FUINEI RESEAICI ..ttt st ettt b e s bee st s b e b e e beenns 107
T = 1o [ oY= = ] 1 V2SR 109
1S B o o1 =T o [o | RSP PP 112
) 01 o T T8 Yot d [ T o = I U V1Y 2 PSRRI 112
S O {7 ={ oY o e Vo VT AR U V<Y SRR 112
ORI \V =T R U1 =T 0 01T gL ot o] o 1= 1 =4 PPN 112
D.  Lighting SiMUIGTIONS...cciciiiiiictee e e e e e e e st ee e e s abee e e s sabeee s enareeas 112



List of Figures

Figure 1 - Schematic diagram of the electromagnetic radiation. Source: (Boyce, 2014) ........cccceveerveennenn. 18
Figure 2 - Schematic diagram of lighting MEaASUIeS. .......cueiiiiiiiiiiiiee e 19
Figure 3 - The human eye. Source: (BoYCe, 2014).......ccoccuieeeeecieeeeecieeeeeciee e e estree e e setee e e e eerree e e serraeeesenraeaesanes 20
Figure 4 — Differences in photopic and melanopic spectral sensitivity formalized in the Sl-compliant for
guantify ipRGC-influenced responses to light. Source: (Brown et al., 2022) ........ccceccvveeeiiieeeeiieee e, 21
Figure 5 - Homeostatic pressure and Circadian rhythm. Source: (Carmon, 2020) .......cccoceeeeciveeeecveeeennnns 21
Figure 6 - Circadian rhythms. Source: (Altomonte, 2009).........c.eeeiieiiiieeieeeriee e esreeeee e sre e e reesaee s 22
Figure 7 - Daylight Autonomy. Source: (FUSE 1Q, 2021) .....ceeeicuiiieeciieeeeeiieee e ectee e eetre e e e erte e e e eraee e e enraeeeeanes 23
Figure 8 - continuous Daylight Autonomy. Source: (Fuse 1Q, 2021) .....ccccoeeevreerciieeiieeeiee e 24
Figure 9 - Useful Daylight llluminance. Source: (Fuse 1Q, 2021) .......cccouereceieriieeieeeseieesiee e eseeeevee e 25
Figure 10 - Relationship between the spectrally weighted levels of the circadian light and the measured
levels of nocturnal melatonin suppression. Source: (Acosta et al., 2019) ....c.covveeeieiieeeeiiireeeeecreeeeecreee e 25
Figure 11 — Pedagogy, space and technology. Source: (Vangrunderbeeck, 2020) .........cccceeeecrieeeecieeeeenns 28
Figure 12 — Structure of the Research. SoUrce: AULNON ........ccuviiiiciii e 33
Figure 13 — The Vinci building Vinci. Source: (Baldwin et al., 2023) ......ccccoveeviieiiie e e 35
Figure 14 - Belgium map. Source: https://fr.wikipedia.org/wiki/Fichier:ZP_5275 -
_Zone_de_Police_Ottignies-Louvain-la-NeUVE.GIF..........ccccccuiiiiieiiie ettt eree e e e svee e s 35
Figure 15 - "Le site et la ville, les jalons repéres du centre-ville". Source: F. Andrieux et Y. Lepére (2022)36
Figure 16 - The Vinci. Source:(Baldwin et al., 2023) .....cccviii ittt erree e e tree e e e aree e e eanes 37
Figure 17 - Step-by-step procedure to create a 180° luminance map from a visual scene with daylight
using HDR photography. Source: (Pierson et al., 2020) .......cocciireiiciiee et eree e eerre e e e e earae e e eanes 39
Figure 18 - CL-70F - Source: (GMBH, 2023) .......oiiiiiiiee ettt e et e e e e ctre e e e e tae e e e sbteeeesbeaeeeeseneaeannes 40
Figure 19 - Display mode examples. Source: (GMbH, 2023) .......cccciiiiiieeiiieerree e ecieeeeree e e sreeeveeesvee s 41
Figure 20 - CSV file with spectral and Illluminance information, and diagrammatic visualizations of data.
SOUICE: AULNOT ettt ettt et s e e sttt e st e e s bt e e sab e e s abee s sabeesabtessbeesabaeesabeesabeesasteesabaeennres 41
Figure 21 - Spectral data every 5 nanometers. Source: AUthOr.........cooivciiiiiiciie e 42
Figure 22 - Spectral data every 1 nanometer. SOUrce: AULNON .......c..eeiiiciiii it 42
Figure 23 — Example of spectral power distribution. Source: AUthOr.........ccoccviiiiiiiiiic e 42
Figure 24 - Annual glare simulation. Source: (Solemma-LLC, 2020) ......ccuveeeeiiieeeecieeeeecreeeeecree e e ecreee e 43
Figure 25 - Point-in-time illuminance. Source: (Solemma-LLC, 2020)........ccceeciieeeeciieeeeciiee e 44
Figure 26 - Daylight Factor. Source: (Solemma-LLC, 2020) .......c.eeevireiiieeireeesieeereeesieeeereeesreeesreeeveeesvee s 45
Figure 27 — The CL-70F llluminance meter mounted on a tripod. Source: Author.........cccceeeecvieeeeciieeeens 47
Figure 28 — Horizontal measurements on a desk surface. Source: Author.........ccccvveeiiciie e 48
Figure 29 — Distribution of chronotypes judged by MSF corrected for the sleep-debt accumulated during
the workweek (MSFsc). Source: (Roenneberg et al., 2007) ......ccccviieeeiiiee et 50
Figure 30 - Obstructions within the current studios. Source: AUthOr.........ccoociiiiiiiii e 51
Figure 31 — Concept section. Source: F. Andrieux and Y. LEPEIe....c.ueeieciieeeecieee ettt teee e 53
Figure 32 - Concept plan. Source: F. Andrieux and Y. LEPEIe .....ccoccvieeiicieieeciieeeecieeeeeree e esvree e s evaee e 53
Figure 33 — F1: Facade north (top) and facade south (bottom). Source: F. Andrieux and Y. Lepére.......... 54
Figure 34 - Ground floor and first floor. Source: F. Andrieux et Y. LEPEre .....ccveeeecveeeeeciieeeecieee e 55
Figure 35 - Gallery/mezzanine floor. Source: F. Andrieux €t Y. LEPEIe .....ccveeveeervecteeieecrecreeeteesteeetee e 55
Figure 36 - longitudinal cross-section. Source: F. Andrieux et Y. LEPere ......cccvvveeeecieeeeecieee e ecieee e 55


https://uclouvain-my.sharepoint.com/personal/victoria_crevits_student_uclouvain_be/Documents/TFE%20-%20Copie/Ecriture/Save_8h_NOERROR.docx#_Toc137473424
https://uclouvain-my.sharepoint.com/personal/victoria_crevits_student_uclouvain_be/Documents/TFE%20-%20Copie/Ecriture/Save_8h_NOERROR.docx#_Toc137473436

Figure 37 - Cross-sections. Source: F. AnNdrieUX €t Y. LEPEIe ....cveivciieeiciieee ettt vae e 56

Figure 38 — F2: Alternative design for the north fagade. Source: F. Andrieux et Y. Lepére.....cccccvevveernns 56
Figure 39 - Inputs of OWL2. SOUICE: AULNOT ......coi ittt e e e e e e e bae e e e sbaee e s ebaneesennes 59
Figure 40 - Second part of the framework. Source: AUthOr.........ooociiii i 59
Figure 41 - Horizontal metrics. SOUICEe: AULNON......cuuiiiiiiiee e e s s neee e 60
Figure 42 — Evaluation of vertical lighting metrics. Source: AULhOr........c..coeiiciiiiiiiee e 62
Figure 43 — Vertical simulation results. SOUrce: AUthOr........oocviiiiiiiii e 63
Figure 44 - Example of DA results. SOUrCe: AULNON .......cccuviii it e e e e e 64
Figure 45 - Example of cDA results. SOUrCe: AULNON ......ccuviii i aree e e 64
Figure 46 - Example of UDI results. SOUrce: AULNOT .......ccuviiiiiciiiii it 64
Figure 47 - Example of vertical results. SOUrce: AULNOT.........ccviiiiiiiii i 64
Figure 48 — llluminance over different areas. Source: (Baldwin et al., 2023) ......ccccccceeveieevieerciee e 67
Figure 49 - Kruithof's diagram. Source: (Architecture-et-Climat, 2014) .......cccceeevreeecieercrieecieeciee e 68
Figure 50 - Age of the population. SOUICE: AULNON .......cccuviii it e e e 70
Figure 51 — Time spent in the studios - SOUICE: SUMVIO ......cciivciiiiiiiiiiie et seee e 70
Figure 52 — Location of the studios on the first floor of the Vinci. Source: Author........ccccccecvveeeiciieeens 71
Figure 53 - Distribution of the students in the studios. SOUrce: SUMVIO .......coccviiiiiciiiiicciee e 71
Figure 54 — Number of days per week spent in the studios. Source: SUrVio ......cccccovveeiiciieeieciee e 72
Figure 55 — Number of hours per day spent in the studios. SOUrce: SUrVio .......cccccoveeeeeciieeeeciiee e 72
Figure 56 - Tiredness at the end of the day. Source: AULNOr .......coccviii i 73
Figure 57 - Spaces improved productivity. SOUrce: AUhOr .........cocciiii i 73
Figure 58 - Light improves work performance. Source: AULNON..........coocciiiiieciiee e 73
Figure 59 - Uniformity of horizontal light distribution. Source: AUthor........cccoveiiiiiiiicc e, 73
Figure 60 - SoUrces of glare. SOUIMCE: SUIVIO........iiiiciiieiciiee ettt ettt ectte e e et e e e ette e e e ebre e e e sbeseeeebeneaeennes 74
Figure 61 - Distribution of vertical lighting. Source: AUthOr .........occvviiiiiiii e 74
Figure 62 - Colour rendering. SOUICE: AULNON .......occuviii i e bee e e e 74
Figure 63 — Boxplots of students’ MCTQ variables. Source: AULNOr ...........coocciiieeiciiee e 76
Figure 64 - Point in Time illuminance simulation for April 23 at 16:52. Source: Author ........cccccccevveennneen. 78
Figure 65 - Positions example for studio 3. SOUrce: AULNON..........cccuiiiieciiie e 79
Figure 66 - DF comparison for studio 1 -SoUrce: AULNOL ..........ueiiiiciiiii it sree e e 80
Figure 67 - DF comparison for studio 2. SoUrce: AULROr........ccuviiiiiiii e 80
Figure 68 — DF comparison for studio 3. Source: AUthOr...........ooooiiiii i 81
Figure 69 — Current state of the studios. SOUrce: AULhOI .......c..eiiiiiiiii i e 82
Figure 70 — False colour HDR image, participant 1. Source: AUthOr .......ccceiivciiie i 83
Figure 71 — False colour HDR image, participant 2. Source: AULhOr .......c.ccoovciiieicciieeccceee e 83
Figure 72— False colour HDR image, participant 3. Source: AUthOr........cccoeviciiieiiciiee e 84
Figure 73 — False colour HDR image, participant 4. Source: AUthOr.........cccooeiiieicciieee e 84
Figure 74 — False colour HDR image, participant 5. Source: AUthOr.........oovviiiiiciiiiieee e 85
Figure 75 - Dashboard of annual mean illuminance in the Vinci studios. Source: Author ...........ccccoee.ee 86
Figure 76 - Annual mean illuminance in the Vinci studios. Source: AUthOr..........cccvviveeiiicccciiieeee e 87
Figure 77 — Dashboard of sDA300/50% in the Vinci studios. Source: AUthor........ccccooveeieeiieenieenee e, 87
Figure 78 - sSDA300/50% in the Vinci studios. SOUrce: AUhOr ..........cocviviiieiiiecieeieecee et 88
Figure 79 - Dashboard of annual sunlight exposure in the Vinci studios. Source: Author ...........ccccee... 88
Figure 80 - Annual sunlight exposure in the Vinci studios. Source: AUthor........ccccovviiiiciiee e 89


https://uclouvain-my.sharepoint.com/personal/victoria_crevits_student_uclouvain_be/Documents/TFE%20-%20Copie/Ecriture/Save_8h_NOERROR.docx#_Toc137473469

Figure 81 - Dashboard of annual glare in the Vinci studios. Source: AUthOr ..........coviieiciiieieciee e 89

Figure 82 - Annual glare in the Vinci studios. SOUrce: AUthOT .......ccuiviiiciiiiiiiiiie e 89
Figure 83 — Dashboard of a point’s annual illuminance in the Vinci studios. Source: Author.................... 90
Figure 84 — Point’s annual illuminance in the Vinci studios. Source: Author .........cccccovvciiiiiiciiee e 90
Figure 85 - Dashboard point's annual glare in the Vinci studios. Source: Author .......ccccocevivciieeiiciiee s 91
Figure 86 - Point's annual glare in the Vinci studios. Source: AUthOr.........cccccvveeiiiiiie e 91
Figure 87 - Dashboard of OWL1 for participant 2. SOurce: AULhOr........cccvviiiciiie e 93
Figure 88 - Simulation of summer trees. SOUrce: AULNOI ..........eiiiiciiie i e 94
Figure 89 - Simulation of winter trees. SOUrce: AULNOT ........cccuiiii it 94
Figure 90 - DA of the new building (F1) with summer trees. Source: AUthor.........ccccvevciieiieeciee e, 95
Figure 91 - DA of the new building (F1) with winter trees. Source: AUthOr ........cccoviiiiiiiie e 95
Figure 92 - DA of the new building (F1) with winter trees. Source: AUthOr ........ccccccvvevcieivieecee e, 96
Figure 93 - DA of the new building (F2) with winter trees. Source: AUthOr ........c.cccccveevcieiiieeciee e, 96
Figure 94 - cDA of the new building (F1) with winter trees. Source: AUthOr..........coceeeeeiiieeieciiee e 96
Figure 95 - cDA of the new building (F2) with winter trees. Source: AUthOr.........ccccoveevciieiieeciee e, 96
Figure 96 - UDI of the new building (F1) with winter trees. Source: AUthOr ........cccoeeeeeciieeicciiee e 96
Figure 97 - UDI of the new building (F2) with winter trees. Source: AUTNOr .......c.ccccvvevciieeiiecciee e 96
Figure 98 - Vertical and DA horizontal metrics, first floor (F1). Source: AUthOr.......ccccccvvievieecieeecieeee, 98
Figure 99 - Vertical and DA horizontal metrics, first floor (F2). Source: Author.........cccccovveeeeciieeecciieeeens 98
Figure 100 - Vertical and DA horizontal metrics, ground floor (F1). Source: Author..........ccceeecvveecveennen. 98
Figure 101 - Vertical and DA horizontal metrics, ground floor (F2). Source: Author..........cccccovveeeeciieeenns 98
Figure 102 - East Circadian Stimulus (F1). SOUrce: AULNOT..........oiiiciiiieeciee et 100
Figure 103- East Circadian Stimulus (F2). SOUrce: AUTNOT........cc.eocciiiiiiiecee e 100
Figure 104 - North Circadian Stimulus (F1). SOUrce: AUthOr .........ccccuiiiiiiiiiec e e 100
Figure 105 - North Circadian Stimulus (F2). SOUrce: AUThOr ........cccuviiiiiiicie e 100
Figure 106 - South Circadian Stimulus (F1). SOUrce: AUThOT ........cccuviiiiiicie e 100
Figure 107 - South Circadian Stimulus (F2). Source: AUthOr .........ccccviii e 100
Figure 108 - West Circadian Stimulus (F1). SOUrce: AUhOr .........oocuiiiiiiicie e 100
Figure 109 - West Circadian Stimulus (F2). Source: AUthOr ..........cccoiiiiiciiie e 100
Figure 110 - East Daylight Glare Probability (F1). Source: AUtNOr .........cccuviiiiciiiiieccee e 101
Figure 111 - East Daylight Glare Probability (F2). Source: AUThOr ........c.ccocviiiiiiiceeece e 101
Figure 112 - North Daylight Glare Probability (F1). Source: AUthOr .........c.coeeeiiiiieeciieecceee e 101
Figure 113 - North Daylight Glare Probability (F2). Source: AUTOT .......cccvveviiiviieccieecee e 101
Figure 114 - South Daylight Glare Probability (F1). Source: AUthOT .........cceevvieiiieeecieecee e 101
Figure 115 - South Daylight Glare Probability (F2). Source: AUthOr .......cc.veiieiiiiieecee e 101
Figure 116 - West Daylight Glare Probability (F1). Source: AUTNOT .......ccccvvieviieiieeceeccee e 101
Figure 117 - West Daylight Glare Probability (F2). Source: AUthOr ........cceeeeeciiieeecieececeee e 101

11


https://uclouvain-my.sharepoint.com/personal/victoria_crevits_student_uclouvain_be/Documents/TFE%20-%20Copie/Ecriture/Save_8h_NOERROR.docx#_Toc137473511
https://uclouvain-my.sharepoint.com/personal/victoria_crevits_student_uclouvain_be/Documents/TFE%20-%20Copie/Ecriture/Save_8h_NOERROR.docx#_Toc137473517

List of Tables

Table 1 - Evaluation parameters of the studio culture. Source: (Hacihasanoglu, 2019) .........cccceceveercvnens 29
Table 2 — Studio culture parameters at UCLouvain. Based on Hacihasanoglu, 2019 ..........cccccceevvveeennneen. 31
Table 3 -Camera settings for HDR photography. Source: (Pierson et al., 2020) .......cccccveevveercieeecreencineenns 38
Table 4 - MCTQ variables with their abbreviations and computation. Source: (Dimitrov et al., 2020) ..... 50
Table 5 - Recommendations for vertical/inclined openings. Source: (Bodart, 2019).......cccceeeevveeerieeecreens 65
Table 6 - Recommendations for horizontal openings. Source: (Bodart, 2019).......cccccecvveviieicieeecieeeceeenns 65
Table 7 — Minimum Daylight Factor to achieve (normal glazing). Source: (Bodart, 2019) .........cccvvveenneen. 66
Table 8 — Minimum Daylight Factor to achieve (diffuse glazing). Source: (Bodart, 2019).......ccccccvvercveenns 66
Table 9 - Recommendations for the view of the outside. Source: (Bodart, 2019) .......cccceeevvevcvrevirescieeens 66
Table 10 - Recommended Daylight Glare Probability. Source: (Bodart, 2019)........ccccecvvveeeciieeeecreee e, 67
Table 11 - Minimum illuminance and uniformity index. Source:(Baldwin et al., 2023) .........cccceevvvercveens 67
Table 12 - Recommended CRI. Source: (Lampesdirect.fr, 2023) ......ccoociiieeiiieieeciee e e e 68
Table 13 - Recommended UGR. Source: (Lampesdirect.fr, 2023) .....ccccoviieiiiiieeceee e, 69
Table 14 - Students' MCTQ variables - SOUrce: AULNOT ........cuuiii it 76
Table 15 — Synthesis of the results for the Right-Now survey. Source: AUthor..........ccoceeeeecieeeeciiee e, 77
Table 16 - Horizontal illuminance comparison. SOUrce : AUthOr ........ccceiiiiiiei e, 79
Table 17 - Rhino's settings. SOUrCe: AULNOT .......cociiiiiiiie e 86
Table 19 - Materials' settings OWL1. SOUIce: AULNOK ......coooiiiiieee e e 92
Table 20 - Materials' settings OWL2. SOUICe: AULNON .......c.uuiiiiiiiei ettt ctrree e e e e e e e e anans 94

12



List of Abbreviations

ASE
CBDM
cDA
CIE
CRI
cs

DA

DF
DGP
HDR
ipRGC
LDR
LED
MCTQ
MSFsc
NAAB
NIF
OWL
sDA
SDA
uDI
UGR

Annual Sun Exposure

Climate Based Daylight Modelling
Continuous Daylight Autonomy
Commission Internationale de I'Eclairage
Colour Rendering Index

Circadian Stimulus

Daylight Autonomy

Daylight Factor

Daylight Glare Probability

High Dynamic Range

intrinsically photosensitive Retinal Ganglion Cell
Low Dynamic Range

Light Emitting Diodes

Munich Chronotype Questionnaire
Midpoint of Sleep during Free days Sleep Corrected
National Architectural Accreditation Board
Non-image-forming

Occupant Well-being through Lighting
Spatial Daylight Autonomy

Seasonal Affective Disorder

Useful Daylight llluminance

Unified Glare Rating

13



14



1. Introduction

Problem Statement

This thesis is based on a unique opportunity that was presented to the author this year: to contribute to
the design of a new building to host the students of the Faculty of Architecture LOCI in Louvain-la-Neuve.
As a matter of fact, the reflection on this project was in progress when the theme for this research was
being chosen. The focus of this thesis was, therefore, oriented towards the analysis of the lighting
strategies that can serve the specific needs of a population of students of architecture. The purpose of this
work was not, of course, to challenge or modify the design or elaborate alternative proposals, but rather
to test and validate the solutions proposed by the design team, and suggest complementary strategies
that can be used for the benefit of the students and the pedagogy of architecture applied in this university.

Light was selected as the central theme of this research since human life entirely depends on it. Light
provides the necessary stimulus to carry visual tasks, but it is also necessary for our comfort, health, and
wellbeing. Other than allowing us to see, light is an important trigger of our moods, alertness, hormonal
regulation, and metabolic balance. Regular exposure to the 24h-cycle of light and dark, in fact, allows our
body to follow this natural pattern and regulate its circadian rhythm, so that during the day we can be
active outside, while at night we have rest. However, this is what should happen in theory as today, in our
contemporary society, we spend most of our time inside buildings, disrupting our access to natural lighting
stimuli. This problem is particularly evident for students of architecture, also due to the specific
requirements of these studies. Architecture students often need to work on their design developments
for many hours, at day and night, involving very stringent visual conditions (e.g., for acuity and detail
resolution) and focusing on visual tasks of different nature (e.g., computer screens, drawings, 3D models).
All these tasks are generally accomplished in dedicated spaces, the design studios, that most often were
not designed to respond to these specific functions in the first place, hence entailing lighting strategies —
both, daylight and electric lighting — that are completely unresponsive to the specific needs of the students
and the patterns of their lives. For these reasons, this thesis aims to focus on the lighting needs of students
of architecture to sustain their visual tasks but also their non-visual (e.g., circadian) requirements, hence
encompassing issues of visual comfort and performance but also the importance of light exposure for
health and wellbeing. The following research question will be the centre of this thesis:

What type of lighting strategy — integrating daylight and electric lighting — is necessary to support
the pedagogy of architectural design studios and the learning experience of students?

1.2. Research Hypotheses

To address this question, the research hypotheses need to encompass consideration of both, the visual
and the non-visual systems. Based on a broad review of the scientific literature, the following section of
this thesis presents the theoretical grounding on which this work has been founded.

The first hypothesis is that lighting strategies, both daylight and electric lighting, can play a fundamental
role to support the design and spatial distribution of the architectural design studios.

This concept is easy to observe in practice as for example, in the current studios, activities tend to be
concentrated in the areas that are best illuminated (Baldwin et al., 2023). Students constantly strive to
obtain a maximum amount of even lighting distribution when they are working, and often they change the
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position of their tables, or they select carefully the surfaces where to display their drawings. To support
the student’s learning experience, they need to have access to the right light, and at the right time.

The second hypothesis is that lighting strategies can be effective to sustain the subjective, psychophysical
and physiological, needs of the students.

To better understand the meaning of this hypothesis, it is important to define these two words:
psychophysical and physiological. According to the Collins dictionary, psychophysics is “the branch of
psychology concerned with the relationship between physical stimuli and the effects they produce in the
mind”, and physiology is “the scientific study of how people's and animals' bodies function” (Collins, 2023).
Indeed, student’s needs are the centre of this research, and all the thesis focuses on these since they spend
a lot of their academic time in the architectural design studios, and it is necessary that they are supported
by appropriate lighting exposures.

This thesis is based on the assumption that lighting strategies can sustain the pedagogy of architectural
design studios and the learning experience of students, offering conditions that can support their work
but also enhance their health, mood, alertness, and circadian regulation. Yet, students (and buildings’)
subjective requirements might be different, as would the specific lighting characteristics needed for their
work. Hence, the aim of this work is not to impose restrictive lighting solutions that need to be enforced
in design studios, but rather to test and propose a range of opportunities and solutions that designers,
managers, and building users might select to adopt based on their individual needs and preferences.
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2. Literature Review

The aim of this section is to summarise the knowledge about the subject, specifically focusing on the
lighting comfort and wellbeing for the students in their architectural design studios. We will focus first on
the current scientific knowledge on light and its definition, and then on the pedagogy in the design studios.
This section will also introduce the specific case of the studios at the Faculty LOCI in Louvain-la-Neuve,
hence providing a basis of reference for the development of this research.

Light

2.1.1. Whatiis Light?

The correct use of light in our buildings is essential for the comfort of the occupants, thus it is important
to understand the interactions between light and people. To this aim, it is necessary to understand what
light effectively is. The role of light can be separated into two categories: visual and non-visual. Visual
effects focus on how light can enable us to see, while non-visual responses are concerned with how light
changes our body, what we cannot see but what we can feel (in the short as in the long term).

Peter R. Boyce (2014) provides a context for these two requirements by stating:

° “Physically, daylight is simply electromagnetic radiation in the wavelength range that is emitted by
the sun, scattered in the atmosphere and absorbed by the photoreceptors of the human visual
system.”

° “Physiologically, the response of the human system to the light spectrum is determined by the

spectral sensitivities of the different photoreceptors in the eye.” (Boyce, 2014)

Visual Requirements

Everyone knows what light is because we need it in order to be able see. Yet, for the development of this
thesis, it is important to understand the effects that light generates and how it can be produced.

Daylight in the natural environment is “the light from the sun filtered by the atmosphere, producing a
broadband spectrum with characteristic ‘dips’ corresponding to absorption of light by molecules in the
atmosphere” (Webler, Spitschan, Foster, Andersen, & Peirson, 2019). Changes in the spectral composition
and in the intensity of daylight happen regularly mainly due to the position of the sun with respect to the
Earth, but they can also be determined by variations within the composition of the atmosphere. This is
also, for example, why the quality and quantity of daylight changes with the different seasons.

Light is a form of electromagnetic radiation that supports visual perception: it is necessary for the human
visual system to activate the visual experience of the surrounding environment. The visible spectrum of
light corresponds to the wavelength region between 380 and 780 nm, as presented in Figure 1 (Boyce,
2014). The solar spectrum is divided into three different bands: the visible one represents almost 50% of
the solar radiation’s total energy; 45% corresponds to the infra-red region between 700 to 2500 nm; and,
the last 5% correspond to ultraviolet rays included in the range between 280 to 380 nm (Architecture-et-
Climat, 2014).
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Figure 1 - Schematic diagram of the electromagnetic radiation. Source: (Boyce, 2014)

The visual range differs from the other wavelength bands due to the response from the human visual
system, involving the eyes and the brain, which over evolutionary scales have adapted to convert these
electromagnetic impulses into electric stimuli that can trigger visual perception. Among the forms of light,
daylight is characterized by a continuous spectrum of radiation, featuring wavelengths that can vary over
the times of day, the meteorological conditions, the latitude, and the seasons (Boyce, 2014).

From a perspective of photometry, the branch of physics describing the various measures of light, based
on how it is produced and transferred, it is important to distinguish between the following (Figure 2):

1.

The light produced by a source is characterized by a luminous flux, “the quantity of radiant flux which
expresses its capacity to produce visual sensation” (Boyce, 2014), which is expressed in lumens.
When light is moving in a certain direction, its luminous intensity can be measured in candelas, these
representing “the luminous flux emitted in a very narrow cone containing the given direction divided
by the solid angle of the cone, that is, luminous flux/unit solid angle” (Boyce, 2014).

When the light arrives on a surface, the process of illumination can be characterized by its illuminance
measured in lux or lumens/m?, “the luminous flux/unit area at a point on a surface” (Boyce, 2014).
Finally, the part of light that is reflected (or transmitted) by a surface in a given direction is called
luminance, and measured in cd/m?, that is “the luminous flux emitted in a given direction divided by
the product of the projected area of the source element perpendicular to the direction and the solid
angle containing that direction, that is, luminous intensity/unit area” (Boyce, 2014).

For the purpose of this thesis, particularly in terms of the description of the spectral composition of light
(that is, its composition based on the distribution of its wavelengths), it is also essential to introduce a
further metric, that is the correlated colour temperature, measured in Kelvin, physically described as the
“equivalent temperature of a black body emitting within a defined wavelength range” (Boyce, 2014).
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Good light for vision is characterized by a high level of illuminance and a balanced composition of its
spectrum to enhance colour discrimination with respect to the colour rendering that is produced by
daylight. Other than these parameters, luminance is also an important factor that affects the quality of the
luminous environment, particularly in terms of visual comfort. In fact, increasing the luminance of a source
may lead to strain and fatigue within the visual system, this resulting in a decline of visual efficiency. An
excessive luminance can also lead to discomfort glare which can distract or annoy people, also irrespective
of their capacity to perform a visual tasks (Liu, Zhang, Wu, & Yang, 2021).

To complement daylight, electric lighting (often referred to as artificial lighting) can come in many variants,
among which, currently, the most common are incandescent and fluorescent lighting fixtures and the light
emitting diodes (LED). Each of these lighting technologies is characterized by a different spectrum. Light in
an indoor environment should preferably favour a correct blending between artificial and natural lighting,
unless in a windowless space. Conversely, the illuminance in a room is often the mixture of transmission
and reflection of artificial and natural illumination (Webler et al., 2019).

Other than characterising physically the luminous stimulus, it is also important to understand how visual
perception is triggered: the eye that captures the light and the brain that interprets it. Peter R. Boyce
(2014) explains that the functioning process of the visual system includes two parts (Boyce, 2014):

. an optical system that produces an image on the eye’s retina.
° an image-processing system that extracts different aspects of that image at various stages of its
progress from the retina to the visual cortex, while preserving the location of the information.

To better understand how this process operates, it is essential to understand how the eye and the retina
operate. Light enters the eye by the pupil, an optical aperture that regulates the amount of light that can
reach the photoreceptors located on the retina (Figure 3): an average of 125 million rods and 5 million
cones. These photoreceptor types are responsive to different characteristics of light such as its intensity,
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spectrum, position, size, and temporal resolution (Barrionuevo, Issolio, & Tripolone, 2023). These
biological photoreceptors are not equally sensitive to all wavelengths of light, with cones assuring a tri-
chromatic vision (red, green, blue) in bright light, and rods offering monochromatic vision under dim
lighting conditions (Enezi et al., 2011).
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Figure 3 - The human eye. Source: (Boyce, 2014)

The information triggered by the luminous stimuli is transmitted from the retina, through the optic nerve,
to the visual cortex, which is located at the back of the cerebral hemisphere (Boyce, 2014).

Non-Visual Effects

Other than allowing us to see, light exposure has many other effects on our body, influencing our health,
human physiology, and behaviours, as well as contributing to regulate our circadian rhythm, sleep,
alertness, mood, and several neuroendocrine and cognitive functions (Brown et al.,, 2022). These
responses are known as non-image-forming (NIF) or, more generally, non-visual effects (Boyce, 2014), and
their consideration is essential to promote physical, physiological and mental health, other than visual
performance (Brown et al., 2022). Discoveries about the non-visual system are relatively recent, and its
processes are better known since a new form of photoreceptors was identified at the end of the last
century, the intrinsically photosensitive retinal ganglion cells (ipRGCs) (Boyce, 2014). Situated in a different
layer of the retina than the cones and rods, the ipRGCs have different characteristics and responses than
the known photoreceptors, yet still active within the mesopic range (that is, they can be stimulated also
at the presence of very dim lighting conditions) (Barrionuevo et al., 2023). They contribute to control the
size of the pupil and have a fundamental role in entraining the circadian rhythm to the natural 24h cycle.

The ipRGCs can convert the electromagnetic luminous signal into a neurochemical signal through the
expression of melanopsin, a photopigment whose spectral sensitivity differs radically from those of cones
and rods and which shows peak in the short-wavelength (blue) region at around 480 nm (Boyce, 2014)
(Brown et al., 2022). This is represented by the blue curve (melanopic) in Figure 4. Conversely, the green
curve (photopic) illustrates the combined spectral sensitivity of the three types of cones in the retina, with
a peak corresponding to around 555 nm. The differences between these two spectral sensitivity curves
clearly illustrates the need for lighting strategies to take into account, at once, the melanopic function
corresponding to the non-visual effects and the photopic luminous efficiency function related to the
functioning of the visual system (Houser, Boyce, Zeitzer, & Herf, 2020).
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Figure 4 — Differences in photopic and melanopic spectral sensitivity formalized in the SI-compliant for quantify ipRGC-influenced
responses to light. Source: (Brown et al., 2022)

There are at least three different subtypes of ipRGCs in the human body, each with a different response
to light (Houser et al., 2020), and all contribute to regulate our body’s biological functions. Among these,
the circadian rhythm represents the cyclic sequence of a series of daily events, including — as already
mentioned — the regulation of sleep, alertness, mood, neuroendocrine and cognitive functions, etc.
(Houser et al.,, 2020). The internal metabolic cycles controlling the occurrence of sleep/wake and
fasting/feeding times are an important output of the circadian clock (Marcheva et al., 2013). Sleep is
regulated by the principle of homeostatic pressure (Figure 5) that controls a series of physiological
parameters (Cannon, 1929). The term homeostasis can be explained as: “the maintenance of metabolic
equilibrium within an animal by a tendency to compensate for disrupting changes” (Collins, 2023).
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Figure 5 - Homeostatic pressure and Circadian rhythm. Source: (Carmon, 2020)
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Without external regulation, the human circadian rhythm would naturally vary between 23.5 and 24.7
hours, with an average of 24.2 hours for healthy adults (Carmon, 2020). It is therefore necessary for the
body to rely on consistent triggers in order to entrain the duration of this cycle to the constant 24h
duration of the alternation between day and night (Marcheva et al., 2013). Among the environmental cues
that help to synchronise the circadian system, one of the most potent triggers is indeed the regular
exposure to light of a certain intensity, duration, spectrum, timing, and temporal resolution (Brown et al.,
2022). Light exposure can also play a great role for mood and learning regulation (Fernandez et al., 2018),
over longer timeframes (Houser et al., 2020). In fact, mood disorders have long been associated with light
exposure (particularly when this is not adequate or sufficient), including conditions such as the seasonal
affective disorder (SAD) (Bedrosian & Nelson, 2017).

Light exposure also orchestrates the synthetization of several hormones to support the physiological
processes of the human body. These are called neuroendocrine responses to refer to how the brain
regulates the secretion of hormones (Houser et al., 2020). The principal hormones are melatonin and
cortisol. As shown in Figure 6, before awakening, cortisol increases to facilitate the switch from sleep to
wakefulness (Carmon, 2020). It will decrease during the day and this cycle is reproduced every day. It is
the same for melatonin, which increases in the body when cortisol is low at the end of the day (Altomonte,
2009). On the image, it is also possible to observe a similar pattern for the cycles of alertness and body
temperature, which are not hormonal but still are orchestrated by the circadian rhythm (Boyce, 2014).
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Figure 6 - Circadian rhythms. Source: (Altomonte, 2009)

Finally, the regulation of the circadian rhythm plays a fundamental role in our cognitive functions, including
learning, mental abilities, thinking, reasoning, remembering, problem-solving, decision-making, and
attention (Fisher, Chacon, & Chaffee, 2019). On these bases, various studies have focused on quantifying
the non-visual effects that light exposure inside buildings can have on the human body. Among these,
research has shown that a high exposure to circadian-effective light during the morning can enhance the
performance of office workers, with significant changes to their circadian entrainment, sleep quality and
mood (including a reduction of stress) (Figueiro et al., 2017). A study also stated that “when exposure to
light is mistimed or nearly constant, biological and behavioural rhythms can become desynchronized,
leading to negative consequences for health” (Bedrosian & Nelson, 2017). Due to the importance of light
for our health, it is easy to understand why staying indoors with inappropriate electrical lighting can have
negative impacts on health, sleep, and productivity (Brown et al., 2022). Among the measures defined to
evaluate the exposure to luminous stimuli for circadian entrainment, the circadian stimulus (CS) value has
been proposed (Figueiro et al., 2017). This will be presented in the following section.
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2.1.2. Parameters, Measures and Metrics

For the development of this thesis, it is important to define the parameters, measures, and metrics that
the scientific literature has established to benchmark the visual and non-visual performance of spaces.

The previous section has presented the principal measures used in photometry to quantify the visual
effects of light: luminous flux, luminous intensity, illuminance, luminance, and correlated colour
temperature. These are respectively expressed in lumens, candela, lux (Im/m?) — or, more correctly the
“photopic lux” (Enezi et al., 2011) - cd/m?, and Kelvin. These metrics will be used throughout the thesis,
although other parameters have been recently proposed to also encompass the climate, time and location
dependency of light distribution inside spaces (these are generally referred as Climate-Based Daylight
Modelling, or CBDM metrics).

Before introducing the metrics embedded within the CBDM framework, the daylight factor (DF) needs to
be mentioned. This is the oldest, and most widely applied, metric used to benchmark the spatial
distribution of light within a space. The DF (or FU, facteur de lumiere du jour in French) is defined by the
ratio of the internal illuminance at a point in a building to the external illuminance without any obstacles
under a fully overcast sky (often referred as CIE sky, as defined by the Commission Internationale de
I’Eclairage). This metric was developed in the United Kingdom in the 20" century (Fuse 1Q, 2021) and is
expressed as a percentage. For example, assuming that there are 500 lux inside and 10000 lux under an
overcast sky, the corresponding daylight factor is 500 Ix / 100000 Ix = 2% (Reinhart, Mardaljevic, & Rogers,
2006). DF serves as a quick comparison of relative daylight penetration under overcast conditions. The
LEED rating system requires DF to be a minimum of 2% for at least 75% of the critical visual task areas
(Fuse 1Q, 2021).

Among the CBDM metrics, the Daylight Autonomy (DA) is an indicator of whether there is sufficient annual
daylight on a horizontal plane, often used on working surfaces. DA is a percentage of annual daytime hours
when a given point is above a specified illumination level (Reinhart et al., 2006).
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Figure 7 - Daylight Autonomy. Source: (Fuse 1Q, 2021)

23



Within the same type of metrics, continuous Daylight Autonomy (cDA) is a modification of DA. In this case,
partial credits are awarded when annual daylight illuminance lies below the minimal illuminance level. As
shown on Figure 8 by the yellow diagram, a line from zero to the minimal level is added.
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Figure 8 - continuous Daylight Autonomy. Source: (Fuse 1Q, 2021)

Useful Daylight llluminance (UDI) is also used throughout this thesis. Proposed by Mardaljevic and Nabil in
2005, it is a modification of the Daylight Autonomy that includes consideration of dynamic daylight
performance on a working plane. The principle of this metric is that, if the level of illuminance is too low
or too high, then it is not useful to carry out a visual task. For this reason, it has been proposed that annual
daylight illuminance in the range 100-2000 Ix (at times, also the range 100-3000 Ix is used) should be
considered as offering potentially useful illumination for the occupants (Nabil & Mardaljevic, 2006).
Looking at Figure 7 and Figure 9, it is easy to compare the two metrics due to the colours of the diagrams.
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Figure 9 - Useful Daylight llluminance. Source: (Fuse 1Q, 2021)

To benchmark the non-visual performance of a space, the Circadian Stimulus (CS) is a metric that expresses
the potential for melatonin suppression and its effects on the synchronisation of the circadian rhythm. The
CS metric is based on consideration of the light spectrum, duration, intensity, and timing, since all these
parameters can directly (and indirectly) affect the circadian system. The measurement, or simulation, of
this metric is particularly relevant as disruption of the CS can have very serious consequences on the health
and well-being of people. Figure 10 presents the saturation of the CS produced by daylight, its maximum
being established at a value of 0.7. The CS value needs to be at least 0.3 for one hour during the morning
for the promotion of good circadian entrainment (Acosta, Campano, Leslie, & Radetsky, 2019). This will be
the minimum threshold that will be considered for the development of this research.
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Figure 10 - Relationship between the spectrally weighted levels of the circadian light and the measured levels of nocturnal
melatonin suppression. Source: (Acosta et al., 2019)
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2.1.3. Visual Comfort and Health

Visual comfort is a subjective response that is linked to the quantity, distribution, and quality of light within
a space (Architecture et Climat, 2014). A luminous environment can be considered as comfortable when
it offers the capacity to see objects clearly and without fatigue, and with good colour rendering. If there is
not enough light in the environment, an unacceptable distribution, or if the light spectrum is not adapted
to the eyes’ sensitivity, then occupants can start to feel fatigue, visual discomfort, loss of concentration or
headaches (CEN, 2021). Several parameters influence the achievement of visual comfort (Architecture et
Climat, 2014), among which those directly related to the design of architectural spaces are:

. The illuminance level on the visual task;

. An adequate colour rendering (compared to daylight);

. A harmonious distribution of light in spaces;

° The ratios of luminance present in the room;

° The absence of uncomfortable shades or excessive contrast;
. The highlight of reliefs and shape of objects;

. The availability of an unobstructed view to the outside;

. A pleasant combination between daylight and electric light;
. The absence of discomfort due to glare.

This thesis focuses on the analysis and definition of the lighting strategies for an architectural design
studio. This building type is seldom included in existing lighting regulations and recommendations,
therefore reference will be made in this study to standards such as the recently recast EN 12464-1:2021 -
Lighting of work places (CEN, 2021b). The advantages of providing visual comfort in offices are multiple
since increasing the quality and quantity of light can result in better work and benefit the mood and the
motivation of the occupants (Boyce, 2014). In work places, the level of illuminance on a horizontal plane
at desk height is the most common criteria used to benchmark the visual comfort of building users, also
considering the proper balancing between luminous sources (and with that, the type of lighting systems
used) (Boyce, 2014). Other considerations include minimising the risks of reflections on the display
screens, while providing sufficient illumination to work on other surfaces (horizontal and vertical).
Moreover, provision of abundant daylight and an unobstructed view to the outside can substantially
increase the feeling of comfort of building occupants. In fact, daylight can provide high illuminance and
excellent colour discrimination and colour rendering. Yet, ingress of daylight needs to be properly
managed and controlled, since excessive penetration of daylight can be linked to issues of solar
overheating and increase the occurrence of visual discomfort due to glare (Boyce, 2014).

In the recent literature, visual comfort has often been associated to the constructs of health and well-
being. Although there are clear connections between these terms, some distinctions need to be made,
also to better contextualise the focus of this thesis and identify the different needs of the students who
work in architectural design studios. Comfort can be broadly defined as a “physical and material state that
is pleasing or grateful to the senses” (Altomonte, 2019). Yet, people might have different preferences and
needs, and their responses depend on many variables, most of which are time-dependent (that is, comfort
should be seen as a momentaneous state). Conversely, health can be seen “as going beyond merely the
absence of disease or infirmity”, a combination of different dimensions, and at different spatio-temporal
resolutions, that can contribute to the welfare of building occupants. In a sense, health can be viewed as
the “integration of comfort over time”, a fundamental state for aspiring towards the achievement of well-
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being, “an even wider and overarching construct of physical, physiological, and mental aspects combining
hedonic and eudemonic dimensions, i.e. feeling good and functioning well” (Altomonte, 2019).

2.2.  Architectural Design Studios

Architectural design studios are very specific places made for the students to draw, learn, create models,
work on the computer, etc. As mentioned in the introduction, students spend a considerable amount of
time, day and night, working in the studios, therefore it is important for these to offer spatial and
environmental characteristics that are purposely adapted to meet the needs of these users.

2.2.1. What is a Design Studio?

Design studios are, first and foremost, a place for students and teachers, where a specific type of education
can be conveyed. Indeed, architectural education is a rather distinctive branch of pedagogical sciences, as
it requires the practical development of creative and technical knowledge and capabilities (Kesseiba,
2017). A design studio needs to be spacious in order to offer to the students enough space for drawing,
creating models, and using computers. Yet, it also entails specific requirements in terms of its lighting, due
to the different activities that it needs to host, ranging from stringent visual tasks to exhibition of designs
(both on horizontal and on vertical surfaces), and encompassing different qualities and quantities of light
access and distribution. But studios are not only spaces for work. For students of architecture, the design
studio is also a place for living, due to the long periods of time that they will spend there. A studio is also
a place for social engagement, where every student can share their designs with others and work together.
Architectural students are a close community, and they need a space to collaborate. As Thomas A. Dutton
said: “studios are active sites where students are engaged intellectually and socially, shifting between
analytic, synthetic, and evaluative modes of thinking in different sets of activities” (Dutton, 1987).

Design studios are the place where students learn the art of designing and creating. It is where creativity
can be expressed without limitation, becoming manifest on walls, tables, the floor, etc. It is a place where
students will spend also the most stressful times of their academic life, particularly before an important
project deadline. At this time of the year, students will practically live in the studios, and they will not go
back to their homes for sleep, sometimes for several days. This is also the reason why, in many
architectural schools, the students need to have 24-hour access to the studios during the academic year.

According to a study conducted at the University of Washington, the design studio represents the real core
of architectural education. For this reason, it is essential that it is equipped with adequate furniture,
including desks, shared workspaces, pin-up surfaces, and access to digital networking tools to facilitate the
development of students’ work (Hacihasanoglu, 2019). A studio is a place where students will completely
immerse themselves into their design elaborations, a den, a home away from home, a space that facilitates
individual and independent thinking as much as groupwork and interactions. Indeed, exchange of ideas,
confrontations, discussions, are all relevant parts of contemporary architectural pedagogy theories, and
the design studios needs to represent the environmental setting that affords the emergence of these
qualities (Altomonte, Rutherford, & Wilson, 2012). In conclusion, design studios require a mixture of
formal and informal spaces where the internal organisation can often be self-managed by the students
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but that, at times, can also accommodate the development of activities directed by a professor
(Vangrunderbeeck, 2020).

2.2.2. Pedagogy, Space, Technology

To understand why this topic is linked to the aims of this thesis, it is important to characterise the link
between pedagogy and the design studios. As shown in Figure 11, particularly in architecture, the
pedagogy is strictly related to space and technology. Spaces afford pedagogy and integrate technology;
pedagogy is supported by space and is diversified by technology. Technology breaks down the barriers of
spaces and can facilitate the pedagogy (Vangrunderbeeck, 2020). Understanding the studio’s pedagogy is
then necessary to define the spaces required, and therefore the technology, and thus the lighting,
required.

décloisonne

Figure 11 — Pedagogy, space and technology. Source: (Vangrunderbeeck, 2020)

Historically, the design studio was seen as a succession of ateliers in the “Ecole des Beaux-Arts”. Each
studio was led by an accomplished architect and had his own character. There were three parts in the
learning process: the first two were focused on the sketching, called the “Esquisse”, and the testing of the
design proposals, and the last one consisted in the writing of a text to examine the scientific knowledge of
the candidates (Kesseiba, 2017). In contemporary education, design studios are the “heart and head of
architectural education”. This situation is not comparable to any other classroom scenarios (Dutton, 1987).
Architectural pedagogy aims to convey, conserve, and transmit the values of the profession and the
society. An important part of the education focuses on responding to the needs of the occupants of the
buildings that students strive to create. The process of creation itself needs to be nurtured by reason,
emotion and intuition (Kesseiba, 2017).

According to the US’s NAAB (National Architectural Accreditation Board), the learning culture transmitted
within the architectural design studio can be defined as follows: “the program must demonstrate that it
provides a positive and respectful learning environment that encourages optimism, respect, sharing,
engagement, and innovation between and among the members of its faculty, student body,
administration, and staff in all learning environments, both traditional and non-traditional” (NAAB, 2014).
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There are different perspectives that need to be considered: collaboration and leadership, design,
professional opportunity, stewardship of the environment, community and social responsibility.
Therefore, individual and collective learning opportunities are applied (NAAB, 2014). For social equity,
NAAB says: “the program must have a policy on diversity and inclusion that is communicated to current
and prospective faculty, students, and staff and is reflected in the distribution of the program’s human,
physical, and financial resources.” (NAAB, 2014). A list was made about the qualities that the pedagogy
needs to promote in the studio (Table 1). These values are embedded in the teaching at various prestigious
universities of architecture such as Harvard and Princeton (Hacihasanoglu, 2019).

Table 1 - Evaluation parameters of the studio culture. Source: (Hacihasanoglu, 2019)

Design-thinking skills

Design process as much as design product
Leadership development

Collaboration over competition

Meaningful community engagement and service

The importance of people, clients, users, communities,
and society in design decisions

Interdisciplinary and cross-disciplinary learning
Confidence without arrogance

Oral and written communication to complement visual
and graphic communication

Healthy and constructive critiques

Healthy and safe lifestyles for students

Balance between studio and non-studio courses
Emphasis on the value of time

Understanding of the ethical, social, political, and
economic forces that impact design

Clear expectations and objectives for learning

An environment that respects and promotes diversity
Successful and clear methods of student assessment
Innovation in creating alternative teaching and
learning methodologies

Architectural education needs to be founded on providing a balance between theoretical courses and the
practice of design in the studios. Theoretical teaching has to support the studio and vice-versa. With this
education, the students learn “the language of design”, mastering the use of 2D and 3D tools to explore
and characterise the qualities of spaces. These tools can be practiced on the computer or on paper, e.g.,
drawings and models, and all are necessary for the proper understanding of the spaces. Students learn
how to craft spatial concepts and to contextualise them in their proposals (Kesseiba, 2017).

Another feature of architectural education is the pace of development of design proposals. Students are
encouraged to arrive in the first week of the semester with ideas and potential solutions to the given
design problem. The benefit of this is to improve the learning experience and enhance the capacity to
quickly tackle situations (Kuhn, 2000). Yet, due to this pedagogical setting, the studio is also the place
where students receive criticism, which need to be healthy and constructive (Hacihasanoglu, 2019).
Critiques take place in both formal and informal ways, from the professors, colleagues or visiting experts
(Kuhn, 2000). The nature of studio-based learning is strongly anchored on these critiques, feedback and
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conversational exchanges between tutors and student, and between student and peers (McClean &
Hourigan, 2015).

Finally, the studio needs to afford also other models of education, such as the “collaborative board”. This
consists of an interaction between students, which can be very productive. With this method, it is possible
to involve everyone in each other’s projects and then encourage informal exchanges and general
guestioning (Masson, 2019). However, for this pedagogical method to be effective, the spaces need to be
flexibly adapted to these collaborative interactions.

2.2.3. After COVID

During the academic years 2019-2020 and 2020-2021, the education of the students was affected by the
COVID-19 pandemic. Like every other discipline, the architectural program was impacted by a change of
learning process. The courses needed to be given online, and all the students had to stay at home.

Obviously, the online solution was not adapted to the studio courses because the students were suddenly
alone. They could not share their work and their experience with each other anymore. The interactions,
feedback and design learning in the studios were no longer available to most of the students. This implied
an added difficulty, as students were no longer sharing the same space. Indeed, social interactions are one
of the most important things in the pedagogy of the studio courses. Furthermore, mixing life at home with
design studio work was challenging, particularly due to the lack of space, unsuitable furniture, the
presence of family instead of colleagues, etc. Every group’s work became very difficult due to the lack of
direct interaction between the students. The feeling of being alone was something very troublesome for
students in architecture. Equipment such as luminous tables was only available in the studios, hence
students tried to find alternative techniques to draw (e.g., drawing on windows), making the learning
process rather arduous. A course based on online teaching was also a problem for the learning of software
such as AutoCAD or Rhino due to the lack of physical interactions with tutors, whose screen had to be
shared hence hindering the practice of software during the learning. The support from other students is
also essential to ask questions instead of losing time to find information on the internet. Finally, the
discussion on the design projects with teachers was made very difficult by the fact that this had to be made
via online calls. Students had to show pictures of their advancements, and often struggled to convey the
principles upon which certain design solutions had been made. Even if the situation forced students to be
creative and imaginative, and use simple tools and materials to explain their ideas with models, the
communication was often challenging, and the quality of the learning process was necessarily lower, as
were the expectations for the final outcomes of the studio course.

This experience made it clear that, even in today’s world, the design studio environment continues to be
a fundamental community setting for learning (McClean & Hourigan, 2015). The pandemic demonstrated
that online courses cannot provide a proper pedagogical environment for the discipline of architecture.
The learning experience of students needs to be properly supported by adequate spaces and facilities that
can enhance individual learning and group collaborations and interactions (Peimani & Kamalipour, 2022).
These are the key considerations on which the objectives of this thesis have been framed.
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2.2.4. Design Studios at UCLouvain

The Faculty LOCI at the University of Louvain (UCLouvain), like any other academic institution, has
developed its own pedagogical methods for the teaching of architecture. These are structured on:

. mobility of the teachers between the tables where students work;
. collective table discussion on the projects;
. pin-ups for feedback and assessment.

Personal work made by the students (drawing, model making, screen-based activities) is the main activity
during the studio courses. Students work individually or within a group (from 2 to 5 students) most of the
time, and one or two times a week they meet the teachers to get some feedback about the main ideas of
their project and how to express them. At LOCI, the staff-to-student ratio is based on 12 students/groups
per teacher throughout a semester. Generally, the studio courses are given during 8 hours per week, which
means that every student/group is allocated at least 40 minutes per session (Masson, 2019).

The expectations for design studio courses are similar to those that apply to any building. They can be
distinguished between general (e.g., responding to building regulations and norms) and specific (e.g.,
related to each design project, its context, urban or rural, its program, the environmental dimension, etc.).
All students learn from the teacher but also from each other; this is an integral part of the learning
experience. For this reason, there are different types of collaborations: tacit (individual work in a group
dynamic), implicit (every student’s work is different but can help the others), informal (outside the courses’
hours, students are encouraged to discuss), and forced (in groups, students must learn to work together)
(Masson, 2019). With reference to the principles presented in Table 1 (Hacihasanoglu, 2019), and based
on personal experience of the author, a comparison was made to the studio culture parameters where
specific emphasis is given at the Faculty LOCI; these are marked by a x sign in the Table 2 below.

Table 2 — Studio culture parameters at UCLouvain. Based on Hacihasanoglu, 2019

Design-thinking skills

Design process as much as design product

Leadership development

Collaboration over competition

Meaningful community engagement and service

The importance of people, clients, users, communities, and society in design decisions
Interdisciplinary and cross-disciplinary learning

Confidence without arrogance

Oral and written communication to complement visual and graphic communication
Healthy and constructive critiques

Healthy and safe lifestyles for students

Balance between studio and non-studio courses

Emphasis on the value of time

Understanding of the ethical, social, political, and economic forces that impact design
Clear expectations and objectives for learning

An environment that respects and promotes diversity

Successful and clear methods of student assessment

Innovation in creating alternative teaching and learning methodologies

X OO |X [O|O (X |O|X |X|[O|X|[X|O|[X |X|[X|X
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At LOCI, the process of design is given relevance as much as the final product, yet it is important that ideas
are properly expressed with drawings, models, and in verbal form (oral and written). Students need to
present their designs with clarity to the teachers and to other contributors. In addition to this, one of the
specificities of the courses in Louvain-la-Neuve is that the programme does not include only architecture
but also civil engineering. The studio courses are a main part of the education at LOCI but, at the same
time, students need to combine their design skills with theoretical engineering courses. This often presents
a difficulty in the programme because these are two very different courses. However, the pedagogy tries
to link these two components to reinforce the quality of design outcomes. As an example, students can
focus more on the structure and the materials they want to use, since they have the theorical bases to
think about these aspects throughout the whole project.
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3. Aim and Objectives

Aim of the Research

The general aim of this thesis is to provide a design framework for the lighting strategies of architectural
design studios, supporting the pedagogy and learning experience of students of architecture.

To this aim, it will be first of all essential to fully characterise the needs of the students in the Faculty LOCI
in Louvain-la-Neuve, particularly in terms of the lighting that is demanded to support their visual task
performance, and the specific non-visual requirements that are dictated by their working and living styles.
To contextualise this knowledge, the current design studios within the Vinci building will be taken as a
basis for reference via measurements and simulations. On this grounding, this study will analyse the design
for the new building that has recently been proposed to host the LOCI design studios over coming years.
The proposal will be tested via the use of a new parametric tool to verity the visual and non-visual
potentials that the solutions devised will afford and, where appropriate, guidelines and recommendations
will be made to enhance the lighting qualities of the new design. Figure 12 diagrammatically illustrates the
structure of the research with all the steps that will be necessary to respond to aim of the research.

Measurements
| \ x
; Guide lines
Cross-sectional ion CBDM . > Right now ——» forthe new

uestionnaire uestionnaire 5
q 3 q building

Model
simulations

Figure 12 — Structure of the Research. Source: Author

This thesis is articulated on three fundamental research methodologies: surveys, measurements, and
simulations. Two different questionnaires (cross-sectional and right now) with the students and a
campaign of measurements on the current design studios will be conducted. Such measurements will
support the validation of the 3D simulation of existing spaces, that will be necessary to contextualise the
answers to the surveys and characterise the needs of the students. A further set of simulations will then
be conducted on the new design proposal to test and evaluate the lighting conditions in the new studios.
Each part of the research structure will be presented in the next chapters of this thesis.
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3.2. Specific Objectives

3.2.1. Objective 1

The first specific objective of this research can be formulated as follows:

. In the design of architectural studios, which lighting strategies (natural and electric) sustain
different pedagogical methods and spatial dynamics?

This objective requires focusing on the specific pedagogy of design education. It can be expressed in two
different needs: static lighting scenarios can be used to support task-related needs, and dynamic and
spectrally tunable lighting can provide a flexible and adjustable work environment.

The static lighting scenarios need to sustain different pedagogical activities: personal work (drawing,
model making, screen-based activities), group discussions, table-based tutorials, pin-up assessments,
computer projections, etc. The dynamic and spectrally tunable light can respond to different programs:
changes in intensity and directionality of lighting, changes in colour temperature and spectral power
distribution.

3.2.2. Objective 2

The second specific objective of this study can be formulated as:

. In the design studios of architectural schools, how to support the students with an appropriate
lighting strategy in order to respond simultaneously to their visual comfort and the needs of non-
visual well-being and to their diversified working/living schedule?

This objective aims to address the various students’ needs in the studios to ensure their comfort, health
and well-being. The lighting strategy has to be adapted to their work requirements, allowing a clear
visibility of their tasks, without risks of excessive contrast or discomfort due to glare, a clear view to the
outside, yet with capacity for the lighting conditions to be adapted, e.g., for self-illuminated tasks such as
work on computer screens. The lighting needs also to take into account that students spend a large part
of their academic life within the studio spaces, at times with limited access to external exposures for
circadian entrainment.

In order to meet these two objectives, it is essential to understand the actual requirements of students
and the luminous qualities (and quantities) of the spaces they occupy, currently and in the future. Two
surveys, a campaign of measurements, and a series of simulations, will help to characterise these needs
and to propose lighting strategies that can be adapted to these various demands.
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4. Materials and Methods
The “Ateliers” Vinci

4.1.1. Introduction

In order to better identify the specific needs of the students of the Faculty LOCI, it is essential first of all to
understand the characteristics of the studio spaces they are currently occupying in the building Vinci,
represented in Figure 13. This building houses the Faculty LOCI (Faculty of Architecture, Architectural
Engineering and Urbanism), as well as the Department of Civil Engineering of the Polytechnic of Louvain-
la-Neuve. The building hosts the offices for the administration and the academics, but also the studios, a
great hall, informatic roomes, a library, etc. All these different functions need specific lighting. This building
is located in Belgium, in the town of Ottignies Louvain-la-Neuve, in the Walloon Brabant region as shown
in Figure 14.

Figure 14 - Belgium map. Source:

Figure 13 — The Vinci building Vinci. Source: (Baldwin et al., https://fr.wikipedia.ora/wiki/Eichier:ZP 5275 -

2023)

Zone _de Police Ottignies-Louvain-la-Neuve.GIF

The Vinci was one of the first buildings to be built in this new town during the 1970’s. It is situated at the
end of a pedestrian area that cuts through the entire city of Louvain-la-Neuve. Figure 15 clearly shows the
circulation within the city, and the squares that are encountered along the pedestrian route (marked in
yellow). The figure clearly shows the link between the building (marked in red) and this pedestrian axis.
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Figure 15 - "Le site et la ville, les jalons repéres du centre-ville". Source: F. Andrieux et Y. Lepére (2022)

The Vinci building is organised in four wings arranged around a central courtyard. Each of the four wings
is oriented in a different direction: north, south, east, and west, as it can be seen in Figure 16, where the
3D sun path is also shown. The distribution of functions follows these orientations, as the northern wing
hosts the great hall, juxtaposed to the construction engineering labs, the north and south wings contain
offices, and the west wing houses the studios. It is important to notice in that image the six skylights are
opened on the roof to let even northern light to the staircases and to the studios on the first floor.
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Figure 16 - The Vinci. Source:(Baldwin et al., 2023)

The analysis of the Vinci building aims to fully characterise the specific needs of the students of the Faculty
LOCI, so that the requirements for appropriate spaces, and their correct lighting strategies, can be
transferred to the design of the new building that has been proposed to host the studios in the future.

The analysis has been structured to address three specific questions:

. Collect cross-sectional quantitative and qualitative data to understand the levels of comfort that
students perceive in the building, while emphasising specific needs, and the potential avenues of
development for the arrangements of spaces and their lighting strategies

. Perform a measurement campaign of the studios spaces in order to validate the data obtained by
building performance simulation software.
. Engage directly with the students via point-in-time questionnaires to relate the subjective

experience of students to the physical characteristics of the spaces they occupy.

The following paragraphs of this section present the measurement (4.1.2) and simulation tools (4.1.3) used
in the study of the Ateliers Vinci, describe the surveys that were conducted in the building (4.1.4), the
methods and sequence for the collection of the data (4.1.5), and those used for their analysis (4.1.6).

4.1.2. Measurement Tools

As presented in Figure 12, this research has been structured on a number of steps, each requiring the
utilisation of specific instruments that are presented here below.

Camera with Fish-eye Lens

A camera with fish-eye lens was used to evaluate point-in-time lighting scenes through the creation of
luminance maps of the studios. This was done via the technique known as High Dynamic Range (HDR)
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modelling in order to identify the quantity and quality of the light that falls in the eyes of the occupants. A
HDR image is an addition of multiple exposures of the same scene to have a higher range of brightness.

For the creation of a HDR image, it is important to follow a structured methodology, which has been clearly
established in the lighting scientific literature (Pierson, Cauwerts, Bodart, & Wienold, 2020).

The methodology requires a software to generate a calibrated HDR fisheye image. For this thesis,
Photosphere was used to apply photometric adjustments, but other software such as gDsIrDashboard or
Radiance can also be used. Then, the other materials needed are:

A Digital Single-Lens Reflex (DSLR) camera;

A circular fisheye lens compatible with the camera;

A tripod to take the sequence of multiple exposures;

A calibrated spot luminance meter and a middle grey target to calibrate the image;
A calibrated illuminance meter to check the validity of the calibrated HDR image;

A computer to process the HDR image;

A ND filter could be needed if the sun or a very bright surface is in the field of view.

After checking the suitability of all the equipment needed, some camera settings have to be made. These
need to be kept constant during the whole calibration process and the elaboration of every luminance
maps. Table 3 provides an overview of these settings.

Table 3 -Camera settings for HDR photography. Source: (Pierson et al., 2020)

Setting Value
Film speed 1SO 100

White balance

Daylight (5200K)

Exposure mode Manual

Light metering mode Insignificant
Focus mode Manual
Focus value Infinite
Image quality Largest
Image type JPEG or RAW
Picture style Neutral
Peripheral illumination correction Disabled
Color space sRGB

The step-by-step procedure to generate a HDR fisheye image is here synthetised below and then
presented in Figure 17.

1.

Capturing a sequence of multiple exposure as Low Dynamic Range (LDR) or traditional images with
the settings presented in Table 3 of the visual scene; the camera should be set on a tripod to
minimize misalignment problems.

Selecting the useful exposures considering that taking the clearest and the darkest is fundamental.
Merging the exposures to generate the HDR image by using the predefined camera response
function.

Nullifying the exposure value.
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Resizing and cropping the HDR image by using the predefined fisheye view coordinates.

Adjusting the projection of the HDR image by using the predefined distortion function.

Correcting the vignetting of the HDR image by using the predefined vignetting curves.

Correcting the alterations of the HDR image due to the Neutral Density (ND) filter, if one was used,
by using the predefined ND correction function.

9. Adjusting the photometry of the HDR image by using the measured spot luminance value.

10. Editing the HDR image header by using the predefined projection type and real viewing angle.

11. Checking the validity of the HDR image by using the measured vertical illuminance, and, if needed,
the predefined luminous range (Pierson et al., 2020).
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Figure 17 - Step-by-step procedure to create a 180° luminance map from a visual scene with daylight using HDR photography.
Source: (Pierson et al., 2020)
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To realize the sequence of multiple exposure LDR images, Pierson et al. (2020) recommended to take up
to 15 images, althoug