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ABSTRACT

The aim of this researchas investigang the effect of(i) Low-E dazing windowand(ii)
clear glass window equipped witptimized shade on tharcadianlight distribution acrossn
interior spaceTo that end, computer simulations were conducted in the GrassBdpp&hina®
plugins toevaluag the circadian light ofa simulated office spadecated in Topeka, KS-or this
purpose, five cases were studiadlear glass windoB9%visible light transmittance(T)) with
optimized shade (the baseline case)eedifferent lowE glass window£65%, 53%, and39%
VTs) all without shade(test cases)anda clear glasswindow (89% VT) without shade (the
reference case)lhe simulations were conducteah four different days (March 20, June 21,
September 20, and December 21)hree times per day (10ma, 1 pm., and 5 pn.) for four
orientations gouth east north, andwes) andundertwo sky conditionsThe circadian light data
were converted tohe circadianstimulus(CS) [1] and evaluatedbased orthe total and Useful

Circadian Light Frequesy (UCLF).

In contrast tatotal circadian light, the UCLF evaluation indicated thath averagethe
optimized shadeasa contributel to higherUCLF thanLow-E glazingwindow cases atorthand
westorientations underlearsky condition(49.9%6 and41.51% of maximum66%) andsouth and

north orientations under overcast slondition(39.3% and39.1% of maximum 656) respectively.

In conclusionthis studysupportghe favorable design of optimized skeadortheclear
glass windown both south and nortlrientations fortheir contributions tadheinterior circadian

light in comparison withthe Low-E glazing windowsvith VTs below 65%.
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CHAPTER 1

INTRODUCTION

Builtenvi ronment has an i mportant role in mod

percent of their life indoorR]. Furthermore, buildig energy and indoor environmental qualities
(IEQ) are among topics thatvedrawn more atentions than befor&Vhile IEQs (temperature,
ventilation, and lighting) are some key factors uilding energy consumptiortheyalso affect

oCccupant soductikitg, and tomforf3]p r

For decades, human visual peroaptwhich is connected tbevisible light spectrum, has
been the baseline in lighting specifications. However, some recent discoveries on human non
visual systenhave introduced circadian light in lighting performance as another aspect of visible
light. Human drcadian system is most sensitive to shorter wavelengths in the range babtlie
Although there is still no concrete peak wavelength such as what wasl dgrephotopic light
(555 nm), nearly all researchers in this area proposed a waveleetytiedn 450 nm to 490 nj#,

5, 6]

Daylight as a white light source contains a full range of visible wavelengthsaasiies
both photopic and circadian light. This quality encourages architects and ligletsngners to
harvest daylight in interior spaces. While daylight is a very good somiriseassociated with
thermal discomfort and glare due to direct sunligiing&quently, exterior shading and interior
blinds have been employed to control undesitadight. With developmestin glazing materials,
Low-E coatinghas been widely used to supplement or even replace shading system since this kind
of material is capdb in blockinginfrared (IR)wavelengths(responsible for heat ggirand

ultraviolet UV) wavelengthgwhich can damage interior materials as well as hunealy issuek



Undoubtedly by meeting theASHRAE 90.1codes Low-E glazingreduces the concern ofer-
exposure of solar heat ggiBHGC), heat loss (factor), and UV in the interior space. However,
depending on the overall visiblight transmittanc€VT) of the glazing medium, glare may still

be a concern leading tbe supplemental use of shading Pprevent glare, glareontrol coating
material withlower VT is developedo providea nearly glarefree spaceYet, another concern
arises whether thew VT, which is associated with this material, affects annual photopic and
circadian light levels inhte interior space especially undarovercast sky condition. This issue
needs to be clarified when the deployment of-Bwlazingwindow is compared to alternatives

such as exterior shading or interior blinds.

Due to characteristics of evehanging solaposition, designing a fixed shade foeentire
year, which blocks undesired sunlightis impossible. Overhang period calculation and sitadi
mask(developed more than six decades)aye still effective wagto design an optimized shad

for buildingsespeciallyfor the south orientation.

In this thesis, we investigated the impact of different window configurations including clear
glass equped with an optimized shade, clear glass with no shade, ané lghass without shade
on interior circadian lighdlistribution, for a small virtual office space located in Topeka, KS. The
optimized shadsaredesigned based dhe thermal need for four tferent orientations (south
east, soutlwest, northwest, and nortieast)based orthedesiredbuilding orientation (20° south
east). Three LovE glazing materials with higlmedium andlow VTswere chosen for this study.
Circadian measurement is based camputer simulatios using Radianc®-based plugins on
Grasshopp@® for Rhina® in addition to lark® componentg7]. Simulations in this study are
conducted on four representative days (solar equinoxes andastazes) and three times per day

(20 am, 1 pn,, and 5 pm.) under clear sky and overcast sky conditions. The results were then



converted to the circadian stimulus (CS) mdtticfor further data treatmestTheblind schedle
was excluded from this study to concentrate on the analysis of Useful Circadian Light Frequency

(UCLF).

Going forward, in thehapter 2, the science and literature of the photopic and circadian
light, shading, glazing materialand daylight computerraulation softwarevill be reviewed. The
methodology of the study including the simulated space, surface and glazing matedes$,choi
optimized shading design processtcadian light computer simulatiorand circadian light
conversion methowvill be covered in the chapter The circadian light results from computer
simulations based othe four different data treatments followeg the discussionsvill be
presented in the chapter 4. The last chaptdl be allocated to the conclusions and

recommendtions.



CHAPTER 2

BACKGROUND

2.1 Indoor Environmental Qualities (IEQ)

Human performance in an indoor environment is connectdueteange of comforts that
they experience. Indoor environmental quakt(IEQs) - thermal comforttemperature)indoor
air quality (ventilation) visual comfort(view/lighting), and aural comforfprivacy/acoustic]8],
[9], [10] - proposethe main factors imndoor human satisfactiorHluman comfortresults in both
human welbeing[11] [12] [13] and human worproductivity[14] [15]. Notwithstandinghuman
comfort has a complex relationship witte IEQs and it is difficult to connect them lineafli6].
Each qualitycan affect theoveral human satisfactiorifferently in each spacgl0]. Visual
comfort is a noticeable aspect of IEQ after thermal and air q@&ahty9]. Humans prefer sitting
near windows for some possible reasons such as linking to outside views and/or accessing to

natural light with full spectrunil8].

2.2  Photobiology and daylight in interior space

Daylight and ight-dark cycle have had importanto |l es i n humanés evol t
and hairs pigmentation (to protect human kind from harmful daylight radiation) to visual
developmergand sensitivities, and recentllyscovered circadian rhythig]. Daylight available
ont he eart hos shasolarediaioniinshe fargyes 04000 mm visible and none
visible to human eyes. The visible portion of the full spectrum, which is known as light, includes

electromagnetic radiatioin therange of 380 nm to 780 nm. The wavelengths from 100 nm to 400



nmaregenerally called ultraviolet (UV) aratedivided to three ranges; U& (200280 nm), UV
B (280315 nm), and UVA (315400 nm). Infrared (IR) radiatioms also refered to the

wavelengtls between 780 nm and 1000 fi8].
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Figure 1: Electromagnetic spectrum showing visible light. Image courtesy of www.luxes.es

2.2.1 Visual aspect of daylight

By studyingthe human vision sensvity (subjective experimentand converting the
results taa Spectral Power Distributio(EPD)curve, Photopic Luminous Intensit§ § was
introduced as a fundamental baseline @mninousintensity,luminance, and illuminandé&9].
Through these fundamentals, some daylight metrics have developed as useful tools for architects,
engineers, lighting designeend commissioners. Singpwint-in-time llluminance (SPT),
Daylight Factor (DF), Daylighutonomy (DA), Continuou®aylight Autonomy (CDA),
Spatial Daylight Autonomy (SDA), Useful Daylight llluminance (UDI), Daylight Uniformity,

and Daylight Glare Index (DGI) are among commonly used daylight metrics.
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Figure 2: The sotopic ('Y) (related to dim light vision) and thehotopic (v) curvesof spectral
luminous efficacy (nenormalized values). Image courtesy of 2018 Webvision: The Organization of the
Retina and Visual System

An example for calculating thghotopic luxis as follows:

7 8nOnm» 'y
L & Q

P =683, 5 guom - (1)

Where:

P« llluminance in lux

683: Photopic luminous efficacy (Im/watt)
6 : photopic spectral sensitivifynction

0 : Spectral power (irradiance) (\&//nm)

2.2.1.1 Daylight Factor (DF)

Proposed over 50 years afjee Daylight Factor OF) is the ratio otheinternal illuminance
totheunobstructed horizontal illuminance under CIE overcast sky conditions tisatally shown

as a percentad@0]. The DF gives a general report of a daylight conditions in a space. however,



in cases of high illuminance in datesunlight or sunny sky conditionthe DF cannot be a good
factor. In othewords,theDF is most useful for locations with overcast skild. Current LEEED
(Leadership in Energy and Environmental Deyigiiteria forthe DF in buildings is minimum %2

[20].
2.2.1.2 Daylight Autonomy (DA) and Continuous Daylight Autonomy (CDA)

The Daylight Autonomy (DA) at a specified work plane location, is expressed as a
percentage of a yeavhenthe minimum illuminance target is met lifie daylight. This factor
requires an annual simtilan, and this calculation method is classified under dynamic daylight
metrics. The minimum illuminance can be derived from the IESN&{inating Engineerig
Society of North Americarecommendation for each task. Early DA metric use dates to a Swiss
standard, circa 1989. Variations of the original DA are developed and Continuous DA (CDA)
methods such as incremental summing and continuous summing are yseditb daylight

performancg21].

2.2.1.3 Spatial Daylight Autonomy (SDA)

The Spatial Daylight Autonomy SDA) introduced by IESNA is a
daylightilluminancesufficiency for a given space ardadefinesa percentage of flacarea that
exceeds a specified illuminance for a specified percentage of the analysis period
(THRESHOLD/N%)[22]. For example, 300 lux/50% meahsatat leas 300 lux daylight must be
achieved at least 50% of the occupied hours to consider a space adequately daylit. This can then

be reported as daylit area or a percentage of floor area that ig23lylit

2.2.1.4 Useful Daylight I lluminance (UDI)


https://www.ies.org/definitions/daylight/
https://www.ies.org/definitions/illuminance/

This climatebased daylight metric predicts annuimhe-seriesof absoluteilluminance
valuesbased omealisticskiesgeneratedrom available climate databas&chieved UDIis then
d e y n eamdanraual occurrence iiminances acrosthe work planefor all theilluminanceghat
are in the rangeof 100 lux to 2000 lux. This range isderived from the reports afccupant
preferencesand behaviarin daylito f y with siseroperated shadindevices, and expressed in

more details as follow:

daylight < 100 lux: Daylight illuminance less than 100 lux is generally considered
insufycient since it cannot contribute to
- 100 lux < daylight < 500 lux: Daylight illuminance in the range of 100almet 500 lux is
consideed effective and it can have a role of primaspurce of illumination or in
conjunction with electrical lighting.
- 500 lux < daylight < 2000 lux: Daylight illuminance between 500 dmxl 2000 luxs
usually perceived adesirable oatleast tolerable.
- daylight > 2000 lux: Daylight illuminance above 2000 lislikely to producevisual

discomfort[24].

Daylight availability and level vary based thre building orientation, window to wall
ratio (WWR), shading, glazing materiarface reflectance, etc. Hence, desigegeduate the
space daylight through mentioned factors in accordatbethe space function, occupancy,

aesthetics, energy codes and requirements.

2.2.2 Non-visual aspect of dayight; circadian light

Circadian rlythm in human is a cycle length close to 24 hours even in the absence of

periodic environmental stimuli such as light. It is believed that this system is responsible to adapt



physiological and behavioral functions of the human body to theamagntal cyles associated

with earthdéds rotation. However , shutnmotexactyhe t i m
24 hoursthe circadian system must be entrained by external stimuli to the regular basis. Like most
organisms, this entrainmeatcursin humankind through lightdark (daynight) exposurg25].
Observations of sleep patterof totally blind people further the idea of humamcadian
entrainment. Many of blind people complain about cyclic sleep disdtdaeanghey can sleep

throughthe night and wake up at a time for some time, but after some days or,wesksleep

patterns are disrupted and not matched withrdglgt cycle[26].

—— VISUAL PATHWAY

—_ NON-VISUAL PATHWAY
ipRGC — INTRINSTIC PHOTOSENSITIVE
RETINAL GANGLION CELLS
SCN ~ SUPRACHIASMATIC NUCLEUS
\ SCG — SUPERIOR CERVICAL GANGLION

P — PINEAL GLAND (Melatonin Secretion)
V — VISUAL CORTEX
N S ~ SPINAL CORD

Figure 3: A simplified illustration of the retinenypothalamic tract. Image source Uthayan Thurairajah;
http://monsoonjournal.com

The effect of light on human circadian system is driven through amageforming
systemthatstarts from a newly discovered photoreceptorsedailétinal ganglion cells (ipRGC).
The photopigment in the ipRG@elanopsinhas a maximum absorption at 480 nm wavelength.

The iIpRGCs send signals to the suprachiasmatic nuclei (Stis)master clocknimammals of



hypothalamus of the brain (Figure 3he SCN contribute to synchronizing the timing of different
physiological mechanisms in human body such as DNA repair and hormone production.
Furthermore, the SCN are connected to the circadian timistgrayand the awakening system

parts in the braif27].

The human circadian system is comprised of three divisions: internal (endogenous)
oscillator located in the SCN; external (exogenous) oscillator located in SCNnelatbnin
hormone, which transngthe internal darknessessage to all the organisms throdig@blood.

In thelack oflight, the internal oscillator still operates, however, with a period of slightly different
from the24-hour cycle. Hence, to entrain the SCN and adjust the-sla&p toa daily time and
all ssasons, external stimuli are neces$a.

Natural lightdark cycle is a potential external stimulus for circadian entrainment shifting
either forward or backward. This process occurs thraigmelatoin suppression. The amnt
of light required to suppresthe melatonin is still being researched by several scientists.
Notwithstanding, latest studies proposed peak wavelength in the range of 46D (Rgure 4)

and 480 nnj28] (Figure 5).
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Figure 5: Proposed circadian light sensitivity cur{d .

2.2.2.1 Circadian light calculation

By the development in circadian light phenomenon, several scientists accom8ished
29, 4, 30, 31, 5jo breakthrough some metrics for estimatof either the effectiveess or the

availability of circadian light in a lit space.
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, Cir¢adian Light ("A’ls) and Circadian Stimulus (CS)
These metricavereoriginally introduced as a model of human circadian phototransduction
by Reaet al [29] based on Brainard at.[32] and Thapan et gl33] findings TheCircadian light
(# , ) incorporated all the previousknown photoreceptofsods, L, M, and sbrt-wavelength (S)
cones] and ipRGCs into a comprehensive model that accounts for both the spectral sensitivity and
the relatively highthreshold response to white ligf&9]. This model considers the amouoft
incident light o the retina. The spectral sensitivity is generated to have a stinegjusnse

function.

Si V; — [V Exda
1548 /M(,}” E}* dh + | ar—y / : E)d)" - k\/‘ - E)d)\. — Uyod 1— (’u
' mp, mp;, RodSat

CL,= ir/ S E,»\d)\—kf Vi E,dr>0

mp;, mp;,

S; v,
1548ch;~Ekd>\ if/ : E;Ld/\—k/ * E,dr<0

mp;, mp;,

(2)
Where:

0 0: circadian light. The constant, 1548, sets the normalizationio§o that 2856K blackbody
radiation at 1000 lux hasta0 vaue of 1000.

'O light source spectral irradiance distribution

0 ¢ melanopsin (corrected for crystalline l¢rensmittance)

"Y: S-cone fundamental

a 1 : macular pigment transmittance

w : photopic luminous efficiency function

w : scotopic luminous efficiency function

RodSathalf-saturation constant for bleaching rods¥46.5W/m2

K=0.2616
@ =0.7000
® =3.3000

12



Equation (2) defines the spectral sensitivity of the human circadian system. Circadian light
(# , ) advanced from the previous stud[és 29] by the same authors, is measured in spectrally
weighted flux per unit area. Figure 6 shows the spectral sensitivity of the human circadian system
for two different light sowes-n ar r owb an-g <09 c a a 0§D @r300&cotppic
lux (Figure 6a) and much higher level 300,000 scotopic lux (Figure 6b). $iegeds control
absolute sensitivity of the cones, the modelled spectral sensitivity changes with thed lexde

saturation; higher light levels result in a change in the overall spsetnsitivity[1].

(@) 1 o : (b) 1 >
¢ Brainard et al. 2001 ¢ Brainard et al. 2001 1 |
- ‘\9 o Thapan et al. 2001 | | - o e Thapan et al. 2001 I
0.75 A\ = ®bi-y<0 | 0.75 \ —-g-y<g B
o i —b-y>0 S —b-y> 3
§ H \'\ ------ Monochromatic 08 2 e L P Monochromatic 0.2k S
2 il o ]
g os | & © 05 =
o 05 T ¥ 05 ©
e \ T o b\ 3
o \ 300 scotopic lux o 23 =\ 300,000 scotopic lux 2
£ 025 \ 025 3 £925 ° 025 E
£ c E S
3 \ E 3 N -
g - B
0 L S Lo = | 0 L SR Lo I
~0.25 -025| _g05 -0.25
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Figure 6: The spectral sensitivity of the human circadian system at two light levels, (a) 3Qficskoto
at the cornea (left) and (b) 300,000 scotopic lux (Highf.

By plotting the nocturnal melatonin suppression data for leig10(Figure 7) circadian
stimulus (CS) is introduced through equation (3), which prevadunctional way to evaluate

the circadian effectiveness of a light sourte

0.7

CL
L+ (5%

C8=0.1 —

)1.1026

3)
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2.2.2.1.2Melanopicilluminance

log100 0 (equation 2)) [1] .

This method is based on iIpRG@h ot or ecept or so

ma X i

mu m

originally conducted and developed by Lucas ef2dl]. By modifying the equation (4) (derived

from photopic lux equation (1)), Melanopic illuminance {\vas introduced4].

Where _
«. Photon flux (photonsi & /sec)

0: power (W£ & /nm)

_: wavelength (nm)

Where

M «: Melanopic illuminance
0 : power (W & /nm)

«=503xpmm_0& A

M«=4557 08 Al

@ : Melanopic spectral efficiency function

14

(4)

(5)

S

el



The corrected spectral sensitivity function used d@s is available online, at

http://lucasgroup.lab.ls.manchester.ac.uk/research/measuringmelanopicilluminance/

The constant (4557) is to ensure that for irradian&%ainm, IMelanopic lx equals tdl

photopic lux for a normal observit].
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Figure 8: Normalized spectral irradiance profiles for the unfilteredage and 486nm monochromatic
stimuli used in an expenent for the Melanopic illuminance evaluatipj .

The Melanopic illuminance was evaluated by projectingligitt sources; Xerc, a close
spectral distribution to miday daylight, and a monochromatic 480 nm light (Figd)eo mice
lacking in rods and cones. The results shown in Figure 9 are equally suitable for predicting the

ability of these 2 light sources elicit circadian phase shift4].
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Figure 9: Stimulus esponse functions for the consensual pupil light reflex elicited by the unfiltered Xe
arc source and a monochromatic 48t stimulug4] .

There has been further advancement in Melanopic illumingg@e which resulted to a
well-used metricEquivalent Melanopic LUXEML) [30]. An associated Excel sheet the EML
calculationis availableat

http://personalpages.manchester.ac.uk/staff/robert.lucas/Lucas%20et%20al%202014%20

workbook.xls
2.2.2.1.3Circadian Action Factor =|=% o

By the deinition of circadian action functio# (Figure 10) a simplified meic was
developed to describe the circadian efficiency of the colors of li.circadian radiation
guantity8 is calculated according to :

O =KUd # A (6)

Where:
@ : circadian radiation quantity
K=1

The ratio from the integrals of the circadian and the photometric quantities is called the

circadian action factai [5]:
0w = 7)
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Figure 10: Averaged circadian action functiah [5].

Table1: Action factorsid of different light sourcef] .
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Light Sources aq-Value

direct sun 5081 K 0,76

blue sky 19963 K 1,49

cloudy sky 5924 K 0,88

incandescent lamp 2800 K 0,35

HMI 3640 K neutral white, ceramics 0,39

high-pressure sodium lamp 2770 K 0,28

Fluorescent Lamps

warm white 2827 K 0,31

neutral white 3678 K 0,52
Basic DAYLIGHT 765 6750 K 0,85
LUMILUX DAYLIGHT 865 6400 K 0,80
DELUXE BIOLUX 965 6500 K 0,94‘
LUMILUX SKYWHITE 880 8000 K 1,00
“Truelite” 5600 K 0,76
Light-Emitting Diodes ‘
LED blue Apmax= 468 nm 6,9
LED white 1,05..2
Maximum (monochromatic 460 nm) 26,3



2.2.2.1.4Circadian illuminance

In this model whichis mainly used for computer simulatighglight source is divided to
the Radianc® RGB channelsFor each channgh circadian coefficiency is introduced based on
Rea et al[34] and Lucas et a[30] circadian function curve# (Figurell). The Equation &r
luminance and illuminances thenused to calculate circadialluminance through replacing

photopic coefficiencies by circadian coefficiencies.

0=17% (0.2652'Y+0.673"G-0.065.:8) (8)

The wavelength intervals farstandardhreechannel (RGB) in Radian@eare as 382198
(B), 498586(G), and586-780nm (R). By dividingeach of these primary channels iBtchannels,
9 channel bins are achieved (Figure 11 & Table 2). Having derived further circadian and photopic
coefficiencies for the new 9 channels, it is now possible to calculate phelispiand circadian
illuminancemore accurately (Equations 9 & 1[@)]. The constant value of 179 (lumens/watt) is
the standard luminous efficacy of &y energyof white light that is defined and used by
Radianc® specifically for this conversiofi35]. The luminous efficacy coefficient is furthe

calculated as 130 for the Rea effadl] curveard 148 for the Lucas et 8] curve[31].
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Normalized Spectral Efficiency Functions

764
4o 5 Ryt T e o S S I

- Photopic *—=—+Rea et al. = Lucas et al.

Figure 11: Normalized efficiency functions for photopic cur@g) and circadian curves from Rea et ¢
and Lucas et al. Theevtical red lines demonstrate the Three channels RGB intervals in Radiance,
grey lines demonstrate further divisions for 9 chanfrejsroduced fronj31])

Table2: Coefficients for Photopic and Cadian Response Functiofl] .

Wavelength Photopic Rea et al. Lucas et al.
Bl | 380-422 0.0004 0.0669 0.0166
B2 | 422-460 0.0095 0.394 0.1819
B3 | 460-498 0.0522 0.4264 03973
G1 | 498-524 0.1288 0.1464 0.2468
G2 | 524-550 0.2231 0.0362 0.1204
G3 | 550-586 0.3174 -0.0294 0.0351
R1 | 586-650 0.2521 -0.038 0.0018
R2 | 650-714 0.0162 -0.0026 0
R3 | 714-780 0.0002 0 0




0 € 0 & H=00.00042 1+ 0.0095* B2 + 0.0522* B3 + 0.1288* G1 + 0.2231* G2 +
0.3174 * G3 + 0.2521 * R1 + 0.0162 * R2 + 0.0002 * R3)
(9)

8 Q& NRIARRE0669261 + 0.394* B2 + 0.4264* B3 +0.1464* G1 + 0.0362* G2 +
(-0.0294) * G3 +{0.038) * R1 + {0.0026) * R2 40 * R3) (10)

2.3 Circadian light and daylighting strategies

Based on several studies mentioned in this chapter, circadian light is an accepted.fact
Designers and increasing number of clients tend to congligecircadian light in either
lighting/daylighting design or lighting commissioning. Recently, International W& Building
Institute [36] was launched focuseddulding health and wellnes3.he WELL®O certification
has considerethe circadian light as one of the requirements in building lighting design. Daylight
strategiesincluding window and shading desigoan play an important role in providing a

WELL® envronment.

2.3.1 Shading design

The importance of shading design in interior thermal and lighting control is undeniable
according to several studif®7, 38, 39] Despite accomplishments in shading desagd,due to
complexities,such as geographical locationlatitude, climate, surrounding environment and
buildings, materials, facade design, space occupancy and functiothete.is still no concrete
shadingsolution for a building. Furthermore, shadipgoperties are not usually provided by
manufactures and are estimated using some experimental techniques or advance[3djtware

One effective shading desigechniqueis based p shading maslstrategyprimarily
developed byOlgyay [40]. Through Psychrometric Chart (Figure 12), comfort zone for each

location is derived as a target. The climate dathenevaluated in courtesy of comfort zone to
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produce shading period (overheated period) of wisdhrther projected on the sun path rthees
a desired shading mask (Figure J8)]. This shading design method is manually doable and has
been used by building designers for more than five decades. More recently, sonagesaftad/

tools were developed to ease fiecedures of Olgyay shading design metfdd [42].

RELATIVE HUMIDITY

ABSOLUTE HUMIDITY (HUMIDITY RATIO)
POUNDS OF MOISTURE PER POUND OF DRY AIR

A WAVAVAY

100-
105
110

TEMPERATURE °F

Figure 12: Psychrometric chart, and the relative comfort zone. Inwgece:
https://soa.utexas.edu/sites/default/disk/urban_ecosystems/urban_ecosystems/09 03 fa_ferguson_raish_
ml.pdf

40° SUN CHART
W N L

Figure 13: An example of overheated period and further projection on the sun path chart. Image source:
https://slideplagr.com/slide/4282815/
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Coming to the relationship between shading design and circadian light, there are very few

studieq43] that have considered circadian light as one factor arti@wher daylight metrics.

Vertical Shading Horizontal Shading Horizontal & Vertical Shading
A

|

Z A .[‘ ‘

[ ;n “ "-7»‘”‘
| | e
| | 1 o v‘r" ‘

(| [ {22

(| >

I—//\ HSA
7 VSA

i ———Shadow Angle
Protector

Shading mask of vertical shading device Shading mask of horizontal shading device Shading mask of egg crate shading device

Figure 14: different regular shading devices and their shading mask projected on sun path chart
(http://lwww.nzeb.in/knowledgeentre/passivelesign/shading/

2.3.1 Fenestration system

According tothe U.S. Energy Information Administratiorspace heating, ventilation,
cooling, and lighting energy in commercial buildings (2012) and residential buildings (2015) in
the U.S. account for 54% and 42% (electricity) of total energy consumption respeletivel]
Window, as the main part of building fenestration systesmich provides connection to the
outside, plays an important role in thermal and illumination level adjustmBased onthe
characteristics of glazing netals such a¥T, U-factor the rate bheat loss)and SHGC (solar
heat gain coefficient), thermal performance and glare are always some challenging topics in

window desigrj46]. Building geographical latitude (annual solasfions), climate (thermal need
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and amual average solar resource), and surrounding environment and buildings (microclimate and

shading obstacleg)ave direct relationship with window desigbolar control glazing materials

released by manufactures witifferent qualities oV T, U-factor, SH@&, and in some cases UV

control rate, are to adjust the indoor environmental conditions with the least mechanical and
electrical energy consumption. These concerns led to some building codes and recommendations
by some national and internatadrorganizatns such as ASHRAE 90[47] and IESNA Lighting

Handbool{48].

The most commotised solar control glazing material is L@&nglass. Although its coating
technology is being improved andse manufactes introduced higherT Low-E glass, yet it
haslower VT than clear glasdt alsoblocks a wide range of IR (infrared) rays (Figu?ds27),

which is useful for heatirgominant climates.
2.3.1.1 Low-E glazing vs overhang shading

Daylighting design (windw and possible shading) is a multifactor process and there is no
concrete solution for a single spadnethelesssome studies have evaluated optimal shading
design[39] and glazing performandd6] in buildings in terms of lighting and energy saving.
Compared to nghack and nesolarcontrol glazing conditiog) shading in general contribst®
more uniform lighting conditio{39]. In case ofLow-E glazing window 14% VT without
shading), heat gain reduction is about 50%, while this quality is estimaté@%35or regular
overhang application. However, the daylighting performance (lighting energy consumption) of
regular overhang shading samilar to that ofthe LowE glazing scenario in coolingominant
regions. It is noticeable that the interior blind does not have consistent results in the four simulated

regions in the referred study (Figure 1&§].
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In absolutecondition, spectral chacteristics of glazing material can have a notable effect
on photopic and circadian light level of interior space. A physical model case study by Hartman et
al. [49] clearly represents the role of glagiSPDs in interior lightig condition (Figure 16 & 17).
The VTsfor the four glazing scenarios in this study ranged from 0.57 to 0.90. It is recognizable

that despite higher rate WiT, the glazing with stronger spectral in blue ligandshows greater

circadian light level Figure 17).
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Figure 15: Annual lighting energy consumption in different cd4€$.

24



100 i :'-.‘ ¥

80

60

40

20

Spectral transmittance [%]

380 480 580 680

—=-V(h) s ‘ Wavelength
— Antelio Blue 6 mm  —— Green Planibel 4 mm [nm]
— Bronze Planibel 4 mm — Clear glass 4 mm
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Figure 17: Photopic illuminance (a) and Circadian light (b) measured in two different locations and
orientations for four glazing scenari¢49] .

2.4 Modelling photopic and circadian illuminance

The aim of this thesis has not been developing a new circadian light simulation tool but
rather to examine the effect of shading and glazing materials on circadian light distribution.

Furthermore, the limitation dhe most common software explained m terms of circadian light
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calculation.The Lark® plugin on Grasshopper® ase of the first attempts in circadian light

computer simulatioffi/] and as a baseline for this study is introduced here.

2.4.1 Current daylight simul ation software

There are several software tools developed for daylight simulation in buildings. Using
compl ex O6r ayt r thectoolsi gndp | neentehnatn iésdna,y | i ght coef fi ci
are based oithe Radiance®engine.The daylight coefficiert is a Radiance®based method
originally proposed by Tgenza and Waterb0] andis associatedvith climatebased sky model
developed by Perezt al.[51]. This methods to speed up thealculation ¢ yearround daylight
by using amatrix of numbers representing relations between each sky segmehe aridrior or

outside point$52].
2.4.1.1 Dasim® daylight coefficient

Dasin® is a Radiance®basedlaylight simulation togwhichworksbased oithe daylight
coefficientmethod For point x, daylight coefficier® # (x) is the ratio of thélluminance% @

of sky segmen8 @ toluminance and t he ad ¢Figlr@l8). si ze @

00 (X) =— (11)

To calculate the total illuminanc& @ for the point x, a complete set of daylight
coefficients should be added up with an arbitrary sky luminance distributignU = 1 , e, N)

through a simple linear superposition.

Ow=B 1006 30 Y (12)
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TheDasim®divides daylight sources thediffuse daylight, ground reflections, and direct
sunlight (Equation 13). The celestial hemisphere is divided to 145 sky segmeitts ddfuse
daylight coefficient, andhree grond segments fothe ground daylight coefficientsThe drect

sunlight coefficients are locatidmsed52].

sky segment S,
with angular size AS ,
and luminance L ,

E.(x) illuminance at
xduetoS,

Figure 18: Graphical definition of a daylight coefficiefd 0 (x) for point x.Adapted fronj52] .

Ow=B 00 w 0 wY
+B Oo w0 WY
+B 060 w 0 WY (13)

2.4.1.2 Radiance®raytracing
Backward oOr ayt r a ctheRai@nce®usses a lightecaldulatidfb3}. i a t

depends on sending rays frdime analysis position/s to the surrounding environment until it
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reaches the light source/s directly or through surfaedlection. The~igure 19 shows a simplified
diagram of howray A is deflected away from the light source, while ray B reaches the sarce b

through a complicated pafb4].

Reflecting object Light Source

Eve Paoint

Refracting object

Figure 19: Backward raytracing. Adapted frofs4].

2.4.1.3 Current software limitation in circadian light simulation

Current Radiance®@basd software toolschannelize materials in a simplified RGB
channelsand does not include spectralyskformation inthe daylight simulation.Through
Dasim®, the sky luminances calculatecand processkinto grayscale. As one of the three light
sources inthe Dasim®, spectral characteristic of the diffuse sky is necessary to caldbkate

circadian light speciallwhenthe analysis point does not receive direct sunlight.

The Lark® components in combination with other plugins, introduagh&nel and 9
chamel spectral sky and material for raytracing. This proposed quality enables raytt@acin

simulate spectral irradiance.

28



2.4.2 Material reflectance

Reflectance (Figure 2@ defined by the ratio of reflected radiant power to incident radiant

power. For aertain area eleme#t ! of reflecting surface, incident radiant power is calculated by

surface's irradianc¥o, multiplied with the size of the surfafs5].
Q i =0 a0 (14)

Reflected radiant power is given by the exitangerilltiplied with the size of the surface.

Q i =0 &0 (15)
Thus,
j === — (19
or
Db ="0 (17)
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Figure 20: Reflectace graphics. Image courtesy of the University of Waikato
(https://lwww.sciencelearn.org.nz/imagest¢pesof-reflection

Total reflectance is comprised thie regular reflectancsr andthe diffuse reflectanced

(the ratio ofthe specularlyplus diffusely reflected radiant powersincident radiant powgf55].

” :"r+"d ’ n ”»w- (18)
2.4.3 Glazing system

Like reflectance, glazing medium transmittance israfiby the ratio ofthe transmitted
radiant power to the incident radiant powlretransmitted radiant power is given by the exitance

Te, multiplied with the size of the surface.
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Two transmittance ratios, visiblight transmittancé&/T and photopidight transmittance
0 E areneededo evaluate a glazing medium dayiigapplicability The VT is included in the
International Glazing Database through Opt&s€oftware deeloped by Lawrence Berkeley
National Laboratory56] asTvis TheVT is differentfrom the proposegbhotopic transmittance
ME (Equation20) andis the ratio of total light in the range of 380 nm to 780wavelengths
penetrated through the glazing material to the incident.ligHtereas th® E is the ratio of

transmitted light unde8 curve to the incident photopight under the same curve.

Based on each wavel engt hos iepch, ihapbopopicanda n d
circadian efficiency (Equati@®3 and 2%, which can be specifically calculated for each glazing

materia) are developetere

The photopic #iciency ratig 0 E, is defined as below:

5 8
Q= (23)
Where,
W "Qis transmitted visible light through glazing material.
Circadian efficiencyatio,# , is also defined with a same strategy:
o . 8
0O = (29
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What we discussed in this chapter intended to expand the knowlettigereéder in terms
of daylight and furthermore circadian light @built environment. The importaaoof circadian
light in human sleepvake cycle was also highlighted heireaddition, he most common daylight
simulation software tools were introduced as a means for this theglse next chapter, the
methodology thaemployed in this thesiwill be explained. The simulated space information
(dimensions, surface and glazing materials), optimized shading design strategies, computer
simulation software tools as well asithaputs and outputsand lastly, the circadiaight analysis

methodswill beincluded in the chapter 3.
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CHAPTER 3

METHODOLOGY

This thesis is examining a virtual simple office room in Topeka, Kansas, USA with latitude
of 39° and longitude 005.7°.The circadian rhythm potential of the space was evaluated through
computer simulabnsusing theHoneybe®, Ladybu@®, and Lark® plugins for Grasshopp@ron

Rhino®.

3.1 The space information

3.1.1 Architectural elements and dimensions

The simulatedoffice is a 12ft * 16ft *10ft (w * | * h) roomwith a 9.3ft * 5.7ft (I * h)
window on theshorter side (Figur22). Nine grid points at eye level (two of them are considered
the locations of two office workers) ausedfor themeasurement @hecircadian light distribution

across the spadg€igure22).

1 6'_0"

gy
-

Figure 22 Plan view of the space and measurement points.
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3.1.2 Surfacematerials

To simulatethe office spacethe surfaceéreflectances setin the ranges of 0.2-0.3 for
floor, 0.6-0.7 for walls, 0.70.8 for ceiling, 0.20.3 for furniture, 0.2.3 for shading matial, and
0.2 for outdoor ground surfaceheLighting Materials for Simulation databalé&’] developed by
Singapore University of Technology and Desigas searched and the following materials as well
as their reflectance didhution datawereemployed in this study (Tab®. The full information

of the selected materials is available in appeAdix

Table 3: Reflectance specifications of the space surfaces

Space surface Material R-Reflectance | G-Reflectance | B-Reflectance | Total Reflectance
Floor Dark grey tiles | 20.15% 18.79% 17.16% 20.06%
wall White painted
gypsum 81.43% 79.84% 71.50% 79.80%

Ceilin White painted
9 gypsum 84.62% 82.06% 72.63% 82.20%
Tables Wood 46.28% 26.18% 10.43% 31.87%
Door Brown wood 52.35% 38.15% 19.30% 41.88%
Shading | sroen aluminum|  22.78% 29.95% 4.83% 27.96%

3.1.3 Glazing materials

Four doublelayer glazing materials three solar heatontrol LowE glazing and one
interior-thermaicontrol glazing with high VT - were chose for this study The three LowE
glasses (onéow-transmittancg0.39% VT), one mediurdransmittancg0.53%VT) , ard one
high-transmittance(0.65% VT)) met the requirements for maximum SHGC andattor of

ASHRAE 90.1 standards (Figu28 & Table4) for Topeka, K§zone 4A [47].
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Figure 23: ASHRAE USA climate zon@siage source: http://www.iaqsource.com/article.php/ashrae
climatezonemap/?id=194

Table4: ASHRAE 902016 Rescriptive Fenestration Requireme3].

ASHRAE 90.1-2016 Prescriptive Fenestration Requirements
Climate Zone |1 |2 |3 |4 |5 |6 |7 |8
Vertical Fenestration (0-40% of wall)

|Maximum U-factor

|Non-meta! frame 0.5 0.37 0.33 0.31 0.31 0.3 0.28 0.25
IMetaI frame, fixed 0.57 0.54 0.45 0.38 0.38 0.36 0.33 0.29
|Meta| frame, operable 0.65 0.65 0.6 0.46 0.46 0.45 0.4 0.35
|Metal frame, entrance door |1.1 0.83 0.77 0.68 0.68 0.68 0.68 0.68
|Maximum SHGC

All vertical fenestration |o‘25 10‘25 |o.25 [0.36 [0.38 |o.4 |o.45 ]0.45
IMinimum Assembly VT/SHGC

All vertical fenestration |1.1 |1.1 |1.1 |1.1 |1.1 |1.1 |1.1 |1.1

Skylights (0-3% of roof)

|Maximum U-factor

all skylights |0.75 |0.65 |O.55 |O.5 |0.5 |0.5 |0.5 |0.41
|Maximum SHGC

all skylights |0.35 ]0.35 |0.35 ]0.4 |0.4 |0.4 |NR INR
IMinimum Assembly VT/SHGC

All skylights |NR INR |NR |NR |NR |NR |NR INR
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All the glazing cases and their technical information were chiveem the International
Glazing Databasb6]. The list of final glazing materials areahin in the tablé, obtainedrom

the factories spesheets.

Table5: Technical specification of the studied glazing materials

Glazing Glazing - . .
Trade Visible Light UV Light
Type Factory Name | SHGC U-factor Transmittance | Transmittance
Air Argon
Fill Fill
B 9 i -
Low-E39% | Cardinal |\ (5 3 515 | 020 | 025 39% 20%
Glass
- 0, 1
Low-E 53% Gé?;‘i'sa” CG5323 | 023 | 024 | 02 53% 11%
B 9 i -
Low-E65% | Cardinal |\ (5 3 557 | 020 | 0.24 65% 5%
Glass
Clear glass Cardinal PR i 0 0
89% Glass Lou i 0.78 0.48 89% 58%

Based on the current climate zone, notLallv-E glazing materials chosen for this study
are commonly used in practice. For exampl® U (BoWv<E 39%)(Figure24) with SHGC 0.18
is a solar and glare control glassstmatched with zone 2 and 3. Howevdris comparison

between lowVT glazing and highVT glazing can give a better sense of glazing effect.
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Figure 24: Lowtransmittance LovE g | a z i n (Produted hy the authdrased on the glazing
[56], Rea et. ald [34], and CIE® [58] spectraldata).
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Figure 25: Mediumtransmittance LovE (53%)glazingwith CG5323coating Produced by the author
basedon the glazing56], Rea et. ald [34], and CIEw [58] spectraldata
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Figure 27: Clear (89%)glasswithL o G i 8 9 Prodoiced by theyauthor based on the glaft&],

Rea et. al6 [34], and CIEw [58] spectraldata
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Table 6 represents the differeas between visible, photopic, and circadian light
efficiencies of the selected glazing materials based on the developed eqiatiand 24.
Noteworthily, the photopic and circadian light efficacy b€ tselectedjlazing materialsare

different than theinominalVTs (0.89).

Table6: Glazing photopic and circadian efficiencies based on equafiBrasd24.

zng Type | Tradename | 1. MSROI ) | Ccevey (F D | Criomy (o
Low-E 39% Lol 340 0.39 0.43 0.49
Low-E 53% CG5323 0.53 0.59 0.56
Low-E 65% Lol 366 0.65 0.72 0.61
Clear Glass 89% Lol i 89 0.89 0.81 0.74

3.2  Windowto-wall ratio ( WWR)

According to a study, recommendedaximum Windowto-Wall ratio for zone 4A
category is27.55 48.9 percen{59]. The proposed WWR for this space is 44%, which has not

exceeded the maximum recommended number.

3.3  Optimized Shading Design based on thermal demand

3.3.1 Geographical location and climate data

Topeka Kansas was chosen as the primary location of the space to design the window and
shadesndevaluate the space lighting conditiofie closest national weather statiniTopeka,
Kansaswvas used to obtaitme weather datg0] and file[61]. Two sets of climate datanumerical
daily and houy temperature normal (Figu8 & Table 7) andthe *.epw weather file (Figures
33(a)33(c)) - areemployedto pinpont the timesvhen theaverage temperature exceeds human

thermal comfort. This zone considered athe geographical shadingeriod

40



Daily Climate Normals (1981-2010) - Topeka Area, KS

(ThreadEx)
: CK and drag to Zzoom to a shorter time Interva
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B30
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Max Temperature Normal : 80.4 °F
Min Temperature Normal : 59.0 °F
Avg Temperature Mormal : 69.7 °F

_/
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0
Jan 1 Apr 1 Jui 1 Oct 1

Temperature (°F)

= Max Temperature Normal == Min Temperature Normal = Avg Temperature Normal

Figure 28: Daily temperature history of Topeka, Kansas, 12810[60].

3.3.2 Shading Zone

3.3.2.1 Manually-drawn shading zone based on drpulb Temperature

To achievemore accurate results, | evaluated the numeric (datile 7) based or20° C
(68° F)threshold temperature. Thiereshold waglerived fromthe median mininmm thermal
comfort temperaturd62]. Numbers marked in the Tablé are maximum daily dry bulb
temperaturgandthey do not considesther thermal comfort factors. On the other hand, the Table

does not specify average hourly tengiae, which is necessary for daily shading time border.
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Hence, a set of hourly dqi&8] wereneeded to discover the shading time bo(Beyure 30) From
the hourly data, all the times above 68° F were found and transferredirme ahartto produce
an accuratshading periodFigure31(a)). As it can be seen from the shadpweyiod the shading
time is not symmetrical around a yeléithe chart is foldeadn 2% of June, the middle dhechart
and the start time of a sun patrart, there are some unmatched times (figd¢e)). Consequently
thesolar gairthatis desirabldor some time in the first half of a yedyy contrast for the other half
(and during the same perio) not favorable. This is the most limitation dfe fixed shading

design.

Average High and Low Temperature

cold hot cold

100°F Jul 20
|22 905 Pt

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 29: Daily temperature history of Topeka, Kansas, 128Q6[63] .
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Table7: Average daily maximum temperature normal (F°) of Topeka, Kd66hs

Day | Jan | Feb | Mar | Apr May | Jun | Jul | Aug Sep | Oct | Nov | Dec
1 39 41 50 62 71 81 | 88 90 86 74 62 46
2 39 42 51 63 72 81 | 88 90 86 74 62 46
3 39 42 51 63 72 81 | 89 90 85 73 61 45
4 39 42 52 63 72 82 | 89 90 85 73 61 45
5 39 42 52 64 73 82 | 89 90 85 72 60 45
6 39 42 52 64 73 82 | 89 90 84 72 60 44
7 39 43 53 64 73 82 | 89 90 84 72 59 44
8 39 43 53 64 74 83 | 89 90 84 71 59 43
9 40 43 54 65 74 83 | 89 90 83 71 58 43
10 40 43 54 65 74 83 | 89 89 83 71 58 43
11 40 44 55 65 74 84 | 90 89 82 70 57 42
12 40 44 55 66 75 84 | 90 89 82 70 57 42
13 40 44 55 66 75 84 | 90 89 82 70 56 42
14 40 45 56 66 75 85 | 90 89 81 69 56 42
15 40 45 56 67 76 85 | 90 89 81 69 55 41
16 40 45 57 67 76 85 | 90 89 80 68 54 41
17 40 46 57 67 76 85 | 90 89 80 68 54 41
18 40 46 57 68 77 86 | 90 89 80 68 53 41
19 40 46 58 68 77 86 | 90 89 79 67 53 41

20 40 47 58 68 77 86 | 90 88 79 67 52 40
21 40 47 59 68 77 86 | 90 88 78 67 52 40
22 40 47 59 69 78 87 | 90 88 78 66 51 40
23 40 48 59 69 78 87 | 90 88 77 66 50 40
24 40 48 60 69 78 87 | 90 88 77 66 50 40
25 40 49 60 70 79 87 | 90 88 77 65 49 40
26 41 49 60 70 79 87 | 90 87 76 65 49 40
27 41 50 61 70 79 88 | 90 87 76 64 48 40
28 41 50 61 71 80 88 | 90 87 75 64 48 40
29 41 - 61 71 80 88 | 90 87 75 64 47 40
30 41 - 62 71 80 88 | 90 86 74 63 47 40
31 41 - 62 - 80 - 90 86 - 63 - 39
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Average Temperature on May 11
night day night
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Figure 30: Hourly May 11 Average temperature history of Topeka, Kansas;2@B® (as an example of
derived data]63].

To produce a shading schedule on the representegath chart, thehading periodvas
transferredo the equivalent points. Based on the two different shading schedules for the first and
second halves of a year tresun path chart, two main border lgwrehighlighted (Figure 32).

The first line iscovered by a larger shading area. Taking the larger shading area would sacrifice
the desired solar gain fthefirst half of a yearWhereasconsidering the smaller shading area lets
unfavorable sun lighpenetrate inside ithe second half ai year. Tosatisfy both scenarios, an
optimum line between the border of first and second shading iardeawn (Figure 32). This is

the baseline for optimized shading design of Topeka, Kansas.
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Figure 31: Overheat area of a year, on-t@nth schedule (a) andi®onth schedule (b) (matched with
sun path chart), based on hourly average temperature history of Topeka, Kansa2@1830
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Shading border for entire year

June 21
July 21

Proposed optimum fixed shading

Shading border for the first half of a year
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Dec 21 & i - 7 ~ Dec 21

—1
L

South

Figure 32: Shading zones, highlighted on quath diagram(the base sun pathart for 3&N is
producedthroughthe University of Oregon, Solar Radiation Monitoring Laboratasbpagd64]).

3.3.2.2 Software-simulated shading zone based on Dry Bulb, Universalhermal Climate Index
(UTCI) and Effective Temperature (TE)

The Ladybu® Plugin[42] developed for Grasshop@on Rhin® is capable to calculate
and produce the d#yulb, Universal Thermal Climate index (UTCI), and the Effext
Temperature (TE) scheduleall based onhe weather file. The UTCI index, which is a
combination of dryulb temperature, relative humidity, wind speed, and radiation, is a
comprehensivéhermalcomfort zone based on the psychrometric cf@h}. The TE s a part of
andher component in Ladyb@®yin which the comfort temperature zone is categorized to very

cold (<1°C), cold (19°C), cool (9217°C), fresh (17+21°C), comfortable (2223°C), warm (23°
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27°C), and hof>27°C). To evaluattheoverheat aredhe shading schedie were produced based
on the three methodgry-bulb, UTCI, and TE for Topeka, Kansas.

The produced UTCI schedule (Figurg&(®) is an hourly thermal chart, which would be
used for investigating the desired shading zone.tdmperature above 20°C (63 for the UTCI
and above maximum fresh temperature (21°C (70/6))ld be considered shadimgeded. By
transferring the shading period from the UTCI and TEhasun path chast the same story as
themanual process fahedry-bulb temperaturdappengFigure 3(a) & (b), and Figure 35(a) &
(b)). The shading zones for the two timeframes are not identical. Furthermore, an optimum shading

zone should be investigated.
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Figure 33: Thedry-bulb (a), Universal Thermal Climate index (UTCI) (b), and the
Effective Temperature (TE) (c) schedules based on the weath@Pfidduced through
Ladybu@® plugin on Grasshopp&)
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Figure 34: Shading zone from Dec 21 to June 21 (a) and June 21 to Dec 21 (b) based on UTCI, Topeka,

KS
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Figure 35: Shading zone from Dec 21 to Jurfe(2) and Jun 21 to Dec 21 (b) based on TE, Top
KS
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Despitethe similaritiesbetweerthe shading zones derived from UTCI and TE, the results
show slight differences in morning houSomparing the manuaHlgrawnshading zonevith the
computerbased ones, it is recognizable that although the general shapes of shading zones are
similar, the manualidrawnshading zonshows wideareain theaftemoons.The general pattesn
of the shading zones for both manuwaid software simulati@nare similar. Sincethe proposed
optimum shading zone is narrower théme outer border of both shading zonescdauld be
considered as the baseline fored shadingdesign in this study. However, for automatic or

dynamic shadingesign, the UTCI or Thased shading zone would be more effective.

3.3.2.3 Optimized Shading Design

Nonethelessshadng designis intended to satisfghermal needdighting comfort, and
aeshetical aspect dhebuildingfacadeIn this studywe have focused on thermal comfort through
solar gain strategyccordingly, the results may not look normal. The shading design method used
in this study is baseoh Olgyay shading design methfD]. Since thentention of this study has

been an optimized shadahebuilding orientation was also taken in account.
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Figure 36. Shading masks for four orientatigrn(®) sauth, (b) east,(c) north, and(d) west
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Evaluating the outer line of shading area on the sun path chart, the ideal shading mask for
south orientation best matched 20° seeist (Figure 36(a)). This building orientation (20° south
east) provides the bestsult for theébuilding direction The shading masks of the four orientations
were interpretedo architectural vertical and horizontal shading eleméhigures 37(a)and
37(d)) Notwithstanding, these fixed optimized shades are not supposeorkdor the entire

shadingperiod whichwasdescribed previously (Figure 32)

1 In this study, the 20° soutkast orientation souths ¢ a | |, entessttissnentiordd drue soutl
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(@) (b)

(© (d)

Figure 37: Optimized shades for the four orientations; south (a), eash@odh (c), and west (d)

3.3.2.3.1 Shading evaluation

To evaluate the practicality of the shades, daylight simulati@re conductedsingthe
Diva® plugin onGrasshopp@ for Rhina® [66] for theentire year as well as onlealing demand
date(August P andthetime for each orientatiofsouth; 9:00 am, east; 8:30 am, north; 5:00 pm,
west; 3:00 pm)The 100-2000 lux Useful Daylightlluminance(UDI) and singlepoint-in-time
were simulated for thbaseline casandthe testcasegfigures 38 to 45). The results contrast the

overall efficency of optimized shawlg devices fotheall four orientations.
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Figure 38: South orientation illuminance (lux) evaluatiddseful Daylight llluminanceyDI, 100-2000 lux for
optimized shadease (a), LovE 65% (b), LowE 39% (c), and LoviE 53% (d).
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Figure 39: South orientation illuminance (lux) evaluation; Peinttime (8/01 @ 9:00 am) illuminance for
optimized shadease (a), LovE 65% (b), LowE 39% (c), and-ow-E 53% (d).
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