
ABSTRACT 

SALAMATI, MOHAMMAD. Design and Assessment of Integrated Building Systems (IBS) 

Incorporating a Prismatic Skylight Fenestration System. (Under the direction of Dr. Wayne Place). 

 

In the process of designing a sustainable building, fenestration systems play an important 

role. The type, size, configuration, and physical properties of fenestration systems directly impact 

heating, cooling, ventilation, air-conditioning, daylight, view, and building occupants’ health and 

wellbeing. Among different forms of daylighting in buildings, horizontal roof apertures have the 

advantage that they can substantially reduce the envelope area compared to vertical glazing 

systems. In addition, they face the entire sky vault, thereby being very efficient in terms of 

harvesting ample amounts of light through relatively small apertures. On the other hand, more light 

and heat gain during summertime than wintertime, high probability of glare occurrence, and 

extreme temporal variations in the illumination caused by direct sunlight are the main cons of 

horizontal roof apertures. To address the mentioned concerns, Dr. Wayne Place introduced an 

innovative daylight system with a prismatic optical element that can constantly recognize and 

reflect away the beam sunlight and only admit the diffuse skylight, so it has a great potential to 

eliminate glare, provide a uniform distribution of daylight, and eliminate overheating in buildings 

due to solar direct radiation. 

In this research, by elaborating on operational mechanism of the daylight system 

incorporating a microstructure prismatic optical element and monitoring the optical properties of 

the prismatic element in different environmental conditions, we investigate on the daylight and 

thermal efficiency of the proposed daylight system for the application of horizontal roof apertures. 

Accordingly, many configurations and structural forms were generated which can efficiently 

accommodate the proposed daylight system. Each design was also evaluated in terms of structural 



efficiency, manufacturing methods, appropriate connections, thermal efficiency, and providing 

ample volume for incorporating HVAC equipment and ductwork. 

Finally, through experimental measurement methods on a prototype of what the daylight 

system might be and virtual simulation of the unique optical behaviors of the proposed skylight, 

we evaluated the ability of the system to provide a uniform distribution of daylight in a useful 

range, eliminate glare occurrence, and reduce the energy consumption of buildings compared to 

other skylight systems. 
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CHAPTER 1: INTRODUCTION 

 

1.1. The Problem Area 

Ever increasing energy consumption in the world and diminishing available energy 

sources, alongside the related environmental issues, have recently brought special attention into 

the energy conservation strategies. According to 2020 Global Status Report For Buildings And 

Construction (UN Environment Programme 2020), in 2019, buildings were responsible for more 

than 35% of all primary energy use and 38% of all greenhouse gas (GHG) emissions in the world 

(Figure 1-1). This energy is mainly used to provide space conditioning, well-lit area, and thermal 

comfort for building occupants. The concept of “Sustainable Buildings” refers to a design 

philosophy which focuses on minimizing the overall impact of the built environment on human 

health and the natural environment, while improving the quality of users’ lives. In the process of 

designing a sustainable building, fenestration systems play an important role. The type, size, 

configuration, and physical properties of fenestration systems directly impact heating, cooling, 

ventilation, air-conditioning, daylight, view, and building occupants’ health and wellbeing. 

 

Figure 1-1 Global share of buildings and construction final energy and emissions in 2019 (UN 

Environment Programme 2020) 



   

2 

 

Studies on building envelope show that windows are the most inefficient part of building 

component so that they account for about 50% of total energy losses from buildings (Ye, Meng, 

and Xu 2012) and 25%–30% of total heating and cooling energy use in buildings 

(https://www.energy.gov/energysaver/ 2022). This implies the necessity of energy efficient 

window system development that control unwanted solar radiation, prevent overheating, and 

reduce heat loss through building envelope.  

Furthermore, windows are the main source of daylight indoors. Daylight in buildings refers 

to all direct sunlight and diffuse skylight that penetrate indoor spaces during the daytime (Baker 

and Steemers 2002). Permanent changes in direction, intensity, and color of daylight are the unique 

qualities which cannot be offset by artificial lights. These features provide familiarity to the 

weather, season, and time of day and bring about physical and psychological well-being (Edwards 

and Torcellini 2002)(Vlachokostas and Madamopoulos 2017). Daylight not only provides energy 

and enables us to see, but it has direct impact on the physical and psychological well-being of 

humans being. Various studies revealed that daylight can trigger the human body to produce 

vitamin D and various other hormones (Gupta et al. 2018). It also brings about stimulation of 

circadian physiology and cognitive performance (Rodriguez;Garretón 2015), reduction of 

depression and stress, and improvement of vision (Beute and Kort 2018). Despite all these 

advantages, people are spending most of their time indoors, deprived of a good quantity and quality 

of daylight.  Therefore, bringing ample quantities of natural lighting into building interiors, 

providing visual comfort, and removing glare occurrence for building occupants are crucial to 

good building design. 

While conventional windows only provide useful daylight up to 1.0-1.5 times the head 

height of the window, roof apertures have the potential that they can be located and sized to deliver 
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the desired amount of light exactly where it is wanted in buildings. Also, they can be oriented to 

collect the desired blend of daylight and heat over the course of seasons, regardless of the 

orientation of the building. 

Various configurations of roof apertures can be adapted to the building’s energy and 

lighting needs, including horizontal glazing, north-facing glazing, south-facing glazing, etc., along 

with their different combination forms (Ghobad,L. ; Place,W.; Cho 2013), among which horizontal 

roof apertures have the advantage that: 

• They face the entire sky vault, thereby allowing ample amounts of light to be har-

vested through relatively small apertures. 

• They are orientation-independent, which is highly beneficial in situations where the 

building orientation is governed by site constraints or other issues. 

• And they can substantially reduce the envelope area compared to vertical glazing 

systems. 

On the other hand, as the cons of horizontal apertures, we should keep in mind that: 

• They face up toward the hottest midday summer sun, so they collect more light and 

heat during summer than they do during the winter. This is the exact opposite of what 

we want from the thermal and psychological perspectives (Figure 1-2 and Figure 1-3). 

• Intense beam sunlight penetration through horizontal skylights can cause extreme 

spatial variations in the illumination. 

• Even incorporating it with a diffusing element to spread the light around the space can 

produce extreme luminosity of the glazing, which can cause extreme visual discomfort. 

• Temporal variations in the illumination caused by the coming and going of clouds 

blocking the sun can cause adaptation problems for the building occupants.  
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Figure 1-2 Sun angels on horizontal aperture during a typical day in summer (red needles) and a 

typical day in winter (green needles) in city of Raleigh (Place, Salamati, and Hu 2019)  

 

Figure 1-3 Illuminance data on horizontal aperture in city of Raleigh in June and December 

(Place, Salamati, and Hu 2019) 

 

The disadvantages listed above all involve problems created by beam sunlight. To address 

these problems, a glazing system is required that admits diffuse skylight while excluding beam 

sunlight.  Such glazing system addresses many of the concerns regarding the use of skylights in 

buildings, however there is another barrier to widespread application of daylight system 
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technologies, involving the architectural design process.  Often the design sequence is:  the 

building is laid out on the site, the floors are planned, the structural grid is overlaid, the mechanical 

system is overlaid, and then daylighting is considered, by which time so many decisions have been 

made that daylighting becomes impractical to implement.   

 

1.2. Research Objective 

Dr. Wayne Please invented an innovative prismatic glazing system that shows a significant 

potential to constantly recognize and reflect away the beam sunlight and only admit the diffuse 

skylight. Under supervision of Dr. Place, this dissertation aims to develop the new prismatic 

glazing technology for the application of horizontal skylight system in buildings. In addition, the 

physical behaviors of the proposed system in different environmental conditions will be studied 

and various structural configurations which can efficiently accommodate the new skylight system 

will be generated for different building types. Finally, the daylight and thermal performance of the 

most promising of these configurations will be evaluated in different climates. 

 

1.3.  Research Significance 

This research is significant in two main aspects: 

(1) The remarkable performance of the proposed prismatic skylight system: The 

preliminary study on the prismatic skylight system shows that it is more than 98% effective in 

rejecting beam sunlight, so it has a great potential to improve the daylight and thermal behaviors 

of buildings in terms of: 

• glare removal, 

• uniform daylight distribution, 

• overheating prevention, 
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• energy use reduction, 

• and providing steady daylight level indoors 

 (2) The high applicability of the skylight system in buildings construction industry: The 

system is applicable to almost all commercial, retail, institutional, and industrial buildings.  In the 

United States, roughly half of the floor area in these building types is either in single-story 

buildings or on the top floor of a multistory buildings, which means that the potential range of 

applicability is enormous. 

 

1.4. Research Questions 

The key questions that need to be answered in this subject area are: 

1. How does the prismatic optical element work in different environmental conditions 

(e.g., sky types, solar incident angles, etc.)? 

2. How should the prismatic skylight technology be optimally incorporated in building 

design as a skylight system?  

3. How can the prismatic skylight system be effective to improve the daylight and thermal 

indices in each of the designed integrated building systems? 

4. How does the prismatic skylight system impact the occupants’ perception of daylit 

space? 

5. To what extent can the prismatic skylight system be effective in providing the 

appropriate intensity of the wavelengths to suppress melatonin production in the 

building occupants? 

6. How can the product be promoted in the market? 

This dissertation will be addressing the first three questions. 
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1.5. Research Workflow 

This dissertation is framed to distinctively address the three research questions, so the 

research workflow is divided into three main steps including:  

• Idea development (The prismatic optical element technology)  

• Design (Integrated building systems incorporating the new technology) 

• Evaluation (System efficiency) 

As the outcome of each step affects the other two items, to obtain the maximum efficiency 

out of the system, an optimized balance is required among the three scopes of system development, 

integrated building design, and system efficiency. Thus, the research will be carried out through a 

circular iterative process. 

1.5.1. Idea Development 

At the first step, the operation mechanism of the optical element will be studied and 

improved to be able to solve the problems of daylighting through skylights in buildings. 

Applicability, efficiency, and limitations are the keywords that need to be assessed for 

implementation of the idea into practice. To have a clear understanding of the prismatic optical 

element performance, the pattern of the transmitted and reflected daylight distribution for each 

incident angle should be predicted and quantified accurately. Experimental study on what the 

prismatic glazing might be, and computer simulation study of the daylight and thermal behaviors 

of the optical element will be the adopted methodology for this step. 

1.5.2. Integrated Building System Design 

In this step, we intend to incorporate the glazing system into buildings with well-integrated 

structural system, mechanical system, thermal envelope, and daylighting system. Through a 



   

8 

 

holistic design approach from an early design process, the innovative daylight system finds an 

opportunity to be applied in buildings in a decent way with higher efficiency.  

The glazing system is applicable to all single-story buildings or on the top floor of 

multistory buildings, regardless of climate and building types. In this research, we are generating 

different structural configurations for airport concourse buildings and open-space office buildings. 

In each design, the daylight schemes such as the target illuminance rate and desired daylight 

uniformity are going to be set based on the buildings function. 

1.5.3. Evaluation 

The last step of the research is to monitor and measure the impact of the glazing system on 

improving the daylight indices of the designed buildings. This step consists of computational 

simulation study and physical measurement. Computer simulations will be used at the early design 

stage to modify, compare, and evaluate daylight and thermal performance of different 

configurations that have been generated for each building type. For the most promising 

configurations, physical measurement will be carried out in a scaled model to monitor the daylight 

behaviors of the proposed system at different sunlight incident angles and sky types. Figure 1- 4 

summarizes the research workflow along with the main goal and tasks at each step.  
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Product Development 
 

  

Goal: 
 

Study and develop the daylight behaviors of the proposed prismatic optical element to 
solve the problems of daylighting through skylights in buildings. 

Tasks: • Elaborate on the operational mechanism of the system. 

• Perform experimental proof of concept. 

• Characterize the behavior of the glazing element for each incident light angles. 

• Study the impact of the panel’s material on the daylight performance of the system. 

• Characterize the behavior of the glazing element in different environmental conditions. 
  

Integrated Building System Design 

 

  

Goal: 
 

Design versions of integrated building systems for airports and office buildings 
incorporating the innovative skylight system technology. 

Tasks: 
 

• Establish the key design consideration of integrated building systems incorporating the 
roofing daylight system 

• Optimize and design of building configurations in terms of the tradeoffs between: 
o Structural efficiency 
o Uniformity in the indoor illuminance 
o Low thermal envelope surface area 
o Spatial aesthetics 

  

Evaluation 

 

  

Goal: 
 

Monitor and measure the impact of the innovative skylight technology on improving the 
daylight and thermal indices of the designed integrated building systems. 

Tasks: 
 

• Physical measurement of the daylight efficiency of the designed building system to: 
o provide useful intensity of daylight in variety of environmental condition 
o remove glare occurrence inside the building 
o moderate temporal daylight fluctuations inside the building over the course of 

a typical day 

• Computational simulation study of the daylight and thermal behaviors of the prismatic 
skylight system in a variety of environmental conditions. 

• Computational simulation study to compare the daylight and thermal performance of 
the prismatic skylight system with other conventional forms of skylight systems 

  

Figure 1- 4 Research Workflow 

  



   

10 

 

 

CHAPTER 2: REVIEW OF LITERATURE 

 

2.1. Building Daylighting Systems 

Studies on building envelopes show that an efficient daylight system reduces the energy 

consumption of a building by providing light and thermal energy, connects building occupants to 

the outdoor environment, improves the occupants’ cognitive performance, and reduces depression 

and stress (Beute and Kort 2018). Despite all the benefits, visual discomfort, nonuniform 

distribution of daylight, overheating, and heat loss are the serious downsides of a poorly designed 

daylight system. Therefore, in the design process of an “efficient daylighting system”, harvesting 

a good quality and quantity of daylight would be challenging and requires a comprehensive 

knowledge on optics, sun movement, nature of solar radiation, and different fenestration systems. 

Table 2- 1 reviews some of the most renowned daylighting and glazing systems. According 

to the nature and function of the systems, they are classified into four groups: static glazing, 

dynamic glazing, light transport system, and light scattering and redirecting system. Then, the 

systems are compared based on the following questions: “Does the system have the potential to 

bring about a significant reduction in lighting and thermal energy consumption?”, “Does the 

system require electricity to operate?”, “Does the system permit an unobstructed view?”, and 

“Does the system have the potential to reduce glare probability in buildings?”  

In view of the unique parameters of each building (geographical location, orientation, 

climate, building type, etc.) and with development of various daylighting systems, it is impossible 

to establish a unified rating scale for choosing the best daylighting system. In order to attain more 

effective use of daylight systems in buildings, in-depth studies of their characteristics, 



   

11 

 

performance, and efficiency are essential (Rezaei, Shannigrahi, and Ramakrishna 2017)(Nancy 

Ruck et al. 2000).  

Table 2- 1 Comparison study between different glazing and daylighting systems 

Category Type 

Saving 

Lighting 

Energy 

Saving 

Thermal 

Energy 

Active/ 

Passive  

View 

Outside 

Glare 

Reduction 

Static 

Glazing 

Tinted glazing No Yes P Yes Yes 

Low-E glazing No Yes P Yes No 

Reflective glazing Yes Yes P Yes Yes 

Anti-reflect glazing No No P Yes No 

Aerogel (Buratti and Moretti 2012) No Yes P No Yes 

Frosted glass No Yes P No Yes 

Dynamic 

Glazing 

Electrochromic glazing (Cannavale, 

Ayr, and Martellotta 2018) (Pehlivan 

et al. 2018) 

No Yes A Yes Yes 

Gasochromic glazing (Feng et al. 

2016) 

No Yes A Yes Yes 

Thermochromic glazing 

(Kamalisarvestani et al. 2013) 

(Salamati et al. 2019) 

No Yes P Yes Yes 

Photochromic glazing (Wu et al. 

2017) 

No Yes P Yes Yes 

Suspended particle device (Ghosh, 

Norton, and Duffy 2016) 

No Yes A Yes Yes 

Liquid crystal (Oh et al. 2018) No Yes A Yes Yes 

Light 

Transport 

System 

Light pipe (Canziani, Peron, and 

Rossi 2004) (Sharma, Fatima, and 

Rakshit 2018) 

Yes No P - - 

Heliostat (Chang et al. 2014) Yes No A - - 

Hybrid lighting system (Schlegel et 

al. 2008) 

Yes No A - - 

Anidolic ceiling (Courret 2002) 

(Wittkopf 2007)  

Yes No P - - 
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Table 2- 2 (Continued) 

Lighting 

Scattering 

and 

Redirecting 

System 

Prismatic glazing (Andrew Mcneil, 

Lee, and Jonsson 2017) 

Yes Depend

s 

P Yes Yes 

Laser cut panel (Brunswick 2013) Yes No P Yes Yes 

Louvers and blinds (Bustamante et 

al. 2017) (Hoffmann et al. 2016) 

Depends Yes A/P Yes Yes 

Holographic optical element (James 

and Bahaj 2005) 

Yes No P Yes Yes 

Light shelf (Kontadakis, 

Tsangrassoulis, and Doulos 2018) 

Yes No P Yes Yes 

 

 

2.2. Prismatic Glazing 

Prismatic Glazing (PG) is a non-specular daylight system consisting of arrays of extruded 

micro or macro-replicated shapes that may reflect, refract, and redirect the coming light to suit a 

particular application. It can improve daylighting performance, visual comfort, and overall energy 

efficiency of interior spaces through total internal reflection, angular redirection of incident light, 

and light scattering (Laouadi et al. 2013). Figure 2- 1 illustrates various behaviors of a PG 

according to different incident angles and the prisms facing inward or outward of the glazing. A 

great advantage of such angular-dependent devices lies in controlling the angle and intensity of 

the penetrated daylight in buildings without any additional components or triggers such as 

electricity. This feature has provided a wide range of applications for PG in buildings. 
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Figure 2- 1 Optical behavior of a PG in different incident angles a) prisms on the outer surface 

b) prisms on the inner surface c) double-sided PG with symmetric prisms on the inner surface 

and asymmetric prisms on the outer surface 

 

2.3. Fabrication Methods of Prismatic Glazing 

Prismatic panels usually are made of glass, thermoplastic polymer, or acrylic resin 

materials (Hocheng et al. 2011) and are fabricated through injection molding, compression 

molding (hot embossing), extrusion, or laser etching techniques (Table 2- 3). These methods can 

be integrated with roll-to-roll manufacturing process to improve fabrication time and accuracy of 

the product in a mass industrial scale and reduce waste material.  

While the prismatic panels made of glass are durable and resistant to corrosion, weather 

conditions, and UV degradation, they cannot be imprinted with precise microstructure prisms. 

Polymeric materials are suitable replacements for glass either on lab-scale or industrial-scale 

production. With the advent of thermoplastic polymers and UV curing resin materials, the 

meticulous fabrication of prismatic panels became possible. Light weight, low cost, large area 

production, and high transparency are also the other advantages of polymeric materials. However, 

they will yellow under prolonged UV exposure and become brittle (Hocheng et al. 2011). Recently, 

different types of additives and UV protecting coating layers have been developed to build up 
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outdoor weather resistance and assure requisite durability of polymeric materials. Table 2- 4 

provides a comparison between different available materials for PG manufacturing. 

Table 2- 3 Different fabrication methods to produce prismatic panels 

Fabrication 

Methods 
Description Process 

Injection molding The process consists of injection of the molten material 

into a mold cavity by heat (beyond the material transition 

temperature) and pressure. The process is followed by 

cooling the mold (below the material transition 

temperature), demolding, and ejecting the material from 

the cavity. 
 

Compression 

molding (hot 

embossing) 

The process starts with heating the system beyond the 

material transition temperature. By pressing the material 

in the embossing tools, it gets the shape of mold. Finally, 

the material is cooled down below the transition 

temperature and the parts are demolded at room 

temperature. 
 

Extrusion In this process, the raw materials are fed into the system 

and conveyed in a heated barrel above the material 

transition temperature.  Then, a rotating screw pushes the 

molten material through a shaping die with a desired 

cross section. Finally, the extruded material turns into 

solid by passing through UV curing or cooling chamber.  

Laser etching 

techniques 

This technique is based on laser machining materials. In 

order to have an accurate product, power, speed, and 

focal distance should be tuned based on the material 

properties, depth, and geometry. Laser ablation usually 

causes a burnt surface and deposition of material residue. 

The product needs to be treated at last to improve the 

surface quality. 

 

 

 

Table 2- 4 Comparison between different prismatic daylighting panel materials 

Material Refraction index Melting point 

(°C) 

Chemical 

formula 

Microstructure 

fabrication 

UV 

degradation 

Polydimethylsiloxane 

(PDMS) 

1.43 

(Raman, Srinivasa 

Murthy, and Hegde 

2011) 

218-236 

(van Lierop et 

al. 1998) 

(C2H6OSi)n Yes No 
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Table 2- 3 (Continued) 

Polymethyl 

methacrylate or 

PMMA 

1.49 

(Beadie et al. 2015) 

160 

(Smith and 

Hashemi 2006) 

(C5O2H8)n Yes No 

Glass (soda-lime) 1.52 

(Somiya 2013) 

600 

(Hocheng et al. 

2011) 

SiO2 

+additives 

No No 

Polypropylene 1.49 

(Scientific Polymer 

Products, Inc.) 

157 

(Polypropylene 

(Safety data 

sheet) 2020) 

(C3H6)n Yes Yes 

Polystyrene 1.59 

(Scientific Polymer 

Products, Inc.) 

240 

(POLYSTYRE

NE 2003) 

(C8H8)n Yes Yes 

Polycarbonate 1.58 

(Scientific Polymer 

Products, Inc.) 

148 

(Campo 2008) 

C16H18O5 Yes Yes 

 

2.4. Application of Prismatic Glazing in Buildings 

PG systems have been applied in many different configurations, in fixed or sun-tracking 

arrangements, to buildings’ facades or as window shades (Nancy Ruck et al. 2000). A challenge 

of conventional windows is that they can only provide useful daylight up to about 1-1.5 times the 

head height of the window into deep spaces of building floors (Thanachareonkit, Lee, and Mcneil 

2013). Increasing the height of the aperture is one attempt to extend the daylight area in a room. 

However, in this case, the transmitted solar radiation into the front part of the room increases 

significantly while a small amount of daylight penetrates at the back. As a result, the non-uniform 

distribution of daylight in the room affects the visual comfort for the users and the increase in 

cooling loads can offset the electric lighting energy savings (Kontadakis et al. 2017). 

Prismatic panels, as a light redirecting device, can be used in common vertical windows to 

refract the passing light rays towards the ceiling and provide a supplemental temporal lighting in 



   

16 

 

the core zone of buildings (Mashaly et al. 2017)(Klammt, Neyer, and Müller 2012). The PG offers 

a transparent but distorted outside view; thus, in many cases they are placed in clerestory windows 

in order to avoid obstruction of the view to outdoor as well as discomfort glare (Thanachareonkit 

and Scartezzini 2010). Figure 2- 2 shows the frequent application of redirecting prismatic panels 

in building facade which the window is divided into upper daylight windows and lower view 

windows. 

 

Figure 2- 2 The frequent application of redirecting prismatic panel in building façade 

 

Tian et. al. (Tian, Lei, and Jonsson 2019) applied a prismatic film glazing at side windows 

in a factory building. Through conducting field measurements throughout a year, they showed that 

the utilized prismatic film can significantly improve the illuminance levels for the deep spaces 

(more than 10 meters far from the window) and provide a better luminous comfort environment 

for occupants. Also, they concluded that the prismatic element offers higher efficiency under sunny 

sky compared to overcast sky conditions due to higher direct light intensity.  Thanachareonkit et. 

al. (Thanachareonkit, Lee, and Mcneil 2013) fabricated and installed a prismatic daylight-

redirecting system in a south-facing clerestory window at a full-scale office testbed. The glazing 

was found to increase the illuminance levels at the rear of the office room up to five times 
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compared to the clerestory window with interior Venetian blind. McNeil et. al. (Andrew Mcneil, 

Lee, and Jonsson 2017) measured annual lighting energy consumption in deep open plan offices 

incorporated with a micro-structured prismatic film as a continuous strip of clerestory window. 

They showed that the prismatic system brings about 39-43% lighting energy saving in the south-

facing perimeter zone compared to the same zone with no lighting controls. 

To satisfy the objective function, the angles of the prisms and the cross section of prismatic 

panel should be designed so that maximize the upward output rays and minimize the downward 

output rays (Mashaly, Nassar, and El-haggar 2018). Mashaly et al. (Mashaly et al. 2017) 

introduced an equation to evaluate the efficiency of different prismatic panels employed in vertical 

windows. According to the equation below, the transmission power upwards is measured by taking 

the frequency of solar altitude occurring throughout the year (N.Freq) and the average radiation in 

different solar altitudes (N.Rad) into consideration: 

Weighted Transmission = (N.Freq) × (N.Rad) × Power Transmitted Upwards           

Computer analysis shows that for a vertical, fixed prismatic panel, some downward 

sunlight and color dispersion are inevitable at some times of the year. To accommodate these 

issues, constant or seasonal tilting of the panels is essential (Nancy Ruck et al. 2000). 

 

2.5. Characterization of the Optical Behaviors of Prismatic Glazing 

PG transmits and reflects lights in non-specular directions which is different from other 

simple glazing systems that only distribute lights in specular directions (Andy Mcneil 2015). To 

characterize the inhomogeneous, non-specular transmission and reflection of the glazing, 

determination of the Bi-directional Scattering Distribution Function (BSDF) is required.  
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Based on the definition, BSDF is the combination of bi-directional transmission 

distribution function (BTDF) and bi-directional reflectance distribution function (BRDF). In 

addition, as it can be seen in Figure 2- 3, the term “bidirectional” implies that the measurements 

are dependent on the direction of the incident beam (θ1/φ1) and the outgoing intensity and 

directions of reflected or transmitted beams (θ2/φ2) (Mohanty, Yang, and Wittkopf 2012)(Kohler 

2014)(Gregory Ward et al. 2011). 

 

Figure 2- 3 Bi-directional transmission distribution function of a PG 

 

For manifestation and calculation of BSDF, Klems proposed an efficient method. This 

method is based on 145 discretized patches in a hemisphere so that all the patches have 

approximately the same cosine-weighted solid angle. This type of division, which is the 

modification of Tregenza hemispherical subdivision, ensures that the contribution to 

hemispherical scattering is roughly equal for all patches. The BSDF achieved by the Klems method 

consists of 145×145 matrices that describes the proportions and directions of transmitted or 

reflected lights in the outgoing hemisphere for each of the 145 incidence patch in the incoming 

hemisphere (Gregory Ward et al. 2011)(A Mcneil et al. 2013)(Sun et al. 2017) (Figure 2- 4). 
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Figure 2- 4 (a) 3-dimensional manifestation of BSDF in the Klems basis for an incident angle 

(b) Klems 145-patch hemispherical subdivisions 

 

There are two primary ways to obtain BSDF data and characterize the optical behavior of 

PG systems: a) physical measurements by goniophotometer and b) computer simulation by ray-

tracing simulation tools. 

2.5.1. Physical Measurement to Achieve BSDF 

Generally, spectrophotometers are used for the measurement of normal incidence 

reflectance and transmittance of specular optical elements. Spectrophotometers are widely used in 

many industries, but their applications are limited to specular materials and homogeneous diffuse 

transmission and reflection (University of california n.d.)(Kotey, Wright, and Collins 

2009)(Jonsson 2006). To characterize the optical performance of PG, as a complex fenestration 

system (CFS) with inhomogeneous light scattering, point-per-point mapping of the area behind 

the sample is required. For this purpose, goniophotometers are developed for BSDF measurements 

of complex fenestrations. The first goniophotometer was made at the Lawrence Berkeley National 

Laboratory (LBNL), in the late eighties (Klems JH 1995). As it can be seen in Figure 2- 5, the 
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apparatus consists of a fixed light source, a moving detector, and a sample holder that produces an 

angular coverage over the entire outgoing hemisphere relative to the sample. 

 

Figure 2- 5 The schematic drawing of the first goniophotometer made at LBNL (Papamichael, 

Klems, and Selkowitz 1988) 

 

Since then, several approaches have been proposed to develop goniophotometers which 

can be categorized into: 

a) scanning-based devices 

b) video-based devices. 

The scanning-based method measures all the incoming and outgoing light flux directions 

in a dark room by the relative movements of the detector, sample, and (or) light source. To generate 

BSDF data, the detector spherically rotates around the sample and detects the direction and 

intensity of transmitted and reflected lights for each incident angle, discreetly (Krehel and 



   

21 

 

Wittkopf 2015) (Figure 2- 6). In this approach, the recording time interval (typically 1ms) and the 

density of scan paths define the resolution of the scan (Grobe et al. 2019). Apart from consuming 

a significant time to perform the full BSDF measurements (i.e. 4–30 days), scanning-based 

goniophotometers have the potential risk of missing some significant features between two 

measurement points (Marilyne Andersen and de Boer 2006). 

 

Figure 2- 6 A scanning-based goniophotometer and the different possible scan paths designed by 

pab advanced technologies Ltd, Germany (pab advanced technolgies Ltd. 2020)(Component 

2016) 

On the other hand, video-based goniophotometers use charge-coupled device (CCD) 

camera equipped with a fish-eye lens to capture the pattern of transmitted or reflected lights. By 

only one image, the CCD camera characterizes the entire light distribution for each incident angle 

while maintaining an appreciable flexibility and time-efficiency in data acquisition (Marilyne 

Andersen and de Boer 2006)(Sun, Wu, and Wilson 2018). In digital imaging method, the 

luminance intensity at each part of the diffusing surface of the hemisphere is recorded and 

converted to the BSDF data (Figure 2- 7). To achieve the exact value of each point, complex 

procedures should be employed to calibrate the system. Thus, compared to scanning-based 



   

22 

 

goniophotometers, replicating the process in this approach is more challenging and needs a lot of 

effort (Wienold and Christoffersen 2006). 

 

Figure 2- 7 A video-based goniophotometer designed, USA (Kreysar and Yeo 2013). 

 

2.5.2. Computer Simulation to Achieve BSDF: 

Experimental devices for BSDF characterization can be reproduced virtually with ray-

tracing simulation techniques. This approach is an ideal alternative for experimental devices in 

early stages of design, optimization of products, and comparing different configurations of 

prismatic panels since it is easier to implement, more rapid, less expensive, and there is no need to 

manufacture prototypes (Marilyne Andersen and de Boer 2006)(M Andersen et al. 2005)(Marilyne 

Andersen, Rubin, and Scartezzini 2003). 

Radiance’s genBSDF tool is a free, open-source ray-tracing method proposed to generate 

full BSDF datasets. genBSDF tool was validated by comparing the predicted BSDFs with the 

obtained results using real goniophotometer measurements (A Mcneil et al. 2013)(Molina et al. 

2015). By taking the geometric model and the base material properties of the PG panel as the 
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inputs, genBSDF calculates how light travels through the glazing system. As the output, genBSDF 

creates an XML (Extensible Markup Language) file with four matrices, containing direction and 

intensity of all transmitted and reflected light on front and back surfaces of the glazing for each 

incident angle (Andy Mcneil 2015). 

By default, genBSDF builds the XML files based on Klems full angles basis divisions (145 

incident and 145 outgoing angles). In order to have a better understanding on performance of the 

simulated sample, two higher resolutions were proposed by subdividing the full Klems angle basis 

creating 2x Klems angle basis with 580 divisions and 4x Klems angle basis with 2320 divisions 

(Figure 2- 8 (a,b, and c)) (G. Ward et al. 2011). In addition to these fixed subdivisions of 

hemisphere, the variable-resolution tensor tree BSDF format was introduced to allow increased 

resolutions only where needed in the BSDF (Andy Mcneil 2015)(G. J. Ward 2013). By subdividing 

into small patches at the regions with sharp peaks, tensor tree provides a more accurate 

representation of BSDF measurements compared to Klems representations (A Mcneil et al. 

2013)(G Ward and Kurt 2012). Figure 2- 8 (d) shows a potential subdivision of a tensor tree 

representation. 

 

 
Figure 2- 8 (a) full Klems angles basis, (b) 2x Klems angles basis, (c) 4x Klems angles basis (G. 

Ward et al. 2011), (4) a potential subdivision of a tensor tree representation. 
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An XML file is full of confusing numbers which usually makes it difficult to understand. 

To visualize the optical behavior of the simulated sample and verify the results, two programs have 

been introduced: 

- bsdf2rad which is a Radiance program that visualizes XML files by rendering the 

distribution of light for each incident angle (Figure 2- 9 a). 

- BSDFViewer which is a java applet that loads and displays a false-color representation 

of a BSDF file. The hemisphere on the right side in the program shows the pattern and amount of 

flux leaving each patch correspond to the chosen incident angle in the left-hand hemisphere (Andy 

Mcneil 2015)(BSDF Viewer 2016) (Figure 2- 9 b,c). 

 

                           

                                (a)                                                                    (b) 

Figure 2- 9 (a) a BSDF rendering by bsdf2rad (Andy Mcneil 2015), (b) a full Klems BSDF 

rendering by BSDFViewer, (c) a tensor tree BSDF rendering by BSDFviewer. 

 

Apart from genBSDF tool, TracePro and OptiCAD are the other commercial ray-tracing 

simulation software which are available for generating BSDF datasets. TracePro is a lens design 

program based on Monte Carlo calculations (M Andersen et al. 2005)(Marilyne Andersen, Rubin, 

and Scartezzini 2003). This software has the ability to calculate the BSDF values by virtual 

modeling of the video-based goniophotometer developed in LESO- PB/EPFL. This method 
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records light distribution on 6 triangular screens. Afterward, to generate BSDF data, the patches 

on each screen are converted to the adjacent hemisphere surface through numerical calculations 

(Marilyne Andersen et al. 2000). 

OptiCAD is also an optical analysis software which is equipped with a virtual 

goniophotometer. In this program, the sensors are arranged in a hemicube to receive flux on each 

individual patch. The geometric position of each patch, as well as the intensity of the received light 

on each patch are used to generate BSDF (Marilyne Andersen and de Boer 2006). Figure 2- 10 

illustrates virtual goniophotometers in TracePro and OptiCAD for BSDF measurement. 

 

 
                                (a)                                                      (b) 

Figure 2- 10 Geometrical set-up illustration of virtual goniophotometers in (a) TracePro and (b) 

OptiCAD (Marilyne Andersen and Boer 2006) 

 

 

2.6. Computer Simulation Analysis of BSDF Optical Elements 

The achieved BSDF data by real/virtual goniophotometers can be exported into the 

building simulation tools to predict daylight and energy performance of rooms with prismatic 

fenestration systems. Among all available building simulation engines, some accept BSDF input 
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data and a few of them have comprehensive capabilities of precise modeling, adjusting all possible 

variables, and providing validated results. This section introduces prevalent computer programs to 

analyze optical and thermal behavior of prismatic glazing in buildings. 

2.6.1. Daylight Simulation 

Lighting computational simulation tools are capable of estimating the illuminance level at 

given points and rendering the luminance environment of an interior space. Radiance is a valid, 

free, open-source, and the most popular tool which has been widely applied to simulate natural 

and artificial lighting in buildings (Mrdaljevic John 1995)(Reinhart and Andersen 2006)(Reinhart 

and Walkenhorst 2001). This program was first released in 1985 by Greg Ward and developed in 

Lawrence Berkeley Lab. It calculates interreflections between surfaces, based on a backward ray-

tracing algorithm (G. J. Ward 1994). The Radiance algorithms have been extended to include 

BSDF descriptions of windows by developing mkillum and rcontrib. 

mkillum is a Radiance tool that treats a CFS as a “secondary light source” which distributes 

daylight based on the exterior condition (Greg Ward 1993). In the basic version of mkillum, it 

computes all the interactions between the fenestration geometry and daylight, directly. However, 

in the developed version, mkillum accepts BSDF data and only determines how light is affecting 

the exterior environment. mkillum procedure comes with some degrees of limitation and 

inefficiency in terms of large window size, rendering time, and annual analysis (G. Ward et al. 

2011)(Basurto and Scartezzini 2013). Therefore, the “three-phase” method via rcontrib (or 

rfluxmtx) tool was introduced as a credible alternative to mkillum in terms of efficiency and 

applicability. 

Three-phase method is a time-efficient means to run the annual simulation of CFS. This 

method was introduced by Ward (Greg Ward, 2012) and validated against field measurement by 
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McNeil and Lee (A. McNeil and Lee 2012). Based on the Daylight Coefficient (DC) approach in 

Radiance, this method separates the light flux transfer into three independent virtual phases: 

1. Outdoor transport from sky to exterior surface of fenestration (Daylight matrix- D): It 

links sky patches to incident directions on the fenestration surface by a matrix of 

coefficient; considering the outdoor diffuse and specular reflections, obstructions, 

ground patch, etc. 

2. Transmission through fenestration (Transmission matrix- T): It relates the incident flux 

direction on the fenestration system to outgoing flux direction. Transmission matrix of 

coefficient is a Klems basis BSDF dataset generated by goniophotometers, genBSDF 

or other mentioned tools. 

3. Indoor transport from interior surface of fenestration to the points of interest (View 

matrix- V): It produces a coefficient matrix relating the outgoing flux directions on 

window to the image view or illuminance sensor point. 

Figure 2- 11 shows how an incoming flux from sky is broken into three phases in this 

procedure. Three-phase method runs simulations for each daylight condition by multiplying these 

three coefficient matrices by point-in-time luminance vectors of sky as an input value (A Mcneil 

2014): 

I3ph = VTDS , where:                                                                                                                               

I3ph = Matrix containing series of point in time results vectors (illuminance or luminance) 

V = View matrix 

T = Transmission matrix 

D = Daylight matrix 

S = Matrix containing series of sky vectors, representing luminance pattern of sky 
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Figure 2- 11 The illustration of flux splits in three-phase method (drawn by Masoome Haghani) 

 

In a specific scene, both the view matrix and daylight matrix are fixed. If the prismatic 

glazing system is not operable, the transmission matrix also will be fixed. Therefore, the process 

of result generation at different time steps would be as straightforward as taking the sky vector 

into account as a multiplier to the matrices. The main principle behind the three-phase method is 

to pre-calculate some parameters and eliminate all ray-tracing computations for each simulation 

run which facilitates performing the simulation in many sky conditions and fenestration states. 

The Klems basis three-phase method is not suitable for catching light peak transmission as 

it spreads the direct sunlight component into one or multi patches. By averaging sunlight peak 

intensity over a relatively large solid angle, three-phase method brings about inaccuracy at some 

points, particularly in the case of glare assessment (G. Ward et al. 2011)(Brembilla et al. 2019). 

To address this issue, an extension to three-phase method, five-phase method, was introduced. The 

five-phase method enables to simulate prismatic panels with a higher accuracy, thorough a more 

complex procedure. The principle behind this new procedure is to substitute the direct sun 



   

29 

 

component in three-phase method with a better visualization of the direct sunlight radiation 

(Geisler-moroder et al. 2018)(Andy McNeil 2014). 

Five-phase method takes the results of three-phase method; then the contribution of direct 

solar patches is calculated with no light bounce and subtract it from the results. In the last phase, 

a more accurately simulated sun component is added to the equation by using 5185 potential points 

in the sky to represent the sun component (Reinhart sky) and a high-resolution Tensor-Tree BSDF 

for the fenestration system (Figure 2- 12). The five-phase procedure is described with the following 

equation (Andy Mcneil 2013): 

I5ph = VTDS - VdTDdSds + CdsSsun , where: 

I5ph = Matrix containing series of point in time results vectors (illuminance or luminance) 

VTDS = Three-phase method 

Vd = Direct component of view matrix 

T = Transmission matrix 

Dd = Direct component of daylight matrix 

Sds = Sky matrix with only the sun luminance 

Cds = Coefficient matrix for direct sun, incorporating with tensor-tree BSDF material  

Ssun = Direct sun matrix with intensity and position of the sun 

 

 
(a)                                                  (b)                                                    (c) 

Figure 2- 12 Schematic overview of the five-phase method, (a) the three-phase method results 

(b) subtracting the direct light radiated from sun patches (c) adding the direct light radiated from 

a more accurate sun component (drawn by Masoome Haghani) 
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By improving the direct-sun factor of the results, five-phase simulation overcomes the 

deficiency of casting obscured shadows in the case of the three-phase method. This feature 

provides more accurate results for visual comfort assessment in buildings, especially for the 

fenestration systems with specular or semi-specular elements. In the daylight coefficient procedure 

in Radiance, the four-phase and six-phase methods were also developed to allow for the simulation 

of non-coplanar fenestration systems in three-phase and five phase methods, respectively 

(Subramaniam 2017). 

Either of the mentioned methods above can be applied for daylight simulation of prismatic 

glazing systems in buildings. The most appropriate method should be chosen based on fenestration 

configuration, simulation type, simulation parameters, and the desired accuracy at different 

building design stages. 

2.6.2. Thermal Simulation 

The thermal properties of an angular dependent prismatic glazing are not constant over a 

time due to providing a variety of Solar Heat Gain Coefficients (SHGC) at different times of a 

year. The accurate thermal simulation of CFS requires the algorithms that take the solar 

transmission distribution for a range incoming direction into account. Various annual energy 

simulation tools such as EnergyPlus (Schabacker and Schabacker 2020), TRNSYS (TRNSYS 

2022), ESP-r (Lomanowski and Wright 2012), and IDA ICE (Karlsen et al. 2015) have developed 

their calculations’ method to accommodate bi-directional transmission system simulation, among 

which EnergyPlus (EP) is the commonly used software with significant capabilities in buildings’ 

energy analysis (Loonen et al. 2017). EP is free, open-source, and cross-platform software which 

has been launched and developed by the US Department of Energy (DOE). Since the version 7.2, 

based on the ISO 15099 standard, EP has included the ability to get the Klems basis BSDF files 
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for solar heat gain simulation. It also uses layer-by-layer conduction and convection calculation 

methods for energy simulation of the thermal zone (Https://energyplus.net/ 2020)(De Michele et 

al. 2018)(Martin, David, and Marion 2015).  

Before importing a prismatic glazing system into EP for thermal analysis, the BSDF 

matrices of the fenestration system for both solar and visual wavelengths along with its physical 

dimensions and thermal factors such as conductivity, and front/back emissivity must be calculated 

or measured. To facilitate making a file containing the needed information for thermal simulation 

in EP, Berkeley Lab WINDOW computer software has been developed to model complex glazing 

systems. WINDOW is able to assemble the XML file of the glazing with other layers of the 

fenestration system, calculate total window optical and thermal performance indices, and generate 

an EP input format (IDF) file (Https://windows.lbl.gov/software/window 2020). 

EP also implements DElight, daylight simulation engine, for optical analysis of complex 

fenestration systems through the radiosity method. In spit of the DElight capability to accept BSDF 

files and runs daylight modeling of CFS, it comes with some major limitations including the 

inability to model dynamic glazing system, the number of reference points in each daylit zone, 

lack of calculation method for glare analysis, and inaccuracy of radiosity method in simulation of 

light-redirecting systems (Schabacker and Schabacker 2020). 

Based on the superiority of Radiance in optical simulation and the ability of EP in thermal 

simulation of CFS, many computer interfaces have coupled Radiance and EP calculation engines 

as a powerful comprehensive building simulation approach (Sun, Wu, and Wilson 2018). 

COMFEN (Https://windows.lbl.gov/software/comfen 2020), Fener (Bueno et al. 2015),  

OpenStudio (Https://www.openstudio.net/ 2020), and DIVA (Https://solemma.com/Diva.html 

2020) are the user-friendly and time efficient platforms which integrate Radiance for daylight 
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analysis and EP for annual energy consumption of buildings incorporated with complex 

fenestration systems. Such integrated platforms ease the prediction of different building 

performance indices by using one model and also the evaluation of the interactions between 

thermal and optical behavior of a prismatic glazing system. Figure 2- 13 summarizes the explained 

procedure of optical and thermal simulation of prismatic panels by Radiance and EnergyPlus. 

 

Figure 2- 13  Workflow of optical and thermal simulation of prismatic panels by Radiance and 

EnergyPlus 

 

2.7. Summary and Discussion 

This chapter presented a review study on research works and the state-of-the-art 

developments of prismatic panels as a buildings’ daylight system. Prismatic glazing is considered 

as a light redirecting and scattering system which has the capability to offer a better illuminance 

uniformity and luminous comfort environment. Prismatic panels are used in buildings mainly as 

daylight redirecting device. Such systems are commonly applied in vertical, south-facing windows 

above the humans’ eye level to keep clear view outdoors while providing daylight into the building 

core. These devices need more substantial consideration of optimization in designing the cross 

section of the prismatic panel since their performance is highly related to the building’s latitude, 

form, and orientation. Our literature study revealed that there is no research study on prismatic 
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panels as a solar shading device which proves the novelty the proposed prismatic daylight system 

introduced in this dissertation. 

Generally, a properly designed PG system has the advantages of simple structure, durable 

function, cost effectiveness, buildings energy conservation, solar radiation regulation, and visual 

and non-visual comfort. These features make prismatic panels to be a suitable substitute for other 

heavy and bulky light guiding systems. Although, in a dynamic form of application, prismatic 

systems typically come with some delicate, movable, precise components such as sensors, gears, 

hinges, etc. which increase complexity, initial and maintenance costs of the system. We believe 

such higher complexity and cost should not be taken as a barrier, rather the use of dynamic 

prismatic panels, just like other types of daylight systems, has to be justified in terms of efficiency, 

complexity, durability, cost, aesthetics, psychological benefits, and transportation, by the design 

teams. 

With the growing world-wide need and interest in “Green Building” design, prismatic 

panels have the potential to be considered as an effective solution for daylight and energy 

efficiency improvement in buildings. This review study has highlighted the necessity of improving 

the following issues to promote prismatic daylight systems into market: 

• Technical expertise: Despite the simple structure of prismatic panels, they must be 

applied in the right way to fulfil the exact daylighting purpose. Any inaccuracy in 

design or installation of prismatic elements may occur with negative impact indoors 

like glare, light separation, and overheating. Typically, the requirement of specific 

knowledge on daylight and technical expertise constrains architects to take advantage 

of daylight systems. The presence of daylight consultants in a design group as well as 
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providing detailed instructions on how and where each product should be utilized by 

manufacturers will be a significant help in removing the barrier.  

• Integrated daylight design: Integrated daylight design is a holistic approach to design 

in which daylight systems combines with other components of buildings. Through a 

collaborative method from the early design process, innovative daylight systems would 

find an opportunity to be applied in buildings in a decent way with higher efficiency. 

At different levels of integration, prismatic elements can be integrated with structure 

design to admit a useful level of daylight; lighting design as a daylight-linked artificial 

lighting system; and building façade as a curtain wall, multi-pane glazing, architectural 

element, or dynamic shading. 

• Marketing strategies: The technologies of mass production of micro scale prismatic 

panels for daylight systems have been introduced for decades. However, they have not 

acquired any market share in the building industry due to lack of commercially 

available prismatic daylighting systems and a leading manufacturer. Versatility, 

adjustability, cost efficiency, and mass-production are the relevant keywords that 

should be noticed for widespread adaptation of such systems on the market. 

• Building rating codes: There are various codes and regulations such as LEED 

(Leadership in Energy and Environmental Design) and BREEAM (Building Research 

Establishment Assessment Method) that assign credits for an appropriate daylighting 

design in buildings. The aim of the assessment schemes is to encourage daylit buildings 

in terms of visual comfort and energy efficiency. By growing the epidemic of rating 

codes, in the competitive and marketing circumstances, we will be observing more 

innovative daylighting systems design and application in the building industry. 
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However, the complicated, expensive, and time-consuming process of obtaining 

certificates also needs to be improved. 

Designing a prismatic daylight system and the efficiency evaluation require accurate 

characterization of thermal and optical behavior of the system. To characterize a prismatic panel, 

as an inhomogeneous angular-dependent element, the Bidirectional Scattering Distribution 

Function (BSDF) data should be derived by either physical measurements or computer simulation. 

Goniophotometers are the experimental devices that measure BSDF data through detecting the 

outgoing lights for each incident angle by a moving sensor (scanning-based goniophotometers) or 

capturing the pattern of the light distribution by a CCD camera (video-based goniophotometers). 

Virtual ray-tracing computer programs such as Radiance’s genBSDF and TracePro are also able 

to generate BSDF data. Compared to goniophotometers, computer programs are considered as the 

less expensive, easier to implement, more rapid method which eliminates the need for the physical 

prototype. 

To predict and assess the performance of PG, either field measurements or computational 

simulations can be utilized. For many years, field measurements through mockups or full-size 

rooms were the only available methods to evaluate the effect of PG on luminosity, illuminance 

distribution, and thermal balance in space under a real situation. Over the past few years, 

computational tools have also been developed to accurately simulate the daylight and energy 

performance of rooms employing prismatic fenestration systems. In this chapter, Radiance and 

EnergyPlus were introduced as valid, popular, and open source programs for lighting and thermal 

analysis of PGs, respectively. mkillum, three-phase method, and five-phase method were 

explained as the available tools in Radiance for BSDF simulation among which multi-phase 
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methods have more efficient process. Also, compared to three-phase method, five-phase method 

delivers a higher accurate result due to the better representation of direct sun component. 

However computational methods are able to calculate the daylight quantitative indices, 

they still have fundamental limitations on evaluation of a luminous environment, qualitatively. 

The intuitive understanding of a daylit space through physical models cannot be perceived by 

current computer technologies. Therefore, to deliver rigorous evaluation on prismatic glazing 

performance indoors, subjective field study of visual interest would be inevitable. 

This chapter provided a comprehensive review on state-of-the-art developments in 

application, characterization, and simulation of PG as a building fenestration system. The aim was 

to establish a basis for further research to promote commercial production and application of 

prismatic panels in the building industry. The future research directions in this area are 

recommended below: 

• Investigation on responsive materials and prismatic geometry in accordance with 

environmental conditions or occupants’ behavior. This research direction may end up with 

offering new applications or operations for prismatic glazing in buildings. 

• Evaluation of different design parameters such as structural configuration, interior 

materials, façade’s components, and room’s color on performance of prismatic daylighting 

systems. 

• Proposing a valid algorithm to find the optimum prismatic panel design (prisms cross-

section) as a daylight redirecting system. The algorithm may take parameters such as 

location, fenestration configuration, the glazing material, etc. as the inputs and calculate 

the most appropriate geometry for the intended purpose. 



   

37 

 

• Post-occupancy surveys on users’ satisfaction with prismatic daylighting systems. Such 

studies shall compare the occupants’ responses with quantitative metrics and explain any 

differences. 
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CHAPTER 3: HORIZONTAL SKYLIGHT SYSTEM INCORPORATING A 

SOLAR SHADING PRISMATIC ELEMENT: PROOF OF CONCEPT 

 

As it discussed and framed in Introduction section, in spite of remarkable daylight 

efficiency of horizontal roof apertures, they have some serious disadvantages that have limited 

their applications, including: 

• more light and heat gain during summertime than wintertime, 

• extreme spatial variations in the illumination caused by direct sunlight, 

• temporal variations in the illumination caused by the coming and going of clouds 

blocking the sun, and 

• high probability of glare occurrence and visual discomfort (even in case of using 

diffuser layers). 

To address the mentioned concerns, Dr. Wayne Place introduced an integrated daylight 

system with a prismatic optical element that can constantly recognize and reflect away the beam 

sunlight and only admit the diffuse skylight, so it can eliminate glare, provide a uniform 

distribution of daylight, and reduce overheating in buildings due to solar direct radiation. In this 

section, the operation mechanism of the proposed skylight system will be elaborated and the 

optical properties of the prismatic element in different environmental conditions will be monitored 

and discussed. The analysis will be carried out through experimental measurement methods on a 

prototype of what the prismatic glazing might be and virtual ray-tracing computer simulation 

techniques. 

 

3.1. Principles of Operations 

As it mentioned above, the proposed prismatic optical system admits diffuse skylight 

through the aperture in the building envelope, while reflecting away the beam sunlight.  The optical 
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element can be used in different configurations in buildings, but this dissertation focuses on its 

application on horizontal roof apertures. 

The introduced Optical Element has a generally flat surface on one side (the side on which 

exterior light hits) and serrations on the other side.  The linear serrations are creating a uniform 

cross section along the length of the optical element.  The serrated-surface planes are at an angle 

of approximately 45° to the plane of the flat surface on the opposite side of the glazing element. 

The rays hit the optical element in a vertical plane parallel to the serrations will penetrate 

through the top surface and experience total internal reflection at the surfaces of the serration 

facets, resulting in the reflection of those rays back toward the outside of the building. In contrast, 

rays from other parts of the sky will not experience total internal reflection at the serrated facets 

and will be partially transmitted. In this manner, the optical element acts selectively as a solar 

shading system for beam sunlight and as admitter of diffuse skylight for interior of illumination. 

Figure 3- 1 is a section through the optical element, showing optical behavior for the rays that are 

moving in a plane that is parallel to the serrations of the optical element and for off-axis rays. In 

this figure: 

• P is the plane parallel to the serrations and perpendicular to the flat side of the optical 

element 

• R1: rays of light hit the flat surface side of the optical element, moving in a plane 

parallel to the serrations, and nearly perpendicular to the flat surface side of the optical 

element. These rays experience total internal reflection at the serrated surfaces, 

• R2: Rays of light hit the flat side of the optical element, moving substantially out of 

the plane that is parallel to the serrations and perpendicular to the flat side of the optical 
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element. Some of these rays are able to penetrate through the glazing element when 

they reach the serrated side of the optical element 

 

Figure 3- 1 Prismatic glazing as a solar shading element 

 

The shading operation is highly sensitive to the sunlight incident direction and happens in 

a narrow range of angles. To have a constant reflection of the direct sunlight, the optical element 

must be rotated continuously, tracking the sun in such a manner that the beam sunlight hit the flat 

side of the optical element, with the beam sunlight moving in a plane that is both perpendicular to 

the flat side of the optical element and parallel to the direction of the serrations. This implies that 

the horizontal skylight system must rotate once every 24 hours in its horizontal plane. Figure 3- 2 

shows the operation mechanism of the horizontal skylight system to have a constant reflection of 

direct sunlight radiations. 
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Figure 3- 2 The prismatic panel rotation on a horizontal plane to track the sun azimuthal angle 

 

3.2. Experimental Proof of Concept 

3.2.1. The Prismatic Optical Element Under Study 

To carry out experimental proof of concept, we selected 3M™ Optical Lighting Film 

(“OLF”) – Product ID #2405 as what the prismatic optical element might be. This product is a 

transparent plastic film with a precise prism structure on one side and a very smooth surface on 

the other side, so it perfectly matches to what we introduced as a solar shading optical element. 

According to the product bulletin, the optical element is made of polycarbonate thin film with the 

thickness of 0.508 ± 0.076 mm and refractive index of 1.59. Table 3- 1 summarizes the product 

characteristics. Figure 3- 3 shows the Scanning Electron Microscopes (SEM) images of the 

product. These pictures confirm the accuracy of micro-structure prisms which makes this product 

suitable for the intend of this study. Figure 3- 4 also shows the slightly distorted view through the 

prismatic optical element which is not going to be problematic for the application of skylight 

apertures.  
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Table 3- 1 3M™ Optical Lighting Film Description 

 

3M™ Optical Lighting Film (“OLF”)  

Product ID #2405 

 

Characteristic Value 
Applicable 

Standard 

Thickness 
20 mils ± 3 mils 

(0.508 mm ± 0.076 mm) 

ASTM D-374, 

D 

Weight 
1.1 lb ± 0.04 lb/yd.2 

(0.50 kg ± 0.02 kg/m2) 

ASTM D-648, 

264 PSI 

Prisms angles 90° ± 20 minute bend N/A 

Prism flatness  < 1 wavelength light N/A 

Width 
37 in. (953 mm) 

39 in. (991 mm) 
N/A 

 

 

Figure 3- 3 SEM Images of the optical element under study 
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Figure 3- 4 View quality through the prismatic optical element 

 

3.2.2. The Experiment Objective 

The goal of the experiment is to measure the daylight transmissivity rate of the optical 

element for the direct sunlight and diffuse skylight rays, in different sky types. Thus, this 

experiment was designed to compare daylight intensity on an exposed illuminance sensor facing 

to the sun versus the daylight intensity on an illuminance sensor placed just inside the optical 

element surface in the same situation. To find the contribution of direct sunlight and diffuse 

skylight on the transmitted daylight through the optical element, each case was repeated two times 

to measure the transmitted daylight intensity through the prismatic glazing when it is unshaded 

(exposed to both sunlight beam and diffuse skylight) versus the transmitted daylight intensity 

through the prismatic glazing when it is only exposed to the direct sunlight. It is clear that the 

difference between these two measured numbers indicates the contribution from the diffuse sky. 
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Therefore, for each sky type under study, the illuminance intensity should be measured for 

four different conditions below: 

• Illuminance meter is directly exposed to both direct beam sunlight and diffuse skylight. 

• Illuminance meter is directly exposed to only direct beam sunlight. 

• Illuminance meter placed just inside the optical element surface and the optical element 

is exposed to both direct beam sunlight and diffuse skylight. 

• Illuminance meter placed just inside the optical element surface and the optical element 

is exposed to only direct beam sunlight. 

 

3.2.3. Experiment Setting 

Per the established goal of the experiment, two equipment was designed and fabricated to 

facilitate the experiment procedure, improve the measurement accuracy, and enable us to perform 

the experiment in a short period of time: 

Sensor holder: To keep the illuminance sensor steady and provide the ability of running 

the experiment with and without optical element covering the sensor in a short period time, a small 

sensor chamber as the glazing holder was design. The holder ensures the appropriate distance 

between glazing inside surface and the sensor top surface and keep a constant alignment between 

the prismatic glazing serrations and sky pattern during the experiment. Figure 3- 5 shows the sensor 

holder with and without the prismatic glazing cap. It should be noted that as we intend to measure 

the transmitted daylight through the glazing, with considering the micro-structure size of the 

element’s prisms, the sensor top should be located no more than 1-2 mm far from the interior 

surface of the glazing to minimize the contribution of the reflected lights in the sensor chamber. 
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Figure 3- 5 The illuminance meter with and without the prismatic glazing cap 

 

Diffuse-sky shader: To measure the contribution of direct sunlight and diffuse skylight 

illuminance separately, we should be able to filter either of these lights in our measurements. In 

this experiment, a new apparatus was designed and fabricated to block diffuse skylight from 

reaching the illuminance meter so that, with the apparatus, we will be able to measure the 

contribution of direct sunlight. The apparatus consists of an interior blackened box with light 

baffles and concentric circular apertures to admit lights from a certain range of angles. The 

acceptance angle is considered to be 0.1 radian which is the sun’s angular size on the earth. So, if 

the box directly faces to the sun, the sensor only admits lights from the angular diameter of the 

sun. An indicator was also designed on a side of the box to ensure the accuracy of the box 

alignment with the sun position in the sky. Figure 3- 6 illustrates the different components of the 

designed diffuse sky-shader apparatus in a cross- section view and Figure 3- 7 shows the fabricated 

equipment. 
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All the equipment set up on a 2-axis adjustable table incorporated with a sun angle 

indicator. Figure 3- 8 shows the experiment setting with and without prismatic glazing cap. As it 

can be seen in the figure, there is another illuminance meter at the center of the table to monitor 

the outdoor illuminance stability during the experiment.  

Figure 3- 9 (a) and (b) show the sun alignment indicator to set the direction of the apparatus 

and experiment measurement process, respectively. This experiment was designed to have all the 

four rounds of measurement for each sky type in 30 seconds. 

 

Figure 3- 6 The cross section of the designed diffuse-sky shader apparatus (units in inch) 
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Figure 3- 7 The designed equipment to block diffuse skylight from reaching the illuminance 

meter 

 
 

Figure 3- 8 The simulation table setting 
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                                              (a)                                                       (b) 

 

Figure 3- 9 (a) the sun direction alignment indicator (b) the diffuse-sky shader apparatus to 

block diffuse skylight from reaching the illuminance meter 

 

3.2.4. Experiment Results 

The experiment was repeated three times to monitor the transmittance rate of the glazing 

in three different sky cloud coverage types: Sunny sky, Intermediate sky, and Overcast sky. 

According to Table 3- 2, the prismatic optical element under study rejects about 99% of direct the 

sunlight radiations and admits between 45% to 52% of diffuse skylight, depending on the cloud 

coverage pattern in the sky. These results show that in the sunny and intermediate skies when the 

outdoor illuminance is more than 110,000 lux on a horizontal surface, the transmissivity of the 

glazing is 5.88% and 12.5%, respectively. While in overcast sky when the outdoor illuminance 

reduces to the third, the transmissivity of the glazing increases to 50%. This behavior of the optical 

element will be remarkable from daylight, thermal, and psychological points of view. 

The experiment results conclusively prove the hypothesis of the research on the ability of 

the prismatic glazing to reject the direct sunlight and admit the diffuse skylight. 
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Table 3- 2 Experiment results 
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3.3. Computer Simulation Study 

3.3.1. BSDF Characterization of the Prismatic Glazing  

The proposed microstructure prismatic glazing transmits and reflects light in a non-

specular way, so to characterize the daylight behaviors of the optical element for different light 

incident angles, Bidirectional Scattering Distribution Function (BSDF) should be calculated. 

genBSDF is a Radiance’s tool which was developed to simulate the inhomogeneous daylight 

behaviors of materials (G. Ward et al. 2011)(A Mcneil et al. 2013). Through raytracing techniques 

and by taking the glazing cross-section and material, genBSDF calculates how light passes through 

the optical element. The tool generates an XML file including four matrices that relates a variety 

of incident angles to the direction and intensity of the transmitted or reflected light on front and 

back surfaces of the glazing (Andy Mcneil 2015). 

By default, genBSDF divides the incoming and the outgoing hemispheres based on Klems 

full angles basis into 145 patches.  However, the full Klems subdivision pattern is not applicable 

for the intend of this analysis as the sizes of patches are too wide to catch the narrow total reflection 

angle of the proposed prismatic glazing. In addition to the Klems fixed subdivision pattern, 

genBSDF tool generates a variable-resolution Tensor Tree (TT) format which reduces the patches’ 

sizes at the regions with sharp peaks. By increasing the transmitted light pattern resolution at the 

critical regions, Tensor Tree will accurately simulate the daylight behavior of the prismatic glazing 

system at different incident angles (G Ward and Kurt 2012)(A Mcneil et al. 2013). 

In this simulation, we used variable-resolution BSDF (Tensor Tree) algorithm. The TT 

rank was set to be (-t 3 6) which means the system is isotropic (has radial symmetry) and the tool 

generates 4096 (22×6) light direction per hemisphere. This level of accuracy is 28 times higher than 

the full-Klems basis and enables us to capture the light peaks. 
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Figure 3- 10 shows the physical properties of the simulated prismatic glazing, including 

the cross-section of the panel and the assigned material properties (refractive index: 1.49, Tvis: 

90%). In this simulation, genBSDF was set to radiate 2000 samples per each incident angles on 

5mm×5mm area which is located at the center of a larger panel (100mm×100mm). 15 light 

bounces were also traced within the panel cross-section. 

 
Figure 3- 10 The physical properties of the simulated prismatic glazing, including the cross-

section of the modeled panel and the assigned material properties (units in mm) 

 

As the outcome of the computational simulation, genBSDF generated Tvis and the 

transmitted daylight pattern through the glazing for each of 4096 incident angles, four of which 
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were illustrated in Figure 3- 14 to Figure 3- 14. Figure 3- 14 and Figure 3- 12 show that the 

prismatic glazing reflects all the lights coming from the plane parallel to the serrations (φ=0/180, 

θ=variable). Figure 3- 13 and Figure 3- 14 also show two examples of the off-angle rays and 

illustrate how light is scattered behind the glazing. The visible transmittance of the prismatic for 

these two incident angles are 63.5% and 58.9%, respectively. These results are consistent with the 

outcome of the prior experimental study and show that the prismatic optical element reflects away 

the beams on the parallel plane to the serrations while it transmits the beam coming from other 

directions; thus, it approves the preliminary hypothesis that by a constant horizontal rotation of the 

roof aperture and keeping the prismatic serrations in line with the sun azimuthal angle, we 

completely reject the direct sunlight while we can deliver other scattered skylight to indoor areas. 

 

 

Figure 3- 11 Tvis and the transmitted daylight pattern through the glazing - Incident angle: φ=0°, 

θ=0° – Tvis = 0% 
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Figure 3- 12 Tvis and the transmitted daylight pattern through the glazing - Incident angle: 

φ=180°, θ=57° – Tvis = 0% 

 

 

Figure 3- 13 Tvis and the transmitted daylight pattern through the glazing - Incident angle: 

φ=155°, θ=50° – Tvis = 63.5% 
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Figure 3- 14 Tvis and the transmitted daylight pattern through the glazing - Incident angle: 

φ=105°, θ=25° – Tvis = 58.9% 

 

 

The transmittance rates of the prismatic panel for all the 4096 different incident angles 

were extracted from the generated XML file and visualized in Figure 3- 15. This figure shows the 

transmissivity rate of the simulated prismatic panel in response to the hemispherical incident light 

angles (φ,θ), assuming the panel is made of acrylic with the 90% visible transmittance and 

refractive index of 1.49. According to Figure 3- 15, three distinctive transmittance ranges can be 

found: 

• The prismatic panel behaves like an opaque surface for the lights coming perpendicular 

to the serrations (perpendicular rays ±3.5° when θ=0° up to ±26° when θ=85°). 

• The panel is highly transmissive (more than 60%) for the two elliptical patches of light 

radiating to the panel from approximately θ=30° to 75° and φ=45° to 135° - 225° to 315. 
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• The panel admits the other directions of light with approximately 20% - 60% 

transmissivity rate. 

 

 

Figure 3- 15 The transmissivity rate of the simulated prismatic panel made of acrylic in response 

to the hemispherical incident light angles (φ,θ) 

 

To visualize how the prismatic panel, in a horizontal skylight configuration, behaves in 

response to the sky luminance pattern, Figure 3- 16 integrates the simplified transmittance ranges 

patches of the prismatic glazing with the sky view of the proposed horizontal skylight system. By 

keeping the sun location within the zero-transmissivity area, the glazing reflects away all the direct 

beam sunlight and admits the lights from other parts of the sky. It implies the necessity of optical 

element rotation on its horizontal surface in response to the sun azimuthal angle. Also, the angular 

dependent transmissivity rate of the skylight system, shown in Figure 3- 16, illustrates how the 

overall transmittance rate of skylight system may vary based on the luminance pattern of the sky. 
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Figure 3- 16 Integration of the simplified transmittance pattern of the prismatic glazing with the 

sky view of the proposed horizontal skylight system. This figure illustrates how the overall 

transmittance rate of skylight system may vary based on the luminance pattern of the sky. 

 

 

3.3.2. The Impact of Refractive Index of the Prismatic Panel’s Material on Angular 

Tvis of the System 

Clear acrylic and clear polycarbonate materials are two popular polymetric materials which 

are widely used in building industry. While the form and appearance of these two materials may 

be roughly the same, they are vastly different in terms of their physical and chemical properties. 

Choosing one over the other depends entirely on the specifics of the application. The prismatic 

panel under study can be made of either of these materials. The different refractive index of these 

materials is the most important feature that affects the daylight behavior of the prismatic panel for 

the proposed application. For the simulation study in the previous section, the panel was assumed 

to be made of acrylic with the refractive index of 1.49. To study the impact of refractive index of 
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the prismatic panel’s material on daylight behavior of our skylight system, the same simulation 

analysis was performed on the optical element, assuming it is made of clear polycarbonate. Figure 

3- 17 shows the transmittance rate of the simulated prismatic panel in response to the hemispherical 

incident light angles (φ,θ), assuming the panel is made of polycarbonate with the 90% visible 

transmittance and refractive index of 1.59.  

 

Figure 3- 17 The transmissivity rate of the simulated prismatic panel made of polycarbonate in 

response to the hemispherical incident light angles (φ,θ) 

 

 

The main takeaways from the comparison study between angular transmittance rate of 

acrylic and polycarbonate prismatic panel include:  

• The polycarbonate prismatic panel rejects all the lights coming perpendicular to the 

serrations and ±7.8° off-angle radiation when θ=0° up to ±37° when θ=85°. This range 

of total reflection phenomena is wider than the acrylic panel which is opaque for ±3.5° 

off-angle radiation when θ=0 °  up to ± 26 °  when θ=85 ° . Therefore, the overall 

transparency of the polycarbonate prismatic sheet is much lower than acrylic. In other 
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words, to get the same level of daylight indoors, a bigger roof aperture is required if 

the prismatic panel is made of polycarbonate. 

• The total reflection phenomena for a wider range of off-angle incident lights implies 

the fact that the skylight system rotation mechanism will be less sensitive to sun 

location in the sky. This means that if the rotation mechanism of the system works 

intermittently, there is a room to increase the interval time of each step of rotation. 

 

3.3.3. Environmental Factors 

Heretofore, the visible transmittance rate and the transmitted light pattern for each incident 

ray direction was measured, and the impact of different refractive index of materials were 

evaluated. Also, based on the angular transmittance rate pattern of the optical element in Figure 3- 

15, we showed that how the overall transmittance rate of skylight system may vary based on the 

luminance pattern of the sky. In this section, the daylight performance of the prismatic panel in 

different types of sky and cloud coverages will be studied. 

For this purpose, a virtual hemispherical chamber with 145 illuminance sensors was 

modeled in Rhino. The sensor array was designed so that each sensor faces to the center of the 

virtual apparatus and represents a same sized patch of the hemisphere.  

With comparing the cumulative illuminance intensity passed through the horizontal 

aperture above the chamber in two cases, one with the prismatic glazing over the aperture facing 

to the sun and one without, we calculated Tvis of the glazing. Also, by monitoring the received 

daylight on each sensor and measuring the outdoor daylight illuminance on a horizontal surface, 

we could illustrate the transmitted daylight pattern through the optical element as a ratio of overall 

daylight illuminance in each sky type under study. Figure 3- 18 shows the modeled hemispherical 

chamber along with the 145-sensor array inside the model.  
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Figure 3- 18 The proposed hemispherical chamber to measure the Tvis of the prismatic optical 

element and the transmitted daylight pattern through the glazing in different sky conditions.     

(a) the prismatic glazing over the aperture facing to the sun (b) the hemispherical chamber with 

no glazing over the aperture (c) the array of 145 illuminance sensors inside the chamber sensor 

facing to the center of the hemisphere and representing a same sized patch of the hemisphere 

 

The luminance distribution pattern of a sky is constantly changing during the course of a 

day with the changes in the position of the sun and the cloud coverage pattern of the sky. To set 

an international consensus and standardization on the luminance distribution of sky in a variety of 

sky conditions and sun positions in the sky, CIE has published a mathematical model for spatial 

distributions calculation of daylight in a sky dome. This model can functionally simulate a range 

of different weather conditions (CIE 2004). 

In this study, the simulation analysis was repeated many times by exposing the chamber to 

a variety of standard CIE sky luminance patterns, three of which presented below: 

• “Sunny Sky” category of Standard CIE sky for the sun altitude angle of 45° and the 

azimuthal angel of 180° (South). 

• “Intermediate Sky” category of Standard CIE sky for the sun altitude angle of 45° and 

the azimuthal angel of 180° (South). 



   

60 

 

• “Overcast Sky” category of Standard CIE sky for the sun altitude angle of 45°. It should 

be noted that CIE Overcast Skies are directionless, and the sun altitude angle only 

specifies the overall luminance intensity of the sky, not the pattern. 

Table 3- 3 summarizes the simulation assumptions (CIE sky type, CIE sky luminance 

pattern, and outdoor illuminance on a horizontal surface) and the simulation results (the 

transmitted daylight pattern through the glazing, the daylight illuminance intensity just inside the 

inner surface of the panel, and the visible transmittance of the optical element in each sky type). 

According to the outcome of this simulation study: 

• In the Sunny Sky when the outdoor illuminance intensity is high and the direct sunlight 

radiation is responsible for the majority of the outdoor illuminance, the visible 

transmittance rate of the glazing would be as low as 3%. 

• In the Intermediate Sky when a part of the sky is covered by clouds (roughly 50%), 

there will be more scattered skylight in the sky, the visible transmittance of the glazing 

increases to 18%. 

• In the Overcast Sky when there is no direct sunlight in the sky and the optical element 

only receives a mellow scattered daylight from the sky, the visible transmittance rate 

of the glazing will be as high as 45%. 

• In all these three cases under study, regardless of the sky type and the outdoor intensity 

of daylight, we have a fairly uniform distribution of daylight without any observed 

hotspots inside the chamber. 

• In the simulated Intermediate and Overcast CIE sky types when the outdoor 

illuminance significantly decreases compared to the Sunny sky type, the visible 

transmittance rate of the optical element drastically increases so that even we receive 
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more daylight intensity just inside the inner surface of the optical element compared to 

the super bright sunny sky. This behavior of the optical element would be pleasant from 

daylight and psychological points of view. 

 

Table 3- 3 The daylight behavior of the prismatic optical element in different outdoor conditions 

Sky Type CIE Sunny Sky CIE Intermediate Sky CIE Overcast Sky  

Sun Position 
Altitude: 45° 

Latitude: 180° 

Altitude: 45° 

Latitude: 180° 

Altitude: 45° 

Latitude: 180° 

 

Sky Luminance 

Pattern 

   

 

Outdoor Illum. 

(illuminants 

intensity on the 

external surface of 

the panel) 

72,667 lux 21,843 lux 16,033 lux 

 

Transmitted 

daylight pattern 

through the optical 

element 

   
 

Illum. intensity 

just inside the 

inner surface of 

the panel 

2,260 lux 3,950 lux 7,110 lux 

 

The overall 

transmittance rate 

of the optical 

element 

3.1% 18.0% 44.3% 
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3.4. Discussion 

In this section by focusing on the main advantages and disadvantages of conventional 

horizontal skylight apertures in building, we showed that excessive daylight glare, overheating 

during hot seasons, non-uniform daylight distribution, and temporal variations in the illumination 

indoors are the main cons of horizonal skylight apertures which have limited their applications in 

buildings. All the disadvantages listed above are created by beam sunlight.  To address these 

problems, Dr. Wayne Place invented a new skylight system including a layer of microstructure 

prismatic optical element that admits diffuse skylight while excluding beam sunlight. 

In this section, the proposed daylight system technology was introduced, and the operation 

mechanism was described. Also, through a series of experimental study and computational 

simulations, the system concept was proved and the daylight behaviors of the system for each 

direction of incident light and under different sky types were measured. According to the analyses: 

• In an ideal condition described in computer simulation, the optical element rejects 

100% of the lights coming perpendicular to the plane of serrations. For the off-angled 

lights hitting to the panel from other directions, the transparency of the optical element 

can be as high as 80%. 

• Experimental study on a prototype of what that glazing might be shows that the optical 

element rejects more than 99% of direct sunlight radiations and in average admis about 

50% of diffuse skylight. 

• The luminance pattern of the sky dome will directly affect the visible transmittance of 

the optical element; therefore, the daylight behavior of the optical element constantly 

changes during a day by changing the sun position and cloud coverage pattern in the 

sky. 
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• Approximately, the overall transmittance rate of the optical element in a sunny sky is 

3-6%, in an intermediate sky is 12-20% and in an overcast sky is 45-55%. Getting more 

intensity of daylight in cloudy skies when the outdoor illuminance significantly 

decreases compared to bright sunny skies is a remarkable performance of the system 

that will be pleasant from daylight and psychological points of view. 

• The material of prismatic optical element directly affects daylight performance of the 

system. Simulation studies show that in materials with higher refractive index (n) such 

as polycarbonate the total reflection phenomenon happens for a wider range of light 

directions. Thus, the overall transparency of the polycarbonate (n=1.59) prismatic sheet 

is much lower than acrylic (n=1.49). 

Based on the outcome of this section and the detailed characterization of the optical element, 

the roof aperture can be: 

• Sized for a range of target illuminance levels in the building interior. 

• Sized for a range of climates. 

• Sized for a range of assemblies of various glazing layers. 
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CHAPTER 4: INNOVATIVE DAYLIGHT STRUCTURES 

INCORPORATING THE PROPOSED HORIZONTAL SKYLIGHT 

SYSTEM  

 

This section intends to find optimum solutions to incorporate the proposed prismatic 

glazing system into buildings. Often, the sequence of architectural design process is:  the building 

is laid out on the site, the floors are planned, the structural grid is overlaid, the mechanical system 

is overlaid, and then daylighting is considered, by which time so many decisions have been made 

that daylighting becomes impractical to implement.  Daylighting must be accounted for in the 

earliest stages of the design and must be a part of an aggressive process of system integration.  

Integrated building design process is a comprehensive holistic approach used for the design and 

operations of sustainable built environments. This design method brings together specialisms 

usually considered separately and attempts to take into consideration all the factors and 

modulations necessary to decision-making process.  

Through a well-integrated structural system, mechanical system, thermal envelope, and 

daylighting system, from an early design process, the innovative daylight system would find an 

opportunity to be applied in buildings in a decent way with higher efficiency. The first step of 

building system integration is to have a deep understanding on performance of each individual 

system. Followings are the summary of the key traits of the glazing element, along with the design 

considerations of horizontal apertures: 

• The glazing system admits less than 1% of the direct sunlight radiation. This amount may 

slightly increase due to damages and scratches on the glazing surface during fabrication 

and installation, imperfections in the cross section of the optical element, and rotation 

mechanism misalignment with sun azimuthal angle.  
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• The glazing system admits 40-50% of diffuse skylight, depending on sky luminance 

pattern.  

• In the design development, the glazing element has been envisioned as sandwiched in a 

triple-layer glazing system, with a glazing layer above, to protect it from wind, snow, rain 

and dirt, and a glazing layer below to protect it from dirt in the inside the building.  The 

sandwich may also contain at least one low-E coating to improve the thermal performance 

of the building. 

• The overall transmissivity of the glazing assembly varies between about 3% in sunny days 

(with blue skies and no clouds) up to about 35% in an overcast sky. 

• The glazing must rotate once every 24 hours in its horizontal plane. The means that the 

glazing must be shaped to a circle. The glazing element should occupy a circular aperture, 

to fully engage all the daylight incident on the aperture. 

• The sizing of the aperture dependents on the climate, building use, and geometry. However, 

our preliminary studies show that to get approximately 500 lux on the horizontal “work 

plane” would require an aperture of approximately 10-15% of the floor area being 

illuminated.  To target other illuminance levels in the space, the aperture area or glazing 

transmission can be adjusted in a proportionate manner.  

• The design would be better to be modular in order to be applicable in different building 

layouts and facilitate further expansions of the project. 

• From the points of view of reducing energy consumption and improving daylight 

uniformity, the glazing system is most effective if the aperture is circular. To have a more 

uniform distributing light around the interior space and to avoid hot spots on the ceiling, a 
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domical ceiling is ideal.  Figure 4- 1 compares the daylight behavior of different ceiling 

shapes. According to the diagrams: 

o an aperture in a flat, horizontal ceiling produces the maximum contrast between the 

luminous aperture and the ceiling, 

o a ceiling coffer in the shape of a cone produces less contrast between the luminous 

aperture and the ceiling, and 

o a ceiling coffer in the shape of a sphere produces the most uniformly distributed 

luminosity in the space. 

Most of the schemes shown will have spherical ceilings, or some close approximation to 

that shape. Any deviations from spherical are motivated by simplifying construction. Such a 

ceiling could be hung from a structural form with a very different geometry. However, most of the 

schemes that we are examining have structures that are shaped to conform to, and directly support, 

the ceiling form.  

Figure 4- 2 summarizes the key features of the proposed horizontal skylight system and the 

building geometries under investigations. 
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(a) 

 
(b) 

 
(c) 

Figure 4- 1 The ceiling luminous contract in different ceiling shapes: (a) a flat horizontal ceiling 

(b) ceiling coffer in the shape of cone (c) a ceiling coffer in the shape of sphere. (Drawn by Dr. 

Wayne Place) 

 

Figure 4- 2 The key features of the proposed horizontal skylight system and the building 

geometries under investigations. 
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4.1. Building Types Under Investigation 

The system is applicable to almost all commercial, retail, institutional, and industrial 

buildings.  In the United States, roughly half of the floor area in these building types is either in 

single-story buildings or on the top floor of a multistory buildings, which means that the potential 

range of applicability is enormous. In this research, we are generating different structural 

configurations for airports and office buildings. In each design, the daylight schemes such as the 

target illuminance rate and the desired daylight uniformity are set based on the buildings function. 

Airports are different from offices in that small amounts of beam sunlight could be admitted for 

purposes of lifting the mood of the travelers.  If properly limited, this beam sunlight would not be 

disruptive to the functioning of the occupants in an airport space and would not have an excessive 

impact on the cooling loads of the building. 

• Airport Building: Airports are a unique commercial building type with a wide variety of 

interactions that may occur between occupants and the built environment. Airports have 

expansive floor areas with access to the roof and provide a showcase for exposing the new 

system to large numbers of people. Also, airports have a stressful atmosphere and 

passengers may stay in there for some hours, therefore, a well-lit building by natural light 

would lift the mood of the travelers. These features make airport buildings an attractive 

target for application of the new glazing system. 

• Office Building: In working premises, natural light has considerable physical and 

psychological benefits such as increasing occupants’ performance, reducing anxiety and 

stress, and raising attendance and alertness. Also, workers spend the majority of their 

daylight hours indoors, thus it is important for them to have access to good quality natural 

light in their office rooms. The proposed roof daylighting system has a great potential to 
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be applied into office buildings by providing a uniform distribution of daylight, controlling 

excessive glare indoors, and improving thermal efficiency of the building. 

 

4.2. Building Configurations Under Investigation 

Many configurations and structural forms were generated which can efficiently 

accommodate the proposed daylight system. Each design was also evaluated in terms of structural 

efficiency, manufacturing methods, appropriate connections, thermal efficiency, and providing 

ample volume for incorporating HVAC equipment and ductwork. The limited examples presented 

in this dissertation are chosen to illustrate the range of ideas were explored.   

4.2.1. Radial-Ribbed Domes  

Dome structures are being considered, mainly as in the concourse building configuration 

shown in Figure 4- 3, where domes with roof apertures are illuminating the central portion of the 

concourse building and wall apertures are illuminating the holding rooms near the perimeter of the 

building.  The domes shown have arched radial ribs, with small circle elements linking the radial 

ribs together.  Using radial ribs made of materials of constant cross section (such as wide-flanges, 

square steel tubing, and round steel tubing) makes radial-ribbed domes a somewhat inefficient 

geometry, because of the concentration of structural material that can occur at the zenith.  

However, in the case of the glazing system under consideration, the aperture assures that the radial 

ribs never reach the zenith, and the concentration of structural material never becomes extreme.  

Also, in the process of developing this design, we are considering construction methods that allow 

gradual variations in the cross section or the material, such as was done in the Pantheon in Rome. 

Figure 4- 4 shows the axial compression stress and tension stress output from the structural analysis 
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under full, factored, gravity load. The dome geometry is so expressive of the centrality, geometry, 

and function of the daylighting aperture.   

 
(a) 

 
(b) 

Figure 4- 3 (a) Radial Domes illuminating the central portion of the concourse building (b) The 

physical model of the designed radial-ribbed structure, showing the aperture and illumination 

distribution 
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Figure 4- 4 Axial compression stress and tension stress output from the structural analysis under 

full, factored, gravity load. 

 

The axial force analysis on the radial dome shows the concentration of compression and 

tension stress on each corner of the structure, thus various schemes were proposed to improve the 

structural performance of the designed configuration. Figure 4- 5 shows some of the retrofit 

strategies including: 

• Trussed arched frames around the domical structure 

• Trussed columns to buttress the arches against the collapse at the critical point  

• Double layer dome 

• Integration of arched frames with buttressing elements for the long radial beams 
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Figure 4- 5 Various buttressing sketches to improve the structural performance of the radial-

ribbed dome configuration (Designed and Drawn by Dr. Wayne Place) 
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4.2.2. Octagonal Domes  

A challenge of spherical domes is that they do not fill space without leaving voids or 

encroaching on each other.  Domes present modularity and detailing problems where their 

geometries collide at the arched boundary of a square space, which is the customary space-packing 

geometry that we use for multiple domes arrayed to cover a large space.  To address the space-

packing issues of domes, we have considered octagonal domes with square interstitial voids, as 

shown in Figure 4- 6.  This is not the perfect optical shape for the ceiling or the aperture, but it is 

very close.  The columns have square capitals to interface optimally with the eight key points on 

the octagonal boundary of the domes. 

 

Figure 4- 6 Octagonal domes arrayed to cover a large space with multiple domes (Designed and 

Drawn by Dr. Wayne Place) 
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4.2.3. Trussed Frames  

Domes that are largely cut away at the spatial boundaries tend to perform poorly in resisting 

both the vertical force of gravity (under which they bow outward) and the horizontal forces of 

wind and seismic (under which they bend laterally). To address these concerns, a new structural 

scheme was generated that involve trussed frames, such as that shown in Figure 4- 7. Infill trusses 

span between the trussed frames. The bottom chords of these infill trusses are shaped to engage 

and support the ceiling. 

 

 

Figure 4- 7 Trussed frames with secondary infill trusses. 
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4.2.4. Octet Space Trusses  

The infill truss in the configuration shown above (Figure 4- 7) must be braced against 

lateral buckling by an assortment of bracing elements. These elements add complexity, and they 

are not participating in primary task of carrying the load.  They are merely bracing the elements 

that are carrying the load. To make the structure more efficient and “clean”, we can use primary 

trusses that are sloped in a manner to make them mutually bracing, as in an Octet truss. A scheme 

of this sort is shown in Figure 4- 8, where the bottom chords of an octet truss have been morphed 

to form the spherical surface of the ceiling.  

 

 

Figure 4- 8 Octet space truss of variable depth to conform to a sphere on the bottom chords. 
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4.2.5. Mutually-braced Trusses  

The geometries with Octet space truces and Trussed frames presented above feel a bit 

complex. If we want to simplify the structures, we can stick to horizontal, parallel-chord trusses, 

as shown in Figure 4- 9. We can start with the basic Octet truss geometry and then remove parts 

of the octet truss to create a sparser, simple structure with a series of discrete, intersecting, 

mutually-bracing, parallel-chord trusses.  The void between those trusses can be capped off with 

pyramidal forms that elevate the apertures above the top chords of the trusses.  Aside from the 

parallel chords, with webs of uniform length, this configuration also simplifies the geometry in 

another crucial way, which is to have simple, square apertures.  So far, we have been focusing on 

how to create overall building geometries that incorporate circular apertures in a graceful and 

logical manner.  However, square apertures are not completely ruled out.  They are often easier 

and more economical to frame-out and they may be appropriate for airports.  The circular glazing 

element could be inscribed into the square frame.  Inside the square aperture, the circular glazing 

element intercepts and rejects roughly 75% of the incident beam sunlight.  In that arrangement, 

the beam daylight slipping past the circular “defending” glazing element, through the corner slivers 

of the square aperture, could provide some beam sunlight, to define the space and “brighten” the 

mood of the travelers inside the airport.  

This configuration uses a generally flat roof with constant chord dimensions, with makes 

it easy to enclose with square panels or simple corrugated decking.  The ceiling surface in this 

configuration is strongly faceted, but still approximates a sphere in that the ceiling elements closest 

to the aperture are more nearly horizontal, thereby tempering the luminosity of the ceiling at that 

location. 

 



   

77 

 

 

(a) 

 

(b) 

Figure 4- 9 (a) Mutually-braced trusses with truncated pyramids supporting square apertures 

down the center of the concourse building (b) the facetted ceiling form roughly approximating a 

sphere (Designed and Drawn by Dr. Wayne Place) 
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4.3. Integrated Building System Incorporating the Roof Aperture for Airport 

Concourse Buildings 

Among all the studied structural forms, radial-ribbed dome was selected as the most 

promising configuration for airport concourse buildings, in tradeoff between different factors such 

as simplicity, structural efficiency, and being gorgeous and attractive architecturally. To make the 

domical structure more appropriate for the target building use, an interstitial space and two 

extensions added to the dome modules. The interstitial space between the dome modules helps to 

accommodate service spaces such as venders and restrooms. The two curved extensions on the 

two side of the dome also moderate the height of the structure in response to the building’s width 

(136 ft), reduce the envelope area and have the potential to buttress the domes against the lateral 

forces. Figure 4- 10 and Figure 4- 11 show the structural design and cross-section through the 

proposed airport concourse buildings. 

The center part under the dome will be mainly used for linear circulations in the building 

which is illuminated through the horizontal skylight system. The area around the building 

boundaries, under the curved extensions, designated for seating, waiting rooms, and amenities. 

These two areas will be illuminated through both skylight system and vertical curtain walls on 

building envelope. The vertical curtain walls also will be providing the outdoor view for occupants. 

The skylight system is designed to be made of ETFE pillows with the prismatic optical 

element in between. In this scheme, our preliminary studies show that to get a useful intensity of 

daylight in the space throughout a year, size of the skylight should be approximately equal to 11% 

of the floor area of the domical structure (72’×72’). 
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Figure 4- 10 The linear array of structural modules for airport concourse building, incorporating 

the domical structure, curved extensions around the boundaries, interstitial spaces between the 

modules, and the horizontal skylight system at the center 

 

 
Figure 4- 11 The cross-section through the proposed concourse building design incorporating 

the innovative skylight system  
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The concourse building was designed to have a proper consideration of structural system, 

architectural layout, mechanical system, exterior envelope, and daylight system, for the purpose 

of building space optimization, material use reduction, energy efficiency improvement, and useful 

daylight illuminance provision. Table 4- 1 summarizes the key features of each building scheme. 

 

Table 4- 1 The summary of different integrated building system schemes in the designed 

concourse building 

 

 
 

Architectural Scheme: 

The center part of the structure under the dome will be used 

for the linear circulations in the building. The area around 

the building boundaries under the curved extensions 

designated for seating, waiting rooms, and amenities. The 

service spaces are also located in the interstitial space 

between the modules. 

 

 
 

Structural Scheme: 

The main structure of the building consists of radial-ribbed 

dome which has the main benefits of simplicity, structural 

efficiency, and being gorgeous and attractive 

architecturally. This structure is supported by the two 

curved extensions on the two side of the dome. 

 

 

 
 

Mechanical System Scheme: 

The supply conditioned fresh air vents run around the 

building boundary above the vertical curtain walls. These 

vents are responsible for heating and cooling of the holding 

rooms. At each module, two branches were considered at 

each side (4 branches in total for each corner of the dome) 

for the air conditioning of the area under the dome. 

 

 
 

Daylight Scheme: 

The area under the dome is illuminated by the uniform 

distribution of daylight transmits through the horizontal 

skylight system. The seating area near the building façade 

are getting daylight from both of skylight system and 

vertical curtain walls. The windows on building facade also 

provide outdoor views for the users. 
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Finally, to have an intuitive understanding of the daylight quality of the space, a scaled 

model of the designed airport concourse building was fabricated, and the interior space was 

monitored. Figure 4- 12 shows the daylight scheme of the building incorporating the horizontal 

daylight system and the wall windows for outdoor view and illumination of the spaces near the 

boundary. As it can be seen in the captured image, there is direct sunlight radiations coming inside 

through the south facing windows. In spite of facing directly to the sun, the roof aperture provides 

a uniform distribution of daylight at the center with no hotspot on the floor. Our observations in 

the scaled model proved the ability of the proposed skylight system to reflect back all the sunlight 

radiations and provide a uniform daylight pattern in the useful illuminance range. Furthermore, no 

glare due to the skylight system was also perceived within different directions in the model. 

 

 
 

Figure 4- 12 The physical model of the designed concourse building incorporating the roof 

aperture, showing the daylight quality of the designed space. 
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4.4. Integrated Building System Incorporating the Roof Aperture for Office 

Buildings 

A simple joist girder structure was designed for a 36’×36’ office module. Construction 

simplicity, cost efficiency, and easy fabrication are the main advantages of the designed structure 

for the application of a mid-size open-space office buildings. However, to improve the daylight 

quality of the interior space, avoid severe hotspot on the ceiling, and provide a better distribution 

of daylight, in this scheme, domical ceilings hung were from the structure. 

Each module consists of a 3×3 array of roof skylight, with the total area of 12% of the 

module floor area (AFR=12%). The repetitive array of small sized roof apertures (4 ½’ in diameter) 

ensures the most possible daylight uniformity in the office space. Figure 4- 13 (a) shows the top 

view of the schematic design of the open-space office module including the structural system, 

skylight array, and ceiling configuration. Figure 4- 13 (b) is the view of the interior space 

incorporating the roof skylight system.  

    

                             (a)                                                                         (b) 

Figure 4- 13 (a) The top view of the designed module for office building (b) the interior view of 

the space 
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Figure 4- 14 shows the cross-section of the designed module and presents how the different 

building systems are integrated in this scheme. As it can be seen in the figure, in this design, the 

integrated structural system with mechanical system, lighting system, daylight system, and roofing 

system occupies only 3 feet in the ceiling. 

 

Figure 4- 14 The cross-section of the designed module for office building 
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CHAPTER 5: PHYSICAL MEASUREMENT OF DAYLIGHT BEHAVIORS 

OF THE DESIGNED AIRPORT CONCOURSE BUILDING 

INCORPORATING THE PROTOTYPE OF THE SKYLIGHT SYSTEM 

 

This section intends to evaluate the daylight performance of the prismatic skylight system 

and the visual comfort of the daylit space for users in a scaled model of the designed airport 

concourse building. Particularly, this section addresses the questions below: 

• How efficient is the skylight system to provide a useful intensity of daylight 

illuminance in the designed integrated building system? (quantitative measurement) 

• How does a variety of outdoor daylight conditions affect the performance of the 

skylight system in the building? 

• To what extent can the prismatic skylight system be effective in providing visual 

comfort for the users and eliminate glare occurrence in the building? (qualitative 

observations) 

• How does the prismatic skylight system behave when outdoor illumination temporarily 

fluctuates? (quantitative measurement) 

For this purpose, a scaled model of the design integrated building system for airport 

concourse building and a prototype of the proposed prismatic skylight system were fabricated. In 

addition, a rotating daylight station was designed and fabricated to facilitate the intuitive 

experience and physical measurements of the daylit space.  

This section introduces the experiment design, elaborates on the measurement process, 

provides the results of the experiment, and discusses on the performance of the skylight system in 

different measurement conditions. 

 



   

85 

 

5.1. Experiment Equipment  

5.1.1. Scaled Physical Model of the Design 

We fabricated a mockup model of our module for airport concourse building in wood and 

painted by eggshell ultra-pure white color on the interior surface (Figure 5- 1). The scale of the 

physical model is 1:30 (30” × 30”). The scale was chosen based on the real size of the building 

module, number and size of the illuminance sensors, and the possibility of letting participants to 

insert their heads into the model to experience the luminous environment of the interior space.  

    

Figure 5- 1 The fabricated 30” ×30” physical model as a module of the integrated building 

design for airport concourse building    

 

5.1.2. Rotating Skylight with Prismatic Glazing Layer 

A rotating round skylight device incorporating a layer of prismatic 3M™ Optical Lighting 

Film (“OLF”) – Product ID #2405 (the optical element introduced at Section 3.2.1) was fabricated 

and installed over the roof aperture of the dome module. The 3M OLF product will be an efficient 

and accurate representation of what our prismatic skylight layer might be. The size of the skylight 

system was considered to be 11% of the module floor area. To be able to perfectly align the 
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prismatic serrations with the direction of sun azimuthal angle at different time steps, the device 

equipped with a manual rotating mechanism and a graded frame inside the module. Figure 5- 2 

shows the installed prismatic skylight system on the domical module. 

 

 
 

Figure 5- 2 The rotating skylight device incorporating a layer of prismatic glazing layer (3M™ 

Optical Lighting Film – Product ID #2405) 

 

5.1.3. Rotating Experiment Station 

To carry out the experiment, a rotating station was required to set up the physical model 

and measurement tools. The station should have the specifics below: 

• The station platform should be rotatable on its horizontal surface. This feature makes 

the station compatible with the sun azimuthal angle and provides the opportunity of 

evaluating the impact of different sun azimuthal angle on daylight performance of the 

skylight system. 

• The station must provide the opportunity of access to different parts of platform, inside 

the physical model. This feature is crucial to have observation from different views 

inside and perform measurements all over the interior space. 
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• The designed integrated building for concourse building consists of an array of the 

domical module. In this experiment we intend to perform measurements on a single 

module. To find intensity of the overflowed daylight into adjacent modules and apply 

superimposition techniques to calculate daylight illuminance for different arrays of the 

module, we must measure illuminance rate within the module footprint and the adjacent 

area. Therefore, the station platform length and width should be about three times more 

than the size of one module. 

• The heigh of the platform should be compatible with the height of a standard person so 

that he/she can easily be able to observe the daylit space and perform the measurements 

inside the physical model. 

Based on the defined requirements above, Dr. Place designed a 92’×92’ rotating station. 

The station consists of five layers of MDF sheets with nine openings as the platform which sits on 

four aluminum pipe legs and swivel double-locking casters. Figure 5- 3 shows the design of the 

92” × 92” × 52” (L ×W ×h) rotating station, along with the details of the aluminum legs and pattern 

of the nine opening doors on the station platform. Figure 5- 4 shows the construction process of 

the rotating daylight station for experimental study at NC State University Research Daylight Lab. 

To perform the experimental studies on the physical model, the fabricated physical model 

sits at the center of the platform and the other areas will be covered by a fully opaque material. As 

it is shown in the 3d view and the cross-section of the station in Figure 5- 5, daylight penetrates 

inside the model only through the round skylight aperture at the top of the domical module. In 

order to prevent receiving any peripheral daylight into the chamber while the doors are open, the 

bottom part of the table was also covered by a black curtain. 
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Figure 5- 3 The details and drawings of the rotating station designed by Dr. Wayne Place 

 

   
 

Figure 5- 4 The construction process of the rotating daylight station for experimental study 
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(a) 

 
(b) 

Figure 5- 5 (a) The 3d view and (b) the cross-section of the station showing how the physical 

model sits over the platform  

   



   

90 

 

5.1.4. Illuminance Sensor Panel 

The main goal of illuminance measurement is to find the intensity and pattern of the 

transmitted daylight into the model through the skylight system. For this purpose, we need to 

measure the illuminance rate on all over surface of the platform at each round of measurement. 

Also, to find a smooth pattern of the distributed daylight, we require a dense array of illuminance 

sensors. As it is shown in Figure 5- 6, an array of 24×24 illuminance sensor (576 measuring points) 

at every 3.75” was considered to measure the illuminance rate on the platform.  

 

Figure 5- 6 The 24×24 array of measuring points on the platform to capture the illuminance 

pattern and intensity under the dome and the overflowed daylight into the adjacent spaces 

 

Due to the lack of the required number of illuminance meter, we cannot measure all the 

points in one run. Therefore, three sensor panels were designed so that each of them could 

accommodate 32 illuminance sensors. Each panel is responsible for illuminance measurement on 

a third of the platform area, through 6 steps of measurements. The interval time between each 
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measurement is set to be 20 second which means each round of full platform measurement takes 

100 second. At the same time, one illuminance sensor is measuring the outdoor illuminance on a 

horizontal surface to make sure the outdoor condition remains constant during the measurement 

time. Figure 5- 7 (a) shows the three sensor panels including 32 illuminance sensor and Figure 5- 

7 (b) shows the six measurement steps to capture illuminance intensity at all the measuring points 

on the platform. 

 

(a) 

 

(b) 

Figure 5- 7 (a) The three fabricated sensor panels (b) the movement path of the panels on the 

platform to capture illuminance intensity at all the 576 measuring points. 

 

5.2. Experiment Setting  

Figure 5- 8 shows the station setting for experiment. The setting was designed so that it 

facilitates a quick station direction adjustment according to the sun azimuthal angle and provide 

the ability to capture sky pattern and the outdoor illuminance intensity during the measurements. 
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Polystyrene with two layers 

of aluminum foils 

Manual rotating skylight 

system as the only daylight 

source of the chamber 

Camera with fisheye lens to 

capture sky pattern 

   
 

 

   
Black curtain to provide dark 

chamber underneath 

Sensor for outdoor daylight 

measurement 

Heliostat to set and check 

station rotating angle 

 

Figure 5- 8 The experiment station’s setting 
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5.3. Daylight Evaluation Criteria 

To accomplish an indoor visual task, a “sufficient” amount of light is necessary; this means 

that either too high or too low amount of light may cause visual discomfort. Accordingly, based 

on the variety of occupant’s types, space uses, and preferences for illuminance levels within the 

day-lit spaces in airport concourse buildings, we defined a useful range of illuminance intensity 

indoors. The range considered “useful” does not have any certain boundaries, rather it is defined 

based on the specific visual task and occupants’ preferences and behaviors. In this study, 0–200 

lux is taken as the insufficient range, 200-3000 lux as the desirable range, and illuminance intensity 

more than 3000lux as the oversupply range for a concourse building. Figure 5- 9 shows the defined 

legend for daylight intensity evaluation in this study. 

 
Figure 5- 9 Different daylight categories for indoor daylight intensity evaluation in airport 

concourse buildings 

 

5.4. Point-In-Time Illuminance Measurement 

At the first round of experiment, we considered 21 different outdoor conditions to study 

the daylight performance of the prismatic skylight system. The outdoor conditions were selected 

to cover a reasonable range of sun positions (three different sun azimuthal angle for “low”, 

“medium”, and “high” sun altitude angle) and sky types (Sunny, Intermediate, Overcast). Table 5- 
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1 summarizes the 21 different sky conditions under study. According to our definition in this 

experiment: 

• The cloud coverage in a Sunny Sky is less than 30% and the sun is clearly visible in 

the sky (blue sky with no haze). 

• The cloud coverage in an Intermediate Sky is between 30% and 70% and the sun is 

visible in the sky. 

• The cloud coverage in an Overcast Sky is more than 90% and the sun is completely 

covered by the clouds. As the sun position is not visible in overcast skies, theoretically, 

the sun altitude angle is not an influential factor on luminance pattern of the sky. 

Table 5- 1 The summary of outdoor conditions under study 

Sky Type Sun Altitude Angle 

Sun Azimuthal Angle* 

180 ° 202.5 ° 225 ° 

Sunny Sky 

25° (low) Exp. # 1 Exp. # 2 Exp. # 3 

45° (medium) Exp. # 4 Exp. # 5 Exp. # 6 

65° (high) Exp. # 7 Exp. # 8 Exp. # 9 

Intermediate 

Sky 

25° (low) Exp. # 10 Exp. # 11 Exp. # 12 

45° (medium) Exp. # 13 Exp. # 14 Exp. # 15 

65° (high) Exp. # 16 Exp. # 17 Exp. # 18 

Overcast Sky - Exp. # 19 Exp. # 20 Exp. # 21 

                 * It is relevant to the station and physical model direction 

5.4.1. Measurement Results 

The results of the point-in-time experiments are summarized in Table 5- 2 to Table 5- 8. 

Each table presents the results for the three sun azimuthal angles under study for a specific sky 

type and sun altitude angle. 

Table 5- 2 Point-In-Time Measurement Results – Experiment # 1, # 2, # 3 
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Outdoor Condition 

Sunny Sky 

Sun Altitude 25° (Low) 

Outdoor Illuminance on an 

unshaded horizontal surface 
42,900 Lux 

Results 

Sun Azimuthal Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illuminance 

under the dome (Lux) 
452 445 467 

Max. Illuminance 

under the dome (Lux) 
796 827 820 

Min. Illuminance 

under the dome (Lux) 
135 123 130 

Interior View 

   

Interior Daylight 

Pattern 

 

   

Table 5- 3 Point-In-Time Measurement Results – Experiment # 4, # 5, # 6 
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Outdoor Condition 

Sunny Sky 

Sun Altitude 45° (Medium) 

Outdoor Illuminance on an 

unshaded horizontal surface 
80,300 Lux 

Results 

Sun Azimuthal Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illuminance 

under the dome (Lux) 
610 620 603 

Max. Illuminance 

under the dome (Lux) 
1253 1206 1186 

Min. Illuminance 

under the dome (Lux) 
223 169 148 

Interior View 

   

Interior Daylight 

Pattern 

 

   

Table 5- 4 Point-In-Time Measurement Results – Experiment # 7, # 8, # 9 
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Outdoor Condition 

Sunny Sky 

Sun Altitude 65° (High) 

Outdoor Illuminance on an 

unshaded horizontal surface 
107,000 Lux 

Results 

Sun Azimuthal Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illuminance 

under the dome (Lux) 
908 898 934 

Max. Illuminance 

under the dome (Lux) 
1910 1846 1838 

Min. Illuminance 

under the dome (Lux) 
256 279 238 

Interior View 

   

Interior Daylight 

Pattern 

 

   

Table 5- 5 Point-In-Time Measurement Results – Experiment # 10, # 11, # 12 
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Outdoor Condition 

Intermediate Sky 

Sun Altitude 25° (Low) 

Outdoor Illuminance on an 

unshaded horizontal surface 
40,500 Lux 

Results 

Sun Azimuthal Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illuminance 

under the dome (Lux) 
640 686 690 

Max. Illuminance 

under the dome (Lux) 
1523 1519 1470 

Min. Illuminance 

under the dome (Lux) 
193 148 213 

Interior View 

   

Interior Daylight 

Pattern 

 

   

Table 5- 6 Point-In-Time Measurement Results – Experiment # 13, # 14, # 15 
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Outdoor Condition 

Intermediate Sky 

Sun Altitude 45° (Medium) 

Outdoor Illuminance on an 

unshaded horizontal surface 
89,600 Lux 

Results 

Sun Azimuthal Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illuminance 

under the dome (Lux) 
1122 1136 1035 

Max. Illuminance 

under the dome (Lux) 
2212 2126 2171 

Min. Illuminance 

under the dome (Lux) 
237 267 215 

Interior View 

   

Interior Daylight 

Pattern 

 

   

Table 5- 7 Point-In-Time Measurement Results – Experiment # 16, # 17, # 18 
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Outdoor Condition 

Intermediate Sky 

Sun Altitude 65° (High) 

Outdoor Illuminance on an 

unshaded horizontal surface 
114,000 Lux 

Results 

Sun Azimuthal Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illuminance 

under the dome (Lux) 
1127 1023 1074 

Max. Illuminance 

under the dome (Lux) 
2302 2208 2165 

Min. Illuminance 

under the dome (Lux) 
331 243 230 

Interior View 

   

Interior Daylight 

Pattern 

 

   

Table 5- 8 Point-In-Time Measurement Results – Experiment # 19, # 20, # 21 
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Outdoor Condition 

Overcast Sky 

Sun Altitude N.A. 

Outdoor Illuminance on an 

unshaded horizontal surface 
32,000 Lux 

Results 

Sun Azimuthal Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illuminance 

under the dome (Lux) 
1314 1268 1246 

Max. Illuminance 

under the dome (Lux) 
2676 2639 2676 

Min. Illuminance 

under the dome (Lux) 
477 417 474 

Interior View 

   

Interior Daylight 

Pattern 

 

   

5.4.2. 90-Degree Rotated (Off-Angled) Skylight System 
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We also repeated the experiment for 90-degree rotated (off-angled) prismatic panel when 

the sun rays hit the optical element in a vertical plane perpendicular to the serrations. Figure 5- 10 

shows the prismatic panel direction in this experiment relevant to the sun position in the sky. This 

condition is not a part of the primary operation mechanism of skylight system; however, it gives 

us a better understanding of the system’s behavior in case we decide to admit a share of direct 

sunlight radiation in the building. Also, the results of this experiment will evaluate the flexibility 

of the prismatic skylight system to provide a variety of daylight schemes in buildings. 

This experiment was carried out for three different sun altitude angles (25°, 45°, and 65°) in 

sunny skies, when the sun direction is in line with two sides of the station and the optical panel 

serrations are in line with the two other sides. Table 5- 9 summarizes results of the experiment 

including the daylight illuminance intensity and the transmitted daylight pattern inside the building 

mock-up, sky view, and the interior view of the experimental chamber. 

 

Figure 5- 10 The optical panel serration direction relevant to the sun direction for the 90-degree 

off-angled experiment 

 

Table 5- 9 Point-in-time measurement results for the 90-degree off-angled experiment in three 

different sun altitude angles 
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Sun Position 
Altitude angle = 25° 

Azimuth angle = 180° 

Altitude angle = 25° 

Azimuth angle = 180° 

Altitude angle = 25° 

Azimuth angle = 180° 

Sky Pattern 

   

Outdoor Illuminance 

on a horizontal 

surface (Lux) 

48,700 73,000 108,000 

Average Illuminance 

under the dome (Lux) 
1,783 3,610 3,811 

Max. Illuminance 

under the dome (Lux) 
10,869 21,524 27,019 

Min. Illuminance 

under the dome (Lux) 
283 446 563 

Interior View 

   

Interior Daylight 

Pattern 
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5.4.3. Discussion 

For point-in-time analysis, we measured the daylight illuminance intensity inside the 

experimental chamber (576 sensor-points) in 21 different sky conditions (3 sun altitude angle, 3 

sun azimuthal angle, 3 types of cloud coverage). The outdoor illuminance intensity measured by 

an unobstructed horizontal sensor varied between 32,000 (Overcast sky) lux to 114,000 lux 

(Intermediate sky with high sun altitude angle) within the 21 sky conditions. Figure 5- 11 

summarizes the experiments’ results in terms of minimum, maximum, and the average illuminance 

intensity inside the domical module in response to the outdoor illuminance. According to the 

recorded data, our observations inside the daylit space, and statistical analysis on the measured 

illuminance intensity: 

• No overlit point (>3000 lux) measured in the model within all the 21 different sky 

conditions. No hotspot was also observed on the floor which shows a great performance of 

the skylight system to provide a uniform diffuse distribution of daylight inside the model. 

• On average, the prismatic skylight system provided useful daylight intensity (between 200 

and 3000 lux) for 98.3% of the measure points under the dome module, in all the 21 studied 

sky types. 

• The underlit spaces only observed in two conditions: Sunny sky with low sun altitude angle 

and Intermediate sky with low sun altitude angle; on average 7.2% and 4.6% of area in 

different azimuthal angles, respectively. In other sky conditions, the prismatic skylight 

system provided useful daylight intensity for 100% of all the area under the dome module. 

• All the three indexes of average illuminance, minimum illuminance, and maximum 

illuminance intensity under the dome module increase when we have more clouds (more 

diffuse light) in the sky. 



   

105 

 

• As it can be seen in Figure 5- 11, in Overcast skies, the outdoor illuminance intensity drops 

by 70% and 73% compared to Sunny and Intermediate skies with high sun altitude angles. 

In spite of that, the average indoor illuminance intensity inside the model rises by 45% and 

17% respectively. This behavior is consistent in all other sun altitude and azimuthal angles. 

• The highest illuminance intensity on a point (2676 lux) was recorded in overcast sky when 

the outdoor illuminance is the lowest among all other sky types (32,000 lux). Also, this 

condition has the highest average illuminance intensity under the dome (1314 lux) among 

all the measured sky conditions. Getting more natural light and providing a brighter interior 

space in dark and gloomy Overcast sky conditions is a remarkable behavior of the proposed 

skylight system that helps to lift the occupants’ mood. This result is also perfectly in line 

with both simulation and experimental studies on the prismatic optical element presented 

and discussed in Chapter 3 of this dissertation (Section 3.2 and Section 3.3). 

• Sky type (cloud coverage) is the most influential factor on daylight behavior of the skylight 

system. While sun azimuthal angle does not affect the indoor daylight level inside the 

designed domical module.  

• Based on our observations in variety of view directions, no glare condition perceived in 

any of the 21 sky conditions. 

• The 90-degree rotated (off-angled) experiment shows that by deviating the serrations from 

sun azimuthal angle we will admit direct sunlight radiation indoors. The highest 

illuminance intensity measured in this setting is equal to 20-30% of the outdoor illuminance 

intensity. This experiment shows that apart from the sun-shading operation, the skylight 

system can be programmed to provide a variety of daylight and thermal schemes based on 

the occupants’ desire, outdoor illuminance intensity, seasons of the year, indoor heating 
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loads, etc. The daylight luminance patterns inside the model are in line with computer 

simulation results and can be explained by the BSDF matrix of the optical element 

presented in Section 3.3.1. 

 

 

 

Figure 5- 11 The illuminance range of the recorded points under the domical module in response 

to outdoor illuminance for different sky types and sun altitude angles when the sun azimuthal 

angle is (a) 180°, (b) 202.5°, and (c) 225° 

(a) 

(c) 

(b) 
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5.5. Linear Array of the Module in the Designed Concourse Building 

5.5.1. Superimposition Technique 

As it was mentioned earlier, to find the overflowed daylight intensity by the skylight into 

the adjacent modules, we measured the illuminance rate within the designed module footprint 

along with the 8 adjacent modular area around it. This measurement technique enabled us to 

superimpose the measured data to provide the daylight illuminance intensity for a variety of 

modular array of the designed domical structure (linear, rectangular). 

Figure 5- 12 shows how the daylight illuminance pattern of each domical module 

overlapped through a linear arrangement to generate daylight distribution pattern in the designed 

airport concourse building. 

 
Figure 5- 12 Daylight superimpose technique to calculate daylight performance of the linear 

arrangement of the domical module in the designed airport concourse building 
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To have a more realistic prediction on daylight performance of the designed airport 

concourse building, the skylight system was assumed to be made of a triple-layer glazing system, 

including two layers of clear ETFE panel with transmittance rate of 90% and the polycarbonate 

prismatic optical layer (3M™ Optical Lighting Film) in between. The main role of the two added 

ETFE layers is to protect the prismatic optical element from indoor and outdoor dirt, rain, wind, 

snow, and any type of scratches by birds, ducts, etc. So, the daylight intensity indoors reduced by 

the factor of 19% within the superimposition technique calculations. 

In addition, it should be noted that this analysis only considers the role of the horizontal 

skylight system on indoor illumination of the concourse building and the impacts of the vertical 

wall windows were skipped at this step. Clearly, the facade windows will greatly illuminate the 

holding rooms around the building boundaries and the reflected lights will affect the daylight 

illumination at the center of the building under the dome. Many factors such as building 

orientation, climate, sun path, any interior and exterior types of shadings, and visible transparency 

of the windows assembly will directly affect the daylight scheme of the concourse building. Thus, 

for simplicity, in this analysis, we only present the indoor daylight illuminance intensity that is 

provided by the horizontal skylight system. 

 

5.5.2. Results 

Table 5- 10 to Table 5- 16  present daylight performance of the designed integrated building 

system for airport concourse building in different sky conditions under study. The results were 

calculated through superimposition of the daylight pattern measured in one module. 
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Table 5- 10 Daylight performance of the designed airport concourse building for three different 

sun azimuthal angles in a Sunny sky with the sun altitude angle of 25°  

 

  Outdoor Condition 

 Sunny Sky 

Sun Altitude 25° (Low) 

Outdoor Illuminance on an 

unshaded horizontal surface 
42,900 Lux 

Results 

Sun Azimuthal 

Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illum. 

under the dome 

(Lux) 
379 372 390 

Max. Illum. under 

the dome (Lux) 
628 655 640 

Min. Illum. under 

the dome (Lux) 
136 132 168 

Interior Daylight 

Pattern 
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Table 5- 11 Daylight performance of the designed airport concourse building for three different 

sun azimuthal angles in a Sunny sky with the sun altitude angle of 45° 

 

  Outdoor Condition 

 Sunny Sky 

Sun Altitude 45° (Medium) 

Outdoor Illuminance on an 

unshaded horizontal surface 
80,300 Lux 

Results 

Sun Azimuthal 

Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illum. 

under the dome 

(Lux) 
 513 526 513 

Max. Illum. under 

the dome (Lux) 
982 964 941 

Min. Illum. under 

the dome (Lux) 
222 187 192 

Interior Daylight 

Pattern 
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Table 5- 12 Daylight performance of the designed airport concourse building for three different 

sun azimuthal angles in a Sunny sky with the sun altitude angle of 65° 

 

  Outdoor Condition 

 Sunny Sky 

Sun Altitude 65° (Low) 

Outdoor Illuminance on an 

unshaded horizontal surface 
107,000 Lux 

Results 

Sun Azimuthal 

Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illum. 

under the dome 

(Lux) 
752 760 761 

Max. Illum. under 

the dome (Lux) 
1488 1454 1404 

Min. Illum. under 

the dome (Lux) 
264 284 266 

Interior Daylight 

Pattern 
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Table 5- 13 Daylight performance of the designed airport concourse building for three different 

sun azimuthal angles in an Intermediate sky with the sun altitude angle of 25° 

 

  Outdoor Condition 

 Intermediate Sky 

Sun Altitude 25° (Low) 

Outdoor Illuminance on an 

unshaded horizontal surface 
40,500 Lux 

Results 

Sun Azimuthal 

Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illum. 

under the dome 

(Lux) 
 536 562 566 

Max. Illum. under 

the dome (Lux) 
1171 1166 1125 

Min. Illum. under 

the dome (Lux) 
198 166 233 

Interior Daylight 

Pattern 
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Table 5- 14 Daylight performance of the designed airport concourse building for three different 

sun azimuthal angles in an Intermediate sky with the sun altitude angle of 45° 

 

  Outdoor Condition 

 Intermediate Sky 

Sun Altitude 45° (Medium) 

Outdoor Illuminance on an 

unshaded horizontal surface 
89,600 Lux 

Results 

Sun Azimuthal 

Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illum. 

under the dome 

(Lux) 
921 941 871 

Max. Illum. under 

the dome (Lux) 
1745 1663 1671 

Min. Illum. under 

the dome (Lux) 
298 317 287 

Interior Daylight 

Pattern 
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Table 5- 15 Daylight performance of the designed airport concourse building for three different 

sun azimuthal angles in an Intermediate sky with the sun altitude angle of 65° 

 

  Outdoor Condition 

 Intermediate Sky 

Sun Altitude 65° (Low) 

Outdoor Illuminance on an 

unshaded horizontal surface 
114,000 Lux 

Results 

Sun Azimuthal 

Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illum. 

under the dome 

(Lux) 
958 870 903 

Max. Illum. under 

the dome (Lux) 
1784 1724 1685 

Min. Illum. under 

the dome (Lux) 
395 298 293 

Interior Daylight 

Pattern 
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Table 5- 16 Daylight performance of the designed airport concourse building for three different 

sun azimuthal angles in an Overcast sky 

 

  Outdoor Condition 

 Overcast Sky 

Sun Altitude N.A. 

Outdoor Illuminance on an 

unshaded horizontal surface 
32,000 Lux 

Results 

Sun Azimuthal 

Angle 

(relevant to the 

station and prismatic 

skylight serrations’ 

direction) 

180 degree 

 

202.5 degree 

 

225 degree 

 

Average Illum. 

under the dome 

(Lux) 
1049 1018 1005 

Max. Illum. under 

the dome (Lux) 
2020 2015 2032 

Min. Illum. under 

the dome (Lux) 
449 405 457 

Interior Daylight 

Pattern 
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5.5.3. Discussion 

Based on the calculated daylight illuminance intensity and the distributed daylight pattern 

in the designed airport concourse building in a variety of sky conditions, we see that the skylight 

system provides no overlit space (>3000 lux) inside the airport building for all the 21 different sky 

conditions. On average, the prismatic skylight system provided useful daylight intensity (between 

200 and 3000 lux) for 98.6% of the area in the concourse building under the domes, in all the 21 

studied sky types. These results prove the outstanding performance of the prismatic skylight 

system to keep the indoor illuminance intensity within the useful range in a wide variety of outdoor 

daylight conditions which varied between 32,000 lux and 114,000 lux in these analyses. In 

addition, we see brighter spaces under the domes and a little bit darker spaces in the interstitial 

joints between the domes. This rhythm along the concourse building pathway will be a great 

expression of the daylighting roof apertures’ function. 

The negligible impact of the sun azimuthal angle on daylight illuminance pattern of the 

indoor spaces shows that the daylight performance of the skylight system will not be affected by 

the orientation of the concourse building. However, to design the optimum size of the aperture and 

different layers of the skylight assembly, a holistic consideration of the various parameters is 

required, such as: 

• Size, orientation, transmittance rate, and shading configuration of the wall windows. 

• Reflectance rate of the interior surfaces including floor, ceiling, partitions, and furniture. 

• Total direct and diffuse sun radiation intensity at the site, considering the shading effect of 

the project context. 

• The annual average of sky cloud coverage at the project location. 

• The heating and cooling energy demand of the building in that climate. 
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5.6. Continuous Measurement 

In the next round of measurement, we continuously monitored daylight performance of the 

designed integrated building system from early morning until solar noon in a typical summer day 

in the city of Raleigh. The station was facing in line with the four cardinal directions and the 

skylight system was rotated based on the sun azimuthal angle during the measurement. The chosen 

day comes with a variety of sky types (diverse combinations of skies from sunny to overcast), sun 

altitude angle (from 23 ° to 75 ° ), and sun azimuthal angle (from 80 °  to 180 ° ) during the 

measurement period. The goal of this experiment is to record the daylight illuminance intensity 

inside the model during a continuous sun movement in the sky and see how the prismatic skylight 

system behaves when outdoor illumination temporarily fluctuates by coming and going of clouds 

in front of the sun. 

For this measurement, a camera set inside the model to capture the interior daylit space and 

a fish-eye lens camera facing upward outside the model captured the sky type and sun position 

every 20 seconds during the measurement period. Concurrent to the camera shots, two illuminance 

sensors were recording the outdoor illuminance intensity and the daylight level at the center the 

dome inside the model. Totally, 928 data set were stored from 8:15 AM to 1:20 PM on July 16th, 

2021. 

5.6.1. Measurement Results 

Figure 5- 13 (a) summarizes the measured daylight illuminance intensity inside and outside 

of the scaled model. For a better comparison between the continuous trend of these two curves in 

one chart, the indoor illuminance rates are presented in 10×Lux. Due to the limitation on presenting 

all the sky and interior shots, we highlighted eight points (P1-P8) of the chart to show the interior 

daylight pattern and sky type during the measurement (Figure 5- 13 (b)). 



   

118 

 

 
(a) 

P1 (Indoor Illum.: 1,438 Lux – Outdoor Illum.: 25,720 Lux)  P2 (Indoor Illum.: 1,671 Lux – Outdoor Illum.: 46,590 Lux) 

  

 

  
P3 (Indoor Illum.: 1,554 Lux – Outdoor Illum.: 54,510 Lux)  P4 (Indoor Illum.: 3,554 Lux – Outdoor Illum.: 82,800 Lux) 

  

 

  
P5 (Indoor Illum.: 3,100 Lux – Outdoor Illum.: 57,660 Lux)  P6 (Indoor Illum.: 1,834 Lux – Outdoor Illum.: 106,700 Lux) 

  

 

  
P7 (Indoor Illum.: 1,703 Lux – Outdoor Illum.: 27,730 Lux)  P8 (Indoor Illum.: 2,046 Lux – Outdoor Illum.: 106,900 Lux) 

  

 

  
(b) 

Figure 5- 13 The contineous daylight performance monitoring of the skylight system (a) interior 

and exterior daylight illuminance level during the measurement (b) sky type and the interior 

daylight pattern for the 8 selected points during the measurement 
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5.6.2. Discussion 

Based on the continuous measurement of daylight performance of the skylight system, we 

can deduce that: 

• During the measurement period, the prismatic skylight system provided the useful range 

of illuminance at the center of the dome for 95.3% of the time. No “dark” condition was 

recorded and for 4.7% of the time “overlit” condition was measured by the sensor. 

• The lowest and the highest recorded illuminance intensity inside the model were 1309 lux 

and 3599 lux, when the outdoor illuminance intensity were 24,480 and 78,680 respectively. 

In Figure 5- 13 (b), Point 3 shows one the darkest conditions and Point 4 shows the brightest 

captured condition inside the model. 

• The lowest and the highest recorded outdoor illuminance intensity were 23,910 lux and 

117,000 lux, when the indoor illuminance intensity were 1316 and 2390 respectively. 

Interestingly, we see in both extremum outdoor conditions, the skylight system provided 

the useful illuminance intensity inside the model. 

• Figure 5- 14 shows the normalized data based on indoor illuminance intensity (low to high). 

According to this figure, the indoor illuminance is completely independent from outdoor 

illuminance intensity.   

 
Figure 5- 14 Normalized data based on indoor illuminance intensity (low to high) 
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• Figure 5- 15 shows the normalized data based on outdoor illuminance intensity (low to 

high). According to this figure, the brightest indoor conditions mainly happen when the 

outdoor illuminance range is between 40,000 lux and 80,000 lux. This range represents 

either overcast or cloudy skies. As we expected, in a bright sunny or intermediate day when 

the sun is fully exposed in the sky and the majority of the outdoor illumination comes 

directly from the sun, the transmittance rate of the skylight decreases. 

 
Figure 5- 15 Normalized data based on outdoor illuminance intensity (low to high) 

 

• Perhaps one of the most promising behavior of the skylight system that presented in Figure 

5- 13 is the daylight performance of the skylight system when temporal outdoor 

illumination fluctuations occurred. The most severe temporal fluctuation happened around 

12:38 PM when a small piece of dark cloud blocked out the sun for a short amount of time 

(P7 in Figure 5- 13(b)). At this time, the outdoor illuminance decreased by the factor of 

four. However, we see just 20% reduction on indoor daylight intensity. Also, by getting 

the cloud closer to the sun and increasing on the diffuse daylight level in the sky, we see a 

brighter interior space before the phenomenon happens. The same trend can be seen at 

10:20 AM and 11:20 AM when other temporal fluctuations of outdoor daylight level 

recorded. 
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CHAPTER 6: ENERGY AND DAYLIGHT SIMULATION ANALYSIS OF 

THE HORIZONTAL SKYLIGHT SYSTEM INCORPORATING THE BI-

DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION (BSDF) 

PRISMATIC OPTICAL LAYER 

 

 

To determine the impact of the prismatic skylight system on indoor luminance pattern, 

illuminance intensity, and thermal efficiency, we performed a series of computer simulation study 

on the designed integrated building systems with the proposed roofing daylight system. Compared 

to experimental study, computer simulation study is easier to implement, more rapid, less 

expensive, and there is no need for prototypes, therefore it is an ideal alternative for experimental 

measurements during the product design and building configuration optimization. 

The highly sensitive angular dependent daylight and thermal behaviors of the prismatic 

element and the constant horizontal rotation of the system based on the sun azimuthal angel made 

the simulation analysis method unique and different from common daylight systems’ analysis. We 

introduced and developed two parametric algorithms to evaluate the daylight and thermal 

behaviors of the proposed solar shading element. These algorithms enabled us to provide a variety 

of annual daylight and thermal analysis and evaluate the impact of different parameters on 

performance of the skylight system such as climate, skylight assembly, building configuration, etc. 

The main goal of this chapter is to quantify the annual and temporal efficiency of the 

introduced skylight system in terms of Daylight Glare Probability (DGP), Useful Daylight 

Illuminance (UDI), and heating and cooling energy demand (kWh/m2). Finally, we compare the 

annual performance of the designed skylight system with three commonly-designed skylight 

configurations. 
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6.1. Daylight Simulation Algorithm 

The generated BSDF file of the optical element can be fed into Radiance for daylight 

simulation of buildings with the prismatic skylight system. Radiance algorithms have been 

developed to read the optical behavior of the prismatic panel through the Tensor Tree matrix and 

run daylight analysis using backward raytracing Daylight Coefficient (DC) method.  

In this study we applied standard CIE sky types for point-in-time simulations. Also, in case 

of annual simulations, we applied climate-based sky simulation method using the updated Perez 

All-Weather Sky model, as defined in ISO 15469:2004(E) and CIE S 011/E:2003 (CIE 2004). The 

sky generator adjusts each of the Perez sky coefficients based on the sun position and the hourly 

direct and diffuse irradiance values stored in the EPW. 

For annual daylight analysis, the algorithm reads the sun position and the sky condition 

form the EPW file, generate the climate-based sky, and rotates the prismatic panel based on the 

sun azimuthal angle. Then it performs the daylight analysis and records the data. The process will 

be repeated automatically by moving to the next time step and reading the new data in the EPW 

file. It means that 4380 daylight runs (iteration) is required to carry out an annual daylight analysis 

of a building with the rotating skylight system. 

This process is applicable to both of the Grid-Based daylight analysis for illuminance rate 

study and Image-Based daylight analysis for glare analysis. It should be mentioned that along with 

the sun position, the cloud coverage pattern in the sky would directly impact the visible 

transmittance rate (Tvis) and the transmitted daylight distribution pattern through the panel. Due 

to the lack of dataset on the exact sky pattern, we simplified this parameter to Perez Sky luminance 

pattern. 

 

 



   

123 

 

6.2. Thermal Simulation Algorithm 

Since EnergyPlus V7.2, this software allowed for the inclusion of BSDF materials for 

building energy modeling. LBNL WINDOW is used to transform the Radiance BSDF file into an 

EnergyPlus compatible format (Bueno et al. 2015)(De Michele et al. 2018). While EnergyPlus has 

a good potential to predict thermal performance of buildings with complex fenestration systems, 

there are some major issues that make it incapable to correctly simulate the optical and thermal 

behaviors of the proposed skylight system and catch the total internal reflection phenomenon in 

the prismatic panel, such as: 

• using radiosity algorithms for solar-optical analysis of complex fenestration systems 

• not supporting Tensor Tree BSDF files  

• recognizing only Tregenza sky subdivisions with 145 patches. 

Thus, we developed a new integrated method using Radiance and EnergyPlus simulation 

tools in Honeybee Grasshopper interface for climate-based thermal simulation of the skylight 

system. The principle behind the introduced method is to constantly replace the prismatic optical 

element with a simple glazing layer with same thermal properties. 

In this method, we modeled a virtual hemispherical chamber with 145 illuminance sensors. 

The sensor array was designed so that each sensor represents a same sized patch of the hemisphere. 

With comparing the cumulative illuminance intensity passed through the horizontal aperture above 

the chamber in two cases, one with the prismatic glazing over the aperture facing to the sun and 

one without, we calculated Tvis of the glazing. The Tvis is unique for that specific sky condition 

and achieved based on the sun position, direct and diffuse radiations at each time step in EPW file. 

So, for long term simulation period, Tvis of the glazing should be calculated for every single time 

step through a parametric process. Later, by knowing the Tvis and spectral transmission of the 
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prismatic panel material, Solar Heat Gain Coefficient (SHGC) at each time is calculated. Figure 

6- 1 shows the iterative parametric algorithm developed for the energy analysis of buildings with 

the proposed skylight system. 

 
Figure 6- 1 The iterative parametric flowchart for thermal simulation analysis of buildings 

incorporating the proposed skylight system 

 

 

6.3. Evaluation Criteria 

Daylight comfort is a subjective sense of visual well-being that is induced by the visual 

environment (SESKO 2011). Daylight comfort is a qualitative concept dependent on the 

occupants’ preferences, however, many physical factors were introduced to evaluate visual 



   

125 

 

comfort in buildings including the daylight intensity, daylight fluctuations, daylight distribution 

pattern, and glare probability (Carlucci et al. 2015)(Salamati et al. 2020). In this simulation study, 

Daylight Glare Probability (DGP) and Useful Daylight Illuminance (UDI300-3000 Lux) are the metrics 

which are selected to assess the luminance environment and illuminance rate, respectively. Also, 

the energy consumption for heating and cooling of the room in different cases are measured over 

the course of a year to quantify the energy saving achieved by the skylight system. 

6.3.1. Glare 

Glare is considered as one of the most important factors in evaluation of visual comfort in 

buildings. Based on the definitions, glare is a condition of vision which is produced by excessive 

luminance and/or extreme luminance contrasts in the field of view and causing irritation, 

discomfort, or degradation of visual performance (Iesna LH. 2000)(Osterhaus 2005). Different 

indices have been developed to assess the degree of perceived discomfort glare such as British 

Glare Index (BGI), CIE Glare Index (CGI), Discomfort Glare Index (DGI), and Discomfort Glare 

Probability (DGP) among which DGP is the most common metric to analyze absolute glare issues. 

DGP is the only index that includes vertical eye illuminance perceived by the observer hence 

shows a stronger correlation with the user’s lighting perception (Galatioto and Beccali 2016). 

According to Wienold and Christoffersen (2006), DGP index is valid for the results ranging 

from 0.2 to 0.8 which generally DGP < 0.35 is perceived as ‘imperceptible’ glare, 0.35 < DGP < 

0.40 is ‘perceptible’, 0.40 < DGP < 0.45 is ‘disturbing’, and DGP > 0.45 is ‘intolerable’. 

6.3.2. Useful Daylight Illuminance (UDI) 

In terms of daylight illuminance intensity, a sufficient amount of light is necessary to 

perform an indoor visual task; this means that either too high or too low amount of light may cause 

visual discomfort. UDI was introduced by Nabil and Mardaljevic (2006) to interpret annual 
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illuminance level based on actual weather data. By calculating horizontal daylight illuminance at 

each given point during a period of time, UDI provides the percentage of the occupied time when 

the illuminance level falls into one of the pre-defined illuminance range (Carlucci et al. 

2015)(Salamati et al. 2020)(Mardaljevic 2007). The illuminance ranges include: 

• Illuminance range lower than the adequate amount of daylight which shows that daylight 

cannot be the sole source of illumination and additional artificial lighting is needed for 

accomplishing the task without visual discomfort. 

• Illuminance range considered as the adequate (useful) range of light 

• Illuminance range higher than the adequate amount of daylight in which the over-supply 

of daylight is likely to cause visual discomfort. 

The range considered “useful” does not have any certain boundaries, rather it is defined 

based on the specific visual task and occupants’ preferences and behaviors. In this simulation 

study, for the office building use, 0–300lux is taken as the insufficient range, UDI300-3000 lux as 

the desirable range, and illuminance more than 3000lux as the oversupply range for an office 

environment (Mardaljevic et al. 2012)(Brembilla and Mardaljevic 2019)(Brembilla, Hopfe, and 

Mardaljevic 2018). 

 

6.4. Simulation Assumptions 

To study the impact of the proposed daylight system on daylight and thermal performance 

of buildings, we modeled the designed integrated building system for office room in Rhino 

software with the external dimensions of 12 m × 12 m × 3.9 m (length × width × height).  

Figure 6- 2 shows the designed office room incorporating the proposed skylight system 

and Table 6- 1 summarizes the key assumptions of simulation modeling. To have a better 

understanding on efficiency of the prismatic skylight system, three common skylight systems were 
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also modeled, and the results were compared (Figure 6- 3). All these rooms were designed to have 

the same floor area and indoor volume and the other simulation settings remained the same across 

all the configurations. 

 
(a) 

 
(b) 

Figure 6- 2 The designed office room incorporating the proposed horizontal skylight system    

(a) the 3D view (b) the cross-section 

 

In addition, four cities in the United States were selected to evaluate the impact of different 

climate zones (CZ) on daylight and thermal performance of the proposed roof system: New York 

(CZ:4A, cold winter, warm summer), Raleigh (CZ: 4A, relatively cold winter, hot summer), San 

Francisco (CZ: 3C, mild winter and summer), and Phoenix (CZ: 2B, mild winter, very hot 

summer). 
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Table 6- 1 Further simulation assumptions 

Parameter Assumption 

Working schedule 8 AM to 5 PM 

HVAC system Packaged single zone + HP 

Set points Cooling 22℃, Heating 18℃ 

LPD 7 W/m2 

Lighting control 500 Lux (fully dimmable) 

Skylight layer Triple layer (4mm clear acrylic – 5cm air gap – 1mm prismatic panel – 5cm air gap 

– 4mm clear acrylic) 

Roof material IEAD roof (50mm insulation) 

Wall material Adiabatic (50% reflectance) 

Interior ceiling material 80% reflectance 

Floor material Adiabatic (30% reflectance) 

Illuminance sensor 12×12 array, height: 90 cm 

View 1 (glare analysis) Facing upward (75 degree) south, height: 160 cm 

View 2 (glare analysis) Facing east horizontally, height: 120 cm 

 

 

Figure 6- 3 Three common skylight configurations modeled for performance comparison 
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6.5. Results and Discussions 

A series of daylight and energy analysis performed on the proposed skylight system to 

evaluate how the technology may improve buildings’ performance. At first, the daylight poin-in-

time simulation analysis carried out to show the indoor illuminance intensity and luminance pattern 

(glare) under some standard conditions. 

Then, the performance of the proposed skylight system was investigated in terms of glare, 

useful daylight illuminance, and building energy consumption, using annual simulation methods. 

The results were also compared with different skylight configurations in different studied climates. 

 

6.5.1. Indoor Daylight Illuminance Analysis (Point-in-time) 

Figure 6- 4 shows the indoor daylight intensity in four different standard CIE sky types 

(clear to overcast sky) when the outdoor illumination on a horizontal surface varies from 10 to 107 

kLux. According to the simulation analysis, by rejecting the direct sunlight and only admitting the 

diffuse skylight, the glazing system provides a consistent illuminance level in the desirable range 

(between 300 to 3000 Lux) over a wide range of solar conditions. 

The results show that in sunny skies when the outdoor illuminance is high, the 

transmissivity of the prismatic glazing decreases (to about 3%) as the majority of outdoor 

illumination comes directly from the sun. With getting more cloud in the sky and reducing in 

outdoor illuminance level, the transmissivity of the optical panel increases (up to 45% in overcast 

sky) due to the more scattered skylight illumination. By optimization of the roof aperture size, this 

promising behavior of the prismatic optical element keeps indoor illuminance level consistent in a 

useful range regardless of solar condition. 
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Overcast CIE Sky 

 

Sunny CIE Sky 

Sun position: Sun position: 

- Altitude angle: 30° - Altitude angle: 60° 

- Azimuth angle: 180° - Azimuth angle: 180° 

Outdoor Illum.: 10,000 Lux Outdoor Illum.: 83,000 Lux 

 

Intermediate CIE Sky 

 

Sunny CIE Sky 

Sun position: Sun position: 

- Altitude angle: 45° - Altitude angle: 80° 

- Azimuth angle: 180° - Azimuth angle: 180° 

Outdoor Illum.: 22,000 Lux Outdoor Illum.: 107,000 Lux 

 

 

Figure 6- 4 The indoor daylight intensity in four different standard CIE sky types. 

 

6.5.2. Glare Analysis (Point-in-time) 

Through the rejection of direct solar radiation, it is expected that the proposed skylight 

system would completely remove glare occurrence indoors. For glare analysis, we assumed a view 

point directly toward the sun beyond the glazing, in a sunny sky with sun altitude angle of 75 

degree (Figure 6- 2, View 1). Figure 6- 5 shows the defined fish-eye view and the luminance 

pattern in the observer’s field of view. According to the results, even in this worst case scenario, 

the DGP index will be 0.28 which implies the “imperceptible” glare condition. The glare analysis 

presents the exceptional ability of the glazing to eliminate glare occurrence in buildings. 
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Figure 6- 5 View 1: the fisheye view and the luminance pattern 

 

6.5.3. Annual Daylight and Thermal Analysis 

To measure the energy saving achieved by the proposed prismatic skylight system over the 

course of a year and evaluate the daylight performance of the system, we ran a series of annual 

simulation study through the parametric iterative daylight and thermal analysis method, described 

above. The annual glare condition for View 2 was also calculated based on the four glare states 

defined in DGP index. The analysis carried out in different cities to find the impact of different 

climatic conditions on performance of the skylight system. There results were also compared with 

the other modeled skylight systems. 

Figure 6- 6 shows the average of UDI (300-3000Lux) index among the 12×12 sensor array in 

the office building. This index represents the efficiency of each skylight system to supply the 

desirable intensity of daylight throughout a year. According to the results, the proposed skylight 

system, in average, provides the useful range of daylight (between 300 and 3000 lux) for 95 percent 

of the time during the working hours in a year. This number shows 14% (460 hours/year), 16% 
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(525 hours/year), and 9% (296 hours/year) better daylight performance compared to the S-N facing 

skylight, the S facing sawtooth, and the diffusing horizontal skylight system, respectively. 

Figure 6- 7 compares thermal performance of the office room incorporating different 

skylight system in different climate zones. The chart revealed that by the drastic reduction of the 

SHGC (to around 3%) during the sunny summer days and getting more radiation (around 40%) 

during the cloudy winter days, the prismatic skylight system led to a significant energy saving 

compared to the other skylight configuration systems in all the simulated climates. The comparison 

energy study shows that the proposed system is working more efficient in the cities with hotter 

climates, where the cooling load is dominant. 

The probability of different states of glare occurrence for View 2 in each case is shown in 

Figure 6- 8. The chart created based on the hourly DGP calculations throughout the working hours 

in a year. According to the results, the S-N facing skylight, the S facing sawtooth, and the diffusing 

horizontal skylight system, in average, causes disturbing and intolerable glare occurrence for 32%, 

36%, and 10% of the time, while the proposed skylight system with the microstructure prismatic 

panel completely eliminates any condition of Perceptible, Disturbing, and Intolerable glare 

occurrence in the room. 

It should be noted that different types of blinds, curtains, and banners are mostly used to 

mitigate the intensity of glare occurrence indoors thorough roof apertures. Although these 

strategies are helpful to reduce the probability of glare occurrence, they have a negative impact in 

terms of outdoor view, getting natural light, and reducing energy use for electrical lighting. Thus, 

in the design process of a high-performance daylight system, a variety of parameters should be 

considered, and an efficient skylight system will improve the building performance from 

illuminance, luminance, and thermal points of view. 
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Figure 6- 6 The average of UDI index for the sensors’ array in each simulation case 

 

Figure 6- 7 The total cooling and heating energy use in each simulation case 

 
Figure 6- 8 The different states of DGP during a year in each simulation case 
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CHAPTER 7: CONCLUSION AND FURTHER STUDIES 

7.1. Conclusion 

This research intended to develop and evaluate the daylight and thermal performance of an 

innovative prismatic glazing system, invented by Dr. Wayne Place, for the application of 

horizontal roof skylight system. The prismatic optical element was designed to constantly 

recognize and reflect away the beam sunlight and only admit the diffuse skylight, so it 

demonstrates a great potential to resolve the major issues of daylighting through horizontal roof 

skylights, including the huge amount of heat and daylight penetration into buildings during 

summertime, non-uniform distribution of daylight indoors, temporal daylight level fluctuations, 

and high probability of glare occurrence for occupants. This dissertation, particularly, focused on 

the three aspects of: idea development, system applicability in buildings, and system evaluation 

(thermal and daylight performance). 

7.1.1. Idea Development:  

In this section, by introducing the prismatic optical element, the operational mechanism of 

the proposed skylight system was elaborated. The preliminary study on the optical element showed 

the rays that hit on the optical element in a vertical plane parallel to the serrations experience total 

internal reflection at the surfaces of the serration facets. In contrast, rays from other directions will 

be partially transmitted. In this manner, the optical element acts selectively as a solar shading 

system for beam sunlight and as admitter of diffuse skylight for interior of illumination. To validate 

and quantify the optical performance of the glazing, a series of experimental study and 

computational simulations were performed and the daylight behaviors of the system for each 

direction of incident light and under different sky types were measured. 
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According to the computer simulation study on a virtual model of the prismatic optical 

layer using Radiance, genBSDF, and BSDFviewer tools, in an ideal condition described in 

computer simulation, the optical element rejects 100% of the lights coming perpendicular to the 

plane of serrations, while for other off-angled light incident directions the transparency of the 

optical element varies from 5% to 80%. Primarily, these results are proof the technology concept.  

Furthermore, by simulation of the optical element under a variety of environmental conditions and 

sky cloud coverage patterns, the overall transmittance rate of the optical element was measured to 

be 3-6% in sunny skies, 12-20% in intermediate skies, and 45-55% in overcast skies.  

Beside the computer simulation studies, our experimental studies on a prototype of what 

the glazing might be showed that the optical element rejects more than 99% of direct sunlight 

radiations and in average admis about 50% of diffuse skylight. 

We also noticed that the luminance pattern of sky dome directly affects performance of the 

optical element; therefore, the visible transmittance index of the glazing constantly changes during 

a day, by changing the sun position and cloud coverage pattern in the sky. The experimental 

analysis results were perfectly in line with the results of computer simulation analysis and our 

preliminary hypothesis on the daylight performance of the optical element. As the takeaways of 

this step, the detailed daylight behavior of the prismatic optical element in different light incident 

angle and sky conditions was measured. This dataset was crucial for the Integrated Building 

Design chapter to size the roof skylight system: for a range of target interior illuminance levels, 

for a range of climates, and for a range of assemblies of various glazing layers. In addition, in the 

Evaluation chapter, to predict the daylight and thermal performance of the designed integrated 

building systems incorporating the innovative skylight technology, the bi-directional daylight 

distribution function of the optical element was required. 
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7.1.2. Integrated Building System Design (system applicability): 

Since we did not want to only introduce and evaluate a daylighting system technology 

without knowing how to use and apply it in an efficient manner, in the second step, we designed 

various building configurations incorporating the proposed prismatic daylight system. Through a 

well-integrated structural system, mechanical system, thermal envelope, and daylighting system, 

from an early design process, the innovative daylight system would find an opportunity to be 

applied in buildings in a decent way with higher efficiency. 

The system is applicable to almost all commercial, retail, institutional, and industrial 

buildings.  In the United States, roughly half of the floor area in these building types is either in 

single-story buildings or on the top floor of a multistory buildings, which means that the potential 

range of applicability is enormous. In this step, we generated different structural configurations 

for airports and office buildings. According to the daylight behavior of the optical element, the key 

design considerations of the designed buildings include: 

• The glazing must rotate once every 24 hours in its horizontal plane.  The means that the 

glazing must be shaped to a circle. The glazing element should occupy a circular aperture, 

to fully engage all the daylight incident on the aperture. 

• The design would be better to be modular in order to be applicable in different building 

layouts and facilitate further expansions of the project. 

• From the points of view of reducing energy consumption and improving daylight 

uniformity, the glazing system is most effective if the aperture is circular.  From the points 

of view of distributing light around the interior space and avoiding hot spots on the ceiling, 

a domical ceiling is ideal. So, most of the schemes shown will have spherical ceilings, or 
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some close approximation to that shape. Any deviations from spherical are motivated by 

simplifying construction. 

• The overall transmissivity of the glazing assembly varies between about 3% in sunny days 

(with blue skies and no clouds) up to about 35% in an overcast sky. So, the sizing of the 

aperture is dependent on the climate, building use and geometry. Our preliminary studies 

show that to get approximately 500 lux on the horizontal “work plane” would require an 

aperture of approximately 10-15% of the floor area being illuminated. 

7.1.3. System Efficiency Evaluation 

The last step of the research was monitoring and measuring the impact of the glazing 

system on improving the daylight and thermal indices of the designed buildings. This step 

consisted of computational simulation study and physical measurement. Computer simulations are 

used at the early design stage to modify, compare, and evaluate daylight and thermal performance 

of different configurations that have been generated for each building type. According to the 

outcome of the simulation study, the proposed skylight system: 

• on average, provides the desirable intensity of daylight for 95% of the working hours in a 

year. 

• on average, improves the UDI index from 9% to 16% of the time (296 to 525 hours/year) 

compared to the other skylight configurations. 

• demonstrates the best energy efficiency among all other studied skylight systems in all the 

cities. 

• shows a better energy saving efficiency in the cities with hotter climates. 

• entirely removes glare indoors. 
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Furthermore, based on the calculated daylight illuminance intensity and the distributed 

daylight pattern in the scaled model of the designed airport concourse building in a variety of sky 

conditions, we showed that the skylight system transmit only 3% of outdoor illumination in bright 

sunny skies. While, in cloudy and overcast skies when the outdoor illuminance significantly drops, 

the skylight system admits more daylight (up to 55%). This phenomenon presents an outstanding 

performance to keep the indoor illuminance intensity within the useful range in a wide variety of 

outdoor daylight conditions which varied between 32,000 lux and 114,000 lux in our analyses. Our 

measurements also revealed the great efficiency of the skylight system to moderate temporal 

daylight fluctuations inside the building over the course of a typical day. 

 

7.2. Future Studies 

The remarkable performance of the proposed skylight system suggests further research 

studies to develop the concept and bring the technology into building market. The next steps of 

this research topic will be: 

1. Complete the construction of the Rotating Daylighting Lab (RDL), which will 

accommodate: 

• Research and demonstrations in scale models. 

• Research and demonstrations in full-scale spaces for human occupancy and user 

response assessments.  

• Over 100 instrument grade Licor illuminance meters for evaluating illumination for 

vision purposes (involving V(λ)). 

• Extensive HDR camera assemblies for assessing luminance distributions and doing 

glare analysis (involving V(λ)). 
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• Extensive HDR camera assemblies for assessing Equivalent Melanopic Lux (EML), 

(involving C(λ)). 

2. Study different fabrication methods and materials for the prismatic glazing panel and 

determine the most optimum methods and materials for mass production of this technology.  

On a related point, recently, three new candidate optical materials have been identified.  

These will be examined to: 

• Characterized their geometric profiles, which is a first-order indicator of the optical 

performance, to be done using a Scanning Electron Microscope (SEM) at NCSU. 

• Generate their Bi-directional Scattering Distribution Functions (BSDFs), which is 

foundational to doing optical analysis and computer simulations of illumination 

behavior in an architectural space being illuminated through the optical elements, to be 

done using a Goniophotometer at Lawrence Berkeley National Laboratory. 

3. Define a range of candidate glazing assemblies involving multiple glazing layers of 

various properties and functions.  The prismatic glazing system can be used in variety of 

glazing assemblies based on the aperture size, building type, and climate. The prismatic 

glazing layer can be integrated with different assemblies of acrylic sheets, acrylic skylight 

domes, glass panes, and ETFE pillows as a multi-layer skylight system.  Also, low-E 

coating and transparent insulation layers may be some efficient strategies to improve the 

thermal performance of the skylight system in harsh climates. 

4. Perform simulations and experimental studies on the more promising glazing 

assemblies, for different building types in a range of climates. 

5. Design, fabricate, test, and refine the mechanism for rotating the prismatic material. 

The skylight system should complete one full rotation on its horizontal surface in a day.  
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The algorithm for the angular position, at any time of a day, at any time of year at any 

latitude, has already been generated.  An accurate, reliable, smart sun-tracking system that 

adjust the optical element azimuthal angle based on the sun position in the sky will have to 

be designed, fabricated, tested, refined, and manufactured. Such a mechanism should have 

a manual option so that we can deviate the system rotation to receive a share of direct 

sunlight when it is desired indoors. 

6. Continue refining system integration (structure, electric lighting, HVAC, etc.) 

7. Do cost analyses and business planning for manufacturing, marketing, distributing, and 

providing technical and design expertise for the system. 

8. Generate design guidelines for the glazing system. 

9. Engage visionary architects to be the first adopters.  This process will not be completed 

until all the steps above are substantially advanced.  However, we need to get this process 

started early, getting the architect (or architects) engaged identifying building projects and 

clients who want to be on the cutting edge, creating buildings that are more energy efficient 

and comfortable to occupy 

Figure 7- 1 The proposed timesheet for future studies 

May June July Aug Sep Oct Nov Dec Jan Feb Mar Apr May June July Aug

1
Complete the construction of 

the RDL

2
Define fabrication and materials 

for Optical Elements

3
Define most promising glazing 

assemblies

4
Perform additional simulations 

and experiments

5 Design the rotation mechanism

6
Continue refining system 

integration

7
Do cost analyses and business 

planning

8 Generate design guidelines

9 Engage visionary architects

2022 2023

Tasks
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