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Abstract

Modeling, Control & Performance Evaluation of Bottom-up
Motorized Shade

by Konstantinos Kapsis

Integration of daylighting into buildings using motorized interior shades 1s challenging. If
1t 1s done properly, reduction of energy for artificial ighting and eventually building cooling
demand can be achieved, while providing an mmproved wvisual and thermal office
environment, beneficial for the occupants’ health and performance. If 1t 1s poorly done, 1t
can lead to imncreased cooling demand due to overheating, thermal discomfort and glare
problems.

In this study, the daylbghting and thermal performance of “bottom-up” shades was
presented. The bottom-up 1s a motorized roller shade that operates i reverse of a
conventional roller shade (opens from top to bottom), so as to cover the bottom part of the
window, providing privacy to the occupants, while allowing daylight to enter from the top
section.

A daylighting simulation model, validated with experimental results, was developed 1n
order to establish correlations between the shade position, outdoor illuminance and work
plane illuminance for different outdoor conditions as well as to allow a sensitivity analysis of
the impact of shade optical properties on the results. Moreover, the model was used to
compare “bottom-up” shades with conventional roller shades. The results showed that the
Daylight Autonomy (DA) for the bottom-up 1s 8%-58% higher than the DA for a
conventtonal roller shade, with a difference of 46% at the back part of the room, away from

the fagade, where the use of artificial ighting 1s usually more needed, proving the advantage

e



of bottom-up shade versus conventional roller shades, by allowing the natural light to enter
from the top section of the fagade deep into the room

Thermal experiments were conducted to examine the possible advantages of the use of a
bottom-up shade’s “sealed” cavity, showing increase of the effective thermal resistance of
the fenestration, compared with no shades and with conventional roller shades

Finally, a methodology 1s proposed for the development of a control algorithm for a

bottom-up shade, applicable for any location and ornentation

w



Acknowledgments

I would like to express my gratitude to my supervisors Dr. A. K. Athiemtis and Dr. R.
Zmeureanu whose expertise and encouragement added to my graduate studies. This thess

would not appear 1n 1ts present form without their kind assistance and support.

I am also indebted to Dr. A. Tzempelikos for his assistance and provision of critical

thinking,

Special thanks to my friends and colleagues in the Solar Lab for their friendship and
assistance.

I would also like to thank my family, without whom none of this would have been even

possible. I am forever grateful.

Financial support of this work was provided by NSERC through the Solar Buildings
Research Network and by Natural Resources Canada through the Innovative Research
Iniiative and the Technology and Innovation Program as part of the Climate Change Plan

for Canada.



vl

2tn Defowvia, o Lavvn, v Ayyelinr

2ty EAévy



Table of Contents

List of Figures X
List of Tables X111
Nomenclature X1V
Chapter ©1: Introduction ........... . 1
1.1 Background.... 1
1.2 Bottom-Up Roller Shade ..o s 2
1.3 MOUVAUON ittt et st st ere s b e s v s ene s 4
1.4 Thests ODBJECUVES. ..o 4
1.5 ThestS OVEIVIEW wucvrrrrririiireiireestt et et s e s s bbbt oo oo 5
Chapter 2: Literature ReVIeW ... v 7
2.1 INETOUCHON ot 7
2.2 Sunand Daylightu ... 7
2.3 VIS0l COMUEOLT it s e e n e 9
2.4 Non-Visual Effects of Light ..o 10
2.5 Thetmal CoOmEOTta ittt e bbbt sene 11
2.6 Dynamic Fenestration ... s 12
2.6.1 Interior Shading DevICes ... s 13
2.6.2  Control Strategies fOr Shades ...t e 15

2.7 Artificial Lighting...ice s e 20
2.8 Dayhghting/HVAC System INteraction.....cocovviviiirvinecreiiveinrenens covesriresreseneiennens 21
2.9 Daylight Performance MELIICS ....oviiiiieiiiieiiiiiei et sen soeseennnes 23
Chapter 3: Numerical Model of Bottom-up Roller Shade...........ccccovnnnenee. 26
3.1 INOAUCHION tiiiiicct et 26
3.2 SOlar GEOMELIT ..oiiiiiiieie e 27
3.3 CIE SKY MOMEIS ...oiiiiiiecic ettt 28
3.3.1 CIE Clear SKY wovvviiiiiiiiici et ses et nebne 29
332 CIE OVEICAST SKY .coiiiieririisceenierscee ettt teee s 31

3.4 “All-weather” Sky Model.....coviiiieiiiciee e 32
3.5 CoNtrol SHIAEEY ..ovcvviiiiiii e 32

vz



351 Glat - rEE ZOME o eeieeiiis st eert et et sertseeetsasnrssesbes e tesessbesebessinnes aeseres ane 32

3.5.2  Acceptable Workplane Illummance (AWI) ..o, 34

3.6 Radiosity MEthOd. ..o 41
3.7 Ray TIACHIZ...ciiiieiis ottt e 43
3.8  Correcton due to frame shading......cooccovvveviiiinii s s 45
3.9  Artifictal Lighting ... v e 46
391 Control SLrAtEGIES .viiiiiie s 47

3.10 Results and DISCUSSION ..ot e 48
3.10.1  Sensttivity ANALYSIS .o 48
3.10.2 Comparison with a Conventional Roller Shade........ccoovvviiviininiiciinn, 52
3.10.3 Performance under CIE Sky Models ..o s 55
Chapter 4: Experimental Study and Model Verification ... ..., 57
4.1 THELOAUCHON 1ottt st ens 57
4.2 PerimMeter ZOME . ..o s bbb 57
4.3 Experimental SEt-up ..o 58
4.3.1  ThermMoCOUPIES ... 60
432 Pyranometer SENSOL ...ttt et 60
4.3.3  PhOtOMELEr SENSOL...coiviiiiiiiiiriiiicrierertr st et es s s ene o 60
4.3.4  ADEMOMELEL weoiiititir e bbb e 61

4.4 Fenestration PLOPerties.. ... e 61
441 Glazing PrOPerties .o i i eveseres e 62
4.4.2  Shading Devices Properties .. ... .. oo voveies + et et 64

4.5 Model VertfICation..c.cciiiercorcrierrrecetirenes st st e e 64
4.6 Thermal MeasuremMeEnts ...t 66
Chapter 5: Conclusions and Recommendations............cooccccninnvionncrirnennnn, 74
5.1 CONCIUSIONS ..ottt et en e 74
52 RecomMmENndations ... et 76
References 78
Appendix A 82
Appendix B 85
Appendix C 88

vite



Appendix D
Appendix E
Appendix F
Appendix G
Appendix H
Appendix 1

X

96
101
117
126
142
145



List of Figures

Figure 1.1: Comparison of a conventional roller shade (on the left) with a bottom-up roller
shade (on the right), emphasizing the operational ditect1ion........coovveeeniccciicee 2

Figure 1 2: Using bottom-up shades 1n a three-section fagade conceptu.....covinicreiierriirnninnns 3

Figure 1.3: Comparison of a conventional roller shade (on the left) with a bottom-up roller
shade (on the nght), emphasizing the “sealed” cavity ..o s 3

Figure 2.1: Solar electromagnetic spectrum (Sen, 2008)........ccovveviviiviiiiineiecerins 8

Figure 2.2- Daylighting and thermal requirements for shading devices (Kuhn et al, 2001)...15

Figure 3.1: Flowchart of simulation methodology ... 27
Figure 3.2: Solar geometry SChEMAIC ... e 28
Figure 3.3: Glare-Free Zone (GFZ) schematiC.......cooiiiviniivcinccccces 33
Figure 3.4: Recommended control strategy for bottom-up shades ..., 34

Figure 3.5: An example of curve-fitung correlation for a WxDxH=4 m x 4 m x 4 m typical
office with a shade transmittance of 5%, using Mathcad® built-in function for the
Levenberg-Marquardt Method ... e 35

Figure 3.6: Cities used for the parametric analysis ... 38

Figure 3.7: E_ . (x) as a function of bottom-up shade transmuttance for two different room

geometries (WXDKH) oo s 40
Figure 3.8: B (W/m® as a function of bottom-up shade transmittance for two different
room geometries (WXDXH) oo s 40
Figure 3.9: Plan view of the office, illustrating the five by five pomt-array for the workplane
.............................................................................................................................................................. 43
Figure 3.10: Relative position of a workplane point to a source that lies 1n the x-y plane......43

Figure 3.11: Ray tracing schematic, demonstrating the mntersection between a sun-ray and a
TOOIML SUTFACE 1ooviiitiitc s e 45

Figure 3.12: a) Plan view of the facade, showing the shading due to vertical frame, b) Cross
section of the fagade, showing the shading due to horizontal frame .......ccoeevvvvevees e, 45

Figure 3.13: : Luminaire candlePOWEr CUIVE c.c.viiiriiiiiiirce e 46



Figure 3.14: Luminaire power consumption versus percent luminous flux output (O'Nell,
2008) .t e e e e S b 48

Figure 3.15: Daylight Autonomy distribution for three configurations of bottom-up shade: 49

Figure 3.16: Annual lighting energy consumption for three configurations of bottom-up
shade: Ty00m up=0%, 5% and 10% and two different control strategies for artifictal ighting:
Active On-Off and continUOUs dIMMUNG c.vvvieviiiiiririis e seeiinenes 51

Figure 3.17: Annual relauve frequency of the position of the bottom-up shade, for three
configurations: Ty,uom up=0%0, 570 AN 10%0. i 51

Figure 3.18: : Daylight Autonomy distribution for bottom-up shade and conventional roller

Figure 3.19: Annual Ighting energy consumption for three for bottom-up shade and a
conventional roller shade under two different control strategies for artificial highting: Active

On-Off and contiNUOUS dIMMING.....c.coiviiiiiriiiee s 54
Figure 3.20: Daily performance of a bottom-up shade during a CIE Clear day........cocconnnee.. 55
Figure 3.21: Daily performance of a bottom-up shade during a CIE Overcast day ................ 55
Figure 4.1: Solar lab of Concordia UnIversity . ...t e 57
Figure 4.2: Experimental set-up for a convenuonal roller shade (on the left) and a bottom-up
roller shade (0N the 11ght) ... 58
Figure 4.3: Cross section schematic of the experimental set-Up ..., 59

Figure 4.4: a) A Li-cor pyranometer, b) a Li-cor photometer and c¢) a KANOMAX

P o Tcye s10) 8 (11w SRRER OO U TR 61
Figure 4 5: Experimental transmittance of clear glazing ..., 62
Figure 4.6: Experimental transmittance of fritted glazing.......c.cooevevvvcvnvicininncceine e, 63

Figure 4.7: Companson of predicted and measured workplane dluminance for a clear day
(50%0 OPEM) ..vvviceetee s e e e s .65

Figure 4.8: Comparison of predicted and measured workplane illuminance for an overcast
day (50U OPENY c.ecviiiiinici e e 66

Figure 4.9: Temperatures comparison between a “sealed” (bottom-up shade) cavity and a
conventional (roller shade) one for a cold clear day ......... oo e, 69

Figure 4.10: Temperatures comparison between a “sealed” (bottom-up shade) cavity and a
conventional (roller shade) one for a cold overcast day.......cccovevvcncvcncennnennns e, 70

X1



Figure 4.11: Temperatures comparison between a “sealed” (bottom-up shade) cavity and a
conventional (roller shade) one for a warm clear day ... 71

Figure 4.12: Temperature response of the fenestratton by opening the bottom-up shade,
during a cold nIght ... s 73

Xt



List of Tables

Table 2.1: Light sources used for commercial buildings (U.S. DOE) ..o, 9
Table 3.2: AWI correlation constants and values for bottom-up shades......cocooovcvrnnnnnn 37
Table 3.3: Correlation values for four different ciies around the world ... 39
Table 3.4: Correlation values for five different ortentations i Montreal... .occovcvniiiiennee 39
Table 3.5: Luminaire SPECIfICAtIONS ..ovvvviuiiieiiiiiciitc et 46
Table 3.6: Useful Daylight Illuminance for three configurations of bottom-up shade: ......... 50

Table 3.6: Useful =~ Dayhght Illumimance for a bottom-up shade and a roller shade

(Tbottom up = Troller = 50/0) . .. . 53

Xt



Nomenclature

A

Asunln

c
Control
d

D

SHGC
UDI
U-Value

W

W(x,y ,z)

correlation constant

sunlit area of the facade, m*

atmospheric extnction coefficient

Position of the bottom-up shade due to a control strategy
profile angle

depth, m

Daylight Autonomy

lluminance, Ix

correlation lluminance (Ix) or solar radration (W/m? value
solar dluminance constant, Ix

view factor between surfaces 1 and |

transmittance factor

height, m

Cartesian coordinates

total luminance (Ix) or solar radiant (W/m?), as measured by the sensor

luminous exitance of surface 1

Julian day number

Solar Heat Gain Coefficient (W/m’K)
Useful Dayhght Illuminance

overall heat transfer coefficient, W/m*K

width, m

Cartestan coordinates

X



Greek letters

o, solar altitude
Y surface solar azimuth
o percentage of perforation
AT temperature difference
g emissIvity
0 angle of incidence
0 effective reflectance
T effective transmittance
Subscripts
0 mnittal
AWI due to "Acceptable Workplane Illuminance" control strategy
bottom-up bottom-up shade
ceiling celing
clear due to clear sky

diffuse due to diffuse daybght
direct due to direct daylight
dn at the sea level
ext extertor, incident on the fagade

fagade fagade

floor floor
frame frame
GFZ due to "Glare-Free Zone" control strategy

XV



glass glass

ground due to the ground
h horizontal
overcast due to overcast sky
rm room
roller conventional roller shade
setpoint setpoint

shaded shaded part of the fagade
sky due to the sky
solar solar spectrum

sp spandrel

sun due to the direct sunlight
visible visible spectrum
wall intertor wall
win window
xt extraterrestrial
L perpendicular to a source of hght
// parallel to a source of light

XVt



Chapter 1: Introduction

1.1 Background

In 2005, lighting energy consumption amounted to 30% of total global electricity used 1n
the commercial bullding sector, an estimated 1133 TWh (Waide & Tanishima, 2006). In
Canada this percentage 1s less but still significant at 9.4% of national total electricity
consumpton In the sector, an estimated of 30 TWh (NRCan, 2007). Moreover, artificial
lighting 1s not only responsible for considerable amount of electrical loads on commercial
sector, but 1t can also cause excesstve cooling loads as a side effect of 1ts extensive use.

As commercial buildings with largely transparent facades become mamnstream,
daylighting 1s experiencing renewed attentton as an important aspect of building lighting
design; an architectural statement that 1s part of an overall sustainable design able to
contribute to the energy and environmental solution. In addition, the benefits of daylighting
extend beyond energy and architecture. Research confirms that daylighting improves health
and well-being, and increases the occupants’ producttvity (Heschong, 2002). However,
daylighting design requires careful system integration, as 1t can lead to design failure (e.g.
overheating due to excessive solar gamns, glare problems due to over-iluminated spaces,
thermal discomfort due to radiant asymmetry caused by highly-glazed surfaces, etc.).

In order to properly integrate daylighting into a building, shading devices should be
considered as an integral part of the HVAC and lighting system of the building. Ability to
control the solar gains, optimize lighting levels and protect the occupants from visual and
thermal discomfort, well-designed and controlled shading devices can drastically reduce

building cooling energy demand and electric energy consumption.



1.2 Bottom-Up Roller Shade

The bottom up (see Figure 1 1) 1s a motorized roller shade that operates 1n the opposite
ditection of a conventional roller shade (opens from top to bottom) Its advantage,
compared to conventional roller shades, 1s that 1t covers the bottom part of the window,
providing shade and glare protection as well as ptivacy to the occupants, while allowing

daylight to enter from the top section and lluminate the space (see Figure 1 2)

Figure 11 Companison of a conventional roller shade (on the left) with a bottom-up roller
shade (on the right), emphasizing the operational direction

The concept of three section fagade, where the lower patt 1s the spandrel, the middle
section 1s the “viewing section” and the upper section s the section used for daylight
benefits, 15 not new Previous research has been made (Galasw ef a/, 2004, Tzempelikos e
al, 2007), demonstrating the advantages of using this advanced dynamic fenestration

configuration 1n office dayhghting performance



Daylight section
(upper)

Viewing scctuon
(middle)

Diffuse source
of hght

Spandrel
(bottom)

Figure 12 Using bottom-up shades in a three-section fagade concept

Somfy Canada Inc manufactured a prototype bottom-up roller shade, donated to
Concordia University for daybghting and thermal performance experiments The prototype
shade has a single motor, positioned at the top part of the shading device (similar to
conventional motorized roller shades) that drnives the shade 1n both directions, through cords
attached on the two upper corners of the shade It moves between vertical aluminum tracks
(that contain the cords) attached to the window frame, keeping the fabric taut during shade
extension and retraction Hence, as part of the frame, the bottom up shade 1s able to nearly
seal the cavity between the glazing and the shade, compared to the loose sides of a

conventional roller shade (see Figure 1 3)

S

Figure 13 Comparison of a conventional roller shade (on the left) with a bottom-up roller
shade (on the right), emphasizing the “sealed” cavity



1.3 Motivation

Ongoing development of new fenestration systems results 1n a wide vanation of shading
devices 1n the market. Despite the broad range of computer software available, most of them
use simplified models to simulate shading devices’ thermal and daylight performance,
without considering their specific properties (e g. specular reflectance or transmittance, solar
angular dependence on visual or thermal properties, etc.), that can differ their overall
performance and make one shading device more suitable for a specific applhcation. In
addition, the variation of control strategies available 1n the majority of computer software 1s
poor, further reducing the value of the comparnson between shading devices and proper
integrated control strategies.

The bottom-up 1s a new kind of shade with significant potential to 1mprove comfort
while reducing energy consumption through mcreased daylight utilizaton. However, to
achieve this potentral mathematical models and methods need to be developed for the
design and control of bottom-up shades, as 1t 1s difficult, 1f not impractical, to use available
software to simulate its daylighting and thermal performance. Thus, there 1s a clear need for
work that will support the design of daylighting systems that mcorporate bottom-up shade,
as well as control algorithms for their control - both alone and in conjunction with hghtung

and HVAC.

1.4 Thesis Objectives

The main objectives of the thesis are the following:

e Study the daylghtng performance of bottom-up roller shades as well as their effect

on artificral ighting energy consumption, 1n commercial building applications.



® Develop control algonithms for automatically moving the shade so as to avoid direct
sunlight on the occupant at all times, while maximizing daylight provision and
outdoor view, and maintaining the workplane illummance levels within acceptable
range.

o Investigate the possible thermal advantages of the use of the “sealed” cavity on the

thermal performance of the fenestration.

1.5 Thesis Overview

Chapter 2 presents a general overview on lterature related to the control and
performance of dynamic shading devices, integrated into commercial buildings’ fenestration.
Furthermore, an essential review on the nature of light and 1ts effects on human health and
performance 1s presented.

Chapter 3 presents a daylighting/hghting numerical model, for office spaces with
bottom-up or conventional roller shades, developed based on radiosity (Athiemitis &
Tzempehkos, 2002; Murdoch, 2003) and ray tracing (Glassner, 1989) theories . Two control
strategies are introduced 1n order to ensure proper lighting conditions: the ‘Glare-Free Zone’
(GFZ) and the Acceptable Workplane Illummance (AWI). A general methodology 1s
proposed 1 order to obtamn control algornthms for bottom-up motorized shades, applicable
for any location and orientation around the world. Finally, a sensttivity analysis of the impact
of bottom-up shade optical properties on the annual daylightng and hghting energy demand
1s presented as well as an annual comparson of a bottom-up shade with a conventional
roller shade of equal transmittance, mn terms of dayhght performance and energy

consumption on artificial hghting.



Chapter 4 presents the experimental study of a prototype bottom-up roller shade The
results of this study are used for the verification of the daylighting/lightung numerical model.
The thermal performance of this innovative shading device 1s mnvestigated as well and a
comparison with a conventional roller shade 1s made. Finally, a third control strategy 1s
introduced, appled when the occupants are absent, giving priority to the thermal
performance of the fenestration.

Chapter 5 presents the conclustons of this study and recommendations for future work.



Chapter 2: Literature Review

2.1 Introduction

This chapter gives an overview of significant literature related to the control and
petformance of dynamic shading devices, integrated in fenestration commercial buildings.
Due to the lack of any literature related to bottom-up shades, this review focuses on the
daylghting, thermal and energy performance of various shading devices (roller shades and
venetian blinds) which have been previous studied. The knowledge gamed from these
studies can be generalized and applied to the modeling and evaluation of dayhghtung
performance of new mnnovative shading devices (e.g. bottom-up shade), as well as to the
development of control algorithms.

In addition, this chapter presents an essential review on the nature of light and 1ts effects

on human health and performance.

2.2 Sun and Daylight

Our solar system consists of the sun and several celestial bodies (planets, asterord belts
etc.) -that are on gravitational orbit around the sun- all of which formed from the collapse of
a grant molecular cloud approximately 4.57 billion years ago (Lang, 2001).

Despite 1ts relatively small star size, the sun has a diameter of 1.39x10° Km and
constitutes about 98.6% of the solar system mass. It generates 1ts energy by nuclear fuston of
hydrogen nuclet into helium, therefore its temperature varies from 40x10°K (core) to 5800K
(photosphere).

As the nearest star to the earth, the sun 1s the dominant source of energy on earth. The

photosphere 1s the source of most solar radiation (Sen, 2008). As a result, the solar radiation



at the top of the earth’s atmosphere is similar to that which a perfect black body emits at a
temperature of 5800K, with the solar spectrum peak occurring between wavelengths of 380—
770 nm (visible range). As the sunlight penetrates the earth’s atmosphere, some of the
wavelengths are absorbed by atmospheric constituents (ozone layer, water vapour, CO,,
etc.), reducing the solar radiation that reaches the earth’s surface (see Figure 2.1). Hence, the
power intercepted by the earth at the top of the atmosphere has an average value of 1360
W/m?, where at sea level it varies from 80 W/m? to 1200 W/m?’ during the solar noon, due

to latitude, season and weather conditions.
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Figure 2.1: Solar electromagnetic spectrum (Sen, 2008)

In terms of luminous efficacy (Im/W), sunlight is more efficient than the majority of
artificial lighting used in commercial buildings (sec Table 2.1), providing a broad
electromagnetic spectrum with excellent colour rendering that creates interesting, dynamic

interiors supportive of human health and performance (Leslie, 2003).



Table 21 Light sources used for commercial buildings (US DOE?)
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Incandescent lamp 2600-3000 10-18 750-2000
Tungsten-Halogen lamp (TH) 2800 3400 1520 3000-4000

Linear Fluorescent lamp 2900 7000 50 100 20000-30000
Compact Fluorescent lamp 2900 7000 35 60 8000-10000

Solid state lamp (LED) 2600-6000 25-100 35000-50000

Direct Beam Sunlight 5800 80-120 -

2.3 Visual Comfort

Most ighting standards require an office workplane dlumiance of at least 500 Ix where
paper work 1s carried out However, when visual display units (VDUs) such as computer
monitors are used, the workplane dluminance should be lower than 500 Ix (Rea, 2000) In all
cases the work plane 1lluminance should never be below 100 Ix and should not exceed 2000
Ix, as this 1s ikely to produce glare (Nabil & Mardaljevic, 2006)

“Glare 1s the sensation produced by luminances within the wvisual field that are
sufficiently greater than the luminance to which eyes are adapted” (Murdoch, 2003). There
are two types of glare which can occur mn an office space: Disability and Discomfort
Disability glare 1s a physiological effect that reduces visibility caused by a reduction of
contrast, due to a bright light source (e g direct sun or an unshaded bright window reflected
on a VDU) Discomfort glare 1s a psychological effect — therefore, a subjective phenomenon
— which produces annoyance due to high contrast between luminous soutces and room
surfaces (e g light fixtures, windows and reflections from shiny surfaces) but usually without
affecting the visual task It 1s highly affected by the angular displacement of the source from

the observer’s line of sight as well as by the size of source of glare (Osterhaus & Bailey,
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1992). Discomfort glare can lead to headaches and eyestrain, due to the continuous effort of
the eyes to adapt on the highly contrast bghting conditions.

When disability glare occurs, occupants react by re-positioning themselves or utihzing
any shading devices available (Osterhaus, 2005). On the other hand, occupants have higher
tolerance to discomfort glare, often without taking any actions to prevent it This tolerance 1s
even higher when 1t comes to daylighting (Fisekis ¢z a/,, 2003; Sutter ¢# al., 20006).

When looking at lighting standards, there 1s research evidence that the proposed lighting
levels are too low, and considering the findings on the non-visual effects of light these
standards are not sufficient to maintamn health and well-being of the occupants. Thus, these

dluminance requirements should be regarded as minimum lighting requirements

2.4 Non-Visual Effects of Light

Aruficial ighting 1s designed for a consistent and controlled visual environment, allowing
surtable visual performance for the occupants. However, 1ts spectral characteristics differ
from sunlight, lacking the spectral distribution needed for complete biological functions of
the neuroendocrine system. Eyestrain and ability to refocus are related to the poor spectrum
of hight present in a workspace due to artificial ighting (Edwards ez @/, 2002). Circadian
rhythm of hormone secretions and core body temperature as well as Vitamin D production,
are strongly connected with sunhght exposure. Diminution or disruption of these cycles
affects the alertness, mood and human behaviour, and can cause temporary jet lag and
Seasonal Affective Disorder (SAD) (Webb, 2006). Luminous modulation of light source
output, or fhcker, can reduce wvisual performance (Veitch & McColl, 1995), causing

headaches and eyestrain as well Finally, Leppamaki & Partonen [as cited by Veitch (2006)]
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reported improved feelings of vitality and well-being 1n healthy adults, when they were

exposed to high doses of hight (2400-4000 Ix), two to three times a week.

2.5 Thermal Comfort

Thermal comfort refers to “that condition of mind that express satisfaction with the
thermal environment” [ASHRAE standard 55; as cited on ASHRAE (2005)]. Thermal
comfort occurs 1n narrow temperature ranges, at low skin mossture levels and with mimimal
physiological effort of regulation. It 1s strongly dependent on the levels of activity,
physiological and psychological state, nature of clothing as well as the surrounding

environment.

When 1t comes to fenestration, thermal comfort 1s affected mn three ways (Huizenga ef o/,
20006): (1) through transmitted solar radiation, (1) by long-wave radiation exchange between
the occupant and the interior glass surface and (u) from convective drafts caused by
temperature difference between the glass surface and the room air. Hence, effective thermal
resistance and effective solar transmittance of the fenestration [usually expressed as solat
heat gain coefficient (SHGC)] can mnfluence not only the building energy consumption, but
also the thermal comfort. Hodder & Parsons (2007) reported for direct exposure of solar
radiation transmitted though glazing, “shightly warm” to “warm” mean overall thermal
sensation for actual mean vote (AMV). Moreover, the higher the solar transmittance, the
higher the actual percentage of dissatsfied (APD).

Ge & Fazio (2004) measured temperature and velocity profiles on large cold windows.
Better mnsulated systems mduce less forceful cold draft than conventional windows and with
higher glass and room air temperatures. The cold window-mnduced air motion could reach

values of 1T m/s near the window, to 0.15 m/s 1.2 m away from 1t, with a temperature from
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1.8°C (close to the window) to 0.8°C (1.2 m away) lower than the room air temperature.
According to Lyons e 4/ (2000) at 20°C indoor temperature, more than 0.1 m/s mean air
velocity leads to greater than 10% predicted percentage of dissatisfied (PPD)

An effective way to reduce radiant asymmetry, solar radiation, and possibly downward
cold drafts, 1s with the use of shading devices Carmody ez 2/ (2004) and Bessoudo e 4/
(2007) carried out studies on highly-glazed perimeter zones, showing the beneficial use of
shading devices on maintaining thermal comfort, with no additional perimeter heating
required, when high performance commercial building facades were used. Moreover, several
studies have shown how the energy performance of a fenestration system increases by using
shading devices (Carmody ez 44, 2004; Shahid & Naylor, 2005, Tzempelikos & Athienitss,

2007), consequently leading to better thermal comfort performance.

2.6 Dynamic Fenestration

Fenestration 1s an architectural term that refers to windows, skylights and door systems
within a building (ASHRAE, 2005). These building components provide a physical barrier
between the building interior microclimate and the natural elements (wind, rain, humidity,
solar radiation) while at the same tme retamning a physical and visual connection to the
outdoors.

In recent years, there 1s a trend towards the design of highly transparent buiding
envelopes and there has been great deal of interest to optimuze fenestration, using dynamic
components to control and optimize the thermal heat transfer, solar heat gains, dayhghting,
ventilation and energy demand of buildings. Conventional and innovative shading devices,
electrochromic windows, double-skin facades and semi-transparent photovoltaics are some

of the components that make the fenestration not just a static envelope element, but a

12



dynamic one, able to provide visual and thermal comfort to occupants under various
weather conditions, increasing the building energy performance as well.

Dubois (2001) mvestigated the daylight performance of four exterior shading devices for
several desk positions and viewing directions using Radeuance Three design days (21% of June,
September and December), under CIE Clear Sky model, were used to venfy their
performance based on simple performance metrics. Overall, dynamic shading devices
(retractable awning and venetian blinds) performed better than static ones (overhang,
screen), and due to their ability to adjust to exterior lighting condittons they provided better
workplane dlumimance uniformity and achieved a higher percentage of the required
luminance rattos between the workplane, VDT and the surroundings , thus illustrating the

advantageous use of dynamic shading devices.

2.6.1 Interior Shading Devices

Interior shading devices (roller shades, venetian blinds, drapes and curtains) are widely
adapted 1n commercial buildings, due to their low 1mtial cost, easy mamntenance and control
(ASHRAE, 2005), as well as their relatively small influence on the building’s exterior
appearance. Innovative or conventional, manually or automatically controlled, shading
devices should not only be considered as an integral part of fenestration system design
(Athiemitis & Santamourns, 2002) but also as a vital component of the HVAC system of the
building. Mainly used to control daylight mto the space and provide visual quality to the
occupants by controlling glare and reducing contrast ratios, intertor shading has a strong
impact on building thermal and energy performance. Well-designed and controlled shading
devices can drastically reduce a building’s peak heat gains and cooling energy demand (see

section 2 8), while mamntaining thermal comfort. Automated shades incorporated with
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controlled artificial highting can reduce the electric energy demand by substituting artificial
lighting with daylight (for the impact of daylight on human health and performance, see
section 2 4).

A major factor 1n the evaluation of the performance of dynamic shading systems 1s their
detailed and unique optical and thermal properties These properties are usually not provided
by manufacturers and computer software normally use simplified models to simulate shading
devices’ thermal and daylight performance, without considering their specific properties.
This practice can give similar performance for completely different shades or for shades
under different control strategies, which can lead the user to unswtable shading selection.
Therefore, 1n order to optimize the system performance, preliminary daylighting and thermal
studies are required 1n order to adapt an appropriate shading control strategy.

Brettenbach ¢# 4/.(2001), through experimental measurements, addressed the importance
of calculating the total solar energy transmittance and luminous transmittance of advanced
fenestration system as a function of solar angles, instead of using oversimplified constant
values. Klems (2000) dealt with simular 1ssues and developed a methodology for solar angular
dependent solar heat gain coeffictents (SHGC) for advanced fenestration systems and Kuhn
(Kuhn ez 2/, 2001, Kuhn, 2006) developed a methodology to calculate the angular dependent
total solar energy transmittance (g-value). Athiemitis & Tzempelikos (2002) developed a
methodology for solar angular dependent luminous transmittance for similar fenestration
systems. Only after the lighting and thermal properties of the shading devices are known can

the control strategies be applied.
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2.6.2 Control Strategies for Shades

Despite the ongoing technological developments in digital control systems, manually
controlled shading and manually controlled lighting are the norm. However, as the use of
highly-glazed building surfaces is increasingly adapted in commercial buildings (most of the
times as an architectural statement, less often as an envelope component that will add to
building enetgy performance), the need for more sophisticated and dynamic controlled
shading systems is apparent.

The variation in control strategies for shades is as wide as the variation of shading
devices themselves. However, all control strategies have one thing in common: they all aim
to provide acceptable visual and thermal conditions to the occupants as well as to reduce a
building’s energy demand. Figure 2.2 summarizes these requirements, many of which are in
conflict (e.g. advantageous high solar heat gains in winter dictates an open shade, a decision

than will cause glare during a sunny day).

e — =~ high solar gains in winter

thermal comfort - .=~ and high thermal comfort

- . low solar gains in summer
and high thermal comfort

_ sufficient supply
of daylight

— - homogenous illumination
.- of the room

visual comfort <
< TT—e- o glare protection

T - privacy protection
N e "~ optional room darkening

“. " wvisual contact to exterior

™ pleasant color impression
and good color rendering

Figure 2.2: Daylighting and thermal requirements for shading devices (Kuhn et al, 2001)
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Control systems for shades are classified as either open-loop or closed-loop. An open-
loop controller computes the position of the shade through control algonthms, using a
single 1nput (e.g. from a sensor momntoring the exterior solar radiation incident on the
facade), without using feedback to determine if the output (e.g. workplane illuminance level)
has achieved the destred goal. On the other hand, a closed-loop controller uses a sensor to
monitor the output (e.g. workplane lluminance level) and feeds the data to the controller
which adjusts the position of the shade appropnately.

If the relationship between 1nput (e.g. exterior solar radiation mncident on the facade), the
position of the shading system and the output (e.g. workplane illummance level) can be
modeled by mathematical correlations, open-loop controller can be more effective than a
closed-loop one, as 1t 1s independent from the interior environment and 1S more cost
effective as with one sensor several shading systems can be controlled. In contrast, a closed-
loop controller achieves higher response and accuracy at the output if the nterior
environment 1s Jong-standing (e.g. reposition of the office furniture or change of the office
carpet can destabilize a closed-loop controller). However, multiple sensors required to
control multiple shading systems, increasing the 1mtial cost.

Several studies have been conducted on control strategies for roller shades and venetian
blinds. Rosenfeld & Selkowitz (1977) considered direct beam daylight as an alternative
dlummaton technique, by proposing the use of venetian blinds that redirected the hght onto
the ceting which illuminated not only the perimeter zone of an office but further away from
the window, where artificial lighting 1s mainly used to mamntain workplane illuminance at
desirable levels.

Athienitis & Tzempelikos (2002) proposed an open-loop control strategy for motorized

venetian blinds, using an extertor vertical lluminance sensor at window ortentation. The tlt
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angle of the blinds was calculated 1n order to transmit the maximum possible amount of
daylght and to eliminate at the same time the direct sunlight entering the room (cut-off
angle), providing the maximum view to outside. Twelve representative days were simulated
(one for each month of the year) under CIE Clear and Overcast Sky conditions, to tllustrate
the ability of venetian blinds to prowvide sufficient highting conditions throughout the
workplane, when the appropriate control strategies were appled However, the authors
called attention to sunny days, where the workplane illuminance could reach values above
2000 Ix, leading to glare.

Galasiu er 4l (2004) studied the daylight performance of several blind position
configurations, usmng venettan blinds. Of these configurations, there were two that drew
attention: (1) “fop blnd’ configuration 1n which the top blinds were controlled for dayhight
admussion and the bottom blinds were closed to provide shading to occupants (similar
principal with the bottom-up shade) and, () “bottom bhnd’ configuration in which the
bottom bhnds were controlled for daylight admission and the top blinds were closed.
Despite the fact that bottom windows were twice the size of the top ones, the “wp bhnd’
configuration performed significantly better than the “bottom bind’ configuration, 1n terms of
artificial energy consumption — regardless of the lighting control strategy applhed —
llustrating the advantage of dayhght penetration into the room from the upper window
section

For the evaluation of roller shades, Roche (2002) conducted experniments to develop and
evaluate an open-loop control shading system, incorporated with dimmable hghts. The
system used mputs from two sensors to control the installaton: one exterior vertical
lummance sensor at window orientation, providing input for the exterior hghting

condittons and sun position, and one mounted on the ceiling facing the workplane,
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providing mput for the workplane conditions. The system was able to control the roller
shades’ position (two shades were used, controlled independently) in order to elimnate
direct solar penetration mto the room and mamtain workplane illuminance levels within a
desirable range (700 Ix - 1800 Ix). The system performed a nightly autocalibration routine
once a week 1n order to ensure proper performance in case of furniture rearrangements or
faulty performance of shading and hghting systems. The results showed adequate visual
quality performance of the workplane illuminance as 1t was kept 1n the range of 400 Ix —
1800 1x. The actual mmmmum was less than the minimum target hmit (700 Ix), due to the
overestimated workplane illummance levels given from the control algorithms. However, 1t
was apparent that conventional roller shades impede sufficient penetration of daylight into
the room. In addition, the system had higher savings using continuous dimmable hights than
if 1t used automated on/off control. Finally, the author addressed the problem of the control
system to deal with “the more varable classes of weather”, illustraung the need for
predictive weather control of shading devices.

Lee & Selkowitz (2006) performed a field study on the performance of automated roller
shades and a dimmable highting system, n an unoccupted, fully furnished mockup of the
New York Times building. Two different proportional control systems were used, 1n
different areas of the office: (1) an open-loop (area A) and (1) a closed-loop (area B). In area A
all ighting zones were controlled using a single photosensor, whereas 1n area B each lighting
zone was controlled by 1ts own mdividual photosensor (in both case, the photosensors were
ceiing-mounted, but at different angles). The workplane llummance setpoint range was 400
Ix — 538 Ix. Overall, area A performed better than area B, which had difficulties meeting the
control performance requirements In terms of cost effectiveness, area A was also better, due

to the abihity to control several zones with a single photosensor.
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Guillemin (Guillemin & Molteni, 2002; Guillemin & Morel, 2002) developed an open-
loop fuzzy controller for roller shades that had the capability of adapting to user’s wishes
(EDIFICIO system). The system was incorporated with a weather predictor, heating
controller and dimmable hghting system, 1n order to maximize its performance. The
controller used as inputs the global and direct vertical illuminance mcident on the facade and
the average outside temperature of the last 24 hours. The controller was divided into two
modes: when users were absent, priority was given to thermal aspects, and when users were
present, priority was given to visual comfort as well as the users’ preferences. Despite the
fact that the EDIFICIO system was able to take into account several parameters (visual and
thermal comfort, energy savings, short-term user’s wishes) and provide a comfortable indoor
environment to the users, authors stated that “only one of the two users was satisfied” and
that control systems “should take into account, on a long-term basts, the particular
preferences of the occupants”.

Similar observations were made by Velds (2002). Automated venetian blinds were used
to block direct sunlhght from entering the room and an automated daylight responsive
artificial lighting system was incorporated to maintain workplane illuminance levels at 500 Ix.
The study showed that users expressed complaints with respect to the lack of control of the
shading and artificial lighting systems (24% for the blind control and 44% for the artificial
lighting control). Both studies delivered the importance of manual override control available

on both automated shading and artificial ighting systems.
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2.7 Artificial Lighting

Despite the fact that artificial ighung controls are widely available on the market, manual
on/off lightng control 1s still the norm. This 1s the case even though, field studies show that
occupants switch on the bghts if needed, but hardly ever switch them off (even if the
available daylight 1s adequate), until the space 1s unoccupted (Hunt, 1979) Rosenfeld &
Selkowitz (1977) reported than one of five ights was left on at the end of the work day.

In additon, artificial bghting 1s responsible for 5% - 15% of annual cooling energy
demand and about 30% of the electric energy consumption in commercial buildings.
Zmeureanu & Peragine (1999) simulated the energy impact of a retrofitted highting system
on the HVAC system of an existing energy efficient office bulding. The model was
calibrated for the actual energy performance of the buildding based on the utility bills
Parametric analysis was carried out for various types of fluorescent fixture lamps and various
installed electric power densities as well as under two different chimatic conditons (Montreal
& Phoenix). The results showed that the net energy savings from retrofit of ighting systems,
using more efficient ones was less energy effective than mutially expected (the net energy
savings are only about 70% of the gross lighting energy savings, for most cases). Simuilar
results on the aruficial hghting/ HVAC interaction, were found from Sezgen & Koomey
(2000), for several building types and climates around U.S

On the other hand, advanced lighting systems (e g automated on/off or dimmable
lights, with integrated occupancy sensors and photosensors) can result in significant energy
savings. Newsham (2009), 1n a survey of offices, found that dimmable lights can reduce hght
levels by 80% (starting from a baseline of 400 Ix), often undetected by occupants. Despite
the extreme level of dimming, 40% of the occupants did not notice the difference with

relatively low prevailing dayhght and with high prevailing daylight the percentage was
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increased to 60% By gradually dimming the lights over a period of 15-30 mun, electric
energy reductions of up to 23% were achieved (for dimming levels of up to 30%)

Energy savings can be substantial when artifictal ighting controls are incorporated with
daylight control systems (e.g. interior shading devices). Athienitis & Tzempehkos (2002)
reported lighting enetgy savings of 76% for overcast days and 92% for clear days, using
dynamic venettan blinds incorporated with dimmable lights. In both studies, the study cases
were compared down with the reference case, where the lights were on at 100% output
during working hours

Galasiu e 4/(2004) investigated the daybght performance and 1ts effect on aruficial
lighting energy consumption for several blind configurations, using venetian blinds.
Continuous dimming and on/off control strategies were applied on artficial hghung, for
static and photocontrolled venetian blinds The performance of the shading systems was
monitored for several short periods of days through a year (from 6:00 to 18:00), 1n order to
include various sky conditions and solar geometries. The minimum workplane illuminance
requirements were 570 Ix, below which the artificial ighting was controlled. Overall, both
lighting control strategies achieved greater savings for the case of the photocontrolled
venetian bhnds over the static ones. However, the photocontrolled venetian blinds showed

response faillures under sunny clear sky and overcast sky conditions (extreme case scenarios).

2.8 Daylighting/HVAC System Interaction

Shading devices lower the buillding cooling demand, due to the reduction of building
solar gains Moreover, with the development of dimmable lighting systems imntegrated with

shading control systems, electric lighting energy consumption should be considered along
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with cooling loads as an indicator for the overall performance of the shading devices and
thetr impact on buildings and environment.

Lee ¢t al (1998) conducted a full-scale study on an automated venetian blind system
incorporated with controlled dimmable hghting system 1nstalled 1n a cooling-load dominated
office building The system controlled the venetan blind/highting system m order to
maintain the workplane illuminance levels within an acceptable range (510 Ix -700 Ix), block
the direct beam sunlight, maximize the view to the outside while munimizes the artificial
Lighting use and glare Under these requirements, the system achieved 28% reductions in
cooling load and 1 peak cooling load and a 22-86% reduction in lighting energy, when
compared to a static horizontal blind with no daylighting controls. Moreover, the workplane
llummance levels were within the design range 70% of the ume (with 15% of the year
exceeded and 15% falling-short) and the view to outside was possible on average 56% of the
day, throughout the year.

Tzempelikos & Athienitis (2007) simulated the impact of roller shades on daylighting
and thermal performance of a typical office . Two types of control strategies were used for
roller shades: (1) passive control in which the roller shades remain closed during working
hours to ensure privacy/reduce glare and, (1) acuve on/off control in which roller shades
were open during overcast sky conditions (beam solar radiation mcident on the window was
less than 20 \X//mz) and closed under other sky condittons. The findings indicated that
passive shading control resulted 1 poor Daylight Autonomy (DA) (see section 2.9) while
automatic on/off (open/close) control increased annual DA ratio by 20% on average. In
both cases, a sensiivity analysis was carried out showing that the “optimal” shade
transmittance was 20% above this transmittance the daylight performance of the shades

would not significantly change, increasing at the same time the posstbility for glare to occur
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and increasing the cooling demand, due to mcreased solar gamns. The annual electric bghting
energy consumption for this configuration was reduced by 40% for passive shading control
and by 60% for active on/off automatic shading control (passive lighting control). In
addition, 1t was estimated that a 50% reduction m annual cooling energy demand occurred
when compared with the base case without shades, resulting 1n a total annual energy demand
reduction of 12%.

Guillemin (Guillemin & Moltens, 2002; Guillemin & Morel, 2002) used a fuzzy controller
for roller shades (EDIFICIO system), achieving net value savings of 19% (heating +
artificial lighting + electrical appliances, considering as well the energy consumption from
the EDIFICIO system), compared to a conventional controller (no automatic shade control,
no automatic artifictal lighting control, proportional controller with saturation). Better
performance was obtamned in thermal comfort, based on predicted mean vote (PMV)
calculations (66% of the ume the room 1s comfortable) and in visual comfort, based on
PIECLE method, avoiding very bad wvisual conditions (97% of time acceptable visual

comfort for EDIFICIO compared to 85% for the conventional).

2.9 Daylight Performance Metrics

Due to the vanation of dynamic shading devices available and possible control strategies
applied, there 1s a need for standard daylight performance metrics. Performance metrics can
be used for comparative studies to guide bwlding designers, owners and users on effective
decisions based on their daylight requirements. However, as mentioned by Reinhart ez 4/
(20006): “Dayhghting 1s a notoriously difficult building performance strategy to evaluate”, as

“daylight quality cannot be measured in the same sense as one measures length, mass or
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lumen output” (Veitch & Newsham, 1998), but can only be assessed indirectly using
behavioural measures.

Daylight Autonomy (DA), redefined by Remhart & Walkenhorst (2001), 1s the
percentage of the occupted hours per year when the mmimum illuminance requirement 1s
met by daybght alone, 1in a specific point When 1t comes to workplane illuminance, 1t 1s
usually presented for several pomnts on the centre line of a room, from the fagade to the back
wall, gtving an overall indicator of the performance of the room and illustrating the ability of
the shading device to iluminate the back part of the room where there 1s a greater
requirement for artificial ighting

Useful Daylight Illummance (UDI), proposed by Nabil & Mardaljevic (2006) 1s the
percentage of the occupied hours per year when the daylight levels are useful for the
occupants For offices, the suggested range of useful daylight levels 1s 100 I1x to 2000 Ix. The
UDI 1s presented as a three-value metric: for when the UDI 1s achieved (100-2000 Ix), falls-
short (<100 Ix) and 1s exceeded (> 2000 Ix). When 1t comes to workplane dluminance, 1t 1s
presented for several points on the centre line of a room, from the fagade to the back wall or
as a metric for the average workplane dluminance.

The Daylight Glare Index (DGI), developed at the Building Research Station 1n England
and at Cornell Unuversity, 1s the only available discomfort glare index that 1s developed to
evaluate glare due to daylighting (the rest of discomfort glare indices are developed for
artificial hghting). Revised from Nazzal (2001) (DGIy) and experimentally verified by Fisekis
et al. (2003), DGI 1s an empirically dersived model that assesses the degree of visual
discomfort, based on source luminance, solid angle of the glare source, angular displacement

of the source from the observer’s line of sight and background luminance.
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However, many researchers argue that there 1s not enough solid evidence that DGl 1s a
reliable generic index to predict discomfort glare from windows. Lee & Kim (2007) reported
different glare percepuvity between Caucasians and Asians Kim e @/ (2008) reported
difference 1n glare sensation between uniform and non-umform glare sources Therefore, as
it 1s based on an empirical model, 1t should be used carefully, taking into account 1ts

limitations (Osterhaus, 2005).
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Chapter 3: Numerical Model of Bottom-up Roller Shade

3.1 Introduction

In order to evaluate the daylight performance of the bottom-up motorzed shade and
propose proper control strategies that will enhance office dayhght utllization, a
daylighting/hghting numerical model was developed based on radiosity and ray tracing
theories in Mathcad14®' . The model uses as 1nputs:

e the geographic location (latitude, longitude);

e the room geometry and orientation;

e the vistble reflectance of the room elements, and

e the visible reflectance and transmittance of the fagade and the shading device;
in order to determine the daylighting potential of bottom-up shades on space’s visual
performance and energy savings in artificial hghting. Assuming that:

® the room geometry 1s orthogonal parallelepiped;

e all the room surfaces are perfectly diffuse reflective (Lambertian);

e there are no exterior obstacles; and

e there 1s no furnitutre 1n the room;
the model calculates the position of the sun and the amount of daylight incident on a
defined office fagade. Then, the workplane llurminance distributton 1s computed, as well as
the amount of artificial lighting required to keep the workplane illummance 1n acceptable
levels (500 Ix). Control correlations and optimization of the bottom-up shades’ properties

are derntved from the model’s outputs and corresponding inputs. The general methodology

! www ptc com
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followed is presented in Figure 3.1. Finally, the numerical model developed is presented in

appendices A to 1.

Figure 3.1: Flowchart of simulation methodology

3.2 Solar Geometry

The determination of the solar geometry is well defined (Duffie & Beckmann, 2006) and
strongly linked with daylighting simulations as well as control strategies implemented for

shading devices. Thus, four basic solar angles are presented and used (see Figure 3.2):

* Solar altitude (x): is the angle between the sun's rays and their projection on the

horizontal plane
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e Surface solar azimuth (y): is the angle between the normal (n) to the surface and the
projection of the sun's rays on the horizontal plane

* Angle of incidence (0): is the angle between the sun's rays and the normal to the
surface

e Profile angle (d): is the projection of the solar altitude angle (x,) on the vertical plane

perpendicular to the surface

= A

Figure 3.2: Solar geometry schematic

3.3 CIE Sky Models

The International Illumination Commission (CIE) has developed mathematical models
of ideal luminous distributions under clear and overcast sky conditions, from where the
daylight incident on a window of any orientation and tilt angle can be calculated. These
standard models were used to illustrate the performance of bottom-up shades under extreme

case scenarios (cleat sunny day & overcast day).
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3.3.1 CIE Clear Sky

In a clear day, the daylight mncident on a vertical window consists of three components:

direct sunlight (Eg,,... ), diffuse light from the sky (E ) and reflected light from the

sky

ground ( Eground )

In order to calculate the direct (solar) component, the average illumimance outside the

earth's atmosphere on a surface perpendicular to the sun’s rays (E, ), called the solar

dluminance constant, is used:
E, =1275 K (3.1

The elliptical shape of the earth’s orbit around the sun should be considered. Therefore, the
solar lluminance constant 1s multiplied with a correction factor in order to estimate the
lluminance outside the earth's atmosphere on a surface perpendicular to the sun’s rays

(E,,), as follows:
E, = Esc[l +0.034 cos(i—gg (n— 2))} (Ix) (3.2)

where n 1s the Juban day number (1-365).

To obtain the solar idluminance corresponding to sea level (Eg,), the atmospheric

attenuation 1s taken into account:

—C

Egn = Ex exp( ) (Ix) 3-3)

SIN 0L

where ¢ 1s the atmospheric extinction coefficient, equals to 0.21 for a clear day.
For a given moment, the higher the solar altitude, the higher the illummance on a
perpendicular surface, as the length of the atmospheric path traversed by the sun’s rays

increases, as the solar altitude decreases.
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Finally, the solar dluminance incident on a window 15 given by:

Edlrect = Edn cos6 (IX) (34)

Simuilarly, the solar dlummance mcident on a horizontal plane 1s given by:

Edlrectwh = Edn SN QL (IX) (35)

An experimentally dertved equation (Murdoch, 2003) 1s used to estimate the hornzontal

luminance due to a clear sky (Eg, )

clear

By h,.. =800+15500smo, (Ix) (3.6)

The first term represents the horzontal dluminance values expected during sunrise and
sunset, the second one, the horzontal sky illuminance based on the solar geometry.
Assuming that the view factor between a vertical window and the sky, as well as between a
vertical window and the ground s 0.5, the illuminance mcident on a vertical window due to

the diffuse hght from the sky 1s given by:

E =05Egy () 3.7)

Sky clear

clear
The lluminance incident on a vertical window due to the reflected light from the ground 1s

given by:

E ) (Ix) (3.8)

ground =05 pground (Eskydear + Edlrect _h

clear clear

where Pgroung 18 the effective reflectance of the ground.

Hence, the total illummance incident on a vertical window equals to:

Etotalc]ear = Edlrect + Eekyc]ear + Egrounddear (IX) (39)

Finally, the luminous exitance of the window equals to:

= Tdirect (9) ) Edlrect * Tdiffase (9) ’ (E‘kyclear + Eground ) (Ix) (3.10)

win

clear clear
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where:

T qrect (0) 18 the visible beam transmittance of the glazing as a function of angle
of mncidence (6)

Tairuse (0) 18 the visible diffuse transmittance of the glazing as a function of 0

3.3.2 CIE Overcast Sky

The Overcast Sky 1s based on a completely cloud covered sky where the sun and 1ts
position are not apparent. Thus, the daylight mncident on a vertical window consists of two
components: diffuse light from the sky and reflected bght from the ground.

Similar to CIE Clear sky, an empirical equation (Murdoch, 2003) 1s used to esumate the

horizontal lluminance due to an overcast sky (Eg, )

overcast

Eqo n =300+ 21000smn o, (Ix) (3.11)

overcast
Therefore, the dluminance mcident on a vertical window due to the diffuse light from the

sky 1s a product of the view factor and the horizontal illluminance and 1s given by:

E =05Eg, (Ix) (3.12)

Sky overcast overcast

Similarly, the llummance incident on a vertical window due to the reflected light from the

ground 1s given by:

E ground overcast = 0.5 ' p gtouﬂd Egky _— h overcast (IX) (3 ’ 1 3)

Therefore, the total dluminance incdent on a vertical window equals to:

E +E (Ix) (3.14)

ground

tOta] overcast sky overcast

avercast

Finally, the luminous exitance of the window equals to:

Mwm = Tdiffuse (e) ' (E

+ Egroundovmw ) (IX) (315)

overcast SkYOVCl’CaSt
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3.4 “All-weather” Sky Model

The Perez “all-weather” sky model (Perez ef al, 1990) was used to determine the
daylighting performance of a bottom-up shade. The model mnputs consist of hourly direct
and global 1rradiance, dry-bulb and dew point temperatures. A typical meteorological year
(TMY2) was used, dertved from the 1961-1990 Nauonal Solar Radiation Data Base hourly
weather observations and extracted from TRNSYS®?,

The model considers atmospheric phenomena such as atmospheric turbidity, local
atmospheric pressure, cloud type and density that affect the daybght quantities. Therefore,
the model 1s able to generate comprehensive and realistic 1lluminance values relevant to the

performance of bottom-up shades.

3.5 Control Strategy

Knowing the luminous exitance of the window (M,,,), a control strategy for the bottom-
up shades was implemented, to ensure that occupants’ visual comfort 1s attained, following
the concepts below:

e Glare-Free Zone (GFZ)

e Acceptable Workplane Illuminance (AWI)

3.5.1 Glare-Free Zone

The concept of a ‘Glare-Free Zone’ (GFZ), alternauvely described as a cubic space
within a space (Kapsis ez 4/, 2008; Park ez a/,, 2008), where glare caused by direct daylight 1s

eliminated, providing visual comfort to the occupants, 1s mtroduced (see Figure 3.3) .

2 www trnsys com
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Figure 3.3: Glare-Free Zone (GFZ) schematic

In order to achieve a GFZ, the interior shading devices should be positioned in such a
way as to block the direct daylight from entering into the occupied area. Hence, the solar and

room geometry should be taken into consideration, giving the position of a bottom-up shade

as follows:
H D, —1.00m)tand-H_ +H

Control g, = ——3hade — D um ) sepo (3.16)
H facade H facade

where:

Control gy is the position of the shade due to GFZ concept, a fraction of one (1) (where 0

refers to open shade and 1 to closed shade)

D, is the depth of the room

m

Hy, is the height of the spandrel

S

H equals to 1.50 m for seated occupants and 1.80 m for standing occupants

SCtPO nt

Hecage 1s the height of the fagade
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The H indicates the height of the GFZ, ensuring that below that height on the

setpo int
office space, there 1s no direct glare Moreover, the GFZ based on equation (3 16) extends
from the fenestration wall untid 1 00 m away from the mside wall (wall parallel to the
fenestration-wall), since that area s rarely used as a workplane 1n a typical office (e g room
entrance and bookshelves are often placed 1n that wall) However, by specifying the position
of the workstation into the room, the GFZ could be different (e g changing the parameter

n equation (3 16) from 1 00 m to 0 00 m, the entire room 1s characterized as a GFZ)

3.5.2 Acceptable Workplane Illuminance (AWI)

Based on the numerical model, control correlations for the bottom up shades were
developed (Kapsts ¢# a/, 2009) between the shade position and outdoor lluminance, 1n order
to maintain the average workplane illuminance at acceptable levels (500 Ix) and do not
exceed the value of 1000 Ix locally on the workplane

When the AWTI correlations are applied, an 1nput to an open-loop control system from a
photometer of pyranometer positioned parallel to the fagade or curtain wall, could position
the bottom-up shades properly However, at the AWT control strategy no glare concerns are
taken into consideration, thus the correlations should always be used in relation with other

control strategies that ensure glare free conditions for the occupants (see Figure 3 4)

Figure 3 4 Recommended control strategy for bottom-up shades
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The Levenberg-Marquardt method was used to employ the correlations (see Figure 3.5).

The following design days were used (from 6:00-18:00), to develop the control correlations:
e Equinox
e Summer and Winter Solstice
e Summer and Winter typical clear day

e Summer and Winter typical overcast day

s«s Simulation = Correlation

1.0 T T
. o® Y @f
0.8 R
- A
s ot
-5 £
e 0.6 y o
g &
o 04 ®
02| /e i
& c lag; =0.982-| 1— (M‘aca“)
: ontrol,u, [ exp 4700-1x |
0.0 b=
0 6 12 18 24 30

Mfagade (K'X)

Figure 3.5: An example of curve-fitting correlation for a WxDxH=4 m x 4 m x 4 m typical office with a shade
transmittance of 5%, using Mathcad® built-in function for the Levenberg-Marquardt method

The correlations have a common structure given by:

-FE M
Control .y, = A -[1 - cxp[———mg—mﬂ (3.17)
where:

Control ,, is the position of the shade due to AWI concept, a fraction of one (1) (where 0

refers to open shade and 1 to closed shade)

A is the correlation constant (see Table 3.1), related with the measured quantity (illuminance

or solar radiation)
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M s the total 1lluminance (Ix) or solar 1rradiance (W/m?), as measured by the sensor

facade

E__ 1s the correlation illuminance (Ix) or solar radiation (W/m? value (see Table 3.1),

corr

related with the room geometry and shade transmuittance

F . 1s the transmittance factor, related with the glass fagade properties and the relative

trans
position of the sensor used to control the bottom-up shade. If the sensor 1s an exterior

photometer (measuring lx) oriented parallel to the facade, the F equals to’

trans

Fne = Tonbie_gan(8) - If the sensor 1s an exterior pyranometer (measuring W /m?)

wans

ortented parallel to the facade, the F

trans

equals to: F ::TSO]ar_kg]ab\(e)' If thC

transmittance of the glass fagade 1s not available, the sensor could be placed behind the

glass, facing outside (intertor sensor). In that case, the F  equalsto: F__ =1

trans

T (0) 1s the visible transmittance of the glass as a function of angle of incidence (0)

visible _ glass

T (0)1s the solar transmittance of the glass as a function of 6

solar _ glass
Table 3.1 presents the correlation constants and values for bottom-up shades, for
various transmittances and various room geometries for a typical office, based on which an

AWT control strategy can be applied to ensure proper lighting conditions for the occupants.
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Table 3.1: AWI correlation constants and values for bottom-up shades

E_. () E.. W /m?)
if the sensor measures Ix if the sensor measures W/m?
A=0.982 A=0.97
@7 o D=4m | D=5m | D=6m | | =##//""| D=4m | D=5m | D=6m
W=4m 5400 6600 7000 W=4m 47 58 61
W=5m 5000 5600 6500 W=5m 44 49 57
W=6m 4600 5400 6200 W=6 m 40 47 54
W 5] D=4m [ D=5m | D=6m | [ ¥ | D=4m | D=5m | D=6m
W=4m 4700 5700 6000 W=4m 41 50 53
W=5m 4300 5050 5650 W=5m 38 44 49
W=6m 4000 4700 5500 W=6m 35 41 48
T D=4m | D=5m | D=6m 2 I D=4m | D=5m | D=6m
W=4m 3950 4800 5300 W=4m 34 42 46
W=5m 3700 4100 4600 W=5m 32 36 40
W=6 m 3500 4000 4400 W=6m 30 35 38
Note. W: 1s the room width along fagade
D: 1s the room depth
T 1s the transmittance of the bottom-up shade
The correlations are developed for a typtcal office herght of 4 m, spandrel height of 0.8 m and reflectance values cqual
t0: Qwals=0.7, @oor=0.3 and Qceng=0.8.

For example, if a bottom-up shade of 1=5% is installed in a typical office of

WxDxH=5m x 4 m x 4 m and an exterior pyranometer parallel to the facade is used to

control the shade, then equation (3.17), based on Table 3.1, takes the following form:

- qular _glass

(0)-M

Control ,, =0.97- {1 — exp(
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Figure 3 6 Cities used for the parametric analysis3

Parametric analysis was carried out for a typical office of WxDxH=4 m x 5 m x 4 m with
a bottom-up shade transmittance of t©= 5%, to examne the dependence of the correlation

values (E_ ) from the nature of daylight (beam & diffuse), the solar geometry, the

geographic location and the orentation of the office  Based on the numerical model,
correlation values were developed for four ciues around the world (see Figure 3 6) as well as
for five different orientations 1n Montreal The analysis showed that the dependence of the
correlation values from the geographic location and eventually from the nature of daylight
and the solar geometry (sec Table 3 2) as well as the office onentation (see Table 3 3) can be
considered neglgible, due to low standard deviation Therefore, the values given n Table 3 1
can be used under any daylight conditions and for any city and office orentation around the

world

% maps google com
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Table 32 Correlation values for four different cities around the world
as well as the mean and standard deviation values

Montreal | Berlin | Tokyo Sydney—@%f@fgﬁ}m@& T -

o e

Econ(1%) 5700 5719 5678 5732 5707 3 235
Ecorr(W/m?) 50 5019 | 4985 5032 501 02

Table 3 3 Correlation values for five different orientations im Montreal
as well as the mean and standard deviation values

E | SE | S | sw | w |20 Jffeagh”

5
il Lo [ S

Ecorr(1x) 5700 | 5704 | 5700 | 5711 | 5692 | 57014 69
Eon(W/m?) | 498 | 4993 | 50 | 4994 | 49 81 499 0.1

In additon, further analysis was performed to examne the relation between the
correlation values (E__) and the bottom-up shade transmittance. The analysis was made for
two different typical office geometries (WxDxH=6m x4 m x4 m & 4 m x 5 m x 4 m) and

for four bottom-up shade transmittances (Tpouom-—up =0%, 5%, 10% & 15%) The

simulation results showed that the relation between the E__ and the bottom-up shade

transmittance 1s linear (see Figure 3 7 & Figure 3.8). Hence, the E for different bottom-

cort ?

up shade transmittances than the ones provided on Table 3 1, could be specified through

interpolation/extrapolation method
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Figure 38 Eo(W/m?) as a function of bottom-up shade transmittance for two different room
geometries (WxDxH)
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3.6 Radiosity Method

The radiosity method, also known as multuple-bounce flux transfer (Athieniis &
Tzempelikos, 2002; Murdoch, 2003; Park & Athienitis, 2003), was used to predict the
workplane lluminance levels due to diffuse dayhighting The method assumes diffuse hght
source and diffuse reflecttve (Lambertian) surfaces 1n order to calculate the final luminous
exttance of the mnterior room surfaces after an infinite number of multiple reflections. Thus,

the radiosity method 1s applied to the following quantities
e diffuse daylighting transmitted through the unshaded part of the window
e total daylighting transmitted through the shaded part of the window

e direct daylighting reflected from interior surfaces (e.g. sun patch on a wall)
The amount of the hight leaving a surface consists of the 1nitial luminous exitance of the

surface and the amount of hight reflected from that surface, as follows:

M, =M, +p, ¥ ME, (3.19)
)

where:

M, 1s the final luminous exitance of surface 1 (Ix)
M, ¢ 1s the mitia] lummous exitance of surface i (Ix) (zero 1 the case of a non self-emutting

surface)

p, 1s the diffuse reflectance of surface 1

M, 1s the final luminous exitance of surface j (Ix)

F, 1s the view factor between surfaces1 and j (fraction of flux emutted by surface 1 that falls

on surface §)
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Matrix algebra 1s employed to solve the system of equations above. An eight-surface

room enclosure 1s constdered (four vertical walls, floor, ceiling, unshaded and shaded part of

the window) for the calculations.

In additton, a five by five (5x5) pomnt-array 1s used (see Figure 3.9) to predict the

workplane lluminance levels as follows:

:_”(u — +W> 5 dudv (x) (3.20 a)

2

B, = M— [[F———7dudv () (320 b)

(u +v +W)

where:

E | 1s the dluminance at a workplane point, if the point hes 1n a plane
perpendicular to the source
E,/ 1s the lluminance at a workplane point, 1f the point lies 1n a plane parallel
to the source
u, v are the “dimenstons” of the source (see Figure 3.10)

w 1s the distance of the pomnt from the source plane

Finally, the sun patch 1s treated separately from the room surfaces, using superposition

principles.
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Figure 3.9: Plan view of the office, Figure 3.10: Relative position of a workplane point to a source
illustrating the five by five point-array that lies in the x-y plane
for the workplane

3.7 Ray Tracing

The direct daylight that penctrates a room through an unshaded window is an essential
component on the prediction of the workplane illuminance as well as, the control strategy
implemented for the bottom-up shades. Consequently, one-bounce ray tracing (Glassner,
1989) was used to trace the path of the direct sunlight and detect the final shape and position
of the sun patch, into the room. After locating the sun patch, it was treated as a Lambertian
source, using the radiosity method to calculate its lighting contribution to the workplane.

Initially, a sun-ray vector, based on solar geometry, equals to:

(X0, Vos 20)= (l, tany, —tanoy1+ tan? y) (3.21)

Moreover, a sun-ray can be represented through a parametric form (Williams, 2008) as:
Ly+(Lg—La)t teR (3.22)
where:

LA =(xa, YA, Za),coordinates of a window corner; and

Ly =(xa +Xp, ya T7Yg, za *7g),a point along the sun-ray that passes through L, .
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Similarly, a room surface (e.g. wall) can be represented as:
where

Wi, =(xx, Vi» 2¢) k=123, three non co-linear points on the room surface.

The pomnt at which the sun-ray intersects with the room surface 1s therefore described by
setung equal the two parametric equations:

Ly +(Lg—La)t=W, +(W, -W)u+(W;-W;)v (3.24)

which can be simplified to:

Ly—=W; =L, —Lg)t+{(W, = Wpu+(W; -—W;)v (3.25)

and expressed 1 matrix form as:

XA_Xl —XO XZ—X] X3*‘X1 t
YATY1|Z]|~Yo Y2=V1 ¥3~V1||u (3.26)
ZA_Z] "'ZO 22"21 23_21 v

Inverting the matrix, the parameter t can be specified as follows:

t —XO XZ_X1 X3—X1 XA—Xl
ul={=Yyo Y2=V1 ¥3~Vi| |[Ya Vi (3.27)
v "ZO 22_21 23_21 ZA_Zl

Consequently, the intersection point (P) equals to:
P=L,+(Lg-La)t (3.28)

Repeating the steps above for all the four corners of the unshaded window, the sun
patch can be located (see Figure 3.11). As the room surfaces are not infinite planes, but well-
defined geometric areas, some constraints have to be taken into account. Therefore, a sun-

ray intersects with 2 room surface only 1f the mtersection point lies within the surface.
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Figure 3.11: Ray tracing schematic, demonstrating Figure 3.12: a) Plan view of the facade, showing

the intersection between a sun-ray and a room the shading due to vertical frame, b) Cross

surface section of the fagade, showing the shading due to
horizontal frame

3.8 Correction due to frame shading

The fenestration frame is taken into consideration as, depending on the solar geometry,
it can shade — partly or fully — the window, reducing substantially the luminous exitance of
the fagade (O'Neill, 2008). Thus, the shaded areas, due to vertical and upper horizontal
frame (see Figure 3.12), are determined as follows:

Wehaded = D frame tany (3.29) and  Hy 4.4 = Dgame tand (3.30)
where:
Dyme 18 the depth of the frame

Wihaded 18 the width of the shaded part of the fagade, due to horizontal frame

Hihadea 18 the height of the shaded part of the facade, due to vertical frame
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Hence, the sunlt area of the fagade equals to:

Asunht = (Wfacade - Wshaded )(H facade

where:

Weacade 18 the width of the window

Hcade s the height of the window

3.9 Artificial Lighting

~ Hhadea)

(3.31)

After predicting the workplane illuminance levels, the electric ights were controlled 1n

order to provide the necessary amount of light in order to achieve the minimum workplane

dlummance requirements.

The selected luminaire for the simulation were the dimmable Lightolier Energos 2-hght

T8 per 4 louver (EG2-2N). The luminare specifications and the candlepower curve, as

provided by the manufacturer’s specification sheet, follow (see Table 3.4 and Figure 3.13).

Table 3.4: Lumunaire specifications*

Lamp Type T8 DIM
Ballast Factor 1.0 /.05
(BF) (max / mun)
Lamp Rated
Wattage 32
Lamp Rated
Output 2850
Lamp Color
(Kelvin) 830
IES Output 2850 / 143
(Lumens) (max / min)
System Input 34/8
Watts (max / mun)
System Efficacy
(lum/watt) 83.8
Start Type Program

* www lightolier com
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Radiancel ES®’ was used to calculate the number of luminaires needed, as well as the
workplane iluminance distributton due to electric hghting. These outputs were used as
mputs to the numerical model, to estimate the energy consumption attributable to electric

hghting.

3.9.1 Control Strategies

Two different control strategies for electric highting were implemented and compared
down to annual energy consumption, as follows:
e Active On-off control: The hghts are turned on when the average workplane
dluminance 1s lower than 500 Ix and they are turned off if 1t exceeds 500 Ix
¢ Continuous dimming control: The lights are continually dimmed 1 order to meet
the mmmmum workplane illuminance requirements, based on average workplane
dlummance.
In order to estimate the energy consumption of the electric highting at the dimming
control cases, an experimental linear correlatton was used between luminaire power

consumption and percent lummous flux output (see Figure 3.14).

5 www resve com
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Figure 3.14: Luminaire power consumption versus percent luminous flux output (0'Neill, 2008)

3.10Results and Discussion

A sensitivity analysis was performed of the impact of shade’s optical properties on the
workplane illuminance levels as well as on lighting energy consumption. Furthermore, a
comparison between a bottom-up shade and a conventional roller shade was made in order
to evaluate the daylighting performance of bottom-up shades and the control strategies

applied.

3.10.1 Sensitivity Analysis

A sensitivity analysis about the impact of bottom-up transmittance on the annual
daylighting performance was performed. Three different transmittance values were simulated
(Thottom—up =0%, 570 and 10%) for a typical, south facing, office in Montreal, Canada (from

6:00-18:00). The dimensions of the office were: WxDxH=4 m x 5 m x 4 m. The typical clear

glazing used for the window office simulations was: ASHRAFE 17a LE CLR (3mm, Low-e
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Double Glazing, e = 0 2 on surface 2) (ASHRAE, 2005) In all cases, GFZ and AWI control
strategies were applied, to ehminate direct glare for the occupants and to ensure proper
daylighting condittons The position step of the shades was 5% This step was chosen 1n

order to reduce fluctuations at the workplane dlluminance levels
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Figure 315 Daylhight Autonomy distribution for three configurations of bottom-up shade
Tbhottom up':O%; 5% and 10%

Dayhght Autonomies (Rembhart ef 2/, 2006) were calculated on the centre line (see Figure
39) at distances of 0.1 m, 1 3 m, 2.5 m, 37 m and 4.9 m from the fagade (points 3, 8, 13, 18
& 23) Moreover, the Useful Daylight Illuminances (Nabil & Mardaljevic, 2006) were
determined as well as the annual relative frequency of the position of the shade The results
showed that The daylighting performance of the bottom-up with ©1=0% 1s relatively
mnadequate (see Figure 3.15), as the Daylight Autonomy (DA) does not exceed the value of
40% On the other hand, both t=5% and 1 =10% have adequate performance, with the

DA for the bottom-up of 1=10%to be higher than 70% through the entire length of the
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centre line of the office, increasing though the possibility of reflected glare to appear on
VDU’s oriented facing the fagade, because of the high shading transmittance. For ©= 5%,
the DA obtains similar values with the 1=10% until 2 m away from the fagade, where 1t

starts to decrease linearly unull it reaches the value of 47%, 4.9 m away from the fagade.

Table 3.5: Useful Daylight llluminance for three configurations of bottom-up shade:
Tbnttom-up:O%, 5% and 10%

W it il 1=0% | 1=5% | 1=10%
<100 Ix 35.8% | 14.6% | 14.6%
100-2000 Ix 64.2% | 85.4% | 84.6%

> 2000 Ix 0.0% 0.0% 0.8%

Comparing the Useful Daylight Illuminance (UDI) (see Table 3.5), the two cases of
T =5% and 10% have adequate 1dentical performance. In contrast, the © = 0% is fell-short
35.8% of the time (twice as much as the other two cases). Finally, in all cases, the time that
the average workplane illuminance exceeds the value of 2000 Ix is negligible, due to AWI
control strategy applied.

In addition, a comparison was made between the three cases, in terms of lighting energy
consumption, for two control strategies of artificial hghting (see Figure 3.16). In the case of
active on-off control strategy, the configuration of 1 =10% consumes 47% less energy for
artificial ighting than the ©=5% and 66% less than the ©=0%. At the case of continuous
dimming control strategy, the differences are 18% and 70%, respectively. At the same time,
it is clear that using continuous dimming control for the artificial lighting, energy savings of

32%-61% could be achieved.
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Figure 3.16 Annual highting energy consumption for three configurations of bottom-up shade. Thotrom
up=0%, 5% and 10% and two different control strategies for artificial ighting: Active On-Off and
continuous dimming
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Finally, the annual relauve frequency of the position of the bottom-up shades (see Figure
3.17) demonstrates the mmportance of contnuous shade control instead of open-closed
control, 1n order for acceptable workplane illuminance levels to be achieved, using daylight.
Between 55%-66% of the tme (>2600 working hours) the shades are positioned between
5%-95% closed, when 14% of the time the shades are totally open and between 20%-31%
are totally closed. Assuming that the occupants’ (seated or standing) bne of sight 15 at a
minimum height of 1 4 m and considering the annual relative frequency of the position of
the bottom-up shades, 19% of the ume occupants have a full view outside (shades
positioned lower that 20% closed), where 44%-49% of the time they have a relative view
outside (shades posittoned lower than 80% closed).

In conclusion, the bottom-up of t=10% performs better, in terms of daylght and
energy consumption for artificial lighting. However, the combination of continuous
dimming control for artificial bghting and the bottom-up of t=5%, could give similar
results, minimizing the possibility of reflected glare to occur. Moreover, orienting the VDU’s
perpendicular to the fagade, when possible, could eliminate reflected glare and veiling issues

(Osterhaus, 2005).

3.10.2 Comparison with a Conventional Roller Shade

A comparison was made between a bottom-up shade and a conventional roller shade of
the same transmittance (1= 5%), for the previous office. GFZ and AWT control strateges
were apphed for the bottom-up shade. On the other hand, the control strategy followed for
the conventional roller shade was:

o fully-open roller shade when the solar radiation incident on the fagade 1s equal or

lower than 120 W/m? (Tzempelikos & Athienutis, 2007); and
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o fully-closed roller shade when the solar radiation incident on the fagade is higher
than 120 W/m?%
to ensure glare-free conditions for the occupants, by blocking the direct sunlight incident on
the workplane.
The results showed that: the DA for the bottom-up is 8%-58% higher than the DA for
the conventional roller shade (see Figure 3.18), with the difference of 46% deep in the room,
proving the advantage of bottom-up shade towards the conventional roller shades, by

allowing the natural light to enter from the top section of the fagade deep into the room.

Table 3.6: Useful Daylight llluminance for a bottom-up shade and a roller shade (Tvottom-up=Trotler=5%)

" aw't ¥y . Bottom-up | Roller shade
<100 Ix 14.6% 15.0%
100-2000 Ix 85.4% 82.6%
> 2000 Ix 0.0% 2.4%

In terms of UDI, both shades perform alike (see Table 3.6). The control strategies
applied for both cases ensure that the upper threshold is negligible. On the other hand, the
lower threshold is caused due to daylight “unavailability” (e.g. sunset hours, overcast days,
etc).

Moreover, a comparison was made between the two configurations (bottom-up shade
and conventional roller shade), in terms of annual lighting energy consumption (see Figure
3.19), following the previous control strategies. For the case of active on-off control strategy,
the bottom-up configuration consumes 21% less energy than the conventional roller shade
configuration, a difference that increases to 41% for the case of continuous dimming. Similar
to before, the use of dimming control could significantly reduce the energy consumption for

artificial lighting.
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3.10.3 Performance under CIE Sky Models

shades under extreme case scenarios (Clear Day & Overcast Day). Figure 3.20 and Figure

The CIE standard sky models were used to demonstrate the performance of bottom-up

3.21 present the daily performance of a bottom-up shade of 5% transmittance (T,ouom.up=5%0)

for the previous office, for a CIE clear and CIE Overcast day, respectively.
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Figure 3.20: Daily performance of a bottom-up
shade during a CIE Clear day

Figure 3.21: Daily performance of a bottom-up
shade during a CIE Overcast day

A three~-graph set is used for each case. The graph A presents the daily exterior
lluminance incident on the fagade, the graph B presents the position of the shade due to
GFZ and AWI control strategies applied and the graph C presents the average workplane
lluminance levels due to daylighting as well as the additional electric lighting needed in order

to maintain 500 Ix (dashed line) on the workplane.
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During the CIE Clear day (see Figure 3.20), the bottom-up shade 1s mainly closed, due to
high exterior illuminance levels, 1n order to prevent oversupply of daylight and glare.
However, even with closed shade, the average workplane illuminance obtains high values,
due to shade transmittance. Therefore, the ortentation of the VDU’s perpendicular to the
facade 1s essential.

On a CIE Overcast day (see Figure 3.21), the position of the bottom-up shade varies
from 0%-65% closed, preserving the workplane illummance 1n desirable levels. After 17:00
the electric lights are dimmed from 0% to 83% (at 19:00) 1n order to maintain the mmimum
workplane illuminance levels at 500 Ix. In both cases, the use of electric hghting 1s minimal,
demonstrating the ability of the bottom-up shade to provide sufficient daylight in the space

so that the occupants could work by almost dayhight alone.
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Chapter 4: Experimental Study and Model Verification

4.1 Introduction

A full scale experiment was conducted at the solar lab of Concordia University (see
Figure 4.1), Engineering and Visual Arts Building in Montreal, Canada (45° 30' N, 73° 36' W).

The experimental objective of this study was twofold:
e Verify the daylighting/lighting numerical model
® Verify the thermal performance of bottom-up shade and compare the results with

conventional roller shades

Figure 4.1: Solar lab of Concordia University!

4.2 Perimeter ane

The experiment was carried out at the fenestration section (perimeter zone) of the solar
lab. The fenestration surface azimuth is approximately 20° west of south and there are no

external obstructions.

! www.kpmbarchitects.com
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The fenestration section consists of six identical facades. Each fagade consists of three
sections: the spandrel that extends 0.8 m from the floor, the lower “clear glazing” section
and the upper “fritted glazing” section (50% grey ceramic frit). Bach glazing section is 1.3 m
high and 1.5 m wide. The perimeter zone extends 3.2 m inwards from the facade and can be
partitioned with floor-to-ceiling white drapes. Two of the six fagades were used for the
experiments. The first one was equipped with a conventional roller shade and the second

one with a bottom-up shade.

4.3 Experimental Set-up

Several sensors were used to record the thermal performance of the two shading devices
installed in identical sections. T-thermocouples were used to record surface temperature
(interior glazing, frame and shade) and air (exterior, cavity between glazing and shade, and

room) temperatures (see Figure 4.2).

SI312WOI0Y ]
2
sialauroueILy

l so[dnoosouwray !

Figure 4.2: Experimental set-up for a conventional roller shade (on the
left) and a bottom-up roller shade (on the right)
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Li-cor pyranometers were used to record the exterior solar radiation (W/ rnz) incident on
the fagade as well as the solar radiation transmitted through the glazing and the shade. Li-cor
photometers were used to record the exterior illuminance (Ix) on the fagade, the luminous
exitance (Ix) of the glazing and the shade as well as the workplane illuminance in several

points through the depth of the room. A KANOMAX anemometer was used for manual

measurements of air velocity (m/s) on site.
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Figure 4.3: Cross section schematic of the experimental set-up

For the interior glazing surface, three thermocouples were used for each glazing section
(clear and fritted): one installed on the geometric center of the glazing, one installed 5 cm

away from the lower horizontal frame and one installed 5 cm away from the upper
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horizontal frame. For the frame surface, one thermocouple was imstalled on the geometric
center of each horizontal and vertical frame (see Figure 4.3).
Finally, the data was recorded 1n a pc connected with the sensors through an Aglent

34907A data acqusition and control unit. The following sections discuss the sensors used.

4.3.1 Thermocouples

Surface and air temperatures were measured using T-type thermocouples (copper—
constantan). T-thermocouple 1s surted for measurements 1n the —200°C to 350°C range with

an absolute error of 20 5°C between —40°C and 125°C.

4.3.2 Pyranometer Sensor

The solar radiation was measured using Li-cor LI-200 Pyranometer Sensor” (see Figure
4.4a). The sensor features a siicon photovoltaic detector calibrated agamnst an Eppley
Precision Spectral Pyranometer (PSP) under natural daylight conditions. Relative error under
these conditions 1s & 3% (within a time stability of less than + 2%, over a year period). It 1s
cosine corrected up to 80° angle of incidence and 1ts spectral response 1s from 280-2800 nm,
with a linear response up to 3000 W/m?, for operating temperatures of -40°C to 65°C. Its

response time 1s 10 us.

4.3.3 Photometer Sensor

The illuminance was measured using Li-cor LI-210 Photometric Sensor’ (see Figure
4.4b). The sensor features a silicon photodiode that provides a spectral response which
matches the CIE Standard Observer Curve (photopic curve) within = 5% (with a ume

stability of less than T 2%, over a year period). It 1s cosine corrected up to 80° angle of

2 www licor com
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incidence, with a linear response up to 100 klx, for operating temperatures of -20°C to 65°C.

Its response time 1s 10 ps.

4.3.4 Anemometer

The air velocity 1n the cavity between glazing and shade as well as between cavity and
room was measured manually using KANOMAX anemomaster A031’ (see Figure 4.4c). The
sensor features a telescopic straight and articulating probe able to measure air velocities 1n
the range of 0.1 m/s to 30 m/s, within an accuracy of * 2.0 % of reading and resolution of

0.01 m/s (0 m/s t0 9.99 m/s) and 0.1 m/s (10 m/s to 30 m/s).

Figure 4.4: a) A Li-cor pyranometer?, b} a Li-cor photometer? and c) a
KANOMAX anemometer3

4.4 Fenestration Properties

Because of the thermal experiments conducted, the characterization of the fenestration
(glazing, shading devices) 1s essential. Consequently, the thermal and visual properties of

major fenestration components are presented.

3 kanomax-usa com
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4.4.1 Glazing Properties

Both clear and fritted glazing sections of the fagade are double-glazed, low-e coated
(outer side of interior pane) and atgon filled. The clear glazing has a normal total solar
) of 69%. The

transmuttance (T, ) of 39% and a normal total visible transmittance (T

solar vistble

center-of-clear-glazing U-value is 1.6 W/m’K and the SHGC is 0.37 (Bessoudo, 2008).
The fritted glazing has a total solar transmittance to the normal of 27% and a total visible
transmittance to the normal of 48%. The center-of-fritted-glazing U-value is 1.6 W/ m?K and

the SHGC is 0.28.
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Figure 4.5: Experimental transmittance of clear glazing
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using the ratio between the values given from the pyranometer (I

The dependence of the glazing transmittance on angle of incidence (0) was determined

glass

) and photometer

(E,) installed behind the glazing over the values given from the exterior (I and E_ )
Tgtass(9) E g1ass (0)
ass lass . .
sensors ( Ty, (0) = B and T (0) = =222 (see Figure 4.5 and Figure 4.6 ).
ICXt <e> ECXt (6)
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Figure 4.6: Experimental transmittance of fritted glazing

The diffuse transmittance was determined under overcast sky conditions, when the solar

radiation incident on the facade was below 120 W/m’. Then, the direct transmittance was

calculated by determining the total transmittance and abstracting the diffuse, under clear sky

conditions, when the solar radiation incident on the facade was above 500 W/m” and no

clouds formed at the sky dome. Lastly, the relative error for the solar transmittances is + 5%

and for the visible transmittances is = 7%, due to instruments’ error.
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4.4.2 Shading Devices Properties

Two shading devices were used during the expernments: a bottom-up shade and a
conventional roller shade. Somfy Canada Inc* donated a prototype bottom-up roller shade to
Concordia Unversity to be used for daylighting and thermal experiments. This product
operates in reverse (opens from top to bottom) of a typical roller shade, so as to cover the
bottom part of the window, providing privacy to the occupants, while allowing daylight to
enter from the top section The shade 1s automated and moves along vertical tracks attached
to the window frame, therefore “sealing” the cavity between glazing and shade. It 1s installed
approxtmately 30 cm away from the window glazing. The fabric 1s white open weave and 1ts

optical and solar properties are: transmittance of Ty, =18%), reflectance of

Prorom—up = 74%0, emIssvity of €,.uom, =90% and perforation of & =5%.

bottom—up

The roller shade 1s a conventional roller shade that operates manually and 1t 1s 1nstalled
approximately 30 cm away from the window glazing. The fabric 1s beige open weave and 1ts
optical and solar properties are: T, = 5%, P ., =55%, € ., =90% and & =3%.

roller roller

For both shades, 1t was expermmentally found that the properties are independent of solar

angle of incidence.

4.5 Model Verification

Experiments were conducted to verfy the daylighung/hghting numerical model under
clear and overcast sky conditions The experiments performed for various angles of

mcidence (0) as well as for different shade’s positions The luminous exitance of the

glazing, as measured by the Li-cor photometers, was used as input to the model. The optical

4 www somfysystems com
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reflectance of the room surfaces used, based on measurements, were: p_, =70%,

=80% . Finally, the simulation workplane illuminance values were

pﬂoor = 50/0 and p

cetling
compared with the experimental values recorded by the Li-cor photometers installed at the
workplane.

The results showed that: on clear days the simulation overestimates the workplane
illuminance between 1%-10% (see Figure 4.7), while on overcast days the simulation
overestimates the workplane illuminance between 9%-13% (see Figure 4.8). The difference is
acceptable for design purposes and it is caused due to the limitation of one-bounce ray
tracing applied for the direct sunlight as well as the assumption of Lambertian room
surfaces. Moreover, the assumption that the sunlight transmitted through the shade is
perfectly diffuse, without taking into consideration possible direct sunlight coming through

the fabric perforation, is responsible for the higher error closer to the fagade.
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Figure 4.7: Comparison of predicted and measured workplane illuminance for a clear day (50% open)
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Figure 4.8: Comparison of predicted and measured workplane illuminance for an overcast day
(50% open)

4.6 Thermal Measurements

Thermal experiments were conducted to examine possible advantages on the use of
bottom-up shade. The existence of a “sealed” cavity (bottom-up shade configuration) could
possibly decrease the heat flow through the building fenestration. Therefore, the thermal
performance of bottom-up shade was compared with a conventional roller shade under the
following design day conditions:

¢ Clear cold day
e Overcast cold day

e Clear warm day
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For a cold clear day (see Figure 4.9A) with an average outdoor temperature of -10°C
[(min, max)=(-14°C, -6°C)] and a solar peak at 944 W /m?’, the results showed that during the
mght, the roller shade configuratton (conventional cawity) presents overall higher
temperatures than the bottom-up configuration. The average temperature difference (ATi=

T1

—Tho0m up conr» Where 1=1ns1de glazing, cavity air, shade or room aur) for the inside

roller shade conf

glazing 1s AT ~0.3°C (sece Figure 4.9B), for the cavity air 1s AT ~1.5°C (see Figure

nside glazing cavity air

4.9C) and for the shades 1s AT, ,,=0.5°C (see Figure 4.9D). Assuming that the two shades
have similar thermal resistance, as both are made by conventional fabrics with no particular
thermal properties and knowing that both fenestration configurations are exposed in
identical outdoor and indoor (see Figure 4.9E) conditions, the reason for the temperature
difference 15 the “sealed” cavity.

The “sealed” cavity 1s able to trap the cold air film, which 1s 1 contact with the cold
glazing, nside the cavity between the shade and the glazing, by prevenung energy flow
through natural convectton and eventually decreasing the energy losses to the outside.
Therefore, at the “sealed” cavity, the surface and air temperatures are lower than the
conventional one. Moreover, the air velocities measured at the open sides of the roller
shade’s cavity were approximately 0.03 m/s, indicating a downward cold draft from the

cavity to the room.

During the day, the AT?, at the solar peak, for the mside glazing 1s AT ~1.5°C (see

mside glazing’

Figure 4.9B), for the cavity air 1s AT ~-3.3°C (see Figure 4.9C) and for the shades 1s

cavity air’™
AT,,4.75.1°C (see Figure 4.9D). The high AT, .. 1s due to high solar absorbance of the roller
shade (five imes higher than the bottom-up). Heat transfer through infrared radiaton causes

a warmer mside glazing for the conventional cavity, due to warmer shade. Therefore,

67



someone would expect higher air temperatures 1n the conventional cavity than the “sealed”
one, due to warmer cavity surfaces (inside glazing and shade). This 1s not the case; as the
roller shade’s cavity 1s not “sealed”, the room air 1s able to enter the cavity from the sides of
the shade and mix with the cawity air, keeping the conventional cavity air at temperatures
closer to the room air temperatures. As the “sealed” cavity 1s not perfectly sealed, due to
fabric perforation, this process 1s present to the “sealed” cavity too, but at lower rate. In
addition, the air velocities measured inside the conventional as well as the “sealed” cavity
varted from 0.05 m/s (morning and afternoon) to 0.09 m/s (solar noon).

Similar results with the cold clear night are obtained for a cold overcast day (see Figure
4.10), with an average outdoor temperature of -6.5°C [(min, max)=(-7.7°C, -4.1°C)] and a
solar peak at 217 W/ m®, where stmular temperature differences are observed, not just the
night but during the day too, due to lack of solar radiation.

For a warm clear day (see Figure 4.11A) with an average outdoor temperature of 16.6°C
[(min, max)=(8.6°C, 26.2°C)] and a solar peak at 627 W/m? the results showed that during

the night, the conventional cavity presents overall higher temperatures than the “sealed” one.

The AT for the mnside glazing 15 AT, ~0.4°C (see Figure 4.11B), for the cavity air 1s

inside glazing

AT ~0.8°C (see Figure 4.11C) and for the shades 1s AT,,,,.~0.5°C (see Figure 4.11D),

cavin air

indicating an advantageous thermal performance of the “sealed” cavity, similar to a cold
night.

During the day, the AT?, at the solar peak, for the mside glazing 1s AT ~1.5°C (see

mnside glasing

Figure 4.11B), for the cavity air 1s AT ~-3.0°C (see Fagure 4.11C) and for the shades 1s

cavity air
AT ,423.0°C (see Figure 4 11D). Finally, 1n both cases (warm night and clear warm day), the

arr velocities were very similar to a cold clear night and day, respecuvely.
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(roller shade) one for a cold clear day
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Figure 4 11 Temperatures comparison between a “sealed” (bottom-up shade) cavity and a conventional
(roller shade) one for a warm clear day

71



Finally, through the one year of thermal experiments conducted, no condensation was
observed. Furthermore, higher accumulation of dust occurred on the “sealed” cavity
configuration compared to the non-sealed cavity; an observation that 1s unrelated to the
thermal performance of bottom-up shade, but 1t 1s important to be reported.

To conclude, the potential benefits of a “sealed” cavity on fenestratton thermal
performance are apparent. However, they have to be quantified. The use of a “sealed” cavity
can increase the effective thermal resistance of the fenestration by trapping the air that 1s 1n
contact with the glazing therefore, reducing the heat transfer through the fenestration, by
munimizing heat transfer through natural convection. Moreover, a shade with low emisstvity
could minimize the heat transfer through radiation too, by decreasing even more the energy
flow.

In order to elucidate the potential of closed shades during the non-occupancy hours and
adapting this concept to shades’ control strategies, the following experiment was contacted.
During a cold mght with an average outdoor temperature of -6.0°C [(min, max)=(-6.5°C,
-5.4°C)] and under thermal equilibrium, the bottom-up shade opened (see Figure 4.12).
Surface and air temperatures were momntored during this change, 1n order to examine the
thermal response of the system. The results showed that when the shade was opened, the
cavity air temperature increased 4.2°C, from 15.3°C to 19.5°C when the mside glazing
increased 3.0°C, from 10.6°C to 13.6°C (3.1°C less that the shade temperature, when the
shade was closed). This increase of surface and air temperature illustrates the increase of heat
transfer from the room to the fenestration and eventually to the outside. Hence, the
knowledge of the effect of shades on the fenestration’s effectuve thermal resistance provides
information about how the shades should be controlled during times of non-occupancy. For

example, 1f during a cold night, there 1s a need for building cooling, the shade could open to
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increase energy flow to the outside and help to passively cool the building. If, on the other
hand, there is a need of preserving the building temperatures, then the shades could be
closed, to decrease the energy losses to the outside. In both cases, energy savings could be

achieved by reducing the mechanical cooling or heating required.
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Figure 4.12: Temperature response of the fenestration by opening the bottom-up shade, during a cold
night
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Chapter 5: Conclusions and Recommendations

5.1 Conclusions

In this study, the daylighting and thermal performance of “bottom-up” shades was
presented. The bottom-up 1s a motorized roller shade that operates in reverse of a
conventional roller shade (opens from top to bottom), so as to cover the bottom part of the
window, providing privacy to the occupants, while allowing dayhight to enter from the top
section.

A daybhghting numerical model, verified with experimental measurements (1%-13%
agreement), was developed based on the radiosity method and one-bounce ray tracing. As
mputs, the model uses: (1) the geographic location (latitude, longitude), (1) the room
geometry and ortentation, (1) the visible reflectance of the room elements and (1v) the
visible reflectance and transmuttance of the fagade and the shading device, as a function of
solar angle of incidence (8), to determme the dayhbghting potential of bottom-up shades on
the space’s hghting performance and energy savings 1n artificial hghting,

Two different control strategies were introduced 1 order to ensure proper highting
condittons for the occupants: the ‘Glare-Free Zone’ (GFZ) and the Acceptable Workplane
Iluminance (AWI). For the GFZ, the shade position 1s calculated as a function of the solar
and room geometry n order to protect seated and/or standing occupants from direct glare,
and at the same ume allow direct sunhght to penetrate mnto the office to dluminate the back
part of the room. For the AWI, the shade position 1s calculated 1n order to maintan the
average workplane illuminance at acceptable levels (500 Ix) and to simultaneously not exceed
the value of 1000 Ix at any location on the workplane. Control algonthms were developed

based on correlations between the shade posttion, outdoor idluminance and workplane

74



lluminance, for various room geometries using the following design days: Equinox, summer
and winter Solstice, summer and winter typical clear day, summer and winter typical overcast
day. The control algorithms developed for the bottom-up shades are applicable for any
location and orientation around the world

A sensitwvity analysis of the impact of bottom-up shade optical properties on the
daylighting and hghtung energy demand was performed. The results showed that' the
bottom-up shade of visible transmuttance equal to T=10% performs better than 7=0%
and T=5% 1 terms of daylght and energy consumption for art:ificial ighting However,
when visual display unuts (VDU) are present, reflected glare may possibly occur during sunny
days. Consequently, the combination of unison dimming control for artificial hghting and
the bottom-up shade of ©=5%, could give similar results 1n terms of visual performance
and artificial highting energy consumption, minimizing the possibility of reflected glare.

In addition, a bottom-up shade of t=5% was compared with a conventional roller
shade of equal transmuttance. Its annual dayhght performance was significantly higher,
maintaining the mimimum workplane dlummance requirements by 8%-58% more of the tme
than the roller shade configuration. At the back part of the room, away from the fagade,
where the need for artifical hghting 1s more apparent, the minimum workplane lluminance
requirements were met 46% more, proving the advantage of bottom-up shade towards the
conventional roller shades by allowing the natural light to enter from the top section of the
facade deep 1nto the room and illuminate the space, reducing the annual energy consumption
for artificial hghting by 21%-41%.

Finally, thermal experiments were conducted for a clear and an overcast cold day as well
as a clear warm day, to examine the possible advantages of the use of bottom-up shade. The

results showed an increased effective thermal resistance of the fenestration, when the shades
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are closed, compared with open. The use of a “sealed” cawvity can increase the thermal
performance of the fenestration by trapping the air that 1s 1n contact with the glazing 1nside,
thus munimizing the heat transfer through natural convection. Taking this mnto consideration,
a third control strategy was introduced, applied when the occupants are absent, giving
priority to thermal aspects. Therefore, when heat transfer between the indoor and outdoor
environment 1s destred (1 e. during a cold night, when there 1s a need for building cooling, the
shade could be left open to increase energy flow to the outside and help to passively cool the
building), the shade should be open, otherwise, the shade should be kept closed. This could

result mn a potential reduction 1n heating or cooling load for the building.

5.2 Recommendations

As the architectural trend of transparent building envelopes 1s becoming mainstream, the
use of advanced dynamic shading devices to control solar gains and provide visual comfort
to the occupants 1s becoming more and more common, if not essential. Therefore, the need
for standard dayhght performance metrics on shading devices 1s crucial. A standard
procedure based on comparative studies should be made to guide building designers, owners
and users as to the appropnate shading device and control strategy sutable for therr specific
application.

Moreover, as the visual and thermal comfort of the occupants 1s vital, occupant response
and behavior has to be considered 1n employing control strategies on shading devices, by
considering their wishes and providing a manual override system. Thus, testing the proposed
bottom-up shade control algorithms with people, to see any user response factors that need

to be mcluded, would be pracucal.
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Furthermore, the potential benefits of a “sealed” cavity on fenestration thermal
performance are apparent. However, a more detailed study using CFD modeling 1s needed
to quantify 1ts thermal performance as well as to study the possibility of condensation to
occur.

Finally, as advanced dynamic envelope systems begin to be adapted on new office
buildings, a bottom-up shade incorporated with a venettan blind on the top part 1s
recommended. This advanced shading system 1s promusing, as 1t 1s able to redirect or diffuse
the daylight onto the ceiling, minimizing the possibility of glare, while mamntaining the

workplane illuminance at acceptable levels.
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Appendix A:
Daylighting/Lighting Model Input Parameters
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Input parameters

Define_Input parameters

V= 0-deg ...window surface azimuth
W= 4m ...width of room (along facade)
D= 5m ...depth of room

H, = 4m ...height of room

Dy, == 30cm ...depth of the fenestration frame
Tshade = 0-05 ...shade transmittance

Hsetpomt = 1.8m ...height of the GFZ

(1.50m for seated and 1.80m for standing occupants)

Select day of the year Select time of the day
n:.= 123 t:=7,8..19

Solar Radiation (W/m”2)

Typical Meteorological Weather Data for the selected day and time frame

500

400

300

200

100

Local Standard Time (LST)

=« Beam Horizontal

=== D1ffuse Horizontal

wommes Beam Normal

o= e= Dry-bulb Temperature
Dew-point Temeprature

&4

Temperature (C)



input parameters for an office space in Montreal

Jo= 455 deg Latitude

LNG = 74 deg Longitude

STM = 75 deg Local standard time mendian

HSp = 0 8m height of spandrel

Hworkplane = 08m height of the workplane from the floor
By = 90 deg surface (fenestration) tilt angle

Hfacade =Hrm”Hsp_01m:31m

Weacade = Wym = 02m=38m

2
Afacade = Hfacade Weacade = 1178 m

height of the fenestration

width of the fenestration

area of the fenestration

Pshadeout = 07
Pshademn = 07
Pfloor = 030

Peerling = 08

Pwall = 070

Pfacade = 01
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exteror shade reflectance

interior shade reflectance

floor reflectance

ceiling reflectance

wall reflectance

interior glass reflectance



Appendix B:

Determination of Solar Geometry
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Solar geometry

Sun-Earth line

Figure A 1 Solar geometry (Athienitis, 1993)

Equation of ime (ET)

n-— 81\

ET(n) = (9 87 sm(4 T 36a } - 753 cos(Z T -

Apparent Solar Time (AST)
(STM — LNG) hr

15 deg

AST(n,t) =t hr + ET(n) +

Solar declination

284
An) = 2345 deg sm(360 36; z deg\

)

Hour angle (H)
Jn,t) = (AST(n,t) — 12 hr) (15 %}

Sunset hour angle (hy)
hy(n) = (acos(—tan(L) tan(8(n))}))

Sunset time ( ts)_

hr
15 deg

t(n) = hy(n)

Surface sunset time (tss)_

tes(n) = min((hy(n) acos(~tan(L — By,) tan(3(n))) ))

87

—~ 81 _
—\—ISSln(Zﬂn

4 )

81)

1
364 )) i

hr
15 deg




Solar altitude (ozs,):_

a(n,t) =
® + (sin(L))-sin(d(n))

0-deg otherwise

+ sin(L)-sin(8(n))

Solar azimuth (f):
sin{og(n, v)-sin(L) — sin(d(n) ) gyn, 1)
cos(as(n,t))-cos(L) ) |H(n,t)|

d(n,t) = acos(

Surface solar azimuth (g):

N, 1) = dn,t) -

Zenith angle (Z):
Z(n,1) := acos((cos(L)-cos(d(n))-cos(H(n, 1)) + sin(L) -sin(6(n))))

Angle of incidence (B):

66(n,t) := cos(cxs(n,t))~cos(h(n,t)l )-sin(Bw) + sin(as(n,t))~cos(6w)

O(n,t) := acoS[ 86(n, 1) +2|99(n,t)])

Profile angle (d):

tan(OLS(n, t))\\
cos(y(n, 1)) J

d(n,t) = atan(

Major Solar Angles

asin} (cos(L))-cos(d(n))-cos(H(n, t)) ] if asin| (cos(L))-cos(6(n))-cos(H(n,t)) ...

T [
80
“r M - o T —
M“M ﬂm\%
401 o
o - \m
o T
20— Solar altitude T
[=— Angle of incidence )
T |
0
10 15
\ I |
50 )
oF
- 50~ Surface solar azimuth
Profile angle
1 1 —
10 15
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Appendix C:
Perez “All-Weather” Sky Model
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Perez Irradiance model (programmed by Dr. A.Tzempelikos)

Ground reflectance pg(n,t) = |06 1f Ty(n,t) <3 A (120 >n v n>243)

02 otherwise

Extraterrestrial solar radiation (outside the atmosphere)

Solar constant I.. = 1367 W
SC 2
m
360n . )
Normal extraterrestnal solar radiation Loxn(M =TI (1 + 0033 cos( o5 deg))

Global horizontal irradiance

Ih(l’l,t) = Ibh(n,t) + Idh(l’l,t)

Incident beam radiation on an inclined surface

I(n,t) = (Ibn(n,t) cos(G(n,t)))

Perez diffuse irradiance model:

Diffuse radiation consists of three components

1 Isotropic part, received uniformly from all the sky dome

2 Circumsolar diffuse, resulting from forward scattering of solar radiation and concentrated
in the part of the sky around the sun

3 Hornizon brightening, concentrated near the horizon, most pronounced n clear skies

Horizon brightness coefficients
ap(n,t) = max(0,cos(6(n,1))) bp(n,t) = max(cos(SS deg),sm(as(n,t)))

Relative optical air mass
1

m,.(n,t) =
opt \ 1253

+ 3 885

sinfag(n,0) + 015 (o‘s(n’t) 180 deg )

Sky brightness

Idh(n,t)
A(n,t) = m (n,t) ——
R T TS

Sky clearness

Lyn(n,t) + L,.(n,t)
dh b -
n 5535107 ° (90 deg - as(n,t))3
Idh(n,t) w
/g/(n,t) = " ; if Idh(n,t)>0———2
[+553510 (90 deg ~ o(n, 1)) m
0 otherwise
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Statistically dernived irradiance coefficients for Perez model

-0 008
0130
0330
0 568
0873
1132
1 060
0678

fii(n,t) =

-0 062
-0 151
-0 221
-0 295
-0 362
—0412
-0 359

f13(fl,t) =

f22(n , t) =

-0 064
-0 152
-0 462
-0 823
-1127
-1377

if e(n,t) <1065

1if 1065 <e(n,t) <123
if 123 <e(n,t) <15
if 15<€e(n,t)<195
if 195<€e(n,t) <28
if 28<eg(n,t) <45

if 45<€e(n,t) <62

otherwise

if €(n,t) <1065

if 1065 <eg(n,t) <12
if 123 <g(n,t) <15
1f 15<€e(n,t) <195
if 195<€e(n,t)<28
if 28<e(n,t) <45
if 45<e(n,t) <62

—0 25 otherwise

0072 1f e(n,t) <1065
0066 1f 1065 <e(n,t) <123

if 123 <e(n,t) <15
if 15<€g(n,t) <195
if 195<¢€(n,t)<28
if 28<€e(n,t) <45
if 45<e(n,t) <62

otherwise

Brightness coefficients

Fl(n,t) = maﬂ{o,fll(n,t) + flz(n,t) A(n,t) + 7

Fr(n,t) = maxl:O,le(n,t) + fo(n,t) A(n,t) +

91

flz(ﬂ,t) =

f21(n,t) =

f23(1'1, t) =

90 deg — OLS(n,t))

0588
0683

if €(n,t) <1065

if 1065 <e(n,t)<123
0487 1f 123 <e(n,t) <15
0187 if 15<€&(n,t) <195
-0392 1f 195 <eg(n,t) <28
—1237 1f 28<e(n,t) £45
-1600 if 45<€e(n,t) <62
—0327 otherwise

—-0060 1f g(n,t) <1065
—-0019 1f 1065 <€g(n,t) <123
0055 if 123 <e(n,t) <15
0109 if 15<¢e(n,t) <195
0226 1f 195<¢e(n,t) <28
0288 1f 28 <eg(n,t) <45
0264 1if 45<€e(n,t) <62
0156 otherwise

-0 022
-0029
-0 026

if €(n,t) <1065

if 1065 <g(n,t) <123
if 123 <g(n,t)<15
0014 if 15<¢e(n,t) <195
0001 if 195<e(n,t) <28
0056 if 28 <e(n,t) <45
0131 if 45<e(n,t)£62
0251 otherwise

180 deg

90 deg — as(n,t))

f13(n, t):|

180 deg

f23(n, t):|



Sky diffuse radiation on a tilted surface:

1+ cos(By ) ) ap(n,t)
Lgg(n,t) = Idh(n,t)-l:(l - Fl(n’t))(_—z'(—W)'J + Fl(n,t)-b .0 + F?_(nst)'Sin(Bw)jl

plm

Ground-reflected radiation on a tilted surface:

1 - cos( Bw)

Idg(n,t) = Ih(n,t)-pg(n,t)-

Total diffuse radiation on a tilted surface:

I4(n, 1) = Igg(n,t) + Idg(n,t)

The total incident solar radiation on a tilted surface:

I(n,t) = L(n,t) + I35(n,t) + Idg(n,t)

Solar Radiation incident on the facade (W/m”"2)
400 T T

300

200

Solar Radiation (W/m”2)

100

Local Standard Time (LLST)

wassess Beam

= Sky diffuse
=== Ground diffuse
e Total

Switch from function of time to time array:

Outside temperature:

Solar Radiation:

,Eb?:: Iy(n,0) /s;d?:: I4(n, 1) »La?:: Ty(n,t)
»;ds}ﬁ: I4s(n, 1) AI,?:= I(n,t)
A;dgf:: Idg(l’l,t)
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Perez llluminance model

Luminous efficacy coefficients

Direct luminous efficacy_

ab(n,t) =

cb(n,t) =

5720 if e(n,t) <1065
9899 1f 1065 <e&(n,t) <123
10983 if 123 <e(n,t)<15
11034 1f 15<e(n,t) <195
10636 1f 195 <e(n,t) <28
10719 1f 28 <e(n,t) <45

10575 1f 45<e(n,f) <62

101 18 otherwise

-298
-121
-171
-199
-175
-151
-126
-110

if g(n,t) <1065

1if 1065 <e(n,t) <123
if 123 <e(n,t)<15
if 15<¢e(n,t) <195
if 195<e(n,t) <28
if 28<e(n,t) <45

if 45<e(n,t) <62

otherwise

Diffuse luminous efficacy"

ad(n,t) =

,&ggn,t) =

9724 1f €(n,t) <1065

10722 1f 1065 <€(n,t) <123
10497 if 123 <e(n,t) <15
10239 1f 15<e(n,t) <195
10071 1f 195 <€e(n,t) €28
10642 if 28<e(n,t) <45
14188 if 45<€e(n,t)£62
152 23 otherwise

1200 1f g(n,t) <1065

059 1f 1065 <€(n,t) <123
553 if 123 <e(n,t) <15
-1395 f 15<¢€(n,t) <1095
—2275 1if 195 <€(n,t) <28
3615 1if 28<e(n,t) <45
—5324 1f 45<e(n,t) <62
—45 27 otherwise
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bb(n,t) =

db(n,t) =

bd(n,t) =

dd(n,t) =

-4 55
-3 46
-4 90
-5 84

if e(n,t) <1065

if 1065 <&(n,t) <123
if 123 <e(n,1) <15
if 15<e(n,t) <195
~397 1f 195 <e(n,t) <28
~125 1f 28 <eg(n,t) <45
077 1if 45<e(n,t) <62

1 58 otherwise

11712 1f e(n,t) <1065
1238 1f 1065 < e(n,t) <123
—881 1f 123 <e(n,t) <15
~456 1f 15<g(n,t)<195
-616 1f 195 <e(n,t) <28
2673 1f 28 <e(n,t) <45
-3444 1if 45<e(n,t) <62

-8 29 otherwise

-046 1f e(n,t) <1065
115 1f 1065 < &(n,t) <123
296 if 123 <e(n,t)<15
559 1f 15<g(n,t) <195
594 1f 195 <e(n,t) <28
383 1f 28<e(n,f)<45
190 1f 45<e(n,t) <62

035 otherwise

-891 1f €(n,t) <1065

~395 1f 1065 <e(n,t) <123
-877 1f 123 <g(n,t) <15
~1390 1f 15<e(n,t) <195
~2374 1f 195 <e(n,t) <28
-2883 1f 28 <e(n,t) <45
-1403 1f 45<e(n,t) <62

-7 98 otherwise



Precipitable water content

007 Tgy(n,=0075
WC(n,t) =¢

Diffuse horizontal illuminance

Egn(n,t) = Igp(n,t) [ad(n,t) + bd(n,t) WC(n,t) + cd(n,t) Sln(OLS(n
+ddn, ) Ay + 10719)

Direct normal illuminance

Ep(n, ) = max 0,T,(n,t) [ab(n,t) + bb(n,t) WC(n, 1)

573 (90 deg—as(n,t))
+c¢b(n,t) ¢

Direct horizontal illuminance

Epp(n,t) = By (n,0) sm(as(n , t))

Global horizontal llluminance

Ep(n,t) = Epp(n,t) + Egy(n,t)

Beam illuminance on a tilted surface

Ep(n,t) = (Ebn(n, t) cos(6(n, t)))

Statistically dernived illuminance coefficients for Perez model

Saim 0 = 0011 1f e(n, 1) <1065 fagn,0 = os70
0429 1f 1065 < e(n,t) < 123 0363
0809 1f 123 <e(n,) <15 0054
1014 1f 15<e(n,t) <195 ~0252
1282 1f 195<e(n,t) <28 0420
1426 1f 28 <e(n,t) <45 0653
1485 1f 45<e(n,0) <62 1214
1170 otherwise -0 300

fiain, 0 = |-0081 if e(n, 0 <1065 Aaafn. = 1-0093
0307 1f 1065 <&(n,t) <123 0050
0442 f 123 <e(n,t) <15 0181
0531 1f 15<e(n,f) <195 0275
0689 1f 195 <e(n,t) <28 0380
0779 1f 28 <€(n,1) <45 0425
0784 1f 45<e(n,t) <62 0411
-0 615 otherwise 0518
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180 deg

2
m
,t)) \\ Ix W

)

Ix —

-5
+ db(n,t) A(n,t)

if €(n,t) <1065

if 1065 <g(n,t) <123
if 123 <eg(n,t) <15
if 15<e(n,t) <195
if 195<€g(n,t) <28
if 28<e(n,t) <45
if 45<€e(n,t) <62

otherwise

if €(n,t) <1065

if 1065 <e(n,t) <123
if 123 <g(n,t) <15
if 15<€(n,t) <195
if 195<e(n,t) <28
if 28<e(n,t) <45

if 45<e(n,t)<62

otherwise



faa(n.) = |0158 1f e(n, 1) <1065 fa(n.t) = |-0018

0008 if 1065 <¢€(n,t)<123
0169 1f 123 <g(n,t) <15
—-035 if 15<¢e(n,t) £195
—0559 if 195<€e(n,t) <28
0785 1f 28 <e(n,t) <45
0629 If 45<€(n,t) <62
—1 892 otherwise

Brightness coefficients

-0 065
-0 092
-0 096
-0114
-0 097
-0 082
-0 055

(90 deg - as(n,t))

if €(n,t) <1065

if 1065 <é&(n,1) <123
f 123 <emt) <15
if 15<e(n,t) <195
if 195 <e(n,t)<28
if 28<e(n,t) <45

if 45<e(n, ) <62

otherwise

Fan,t) = max 0,f;;(n,t) + f5(n,t) A(n,t) + 70

Fa(n,t) = max 0,6 (n,t) + fr5(n,t) A(n,t) + 7

180 deg

(90 deg — as(n,t))

f13(l’l,t)

Sky diffuse illuminance on a tilted surface

(1 N czs(sw))

Ege(n,t) = Egp(n, 1) {(1 - Fy(n,1))

Ground-reflected illuminance on a tilted surface

1 - cos(ﬁw>

Edg(n,t) = Eh(n,t) pg(n,t)

Total diffuse illuminance on a tilted surface

Ed(n,t) = Eds(n,t) + Edg(l’l,t)

The total incident jlluminance on a tilted surface

E(n,t) = Eb(ﬂ,t) + Eds(n,t) + Edg(n,t)

95

+ Fy(n,1)

180 deg

ap(n,t)
(n,1)

bp

f23(n, t)

+ Fy(n,1) sm( Bw):l



[lluminance Incident on the facade (Ix)
sx10° T |

4x 104
3x 104

2><]04

[luminance (Ix)

1x10*

Local Standard Time (LST)

— Beam

e Sky diffuse
== Ground diffuse
e Total

Switch from function of time to time array:

Solar llluminance:

A],‘Evb?: Ep(n,1)
/\]l:Vd&Y:= Eqs(n,t)
% = Edg(n,t)

/@d?: Ed(n,t)
A%v‘: E(n,t)
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Appendix D:

Bottom-up Shade Control Strategies
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Control strateqy of the bottom-up shade

Visible transmittance of a double glazing window
Note ASHRAE 17a LE CLR (3mm, Low-e Double Glazing, e = 0 2 on surface 2)

0'(n,t) = 6(n,1) 130 transformation from radians to degrees
T

Direct

(-0 0015 e'(n,t)3 )

2
00654 0'(n,t)” — 07247 0'(n,t) + 589 11
7 = |2 (2,9 (2,9 # )t om0 <90
t 103
0 otherwise

Diffuse_

T4 =05
dt

Luminous exitance of the facade

Efacadebt = |Olx 1f [ <120 —\% direct component

m

\
'rbt Ebt if It> 120 —2
m

W diffuse component
Efacadedt = Tbt Ebt + Tdt Edt if It <120 —2

m

w
'rdt Ed( if It> 120 —2

m

Emcxdentt = Efacadebt + Efacadedt

Irradiation exitance of the facade

Ifacadebt = [O0lx f T <120 -—v% direct component
m

W
Tbt Ibt if It> 120 _—2—
m

W diffuse component
Ifacadedt = |, Ibt+ Tg Ig f <120 —
t ot 2

w
Ty I3 f I >120 —
d, "d, t 2
m

I1nc1der1tt = Ifacadebt + Ifacadedt
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Position of the shade to reduce glare

¢ M dn,)>0

X, = |{Dpm — 100m) tan(d(n, 1) -~ Hg, + H

setpoin

Hecage — 10 ’m otherwise

‘I}'shadet = | X 1f 0 <X <Hpeade

Hp,cade — 10" >m otherwise

-3
‘I’shadet = Hfacade_ 10 miift22lvt<o

‘I"shadet otherwise

Correction factor due to frame shading

Y"framet = | Dy, tan(d(n,t)) 1f d(n,t) >0

107> m otherwise

Y'framet = Y"framet if (O < Y"framet < Hfacade)

107 m f (¥rame, 5 9)
t

Hfacade - 10 3m otherwise

Yiame. = Hacade = Y'frame height of the sunlit part of the
t t facade due to frame shading
HFGZshadet = mm(\llshade ’Yframe> if 1> 120 _\% minimum position of the
t ¢ m bottom-up shade to reduce glar

107 °m otherwise

_Immdentt\\

Hawlshade, = 097 | 1 — exp — | ’Hfacade position of the bottom-up shade
t 50 — due to acceptable workplane
2 itluminance
m™ )

Hshadet = max(HFGZshadet’HAWIshadet>
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Hshadet =

-3
10 m 1f Hshadet <001 Hfacade

005 Heyeage
010 Heycage
015 Hpyeade
020 Heyeage
025 Heyeade
030 Heycade

035 Hfacade

040 Hfacade
045 Hfacade

050 Hfacade

055 Hpacade
060 Heycade
065 Hfacade
070 Heycade
075 Heacade
080 Heycade
085 Heycade
090 Heycade

095 Hfacade

Hfacade - 10

if 001 Hpyopge <H <005 He,cnde

shadet
if 005 Hepge < Hshadet <010 Heenge

if 010 Heonge < Hshadet <015 Hpyeade

if 015 Hfacade < H <020 Hfacade

shadet

if 020 Heyepge < Hshadet <025 Heyeade

if 025 Heenge < Hshadet <030 Heyeade

if 030 Hyygage < Hshade, < 035 Hacade
i 035 Hygade < Hshade, < 040 Hacade
i 040 Hpycage < Hshade, < 045 Hiacade
i 045 Hzcage < Hshade, < 050 Hacade
if 050 Hpyeade < Hshade, < 0 55 Hacade

if 055 Hpyeade < Hshadet <060 Heyege

if 060 Hfacade <H <065 Hfacade

shade ¢

1if 065 Hfacade <H <070 Hfacade

shadet

1f 070 Hfacade <H <075 Hfacade

shadet

if 075 Hfacade < H <080 Hfacade

shadet
1f 080 Heyppge < Hshadet < 085 Hpycade

1f 085 Heyade < Hshadet <090 Hezenge

1f 090 Heypge < Hshadet <095 Hezende

3
m 1f Hshadet> 095 Hecade

Distance of the unshaded part of the bottom-up shade from the horizontal frames

Note The distance i1s taken from 1) The eastern horizontal frame for H(n,t)<0
2) The western horizontal frame for H(n, t)>0

X'framet = IDfr tan('\{(n,t))l if d(n,t) >0

0 otherwise

Xframe, =

: X'frarnet if 0< X'framet < Wracade

Wfacade otherwise
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...width of the sunlit part of the facade due to

Wunshaded, = Wfacade = Xframe i
t t frame shading

Luminous exitance of the shade (correction due to frame shading):

Sunlit part of the shade:
Asunlitshadet = if(I'Ishadet > Yframet’Yframet'Wunshadedt’Hshadet'Wunshadedt)

Shaded part of the shade:

Ashadedshadet = Hshadet'wfacade - Asunlitshadet

Asunlitshadet'(Efacadedt + Efacadebt> * Ashadedshadet'Efacadedt
Tshade’
(Hshade[’ Wfac ade)

1~ Pfacade Pshadeout

Eshadc:t =

701



Appendix E:

Determination of Room View Factors
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Room View Factors

Dfacadetop = H, ~ Heyeage — Hsp ...distance from top of the facade to ceiling
Dshadetopt = Hyyy - Hsp - Hshadet ...distance from top of the shade to ceiling

View Factors Between Internal Surfaces

The view factors for the room below are determined after calculating first the view factors
between two  rectangular finite surfaces inclined at 90 degrees to each other with one
common surface as follows:

comm

Define the following intermediate variables for calculating view factor
from surface i to surface j:

wl h2
W= h -
comm comm
A(h,w) = h2 + w2 B(w):=1+ w2
C(h) =1+ 1> D(h,w) == 1 + (h2 + wz)
E(w) = w2 G(h) = h2
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| Wrm
= ™
3\ 8 B
=== T T I
: ' j: L9
9 1
19121 | 7 6 + || 8
| - —_—
T
i ——— 3
NNV
aw
5 S Q
Legend
1 South fenestration (2+3+9) 5 East Wall 9 Unshaded facade
2 Shading device 6 North Wall
3 South Wall 7 Floor
4 Celling 8 East Wall

View factor Fij from o)

(w atan(l Vin atan(l\\ VA, w) atan( )

v/ h)) VA, W) )
+025 1{(M\E(w) (G(h) D(h,w)\G(h) B(w) C(h)
Fy(w,h) = B(w) A(h,w) ) w(jv(h) Alh,w) ) D(h.w)

The other view factors between the room surfaces are
calculated by applying the following principles

.R t =
1. Reciprocity A, Fl,_] A Fj
2. Symmetry, e g F7,5 = F7’ g
3. Energy _
conservation Z F =1 (for any surface 1)

Area of room surfaces

A2t = Wacade Hshadet Ag = A A9t = Wracade (Hfacade - Hshadeg
A4 — \X]I_H1 Dnn A7 = A4 A3t = Al - Azt - A9t
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Calculate view factors

wl:HIm h2:Drm cornm:Wrm
1
w = W b o= h2
comm comm
Fg7
;
Feq = Fg7 Fa6 = Frg Fqp = Fyg
Flq = Fg7 Fi17 = Fg7 F71 = Fyg
b= Wi 2= Dy S, = Hyy
1
w = W b= h2
MWV comm comm
Fgs = Fulw,h) — Fs6 = Ag s Feg = Fes
Fge = Fsg Fi5 = Fgg Fs) = Fge
Fig = Fgg Fg1 = Fgg
k= Hirg 3= Wom S5~ Drm
wl h2
N“V/\/: lslV\:
comm comm
Fg7
Fg7 = Fulw,h)  Fgg = Ag —— Fs7 = Fg7
F75 = Fog Fgs5 = Fpg Fs4 = Fgg
Fgq = Fgy Fag = F7g
Flg =1-2Fg-2Fy4 Fe1 = Fie
Fsg = 1-2Fgy~2Fs¢ Fgs = Fsg
Fq7 = 1-2F43-2Fye F74 = Fg7
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View factors between surfaces 2, 9 and surface 7.

acadce
Wtacad
I -
1T T T T 7 7 %
‘ |
c3 9 Ic3 9
- L _ - - s
(D] I <
g l =
< cll 2 ic1
T | }
- - -4 X
c2 c2
- S |
a b a
o
': >
Wrm
W. .. — W
rm facade
Ab = Weacade Prm DIS = —'—2_“‘
Aa = DIS D, Aab = Dy (DIS + Weyade)
M= Drm B3 = Hsp SOy = Weacade
wl h2
W = h =
MW comm M comm
Fb_e = Fy(w,h)
Wv=Prm e = Hshadet + Hgp SR~ Weacade
wl hzt
W = h =
MV comm M comm
Fb_2€t = Flj(W,ht)
M= Drm h2, = Hpgeade + Hyp SR~ Wfacade
wl hzt
W = h =
MY comm ' comm

Fb_29et = Fu(w,ht)
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comm comim

Fa c2 = Fy(w,h)

Mhv= Drm R = Hshade * Hsp Koy = DIS
wl hzt

W o= h =

MW comm M comm

Fa_ccht = Fl_](w,ht)

Mhv= Drm h2 = Hgeade + Hyp  SOR,= DIS
1 h2
W o= hud h =
comm comm

Fa clc2c¢3 = Fy(w,h)

A4v= Drm A4 = Hyp SO = Weacage + DIS
1 h2
W= had h =
comm M comm

Fab c2e = Fy(w,h)

Mlv= Drm By = Hshadf:t +Hyp 0= Wracade t DIS
wl h2t

A\ h =

MY comm M comm

Mdv= Drm h2 = Hpzeage + Heyp SO, = Wracade * DIS
1

w = \ B h2

MV comm comm

Fab_clc2c3e29 = Fi(w,h)
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F2 b = (Fb_2e .~ Fb_e) Ab

A
2t
Ab
F9 b = (Fb 29¢, — Fb_ze) —
-t - t) A
9t
Aab Fab_ccheZt - Aa Fa_clc2t - Ab Fb_2€:t

Fa 2e =
-t 2 Aa
Aab Fab_clc2¢3e29 — Aa Fa_clc2c3 — Ab Fb_29et
Fa 29¢ =
-t 2 Aa
Aab Fab_c2e — AaFa ¢2 — AbFb ¢
Fa ¢ = = =
-t 2 Aa
A
F2 a =(Fa 2¢, — Fa e)—a
=t =T A
2
t
A
F9 a = (Fa 29¢ - Fa_Ze) 22
-t -7 t) A
9t
Fa7,
F =2F2a+F2b F = Ay —
27t ~-% —Yt 72t 2t Ay
Fo7,
F =2F9a+F9b F = Ag —
97t —%4 —%t 79t 9t A

View factors between surfaces 2, 9 and surface 4.

L Wrm |
I 1
&
Q& b 2
1 |c4 d Ic4
_T _____ .
|
g 3 ? IC?J
= ._% _____ 1
cll 2 :cl
|
NS A
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wl = Drm
wil
o
comm

B2, = Dfacadetop

SR = Wracade

w] = Drm
wl

W =

AW comm

SO, = Wiacade

M= Drm h2t = Hshadet +D SO, = Wiacade
wl hzt
AXVNZ ht =
comm comm
Fb_29dt = Fl_](W,ht)
M= Prm h2 = Dfacadetop SO, = DIS
_ wl b= h2
N comm comm
Fa c4 = Fy(w,h)
W= Dim ,51%{ = Dshadetopt Somm,= DIS
h2
wl t
W = =
MY comm Ay comm
Fa_c3c4t = F]_](W,ht)
M= Drm h2 = Hshadet + Dshadetopt SR, = DIS
wl h2t
" ht =
comm comm

Fa_clc3c4t = Fl](W,ht)
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= Drm
wl
M=
comm

Fab _c4d = Fy(w,h)

h2 = Dfacadetop
b o h2
comm

Somm, = Weacage + DIS

M= Prm
wl

W =

MW comm

Fab_9c3c4dt = Flj(W,ht)

Al;\l/%( = Dsha\»dctopt

h2t

M comm

comm = Wfacade + DIS

A= Prm
wl

W =

MN comm

Fab_29clc3c4dt = Fl](W,ht)

h2 = Hshadet + Dshadetopt
h2
t
h =
' comm

comm = Wfacade + DIS

F9_b = (Fb_9d = Fb_d)

F2 b = (Fb_29dt - Fb_9d

t

Ay

t

Aab Fab_9c3c4dt ~ Aa Fa_ch4t — Ab Fb_9dt

Fa 9d =

Aab Fab_29c1c304dt - Aa Fa_clc3c4t — Ab Fb_29dt

2 Aa

Fa_29d, =

Fa d =

2 Aa

Aab Fab_c4d — AaFa c4 - Ab Fb d

2 Aa

F9_a = (Fa_9dt - Fa_d)

F2a = (Fa_29dt -~ Fa_9dt)

t
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F24t = 2~F2_at + F2_bt

F94t = 2~F9_at + F9"bt

F
24,

Fpp = Ay ——
42,7 A

t t Ay

F94t

Fao = Ag ——

49,7 %9

View factors between surfaces 2, 9 and surfaces 5, 8.

Wrm
S A - LT
| |
_ 39
) |
STttt -+ -
|
cll 2 |
: S i H
Jd "¢
A
Ad = Weycade Dtacadetop Ae = Wacade Hsp Ag = Drm'HShadet
Af = Hsp‘Drm Acl = Hshadet'DIS Ac2 = Hsp.DIS

Ah = D

Dfacadetop’ ™m

Agft = Agt + Af

Aqght = Aqt + Agt + Ah

w! = Drm
wl

W=

M comm

t

Fg_2cl := Fij(wt,ht)

Ac3 = DIS'(Hfacade - Hshadet)
Aqg:= Drm'(Hfacade - Hshadet) Agh:= Aq + Ah

Aqgft = Agt + Af + Aqt Aqgt = Agt+ Aqt

h2 = Weicade + DIS ARy = Hshaclet
b= h2
t comm
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wl;= Dy h%= Weacade + PIS comm, = Heycade — Hshadet

Fq_9¢3, := Fij(wt,h t)

wl,= Dy 2= DIS comm, = Hshadet
wl h2
W o= h, =
t comm, t comm,
Fg_clt:= Fl_](Wt,ht)
wl;=D_ h2=DIS comm, = Heycade =~ Hshade,
wl h2
W, o= h =
t comm, t comm,
Fq_c3t = Fl_](wt,ht)
wl;= Dy h= DIS comm = D, cadetop
W = Wl h = h2
comm comm
Fh_c4 = Fij(w,h)
W= Drm %= Wiacage + DIS SR = DPracadetop
wl h h2
W = =
comm M comm
Fh_de4 := Fij(w,h)
wls= D 227 Wiacade + DIS  gomm, = Hea g0 — Hshadet * Dfacadetop
wl h2
W o= h =
M comm ™ comm

Fgh_c3c4d9, = Fij(wt, h t)
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Sdv= Prm B2 = Wiacade * DIS comm = Hp,opde + Dfacadetop

wl h2

comm comm

Fqgh_clc3c4d29 = Fy(w,h)

Mdv= Prm H3, = DIS SO0, = Heacade ~ Hshadet + Deycadetop
wl h2
W= h =
i comm, i comm,
th_cSC4t = FU(Wt,ht)
wl =D h2 = DIS
m o comm = Hpyoade * Dfacadetop
1 h2
w = hd h =
comm comm
Fqhg_clc3cd = Fi(w,h)
Midv= Prm A= Wracade + DIS S~ Hfacade
w = wl b= h2
M comm M comm
Fag_29clc3 = Fy(w.h) Fqg_29clc3 = 0153
M= Drm 3, = DIS comm = Hshadet
wl h2
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Agt

F2. g = (Fg_2cl .~ Fe_cl t) E
t

Aqt

F9_q, = (Fq_9c3 .~ Fq_¢3 t) —

%

Agh ¢ Fgh_c3c4dS . Ah Fh_dc4 - Aqt Fq 9¢3 ¢

Fh 9c3 =
t 2 Ah
Aqht th_c304t — Ah Fh_c4 - Aqt Fq_c3t
Fh c3 =
Tt 2 Ah
Aqght Fqgh clc3c4d29 — Aqht th_c3c4d9t - Agt Fg_2clt
Fhq 2¢1, =
t 2 Agh,
Aqght Fqhg_clc3cd - Aqht th_c3c4t - Agt Fg__clt
Fgh_cl =
t 2 Aqht
Ah
F9_h = (Fh_903 .~ Fh_c3 t) —_
t
Aqht
F2_gh = (th_ZCI .~ Fah_c! t) -
2
t
wl =D b, = DIS comm = HSp
1 h2
w = hud h =
comm comm
Ff ¢2 = Fy(w,h)
wl =D AI/{%V: Weacade * PIS comm, = Hsp
1 h2
comm comm
Ff ec2 = Fiy(w,h)
Mh= Drm A% = Weacade + DIS ARy = Hshadet + Hg,
wl h2
W o= h =
Mt comm ™M comm

Fgf_ccheZt = Fl}(Wt,ht)
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wl =D h2 = W oade + DIS comm = Hp, oo + Hsp

MW TTIM AN

w] = Drm ,\},‘12/\,: DIS comm = Hshadet + HSp
wl n h2

W, = =

M comm M comm

Fgf_clczt = Fu(wt, ht)

w]l = Dy %: DIS comm = Hg oq0 + Hsp
h2
w = wl h =
comm comm

Fqgf clc2c3 = Fi(w,h)

Agft Fgf_ccheZt — Af Ff ec2 — Agt Fg_2<:1t

Ff 2cl =
-t 2 Af

Agft Fgf_ccht — Af Ff c2 - Agt Fg_clt

Ffcl =
-t 2 Af

F2_f, = (Ff_2c1 - Ffcl) AL

A
2

Aqgft Fqgf clc2c3e29 - Agft Fgf_ccheZt - Aqt Fq_9c3t

Ffg 9¢3 =
8% 2 Agft
Aqgft Fqgf clc2e3 ~ Agft Fgf_ccht - Aqt Fq_c3t
Ffg c3 =
-t 2 Agf,|
Agf

F9_fg = (ng_9c3 .~ Ffg_c3 t) e

%
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Fps, = F2_ah + F2 g + F2.f,

Fyg =F
28, 25,

|
)
=)

il

1-2Fys —Fyq — F
25~ F27, = Fag
Fgs = F9_h + F9_q + F9_fg,

Fge =F
98, 95,

-
=)
o

|

=1-2Fgs —Fgy - F
95, 197, 94,

Fa3 = Fg1 ~ Fap ~Fag,

Fs3 = Fs1—Fsp ~ Fso,

F
25,

Foy = Ay —
2 T2 Al

Fogr =F
82t 52,

A2t
F =FHp —
62t 26t A6

Ay,
Feg = Foe —
59, = 95, a
Feq = F
89, = Fs9,

Ag

t
F =Fgp —
69t 96t A6

F77 =F4; -F4, - F
73t 71 72, 79t

Fos =Fg1 — Fgyr — F
83t 81 82, 89t

Fe3 =Fg1 = Fgp — Feo Fg3 =0
t t t t
F43t F63t Fsst
Fay = Ay — Fap = Ap — Fag = Ag ——
34, =M 36, = A6 A 38, = A8 ¢
3t 3t 3t
F53t F73t F93t
Fre = Ac — Fry = Ay — Fag = Ag —
35, = As 37,78 39, = A9, A
t t t
More on View factors
Frp =0 Faq =0 Fr7 = Flo =0
Fpp =0 Fs5 =0 Fgg =0 Fgp =
F33 =0 Fee = 0 Fgg =0 Fyg =
Fip =0 Fpp =0 F3; = Fgp =
Fi3=0 Fy3 =0 F3p =
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Appendix F:

Flux-Transfer Analysis
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Flux-transfer analysis within an enclosed room

i) For diffuse daylighting_

Initral luminous exitance of each room surface

Eshade ¢ \\

S O o O©O o o

E
fac:adedt )

Reflectance of each room surface

Pshadem ¢
0 Pwall
0 0
0 0
Tl o 0
0 0
0 0
0 0

0
0

Pceiling

0
0
0
0
0

Pwall

0
0
0

0
0
0
0

(=

Pwall

0
0
0

Pfloor

(== = N =

0
0

"Final" luminous exitance of each room surface

I = identity(8) =

S O O O O O O

S OO O O O = O

S O O © O = O O

S O O O = O O ©
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oSO O o

oS o O

S O O O o

O -

S - © O O O o ©

0 0
0 0
0 0
0 0
0 0
0 0
Pwall O
0 Pfacade )
0
0
0
0 -1
M; =(I-
0 ! ( th) Mot
0
0
1)



Configuration factors between room surfaces and workplane

Configuration factors for points positioned to a plane parallel to the source plane
1

Cparallel(Z,y,W) = —2———[ z atan( hud \ + hid atan(—-z-—\\

™ 2 2 2 2 2 2 2 2

T O I R S )

Configuration factors for points positioned to a plane perpendicular to the source plane

1
Cperpendlcular(Z»Y’W) = ;[atan —

W\\— 2 atan hud \\
(y) /22+y2 (/22+y2})

}j=1,2 25 number of selected points

South wall and facade (surface 1)

2 ¢ = Hrm = Hyoriplane

y .= 10Im if 1£)<5

It
Dy — 02m

+0Im if 6<5) <10
2 (D, — 02m
—(——“3—)+01m if 11<) <15

3{D...— 02m
(Prm )+01m if 16 <) <20

Drm — 0 Im otherwise

= |0Ilm fj=lvy=6vy=llvy=16v) =2l

Wrm~02m

+0Ilm if )=2vy=T7v)=12vy=17v)=22

2 (Wppy = 0 2m)

= +0Im if ) =3 v)=8v)=13v)=18v; =23
3 (Wyp ~ 02m)

—————— +0Im if j=4vi=9v)=14v)=19v ;=24
Wi — 0 Im otherwise

C =C

southlj t perpendxculaur(zJ RSNy WJ ,t)
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Csouth.’ZJ =Cperpendlcular(zj,t’ J,t,wj’t)

C

south ot

t

=C +C
southlJ t south2J t

Olm 1f j=5v)=10vy=15v)j=20v) =25

13vy=18v)=23

12vy=17vy=22

Win — 02m

—— +0Imf ) =4v=9v)=14v);=19v;=24
2(Lm;'_—im)ﬂuom fJ=3v)=8v)
3(Wrm—02m)+01m f)=2vy=Tv)

Wrm—OIm otherwise

Spandrel

Z_],t = If[(Hsp - Hworkplane) > Om’Hsp - Hworkplane’O m]

J,t

Om f j=lvy=6v)=1lvy=16v) =2l
Wi — 02m

4
2(W_.—02m
( rm4 )lf_]=3VJ=8V_]=13\/J
3(W.,—02m
( rm4 ) fj=4dv)=0v)=ldv)
Wim — 02m  otherwise

=C

spamdrellJ Tt perpendlcular(zJ v }’J v WJ ,t)

f)=2vy=Tv)=12v)i=17v)=22

18v ) =23

19v)=24

18v)=23

17vy=22

wJt Om if j=5v)=10v)=15v;=20v)=25
Wip — 02m
————4— f)=4v)i=9vi=14v)=19v)=24
2(W_ . —02m
(rm4 )lf_)=3\/_]=8\/_]=13\/_]
3 (W ,—02m
—(24————) fj=2vyi=Tvi=12v)
Wi — 02m otherwise
C :C Z 5 » W
spandrelZJ’ ¢ perpendwular( IR y_],t J,t)
Cspandrelj, o CspandrellJ, . Cspandrelzj’ )
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Shaded facade (surface 2)

ZJ,t = Hshadet * Hsp - Hworkplane if Hshadet + Hsp > Hworkplane

0 otherwise

thz Om if j=lv)y=6v)=llvy=lov)=12]
Wiy — 02m
——4—-—— fj=2vy=T7v)y=12vy=17v =22
2 (W, — 02m
(rm4 )lf_)=3VJ=8V]=13VJ=18VJ=23
3(W_.—02m
(rm4 )1f1=4\/)=9vl=14\/]=19v1=24
Wim — 02m  otherwise

C = C Z N , W
shadedlj’t perpendlcular( 1t yJ,t _],t)

thz Om f )=5vi=10vy=15v)=20v) =25
Wi = 02m
2 fj=4v)i=9vi=14v);=19v)=24
2 (W._ . —02m
_(_rm4__2 f)p=3vy=8v)y=13v)y=18v)=23
3(W_,—02m
_ﬁ__rmT__) fj=2v)=T7vy=12v)=17v)]=22
Wim — 02m otherwise
Cshaded2J e Cperpendlcular(ZJ RN ,t)
C =(C + C -C
shadedjy ' (shadedlj, ¢ shadedZLt spandrelj, ¢
Unshaded facade (surface 9)
SR Hyp + Heacade = Hworkplane
wjt= Omifj=lvy=6vy=llvy=l6v)=21
Win — 02m
fj=2vy=T7vy=12vy=17v)=22
2 (Wpp = 02m)
2 f)j=3v;=8v);=13v);=18v)=23
3(W__—02m
LE—“;———) fi=4v)=9v)=14vy=19v) =24
Wim — 02m otherwise

C = C ] ’W
unshadedlj’t perpendlcular(zj’t )’J’t J,t)
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25

w , =]0mifj=5vy=10v;=15v)=20v]

W, = 02m

4

f j=4v)y=9v)y=1d4v)=19v)=24

2 (Wyy — 02m)
4
- ozm)

if j=3v)=8v;;=13v)y=18v);=23

3 (Wi

fy=2vy=Tv)y=l12vy=17v) =22

Wrm - 02m otherwise

C =C z ., S W
unshadedZJ’t perpendlcular( RN J,t)

CunshadedJ ¢ = (CunshadedlJ * CunshadedZJ t) - Cspandrel) - CshadedJ ¢

t t

South wall (surface 3)

C =C

,t

southwallJ southJ t_ CunshadedJ - CshadedJ i

,t

North wall (surface 6)

547 Him — Hyworkplane

thz OIm if 21 <3 <25
D_.—02m
mT+01m if 16<) <20
2{(D.,—-02m
—L—n—rl“—)+01m if 11<5 <15
3(D.,,—02m
——(m‘——)wlm if 6<) <10
Dy — 0 Im otherwise
thz Omifjy=1lvy=6vy=llvy=l6v)=2l
Wi — 02m
+0lmif j=2v)=Tvy=12vy=1T7vy=22
2 (Wpp — 0 2m)
+0Im f j=3vy=8vy=13v)=18v) =23
3(W_.—02m
——(—m—4———l+01m fy=d4vy=9v)y=14v)=19v; =24
Wim — 0 Im otherwise

C = C s El
north lj,t perpendlcular(zj’t YJ,t W_],t)
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w = |0Imifj=5v)=10v)=15v)=20v) =25

> W, - 02m
—— +0Imif j=4v)=09v3=14v)=19v) =24
ﬂ@;ﬂ+01m f)1=3vy=8v)=13v)=18v) =23
3(Wrm”‘02m)+01m fj=2v)y=Tvy=12vy;=17v)=22
Wiq — 0 1m otherwise

C =C z ., ,W
norchJ’t perpendlcular( RN J,t)

+ C
t

C =C

t

nor‘[hJ ’ t

north 1J north2J

East wall (surface 8)

Zj,t = Hrm_Hworkplane
yjt: Olm if j=lvi=6vi=llvy=16v)=21
Wy — 02m
———— +0Im f J=2v =T7v)=12v)=17v;=22
2 Wy, — 02m)
————+0Im if J=3v)=8v)=13v);=18v) =23
3 (W — 02m)
—————+0Im if j=4v);=9v)=14v)=19v)=24
Wi — 0 1m otherwise
thz Olm if 1<) £5
D. .. —02m
S L 0Imif6<5<10
2(D,... - 02m
(Prm )+0]m if 11<) <15
3(D.,— 02m
(Pem )+01m if 16<7 <20
Dyp, ~ 0 Im otherwise
C =C

eastl} t perpendlcular(ZJ R ,t)
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w = |0Im if 21 €5 <25
D - 02m
B 401m f 165220

2(D..,—02m
(Prm )+Olm if 11<) <15

3 (D, — 02m
(Orm )+01m if 6<7 <10

Drm — 0 Im otherwise

Ceast2j’t = Cperpendlcular(zjyt’ J’t,wj’t)
C =C +C
eastj’t eastlJ’t f:ast2J,t

West wall (surface 5)

12 v

18v);=23

17vy=22

a7 Him — Hyorkplane

th= Olm if J=5v3=10v)=15v)=20v) =25
Wi — 02m
— +0Im f j=4v)=9v)=14v)=19v);=24
2 (W, . —02m
—(L———Z+Olm fj=3v)y=8v)=13v}
3(W_—02m
(rm +0Im f y=2vy=Tv)=
Wim — 0 1m otherwise

th: Olm if 1 £)<5
D_ - 02m
—rr~n-——-+01m1f6SJS10
2(D..—02m
(Pom )+01m if 11y <15
3(D.,,—02m
(rm4 )+01m if 16<) <20
D, — 0 Im otherwise

C =C

westl perpendlcular(zj ey e™), t)

t

125



w .= }0Im if 21 £5)<25

D_ - 02m
1 0Im if 16<)<20

2 (D - 02m
-—(&-—)wm f 115 <15

3(D... - 02m
(Drm )+01m if 6<5<10

Drm —~ 0 1Im otherwise

C =C

west2J t perpendlcu]ar(zj v YJ v WJ , t)

=C + C 2
westlJ ¢ westJ

,t

>

Ceiling (surface 4)

C 1-C -C

ce:lmgJ t t

southJ northJ - Ceast - Cwest

t 7t J,t

Croomj,t = (Cshadedj’t Csouthwallj,t Ccellmgj,t Cwesj’t Cnor‘[hLt 0 Ceastj)t Cunshadedj,t

Workplane llluminance due to diffuse daylighting

Eworkplane = Croom M workplane illluminace due to diffuse daylighting
1.t 1.t 1 transmitted through the fenestration
E E

workplane1 t Eworkplamez,t

workplane t Eworkplame 4.1 Eworkp]ame 5.t \

Eworkplane6’t Eworkplane,]’t Eworkplane&t Eworkplameg’t Eworkplanel(),t

E . =|E E

wpd, workplane, | t Eworkplane 12,1

workplalne1 3t Eworkplane1 4.t EWorkplane 15.t

E E

workplane, 6.t workpla.nc::w,t Eworkplanels’t Eworkplanew,t EworkplaneZO,t

E

workplanez],t Eworkplanezz,t Eworkplanez_,” t Eworkplane24, Eworkplanezs,t )

t
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Appendix G:

One Bounce Ray-Tracing Analysis
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Ray tracing analysis within an enclosed room

i) For direct daylighting

A position vector parallel to window vectors is:

(xo Y, ZOJ = (1 tan(~y(n, 1)) —tan(as(n,t))-\’l+tan(’\{(n,t))2)

t t

Coordinates of the four window corners (initial points of the window vectors):

Hsp + Hshadet \

XA Yo Zp):=|0 0.1

( At At At) m )
HSp + Yframet\

Xp Yg Zp )=|0 01 —
( Bt Bt Bt> m )

Xe Yo Z~No=10 0.1m + Weacade HSP * Yframet\
( G Ct)' m = J

Xy Y Z -0 0.1m + W, cade HSP * HShadet\
( D, "D, Dt)' m - J

Terminal points of the window vectors:

(XA.t Ya ZA't) (X tXp Yo+ YA Zo +Zp

XIYIZ'
(Bt Bt Bt

)
) +Yp 7o +ZB)
) (x tXc, Y )

XIYIZ’
(Ct Cy 7C

(Xth Yth ZDlt) (X + XD Y t+ YD Z + ZDt>

Define three random points of each interior wall planes (East, West and North wall):

( El, TElL Elt) 2m m 4m]
Dy Wi Him )
m rm
X Y z = ...for East wall
( B2, TE2, Ezt> m m 2m)
( E3, TE3, EBt)' 6m m m )
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X Y Z
( wi, Ywi, w1t)
(szt szt szt)

<XW3t Yws, Zw3t)

Xn1 YNT Zni ) =
(X1, Yni, 2w (

(XNzt YNzt ZN2t> =(

X Y V4 =
(NZ»t N3, N3t) [m

The point at which a window vector intersects a wall plane 1s described by setting the window
vector equal to the plane in a parametric equation which can be expressed in matrix form as

TEAt\

U
EA,

VEAt )

TEBt\

Ugp .

Vv
EBt)

TEct\

UECt

VECt J

TEDt\

UEDt

A%
EDt ]

Xp = X
Ay A
Yo = Yar
A Ay
Za — Za
Ay TAY
Xp — Xgr
B 7By
Y - Y
B~ "B,

Zy — Ly
B, "B

X~ = X
C; C

|7 =]

>
g

O
e

o
3

Dy Wi

i )
m " am )
Him )

0 -
2m

H
o Jiom )

m )

Him )

m
m m

Wim

4m)

Hm )

Dim
m 2m

Drm Wem

m )
Hin )

6m

Xpy — X
E2, El,

Yy - Y
EZ, Elt

Zpy — 2
EZ, Elt

Xpy - X
E2, El,

Yoy - Y
E2, El,

Zpy —Z
E2, El,

Xpy - X
E2, El,
Yy - Y
E2t EL,
Zpy —Z
E2t El,
Xpy - X
E2, Elt
Yy - Y
E2t El,

Zpy — 2
E2 — “El,

2m}

-
Xg3 - XElt\

Yy =Y
E3, E]t

ZE3,~ ZElt}

1
Xg3, - XElt\

Yer - Y
E3, Elt

ZE3t' ZEIU

-1
Xg3 - XE1t\

Ypy =Y
E3t Elt

ZE3t“ZElt)

-1
XE3t—XE1t\
Yer - Y

E3, Eltl

ZESt_ZElt)

129

for West wall

for North wall

XAt - XElt\

Ypo - Y
A EIt

Zy - Z
A Elt)

XBt - XElt\

Y - Y
B, El,

ZBt’ZEIt)

Xe - X
c, Elt\

Yo - Y
¢, El,

Z~ -2
Ct Elt}

Xp, ~ Xg1 t\

Yp - Y
Dt El,

ZDt_ ZElt}

for East wall



Il

It

Xp, ™ Xa
Ya,~ Yo,
NEN
Xg - Xp,
Yg - Yp
Zg - g,
Xe, - Xe,

YC - YC'

Xp - Xp
D, ~ XD,
Y - Yp
Dt Dt

Zp - Zpy

XA — Xa
A Ay
Yo = Yar
Ay Ay
Zp = Zp
Ay TAY

Xp - Xp
B, B

X - Xe
Ct C'(
Yo - Yo
c,~ Yc,
ZC _ZCV
Xp, - Xy
Dt Dt
Yp - Yp
D,” YD,

Zny — Zyy
D~ "Dy

Xw2 ~ Xwi

t t
szt‘ YWlt
szt— Zw1t
Xwa, ~ Xwi,
Ywz, = Ywi,
szt - ZW1t
w2, ~ Xwi,
Yw2, ~ Ywi,
szt— ZWlt
Xwz, = Xw1
Ywz, = Ywi,

szt - ZWlt

XNz, ~ XN,
YNz, NI,
ZN2, ~ 2N,
XNz, ~ %N,
YNz, YN
ZN2, ~ N1,
XN2, = XN1,
YN2, 7 NI,
ZN2,~ 2N,
ANz, ~ XN1
N2, = YNI

AN
N2, NI,

- Yw

Yw3

V4 -Z
W3t Wlt}

-1
X3, - XW1t\

Yws — Ywi

Zw3, ~ ZWlt)

1
Xw3, - XWQ

Yws, ~ YW1t

z -Z
W3, Wlt)

Yw3t— YW1t

z -7
W3, Wlt)

-1
XNz, XNQ

Yng — Y
N3, NI,

Znr ~ Z
N3, T AN
-1
XNBt_ XNlt\

YNz~ YN

ZN3t‘ ZNlt}

—1
XN3t‘ XNlt\

Yz - Y
N3t Nlt
Iy — 2
N3t N]t)

-1
XN3, - XNlt\

Yo - Y
N3, N1,

V4 -Z
N3t Nlt)

130

-1
Xws3, - Xw1t\

—1
Xws, - XWlt\

Yo - Y
. At Nlt

Yp - Y
| "By NI,

Yo - Y
1 G Nlt

Yy - Y
. Dt Nlt

XAt - Xwi t\

Yi - Y
| YA~ Ywi,
Zx -2

At Wlt)
Xp, - XWlt\

1 YB. — Ywi

Zn - Z
Bt Wlt}
Xc = Xwp )

Yo - Y
176 W]t|

2 —Z
C WIt)

Xp, = Xw1 t\

Yp - Y
. Dt Wlt

ZDt“ Zw1tj

X, - X
A, Nlt\

ZAt_ ZNlt)

Xp, - XNlt\

ZBt' ZNlt)

X - X
C, N1t\

7~ —Z
Ct Nlt)

X - X
D, N1t\

ZDt_ ZNlt)

...for West wal

...for North wall



So, the intersection points are

XEAt\ Xa,* (XA't - t) Tea,
YEA, YA * (YA' - YAJ TEA,
ZEA Za " (ZA' - ZAD TEA,
XWA\ XA' - t) Twa,
Ywa, YA (YA' - YAJ Twa,
ZWA ZA' ~Za) Twa,
ANA, ) XA‘ - XAt) TNA,
YNA, YA (YA' - YAt) TNa,
ZNA ZA’ - ZAt) TNA,
XEBt\ Xg, (XB' - XBJ TeB,
YEB, | =| YB,* (YB' - YBt) TEB,
ZEB, J ZB’ - ZBt) TeB,

Xwp ) [Xg + XB' - Xg ) Twan
YWBt _ YB + (Yth - YBt> TWBt
zZ Ze + (Zn = Zp\ T
WB, ) B ( B, Bt) WB,
XNBt\ Xp * (XB‘ - XB) TNB
t t t
Y | Yn + (Yo - YR \T
NB, | =| 'B, ( B, Bt) NB,
zZ I + (Zey = Zp \ T
NB ) | 7B, ( B, BJ NB,
XEct\ Xc, * (Xc't Xct) TEc,
YECt - YCt + <cht — Yc) TECt
ZECt/ ZC + (ch — Zc> TECt

—>
between window vector AA'and east wall

—>
between window vector AA'and west wall

—>
between window vector AA'and north

wall

—
between window vector BB' and east
wall

—>
between window vector BB' and west

wall

—>
between window vector BB' and north

wall

—
between window vector CC' and east

wall
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cht\ Xc, * (Xc' ~Xc,) Twc,
Y Y, Yo T —>
WCt Ct ( C Ct) WC between window vector CC' and west
wall
Zwc, ) Zc,* (Zc' ct) Twe,
XNe, ) [Xc,* (Xc' ct) N, |
—
Yth = th + (YC' Ct) TNC between window vector CC' and north
wall
Z 2~ + (2 — Z T
Ne ) | % (c ct) Ne, |
XEDt\ Xp, * (XD' - XDJ TED
—
YEDt - YD (YD' - YDt) TED between window vector DD' and east
wall
ZED, ) ZD (ZD' - ZDt) TeD, |
XwpD t\ Xp, * (XD' - XDt) Twp,
Y Y Y — Y T —
WD, D, < Dy Dt) WD, between window vector DD'and west
z Zn + (Zpy - T wall
WDt} Dt ( Dt Dt) WD
XNDt\ Xp * (XD' - XDJ TND,
—
YNDt YDt + (Yth - YDt) TNDt between window vector DD' and north
wall
Z Iy + (Zy — Z T
NDt) Dt ( Dt Dt> NDt
Trace the sun patch on the walls
—
Between window vector AA'and interior walls
X
EA) EA, 3
Y D
YEA, | = EA, If 0 <Xy € —2 for East wall
t EAt m
ZEA 7 Hworkplane
t) EA, m )
0
0  otherwise
0)
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X
xy At\ NA, 3
Y %
YNA, | = NA i£0<Ygs € — _..for North wall
t NAt m
H
z workplane
R |G
0
0 otherwise
0)
X
XWAt\ WA )
Y D
WA . ™m
yWAt = t if 0< XWAt < —-I;— ...for West wall
Hwork 1
z plane
WAt} ZWAt - -————m )
0
0 otherwise
0)
—
Between window vector BB' and interior walls
X
XEBt\ EB, )
Y D
YEB, |:= EB, if 0<Xgp <— ..for East wall
t m
Hyorkpl
ZER _ _workplane
t) ZEBt Tm )
0)
0 otherwise
0)
X
XNBt\ NB, )
Y W
YNB, | = NB, i 0 < Yyn € — ...for North wall
t NBt m
ZNB 7 B Hworkplane:
t) NB, m }
0
0 otherwise
0)
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X
xwB, WB, )
Y D
WB m
y\NE}t = t lf 0 < XWBt < -';‘
H
z workplane
R
0
0 otherwise
0)
—
Between window vector CC' and interior walls
X
XECt\ EC, \\
Y D
EC m
YEC, | = t if 0<Xpr <—
t " ECt m
7z workplane
R
0
0 otherwise
0)
X
Xth\ NG, )
Y W.
yNe, | = NG, £ 0 < Yye € —
H t m
Z workplane
NCt ) ZNCt - m )
0
0 otherwise
0)
X
xWct\ WC, \
Y D
wC ™m
ywct = t if 0< XWCt < "““‘m
Zwe Hworkplane
t ) ZWCt - m )
0
0 otherwise
0)
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for West wall

for East wall

for North wall

for West wall



—>

Between window vector DD' and interior walls

XEDt\
yEDt =

ZEDt}

Y D
ED . rm

t  m
Hworkplane

Zopy — —————
ED, m )

0)

0 otherwise
0)
XND, 3

Y W
ND, if 0<Yyp < —
t

m

Hworkplane

m )

ZNDt -

0)

0 otherwise

Ywp D

¢ if 0 < Xyp < —
t m

Hworkplane

m )

ZWDt -

0)

0  otherwise

0)
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...for East wall

...for North wall

...for West wall



; Dy . Dy
if x =— AKX -_
NAt m EDt m

P
1]
3| = |

ZNAt)
Prm )
m Drm D

0 lfoAt<——/\xNDt=

m m

ZNDt )

0)

0  otherwise

)

Dy

<

m
D D
YR, | = Wrm if x =——rm/\x <_rm
NAt n EDt m

t —_—

m
VA
NBt]
Drm )
" 1if < Drm X = Drm
X — A = —
0 WA S ND ™

ZNCt )

0)

0 otherwise

0)

Coordinates of the selected points on the workplane

m

th= 01 if1<3<5
D__ - 02m
= +01m
if 6<)<10
m
2(D..—02m
(rm )+01m
if 11<3<15
m
3(D,.,.— 02m
M4_.—).+Olm
if 167 <20
m
Drm—Olm
otherwise
m
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for East-North wall corner

for West-North wall corner

for East-North wall corner

for West-North wall corner



0t £fy=lwvysbdvy=sllvyzslévy=il

W, —02m
S +0lm
fy=2visTwysllvislfvys2l
m
2 (W, - 0 2m)
+01Im
fj=3vi=8vy=sl3v)=18wvy=23
m
3 (W — 0 2m)
+ 0 1m
fi=dvy=9vi=ldvyi=19vy=24
tm
W, —0lm
I otherwsse
m

0 fxEAt;'UVZEBt_ZEA‘SU

ZECt‘ZEBt zEct-zEBt
Xpa —% o V+| Zpy —————— X
i EAL It XEC‘—XEB E‘Bt X ~¥ER EBt (Wrm J
1 t 1 o ¢ Ju
1,
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Workplane llluminance due to direct daylighting

Elworkplane] 1 = C'roonh t Puwall Efacadebt

E E E E E

workplane; workplane, workplane, wotkplane, wotkplanes t
Elworkplaneé t Elworkplfme? t ]-:"Iworlqala.ne8 t Elworkplaneg t E'workpltmem t
Eprt = Elworkplanell t Elworkplane12 t I*:Iutr'orkpla,ne13 t Elw.m:;rkplane1 41 E'ut»'orkplarna15 t

Eworkplanelé t Elworkplanel? i Elworkplmelg t Elworkplanelg t Elworkplmezo t

Eiworkplanegl,t Elworkplanegg’t Elworkplaneglt Eworkpla.ne24’t Elworkplanezj,t

Final Workplane llluminance

B\:"orkpla.net = EW‘pbt + EWpdt

kk=1,2 5 p=123

Min, = M(Eworkplane ) ...minimum workplane illuminance
t

...maximum workplane illuminance

5 5 B lan
E = Z ___Ek_p__ef ...Average workplane tlluminance
meany 25
kk
p=1kk=1 1
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Coordinates of the selected workplane points
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Appendix H:

Artificial Lighting Control Strategies
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Artificial lighting control

Workplane 1lluminance values for the three luminaires (at full power)

139 194 220 194 139)
156 214 240 214 156
E; =|140 182 200 182 140 |Ix forluminaire
t Lum1
109 133 142 133 109

80 102 109 102 80 )

121 153 176 153 121)

144 185 209 185 144

Ezt =| 153 204 235 204 153 I)I(_Jcr:zlumlnalre
141 186 213 186 141

117 150 165 150 117)

80 102 109 102 80 )

109 133 142 133 109

E3t: 140 182 200 182 140 l;:_Jg:slumma:re
156 214 240 214 156

139 194 220 194 139)

E.. =E; +E5 +E workplane illuminance due to
art 1 2 3
t t t t electric hghting
5 5 Eant\
Eart_meant = Z p” ) . Avtera?e \;vorrplrine flluminance
Dol Kk 1, kk ue to electnc lighting

1) On-Off control
Fonofft = |1 of Emeant < 5001x

0 if Emeantz 5001x
Eonoff (= Fonofft Eartt + Eworkplanet

EOHOfflurmnalret = Eonoff — Eworkplanet

1) Unison dimming control
E

E E E

art_mean, — ~mean, art_mean, ~ ~mean,
Fumsont = if 0 < <1
Eart__meamt Eart_meant
0 otherwise
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Eumsont = Fumsont Eant + Eworkplanet

Eumsonlummalret = Bunison, — EWOYkPIa“et

Artificial lighting energy consumption

Expenmental equation of luminaires' energy consumption as a function of percent
luminous flux (O'Neill,2008)

tt=7,8 18

Number of Luminaires

Lum = |3 ’fwrm=4m’\Drm=4m
4 lfWrm=4m/\Drm=5m

4 1fWrm=4m/\Drm=6m

1) On-Off control

Ponofflyminaires, = [0 5477 (100 Lum Fonofft) + 11 909:IW if Fonoff, >0

OW otherwise

Ponoft; + Ponoff; hr
lurmnalrestt Juminaires s 1)

2

Energyonoffhrtt = hourty energy consumption

Eenergyonoff = Z Erlergyonoffhrtt daily energy consumption (from 7 00 to 19 00)
ft

11} Unison dimming control

Pumsonlummalrcst = [O 5477 (IOO Lum Fumsont) + 11 909]W if Fumsont >0

OW otherwise

(Pumsonlummalrestt + PumSonlummalreswr ]>hr

Ener, gyumsonhrtt =

2

Eenergyunlson = Z Energy unisonhr
1t
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Appendix I:
Daylighting/Lighting Model Outputs
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Results
Daylight workplane illuminance distribution
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Percentage of Closed shade

Dimming factor

Local Standard Time (LST)

S [
0

10

e Active On-off
e Continuous dimming

Local Standard Time (LST)
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