
ABSTRACT 

HU, JIANXIN. The Design and Assessment of Advanced Daylighting Systems 
Integrated with Typical Interior Layouts in Multi-Story Office Buildings. (Under the 
direction of Dr. Wayne Place) 

Two sidelighting solutions – a light shelf system and an optical louver system 

(FISCH) are assessed and compared in terms of lighting quantity and quality in 

multi-story office buildings. The systems are integrated with various interior layouts 

typical of modern office environments, and developed in the context of an optimized 

structural system to achieve high ceilings.  Experiments are conducted in six phases 

addressing the following issues: 1. Light Shelf Top Surfaces; 2. Partition Materials; 3. 

Placement of Partitions Parallel to Window Wall; 4. Placement of Partitions 

Perpendicular to Window Wall; 5. Ceiling Height; 6. Comparisons of the Light Shelf & 

the FISCH Systems. Lighting quantity is evaluated by using Coefficient of Utilization 

(CU) as an indicator, and lighting quality is evaluated by examining the luminance 

ratios on major interior surfaces and by studying the size and duration of direct 

sunbeams admitted through the daylight glazing and view glazing. The study results 

indicate that: 

• Specular and semi-specular reflectors on the top of light shelve give better 

light quantity deep in the building than do glossy white or flat white surfaces. 

Compared to specular reflectors, semi-specular reflectors tend to give better 

luminance distributions; 

• Compared to opaque partitions, translucent partitions give superior 

illuminance levels deep inside the building and they also produce superior 

light quality in the form of less extreme luminance ratios in the space; 

• In the partitions, it is highly desirable to use fairly high transmittance glazing 

and to use clear glazing (rather than translucent glazing) above the level 

required for visual privacy (e.g., from the top of the door up to the ceiling). It 

is also desirable to minimize the number and width of mullion elements, to 

allow as much light as possible through the partition. 

The effect of ceiling height is also examined for the various daylighting system 

configurations and the optimal daylighting systems configurations are identified for 

each ceiling height. One of the most promising daylighting configurations was 

selected to integrate with an electric lighting system.  The potential electric lighting 

reductions are predicted on a full-year basis in the context of Raleigh, North 

Carolina. 
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Chapter I: Introduction 

 

Although electric lighting has now assumed the role of being the primary means of 

illumination for many buildings, people generally express a strong preference for 

natural light in their work environment. There also has been an interest in daylighting 

as a means of reducing nonrenewable energy use. Numerous studies have proven the 

advantages of using daylight in the built environment.   

 

SCOPE OF RESEARCH 

To achieve the goals of using daylight, decisions can be made at six distinct scales as 

proposed by William Lam (Lam, 1986): 

1. Urban Design / Master Planning: the goal at the urban design scale is to provide 

access to sunlight throughout the built and natural environment according to the 

seasonally changing needs for light, heat, and view. Latitude, orientation, climate, 

local topology, microclimate, and building densities can influence daylighting 

decision-making at this scale; 

2. Site Planning / Building Massing: the goal at the site planning scale is to get 

sunlight into buildings where and when it is wanted by carefully shaping and 

locating the building forms; 

3. Architectural Scale: this includes locating, shaping, and sizing apertures at the 

interfaces of the building’s interior and exterior. Shading and redirecting devices 

are incorporated at this scale to control the quality, direction and amount of 

daylight reaching the glazing openings; 

4. Hardware: Glazing materials and small scale supplementary shading, redirecting, 



 

                                                          Chapter I Introduction

2

and/or blocking devices must be selected to complete the control of the amount 

and direction of various components of radiant energy; 

5. Interior Forms and Surfaces: to best utilize the light admitted for both visual and 

thermal comfort, shape the room’s interior proportions and surface geometries. 

Locate surface reflectances to retain and distribute light as desired; 

6. Space Use and Furnishings: this includes space planning to best fit the use with the 

building condition, arrangement of furnishings for visual comfort, selection of 

materials for their reflectances or transparencies (Lam, 1986).  

This classification is a useful starting point, but the author of this paper feels that 

the term “scale” is not exactly appropriate to this application. Therefore, for the 

purposes of this paper, the following categories will be used to define the major focuses 

for daylighting studies:  

1. Urban or Community Design – arrangement and massing of a group of buildings 

and the associate infrastructure (e.g., streets, sewage, water, electrical 

utilities,etc.); 

2. Site Design – massing, shaping, and locating of a single building, accounting for all 

other elements on the site or adjacent to the site, including other buildings, trees, 

etc.; 

3. Building Envelope Design – designing the interface between interior and exterior, 

including all elements that effect the amount and direction of light entering the 

building through any portion of the building envelope; 

4. Building Interior Features – both the geometry and reflective properties of ceilings, 

walls, partitions, and furnishings. 

Each level has its specific dominating influences, but considerations of all the levels 

have to be integrated together in order to develop a successful daylighting solution, 
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since this solution is always a system. Even though the present study will be focusing 

on the architectural scale – the interface between exterior and interior (primarily, wall 

system), the issues at the rest levels, such as “interior feature”, is still highly 

emphasized here. In fact, one of the major features of this research is to integrate the 

development and assessment of daylighting systems with a variety of typical interior 

layouts of office buildings. 

For daylighting design of building interfaces, two sets of strategies can be applied: 

1. Lighting through the roof (Toplighting), which is applicable to single-story 

buildings and the top floor of multistory buildings, and 

2. Lighting through the wall (Sidelighting), which is applicable to all floors of all 

buildings. 

Sidelighting will be the focus of this study. 

The strategy for achieving the comfortable interior environment is to redirect 

daylight from primary surfaces to secondary room surfaces (ceiling and walls), which in 

turn will illuminate horizontal work surfaces. The source of reflected light can be from 

the ground, adjacent building surfaces, or portions of the building itself, such as light 

shelves or specially constructed louvers.  

Opportunities for getting useful ground-reflected light are typically limited in the 

urban areas where we tend to use multistory construction. Achieving expanses of sunlit 

foreground necessary for the ground to be a principal source of light in buildings is 

problematical at best. Likewise, relying on adjacent building as light source tends to be 

problematical also, since, most of the time, a building designer does not have control 

over the design of adjacent buildings. It will occasionally occur that the designer is 

responsible for a cluster of buildings, in which case, the light reflecting between the 

buildings will represent an interesting opportunity for development of daylighting 
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strategies. However, that situation is assumed to be fairly rare and will not be 

addressed in this work.   

On the other hand, adjacent buildings can have significant negative impacts that 

must be accounted for.  For example, a large building on the south side will tend to 

block significant portions of the daylight from the sky and a building on the north side 

can reflect beam sunlight in a manner that can cause considerable glare for occupants 

on the north side of the building. Each of these effects must be evaluated on a 

site-specific basis. These effects will not be addressed as part of this study either.  In 

other words, this study will address the illumination of spaces with reasonably good 

access to the sky light resource and will define the limits beyond which the results of the 

study cannot be applied. 

A light shelf (i.e., a small area of horizontal reflecting surface mounted just below 

the daylight glazing in the façade) subtends the same solid angle as a very large 

expanse of reflective ground plane. Typically, the designer of the building will have a 

high degree of control over the placement and optical properties of that reflective 

surface, which makes it a much better candidate light source than the ground plane. 

Furthermore, this reflecting surface can be placed above eyelevel for the building 

occupants, thereby avoiding the potentially severe glare effects of intense upward light 

in the eyes of occupants near the window. This reflective surface can be broken up into 

several elements and arranged like a blind to produce a similar effect.  

There are two functions to a light shelf system: 

1. To reflect light deeper into the building, thereby providing more light in the 

interior, and 

2. To block excessive light from entering spaces close to the perimeter wall. 

Blocking excessive light from perimeter spaces is helpful in two ways:  high light 
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levels near the perimeter wall can cause washout of computer screens near the 

perimeter wall and can also cause adaptation problems for occupants deeper in the 

building, where the opening of the pupils of their eyes is controlled by the brightness of 

the perimeter space. In some ways, blocking excessive light from entering the 

perimeter spaces is a more important function of the light shelf than delivering more 

light to the interior.  In other words, the role of the light shelf in producing light quality 

is often more important than its role in increasing light quantity. 

By some definitions of the light shelf, it can exist both inside and outside the glazing.  

If it is outside the glazing, it can serve the beneficial function of blocking light from 

entering the view glazing below the light shelf. However, projecting part of the light 

shelf outside the vertical plane of the building envelope has the disadvantage that it will 

reflect overhead beam sunlight through the daylight glazing into the building, thereby 

aggravating cooling loads for the building. In addition, a solid external light shelf tends 

to get dirty and during a rain storm the dirt tends to splatter up on the daylight glazing, 

creating a maintenance and appearance problem.  For the purpose of this study, we 

will treat the external element between the daylight glazing and the view glazing 

strictly as an overhang to block sunlight from entering the view glazing. In other words, 

it will be designed so that it does not reflect a significant amount of light through the 

daylight glazing. Furthermore, it will be configured in a manner to avoid collecting dirt 

and to deflect rain away from the building.  To do this, it will be configured as vertical 

louvers. In addition to the thermal benefits, the use of an external shading device tends 

to enhance light quality in the building interior by preventing direct sunlight from 

penetrating through the view glazing into the space near the perimeter wall (Saraiji and 

Mistrick, 1993).  
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A LITERATURE REVIEW OF THE LIGHT SHELF SYSTEMS 

There have been a limited number of studies on light shelves. The early studies focused 

on flat simple light shelves. Simple light shelf is referred to the system with interior 

shelf length of about 4-6 feet. In a study presented by Selkowitz, et al., it was 

concluded that “in general, simple light shelf designs provide improvements in light 

penetration.”  This study did not assess the effects of changing the length of the shelf 

(Selkowitz, Navvab, and Mathews, 1983). Burt Hill Kosar Tittelmann Associates also 

presented a study on simple light shelves, showing that light shelves do improve the 

quality and quantity of light in perimeter zones. In this study, a fixed length exterior 

light shelf was investigated (Burt Hill Kosar Rittlemann Associates, 1985). 

 Advanced light shelf systems were also developed and tested. Some of these 

studies focused on ceiling configuration. Fardeheb (Fardeheb, 1986) found that exterior 

shelves in conjunction with a sloped ceiling were most effective among nine different 

light shelf designs that they studied. Another category of advanced light shelf research 

dealt with the shape and movement of the shelf. Place and Howard (Place and Howard, 

1990) developed and assessed two advanced daylighting systems, one involving a 

static curved-mirror and the other involving a tracking flat-mirror system. Based on the 

behaviors of the two systems in different seasons under different sun angles, design 

guidelines were developed.  An external curved light deflector was designed and 

tested by Close as one of the three features of the daylighting system designed for a 

high-rise building in Hong Kong (Close, 1996).  The performance of the system was 

simulated by computer and then verified against physical scale models. 

Some other advanced light shelf systems were featured with “Multi-tier”, where a 

series of small-scale or “Mini” shelves were lined up vertically inside the daylight glazing. 

In a study by Beltran, Lee, and Selkowitz, three south-facing light shelf designs were 

developed and evaluated. The reflectors of the three designs consisted of one-tier, 
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two-tier and three-tier curved and segmented surfaces respectively to redirect sunlight 

with changing solar profile angles (Beltran, Lee and Selkowitz, 1997). Another study 

proposed a daylighting system known as LIF Light Guide, which consisted of a fixed 

arrangement of mini elements for capturing sunlight incident at various angles and 

redirecting it (Beck, Korner, Gross, and Fricke, 1999). In a dissertation by Edward, two 

advanced light shelf systems were developed, both of which were multi-tier light 

shelves, the first one being three-tier small-scale light shelf system, the second one 

being Mini Optical Light-shelf System (MOLS). The two designs were developed by 

using computer tools, and tested in scale models under real sky conditions (Edward, 

1999).  

Finally, some researchers were interested in the effects of varying the reflectance of 

light shelf surfaces. Claros and Soler investigated the performances of two light shelves 

with different types of reflecting materials. The experiment was conducted by using 

scale models, and the measurements were taken during one year (Claros and Soler, 

2001).  

Although this list of studies doesn’t include all the research on light shelves in the 

literature, it generally delineates a picture of what has been covered and achieved by 

the efforts of previous researchers. It also introduces some interesting topics to be 

explored in the future: 

1. Throughout the literature of light shelf studies, there has been no systematic effort 

to assess the impact of a long light-shelf (over 12’) on light quantity and quality. 

2. Very few researchers have considered the impacts of varying interior layouts 

(partitions) on interior lighting environment. Almost all the experiments were 

performed in an open space. Modern office buildings take on a variety of interior 

layouts, which can drastically affect lighting performances.  

3. Very few studies have integrated the influences of light sources from ground, 
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building façade, and adjacent buildings with light shelf systems. These synergistic 

influences can be substantial under some circumstances.   

4. For the issue of glare, previous studies have emphasized the problems caused by 

traditional tasks, such as reading a book or writing. In modern office spaces, glare 

on computer screens can often be more troublesome, and it is caused by various 

sources of light. For example, un-even distribution of luminance on ceiling may 

cause serious visual problems on a computer screen and might be barely noticed 

for other office tasks. This issue needs to be addressed in the design of light shelves, 

which, if improperly handled, may generate high contrasts of brightness on the 

ceiling.  

5. For a number of newly invented light shelf systems, such as “Mini Optical 

Light-shelf System” (Edward, 1999) and FISCH system developed by Eckelt, there 

have been few studies conducted to compare the performances of these new 

products with conventional light shelf systems. 

6. Few studies have considered the role of structure and HVAC in sidelighting systems. 

The potentials of the structure and HVAC systems optimized for daylighting 

solutions will be very interesting to explore.  

 

MISSION STATEMENT  

Two daylighting solutions – a light-shelf system and an optical louver system (FISCH) 

are to be assessed and compared in terms of lighting quantity and quality in modern 

office buildings with various typical layouts. Specifically, the present study is intended 

to accomplish this mission by achieving the following goals: 

1. The daylighting systems to be examined in this study are intended to cover a 30 ft 

deep zone for unilateral sidelighting and a 60 ft zone for bilateral sidelighting. There 
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are a number of daylighting studies in which 30 feet has been considered as the 

practical limit of the distance that daylight can penetrate for one-sided fenestration 

(Moeck, 1998; Claros & Soler, 2001; Beltran, Lee & Selkowitz, 1997; Saraji & 

Mistrick, 1993; Edward, 1999). The daylight contribution to the spaces beyond the 

30-ft perimeter zone is assumed to be little, and is thus ignored. Therefore, 60-ft 

depth is considered as the limit for bilateral sidelighting. The reasoning behind this 

is that the north and south fenestrations provide daylight for two 30-ft zones 

respectively. For floor plans with a depth less than 60 ft, the daylighting 

performance is assumed to be superior to that of 60 feet, and for floor plans with a 

depth greater than 60 ft, the daylit areas are considered to be two separated 

unilateral sidelit zones with the middle zone lit by electric lights.  

2. Two types of daylighting systems, a Light-Shelf System and an Optical Louver 

System, are to be tested in the context of various typical layouts of office buildings, 

and with the optimized structural systems. The visual performances of the 

daylighting systems are to be assessed and compared in terms of lighting quantity 

and quality.  

3. Overall performance data (CUs – Coefficient of Utilization) for the daylighting 

systems will be generated for different sky conditions.  

4. Daylighting solutions that prove to be promising will be assessed in terms of the 

maximum electric lighting reductions that will be possible over the course of a 

full-year in the context of Raleigh, North Carolina. 

5. Design recommendations based on the findings of the research are to be developed 

to provide useful information for designers. 
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STRUCTURE OF THE DISSERTATION 

Generally, the purpose of this research is to assess the performance of various 

daylighting systems and provide useful data for designers. However, before getting into 

the systems, design objectives have to be established and evaluation methodologies 

have to be appropriately adopted by investigating the tools developed in the literature 

or used by other researchers. Therefore, Chapter II is dedicated to the discussions of 

design objectives and research methodologies.  Chapter III discusses the impacts of 

the structural and HVAC systems on daylighting designs and an optimized structural 

and HVAC system will be proposed for the daylighting solutions in this study.  Chapter 

IV develops the models to be tested and specifies design parameters.  In Chapter V, 

experimental procedures are described, data are analyzed, and conclusions are drawn. 
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Chapter II: Objectives and Methods 

 

DESIGN OBJECTIVES 

“A good luminous environment helps us do what we want to do and makes us feel good 

while we do it” (Lam, 1977, pp.14).  This simple statement summarizes the essential 

objectives of lighting design: to provide a functional and comfortable space for people 

who use it.  

This essentially requires that good lighting quantity and quality be provided by the 

built environment. The criteria for assessing lighting quality and quantity in this 

research are mainly based on the recommendations of the IESNA Lighting Handbook, 

9th edition. The IESNA is the recognized technical authority on illumination. For over 

ninety years its objective has been to communicate information on all aspects of good 

lighting practice to its members, to the lighting community, and to consumers through 

a variety of programs, publications, and services.  

1. Quantity of Light 

There has been a “shotgun” approach to illuminance composition. It starts with the 

isolation of one “most difficult task, which is then taken as the basis for light levels 

everywhere in a space. “One would never argue that since lumberjacks require 5000 

calories per day, everyone should eat 5000 calories per day” (Lam, 1977, pp.15). 

A “rifle” approach was then advocated: For each activity, there are optimal luminous 

conditions under which we would ideally like to operate, and which would most facilitate 

the performance of the task.  

It is thus important to analyze first the activities that will take place. A survey of 

activities in typical classrooms at MIT was conducted in 1960s. This study revealed that 
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reading and writing constitutes less than 20 percent of the activities in the surveyed 

places (Lam, 1977). Note that these surveys were conducted in academic spaces, in 

which one would expect to find higher proportion of time spent on reading and writing 

than in other types of spaces.  

Offices are designed to house people who are engaged in reading, writing, thinking, 

and communicating face-to-face or on the phone, etc.  IESNA suggests the ranges of 

illuminances for efficient visual performance of given functions, as shown in the 

following table:  

Specific Areas Illum. Category Recom. Illuminance 

Accounting (Reading) D, E (Mostly) 300 – 750 Lux 

Audio-Visual Areas D 300 Lux 

Conference Rooms D 300 Lux 

Drawing on a drafting board E, F (Mostly) 750 – 1500 Lux 

General and Private Offices (Reading) D, E (Mostly) 300 – 750 Lux 

Libraries D, E (Mostly) 300 – 750 Lux 

Lobbies, Lounges, and Reception C 150 Lux 

Mail Sorting E 750 Lux 

Off-set Printing and Duplicating Area D 300 Lux 

Table 2-1: Recommended Illuminance for Various Areas in Office Buildings (IESNA, 2000) 

Since many office spaces are built without knowing the exact visual tasks to be 

performed and their locations, IESNA also recommended category D (200-500 Lux) for 

typical office task illuminance (IESNA, 2000). 

There are basically two channels to provide lighting to the tasks – Ambient Lighting 

and Task Lighting (or “General Lighting” and “Local Lighting”, as defined in IESNA, 

2000), the idea being to provide most of the “task” related illuminance from task 

lighting, then ambient lighting doesn’t need to provide the required illuminance for that 

task. It thus can be designed with a lower illuminance appropriate for circulation, for 

casual viewing of tasks, and for providing the recommended luminance ratios between 
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the task and other areas within the field of view.  

2. Quality of Light  

Poor lighting quality can create flicker, glare, shadowing, etc., resulting in reduced 

visibility. One of the major concerns with lighting quality is the issue of glare. Glare is a 

common problem in daylighting environments, especially in office buildings, since 

major activities in office buildings, such as reading, writing, and working with 

computers, require a glare free environment.  

A) Two Types of Task Concerned 

A number of activities occur in modern office buildings, such as reading, writing, 

talking on the phone or in person, etc. The issue of glare is particularly critical to two of 

these activities, paper task (reading and writing on paper), and VDTs (Video Display 

Terminals).  

B) Two Types of Glare 

There are generally two types of glare that are different in nature – Direct glare, and 

reflected glare.  

Direct glare, which is the light traveling directly from source into eyes, occurs in two 

ways. First, too much light directly entering the space can cause glare. Second, glare 

occurs when the range of luminance in a visual environment is too great. This can be 

measured by luminance ratio at the places concerned. These places typically are 

windows, ceilings, task surfaces, walls, vertical boards of workstation, etc.  

Reflected glare is the bright reflections from polished or glossy surfaces which 

reduces task visibility. Reflected glare is different from direct glare in that reflected 

glare reduces the contrast of the task image, whereas direct glare reduces the contrast 

of retinal image in the eyes. Reflected glare needs to be considered especially for VDT 

environments, since computer screens, which are often specular task surfaces, can 



Chapter II Objectives and Methods 

 

 

14

very easily cause reflected glare, whereas for paper task, the task surface is usually not 

glossy enough to have this effect.  

C) Two Sources of Glare 

Both daylight and electric light can be the sources of glare. In this research, only 

daylight will be examined as a source of glare.  

For an office environment, luminances near each task and in other parts of the office 

interior within the field of view should be balanced with the task luminance. Large 

contrast of luminances reduces the contrast of the image and can reduce visibility and 

performance. It also causes transient adaptation problem. When moving from one level 

of luminance to another, the eyes have to adapt themselves. If there are significantly 

differences, people feel uncomfortable.  

To limit the effects of these problems, the luminance ratios generally should not 

exceed the following: 

Between task and adjacent surroundings 3:1 or 1:3 

Between task and remote light surfaces 1:10 or 10:1 

IESNA Lighting Handbook, 2000 

The adjacent surroundings could be the desktop, the vertical backboard of work cubicle, 

the adjacent wall, etc. The remote light surfaces could be the window, ceiling, etc. 

VDT visual task is performed in a heads-up position, whereas paper tasks are 

typically performed looking down on the horizontal plane. A significant portion of ceiling 

may be in the field of view when performing VDT tasks. It is thus important to limit 

ceiling luminance. Ceiling area should have uniform brightness in order to prevent a 

distracting reflection on VDT screens.  
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METHODS 

In order to perform a reliable assessment on daylighting systems, efficient and 

accurate simulation tools have to be chosen, sky conditions have to be established and 

properly quantified as parameters; and appropriate performance indicators need to be 

selected. 

1. Simulation Tools 

When a full-scale model is not available, a researcher has a number of options. These 

include utilizing a simplified hand calculation method such as the lumen method for 

sidelighting, performing a sophisticated computer analysis, and constructing and 

testing a physical scale model. Decisions have to be made on what tools are appropriate 

for the present study. 

A) Lumen Method for Sidelighting 

The lumen method was developed by Brackett (Brackett, 1983).  It assumes that 

the window extends along the entire window wall from the work plane to the ceiling 

cavity and that the reflectances are 0.70, 0.50, and 0.30 for the ceiling cavity, walls, 

and floor cavity, respectively. CU (Coefficient of Utilization) tables for bare windows and 

windows with blinds were developed. The tables were later adopted by the IESNA 

(IESNA, 2000) as the Lumen Method for Sidelighting. The CUs are provided for five 

different points along the center of the room at the distances that are 10, 30, 50, 70, 

and 90 percent of the room length from window. Direct sunlight is not allowed to enter 

the space. Should direct sunlight strike the window, horizontal or vertical blinds must 

be applied at an angle that prevents the sunrays from entering the room.  

This is a simple way to predict lighting quantity in spaces with sidelighting. However, 

the method is limited, since it can only be adopted when assessing bare window or 

window with blinds. It is not useful in the cases where innovative daylighting systems 
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are to be examined.  

B) Computer Simulation 

Computer simulation programs can be used in Daylighting studies for two purposes: 

one is for qualitative visualization and the other is for quantitative assessment.  

A number of computer programs can facilitate visual predictions for daylighting 

environment.  Close examined Lightscape as a design tool to visually simulate the 

interior lighting (Close, 1996).  Lightscape’s capacity in ray tracing imported models to 

visually demonstrate daylight and artificial light in complex interior spaces was 

explored in the paper.  Edward used AutoCAD 14 ray-tracing tool to predict direction 

and profile of the light reflected from multi-tier light shelf and MOLS systems (Edward, 

1999). Light shelf geometries were adjusted according to the result represented by the 

computer program.  In the same study, two other computer programs developed by 

3M were also used to optimize the shape of the daylighting elements in the systems. 

Other programs that could permit 3D analysis of lighting design in visual format include 

Lumen-micro and Superlite.  

The studies described above have proven that the computer, as a qualitative 

visualization tool, can be efficient and reliable in early stages of model developing 

processes, where model geometries need to be determined. For example, the shape 

and dimension of light shelves can be explored in computer programs to predict light 

direction and distribution in a qualitative format.  For the same purpose, in the present 

study, two computer programs, AUTOCAD 2000 and 3D Studio Max 4.0 are used to 

visualize lighting environments for glare assessments.  

Computer programs can also be quantitative analysis tools for model assessments. 

Superlite has been extensively used for this purpose since the 1980s. The program 

enables the simulation of complex building geometries frequently found in built 

environments, and it is able to model nonrectangular surfaces considering internal 
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partitions and external obstructions. Saraiji and Mistrick used it as a tool to compare 

the two ways of standardizing determinant sky parameters – Vertical-to-Horizontal 

ratio vs. Profile Angle (Saraiji and Mistrick, 1993, [1]). In another paper, they 

developed Coefficients of Utilization for light shelves by using the same program 

(Saraiji and Mistrick, 1993, [2]). Superlite was also used in one of Moeck’s studies 

(Moeck, 1998) to determine the useful qualitative and quantitative performance criteria 

for evaluating advanced daylighting systems. In a study by Mistrick and Chen, Superlite 

was again the simulation tool to verify a new lumen method of sidelighting based on 

profile angle rather than vertical-to-horizontal ratio (Mistrick and Chen, 1994).  

However, in a paper written in 1991 by Love and Navvab, the validity and accuracy 

of Superlite were tested in the cases where complex daylighting systems were assessed 

under clear skies. Large discrepancies were found between the results from computer 

simulation and a full-scale model, possibly due to the differences between the 

luminance distribution of real skies and the standard functions for calculating daylight 

availability and sky luminance distribution in the computer program. The validity of 

Superlite was questioned when complex systems are to be tested (Love and Navvab, 

1991).  Another widely used computer program for quantitative assessment is 

Radiance developed in LBNL (Lawrence Berkeley National Laboratory, Berkeley, CA). 

For lighting simulations, Radiance is used for its flexibility in both input of building 

geometry and the description of light scattering. This program is based on distributed 

ray tracing and is capable of representing diffuse radiation (Bennewitz, 1998).  

C) Model Photometry  

Many designers prefer model photometry as a means of testing designs. A number 

of experiments were conducted by using scale models in the literature. There is no need 

to list them here, however a few studies that were intended to examine the validity of 

scale models against full-scale models are worthwhile to be briefly discussed.  
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A paper was presented in 1985 by a group of researchers of Lawrence Berkeley 

Laboratory in which model photometry measurements under artificial sky conditions 

were compared with results from computer simulations (Spitzglas, Navvab, Kim and 

Selkowitz, 1985). The study didn’t test the models under real skies, and complex 

fenestrations and daylighting control systems were not involved.  In a later paper, 

Love and Navvab reported on the use of full-scale photometry in the comparative 

evaluation of model photometry and computer simulation.  Full-scale models provided 

accuracy in the assessment of the two other methods. More complex fenestration was 

also tested (Love and Navvab, 1991). The comparative studies show that scale model 

photometry provided reasonably good estimates of the sky component of daylighting 

under overcast sky and clear sky. The study also discussed the considerations in using 

scale-models to predict the performance of daylighting systems, including:  

• the number of measurements that must be taken to cover a representative 

range of sky conditions (enough measurements should be taken under overcast 

skies to ensure the measurements are obtained with diffuse-to-global 

illuminance ratios of 0.95 or more) and  

• the effect of tilting the model on the accuracy of the experiment (tilting models 

to simulate sun positions can introduce substantial errors).  

As shown in their study, a model with a scale of 1:12 can provide reasonably good 

accuracy when assessing systems with simple geometries, such as light shelves.  

However, it is likely to be inaccurate when assessing sophisticated and geometrically 

complex systems, such as optical louver systems.  For the present study, an existing 

test cell is renovated and used as the primary test facility in the experiments (Figure 

2-1). The dimensions of this test cell are shown in Figure 2-2.  The maximum height of 

the space after renovation is 7’8” from floor to ceiling, which is intended to simulate a 

space with 12’ from floor to ceiling. This makes the scaling factor of the facility 0.639 
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(about two thirds of scale). Based on this scale, the test cell can simulate a space with 

maximum ceiling height=12ft, depth=46ft, and width=11ft.  With a movable ceiling, it 

can easily simulated any ceiling height below 12 ft. The facility, which also can be 

rotated, is flexible and efficient to simulate various sun positions under clear skies.  

Light shelf systems are mounted on one end of the test cell. The optical louver 

system (FISCH) was installed on the other end. When one system is being tested, the 

other end of the trailer will be covered. Detailed information on the dimensions, 

materials and placement of these two systems will be discussed later.  

 

 

Figure 2-1: Exterior Image of the Test Cell 
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Figure 2-2: Dimensions of the Test Cell 

2. Classifying Daylight Sources  

The daily and seasonal solar movement produces a regular pattern of variation in the 

amount and direction of light available to a particular location. On the other hand, sky 

conditions are extremely variable for almost every location on the earth. A commonly 

used algorithm for establishing sky conditions is to treat the illumination from sunlight 

and the illumination from skylight separately (IESNA, 2000): 

A) Sunlight: The illuminance created on an exterior horizontal surface by the sun is 

influenced by the altitude angle of the sun, whereas the illuminance on vertical surface 

is influenced by both solar altitude and azimuth. 

B) Skylight: Three conditions should be considered for skylight: 

1) Overcast sky 
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2) Partly cloudy sky 

3) Clear sky 

C) Ground-Reflected Light 

Generally, there are two ways to determine the conditions that need to be 

considered in a particular research: First, designers may want to deal with maximum 

and minimum sky conditions, or second, they may just want to cover the condition 

which is the most predominant for a certain location. The first way is preferred for the 

present study for the following reasons:  

A) The primary objective is to compare the performances of daylight systems 

integrated with different interior layouts. It’s appropriate to make these comparisons 

under minimum and maximum conditions.  

B) Assessing the performances of the system under the ‘best’ and the ‘worst’ 

conditions will make is possible to apply the system in other places which may not have 

the same predominant sky conditions as the location where the experiment is 

performed. 

C) The primary research site for this present study is in Raleigh, North Carolina, 

where there is no obvious predominant sky conditions – clear days: 100-140, cloudy 

days: 80-120, partly cloudy: 100-180 (IESNA, 1984). 

Therefore, both clear sky and overcast sky will be considered in this study to 

represent the maximum and minimum conditions. Under overcast skies, only skylight 

reaches the windows, so only sky component will be addressed. Under clear skies, for 

some orientations, such as north, we only have to account for the sky component, while 

for other orientations, we have to account for both the sky component and the sun 

component.  For the purpose of this study, the effects of ground reflected light are 

considered integrally with the sky component.  
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3. Quantification and measurement of Solar and Sky Parameters 

A) Overcast Skies:  

The amount of light received from an overcast sky depends on the cloud pattern, 

geographic location, time, and the density and uniformity of the overcast.  In order to 

verify that a certain sky condition qualifies as overcast, two values have to be measured: 

global illuminance, which is measured from un-shaded sensor with an unobstructed 

view of the sky, and diffuse illuminance, which is measured by a shaded sensor at the 

same time. The ratio of the diffuse-to-global illuminance should exceed 0.90 for a sky 

condition to be considered overcast (Love and Navvab, 1991).  

B) Clear Skies: 

The procedures for qualifying clear sky parameters are more complex since the 

daylight availability depends on a constantly changing solar position that can be defined 

by sun altitude and azimuth. Using altitude and azimuth angles to represent solar 

positions is accurate, but can be time-consuming for conducting an experiment, since 

the pattern of solar motion is different from day to day and at different latitudes. 

Therefore, daylighting researchers have been trying to find ways to simplify this 

situation.  

One strategy is to find a single value, instead of a pair (altitude and azimuth), to 

represent solar position. Two kinds of value were developed in previous studies: 

Vertical-to-Horizontal Ratio and Profile Angle. 

1) Vertical-to-Horizontal Ratio 

This method represents solar positions by using the ratio of vertical to horizontal 

sky illuminance that is present at the exterior of a window. It is usually recorded as 

Ev/Eh ratio.  Since a solar position that used to be described by two angles (altitude 

and azimuth) is now defined by this single value, overlapping occurs: A number of 
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different situations can provide an identical Ev/Eh ratio. For example, sun positions with 

the following solar altitude and azimuth angles provide the same Ev/Eh ratio of 0.95: 

Solar Altitude Solar Azimuth 

70º 0º 

75º 130º 

55º 80º 

Saraiji and Mistrick, 1993 

This is fine as long as these solar positions with the same Ev/Eh ratio can provide 

reasonably similar effects on interior daylighting performance. However, a study by 

Saraiji and Mistrick proved this was not the case.  The parameter used in the 

evaluation was the Coefficient of Utilization (CU), which is the ratio of the illuminance 

on the work plane to the illuminance incident on the vertical glazing.  The 

discrepancies of the CUs were large for a large room treated both with a bare window 

and with a light shelf under solar positions with the same Ev/Eh ratio (Saraiji and 

Mistrick, 1993). This method was not recommended by this study. 

2) Profile-Angle Method 

Profile angle is defined as the apparent angle of the sun above the horizon in a 

plane normal to the building façade (Mistrick and Chen, 1994) as shown in Figure 2-3. 

 

Figure 2-3: Definition of Profile Angle 

The profile angle: ap is equal to  

ap = arctan [tan at / cos az] 

where: 

at: solar altitude angle 

   az: solar azimuth angle 
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Again, different solar positions could provide the same profile angle by this definition. 

For example, the following pairs of altitude and azimuth share the same profile angle of 

75º. 

Solar Altitude Solar Azimuth 

75º 0º 

48.2º 20º 

42.5º 40º 

Saraiji and Mistrick, 1993 

Unlike the Ev/Eh ratio method, the profile angle method proved to be a good predictor 

of daylight distribution from a clear sky, since the same study (Saraiji and Mistrick, 

1993) showed that the system performances under these solar positions which share 

the same profile angle turned out to be fairly consistent. This is true for both 

unobstructed windows and a light shelf system. The paper concluded that profile angle 

was a valid parameter to represent solar positions and this theory greatly simplifies 

experimental procedures.  For example, based on profile angle theory, Case A is 

equivalent to Case B in Figure 2-4.  Case A shows the real situation where light with 

altitude angle at = 51º and azimuth angle az = 25º (March 21, 11:00am) is incident on 

the building façade. Case B shows light with profile angle ap = 54º is incident on the 

façade. They are equivalent in that 54 degree is the profile angle of the solar position 

with altitude 51º and azimuth 25º. Based on this reasoning, we can take a small portion 

(enclosed in dashed line) of the floor plan in Case B, and use the test cell to represent 

it, so that the whole floor can be simulated by applying profile angle 54º to the test cell 

(Figure 2-4).  
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Figure 2-4: Profile-Angle Method and Its Application Under Solar Position of March 21, 11:00am. 

 

The Profile-Angle Method is applied in the present study to assess office buildings with 

wide spaces by using the test cell. 

3) Altitude-Azimuth Method 

Profile Angle method doesn’t work well for small rooms (e.g. 15 by 15 by 10 feet) 

(Saraiji and Mistrick, 1993). Therefore, this method fails to simulate the type of office 

Open Layout Plan  

Open Layout Plan 

at=51, az=25 

ap = 54 ap = 54

Test Cell 

CASE A 

CASE B 
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space shown in figure 2-5, where the floor plan is divided into small spaces, because 

the partitions that are perpendicular to window wall are so close that the proportions of 

the space do not allow daylight to travel to occupied spaces deeper in the building. 

Under this circumstance, solar positions have to be represented by altitude angle and 

azimuth angle in order to obtain an accurate assessment, even though this is going to 

be more time consuming than simply using the Profile-Angle method. This is called 

Altitude-Azimuth method in this study. By using this method, one bay of an office can 

be taken out and represented by the test cell under the same solar position (Figure 

2-5). 

 

 

 

 

 

 

Figure 2-5: Altitude-Azimuth Method and Its Application Under Solar Position of March 21, 

11:00am 

 

There is one drawback in both Profile-Angle and Altitude-Azimuth methods: the 

overhang on a real building runs continuously from the one end to the other. Therefore, 

for one bay in the building (except the two end bays), the overhang actually extends 

beyond this bay on both directions. However, in the test cell, the overhang installed 

there is only a portion of this continuous element, which has the same length as the 

width of the test cell. Due to this discrepancy, some level of error will occur when using 

the test cell to simulate a real building.  

at = 51  az = 25 at = 51  az = 25

Divided Layout Plan 

Test Cell 
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4. Choosing System Performance Indicators 

Moeck proposed a number of possible quantitative and qualitative criteria for 

daylighting performance assessments (Moeck, 1998): 

A) Light Quantity Criteria 

- horizontal and vertical illuminance;  

- average work plane illuminance; 

- daylight factor; 

- coefficient of utilization; 

- solar radiation; 

- efficiency of a system, light transmission; 

- amount of light in certain areas of the space (i.e. rear work plane); 

- source luminance, luminance in the surround of VDTs, etc. 

B) Light Quality Criteria 

- daylight illuminance distribution on work plane; 

- luminance ratios in the surround of VDTs; 

- VCP, glare, daylight glare index; 

- shadows on the ceiling; 

- view to the outside; etc. 

These criteria are not always computed or measured. It depends on what aspects of 

the daylighting system performance are of concern.  Based on the design objectives 

established earlier, the following quantitative and qualitative criteria will be measured 

or computed in the present study:  
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A) Lighting Quantity Indicator:  CU (Coefficient of Utilization)  

A difficulty in assessing a daylighting system is the variability of light from the sky 

and sun, which, unlike artificial sources, are constantly changing. This makes it critical 

to use a coefficient to establish the relationship between exterior light level and interior 

light level, so that even though the exterior lighting conditions change, this coefficient 

can indicate the ability of the system to deliver daylight into a space.  

There are three types of coefficient that are used throughout the previous studies. 

They are: Vertical-to-horizontal ratio, Daylight Factor, and CU (Coefficient of 

Utilization). 

Note that this vertical-to-horizontal ratio is different from above mentioned Ev/Eh 

ratio that characterizes the exterior solar positions. The vertical-to-horizontal ratio here 

is the ratio of vertical illuminance at a certain point interested in the interior to 

horizontal illuminance at the same point. This criterion was developed by Love in his 

dissertation (Love, 1990) and one of his papers (Love and Navvab, 1994). According to 

his research, the ratio is an excellent indicator for characterizing the performance of a 

daylight system. However, since the exact and detailed information on this method is 

not available, and it has not been widely applied by other researchers in the literature, 

this indicator is not being used in the present study, but it will be a very interesting 

issue to explore later.  

Two other indicators are daylight factor and CU (Coefficient of Utilization), which 

have been commonly used in daylighting studies.  

The Daylight Factor “treats the illuminance at a point inside a room as a percentage 

of the simultaneous illuminance on a horizontal plane from unobstructed sky” (IESNA, 

1984). The definition can be shown as follows (Love and Navvab, 1994): 

Daylight Factor = Ip/Ih 
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where: 

Ip = the illuminance on the work plane 

Ih = the illuminance on a outdoor horizontal surface with an unobstructed view of 

sky.  

Finally, CU (Coefficient of Utilization) is defined in the following formula: 

CU = Ip/Iv    

Where: 

Ip = Work plane illuminance at a point on interior task plane, in Lux. 

Iv = Illuminance from sky incident on an exterior vertical plane near windows, in 

Lux. 

CU = Coefficient of Utilization, which includes the effects of fenestration design, 

daylight control, interior reflectances and room geometry.  

The Coefficient of Utilization describes the system performances at a particular 

point on the work plane for a given sky condition. 

The advantages of these two indicators are: 

• they express the efficiency of a room and its fenestration as a lighting system 

and 

• human beings perceive respond more strongly to relative, rather than 

absolute, luminances.  (For example, an outdoor scene that would not be 

disturbing when observed by a person standing outdoors can cause serious 

adaptation problems when observed by a person looking out the window of a 

space in which he is working, since the interior light level to which his eyes 

must adapt are much lower than the outside light levels.) 
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However, it is noted that a CU relates the interior illuminance to exterior vertical 

illuminance while a daylight factor relates the interior illuminance to exterior horizontal 

illuminance. Based on the daylight availability data provided by IESNA (IESNA, 1984), 

exterior horizontal illuminance under clear skies only depends on solar altitude, which 

makes the factor of building orientation out of the question, whereas exterior vertical 

illuminance under clear skies depends on both solar altitude and azimuth. Therefore, 

vertical illuminance is a better indicator of lighting conditions outside. In addition, the 

exterior vertical illuminance, which is taken at the window surface, provides a 

measurement of how much light actually enters the room. Therefore, the coefficient of 

utilization will be used in this study. 

Figure 2-6 shows an example of how the CU of a certain point on interior task plane 

(Point P) is calculated.  

 

 

 

 

 

 

Ip = Work plane illuminance at point P = 700 lux 

Iv = Illuminance on vertical windows = 6,000 lux 

Coefficient of Utilization (CU) at point P is: CU = 700 / 6000 = 0.117 

Figure 2-6: Definition of Coefficient of Utilization (CU) 

 

P

Ip 

Iv 
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B) Lighting Quality Indicators 

Based on the earlier discussions on assessing glare and IESNA lighting design 

guidelines, for both paper and VDT tasks in this research, the following variables are to 

be measured or computed as lighting quality indicators: 

- Luminance Ratio of the task and the adjacent surroundings. 

- Luminance Ratio of the task and the remote surroundings. 

- Luminance Distribution on the ceiling. 

5. Typology of Office Interior Layouts 

One of the major goals of this research is to develop daylighting solutions and assess 

their performances in the context of a variety of modern office layouts. It is crucial that 

these types of interiors be representative of common office layouts. This dictates that 

the methods for generating the typology be logical and systematic. 

The layout typology in this research is developed based on the following 

considerations: Plan Dimensions, Arrangement of Utility Core, and number and 

placement of Partition. Variations of each factor are considered and analyzed in the 

research. Thus, the types developed based on this process will be representative, and 

the design guidelines based on these types will be applicable.  

A) Plan Dimensions and Arrangement of Utility Core 

Four types of floor plans developed by Baker (Baker, 1993) are used to classify the 

shapes of office building plans. They are Lineal, Nucleate, Perimetral, and Radial. They 

are distinguished by floor plan geometries and positions of utility cores.  By using 

these four types, the way to catch daylighting opportunities can be demonstrated.   

Depending on the massing of the building, there are two possible sidelighting 

situations:  unilateral, in which significant amounts of light is admitted to a space only 
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through one window wall, and bilateral, in which the interior of the building receives 

significant amounts of light from both sides off the building.  The typology of office 

building floor plans proposed by Baker, and the opportunities of unilateral and bilateral 

sidelighting in each of these typical plans are illustrated in Appendix A. 

As shown in the first matrix, there are various places where daylighting can be 

possible. However, only two types are considered in the present research: unilateral 

and bilateral sidelighting with north-south orientation, since north-south orientation 

has been proved to be more desirable than east-west in the daylighting point of view 

(Place, 1991). Therefore, two basic types of usable spaces can be generated as shown 

in the second matrix.  

As mentioned earlier, 30 feet has been set to be the maximum distance in this 

research for unilateral sidelighting. 60 feet is considered as the limit for bilateral 

sidelighting. 

B) Number and Placement of Partitions 

For the 60-ft-deep bilateral sidelighting case, the number and the placement of 

partitions clearly depend on the functional requirements of users. In some office 

buildings, a completely open layout might be preferred, in which case there are no 

partitions.  In other cases, a layout with an open interior and enclosed perimeter 

offices may be a more suitable option, in which case there will be one partition between 

the perimeter offices and the open interior space.  In some cases, corridors may be 

desired between the perimeter offices and the interior space, in which case there will be 

two partitions between the perimeter offices and the open interior space.  Finally, it 

may be desired to further subdivide the interior space with partitions.  Appendix C 

outlines these various options for arranging partitions, all of which will be explored in 

this study.  With appropriate adjustments, these same subdivisions of interior space 

can also be applied to classify unilateral sidelighting plans, which is also shown in 
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Appendix C.  These 30 ft unilateral sidelighting configurations consist of three types, 

which are shown in the second matrix on the same page of Appendix C. These three 

types will hereafter be referred to as type 0, 1, and 2.  Some example floor plans from 

actual buildings are shown in Appendix B, to illustrate how office floor plans can be 

classified based on the number and position of partitions.  

While it is possible to fairly accurately assess illuminance levels on the work plane 

for a bilateral lighting system by testing two 30-ft-deep, unilateral lighting systems 

back to back, this study carried the investigation to a somewhat higher level of 

accuracy by testing two 45-ft-deep spaces and using superposition of illuminances in 

the zone of overlap.  The zone of overlap would be the interior space between 15 feet 

in from the North wall and 15 feet in from the south wall.  This point will be clarified in 

Chapter V. 
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Chapter III: Optimizing The Structural & HVAC Systems 

 

Ceiling height is one of the crucial factors in daylighting design. Before the daylighting 

systems are developed and assessed, it is important to determine the appropriate 

ceiling heights in this research. In the literature, most daylighting researchers have 

assumed a ceiling height of up to 10 feet in their studies. In Table 3-1, some of these 

studies and the ceiling heights assumed in the research are listed.  

 

Research in the Literature Ceiling Height (Floor-to-Ceiling) 

Tsangrassoulis, etc., 2001 10’-0”  

Mahdavi, etc., 1993 9’-0”  

Oteiza & Soler, 1997 9’-2”  

Saraiji & Mistrick, 1993 10’-0” 

Mostrick & Chen, 1994 10’-0” 

Zhang & Ngai, 1991 9’-0” 

Beck, etc., 1999 9’-0” 

Love & Navvab, 1994 8’-10” 

Love, 1993 8’-10” 

Vartiainen, 2001 10’-0” 

Saraiji & Mistrick, 1992 10’-0” 

Beltran, etc., 1997 10’-0” 

Claros & Soler, 2001 9’-2” 

Table 3-1: List of Some Daylighting Studies and the Ceiling Heights Assumed.  

 



Chapter III Optimizing the Structural & HVAC Systems 

 35

Compared to the ceiling heights in the above table, fairly high ceilings (11’-2” and 

12’-0”) are assumed in the current research. It is thus critical to justify these high 

ceilings for the daylighting purposes and to design the building systems in a way that 

these ceiling heights can be achieved.  

Most contemporary air-conditioned buildings are very wasteful of building volume.  

A low ceiling height is established by the combined depth of the spanning structure, the 

ducts, and the recessed lighting (Figure 3-1). To make the design process simpler, each 

subsystem (structural, mechanical, electric lighting, and ceiling) is given its own layer.  

Under every roof or floor, the structural spanning system has been given its own 

volume, having a horizontal extent equal to the footprint of the building and a vertical 

dimension great enough to accommodate the deepest spanning beam or truss.  

Beneath that volume, the HVAC system has been given its own volume, having a 

horizontal extent equal to the footprint of the building and a vertical dimension great 

enough to accommodate the largest duct in the system.  Beneath that, electric lighting 

has been given its own volume, having a horizontal extent equal to the footprint of the 

building and a vertical dimension great enough to allow electric lighting fixtures to be 

maneuvered and inserted between the T-bars of the hung ceiling.  Below that is the 

hung ceiling, which is very low as a result of the large waste of volume above it.  In this 

process, vast amounts of hidden building volume are filled only with air, at the sacrifice 

of the human amenity of light, airy spaces with a wonderful sense of connection to the 

outside world.  The design process has become more like volume allocation, rather 

than system coordination or integration.   
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Figure 3-1: A Low Ceiling Established by Structural, HVAC, and Electric Lighting Systems (Lam, 

1986) 

 

What is required to do good daylighting is an integrated approach that forces the 

subsystems, i.e., structure, HVAC, electric lighting, and daylighting, to share volumes 

and that allows each subsystem to claim those volumes in the building that are most 

crucial to that subsystem.  Doing true systems integration has the virtues of: 

• Providing better architectural spaces for human occupation. 

• Reducing lighting electricity consumption by replacing electric light with 

daylight. 

To achieve these goals, we have to figure out how to get the subsystems to share 

volumes and we have to battle to get the ceilings back up, so that light can penetrate 

into the building.     

STRUCTURE 

HVAC 

ELECTRIC LIGHTING 
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The structural concept outlined on the following pages is currently being explored in 

a separate paper being written by Professor Wayne Place.  That paper goes into more 

detail than is presented here.  This chapter describes the concept in sufficient detail to 

make it clear how the daylit spaces explored in this dissertation came to be chosen. 

Most importantly, understanding this integrated system concept is crucial to 

rationalizing the ceiling heights examined in these daylighting studies.  The design 

concept has also been used as the basis of an office building design for Centennial 

campus at NC State University, which will provide case study opportunities in the 

future. 

To allow windows for admitting light to be mounted high in the wall and to allow for 

high ceilings to accommodate the movement of light deeper into the building, an effort 

must be made to get the structural elements out of the way as much as possible.  To 

see where the structure can give way to the daylighting system, we need to examine 

the nature and roles of the structural system.  

 

GRAVITY RESISTING, SPANNING ELEMENTS 

Floors are typically supported by a grid of beams, with joists spanning in one direction 

and girders spanning in the perpendicular direction. 

For side-lighting daylighting systems, an important goal is to provide the highest 

possible ceiling and the highest possible apertures in the wall, to assure the greatest 

penetration of daylight into the occupied space.  Beams running parallel to the daylight 

aperture wall have a greater obstructive influence in blocking light entering through the 

wall than do beams running perpendicular to the daylight aperture wall. Therefore, it is 

particularly compelling that the beams running parallel to the daylight aperture wall 

should be kept shallow.   
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The more heavily loaded a beam is, the deeper the beam needs to be.  Joists carry 

a lower load per unit length than do girders. Therefore, for a given span, joists are 

typically shallower than girders. This suggests that, for daylighting purposes, the joists 

should run parallel to the daylight aperture wall and the girders should run 

perpendicular to the daylight aperture wall. 

To make the joists even shallower, it is desirable to use them in composite action 

with the floor slab.  In a steel building, this is accomplished by using shear studs 

welded to the top of the beam.  In concrete, this arrangement is naturally achieved by 

using Double Ts, where the decking and the ribs are integrally cast. 

In order to take advantage of the shallowness of the joist, it is important that the 

ceiling be set as close to the bottom of the joist as possible. Since the girders will be 

deeper than the joist, this implies that the ceiling must be placed between the girders, 

rather than below the girders.  In other word, the girders will be visible projecting 

downward through the ceiling surface. 

The longer the span of a beam, the deeper the beam needs to be.  Therefore, it is 

important to keep the spans of the joists reasonably short, so that their depth can be 

shallow, thereby allowing the ceiling to be kept high.  

However, there is a limit to this process.  A short span for the joists implies a close 

spacing of the supporting girders.   

Even thought the girders run generally parallel to the direction of the daylight 

movement, much of the daylight is not moving directly perpendicular to the aperture 

wall, but rather is moving into the space at an angle.  Much of this angled light will 

encounter the deep girders, which can absorb the light or scatter the light in undesired 

direction (such as back out through the window or back into perimeter spaces that are 

already over-lit).  The closer the spacing of the girders, the more frequently these 

encounters will occur and the greater the interference to the light penetrating into the 
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space. 

Spacing the girders closer together also means there will be more columns to 

interfere with light entering through the daylight wall. This suggests that widely spaced 

girders trap less light and are better for light distribution than closely spaced girders. 

The two diagrams in Figure 3-2 illustrate the impacts of closely spaced and widely 

spaced girders on daylight behaviors.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2: The Impact of Beam Spacing on Daylighting (Lam, 1986) 

For the purposes of this study, the spacing of the girders has been chosen to be 30 feet.  

The floor deck is light-weight concrete in composite action with 2”-deep corrugated 

steel decking, with an overall slab thickness of 6 inches.  (This depth was chosen to 

CLOSELY SPCAED WIDELY SPCAED 
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limit vibrations and for fire rating purposes.)  At a 30-ft span, the floor joists have been 

chose to be 12”-deep wide flange beams used in composite construction with the 

concrete deck, using ¾”-thick by 4”-long shear studs. 

 

HVAC SYSTEMS 

As mentioned earlier, the major battle in achieving good daylighting in multistory 

buildings is to get the ceilings up high and to be able to mount glass high in the wall.  In 

order to do this optimally, HVAC and structure cannot each have an extensive and 

mostly empty volume to themselves; they must share volume.   

Finding opportunities to get HVAC and structure to share volume requires searching 

for parallel paths in the two systems.  To start this search, it makes sense to revisit 

some of the basic features of the building in question.  East and west walls have 

adverse glare and thermal loading characteristics.  Therefore, they are not prime 

daylighting opportunities.  This makes east and west walls well suited to other 

functions, such as housing generally opaque volumes, such as restrooms, stair towers, 

and air-distribution plenums.  Hence, the model of building that we are examining will 

be elongated in the east-west direction, with a predominance of north and south walls 

through which daylight is to be admitted and east and west walls through which 

thermally conditioned air is supplied and returned.  As mentioned earlier, the distance 

of interest from north to south facades is about 60 feet, for purposes of light 

penetration from the N and S walls.  The length in the east-west direction will only be 

limited by how far the HVAC distribution system can deliver thermally conditioned air. 

This leads to the key point that the flow of supply and return air in the HVAC systems 

will be generally in the east-west direction.  The joists run east-west with long, linear 

voids between.  These east-west voids represent a valuable opportunity for moving air.  

On the other hand, the girders represent an apparent obstacle to this proposed mode of 
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air movement.  The usual way of thinking about this matter is to assume that the air 

will give way to structure, i.e., the air will get routed under the girders.  However, this 

would require very complicated plenum volumes around the underside of every girder 

and the flow path would create a lot of resistance.  Cutting through the girders would 

cost money, weaken the girders, and cause the flow path to be seriously disrupted at 

each encounter with a girder, where the flow would be choked down to go through the 

holes in the girder. 

In the design chosen for this project, the choice has been made to make the 

structure give way to the airflow.  Since the girders are running perpendicular to 

daylight wall, it will not be a serious problem to lower the girders, so that the joists rest 

on top of them.  This opens up straight flow paths for the air running between the joists.  

Placing the joists and the associated voids between them on top of the girders creates 

a plane of continuous service channels for transmitting air.  

This strategy of lowering the girders makes them more visually prominent and also 

causes them to interfere more with the penetration of daylight.  Deeper girders 

present more surface on which light can be absorbed or off of which light can be 

scattered in undesired directions. On the other hand, deeper girders may have the 

beneficial effect of blocking some light that is moving in undesirable directions that 

might cause glare for the occupants.  This would be particularly true in dealing with the 

early morning and late afternoon sunlight during the winter months.  That sun is 

capable of moving very deep into the building.  Its strong lateral component makes it 

very likely that the deep girder will intercept it, reducing the likelihood that it will hit 

someone in the eye or be incident on someone’s computer screen. 

Another positive aspect of these deep, exposed girders is that they can be 

integrated with electric lighting. An example is the Blue Cross / Blue Shield Corporate 

Headquarters in New Haven, Connecticut. The depth of the false beams encasing the 
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steel girders was increased in order to visually integrate them with the indirect 

fluorescent cove lighting and the interior light shelf that spanned between them (Figure 

3-3).  

 

Figure 3-3: Deep Beams Integrated with Electric Lighting and Light Shelf 

Excessive brightness from both cove lights and light shelves is avoided by providing a 

good separation of those light sources from the ceiling, which serves as the secondary 

light source for the space.  

Another example of this design approach of integrating lighting with deep beams is 

the Tennessee Valley Authority Chattanooga Office Complex. The beams running 

perpendicular to the atrium were spaced at 30 feet and were 4 ft deep.  Similarly to the 

last example, the light shelves and beam flanges containing indirect fluorescent lighting 

were located a comfortable distant from the ceiling (Figure 3-4). 
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Figure 3-4: Deep Beams (Under Construction)  

One way of getting a greater volume for the daylighting is to find a graceful way to 

squeeze the air distribution system into the same volume with the structural system.  

For the purposes of this study, the following system will be assumed: 

- The girders will be steel I-beams and will run perpendicular to the window wall.  

- The joists will be steel I-beams with shear studs welded to the top to assure 

composite action with the concrete deck.  (This keeps the overall depth of the deck 

and joists to a minimum). These joists will be mounted on top of the girders.  The 

space between the joists will be used for the return air. This arrangement creates a 

ceiling plenum volume that is actually above the top of the girders. Having this 

plenum volume everywhere in the ceiling assures that a return air path will be 

available to every space in the building, regardless of how finely divided the spaces 

might be.  
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- Delivery air will be supplied through a plenum under an access floor system. The 

depth of the access floor will be between 12 inches and 18 inches.  Using an 

under-floor plenum for air delivery will assure that air can be delivered to all spaces, 

regardless of the placement of walls and partitions. Air quality will be assured by 

delivering air low and taking it out high. The plenum also will serve for electric 

power and electronic networking. 

- The spandrel will be raised so that the bottom flange of the spandrel beam is at the 

same level with ceiling (Figure 3-5). 

 

Figure 3-5:  Section through South Wall Showing Structure and Air Distribution Systems 
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For the Wildlife Conservation Building being designed for the NC State University 

Centennial Campus, the final floor-to-floor height is 14’-6” and the floor-to-ceiling 

height is 11’-2”.  The design of that building was influenced substantially by the 

research being reported in this dissertation and, in turn, the research conducted for this 

dissertation was influenced by the design evolution of that building.  This will explain 

why one of the ceiling heights explored extensively in this dissertation was an 11’-2” 

floor-to-ceiling height.  The other floor-to-ceiling height examined was 12 feet.  This 

higher ceiling could be achieved by increasing the floor-to-floor height and/or by 

reducing the air-distribution supply and return plenum heights.  Since 14’-6” is a 

reasonable floor-to-floor dimension and since the goal of this study was to explore 

reasonably aggressive daylighting designs, it was decided that there was not reason to 

look at floor-to-ceiling heights lower than 11’-2.”  Furthermore, it was felt that any 

floor-to-ceiling height above 12’-0” would start to be impractical in terms of building 

height.   

 

LATERAL BRACING ELEMENTS 

The taller a building is, the greater the challenge to the lateral bracing system.  The 

strategy for lateral bracing typically changes radically as a function of the height and 

the slenderness ratio of the building. Dealing with this issue for all the possibilities of 

building height, building proportions, and bracing systems is beyond the scope of this 

dissertation. However, some attempt has to be made to outline the possibilities and 

identify potential lateral-bracing systems that might work well with the daylighting 

system. 

Lateral bracing elements can be incorporated in exterior walls or interior column 

grid lines. Putting the lateral bracing in the exterior walls minimizes interior 

obstructions to space planning, but poses the potential hazard of interfering with light 
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entering the building. Putting the lateral bracing in the exterior walls has the potential 

structural benefit of maximizing the effective lateral dimension of the building, as 

illustrated in “tubular” structures such as the Sears Tower.  However, avoiding shear 

lag in the walls of the tube may require deep horizontal elements and many, closely 

spaced, thick vertical elements. This dense structure can have a pronounced effect in 

blocking light from entering the building, unless it is very carefully designed. Of 

particular importance is locating spandrel beams in locations where they do not 

interfere with the light being admitted to the building, i.e., above the ceiling and below 

the view window. For structural effectiveness in resisting lateral forces, these spandrel 

beams should be as deep as possible, short of interfering with the glazing elements 

being used for either view or daylighting. 

 

In the diagram above, girders span the entire NS dimension of the building without 

any interior columns.  The scheme has the benefit of minimizing obstructions to 

interior space planning. 

Lateral bracing must engage the columns to be effective.  For the scheme above: 

1.  EW bracing must be accomplished within the planes of the north and south walls.   

2.  NS bracing can be accomplished using shear walls, triangulated frames, or 

moment frames on the E and W walls, with a diaphragm floor stabilizing the 

interior bays of the building against NS movement. 
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3.  NS bracing can be accomplished at each bay by moment-connecting the Girders 

to the columns. This distributes the lateral bracing more uniformly through the 

structure and reduces the burden on the floor diaphragm. 

Bracing in the N and S walls results in maximum potential obstruction to daylight 

entering the building.  However, if the building is fairly low-rise (less than 6 stories), 

the bracing in the N and S walls can be achieved by moment-connecting deep spandrel 

beams to columns of modest thickness (e.g., W14’s).  Since the spandrel beams can 

be 6 feet deep without interfering with the daylighting at all, the un-braced length of 

column is on the order of 8 to 9 feet, even for floor-to-floor dimensions on the range of 

14 to 15 feet.  For higher rise buildings, the columns in the N & S walls need to become 

deeper in the E/W direction.  This reduces the width of glazing available for admitting 

daylight.  For much higher rise buildings, the frequency of columns may have to be 

increased, similar to the Sears Tower in Chicago, or triangulating members may have to 

be added to the N & S walls, similar to the John Hancock building in Chicago.  When the 

columns become both deep and numerous, the impact on daylighting cab be severe.  

However, the spandrel beams never need to be made deeper than 6 feet, so the major 

impact of going to taller and taller buildings is a result of the obstructing effect of the 

columns. 

For this study, the assumption has been made that there is minimal interference to 

the daylighting system by the vertical supports and lateral bracing.  Therefore, if the 

column grid pattern shown above is used, care must be given to keep the column 

breadth to a minimum and it is reasonable to expect that the results of the daylighting 

study will only apply directly to a building in which the columns are W14’s or less.  For 

larger columns, the daylighting results predicted by the study will have to be scaled 

down in accordance with the percentage reduction in glazing width caused by the 

broadening of the columns. 
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The diagram above shows a scheme that is similar to the previous one in terms of 

lateral bracing, but it adds a row of simple columns down the centerline of the building.  

These interior columns reduce the span of the girders by half and also reduce the 

gravity burden on the columns in the N & S walls by half.  However, since the lateral 

breadth of the columns in the N & S walls is largely governed by the column’s role as 

part of the rigid frames resisting E & W lateral movement, reducing the gravity load on 

those columns will not significantly reduce the size of the columns, nor will it 

significantly reduce the degree to which those columns impact the performance of the 

daylighting system.  In simple terms, the tradeoff of adding these interior columns is 

the benefit of reduced span of the girders versus increased obstruction to interior space 

planning.   

 

In the diagram above, the EW lateral bracing has been moved from the N & S walls 
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to the interior row of columns.  This bracing can be in the form of shear walls, 

triangulated frames, or moment frames.  If it is triangulation, it can be used in 

alternating bays from floor to the next.  This assures complete triangulation along the 

brace plane, while allowing free movement from N to S through alternate bays in the 

brace plane.  Moving the EW bracing from the N and S perimeter walls to the row of 

interior columns reduces substantially the potential obstruction to daylight entering the 

building through the N and S walls, since the columns in the N & S walls are strictly for 

resisting gravity and the spandrel beams are not even necessary, except to support the 

edge of the concrete slab. Moving the EW bracing to the centerline increases 

substantially the obstruction to interior space planning.  For mid-rise structures (6 to 

30) stories, putting the EW bracing along the centerline avoids the need for the wide 

columns in the N & S perimeter walls through which the daylighting is admitted.  

However, this system will probably not work very well for very tall buildings, where the 

bracing in the NS direction will probably require engaging the columns in the N & S 

perimeter walls as part of a tubular lateral bracing scheme, such as was used in the 

Sears Tower in Chicago.  
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For buildings of a larger footprint (shown above), there is the potential to move all 

gravity resisting and lateral bracing elements from the perimeter wall to rows of interior 

columns, which reduces the potential obstruction to daylight entering the building by 

eliminating all columns and girders from the N & S perimeter walls.  It also increases 

substantially the obstruction to interior space planning.  This scheme increases 

substantially the required depth of the girders, which must cantilever the 30 feet from 

the interior structural support to the N & S daylighting walls.  From a moment resisting 

point of view, this 30-foot cantilever is approximately the same structural burden as 

spanning 60 feet in simple-span mode.  However, when account is taken of deflection 

issues, the 30-foot cantilever is actually a more severe condition than spanning 60 feet 

in simple-span mode.  On the other hand, the strategy being pursued allows the use of 

very deep girders, so the deflection concerns posed by these long cantilevers are not 

insurmountable.    
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Chapter IV: System Parameters & Model Development 

 

Three sets of parameters need to be specified for model developments. The first set 

defines the geometries of the daylighting systems mounted on the building envelope; 

the second set defines the geometries of interior partitions, which are within the 

building envelope; the third set characterizes solar and sky conditions outside the 

building envelope. 

 

DAYLIGHTNG SYSTEM PARAMETERS 

1. Design Parameters for Light Shelf Systems 

Parameters that define fenestration dimensions and light shelf system geometries are 

illustrated in Figure 4-1.  

 

Figure 4-1: Definitions of Light Shelf System Parameters 
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Three parameters are crucial in the experiment: Ceiling height, top of view glazing, and 

light shelf length. Combinations of the values of these parameters involved in the 

experiment are listed in the table below: 

Ceiling Height  Light Shelf Length Top of View Glazing 

7’-2” 
6’-0” 

8’-0” 

 

11’-2” 

12’-0” 8’-0” 

7’-2” 

8’-0” 

 

6’-0” 

9’-0” 

8’-0” 

 

 

12’-0” 

12’-0” 
9’-0” 

Table 4-1: Combinations of Parameter Values for Light Shelf System 

As shown in the table, for 11’-2” ceiling, light shelves are not placed at 9’ above the floor, 

since the channel between ceiling and light shelf would be too small (2’-2” high). 

Additionally, 12-ft-long light shelves are not placed at 7’-2” above the floor, because 

such long light shelves will feel overwhelming at this level to the users below.  

2. Design Parameters for Optical Louver System - FISCH 

The optical louver system uses small-scale light reflecting elements stacked inside the 

daylight glazing. Compared to a light shelf, the louver system is more flexible and less 

visually intrusive. The comparison between these sophisticated systems and the 

conventional light shelf system is one of the major tasks in the research. The louver 

system that will be tested in this study is the FISCH system developed by the Eckelt 

Company in Austria (Figure 4-2).  
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Figure 4-2: Sections of FISCH system 

The way to integrate the FISCH system with fenestration is similar to the light shelf 

except that the top of the view glazing is always at 7’-2” above the floor, since louvers 

are less visually overwhelming than the light shelf, which projects into the space and 

encroaches on headroom. Therefore, for the FISCH system, the only parameter that 

varies is the ceiling height (from 11’-2” to 12’-0”) (Figure 4-3). 

 

Figure 4-3: System Parameters of FISCH 
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PARAMETERS OF INTERIOR CONFIGURATIONS 

This set of parameters defines the factors inside the building envelope, including the 

number and placement of partitions and the location of sensors.  

As mentioned earlier, the depth of the space is 30’ for unilateral and 60’ for bilateral 

sidelit spaces, and the 60-ft-deep bilateral sidelit space is regarded as two 30-foot deep 

spaces (one is north orientation, the other is south orientation). The test cell used in the 

current study is sufficient for this purpose, since based on the scaling factor of 0.639, 

it can simulate a space with maximum depth of about 45 ft.  

Three types of interior layout plans have been developed in Chapter II. They are the 

layouts with zero, one, and two partitions that are parallel to window wall. For each type, 

two sets of values need to be measured to assess the performance of the system. One 

set is for lighting quantity assessment, which is illuminance distribution. The other is for 

lighting quality, which is the luminance distribution.  

Interior illuminances are measured by optical sensors. In this study, the first sensor 

is located 3 feet from window wall and the distance between each subsequent sensor is 

6 feet. Therefore, there are 5 sensors within the 30-ft zone closest to the window wall 

(Sensor 2, 3, 4, and 5) and two sensors in the zone between 30 feet and 46 feet in from 

the window wall.  In Layout Type 1, the partition is located between sensor 3 and 4 (12’ 

from window wall).  In Layout Type 2, the two partitions are placed between sensor 3 

& 4, and between sensors 4 & 5, respectively (12’ and 18’ from window wall). 

Detailed arrangements of the partitions and sensors are shown in Figure 4-4, 4-5 

and 4-6. 
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Figure 4-4: Layout Type 0 

Figure 4-5: Layout Type 1 

Figure 4-6: Layout Type 2 
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PARAMETERS OF SKY & SUN COMPONENTS 

As was discussed earlier, two sky conditions are considered in this study: overcast sky 

and clear sky.  Here, detailed information on the parameters of these two conditions is 

provided. 

1. Overcast Skies 

For overcast skies, only one set of CU values is required for each variation of the system, 

since the sky luminance distribution is fixed, even though the light level changes, 

depending on how heavily overcast the conditions are. Therefore, the test can be 

performed at anytime, as long as the ratio of exterior horizontal diffuse illuminance to 

total horizontal illuminance (diffuse + beam) meets the working criterion of overcast 

conditions.  For overcast skies, the ratio has to be greater than 0.90.  The diffuse 

illuminance is measured by a shaded sensor, while the total illuminance is measured by 

an unobstructed sensor. 

2. Clear Skies 

As discussed earlier, both the Profile-Angle method and the Altitude-Azimuth method 

are used, so that the test cell is able to simulate wide open space as well as narrow 

divided space.  The Profile-Angle method is a simplified way to characterize solar 

motion, because various solar positions are reduced down to a series of profile angles. 

In the current experiment, models are tested under profile angles of 28, 38, 48, 58, and 

68 degrees. These profile angles can be achieved by rotating the test cell and catch the 

right sun altitude. For example, Figure 4-7 shows how profile angle 28° is simulated by 

properly positioning the test cell.  As note earlier, experiments conducted using 

Profile-Angle method are targeted at interior configurations with unobstructed lateral 

movement for admitted light.  
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Figure 4-7: Simulating Profile Angle 28 degree 

Since the Profile-Angle method is not accurate when assessing narrow rooms, the 

Altitude-Azimuth method has to be used to study this type of spaces. Ideally, 

experiments should be conducted for a full year to obtain the most accurate 

assessments, but this would be a very time consuming process. Therefore, when using 

the Altitude-Azimuth method, the experiments were carried out every hour from 

8:00am to 12:00pm for three critical days in a year, the summer solstice on June 21, 

the equinox day of March and September 21, and the winter solstice on December 21.  

June 21 is the day when the sun has the highest angles and December 21 is the day 

when the sun has the lowest angles. March/September 21 have sun angles between the 

summer solstice and the winter solstice.  

The solar positions (altitude and azimuth angles) on these three days are illustrated 

in figure 4-8, 4-9, 4-10. 
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Figure 4-8: Solar Positions Tested on June 21 

 

Figure 4-9: Solar Positions Tested on March/September 21 
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Figure 4-10: Solar Positions Tested on December 21 
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Chapter V: Experimental Procedures, Data Analyses & 

Discussions 

 

EXPERIMENTAL DESIGN & PROCEDURES 

Based on the goals set up in Chapter I, the experiment is carried out in six phases. Each 

phase has a certain focus, and adopts one of the two testing methods, the Profile-Angle 

method or the Altitude-Azimuth method (Table 5-1).  

PHASING CONTENT METHOD SPACE DIAGRAM 

PHASE 1 Light Shelf Top Surfaces 

PHASE 2 Partition Materials 

 

PHASE 3 

Partitions parallel to 

window wall 

Profile-Angle 

Method: 

Profile angles: 28, 

38, 48, 58, & 68 

degrees. 

 

PHASE 4 Partitions 

perpendicular to 

window wall 

 

            Comparison  

 PHASE 5 Ceiling Height 

 

 

  

PHASE 6 

 

 

 

Light Shelf & FISCH 

 

 

 

Altitude-Azimuth 
Method: 

Dates: DEC 21, 
MAR 21, JUN21. 

Times: 8:00AM, 
9:00 AM, 10:00 
AM, 11:00 AM, and 
Noon 

 

 

 

Table 5-1: Experimental Design 
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The Profile-Angle method is used in the first two phases, which are actually two pre-test 

procedures, the purposes of which are to make quick assessments of various reflectors 

and partition materials to eliminated those that are not promising.  Phase 3 addresses 

the interior configuration for which the Profile-Angle Method was invented.  Phase 5 

and 6 use the Altitude-Azimuth method, which is required for narrow spaces 

constrained by partitions perpendicular to the window wall.  In phase 4, the lighting 

performances of a wide space and a narrow space are compared, so both of the two 

methods are used to simulate the two situations.  Phase 4 actually involves 

comparisons of data derived from the other phases. 
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PHASE 1: Light Shelf Top Surfaces 

Various light shelf top surfaces can be categorized into three types: Specular Reflector, 

Spread Reflector, and Diffuse Reflector (Burt Hill Kosar Rittlemann Associates, 1985).  

The natures of the three types of reflector are illustrated in Figure 5-1.  

 

 

 

 

 

 

Figure 5-1: Types of Light Shelf Top Surfaces  (Burt Hill Kosar Rittlemann Associates, 1985).   

Specular Reflection: 

 

Angle of incidence equals 

angle of reflection. Image 

reproducing. Examples are 

mirror and polished 

aluminum. 

Spread Reflection: 

 

Also called semi-specular 

reflector.  Light reflected in

one general direction, but 

dispersed slightly. 

Examples are foil, brushed 

aluminum, & glossy paint.  

Diffuse Reflection: 

 

Non-Image producing. 

Light scattered strongly in 

all directions. Common to 

most materials such as 

ceiling tile, flat paint, 

concrete.   
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Based on the above categorization, four materials are selected for examination in phase 

1: Mirror, Aluminum Foil, Glossy White Board, and White Ceiling Tile. Detailed 

information on these materials is listed in Table 5-2.  

TYPE  MATERIAL  ICREMENTAL COST 

Diffuse White Ceiling Tile $0.50/sf 

Foil Backing of Ceiling Tile - Spread 

Glossy White Board  $0.30/sf 

Specular  Mirror $2.00/sf 

Table 5-2: Light Shelf Top Surface Materials 

Two spread reflectors are selected. One is the foil backing of the ceiling tile; the other 

is white board with glossy paint. The foil material adds no incremental cost, since it is 

actually the backside of the ceiling tile being used to create the light shelf.  The images 

of these materials are shown in Figure 5-2, 5-3, 5-4, and 5-5.   

 

 

 

 

 

 

 

Figure 5-2: White Ceiling Tile                          Figure 5-3: Foil Backing of Ceiling Tile 
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Figure 5-4: Semi-Glossy White Board                  Figure 5-5: Mirror 

The four materials are tested in a space with ceiling height 11’-2”, light shelf length of 

6’, and top of view glazing at 7’2” above the floor.  Interior layout is type 0 (Figure 5-6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-6: Configuration of the Test Cell for Phase 1 
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A base case is also tested to compare with the effects of daylighting systems. The base 

case has the same configuration except that there is no light shelf and no overhang 

installed and that the opaque spandrel beam replaces the daylight glazing (Figure 5-7).  

 

Figure 5-7: Base Case 

Models are tested under clear skies for solar profile angles of 28, 38, 48, 58, and 68 

degrees, and under diffuse sky (north orientation) for non-sun exposures. For each 

condition, the light shelf top surface switches among the four reflecting materials. Data 

are recorded, and then processed in Microsoft Excel, where CUs are computed. The 

base case is only tested under profile angle 28 and 38 degrees. The result is reported in 

a standard data sheet, in which a chart of CU values is generated for each profile angle 

and diffuse sky condition.  Descriptions on the configurations of the daylighting system 

and interior space are also listed in the tables below with the applied values highlighted 

in yellow.  The results for phase 1 are illustrated in Data Sheet 1-1 through 1-6 in 

Appendix D.  

Of the four candidates, the mirror reflector provides the highest quantity of light 

throughout the experiment.  Foil backing is always a close second providing light 

quantity. The performance of both white board and white ceiling tile is substantially 

lower than either the mirror or the foil.  The performance of white board is slightly 

better than white ceiling tile when the profile angle is low (28°, 38°, and 48°), but they 

are close under high angles (58° and 68°), and under diffuse sky. For the two profile 
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angles where base case configuration is tested, the performances of the light shelf 

systems are much better than the base case configuration.  

Luminance values of critical points are measured to assess lighting quality.  

Photographs were taken of the space simultaneously with making the luminance 

readings.  Some of these photographs are shown below.  The luminance readings are 

recorded on the photograph to indicate the locations on various surfaces where the 

luminance readings were made.  Figure 5-8, 5-9 and 5-10 illustrate the results under 

profile angle 28°.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-8: Luminance Distribution of White Board under Profile Angle 28 Degrees.  

 

2,500 fl

400 fl 

2,000 fl

2,500 fl

2,300 fl

1,400 fl

900 fl 

400 fl 

500 fl 

400 fl on task 



Chapter V Experimental Procedures, Data Analyses & Discussions 

 67

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-9: Luminance Distribution of Foil Backing under Profile Angle 28 Degrees.  

 

As mentioned earlier, in order to assess the luminous environment, three issues need to 

be considered: 1) the ratio of task surface luminance to adjacent surroundings, such as 

adjacent wall or vertical board of work cubicle. 2) The ratio of task surface luminance to 

remote surroundings, such as ceiling or window. 3) The luminance distribution on the 

ceiling.  

Based on these criteria, the luminous environments created by the white board 

reflector (Figure 5-8) and by the foil backing reflector (Figure 5-9) are generally 
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satisfactory, because the ratios of the task surface luminance to its adjacent 

surroundings, the side wall in this case, are within 1:3, and ratios of the task to its 

remote surroundings, ceiling and window, are within 1:10. The luminance distributions 

on the ceiling are fairly uniform, the luminance ratios of two adjacent ceiling tiles being 

within 1:3. Note the brightest spot on ceiling created by foil reflector is farther away 

from window than is the case for the white board, because the light reflected by the foil 

surface is more concentrated on one direction than is the light from the white board.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-10: Luminance Distribution of Mirror under Profile Angle 28 Degrees. 
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Even though mirror performs the best in terms of lighting quantity, it is not optimal 

from the light quality point of view. It casts an obvious “hot” spot on the ceiling as 

shown in Figure 5-10. The luminance contrast of this hot spot to its adjacent dark area 

is around 10:1, which is much higher than other light shelf reflectors. This is also true 

for other profile angles. Figure 5-11, 5-12, and 5-13 show the ceiling luminance 

distributions created by mirror under profile angle: 38, 48, and 58 respectively.  

 

 

 

 

 

 

 

 

Figure 5-11: Luminance Distribution for Mirror under Profile Angle 38 Degrees. 

 

 

 

 

 

 

 

 

 

Figure 5-12: Luminance Distribution for Mirror under Profile Angle 48 Degrees. 
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Figure 5-13: Luminance Distribution for Mirror under Profile Angle 58 Degrees. 

In terms of cost, foil technically costs nothing, since it is the back side of the ceiling tile 

being used to create the light shelf.  White board and ceiling tile are inexpensive 

materials also, costing around half dollar per square foot. The price of mirror varies, but 

it is much more expensive than the other materials. In terms of maintenance, mirror 

and white board are easy to be cleaned since they both have a smooth surface, whereas 

cleaning ceiling tile is difficult due to its rough surface. Foil backing is also hard to 

maintain, because the light shelf frames stick up above the foil surface, which makes 

cleaning somewhat difficult.  

An overall evaluation of the four materials in terms of illuminance, luminance, 

incremental cost, and maintenance is made in Table 5-3.  

Materials Illuminance  Luminance  Incremental 

Cost 

Mirror Excellent Fair Expensive 

Foil Backing Very Good Very Good Zero 

White Board Fair Very Good Inexpensive 

Ceiling Tile Fair Very Good Inexpensive 

Table 5-3: Overall Evaluation of the Four Light Shelf Top Surfaces.  
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Based on the results of the experiments and discussions above, the following 

conclusions can be drawn: 

1. Foil is highly recommended as light shelf top surface.  It performs very well in 

terms of both light quantity and quality and it has zero incremental cost for either 

material or installation costs.   

2. Due to its high reflectance, mirror is the best candidate in terms of light quantity. 

However, the high contrast of luminances on the ceiling created by the mirror 

reflector makes office spaces less attractive and less satisfying, especially for 

computer tasks. The uneven distribution of luminances on ceiling is a great source 

for reflected glare on computer screens. Mirror is also expensive, heavy, and hard to 

manipulate during installation. Light plastic mirrors, and specially produced mirrors 

like the 3M product called DL-2000, which has mini prismatic elements on its 

surface, may be better candidates, but this remains unknown until they are tested.  

3. The white board (with glossy paint) and the white ceiling tile both provide 

substantially less light, compare to the mirror or the foil. 

For the remaining studies, only two light-shelf surfaces will be used: foil and glossy 

white board.  The foil is generally the favored reflective material, but the white board 

has been retained for its superior maintenance qualities. 
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PHASE 2: Partition Materials 

Partitions are major elements in office environments, but there has been little research 

conducted on the impacts of interior partitions. The material, number, and placement of 

partitions are critical issues to be considered for daylighting designs. The current phase 

focuses on material. The number and placement of partitions will be discussed in Phase 

3 and Phase 4.  

Two types of material are studied: opaque and translucent. The opaque partition is 

painted white board and the translucent partition is made of two layers of glass 

laminated on each side of a white diffusing butyrate core (Figure 5-14, 5-15). 

 

 

 

 

 

 

 

 

 

 

Figure 5-14: Opaque Partition                         Figure 5-15: Translucent Partition 

 

The two partition configurations used in this phase are shown in Figures 5-16 and 5-17. 
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Figure 5-16: Configuration of Test Cell for Phase 2 – Layout Type 1 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-17: Configuration of Test Cell for Phase 2 – Layout Type 2 
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The configurations are tested for sun exposures with profile angles of 28, 38, 48, 58, 

and 68 degrees. (Base case data are available for 28° and 38°). For each profile angle, 

the system switches from layout type 1 to layout type 2, the light-shelf reflector 

switches from foil to white board, and the partition material switches from opaque to 

translucent. The results are recorded in Data Sheet 2-1-1 through 2-1-5 (for Layout 

Type 1) and Data Sheet 2-2-1 through 2-2-5 (for Layout Type 2). 

As shown in the charts, translucent partitions significantly improve the light 

quantity in all areas behind the partition(s).  To take a specific example, replacing a 

single opaque partition with as single translucent partition doubles the illuminance on 

sensor 4.  

Translucent partition material also improves the illuminance distribution by lowering 

the light level at perimeter office, especially on sensor 3. This effect is due to the fact 

translucent partition lets a fair amount of excessive light in perimeter zones come 

through and enter the inner portion of the space instead of bouncing back the incident 

light, as the opaque partition does.  

The Data prove again that foil backing has a better performance than white board in 

terms of light quantity, especially for lower sun angles. This is consistent with the 

findings of Phase 1. Therefore, white board is not going to be used in later experiments. 

Foil baking will be the only material that serves as light shelf top surface, which greatly 

simplifies the remaining experimental procedures.  

Using the same method as in Phase 1, light quality was assessed by measuring 

luminance values on critical surfaces, including both sides of the partition, adjacent 

walls, ceiling, task surface, etc. The results are then recorded on the photograph shot 

at the same time when the readings are taken. The findings for both translucent and 

opaque cases are shown in Figure 5-18 and 5-19 respectively. 
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Figure 5-18: Luminous Environment with Translucent Partition 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-19: Luminous Environment with Opaque Partition 
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As shown in Figure 5-18, translucent partitions are much more effective than opaque 

partitions in creating a uniform luminous environment. When the translucent material 

is used, the ratios of luminance readings on major adjacent surfaces are within 1:3. 

Note that the reading on the inner side of the partition is about three times as much as 

on the side of the partition facing the window wall. This implies that the amount of light 

coming through the partition is three times as much as the light bounced back. Opaque 

partitions produce a fairly high contrast of luminance for the spaces behind the partition. 

The ratios of the luminance on the inner side of the partition to other adjacent surfaces 

are all beyond 1:10 (Figure 5-19).  Opaque partitions also produce an extreme excess 

of light in the perimeter office. 

In Table 5-4, the two partition materials are compared. 

 

 Illuminance Luminance  Cost 

Opaque Poor High Contrast Fair 

Translucent Good Fairly Uniform Expensive 

Table 5-4: Overall Evaluation of Opaque and Translucent Partitions 

 

Conclusions from Phase 2: 

1. By lowering the illuminance of perimeter offices where light is usually excessive and 

increasing the illuminance beyond partitions, translucent partitions provide a 

superior light distribution.  

2. Opaque partitions increase the light level of the perimeter office, by reflecting back 

the incident light, and decrease the illuminance deeper inside the space, by blocking 

the light. 

3. Translucent partitions are highly recommended, and will be used in the later phases 

of the experiment. 
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PHASE 3:  Partitions Parallel to Window Wall 

This phase is a summary of some of the information from the first two Phases.  Phase 

1 is based on Layout Type 0 (Figure 5-6), and Phase 2 is based on Layout Type 1 & 2 

(Figure 5-16 & 5-17).  Collectively those two phases provide us with all the information 

required to address all the configurations involving partitions parallel to the window 

wall. Only the data with foil backing as light shelf surface are used. The results, which 

are illustrated on Data Sheet 3-1 through 3-6 in Appendix D, can be discussed as 

follows:  

1. For clear sky conditions with solar exposure on the window wall, the average 

illuminance level at sensor 4, 5, 6, 7, and 8 is reduced by a factor of 0.4 when a 

single translucent partition is introduced and reduced by a factor of 0.48 when two 

translucent partitions are introduced. 

2. For diffuse skylight only, the average illuminance level at sensor 4, 5, 6, 7, and 8 

is reduced by a factor of 0.18 when a single translucent partition is introduced and 

reduced by a factor of 0.24 when two translucent partitions are introduced. 

3. As the graphs clearly indicate, the reductions in light reaching the interior space 

are even more extreme for opaque partitions.   

4. Partitions increase the light level in the perimeter offices and reduce the light level 

in the interior space.  This creates adaptation problems for people moving 

between those spaces. 

5. From a daylighting point of view, no partitions is clearly better than one partition 

and one partition is clearly better than two partitions.  Of course, there are 

functional and cultural reasons why partitions will be desired by some of the 

building occupants.  However, those concerns need to be weighed against the 

negative impact on the daylighting and the reduced sense of connection between 

the interior and the natural world. 

6. It is highly recommended that the upper portion of the partition (above 7’) be 
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transparent, and that the number and size of the mullions in that portion be 

minimized as much as possible. This upper portion of partition is critical for letting 

light through to illuminate the interior space.  
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PHASE 4:  Partitions Perpendicular to Window Wall 

The next question becomes what happens if partitions are added perpendicular to 

window wall, to divide a wide space into smaller, narrower spaces.  This kind of interior 

arrangement has not been very well addressed in the literature, which has tended to 

focus on applications of the profile angle method. This method is not applicable to 

narrow spaces. This situation is illustrated in Figure 5-20, which shows the lighting 

environment of the two types of floor plans under solar position of March 21, 11:00am. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-20: Divided vs. Open Spaces 

 

As shown in Figure 5-20, each plan can be represented by a unit (enclosed by dashed 

lines) taken out from the whole floor. The methods of using the test cell to simulate 

these two floor plans are discussed in Chapter II.  The Profile-Angle method, which has 

?
Plan View of Divided Space 

Plan View of Open Space 
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been used in the first three phases, is the way to simulate the open space; whereas the 

divided space will be simulated by using the Altitude-Azimuth method. The processes of 

these two simulations can be illustrated by an example shown in Figure 5-21.  

 

Figure 5-21: Methods for Simulating Open and Divided Spaces at 11:00am, March 21 

 

Both of the processes shown in the figure are simulating March 21, 11:00am (Altitude 

51°, Azimuth 25°). For divided space, one unit is used to represent the entire floor plan, 

and this unit is simulated by test cell under the exact solar angles (Altitude 51°, 

Azimuth 25°). For open space, based on the Profile Angle theory, the building under 

profile angle 54° is equivalent to the one under Altitude 51° and Azimuth 25°, since 54° 

is the profile angle of the sun position at that particular time. Now a unit of that open 

floor can be taken out and represented by test cell under a profile angle of 54°. In this 

way the wide space can be simulated by a narrow test cell. Therefore, the comparison 

between the two types of floor plans is equivalent to the comparison of the test cells 

under two different solar conditions shown in Figure 5-21.   
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The two cases are assessed under a series of solar and sky conditions. Three days 

are selected from a year: June 21, March/September 21, and December 21. Data are 

taken every hour in the morning from 8:00am through 12:00pm.  By the symmetry of 

solar motion, the morning data is equivalent to afternoon data, which does not have to 

be taken.  For example, data taken for 8:00am solar time will be equivalent to data for 

4:00pm solar time.  All the solar angles involved are listed in Table 5-5. 

  

 

 

 

Date Time Altitude Azimuth Profile Angle 

8:00 AM 37 94 85 

9:00 AM 49 85 86 

10:00 AM 61 73 81 

11:00 AM 72 50 78 

 

21 

JUN 

12:00 AM 78 0 78 

8:00 AM 24 71 54 

9:00 AM 35 60 54 

10:00 AM 44 44 54 

11:00 AM 51 25 54 

 

21 

MAR/SEP 

12:00 AM 54 0 54 

8:00 AM 8 53 13 

9:00 AM 17 43 23 

10:00 AM 24 30 27 

11:00 AM 29 16 30 

 

21 

DEC 

12:00 AM 31 0 31 

Table 5-5: List of Solar Angles Involved in Phase 4 

 

The numbers in the “Profile Angle” column are the profile angles of the solar altitude 

and azimuth on the same row. Altitude and azimuth angles are tested for narrow space 
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and the corresponding profile angles are tested for open space. The shaded angles are 

the ones that are really tested, whereas the un-shaded ones were either not available 

when the experiment was conducted (such as profile angle 85°) or too low to be visible 

because of blockage by trees around the test cell (such as altitude 8°).  

The experiment starts with the lowest altitude angle, altitude 17° and azimuth 43°, 

which is Dec. 21, 9:00am. The corresponding profile angle for the same time is 23°. The 

ways in which the two types of spaces are tested for this particular time are shown in 

Figure 5-22 and 5-23. 

 

  

Figure 5-22: Divided Space Tested under Altitude: 17 Degrees and Azimuth: 43 Degrees. 
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Figure 5-23: Open Space Tested under Profile Angle: 23 Degrees. 

 

Interior illuminances are measured for the two cases represented in Figure 5-22 and 

Figure 5-23 and then compared for Dec.21, 9:00am. For each case, all the three 

interior layouts (Layout Types 0, 1, and 2) are tested.  The light shelf reflector is 

always the foil backing. The light shelf length is 6’.  The top of view glazing is at 7’2” 

above the floor. The ceiling height is 11’-2”. 

The results for Layout Type 0 are illustrated in Data Sheet 4-1-1 through 4-1-9 in 

Appendix D.  The results for Layout Type 1 are shown in Data Sheet 4-2-1 through 

4-2-9 (Data for Layout Type 2 are not shown in the Appendix, since they are quite 

similar to the case of Layout Type 1).  

There is an obvious trend in the charts. The light levels in wide spaces are 

substantially higher than in narrow spaces early in the morning, and the light levels in 

the two spaces approach each other when the time approaches noon. Finally, at solar 
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noon, their performances are the same.   

In terms of light quality, at any time other than solar noon, sunbeams penetrate 

through daylight glazing and create bright patches of light on the partitions that are 

dividing the space. These bright spots become a big source of reflected glare on 

computer screens. This problem exists in every perimeter office that is facing south 

under clear skies (Figure 5-24). 

 

Figure 5-24: Bright Spot on Partition that Could Cause Reflected Glare on Computer Screens 

 

If there weren’t partitions perpendicular to window wall, this glare source would only 

occur at the sidewalls at two ends of the floor plan, in which case, this type of glare can 

be minimized.  

To conclude, the followings should be considered when dealing with the issue of 

partitions perpendicular to window wall: 

A hot spot. The light incident on this spot

could have reached the light shelf and got

reflected back on the ceiling, if there were

no partition.  
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1. Adding partitions that are perpendicular to the south-facing window wall to divide 

open space into small offices creates a fairly big drop in the illuminance deeper 

inside the room, especially early in the morning and later in the after noon. During 

these time periods, very bright areas can be created on these partitions by the 

sunbeams admitted through daylight glazing. Dividing the space in the manner is 

therefore not recommended from the daylighting point of view.  

2. As for the case of partitions parallel to the window wall, the partitions perpendicular 

to the window wall should be made transparent for the portion above the light shelf 

surface.  Making this part of the partition clear glazing assures that light moving 

laterally into the daylighting glazing will be able to continue on into the building 

without being blocked by opaque material.  The number and size of the millions 

that support the transparent glass should be minimized.  
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PHASE 5: Ceiling Height  

Ceiling height is a crucial factor in daylighting design. This is also the area where 

“battles” tend to occur between daylighting designers and other members of the design 

team, such as the structural and mechanical engineers.  It is thus important to 

quantify the importance of ceiling height for delivering light into a space.  

The purpose of this phase is to demonstrate how much a ten-inch difference in 

ceiling height could affect the performance of daylighting solutions. The issue is studied 

in conjunction with several daylighting systems and in a number of space 

configurations, one of which is shown in the following figure. 

 

 

 

 

 

 

 

Figure 5-25: Space Configuration for Studying Ceiling Height.  

 

This is a case where there is no partition (Layout Type 0) and the light shelf is 6-ft long 

and located at 7’-2” above the floor.  The ceiling height varies from 11’2” to 12’-0”.  

The Altitude-Azimuth method is used to test the model.  The available solar angles 

when the experiment was conducted are listed in Table 5-6. 
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Date Time Altitude Azimuth 

8:00 AM 24 71 

9:00 AM 35 60 

10:00 AM 44 44 

 

21 

March/September 

11:00 AM 51 25 

9:00 AM 17 43 

10:00 AM 24 30 

11:00 AM 29 16 

 

21 

December 

12:00 AM 31 0 

Table 5-6: Solar Angles Tested in Phase 5.  

 

The results are recorded on Data Sheets 5-1 through 5-8.  Generally, going from the 

11’-2” ceiling to the 12’-0” ceiling increases the average illuminance level for sensors 

4-8 by a factor of 1.25.  

The benefits of raising the ceiling height by 10 inch are significant. However, there 

are many other factors motivating towards lowering the ceiling, including construction 

cost; fire rating; accommodating structure, duct work, and other utilities; etc. 

Successful daylighting requires careful integration of systems to assure adequate 

ceiling height for daylighting.   

Since both of these ceiling heights are deemed to be viable and reasonably 

competitive with each other, they will both be used for the remaining experiments. 
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PHASE 6: Light Shelf & FISCH 

The performances of light shelf system with various dimensions as well as the FISCH 

system are assessed and compared in this phase. Typically, after certain factors related 

to daylighting design are finalized, such as interior layout, ceiling height, budget, etc., 

daylighting designers will still have a number of options. Decisions have to be made 

based on the assessments of these options to deliver the best solution to client.  

Three daylighting solutions are compared in this phase:  a 6-ft-long light shelf, a 

12-ft-long light shelf (sometimes used as the ceiling to enclose a perimeter office), and 

a mini-optical louver system (FISCH).  The top surface of the light shelf is the foil 

backing of ceiling tile. Figure 5-26 shows a diagram of a 6-ft-long light shelf integrated 

with Layout Type 0 and the picture of the same light shelf installed in test cell. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-26: 6-Ft-Long Light Shelf System  

 

 

Section 6-ft-long Light Shelf in Test Cell 
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Figure 5-27 shows a 12-ft-long light shelf integrated with Layout Type 1, and a picture 

of the 12-ft-long light shelf mounted in the test cell. 

 

 

 

 

 

 

 

 

 

Figure 5-27: 12-Ft-Long Light Shelf System 

 

A real example of the application of a long light shelf is the Lockheed Building in 

California, in which the light shelf is 13’ long (Figure 5-28).  

 

 

Figure 5-28: Lockheed Building – An Example of Long Light Shelf 
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Optical louver system tested in this study is the FISCH system developed by Eckelt 

Company in Austria (Figure 5-29). It has small-scale light reflecting elements stacked 

inside the daylight glazing.  Compared to light shelves, the louver system is more 

flexible and less visually and spatially intrusive.  

 

Figure 5-29: Sections of FISCH System 

Figure 5-30 shows the how the FISCH system is integrated into the test cell.  

 

 

 

 

 

 

 

 

 

 

Figure 5-30: FISCH System in the Test Cell 
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The systems mentioned above are compared under two ceiling heights: 11’-2” and 

12’-0”.  The goal of the comparative study in this phase is to assess all possible options 

for each of the two ceiling heights, and find out the superior solution for each ceiling 

height.  It is expected that the findings will provide designers with useful information 

to make design judgments.  

1. Solutions for 11’2” Ceiling Height 

There are four possible options for a space with ceiling height: 11’-2”. They are listed in 

Table 5-7. 

 DAYLIGHTING SYSTEM 

TOP OF VIEW 

GLAZING 
6-ft Light Shelf 12-ft Light Shelf FISCH 

7’-2” OPTION N/A OPTION 

8’-0” OPTION OPTION N/A 

9’-0” N/A N/A N/A 

Table 5-7: Possible Options for a Space with Ceiling Height 11’-2” 

 

The 12-ft-long light shelf is ruled out for a height of 7’-2”, since this would be an 

oppressively low and wide expanse of ceiling.  All light shelves are ruled out for a 

height of 9’-0” in conjunction with a ceiling height of 11’-2”, because this would reduce 

the daylighting aperture to a vertical dimension of only about two feet.  For the FISCH 

system, the top of view glazing is always at 7’2”, since the FISCH system is not spatially 

intrusive and since it needs to have louvers down low to compensate for the fact that 

many of the reflective louvers are up high where the light bouncing off of them does not 

penetrate very deep into the space.  Therefore, four combinations are left as possible 

options to be tested.  
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The experiments are conducted by using Altitude-Azimuth method to obtain the sun 

exposure data. Table 5-8 lists all the involved solar angles that were available during 

the experiments. Data under diffuse sky are also measured. All three interior layout 

types are tested, but only the results of Layout Type 0 and 1 are illustrated in Data 

Sheet 6-1-1 through 6-1-11 and Data Sheet 6-2-1 through 6-2-11 respectively, since 

the results for Layout Types 1 and 2 produce similar relative assessments of the three 

systems.   

Date Time Altitude Azimuth 

8:00 AM 37 94 21 

June 9:00 AM 49 85 

8:00 AM 24 71 

9:00 AM 35 60 

10:00 AM 44 44 

 

21 

March/September 

11:00 AM 51 25 

9:00 AM 17 43 

10:00 AM 24 30 

11:00 AM 29 16 

 

21 

December 

12:00 AM 31 0 

Table 5-8: Solar Angles Tested in Phase 6. 

 

It is found from the results that for both layout types, the 6-ft-long light shelf at 7’2” 

above the floor performs the best in terms of light quantity for both sun exposure and 

non-sun exposure. In terms of light quantity, the order of the performance of the rest 

of the three systems are, from the best to worst, a 6-ft-long light shelf at 8’ above the 

floor, a 12-ft-long light shelf at 8’ above the floor, and FISCH.  

In order to assess light quality of the four systems, a computer program is used 

determine when and how much direct sunbeam penetration occurs through the daylight 
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glazing and the view glazing. Models of the test cell with four systems are built in 

AUTOCAD 2000i, and then exported to 3D STUDIO MAX 4.0.  The solar path of 

December 21 is used, since that is the day with the lowest sun angles and is, therefore, 

the day that maximum penetration of beam sunlight is going to take place.  In the 

computer simulation, a camera is placed under the light shelf, pointing down towards 

the task plane.  An animation from the view of the camera is rendered from sunrise to 

sunset. The beam sunlight admitted through daylight glazing and view glazing is 

recorded as bright patches of sunlight (red areas in the movie clip for each model). 

Figure 5-31 shows a frame of the animation rendered for the 6-ft-long light shelf at 

7’-2” above the floor. The frame illustrates the size and location of the direct sunbeams 

admitted through south view glazing and daylight glazing at about 10:30am on 

December 21.  

 

Figure 5-31: A Frame Generated by the Computer Showing the Beam Sunlight in the Test Cell with 

6-Ft-Long Light Shelf at 7’-2” above Floor at 10:30am, DEC 21. 
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Hourly frames in the animation for the 6-ft-long light shelf at 7’-2” above the floor are 

shown in Appendix E.  As shown in the animation, there is a fairly small amount of 

beam sunlight admitted through daylight glazing, and the duration of the sunlight 

penetration is short – about an hour in the morning and an hour in the afternoon. In the 

animation for assessing 6-ft-long light shelf at 8’ above the floor, beam sunlight 

admitted through the daylight glazing is completely blocked from reaching the task 

plane. This also implies that the 12-ft-long light shelf at 8’ above the floor will not allow 

any beam sunlight admitted by the daylighting glazing to reach the task plane, since 

the 12-ft-long light shelf will be even more effective at blocking the beam sunlight.  

The FISCH system allows no beam sunlight to pass through it into the space.  In fact, 

the control of all forms of glare is one of the hallmarks of the FISCH system.  For the 

FISCH system, the luminances of all interior surfaces are highly uniform (Figure 5-32). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-32: Luminous Environment of FISCH System. 
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Table 5-9 summarizes the assessments of the four systems. 

 

 Illuminance Beam Sunlight on Task Cost 

LS6’ @ 7’2” Excellent  Fair  Moderate 

LS6’ @ 8’ Good Good Moderate 

LS12’ @ 8’ Good Good Moderate 

FISCH @ 7’2” Fair Excellent High 

Note: LS6’ @ 7’2” means 6’ long light shelf at 7’2” above the floor 

Table 5-9: Summary of the Evaluations for the Four Systems for the 11’-2” Ceiling  

 

It is difficult to make a recommendation regarding these four cases, because each 

system has strong points and some weaknesses.  The 6-ft-long light shelf mounted at 

7’-2” above the floor provides the highest quantity of light, but it also has the drawback 

of allowing some beam sunlight penetration.  Even though the amount of beam 

sunlight penetration is small and the duration is short, it is a source of glare that is 

difficult to control because it is coming through the daylight glazing. Beam sunlight 

admitted through the daylight glazing is harder to be eliminated than beam sunlight 

admitted through the view glazing, which can be shaded by blinds. The FISCH system 

creates a glare free interior environment, but it certainly blocks a fair amount of light, 

and it is expensive. The other two systems perform somewhere between the FISCH 

system and the 6-ft-long light shelf in terms of both light quantity and quality. They 

provide reasonably good light levels and also keep beam sunlight from entering the 

space through daylight glazing. The 12-ft-long light shelf can be a better candidate 

when integrated with partitions to enclose perimeter offices.  In that case, the top, 

transparent portion of the partitions can be eliminated, since the light shelf forms the 

ceiling, and completes the closure, of the perimeter office. 

To make the decision of what is the best option of the four systems, more factors 



Chapter V Experimental Procedures, Data Analyses & Discussions 

 96

have to be considered, such as the nature of the activities occurring in the particular 

office space, the culture of the company, the preference of the users, etc.  

 

2. Solutions for 12’-0” Ceiling Height 

The candidate systems are listed in Table 5-10: 

 DAYLIGHTING SYSTEM 

TOP OF VIEW 

GLAZING 
6-ft Light Shelf 12-ft Light Shelf FISCH 

7’-2” OPTION N/A OPTION 

8’-0” OPTION OPTION N/A 

9’-0” OPTION OPTION N/A 

Table 5-10: Possible Options for a Space with Ceiling Height 12’-0” 

 

Since the ceiling has become higher, the light-shelf systems can be raised to 9’ above 

the floor. This produces six options for a 12’-0” ceiling. The experiments are conducted 

in the same way as for the case of 11’-2” ceiling.  

The illuminance data for both sun exposure and non-sun exposure are recorded on 

Data Sheet 6-3-1 through 6-3-11 (for Layout Type 0) and Data Sheet 6-4-1 through 

6-4-11 (for Layout Type 1) in Appendix D.  As for the case of the 11’-2” ceiling height, 

the 6-ft-long light shelf at 7’-2” above floor is the best in terms of light quantity for both 

Layout Type 0 and 1.  The 6-ft-long light shelf at 8’ above the floor is slightly better 

than the 12-ft-long light shelf at 8’ above the floor for Layout Type 0.  However, the 

latter is better than the former for Layout Type 1, because the 12-ft-long shelf can be 

integrated with the partition in this layout type so that the upper glass portion of the 

partition can be eliminated.  Eliminating the upper part of the partition represents a 
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significant saving in initial cost and it improves system performance by eliminating the 

interference caused by reflections off the glazing and the mullions in the upper part of 

the partition.  For both layout types, the data suggest that the 6-ft-long light shelf at 9’ 

above the floor, the 12-ft-long light shelf at 9’ above the floor, and the FISCH system are 

less effective in terms of the amount of light delivered to the interior space.  

As previously discussed, computer models are used to predict the amount and 

duration of beam sunlight reaching the task plane. It is found that the 6-ft-long light 

shelf at 7’-2” above the floor creates a fairly large patch of beam sunlight that stays on 

the task plane for about six hours on December 21.  This is able to occur because the 

higher ceiling allows for a larger area of daylight glazing, with the consequence large 

shaft of beam sunlight with which the light shelf has to contend. The hourly frames of 

the computer animation are shown in Appendix F.  The 6-ft-long light shelf at 8’ above 

the floor also allows some beam sunlight from the daylight glazing to reach the task 

plane, but the size and duration of the patch is fairly minor (Appendix G). 

Table 5-11 summarizes the performances of the six options. 

 Illuminance Beam Sunlight on Task Cost 

LS6’ @ 7’2” Excellent  Poor  Moderate 

LS6’ @ 8’ Good Fair  Moderate 

LS6’ @ 9’ Fair Good Moderate 

LS12’ @ 8’ Good Good Low 

LS12’ @ 9’ Fair Good Low 

FISCH @ 7’2” Fair Excellent High 

Table 5-11: Summary of the Six Options for 12’-0” Ceiling 

 

The 6-ft-long light shelf at 7’-2” above the floor is not recommended for both layout 

types; even though it provides the highest light level, the beam sunlight problem 
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associated with this system is a serious concern.  Both the 6-ft-long light shelf at 8’ 

and the 12-ft-long light shelf at 8’ are good options in terms of light quality and quantity.  

The former can be suitable for Layout Type 0, since it is less intruding than the long 

shelf for an open space; the latter works better with Layout Type 1, where it can be 

used to create closure in the perimeter office and, in so doing, eliminate the need for 

the glazed upper portion of the partitions.  If users feel the ceiling of the perimeter 

office is too low at 8’, then the 12-ft-long light shelf at 9’ may be a better choice, even 

though some light will be sacrificed for the inner space. The FISCH system is fair in 

terms of light quantity, but the luminous environment it creates is outstanding.  It is 

suitable to office spaces accommodating activities requiring high level of luminance 

uniformity. It also would be highly suited to illuminating spaces that are shallower than 

the ones that were examined here.  Unfortunately, the spatial situation to which the 

FISCH would be best suited was not examined in this dissertation research, which was 

focusing on more aggressively seeking deep light penetration. 

 

ESTIMATING ELECTRIC LIGHTING REDUCTIONS  

One of the major goals of daylighting design is to reduce nonrenewable energy use. 

When an appropriate electric lighting control system is selected and integrated with 

daylighting solutions, energy savings can be significant.  

One of the systems that proved promising in earlier experiments will be used as an 

example to demonstrate the procedures of estimating lighting electricity savings.  This 

system is the 6-ft-long light shelf with the foil reflector, placed at 7’-2” above the floor. 

The interior is Layout Type 1 with the 11’-2” high ceiling. The case chosen to examine 

is bilateral lighting, with a 60’ dimension from the south window wall to the north 

window wall (Figure 5-33). Since the interior layout is Layout Type 1, there is one 

partition at each end of the building to enclose a perimeter office. 
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Figure 5-33: Bilateral Lighting with South and North Window Walls 

 

To properly make the estimation, the following steps need to be taken: 

1. Obtaining Daylight Availability Data During Occupancy  

The location where the daylighting systems are to be applied is Raleigh, North Carolina 

(Latitude 36 Degree). The year-round daylight resource data at this location are 

provided by Dr. Wayne Place and his fellow researchers. (Place, Howard, & Howard, 

1992). The data were taken on south and north vertical planes with a black ground 

plane. Each data point represents a one-hour interval that occurs during occupancy, 

which is from 8:00am to 5:00pm (ten points per day).  A portion of the daylight 

availability data is shown in Table 5-12 as an example to illustrate the nature of the 

entire data set. This portion includes three days in a year: December 21 (the 1st day), 

December 22 (the 2nd day), and December 20 in next year (the 365th day). Occupancy 

during the daylight saving period is considered as solar time 7:00am to 4:pm. 

Therefore, there are a total of 3650 (10 X 365) data points on the south vertical glazing 

and 3650 data points on the north vertical glazing. For the south orientation (sun 

exposure), the profile angle of the solar position at each time is calculated and listed in 

the data table (Table 5-12).  
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Table 5-12: A Portion of the Daylight Availability Data in Raleigh, NC. (Data are provided by Dr. 

Wayne Place) 

 

2. Obtaining System Performance Data (CUs) 

CUs for both south and north orientations (Unilateral Lighting, up to 45’ deep) have 

been computed in earlier experiments, and recorded on data sheets in Appendix D. 

However, for south orientation, only the CUs of five profile angles (28 through 68) are 

available. In order to provide CUs for every possible profile angle associated with the 

3650 points, a curve is fit for each sensor by using the five available CU data points for 

DATE VERTICALVERTICALPROFILE
SOUTH NORTH ANGLE
BLACK BLACK FOR EACH
GROUND GROUND HOUR

(Day) (HOUR) (KLUX) (KLUX) (DEGREE)
1 800 2.40 1.45 13
1 900 5.62 3.07 22
1 1000 2.52 2.37 27
1 1100 2.95 2.65 30
1 1200 3.01 3.19 31
1 1300 5.24 4.49 30
1 1400 11.96 6.71 27
1 1500 24.83 5.29 22
1 1600 8.85 2.50 13
1 1700 0.85 0.33 -5
2 800 19.20 2.42 13
2 900 51.61 4.59 23
2 1000 72.47 5.42 28
2 1100 83.44 5.70 30
2 1200 87.64 5.72 31
2 1300 84.86 5.63 30
2 1400 74.72 5.43 28
2 1500 56.50 4.85 23
2 1600 19.54 3.09 13

… … … … …
365 800 21.62 2.52 13
365 900 54.01 4.64 23
365 1000 72.80 5.40 28
365 1100 84.58 5.64 30
365 1200 86.82 5.85 31
365 1300 78.42 6.49 30
365 1400 51.26 6.29 28
365 1500 35.10 5.86 23
365 1600 6.26 2.84 13
365 1700 1.01 0.38 -5

December 21st   

December 22nd   

December 20th (next year)  

…  
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that sensor for the five profile angles.  The CUs here are for sun-exposure data under 

clear skies, which includes both sun and sky components. However, even on the south 

orientation, about 50% of the days in a year in Raleigh are cloudy sky conditions, in 

which case, diffuse sky becomes the predominant case.  Therefore, the CUs for the 

south orientation are adjusted by taking the average of sun exposure data (sun + sky 

components) and non-sun exposure data (sky component only).  

3. Predicting Full-Year Interior Illuminances (in Lux) 

Interior illuminance on a sensor at a particular time can be predicted by multiplying the 

CU of that sensor by the illuminance occurring at that time at the vertical face of the 

daylight glazing.  This CU is derived from the curve fit for that senor by inputting the 

profile angle of the solar position at that time point. There are a total of 3650 time 

points representing 3650 hours of occupancy in a year (8:00am through 5:00pm on 

each day).  

The results of this computation are shown in Appendix H, where illuminances at 

each sensor are plotted as the function of the 3650 time points. The X-axis represents 

the time points, starting from December 21st, and ending on December 20th of next year. 

The first ten points (1-10) on the X-axis are each hour from 8:00am through 5:00pm on 

December 21st; the next ten points (11-20) are each hour from 8:00am through 

5:00pm on December 22nd; and so forth. The illuminance of the sensor at each hour is 

recorded as a dot on the plot.  

To summarize the plots, Table 5-13 lists the illuminance data of the total of ten 

sensors for the bilateral lighting case.  The designations of the sensors are consistent 

with Figure 5-33. As shown in the table, for each sensor, the number of illuminance 

readings are counted and grouped into four categories. The percentage is also provided. 

For example, at south sensor 2, illuminances are higher than 550 Lux for 3245 hours, 

which is 88.9% of the total 3650 hours in a year. The limits of the four categories are 

550, 360, and 180 Lux.  These three category limits correspond to a three-stage 
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switching of the electric lights. These three stages are set to be 550Lux, 2/3(550Lux), 

and 1/3(550Lux).  

 

        SOUTH                                           NORTH 

Sensors 2 3 4 5-8 6-7 7-6 8-5 4 3 2 

3245 3105 2514 2171 1425 1029 1543 944 2994 3298 
550Lux + 

% 
88.9% 85.1% 68.9% 59.5% 39.0% 28.2% 42.3% 25.9% 82.0% 90.4% 

116 172 299 485 832 1120 941 936 240 127 
360-550Lux 

% 

3.2% 4.7% 8.2% 13.3% 22.8% 30.7% 25.8% 25.6% 6.6% 3.5% 

105 166 409 456 694 777 627 1240 215 78 
180-360Lux 

% 
2.9% 4.5% 11.2% 12.5% 19.0% 21.3% 17.2% 34.0% 5.9% 2.1% 

184 207 428 538 699 724 539 530 201 147 
180Lux – 

% 
5.0% 5.7% 11.7% 14.7% 19.2% 19.8% 14.8% 14.5% 5.5% 4.0% 

Table 5-13: Illuminance Distributions for Bilateral Lighting Case.  

 

4. Estimating Electricity Savings 

The electric lights will be controlled by using on-off switching in three stages, rather 

than continuous dimmer controls. This is because switches are less expensive than 

continuous dimmers and, with on-off switching, power consumption is zero when lights 

are off, whereas, with dimmers, a fair amount of electricity continues to be drawn even 

when the electric lighting system is throttled back to the lowest level (Place, Howard, & 

Howard, 1992).  

When the illuminance from the daylight on a sensor is below one third of the 

required level (i.e. below 180 Lux), the electric lights that are designed for this sensor 

location would be switched totally on, providing 550 Lux of electric light to this portion 

of the interior; if the illuminance from daylight is between 180 and 360 Lux, then 2/3 of 

the electric lights will be on and will provide 360 Lux of electric light to this portion of the 

interior; if the illuminance from daylight is between 360 and 550 Lux, then 1/3 of the 
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electric lights will be on and will provide 180 Lux of electric light to this portion of the 

interior;  finally, when daylight can provide a location with illuminance greater than 

550 Lux, the electric lights will be switched totally off.  

Based on the nature of this electric control system and the illuminance level 

provided by daylight, the following estimate can be made, to indicate the percentage of 

the electric lighting that can be displaced by the daylighting system at south sensor 2 

in the bilateral lighting case (see Table 5-13).  

88.9% x 1 + 3.2% x 0.667 + 2.9% x 0.333 + 5.0% x 0 = 92% 

This estimation shows 92% of the electric light can be saved annually at the location 

of south sensor 2 in Raleigh, North Carolina. Likewise, the percentages of electric 

lighting reductions at each sensor location are calculated and the results are shown in 

Table 5-14.  

 

       SOUTH                                             NORTH 

Sensors 2 3 4 5-8 6-7 7-6 8-5 4 3 2 

Savings % 92% 90% 78% 73% 61% 56% 65% 54% 88% 93% 

Table 5-14: Percentages of Electric Lighting Reductions at Each Sensor Location for Bilateral 

Case.  
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Chapter VI: Conclusions & Recommendations for Future 

Research 

 

CONCLUSIONS 

The major findings of the research can be summarized as follows: 

1. Light Shelf Systems 

A) Light Shelf Top Surfaces (Table 6-1):  

Material Conclusions 

Foil Backing The Foil is highly recommended as light shelf top 

surface.  It performs very well in terms of both light 

quantity and quality and it has zero incremental cost for 

either material or installation costs. 

Mirror Due to its high reflectance, mirror is the best candidate 

in terms of light quantity. However, the high contrast of 

luminances on the ceiling created by the mirror reflector 

makes office spaces less attractive and less satisfying, 

especially for computer tasks. The uneven distribution 

of luminances on ceiling is a great source for reflected 

glare on computer screens. Mirror is also expensive, 

heavy, and hard to manipulate during installation. 

White Glossy Board 

             & 

White Ceiling Tile 

The white board (with glossy paint) and the white 

ceiling tile both provide substantially less light, 

compared to the mirror or the foil. But they perform 

well in terms of light quality. 

Table 6-1: Conclusions on Light Shelf Top Surfaces. 
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B) Light Shelf Dimensions and Placements 

For a space with a ceiling height of 11’-2”, three light shelf systems with different 

dimensions and placements are assessed. Their performances are summarized in 

Table 6-2: 

System Conclusions 

6-Ft-Long 

@ 

7’-2” AF 

The 6-ft-long light shelf mounted at 7’-2” above the floor 

provides the highest quantity of light, but it also has the 

drawback of allowing some beam sunlight penetration 

through daylight glazing.  Even though the amount of beam 

sunlight penetration is small and the duration is short, it is 

a source of glare that is difficult to control because it is 

coming through the daylight glazing. 

6-Ft-Long 

@ 

8’-0” AF 

It performs somewhere between the FISCH system and the 

6-ft-long light shelf at 7’-2” above the floor in terms of both 

light quantity and quality. It provides reasonably good light 

levels and also keep beam sunlight from entering the space 

through daylight glazing. 

12-Ft-Long 

@ 

8’-0” AF 

Its quality and quantity performances are also between the 

FISCH system and the 6-ft-long light shelf. The 12-ft-long 

light shelf can be a better candidate when integrated with 

partitions to enclose perimeter offices.  In that case, the 

top, transparent portion of the partitions can be eliminated, 

since the light shelf forms the ceiling, and completes the 

closure, of the perimeter office. 

Table 6-2: Conclusions on the Three Systems Assessed for 11’-2” Ceiling Height. 

For a space with a ceiling height of 12’-0”, five light shelf systems with different 

dimensions and placements are assessed in the study. The findings are summarized 

in Table 6-3: 
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System Conclusions 

6-Ft-Long 

@ 

7’-2” AF 

Even though it provides the highest light level, the beam 

sunlight problem associated with this system is a serious 

concern.  The 6-ft-long light shelf at 7’-2” above the floor is 

not recommended, unless some measure is taken to control 

the penetration of beam sunlight.  

6-Ft-Long 

@ 

8’-0” AF 

It performs well in terms of both light quality and quantity.  

It can be well suited for a space without partitions, since it 

is less intrusive than the 12-ft-long light shelf for an open 

space. The direct sunbeam penetration through daylight 

glazing is minimal. The 10-inch increase in the height of the 

view glazing should probably be accompanied by a 7 or 8 

inch increase of the width of the overhang.  

6-Ft-Long 

@ 

9’-0” AF 

It provides less light than the above two systems, since the 

daylight glazing is smaller and the channel between the 

light shelf and the ceiling is fairly shallow. The 22-inch 

increase in the height of the view glazing should probably 

be accompanied by a 14 to 16 inch increase of the width of 

the overhang. 

12-Ft-Long 

@ 

8’-0” AF 

It performs well in terms of both light quality and quantity.  

It can be suitable for a space with perimeter offices, where 

it can be used to create closure in the perimeter office and, 

in so doing, eliminate the need for the glazed upper portion 

of the partitions.  

12-Ft-Long 

@ 

9’-0” AF 

It provides substantially less light than the above system, 

since the daylight glazing is smaller and the channel 

between the light shelf and the ceiling is fairly shallow. 

However, if users feel the ceiling of the perimeter office is 

too low at 8’, then the 12-ft-long light shelf at 9’ may be a 

better choice, even though substantial amounts of light will 

be sacrificed for the inner space.  

Table 6-3: Conclusions on the Five Systems Assessed for 12’-0” Ceiling Height. 
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2. FISCH System 

The FISCH system produces excellent light quality everywhere in the space for all 

times of day and year.  This is particularly helpful in spaces where computers or 

audiovisual equipment will be used.  In terms of light quantity, it was the poorest 

performer of all the systems examined in this study.  However, this study may not be 

doing justice to the FISCH system, since the design goals of the FISCH system may 

have been substantially different from the performance measures being examined in 

this study.  For example, this study is evaluating performance with an emphasis on 

providing deep penetration of light into the core of a building.  The FISCH system 

seems to have been optimized for a much shorter throw of light, such as might occur 

in a typical perimeter office space that is only 12 to 14 feet deep.  Furthermore, the 

emphasis in the FISCH system seems to be on reducing an excess of light, such as 

might occur in a contained perimeter space with a large ratio of glazing area of floor 

area.  Unfortunately, the spatial situation to which the FISCH would be best suited 

was not examined in this dissertation research, which was focusing on more 

aggressively seeking deep light penetration. 

3. Partitions 

A) Materials 

Opaque partitions contain light in the perimeter offices, where the light is usually 

not needed and is sometimes excessive.  Opaque partitions also block light from 

reaching interior spaces where it is typically needed.  This can contribute to creating 

glare and overheating in the perimeter spaces and a deficiency of light in the interior 

spaces.  It can also cause adaptation problems for people moving between those 

spaces. 

Translucent partitions provide a substantially superior light distribution by 

lowering the illuminance of perimeter offices, where light is usually excessive, and 
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increasing the illuminance beyond partitions. For the translucent material used in this 

study, the amount of light coming through the partition is about three times as much 

as the light bounced back. Translucent partitions are highly recommended over 

opaque partitions. 

B) Layouts 

Layout Conclusions 

Partitions Parallel 
to Window Wall 

These partitions have a particularly profound impact in 

reducing the penetration of useful light to the building 

interior and should be minimized wherever possible.  For 

clear sky conditions with solar exposure on the window 

wall, the average illuminance level at sensor 4, 5, 6, 7, and 

8 is reduced by a factor of 0.4 when a single translucent 

partition is introduced and reduced by a factor of 0.48 when 

two translucent partitions are introduced. For diffuse 

skylight only, the values of the above two factors are 0.18 

and 0.24 respectively. The reductions in light reaching the 

interior space are even more extreme for opaque partitions.  

In summary, try to avoid partitions parallel to the window 

wall and, when they are required, make the lower parts out 

of translucent material and the upper parts out of clear 

glazing with a minimal number and size of mullions to 

minimize the interference with the movement of light to the 

interior of the building. 

Partitions 
Perpendicular to 
Window Wall 

Adding partitions that are perpendicular to the south-facing 

window wall to divide open space into small offices creates 

a fairly big drop in the illuminance deeper inside the space, 

especially early in the morning and later in the afternoon. 

During these time periods, very bright areas can be created 

on these partitions by the sunbeams admitted through 

daylight glazing. Dividing the space in the manner is 

therefore not recommended from the daylighting point of 

view. As for the case of partitions parallel to the window 

wall, the partitions perpendicular to the window wall should 
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be made transparent for the portion above the light shelf 

surface.  Making this part of the partition clear glazing 

assures that light moving laterally into the daylighting 

glazing will be able to continue on into the building without 

being blocked by opaque material.  The number and size of 

the millions that support the transparent glass should be 

minimized.  

Table 6-4: Conclusions on Partition Layouts. 

 

4. Ceiling Height  

The benefits of raising the ceiling height by 10 inch are significant. Generally, going 

from the 11’-2” ceiling to the 12’-0” ceiling increases the average illuminance level 

for sensors 4-8 by a factor of 1.25. However, there are many other factors 

motivating towards lowering the ceiling, including construction cost; fire rating; and 

accommodating structure, duct work, and other utilities. Successful daylighting 

requires careful integration of systems to assure adequate ceiling height for 

daylighting.   

To briefly conclude, it is expected that the information summarized above will be 

useful for designers when they try to solve sidelighting design problems that are 

similar to the models developed in this study. If the models that they try to deal with 

are out of the scope of this research, it is expected that the assessment strategies 

and methods examined and used in this study could be helpful in tackling those new 

problems.  
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RECOMMENDATIONS FOR FUTURE RESEARCH 

This research is a knowledge generation process in design.  Design spans the entire 

breadth of human life and understanding.  Design is a discipline that stands side-by-

side with all the other disciplines of human endeavor, such as natural sciences, 

engineering, social sciences, and humanities (Cross, 1998).  In some sense, Design 

encompasses all of these other disciplines and, as such, can draw from established 

research methods developed for all of these other disciplines. 

Cross claims that the target of scientific research is the truth of the natural world, 

whereas the focus of humanities and social science is on human experience, which, 

among other things, addresses the meaning of the world to humans. The study of 

natural light is certainly amenable to scientific methods of quantification and 

understanding.  However, natural light also has important psychological and symbolic 

implications to human beings.  Therefore, the study of natural light runs the gamut 

of methods from very scientific to very humanistic.  The current study focuses on the 

scientific aspects of the subject.  There are certainly other realms in daylighting 

research. For example, when we focus on the meaning of the lighting environment to 

humans, different methodologies might be applied, and different type of knowledge 

will be generated. Some examples of these research realms related to daylighting 

are listed below. 

1. Examples of natural science approaches: 

- Studying the physiological response of the human eye as a function of light 

level, light distribution, and task.  As a part of this, correlations would be developed 

between human response/performance and quantifiable physical phenomena, such a 

spectral content and intensity of light. 

- Using existing instrumentation and representations of the response of the 

human eye to explore various physical situations and to generate design information.  
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(This dissertation is an example of this approach, in which standard definitions of 

illuminance and luminance are used along with standard guidelines that help to 

define human needs or human ranges of tolerance.) 

2. An example of a social science approach: 

Take a more qualitative, humanistic approach to exploring the subject.  (e.g., 

interviewing and/or observing people to discover their emotional, perceptual, or 

intellectual responses to various lighting environments). 

3. Examples of a humanities approach: 

- Take an artistic approach to the manipulation and experience of light. 

- Take a historical approach to studying the precedent works that are related to 

daylighting.  

These research realms can be studied in different contexts. For example, a 

daylighting research can be carried out in laboratories (This dissertation research is 

done within this context). Daylighting issues can also be explored within the design 

process, in which design methods will be evaluated and information generated in 

other contexts will be verified. Finally, buildings designed with explicit daylighting 

intents can be a context for post occupancy evaluations (POEs).   

For this dissertation research, a POE of a built environment with current 

daylighting systems or a full-scale visual assessment of the daylighting systems 

tested in this study can be the next step to re-think or re-design the system, and 

then re-assess it from the social science point of departure. The Wildlife Conservation 

Building on Centennial Campus of NCSU will be a good context in which to conduct 

this POE research.  

Using the existing test facility, we can also take the research a step further by 

doing the followings as the continuation of the avenue of inquiry begun in this 
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dissertation: 

- Use one of the 3M reflecting materials: DL-2000 as light shelf top surfaces, 

and comparing its performances with the materials tested in the current 

research.  

- Test the light shelf systems with more variations in dimension (length) and 

in placement (the height above the floor)  

- Look at dimensional analysis as a means of extending the range of 

application of the research results, e.g., using the ratio of the length of the 

light shelf to the height of the daylight glazing as a variable instead of the 

actual dimensions so that the results can be more broadly applicable.  

- Test the long light shelf systems with various ceiling treatments, such as 

using foil on parts of the ceiling close to the daylight glazing. 

- Examine a greater variety of the contexts for the FISCH system. The spatial 

situation to which the FISCH would be best suited was not examined in this 

dissertation research, which was focusing on more aggressively seeking 

deep light penetration. It could be suited to illuminating spaces that are 

shallower than the ones that were examined here.   

- Test a greater variety of the Optical Louver systems. In the current study, 

only one such system is assessed (The FISCH). The potentials of the Optical 

Louver systems can be further discovered by looking at more products, such 

as the MOLS system developed by Edward (Edward, 1999) in the university 

of Colorado.  

- Do more detailed and sophisticated electric lighting design and evaluation. 

- Perform thermal analysis to determine the thermal tradeoffs associated with 

the daylighting and electric lighting. 
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PHASE 1

Descriptions of Data 
Sheets from 1-1 
through 1-6

LIGHT SHELF TOP 
SURFACES

The goal of this phase is to compare the performances of four 

materials used as light shelf top surface: mirror, foil, glossy white 

board, and white ceiling tile. They are tested under the following 

conditions:

-Light shelf length: 6’;

-Top of view glazing: 7’2”;

-Ceiling height: 11’2”;

-Interior layout type: 0 (with no partitions)

-Sky conditions: clear and overcast (represented by        and   )
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PHASE 1
38PRO
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PHASE 1
58PRO
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PHASE 1

Results
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PHASE 2

PARTITION 
MATERIALS

Descriptions of Data 
Sheets from 2-1-1 
through 2-1-5

The goal of Phase 2 is to compare the performances of two partition 

materials: translucent glass and opaque board. Here is the first part 

of this phase, in which the two materials are tested under the same 

conditions as in Phase 1 except that:

-Interior layout type becomes Type 1 (with one partition);

-The partition material changes between translucent glass and 

opaque board; 

-Only foil and white glossy board are tested as light shelf top 

surfaces.
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Results

PHASE 2
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Results

PHASE 2

PARTITION 
MATERIALS
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PHASE 2

PARTITION 
MATERIALS

Descriptions of Data 
Sheets from 2-2-1 
through 2-2-5

This is the second part of Phase 2. The two partition materials are 

tested under the same conditions as in the first part except that:

-Interior layout type becomes Type 2 (with two partition);
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Results
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Results

PHASE 2
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PHASE 3

LAYOUTS OF 
PARTITION

Descriptions of Data 
Sheets from 3-1 
through 3-5

The goal of this phase is to compare the performances of the three 

interior layout types: Type 0, Type 1 and Type 2. They are tested 

under the same conditions as in last phase except that:

-Only foil is used as light shelf top surface;

-Interior Layout type changes from Type 0, Type 1 through Type 2.

For Layout Type 1 & 2, partition material varies from translucent to 

opaque. 
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Results
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PHASE 3

LAYOUTS OF 
PARTITION
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OPEN vs DIVIDED 
SPACES

PHASE 4

Descriptions of Data 
Sheets from 4-1-1 
through 4-1-9

The goal of Phase 4 is to examine the impact of adding partitions 

that are perpendicular to window wall. Here is the first part of this 

phase, in which the open and divided spaces are tested under the

same conditions as in the last phase except that: 

-Interior layout type is Type 0 (with no partitions)

-Both Profile-Angle Method and Altitude-Azimuth Method are used 

(Profile_Angle Method is for open space, whereas Altitude-Azimuth 

Method is for divided space).

-Sky conditions (clear sky) of three days in a year, December 21,

march 21, and June 21, are simulated, and hourly data (from 8am 

through 12pm) are collected on these three days. 
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OPEN vs DIVIDED 
SPACES

PHASE 4

Descriptions of Data 
Sheets from 4-2-1 
through 4-2-9

This is the second part of Phase 4, in which the open and divided 

spaces are tested under the same conditions as in the first part

except that: 

-Interior layout type becomes Type 1 (with one partition);

-Only translucent glass is used as partition material. 
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CEILING HEIGHT

PHASE 5

Descriptions of Data 
Sheets from 5-1 
through 5-8

The goal of this phase is to examine the impact of ceiling height on 

lighting environment. Two ceiling heights, 11’2” and 12’, are tested 

under the following conditions:

-Light shelf length: 6’ (same as previous phases);

-Top of view glazing: 7’2” (same as previous phases);

-Interior layout type: 0 (with no partitions);

-Ceiling height varies from 11’2” to 12’.

Results
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CEILING HEIGHT

PHASE 5
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CEILING HEIGHT

PHASE 5
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CEILING HEIGHT

PHASE 5
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CEILING HEIGHT

PHASE 5
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LIGHT SHELF & 
FISCH

PHASE 6

Descriptions of Data 
Sheets from 6-1-1 
through 6-1-11

This is the first part of Phase 6, in which four daylighting solutions 

proposed for 11’2” ceiling are tested under the following conditions:

-Ceiling height is 11’2”;

-Light shelf length varies from 6’ to 12’;

-Top of view glazing varies from 7’2” to 8’;

-Interior layout type is Type 0 (with no partitions)
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LIGHT SHELF & 
FISCH

PHASE 6

Descriptions of Data 
Sheets from 6-2-1 
through 6-2-11

This is the second part of Phase 6, in which the four daylighting 

solutions for 11’2” ceiling are tested under the same conditions as 

in the first part except that:

-Interior layout type becomes Type 1 (with one partition).
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This is the third part of Phase 6, in which six daylighting solutions 

for 12’ ceiling are tested under the following conditions:

-Ceiling height is 12’;

-Light shelf length varies from 6’ to 12’ (same as part one and two);

-Top of view glazing varies from 7’2”, 8’, through 9’;

-Interior layout type is Type 0 (with no partitions)
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This is the forth part of Phase 6, in which the six daylighting 

solutions for 12’ ceiling are tested under the same conditions as in 

the last part except that:

-Interior layout type becomes Type 1 (with one partition).
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