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ABSTRACT  
 

The aim of this research was investigating the effect of (i) Low-E glazing window and (ii) 

clear glass window equipped with optimized shade on the circadian light distribution across an 

interior space. To that end, computer simulations were conducted in the Grasshopper® for Rhino® 

plugins to evaluate the circadian light of a simulated office space located in Topeka, KS. For this 

purpose, five cases were studied: a clear glass window (89% visible light transmittance (VT)) with 

optimized shade (the baseline case), three different low-E glass windows (65%, 53%, and 39% 

VTs) all without shade (test cases), and a clear glass window (89% VT) without shade (the 

reference case). The simulations were conducted on four different days (March 20, June 21, 

September 20, and December 21) at three times per day (10 a.m., 1 p.m., and 5 p.m.) for four 

orientations (south, east, north, and west) and under two sky conditions. The circadian light data 

were converted to the circadian stimulus (CS) [1] and evaluated based on the total and Useful 

Circadian Light Frequency (UCLF). 

In contrast to total circadian light, the UCLF evaluation indicated that, on average, the 

optimized shade cases contributed to higher UCLF than Low-E glazing window cases at north and 

west orientations under clear sky condition (49.9% and 41.5.1% of maximum 66%) and south and 

north orientations under overcast sky condition (39.3% and 39.1% of maximum 65%) respectively.  

In conclusion, this study supports the favorable design of optimized shades for the clear 

glass window in both south and north orientations for their contributions to the interior circadian 

light in comparison with the Low-E glazing windows with VTs below 65%. 
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TERMINOLOGY  

 

Circadian Action Factor ╪╬○):  A metric developed to describe the circadian efficiency of the 

colors of light 

 

Circadian Efficiency ╒▄ :  The ratio of transmitted circadian light of a glazing material to 

the total circadian light 

 

Circadian Light (CL), (ὅὒ):  The range of light peak at blue light and responsible for 

melatonin suppression 

 

Circadian Stimulus (CS):  A metric proposed by Rea et al. adjusted to melatonin 

suppression percentage 

 

Circadian Transmittance ╒Ⱳ :  The fraction of Circadian light transmitted through the window 

 

Continuous Daylight Autonomy 

(CDA): 

Daylight Autonomy with partial credits for values lower than 

the minimum illuminance target 

Correlated Color Temperature 

(CCT):  

 

A method to define light source color appearance 

 

Daylight Autonomy (DA):  The percentage of a year when minimum illuminance target is 

met by daylight 

 

Daylight Factor (DF):   The ratio of internal illuminance to unobstructed horizontal 

illuminance 

 

Illu minance (lm/□ ):  Weighted irradiance, or radiant flux incident on a surface area 

 

Indoor Environmental Qualities 

(IEQ):   

 

Sets of qualities lead to overall human comfort 

 

Intrinsically Photosensitive Retinal 

Ganglion Cells (ipRGCs):  

 

Non-image forming photoreceptors in mammalian eyes system 

 

Luminance (cd/□ ):  Weighted radiance, or luminous intensity per unit area of a 

surface 

 

Luminous Intensity (cd):  Weighted radiant intensity, or radiant flux within a solid angle 

 

Melanopic Illuminance (EML):  A metric developed by Lucas et al. to evaluate the circadian 

light 

 

Photopic Efficiency ▬▐▄ : The ratio of transmitted photopic light of a glazing material to 

the total photopic light 

 

Photopic Luminous Intensity ( ╥ⱦ): Human spectral response under photopic conditions 
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Photopic Transmittance ╟▐Ⱳ : The fraction of Photopic light transmitted through the window. 

 

Psychrometric Chart: A graphical representation of the psychrometric processes of 

air. 

 

Reflectance: The ratio of reflected radiant power to incident radiant power 

 

Shading Mask: A representation of the sky as viewed from a reference point 

 

SHGC: Solar Heat Gain Coefficient 

 

Spatial Daylight Autonomy (SDA): A percentage of floor area that exceeds a specified 

 

Suprachiasmatic Nuclei (SCN): The master clock in mammals 

 

U-factor: The rate of heat loss 

 

Useful Circadian Light Frequency 

(UCLF):  

 

A method to define frequent circadian light associated with 

bearable light 

 

Useful Daylight Illuminance (UDI): Climate-based daylight metric predicts annual time-series of 

absolute illuminance values based on realistic skies 

 

Visible Light Transmittance (VT): An optical property that indicates the fraction of visible light 

transmitted through the window. 

 

Visible Light: The visible portion of light spectrum in the range of 380 nm to 

780 nm 
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CHAPTER 1 

 INTRODUCTION  
 

Built environment has an important role in modern humanôs life. People spend around 87 

percent of their life indoors [2]. Furthermore, building energy and indoor environmental qualities 

(IEQ) are among topics that have drawn more attentions than before. While IEQs (temperature, 

ventilation, and lighting) are some key factors in building energy consumption, they also affect 

occupantsô health, productivity, and comfort [3]. 

For decades, human visual perception, which is connected to the visible light spectrum, has 

been the baseline in lighting specifications. However, some recent discoveries on human non-

visual system have introduced circadian light in lighting performance as another aspect of visible 

light. Human circadian system is most sensitive to shorter wavelengths in the range of blue band. 

Although there is still no concrete peak wavelength such as what was agreed for photopic light 

(555 nm), nearly all researchers in this area proposed a wavelength between 450 nm to 490 nm [4, 

5, 6]. 

Daylight as a white light source contains a full range of visible wavelengths and satisfies 

both photopic and circadian light. This quality encourages architects and lighting designers to 

harvest daylight in interior spaces. While daylight is a very good source, it is associated with 

thermal discomfort and glare due to direct sunlight. Consequently, exterior shading and interior 

blinds have been employed to control undesired sunlight. With developments in glazing materials, 

Low-E coating has been widely used to supplement or even replace shading system since this kind 

of material is capable in blocking infrared (IR) wavelengths (responsible for heat gain) and 

ultraviolet (UV) wavelengths (which can damage interior materials as well as human body tissues). 
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Undoubtedly, by meeting the ASHRAE 90.1 codes, Low-E glazing reduces the concern of over-

exposure of solar heat gain (SHGC), heat loss (U-factor), and UV in the interior space. However, 

depending on the overall visible light transmittance (VT) of the glazing medium, glare may still 

be a concern leading to the supplemental use of shading. To prevent glare, glare-control coating 

material with lower VT is developed to provide a nearly glare-free space. Yet, another concern 

arises whether the low VT, which is associated with this material, affects annual photopic and 

circadian light levels in the interior space especially under an overcast sky condition. This issue 

needs to be clarified when the deployment of low-E glazing window is compared to alternatives 

such as exterior shading or interior blinds. 

Due to characteristics of ever-changing solar position, designing a fixed shade for the entire 

year, which blocks undesired sunlight, is impossible. Overhang period calculation and shading 

mask (developed more than six decades ago) are still effective ways to design an optimized shade 

for buildings especially for the south orientation. 

In this thesis, we investigated the impact of different window configurations including clear 

glass equipped with an optimized shade, clear glass with no shade, and Low-E glass without shade 

on interior circadian light distribution, for a small virtual office space located in Topeka, KS. The 

optimized shades are designed based on the thermal need for four different orientations (south-

east, south-west, north-west, and north-east) based on the desired building orientation (20° south-

east). Three Low-E glazing materials with high, medium, and low VTs were chosen for this study. 

Circadian measurement is based on computer simulations using Radiance®-based plugins on 

Grasshopper® for Rhino® in addition to Lark® components [7]. Simulations in this study are 

conducted on four representative days (solar equinoxes and solar solstices) and three times per day 

(10 am, 1 p.m., and 5 p.m.) under clear sky and overcast sky conditions. The results were then 



3 
 

converted to the circadian stimulus (CS) metric [1] for further data treatments. The blind schedule 

was excluded from this study to concentrate on the analysis of Useful Circadian Light Frequency 

(UCLF). 

Going forward, in the chapter 2, the science and literature of the photopic and circadian 

light, shading, glazing materials, and daylight computer simulation software will be reviewed. The 

methodology of the study including the simulated space, surface and glazing material choices, 

optimized shading design process, circadian light computer simulation, and circadian light 

conversion method will  be covered in the chapter 3. The circadian light results from computer 

simulations based on the four different data treatments followed by the discussions will be 

presented in the chapter 4. The last chapter will be allocated to the conclusions and 

recommendations. 
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CHAPTER 2 

 BACKGROUND  
 

2.1 Indoor Environmental Qualities (IEQ)  

 

Human performance in an indoor environment is connected to the range of comforts that 

they experience. Indoor environmental qualities (IEQs) - thermal comfort (temperature), indoor 

air quality (ventilation), visual comfort (view/lighting), and aural comfort (privacy/acoustic) [8], 

[9], [10] - propose the main factors in indoor human satisfaction. Human comfort results in both 

human well-being [11] [12] [13] and human work-productivity [14] [15]. Notwithstanding, human 

comfort has a complex relationship with the IEQs, and it is difficult to connect them linearly [16]. 

Each quality can affect the overall human satisfaction differently in each space [10]. Visual 

comfort is a noticeable aspect of IEQ after thermal and air quality [17] [9]. Humans prefer sitting 

near windows for some possible reasons such as linking to outside views and/or accessing to 

natural light with full spectrum [18]. 

2.2  Photobiology and daylight in interior space 

 

Daylight and light-dark cycle have had important roles in humanôs evolution, from skin 

and hairs pigmentation (to protect human kind from harmful daylight radiation) to visual 

developments and sensitivities, and recently-discovered circadian rhythm [6]. Daylight available 

on the earthôs surface is based on the solar radiation in the range of 100-4000 nm- visible and none 

visible to human eyes. The visible portion of the full spectrum, which is known as light, includes 

electromagnetic radiation in the range of 380 nm to 780 nm. The wavelengths from 100 nm to 400 
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nm are generally called ultraviolet (UV) and are divided to three ranges; UV-C (200-280 nm), UV-

B (280-315 nm), and UV-A (315-400 nm). Infrared (IR) radiation is also referred to the 

wavelengths between 780 nm and 1000 nm [18]. 

 

Figure 1: Electromagnetic spectrum showing visible light. Image courtesy of www.luxes.es 

 

2.2.1 Visual aspect of daylight 

 

By studying the human vision sensitivity (subjective experiments) and converting the 

results to a Spectral Power Distribution (SPD) curve, Photopic Luminous Intensity (6) was 

introduced as a fundamental baseline for luminous intensity, luminance, and illuminance [19]. 

Through these fundamentals, some daylight metrics have developed as useful tools for architects, 

engineers, lighting designers, and commissioners. Single-point-in-time Illuminance (SPT), 

Daylight Factor (DF), Daylight Autonomy (DA), Continuous Daylight Autonomy (CDA), 

Spatial Daylight Autonomy (SDA), Useful Daylight Illuminance (UDI), Daylight Uniformity, 

and Daylight Glare Index (DGI) are among commonly used daylight metrics. 
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Figure 2: The scotopic (Ὓ) (related to dim light vision) and the photopic (ὠ) curves of spectral 

luminous efficacy (non-normalized values). Image courtesy of 2018 Webvision: The Organization of the 

Retina and Visual System. 

 

An example for calculating the photopic lux is as follows: 

Pʟ  = 683 ᷿ ὖȢὠ Ὠ‗
780nm

380nm
                                               (1) 

Where: 

P◖: Illuminance in lux 

683: Photopic luminous efficacy (lm/watt) 

6: photopic spectral sensitivity function 

0: Spectral power (irradiance) (W/ά /nm) 

 

2.2.1.1 Daylight Factor (DF) 

Proposed over 50 years ago, the Daylight Factor (DF) is the ratio of the internal illuminance 

to the unobstructed horizontal illuminance under CIE overcast sky conditions that is usually shown 

as a percentage [20]. The DF gives a general report of a daylight conditions in a space. however, 



7 
 

in cases of high illuminance in direct sunlight or sunny sky conditions, the DF cannot be a good 

factor. In other words, the DF is most useful for locations with overcast skies [21]. Current LEED© 

(Leadership in Energy and Environmental Design) criteria for the 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 year when the minimum illuminance target is met by the daylight. This factor 

requires an annual simulation, and this calculation method is classified under dynamic daylight 

metrics. The minimum illuminance can be derived from the IESNA (Illuminating Engineering 

Society of North America) recommendation 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 used to predict daylight 

performance [21]. 

2.2.1.3 Spatial Daylight Autonomy (SDA) 

The Spatial Daylight Autonomy (SDA) introduced by IESNA is a 

daylight illuminance sufficiency for a given space area. It defines a percentage of floor area that 

exceeds a specified illuminance for a specified percentage of the analysis period 

(THRESHOLD/N%) [22]. For example, 300 lux/50% means that at least 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 is daylit [23]. 

2.2.1.4 Useful Daylight I lluminance (UDI) 

https://www.ies.org/definitions/daylight/
https://www.ies.org/definitions/illuminance/
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This climate-based daylight metric predicts annual time-series of absolute illuminance 

values based on realistic skies generated from available climate database. Achieved UDI is then 

deýned as an annual occurrence of illuminances across the work plane for all the illuminances that 

are in the range of 100 lux to 2000 lux. This range is derived from the reports of occupant 

preferences and behaviors in daylit ofýces with user-operated shading devices, and expressed in 

more details as follow: 

-  daylight < 100 lux: Daylight illuminance less than 100 lux is generally considered 

insufýcient since it cannot contribute to a significant lighting condition. 

- 100 lux < daylight < 500 lux: Daylight illuminance in the range of 100 lux and 500 lux is 

considered effective, and it can have a role of primary source of illumination or in 

conjunction with electrical lighting. 

- 500 lux < daylight < 2000 lux: Daylight illuminance between 500 lux and 2000 lux is 

usually perceived as desirable or at least tolerable. 

- daylight > 2000 lux: Daylight illuminance above 2000 lux is likely to produce visual 

discomfort [24]. 

Daylight availability and level vary based on the building orientation, window to wall 

ratio (WWR), shading, glazing material, surface reflectance, etc. Hence, designers evaluate the 

space daylight through mentioned factors in accordance with the space function, occupancy, 

aesthetics, energy codes and requirements. 

2.2.2 Non-visual aspect of daylight; circadian light  

 

Circadian rhythm 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 
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physiological and behavioral functions of the human body to the environmental cycles associated 

with earthôs rotation. However, since the timing period of the system is close to, but not exactly, 

24 hours, the circadian system must be entrained by external stimuli to the regular basis. Like most 

organisms, this entrainment occurs in human kind through light-dark (day-night) exposure [25]. 

Observations of sleep patterns of totally blind people further the idea of human circadian 

entrainment. Many of blind people complain about cyclic sleep disorder. It means they can sleep 

through the night and wake up at a time for some time, but after some days or weeks, their sleep 

patterns are disrupted and not matched with day-night cycle [26].  

 

Figure 3: A simplified illustration of the retino-hypothalamic tract. Image source Uthayan Thurairajah; 

http://monsoonjournal.com 

 

The effect of light on human circadian system is driven through a non-image-forming 

system that starts from a newly discovered photoreceptors called retinal ganglion cells (ipRGC). 

The photopigment in the ipRGC (melanopsin) has a maximum absorption at 480 nm wavelength. 

The ipRGCs send signals to the suprachiasmatic nuclei (SCN) - the master clock in mammals - of 
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hypothalamus of the brain (Figure 3). The 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 timing system and the awakening system 

parts in the brain [27]. 

 

The human circadian system is comprised of three divisions: internal (endogenous) 

oscillator located in the SCN; external (exogenous) oscillator located in SCN; and melatonin 

hormone, which transmits the internal darkness message to all the organisms through the blood. 

In the lack of light, the internal oscillator still operates, however, with a period of slightly different 

from the 24-hour cycle. Hence, to entrain the SCN and adjust the sleep-wake to a daily time and 

all seasons, external stimuli are necessary [27]. 

Natural light-dark cycle is a potential external stimulus for circadian entrainment shifting 

either forward or backward. This process occurs through the melatonin suppression. The amount 

of light required to suppress the melatonin is still being researched by several scientists. 

Notwithstanding, latest studies proposed peak wavelength in the range of 460 nm [1] (Figure 4) 

and 480 nm [28] (Figure 5). 
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Figure 4: Melanopic spectral sensitivity curve [28] . 

 
 

Figure 5: Proposed circadian light sensitivity curve [1] . 

2.2.2.1 Circadian light calculation 

By the development in circadian light phenomenon, several scientists accomplished [6, 1, 

29, 4, 30, 31, 5] to breakthrough some metrics for estimation of either the effectiveness or the 

availability of circadian light in a lit space.  
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̹ ̹ ̹ ̸ ̸  Circadian Light (ἍἘἋ) and Circadian Stimulus (CS) 

These metrics were originally introduced as a model of human circadian phototransduction 

by Rea et al. [29] based on Brainard et al. [32] and Thapan et al. [33] findings. The Circadian light 

(#,) incorporated all the previously-known photoreceptors [rods, L, M, and short-wavelength (S) 

cones] and ipRGCs into a comprehensive model that accounts for both the spectral sensitivity and 

the relatively high-threshold response to white light [29]. This model considers the amount of 

incident light on the retina. The spectral sensitivity is generated to have a stimulus-response 

function. 

     

(2) 

Where:  

ὅὒ: circadian light. The constant, 1548, sets the normalization of ὅὒ so that 2856K blackbody 

radiation at 1000 lux has a ὅὒ value of 1000. 

Ὁ: light source spectral irradiance distribution 

ὓὧ: melanopsin (corrected for crystalline lens transmittance) 

Ὓ: S-cone fundamental 

άὴ: macular pigment transmittance 

ὠ: photopic luminous efficiency function 

ὠ : scotopic luminous efficiency function 

RodSat: half-saturation constant for bleaching rods¼6.5W/m2 

K= 0.2616 

ὥ = 0.7000 

ὥ  = 3.3000 
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Equation (2) defines the spectral sensitivity of the human circadian system. Circadian light 

(#,) advanced from the previous studies [6, 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 sources - narrowband, ócoolô (b-y<0) and ówarmô (b-y>0) - for 300 scotopic 

lux (Figure 6a) and much higher level 300,000 scotopic lux (Figure 6b). Since the rods control 

absolute sensitivity of the cones, the modelled spectral sensitivity changes with the level of rod 

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

 

Figure 6: The spectral sensitivity of the human circadian system at two light levels, (a) 300 scotopic lux 

at the cornea (left) and (b) 300,000 scotopic lux (right) [1] . 

 

By plotting the nocturnal melatonin suppression data for log10 #, (Figure 7), circadian 

stimulus (CS) is introduced through equation (3), which provides a functional way to evaluate 

the circadian effectiveness of a light source [1]. 

                            (3) 
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Figure 7: Nocturnal melatonin suppression for different narrowband spectra plotted as a function of 

log10 ὅὒ (equation (2)) [1] . 

 

2.2.2.1.2  Melanopic illuminance 

This method is based on ipRGCs photoreceptorsô maximum sensitivity of 480 nm 

originally conducted and developed by Lucas et al. [28]. By modifying the equation (4) (derived 

from photopic lux equation (1)), Melanopic illuminance (M◖) was introduced [4]. 

◖ = 5.03 × ρπ 0᷿Ȣ6 Äʇ    (4) 

Where: 

◖: Photon flux (photons/ὧά/sec) 

0: power (W/ὧά/nm) 

‗: wavelength (nm) 

 

M◖ = 4557 0᷿Ȣὠ  Äʇ     (5) 

Where:  

 

M◖: Melanopic illuminance 

0: power (W/ὧά/nm) 

ὠ : Melanopic spectral efficiency function 
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The corrected spectral sensitivity function used as ὠ  is available online, at 

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

The constant (4557) is to ensure that for irradiance at 555 nm, 1 Melanopic lux equals to 1 

photopic lux for a normal observer [4]. 

 

Figure 8: Normalized spectral irradiance profiles for the unfiltered Xe-arc and 480-nm monochromatic 

stimuli used in an experiment for the Melanopic illuminance evaluation [4] . 

 

The Melanopic illuminance was evaluated by projecting two light sources; Xe-arc, a close 

spectral distribution to mid-day daylight, and a monochromatic 480 nm light (Figure 8); to mice 

lacking in rods and cones. The results shown in Figure 9 are equally suitable for predicting the 

ability of these 2 light sources to elicit circadian phase shifts [4]. 

http://lucasgroup.lab.ls.manchester.ac.uk/research/measuringmelanopicilluminance/
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Figure 9: Stimulus response functions for the consensual pupil light reflex elicited by the unfiltered Xe-

arc source and a monochromatic 480-nm stimulus [4] . 

 

There has been further advancement in Melanopic illuminance [30], which resulted to a 

well-used metric, Equivalent Melanopic Lux (EML) [30]. An associated Excel sheet for the EML 

calculation is available at   

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

workbook.xls 

2.2.2.1.3  Circadian Action Factor ╪╬○ 

By the definition of circadian action function # (Figure 10), a simplified metric was 

developed to describe the circadian efficiency of the colors of light. The circadian radiation 

quantity 8  is calculated according to #: 

ὢ  =K Ú ὢ  # Äʇ                                       (6) 

 
Where:  

ὢ  : circadian radiation quantity 
K = 1 

 

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

circadian action factor ὥ  [5]: 

 

ὥ  = 
 ᷿   

 ᷿   
                                        (7) 

http://personalpages.manchester.ac.uk/staff/robert.lucas/Lucas%20et%20al%202014%20workbook.xls
http://personalpages.manchester.ac.uk/staff/robert.lucas/Lucas%20et%20al%202014%20workbook.xls
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Figure 10: Averaged circadian action function ὅ [5] . 

 

 

Table 1: Action factors ὥ  of different light sources [5] . 
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2.2.2.1.4 Circadian illuminance 

In this model, which is mainly used for computer simulation, the light source is divided to 

the Radiance® RGB channels. For each channel, a circadian coefficiency is introduced based on 

Rea et al. [34] and Lucas et al. [30] circadian function curves # (Figure 11). The Equation 8 for 

luminance and illuminance is then used to calculate circadian illuminance through replacing 

photopic coefficiencies by circadian coefficiencies. 

 

ὒ=179z (0.2651zὙ+0.670zὋ+0.065zὄ)    (8) 

 

 

The wavelength intervals for a standard three-channel (RGB) in Radiance® are as 380-498 

(B), 498-586 (G), and 586-780 nm (R). By dividing each of these primary channels into 3 channels, 

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 photopic-lux and circadian 

illuminance more accurately (Equations 9 & 10) [31]. The constant value of 179 (lumens/watt) is 

the standard luminous efficacy of equal energy of white light that is defined and used by 

Radiance® specifically for this conversion [35]. The luminous efficacy coefficient is further 

calculated as 130 for the Rea et al. [34] curve and 148 for the Lucas et al. [28] curve [31]. 
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Figure 11: Normalized efficiency functions for photopic curve (CIE) and circadian curves from Rea et al. 

and Lucas et al. The vertical red lines demonstrate the Three channels RGB intervals in Radiance, and 

grey lines demonstrate further divisions for 9 channels (reproduced from [31] ) 

 

Table 2: Coefficients for Photopic and Circadian Response Functions [31] . 
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ὖέὸέὴὭὧ ὒ=179(0.0004  zὄ1 + 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) 

 

ὅὭὶὧὥὨὭὥὲ ὒ=130(0.0669 ὄz1 + 0.394 * B2 + 0.4264 * B3 + 0.1464 * G1 + 0.0362 * G2 +           

(-0.0294) * G3 + (-0.038) * R1 + (-0.0026) * R2 + 0 * R3)            (10) 
 

 

 
2.3 Circadian light  and daylighting strategies 

 
 

Based on several studies mentioned in this chapter, circadian light is an accepted fact now. 

Designers and increasing number of clients tend to consider the circadian light in either 

lighting/daylighting design or lighting commissioning. Recently, International WELL© Building 

Institute [36] was launched focused on building health and wellness. The WELL© certification 

has considered the circadian light as one of the requirements in building lighting design. Daylight 

strategies, including window and shading design, can play an important role in providing a 

WELL© environment. 

 
2.3.1  Shading design 

 

The importance of shading design in interior thermal and lighting control is undeniable 

according to several studies [37, 38, 39]. Despite accomplishments in shading design, and due to 

complexities, such as; geographical location, latitude, climate, surrounding environment and 

buildings, materials, façade design, space occupancy and function, etc., there is still no concrete 

shading solution for a building. Furthermore, shading properties are not usually provided by 

manufactures and are estimated using some experimental techniques or advance software [37]. 

One effective shading design technique is based on shading mask strategy primarily 

developed by Olgyay [40]. Through Psychrometric Chart (Figure 12), comfort zone for each 

location is derived as a target. The climate data is then evaluated in courtesy of comfort zone to 
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produce shading period (overheated period) of which is further projected on the sun path chart as 

a desired shading mask (Figure 13) [40]. This shading design method is manually doable and has 

been used by building designers for more than five decades. More recently, some software and 

tools were developed to ease the procedures of Olgyay shading design method [41] [42].  

 

Figure 12: Psychrometric chart, and the relative comfort zone. Image source: 

https://soa.utexas.edu/sites/default/disk/urban_ecosystems/urban_ecosystems/09_03_fa_ferguson_raish_

ml.pdf 

 

 

Figure 13: An example of overheated period and further projection on the sun path chart. Image source: 

https://slideplayer.com/slide/4282815/ 
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Coming to the relationship between shading design and circadian light, there are very few 

studies [43] that have considered circadian light as one factor among the other daylight metrics.  

 

 

Figure 14: different regular shading devices and their shading mask projected on sun path chart. 

(http://www.nzeb.in/knowledge-centre/passive-design/shading/). 

 

2.3.1  Fenestration system 

 

According to the U.S. Energy Information Administration; space 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 respectively [44, 45]. 

Window, as the main part of building fenestration system, which provides connection to the 

outside, plays an important role in thermal and illumination level adjustment. Based on the 

characteristics of glazing materials such as VT, U-factor (the rate of heat loss), and SHGC (solar 

heat gain coefficient), thermal performance and glare are always some challenging topics in 

window design [46]. Building geographical latitude (annual solar positions), climate (thermal need 
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and annual average solar resource), and surrounding environment and buildings (microclimate and 

shading obstacles) have direct relationship with window design. Solar control glazing materials 

released by manufactures with different qualities of VT, U-factor, SHGC, 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 international organizations such as ASHRAE 90.1 [47] and IESNA Lighting 

Handbook [48]. 

The most common-used solar control glazing material is Low-E glass. Although its coating 

technology is being improved and some manufactures introduced higher VT Low-E glass, yet it 

has lower VT than clear glass. It also blocks a wide range of IR (infrared) rays (Figures 24-27), 

which is useful for heating-dominant climates. 

2.3.1.1 Low-E glazing vs overhang shading 

Daylighting design (window and possible shading) is a multifactor process and there is no 

concrete solution for a single space. Nonetheless, some studies have evaluated optimal shading 

design [39] and glazing performance [46] in buildings in terms of lighting and energy saving. 

Compared to no-shade and no-solar-control glazing conditions, shading in general contributes to 

more uniform lighting condition [39]. In case of Low-E glazing window (74% VT without 

shading), heat gain reduction is about 50%, while this quality is estimated 35-40% for regular 

overhang application. However, the daylighting performance (lighting energy consumption) of 

regular overhang shading is similar to that of the Low-E glazing scenario in cooling-dominant 

regions. It is noticeable that the interior blind does not have consistent results in the four simulated 

regions in the referred study (Figure 15) [46]. 
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In absolute condition, spectral characteristics 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 glazing SPDs in interior lighting condition (Figure 16 & 17). 

The VTs for the four glazing scenarios in this study ranged from 0.57 to 0.90. It is recognizable 

that despite higher rate in VT, the glazing with stronger spectral in blue light band shows greater 

circadian light level (Figure 17). 

 

 

Figure 15: Annual lighting energy consumption in different cases [46] . 



25 
 

 

 

Figure 16: Spectral Transmittance of Selected Tinted Glazing [49] . 

 

 

Figure 17: Photopic illuminance (a) and Circadian light (b) measured in two different locations and 

orientations for four glazing scenarios [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 of the most common software is explained in terms of circadian light 
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calculation. The Lark® plugin on Grasshopper® as one of the first attempts in circadian light 

computer simulation [7] 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 

complex óraytracingô mechanism, the tools implement ódaylight coefficient methodô, and usually 

are based on the Radiance® engine. The daylight coefficient is a Radiance®-based method 

originally proposed by Tregenza and Waters [50] and is associated with climate-based sky model 

developed by Perez et al. [51]. This method is to speed up the calculation of year-round daylight 

by using a matrix of numbers representing relations between each sky segment and the interior or 

outside points [52]. 

2.4.1.1 Dasim® daylight coefficient 

Dasim® is a Radiance®-based daylight simulation tool, which works based on the daylight 

coefficient method. For point x, daylight coefficient $#(x) is the ratio of the illuminance % Ø 

of sky segment 3 Ø to luminance , and the angular size ȹ3 (Figure 18). 

Ὀὅ(x) = 
 

     (11) 

 To calculate the total illuminance %Ø for the point x, a complete set of daylight 

coefficients should be added up with an arbitrary sky luminance distribution , (Ŭ=1, é, N) 

through a simple linear superposition.  

Ὁὼ = В ὈὅØὒ ȹὛ    (12) 
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The Dasim® divides daylight sources to the diffuse daylight, ground reflections, and direct 

sunlight (Equation 13). The celestial hemisphere is divided to 145 sky segments for the diffuse 

daylight coefficient, and three ground segments for the ground daylight coefficients. The direct 

sunlight coefficients are location-based [52].  

 

Figure 18: Graphical definition of a daylight coefficient Ὀὅ(x) for point x. Adapted from [52] . 

 

Ὁὼ = В Ὀὅ ὼὒ  ῳὛ  

+ В Ὀὅ ὼὒ  ῳὛ  

  + В Ὀὅ ὼὒ  ῳὛ                    (13) 

2.4.1.2 Radiance® raytracing 

 

Backward óraytracingô is a method that the Radiance® uses in light calculation [53]. It 

depends on sending rays from the analysis position/s to the surrounding environment until it 
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reaches the light source/s directly or through surfacesô reflection. The Figure 19 shows a simplified 

diagram of how ray A is deflected away from the light source, while ray B reaches the source but 

through a complicated path [54]. 

 

Figure 19: Backward raytracing. Adapted from [54] . 

 

2.4.1.3 Current software limitation in circadian light simulation  

Current Radiance®-based software tools channelize materials in a simplified RGB 

channels and does not include spectral sky information in the daylight simulation. Through 

Dasim®, the sky luminance is calculated and processed into grayscale. As one of the three light 

sources in the Dasim®, spectral characteristic of the diffuse sky is necessary to calculate the 

circadian light specially when the analysis point does not receive direct sunlight. 

The Lark® components in combination with other plugins, introduce 3-channel and 9-

channel spectral sky and material for raytracing. This proposed quality enables raytracing to 

simulate spectral irradiance. 
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2.4.2 Material reflectance 

 

Reflectance (Figure 20) is defined by the ratio of reflected radiant power to incident radiant 

power. For a certain area element Ä! of reflecting surface, incident radiant power is calculated by 

surface's irradiance %, multiplied with the size of the surface [55]. 

Ὠ ȟ  = Ὁ ȢὨὃ                                            (14) 

Reflected radiant power is given by the exitance Me, multiplied with the size of the surface. 

Ὠ ȟ  = ὓ ȢὨὃ                             (15) 

Thus, 

ɟ = 
ȟ

ȟ
 = 

 Ȣ

 Ȣ
 =    (16) 

 

or 

 

ὓ  =   ” Ὁ                                            (17) 
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Figure 20: Reflectance graphics. Image courtesy of the University of Waikato 

(https://www.sciencelearn.org.nz/images/45-types-of-reflection) 

 

             Total reflectance is comprised of the regular reflectance ʍr and the diffuse reflectance ʍd 

(the ratio of the specularly plus diffusely reflected radiant powers to incident radiant power) [55]. 

 

” = ”r + ”d ,  л Җ ” Җ 1                                              (18) 

2.4.3 Glazing system 

 

Like reflectance, glazing medium transmittance is defined by the ratio of the transmitted 

radiant power to the incident radiant power. The transmitted radiant power is given by the exitance 

Te, multiplied with the size of the surface. 
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Figure 21: Transmittance. Graphic credits to Jurohi 

(https://measuretruecolor.hunterlab.com/2013/10/15/bsdf-brdf-btdf/) 

          

 

Ὠ ȟ  =Ὕ ȢὨὃ     (19) 

Thus, 

Ű = 
ȟ

ȟ
 = 

 Ȣ

 Ȣ
 =     (20) 

or 

Ὕ =  Ű  Ὁ      (21) 

Total transmittance Ű is subdivided to the regular transmittance †, and the diffuse 

transmittance †. 

Ű = Ⱳ► + Ⱳ▀      (22) 
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Two transmittance ratios, visible light transmittance VT and photopic light transmittance 

0È, are needed to evaluate a glazing medium daylight applicability. The VT is included in the 

International Glazing Database through Optics6® software developed by Lawrence Berkeley 

National Laboratory [56] as Tvis. The VT is different from the proposed photopic transmittance 

ʍÈ (Equation 20) and is the ratio of total light in the range of 380 nm to 780 nm wavelengths 

penetrated through the glazing material to the incident light. Whereas the 0È is the ratio of 

transmitted light under 6 curve to the incident photopic light under the same curve. 

Based on each wavelengthôs photopic and circadian light coefficiency, the photopic and 

circadian efficiency (Equations 23 and 24), which can be specifically calculated for each glazing 

material, are developed here.  

The photopic efficiency ratio, 0È , is defined as below: 

ὖὬ = 
᷿  Ȣ  

᷿  
                          (23) 

Where, 

 ὠὭί is transmitted visible light through glazing material. 

Circadian efficiency ratio, # , is also defined with a same strategy: 

ὅ = 
᷿  Ȣ  

᷿  
                           (24) 
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What we discussed in this chapter intended to expand the knowledge of the reader in terms 

of daylight and furthermore circadian light in a built environment. The importance of circadian 

light in human sleep-wake cycle was also highlighted here. In addition, the most common daylight 

simulation software tools were introduced as a means for this thesis. In the next chapter, the 

methodology that employed in this thesis will be explained. The simulated space information 

(dimensions, surface and glazing materials), optimized shading design strategies, computer 

simulation software tools as well as their inputs and outputs, and lastly, the circadian light analysis 

methods will  be included 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 of -95.7°. The circadian rhythm potential of the space was evaluated through 

computer simulations using the Honeybee®, Ladybug®, and Lark® plugins for Grasshopper® on 

Rhino®. 

3.1 The space information 

3.1.1 Architectural elements and dimensions 

 

The simulated office is a 12ft * 16ft *10ft (w * l * h) room with a 9.3ft * 5.7ft (l * h) 

window on the shorter side (Figure 22). Nine grid points at eye level (two of them are considered 

the locations of two office workers) are used for the measurement of the circadian light distribution 

across the space (Figure 22). 

 

Figure 22: Plan view of the space and measurement points. 
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3.1.2 Surface materials 

 

To simulate the office space, the surfacesô reflectance is set in the ranges of 0.2-0.3 for 

floor, 0.6-0.7 for walls, 0.7-0.8 for ceiling, 0.2-0.3 for furniture, 0.2-0.3 for shading material, and 

0.2 for outdoor ground surface. The Lighting Materials for Simulation database [57] developed by 

Singapore University of Technology and Design was searched and the following materials as well 

as their reflectance distribution data were employed in this study (Table 3). The full information 

of the selected materials is available in appendix A. 

  

3.1.3 Glazing materials 

 

Four double-layer glazing materials - three solar heat-control Low-E glazing and one 

interior-thermal-control glazing with high VT - were chosen for this study. The three Low-E 

glasses (one low-transmittance (0.39% VT), one medium-transmittance (0.53% VT) , and one 

high-transmittance (0.65% VT)) met the requirements for maximum SHGC and U-factor of 

ASHRAE 90.1 standards (Figure 23 & Table 4) for Topeka, KS (zone 4A) [47]. 

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% 

Ceiling 
White painted 

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 
Green aluminum 22.78% 29.95% 4.83% 27.96% 
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Figure 23: ASHRAE USA climate zones (Image source: http://www.iaqsource.com/article.php/ashrae-

climate-zone-map/?id=194) 

 

Table 4: ASHRAE 90.1-2016 Prescriptive Fenestration Requirements [47] . 
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All the glazing cases and their technical information were chosen from the International 

Glazing Database [56]. The list of final glazing materials are shown in the table 5, obtained from 

the factories spec-sheets.  

Table 5: Technical specification of the studied glazing materials 

Glazing 

Type 

Glazing 

Factory 
Trade 

Name 
SHGC U-factor 

Visible Light 

Transmittance 

UV Light 

Transmittance 

  Air 

Fill  

Argon 

Fill  
  

Low-E 39% Cardinal 

Glass 
Loǚ 340 0.18 0.29 0.25 39% 20% 

Low-E 53% Guardian 

Glass 
CG5323 0.23 0.24 0.2 53% 11% 

Low-E 65% Cardinal 

Glass 
Loǚ 366 0.27 0.29 0.24 65% 5% 

Clear glass 

89% 

Cardinal 

Glass 
Loǚ i89 0.78 0.48 -  89% 58% 

 

Based on the current climate zone, not all Low-E glazing materials chosen for this study 

are commonly used in practice. For example, Loǚ 340 (Low-E 39%) (Figure 24) with SHGC 0.18 

is a solar and glare control glass best matched with zone 2 and 3.  However, this comparison 

between low-VT glazing and high-VT glazing can give a better sense of glazing effect. 
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Figure 24: Low-transmittance Low-E glazing, Loǚ 340 (Produced by the author based on the glazing 

[56] , Rea et. al. ὅ [34] , and CIE ὠ [58]  spectral data). 

 

 

Figure 25: Medium-transmittance Low-E (53%) glazing with CG5323 coating- Produced by the author 

based on the glazing [56] , Rea et. al. ὅ [34] , and CIE ὠ [58]  spectral data. 
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Figure 26: High-transmittance Low-E (65%) glazing with Loǚ 366 coating- Produced by the author 

based on the glazing [56] , Rea et. al. ὅ [34] , and CIE ὠ [58]  spectral data. 

 

Figure 27: Clear (89%) glass with Loǚ i89 coating- Produced by the author based on the glazing [56] , 

Rea et. al. ὅ [34] , and CIE ὠ [58]  spectral data. 
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Table 6 represents the differences between visible, photopic, and circadian light 

efficiencies of the selected glazing materials based on the developed equations 23 and 24. 

Noteworthily, the photopic and circadian light efficacy of the selected glazing materials are 

different than their nominal VTs (0.89). 

Table 6: Glazing photopic and circadian efficiencies based on equations 23 and 24. 

Glazing Type Trade Name 
Visible light 

Transmittance (VT)  
Photopic Light 

Efficiency (╟▐▄) 
Circadian Light 

Efficiency (╒▄) 

Low-E 39% Loǚ 340 0.39 0.43 0.49 

Low-E 53% CG5323 0.53 0.59 0.56 

Low-E 65% Loǚ 366 0.65 0.72 0.61 

Clear Glass 89% Loǚ i89 0.89 0.81 0.74 

 

3.2 Window-to-wall ratio (WWR) 

According to a study, recommended maximum Window-to-Wall ratio for zone 4A 

category is 27.55ï48.9 percent [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 

shades and evaluate the space lighting conditions. The closest national weather station in Topeka, 

Kansas was used to obtain the weather data [60] and file [61]. Two sets of climate data - numerical 

daily and hourly temperature normal (Figure 28 & Table 7) and the *.epw weather file (Figures 

33(a)-33(c)) - are employed to pinpoint the times when the average temperature exceeds human 

thermal comfort. This zone is considered as the geographical shading period. 
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Figure 28: Daily temperature history of Topeka, Kansas, 1981-2010 [60] . 

 

3.3.2 Shading Zone 

 

3.3.2.1 Manually-drawn shading zone based on dry-bulb Temperature 

To achieve more accurate results, I evaluated the numeric data (Table 7) based on 20° C 

(68° F) threshold temperature. The threshold was derived from the median minimum thermal 

comfort temperature [62]. Numbers marked in the Table 7 are maximum daily dry bulb 

temperature, and they do not consider other thermal comfort factors. On the other hand, the Table 

does not specify average hourly temperature, which is necessary for daily shading time border. 
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Hence, a set of hourly data [63] were needed to discover the shading time border (Figure 30). From 

the hourly data, all the times above 68° F were found and transferred on a time chart to produce 

an accurate shading period (Figure 31(a)). As it can be seen from the shading period, the shading 

time is not symmetrical around a year. If the chart is folded on 21st of June, the middle of the chart 

and the start time of a sun path chart, there are some unmatched times (figure 31(b)). Consequently, 

the solar gain that is desirable for some time in the first half of a year, by contrast for the other half 

(and during the same period) is not favorable. This is the most limitation of the fixed shading 

design. 

 

 

 

Figure 29: Daily temperature history of Topeka, Kansas, 1980-2016 [63] . 
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Table 7: Average daily maximum temperature normal (F°) of Topeka, Kansas [60]. 

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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Figure 30: Hourly May 11 Average temperature history of Topeka, Kansas, 1980-2016 (as an example of 

derived data) [63] . 

 

To produce a shading schedule on the represented sun path chart, the shading period was 

transferred to the equivalent points. Based on the two different shading schedules for the first and 

second halves of a year on the sun path chart, two main border lines are highlighted (Figure 32). 

The first line is covered by a larger shading area. Taking the larger shading area would sacrifice 

the desired solar gain for the first half of a year. Whereas, considering the smaller shading area lets 

unfavorable sun light penetrate inside in the second half of a year. To satisfy both scenarios, an 

optimum line between the border of first and second shading areas is drawn (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 12-month schedule (a) and 6-month schedule (b) (matched with 

sun path chart), based on hourly average temperature history of Topeka, Kansas (1980-2016) 
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Figure 32: Shading zones, highlighted on sun path diagram (the base sun path chart for 38°N is 

produced through the University of Oregon, Solar Radiation Monitoring Laboratory webpage [64] ). 

 

3.3.2.2 Software-simulated shading zone based on Dry Bulb, Universal Thermal Climate Index 

(UTCI) and Effective Temperature (TE)  

The Ladybug® Plugin [42] developed for Grasshopper® on Rhino® is capable to calculate 

and produce the dry-bulb, Universal Thermal Climate index (UTCI), and the Effective 

Temperature (TE) schedules, all based on the weather file. The UTCI index, which is a 

combination of dry-bulb temperature, relative humidity, wind speed, and radiation, is a 

comprehensive thermal comfort zone based on the psychrometric chart [65]. The TE is a part of 

another component in Ladybug® in which the comfort temperature zone is categorized to very 

cold (<1°C), cold (1°-9°C), cool (9°-17°C), fresh (17°-21°C), comfortable (21°-23°C), warm (23°-
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27°C), and hot (>27°C). To evaluate the overheat area, the shading schedule were produced based 

on the three methods - dry-bulb, UTCI, and TE - for Topeka, Kansas. 

The produced UTCI schedule (Figure 33(b)) is an hourly thermal chart, which would be 

used for investigating the desired shading zone. Any temperature above 20°C (68°F) for the UTCI 

and above maximum fresh temperature (21°C (70°F)) would be considered shading-needed. By 

transferring the shading period from the UTCI and TE on the sun path charts, the same story as 

the manual process for the dry-bulb temperature happens (Figure 34(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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(a) 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

(c) 

 

 

Figure 33: The dry-bulb (a), Universal Thermal Climate index (UTCI) (b), and the 

Effective Temperature (TE) (c) schedules based on the weather file. (Produced through 

Ladybug® plugin on Grasshopper®) 
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(a) 

 

(b) 

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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(a) 

 

(b) 

Figure 35: Shading zone from Dec 21 to June 21 (a) and Jun 21 to Dec 21 (b) based on TE, Topeka, 

KS. 
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Despite the similarities between the shading zones derived from UTCI and TE, the results 

show slight differences in morning hours. Comparing the manually-drawn shading zone with the 

computer-based ones, it is recognizable that although the general shapes of shading zones are 

similar, the manually-drawn shading zone shows wider area in the afternoons. The general patterns 

of the shading zones for both manual and software simulations are similar. Since the proposed 

optimum shading zone is narrower than the outer border of both shading zones, it could be 

considered as the baseline for fixed shading design in this study. However, for automatic or 

dynamic shading design, the UTCI or TE-based shading zone would be more effective. 

3.3.2.3 Optimized Shading Design 

Nonetheless, shading design is intended to satisfy thermal needs, lighting comfort, and 

aesthetical aspect of the building façade. In this study we have focused on thermal comfort through 

solar gain strategy. Accordingly, the results may not look normal. The shading design method used 

in this study is based on Olgyay shading design method [40]. Since the intention of this study has 

been an optimized shade, the building orientation was also taken in account. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Figure 36: Shading masks for four orientations; (a) south, (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° south-east1 (Figure 36(a)). This building orientation (20° south-

east) provides the best result for the building direction. The shading masks of the four orientations 

were interpreted to architectural vertical and horizontal shading elements (Figures 37(a) and 

37(d)). Notwithstanding, these fixed optimized shades are not supposed to work for the entire 

shading period, which was described previously (Figure 32). 

 

 

 

 

 

 

 

 

                                                           
1 In this study, the 20° south-east orientation south is called ósouthô, unless it is mentioned ótrue southô. 
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(a)                                                                                                             (b) 

        (c)                                                                                                   (d)                                                                                                       

Figure 37: Optimized shades for the four orientations; south (a), east (b), north (c), and west (d). 

 

3.3.2.3.1   Shading evaluation 

To evaluate the practicality of the shades, daylight simulations were conducted using the 

Diva® plugin on Grasshopper® for Rhino® [66] for the entire year as well as one shading demand 

date (August 1st) and the time for each orientation (south; 9:00 am, east; 8:30 am, north; 5:00 pm, 

west; 3:00 pm). The 100-2000 lux Useful Daylight Illuminance (UDI) and single-point-in-time 

were simulated for the baseline case and the test cases (figures 38 to 45). The results contrast the 

overall efficiency of optimized shading devices for the all four orientations. 
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Figure 38: South orientation illuminance (lux) evaluation; Useful Daylight Illuminance (UDI, 100-2000 lux) for 

optimized shade case (a), Low-E 65% (b), Low-E 39% (c), and Low-E 53% (d). 
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Figure 39: South orientation illuminance (lux) evaluation; Point-in-time (8/01 @ 9:00 am) illuminance for 

optimized shade case (a), Low-E 65% (b), Low-E 39% (c), and Low-E 53% (d). 














































































































































