
ABSTRACT 
 
 

ATHALYE, RAHUL ANAND.  Measurement and Critical Investigation of Actual 
Annual Daylighting Performance of a Middle School in North Carolina.  (Under the 
direction of Herbert M Eckerlin.) 

 

This research investigates and documents the performance of the daylighting 

design at Northern Guilford Middle School over an entire year. Photometric sensors 

and dataloggers were used to collect illumination data from the school from March 

2007 to February 2008. A few experiments were performed as well during this 

period to determine the effect of certain design elements on the daylighting. The 

daylighting design uses a unique curved translucent interior light-shelf that is 

intended to distribute light deep into the classroom.  

Illumination values at fixed locations within a classroom are presented on a monthly 

basis as a direct measure of the daylighting performance. The research indicates that 

this daylighting design is highly dependent on direct beam sunlight falling on the 

translucent light-shelf with the annual daylighting performance varying depending 

upon the position of the sun in the sky. The daylighting performance can be 

identified as being distinctly different for the winter, equinox and summer periods. 

On an average, the illumination levels in the winter are well above 300 fc, near the 

equinox at 300 fc while in the summer they fall below the 50 footcandle target 

required in a school classroom. Tests performed on the three classrooms wings 

oriented 10° different from each other revealed uneven performance and that the 



large white reflective roof contributes about 50% to the daylighting in classrooms on 

the north side of each of the wing hallways.  

The high light levels during winter months cause problems with projectors and other 

visual aids that are used more frequently now than before for teaching in schools. 

Also, like with many side-lit daylighting systems, there is a significant drop in light 

levels from the front to the back of the classroom. The relatively low position of the 

interior light-shelf in the south-side classroom introduces discomfort glare during the 

winter months when direct light falls on the light-shelf.  

The research emphasizes the changing light levels over the seasons, the high front to 

back gradient and the inconsistent performance of different wings as the major issues 

with this daylighting design. Despite some of these issues, this design need not be 

discarded, especially since it is the most cost effective amongst other daylighting 

strategies implemented across schools in North Carolina. An accurate physical 

model would allow real world testing of methods to alleviate some of the problems 

in this design. Of importance too, is the effect of daylighting on the energy 

performance of the school, which needs to be investigated as well. Perhaps the most 

novel component of this design, the curved light-shelf, needs to be worked upon 

before its performance can be predicted and optimized under various solar 

conditions. 
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1.  Introduction 

This research investigates the actual annual daylighting performance of a middle 

school in North Carolina. The school is located at Greensboro, North Carolina and 

has cost the lowest to build amongst similar daylit middle schools in this area. This 

research is representative of schools with a similar daylighting design, similar 

climate and social culture. Daylighting has emerged as one of the most promising 

passive solar strategies in green building today. With proper daylighting design, it is 

possible to save on lighting, heating and cooling energy. However, more often than 

not predicted returns are not met with actual savings. This study examines how well 

the daylighting design at the above mentioned school performs over the year. The 

study is beneficial to both, the architects of the school and in general to designers 

and engineers creating their own daylighting designs. 

1.1 Daylighting Backdrop 

Daylighting may be defined as the practice of bringing natural light into a space such 

that there is effective illumination during the daytime. Natural light replaces or 

supplements artificial lighting within a room. A century ago, sunlight was the only 

available source of light. Most buildings at that time required windows and apertures 

to be sized such that there was enough light even in the deepest spaces. The lives of 

people and the cycle of day-to-day living were dictated by the availability of 

sunlight. With the advent of technology, electricity and in turn light became 

available everywhere and at all times, shifting the onus of lighting the interiors from 
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natural to artificial light. In the past decade however, rising concerns over energy use 

have rejuvenated interest in renewable energy and technologies. Indeed, renewable 

energy and sustainable design are the fastest growing fields today, set to drive the 

next economic boom of the 21st century.  

The Energy Information Administration (EIA) of the US Department of Energy 

estimates that buildings consume about 40% of the total energy in the US. Most of 

this energy is spent in heating, cooling and lighting the buildings.       

 

 

Figure 1.1. EIA and 2030 Challenge Estimates of Energy End-use by Sector 
(Source: EIA Website and the 2030 Challenge Website) 

It is easy to see why any measure aimed at reducing building loads would have a 

major impact on the total energy use of the country. Initiatives like the 2030 

challenge are an ongoing effort aimed at reducing building energy consumption and 

greenhouse gas emission. The US Green Building Council’s (USGBC) endeavor 

towards improving building codes and standards has given birth to LEED--- a 
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performance metric for measuring how ‘green’ a building is (1). By awarding 

designers for adopting energy efficient strategies, renewable energy and recycling 

while taking into account resources at hand, the climate and other site characteristics, 

LEED assigns buildings a rating that can be compared, without ambiguity, to any 

other building in the US (1). The significant publicity gained by LEED in the last 

couple of years has seen a proliferation in the number of LEED certified buildings 

across the country, and has given real momentum to the incumbent energy 

revolution.    

Despite the favorable atmosphere for embracing energy-efficient methods, designers 

find it hard to convince clients that efficient structures, on-site renewable energy and 

cutting edge technology can buy back the money spent initially. There is a constant 

struggle between innovation and cost-effectiveness when it comes to adopting 

energy efficient building techniques. Passive solar strategies have been used to cut 

energy consumption while still keeping building costs at conventional levels. In fact, 

many of the design principles from a century ago centered on passive strategies, and 

it is not hard to see why (2, 3). Daylighting is one such passive solar technique: it 

can be easily into incorporated into design, it costs less than other active methods –

such as photovoltaics- and, requires little to no maintenance. It finds great 

application in buildings where the maximum demand for energy occurs during the 

day; commercial buildings and certain educational institutions like schools, where 

almost all the lighting can be supplied by natural light, are perfect candidates for 

daylighting. The natural light coming into a space, provides light and brings with it 
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heat. This heat is used in the winter to heat the space, while the reduced lighting load 

due to natural light (natural light being a more efficient source than artificial light) 

cuts the summer cooling load. Thus, daylighting has the potential to deliver both 

heating and cooling energy savings apart from the obvious saving from lighting. 

1.2 Daylighting Systems and their Design 

Light can be brought into a space from two places: from the side and from the top. In 

contemporary design, side-lit spaces have high windows that let light penetrate deep 

into the space while top-lit spaces have openings in the ceiling that bring light into 

the center of the space. Both these methods have been used in school design with 

varying degrees of success.  

 

Figure 1.2. Two Popular Daylighting Systems used in Schools in North Carolina 
 

The above schematic illustrates the two main designs used in schools across North 

Carolina. When vertical glazing is used in high openings, the windows are called as 

‘clerestory’ windows. A cavity carrying vertical glazing that opens into the ceiling 

below is called a roof monitor and is considered to be a top-lighting strategy. It must 
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be noted here that these are only two ways by which light is be introduced into a 

space. There are a number of other designs using a combination of glazing positions 

and structure to let daylight into a space. In all designs though, there is a mechanism 

to control the direct beam component of sunlight. This is important as building codes 

restrict the maximum permissible illumination in a room; while also dictating the 

highest tolerable ratio of maximum to minimum illumination in a space. Thus, the 

important criteria in designing a good daylighting system are the minimum and 

maximum illumination, glare control and control over heat gains from sunlight 

particularly in the summer.  

1.3 Purpose of Research 

The purpose of this research is to evaluate the success of the daylighting design at 

Northern Guilford Middle School at Greensboro, North Carolina, over an entire year 

and to recommend refinements to the design to be implemented in future designs 

that would improve the daylighting performance. Data was recorded for the period 

beginning March 2007 through February 2008 and using this data, the illumination 

level on typical sunny and cloudy days in each of the months is presented. 

Experimental testing was also performed at the school in order to establish the effect 

of certain daylighting design elements on the performance. The ultimate goal of the 

research is to promote and project daylighting as a successful passive energy-saving 

strategy in the sphere of building design.  
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1.4 Scope of Research 

This research focuses on improving the daylighting performance of the selected 

school in Greensboro, North Carolina. The results, conclusions and 

recommendations of this research may be extended to schools with similar 

daylighting designs, located along similar latitudes and in regions with similar 

climate. The findings may be of particular importance to the designers/architects of 

this particular school as it is their continuous endeavor to improve upon previous 

designs.  

1.5 Summary of Introduction 

On a broader scale, this study stands to serve the daylighting community as a whole 

in a sense that it adds to the knowledgebase of factual information available on the 

performance of a daylit school over an entire year. It is vitally important, now more 

than ever, to not only promote energy efficiency but to also back it up with an 

earnest and singular desire to continually evaluate and improve previous designs. An 

important factor in the successful design of a daylighting system is the human 

element, since the performance of daylighting is intrinsically tied to the awareness of 

the users of the system. This daylighting research directly affects the staff and 

students of the school and also the neighboring community, who together form the 

stratum of society through which the cause of energy efficiency must move forward. 
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2. Literature Review 

The research and the writing of this document required information from several 

sources. The major sources of information were books, magazines, online sources, 

past research and previous theses and dissertations from related fields. The literature 

review focuses on topics that form the sphere of information centered on 

daylighting. The solar resource, human perception of light, climate and culture, 

lighting design, daylighting systems, their measurement and evaluation, energy 

efficiency, and daylighting computer programs are all classes of information directly 

affecting this study, and daylighting in general.  

2.1 The Solar Resource 

As the other ‘non renewable’, ‘derived’ or ‘ready-made’ sources of energy near 

exhaustion, attention has shifted back to harnessing the sun’s energy. The solar 

resource is a vast one: the earth continuously receives 1.7 x 1017 W of radiation from 

the sun (4). This resource however, is of a low flux density and is not directly usable 

unlike conventional sources of energy, such as fossil fuels, which are inherently 

concentrated in nature. This distributed, low intensity nature of energy in the form of 

sunlight makes it ideal for passive applications such as solar heating and daylighting. 

The solar resource is dealt with in two forms: the properties of solar energy, and its 

quantity and direction. 
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2.1.1 Properties of Sunlight 

Sunlight is composed of the visible spectrum, the infrared spectrum and the 

ultraviolet spectrum. The spectrum of electromagnetic radiation received from the 

sun is similar to the radiation produced by a black body at 5762 K (4).  

 

Figure 2.1. Spectral Irradiance Curve for Direct Extraterrestrial and Terrestrial 
Sunlight at the Sea Level with the Sun Directly Overhead 

(Source: Robert A. Rhode, Global Warming Art; Wikipedia, the free encyclopedia) 

The visible spectrum extends from about 380 nm to 750 nm (4) and is the only part 

of the energy transmitted from the sun to which the eye responds. The atmospheric 

ozone absorbs almost all energy below 300 nm while carbon dioxide absorbs 

wavelengths beyond 2500 nm. Every wavelength in the visible range corresponds to 
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a color. The spectrum of visible light can be broken up into six major colors, and 

similar to the rainbow, it is continuous with no discernible boundaries between one 

color and the next. So, a range of wavelengths are used as an approximation for one 

color (5). Table 2.1 notes the range of wavelengths that represent a single color. The 

perception of color is as much a physical phenomena as it is a physiological one. 

Physically, it is the imbalance of energies carried in different wavelengths in the 

visible spectrum. But, it is the combination of the physical properties of light along 

with the ability of the human eye to perceive and the brain to process light 

information that allows humans to experience color.  

Table 2.1. Wavelength Ranges for Colors in the Visible Spectrum of Light 

Color Wavelength (nm) 
Violet 380-450 
Blue 450-495 
Green 495-570 
Yellow 570-590 
Orange 590-620 
Red 620-750 

(Source: CRC Handbook of Fundamental Spectroscopic Correlation Charts) 

Different amounts of heat content are carried by different wavelengths of sunlight. 

The infrared spectrum that spans from 700 nm to 106 nm carries most of the heat and 

is mainly responsible for the warmth provided by sunlight. Ultraviolet light, that is 

wavelengths of less than 380 nm, cannot be seen by the human eye and is mostly 

absorbed in the atmosphere by the ozone layer.  
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2.1.2 Quantity and Direction of Sunlight 

The amount of light available at the surface of the earth depends upon the location, 

climate, time of the day and the year. Seasonal variation in the solar resource is 

introduced by the earth’s rotation about the sun and because of the tilt of the earth’s 

axis. As important as the quantity of sunlight available is its direction or, in other 

words, the part of the sky from which it is received. The design and analysis of 

apertures for daylighting is highly dependent on their orientation and hence, prior 

knowledge about the annual solar resource in terms of its quantity and direction is 

important.  

From a daylighting perspective, only the visible part of the available solar energy is 

of relevance. The measurement of exterior daylight or illumination is not common 

and it is usually calculated from solar radiation data, which is more readily available 

from weather stations across the world. In the case of a research study where the 

exterior daylight availability is vitally important, like in the design of a daylighting 

aperture, it may be worthwhile setting up a weather station to record available site 

solar radiation for the period of interest or even the entire year. In this research, a 

weather station was set up on the roof to measure the exterior horizontal solar 

radiation available throughout the year.  

The quantity of sunlight for a given location varies with the time of the day, the time 

of the year and the weather at that time. In the summer, sun rays pass through a 

smaller portion of the atmosphere and so, the intensity of solar energy is higher. A 
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similar effect is caused due to the rotation of the earth which makes low-angle 

morning and evening sun less intense than partially or fully vertical overhead 

afternoon sun. Another important quantity that introduces great variability in the 

solar resource is the local weather; indeed, solar radiation availability is reduced by 

over half under cloudy, overcast skies. The local weather plays an important role in 

determining the strategy adopted in the daylight design. For example, daylighting 

design of buildings in European countries is based upon overcast conditions and will 

be different from countries near the equator with an abundance of clear sky 

conditions throughout the year. The daylight microclimate (3) of the site is affected 

by a number of factors such as shading from nearby buildings, pollution levels, haze, 

vegetation, ground cover and so on. Shading due to obstructions in the sun path or 

even the sky can have a major impact on the daylighting performance and must be 

taken into consideration while evaluating the solar resource.  

The motion of the sun through the sky can be understood using sun angles and the 

sun-earth relative geometry. The details of the angles and their meaning is 

considered beyond the scope of this study; instead, a more rational approach of using 

a sun chart to understand the direction of sunlight or the position of the sun in the 

sky and how it changes over the year. A sun chart is a visual device that shows the 

motion of the sun through the sky as a function of its altitude and azimuth angles. It 

is a cylindrical projection of the sun’s motion with the azimuth as the horizontal axis 

and the altitude as the vertical axis. Figure 2.2 below shows a sun chart for 

Greensboro, NC. From the chart, the position of the sun in the sky at all times during 
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the year can be visualized. This technique is useful in the initial evaluation of a 

daylighting design; a separate careful analysis is needed to check for limiting 

conditions of glare, especially at low angles in the mornings and evenings. The sun 

chart can also be used to evaluate the effect of obstructions in the sky path and to 

decide the extent of the overhang shading desired. For the purpose of this research, 

the sun chart is coupled with the solar radiation data to obtain sufficient information 

for analyzing the daylighting performance. 

 

Figure 2.2. Sun Chart for Position of the Sun in the Sky for Greensboro, NC 
(Souce: University of Oregon, Solar Radiation Measurement Laboratory) 
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2.2 Human Perception of Light 

Humans are able to distinguish between light and dark objects, and perceive colors 

because of a complex energy conversion process occurring in the eye involving 

millions of photoreceptors that pass on the information to the brain where it is 

processed. Figure 2.3 shows the relative sensitivity of the human eye to different 

wavelengths of the visible 

spectrum.

 

Figure 2.3. CIE Curve Showing Relative Sensitivity of Human Eye to the Color 
Spectrum for Photopic (red line) and Scotopic (green line) Vision 

(Source: Illuminating Engineering Society of North America (IESNA)) 



14 
 

The above figure shows that the eye responds differently under dimly lit and well lit 

conditions. Under bright sunlight, the peak response occurs for a wavelength at 555 

nm. This wavelength is interpreted as green color by the human eye. The intensity of 

a light source as perceived by the human eye is measured in terms of lumens. Every 

light source can then be assigned a luminous efficacy based upon the composition of 

light emitted by the source. The Illuminating Engineering Society of North America 

(IESNA) states the luminous efficacy of sunlight as 94.2 lumens per Watt (6) while 

that of a fluorescent lamp emitting ‘white’ light is about 65 lumens per Watt. Both of 

these sources has a combination of wavelengths with the wavelength of 555 nm 

sandwiched in between such that the total luminous efficacy is a fraction of that at 

peak response (explained in 2.3). 

2.2.1 Perception of Color 

As mentioned earlier, the experience of color is because of the interaction between 

the source of light, the human eye and the brain. The physical properties of light on 

their own contain no color information; the waves of light are simply a form of 

radiant energy at different wavelengths. The receptors of the eye convert this radiant 

energy into chemical energy which is transmitted to the brain as electrical impulses. 

It is in the brain where color information gets added to the image. Thus, the 

condition of color blindness is because of the inability of the brain to process color 

information even with normally healthy eyes. 
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2.2.2 Adaptability 

The ability of the human eye to change and adapt its response to the varying 

luminances or brightness levels is called adaptability. As a result of this adaptability, 

the human eye is able to function over an enormous range of illuminances –about 0.5 

lux under moonlight to 100,000 lux under direct sunlight (6). Adaptability is 

achieved in three ways, by changing the size of the pupil or the aperture of the eye, 

through neural adaptation, and by a photochemical process that adapts the response 

to a different luminance level. The change achieved by the first two processes is over 

only a small range of illuminances which adapts the eye to small, fast changes in 

brightness. When the luminance is changed by several orders, for example, when 

moving from dark indoors to bright outdoors, the eye needs several minutes to adapt 

to the sudden change in luminance. Adaptation to luminances which are much higher 

or lower than the task luminance can cause fatigue to the eyes. This condition is 

termed as discomfort glare by the IESNA (6). 

2.3 Measuring Daylight 

The science of measurement of visible light is called ‘Photometry’. Rather than 

measuring the solar radiant flux, the radiant power at each wavelength is weighted 

by a luminosity function, usually the photopic function, which corresponds to the 

response of the human eye to natural light. The important photometric quantities that 

aid the understanding of daylight measurement are described below. Photometric 
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quantities are analogous to radiant energy quantities with the photometric quantities 

modified to reflect the response of the human eye. 

Lumen: Lumen is the SI unit of measurement of the intensity of visible light emitted 

from a light source. One lumen is said to be the luminous flux that passes through a 

solid angle of one steredian when a light source of one candela uniformly emits light 

into that angle. It can be thought of as the intensity of light emitted weighted by the 

varying sensitivity of the human eye to different wavelengths of that light. 

Luminance: Luminance is a measure of the luminous flux that passes through or 

emitted from unit area of a surface. It is an indicator of the brightness of a surface. 

Luminance is applied to both light sources and also to flat surfaces, where it 

indicates the reflectance of the flat surface. It may be defined as the luminous 

intensity of a radiating source per unit area of the source surface expressed in lumens 

per steradian per square meter (7) 

Illuminance: Illuminance may be defined as the total luminous flux incident upon a 

surface per unit area of the surface. Illuminance is measured in lux (lumens/m2) or 

footcandles (lumens/ft2) and is abbreviated as ‘lx’ or ‘fc,’ respectively. One 

footcandle is equal to 10.76 lx. This research uses illuminance measured in 

footcandles as the measure for evaluating quantity of light.  

Luminous Efficacy: Luminous efficacy is the ratio of total luminous flux to the 

total radiant flux. It is a measure of the proportion of visible light energy present in 

the total radiant energy emitted by a light source. Luminous efficacy measured in 
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lumens per Watt is an indicator of the amount of light delivered per Watt of radiant 

energy. In an electrical lamp, this radiant energy is the power input to the lamp while 

in a daylighting system, it is the total solar flux entering the space through the 

daylighting aperture. The luminous efficacy of natural light is much higher than any 

conventional fluorescent or incandescent lamp used to illuminate the interior of 

spaces.  

The measurement of light is possible using these quantities, as is the comparison of 

natural light with artificial light. To collect actual data, only illuminance and 

luminance is measured. For illuminance, a photometric sensor is used that measures 

the total incident radiant flux and applies the luminosity function to it to produce the 

illuminance value. 

 2.4 Climate and Culture 

2.4.1 Climate, Culture and Daylighting 

The climate of a region has a great impact on the people, culture, economy and the 

design of buildings in that region. In terms of the social culture, the local climate 

acts as the common denominator that casts an entire community to work against or 

with a similar force. It is experienced by all individuals living at the same location 

and is fundamental to the psychological response of these individuals to their living 

environment. The interaction of people with a daylit environment is then 

characterized by their response to the local climate and weather, which separately 

and directly affects the daylighting performance too. If incorporated into the design, 
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daylighting forms a vital component that determines the energy flow to and from the 

building.  

2.4.2 Climate of North Carolina 

The climate of central North Carolina is cooling dominated. It has a humid, 

subtropical climate where winters are short and mild, while summers are usually 

very sultry; spring and fall are distinct and refreshing periods of transition. In most 

of North Carolina, temperatures rarely go above 100°F or fall below 10°F, but 

differences in altitude and proximity to the ocean create significant local variations.  

2.4.3 Local Climate of Guilford County (Greensboro, North Carolina) 

The location of Greensboro, North Carolina, is approximately 36° N and 79.8° W. It 

is located in the central Piedmont region of North Carolina. The temperatures are 

highest in the month of July and lowest in the month of January. Average annual 

precipitation is 43.4 inches distributed uniformly throughout the year (8, 9). 

2.5 Lighting Design  

Interaction with light is fundamental to the way humans experience their 

environment. The lighting design controls the quantity and quality of light within a 

space. Light sets the mood and atmosphere, allows the perception of color and the 

ability to perform tasks, and can serve to enhance the entire experience of a living 

environment. Baker and Steemer summarize the non-tangible impact of light as 
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follows: Light can be manipulated through design to evoke an emotional response –

to heighten sensibilities (3). 

2.5.1 Lighting Design Goals 

The lighting design of any space needs careful examination of the design goals, 

space and task illuminance and luminance requirements, aesthetic considerations and 

energy concerns. The lighting design not only relates to the visual experience of 

form and space, but also impacts the thermal comfort of occupants. This impact is 

magnified when the source of light is natural sunlight, which is an intense source 

carrying with it considerable quantities of heat. By controlling and manipulating the 

lighting system, it is possible to reduce the overall building energy consumption. 

Once again, Baker and Steemer summarize the above concepts as: Light in 

architecture is not of singular concern that can be isolated from other design 

concerns, but relates to a rich integrated web of interdependent aesthetic and 

functional criteria (3).  

The building and space under consideration for this research is a typical classroom 

for a middle school. In the classroom learning environment, the most important 

aspect of the lighting design becomes its quantity and quality. IESNA describes the 

design goal for a learning environment as follows: the overarching goal of 

educational facility lighting is to provide a visual environment for both students and 

instructors that is supportive of the learning process (6). IESNA adds that this can be 

achieved only if the occupants can see their visual tasks accurately, quickly, and 
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comfortably (6). The aesthetic requirements as well as to some extent the energy 

concerns are secondary to providing the right conditions for the tasks of viewing, 

reading and writing. In this space, the lighting system aims to provide a major 

portion of light through daylight supplemented with artificial light. The daylighting 

component adds further complexity to the analysis of lighting design while setting 

up targets.  Design goals, daylighting integration, quality and quantity of light and 

the efficiency of the lighting system are discussed here as they pertain to the design 

of the school under consideration. 

2.5.2 Light Quantity Guidelines 

The IESNA has developed a set of guidelines that specify the quantity of light 

required based on types of spaces and types of activities or tasks. These are 

summarized in Table 2.2 and Table 2.3 below. A procedure to determine the 

illumination is also suggested by IESNA: first determine the most visually intensive 

task required to be performed in the space, then select the illuminance category for 

that particular task, obtain the range of illumination required, and finally, set up a 

target illuminance for design.   
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Table 2.2. Illuminance Values Based on Category of Visual Task 

Category of 
Illuminance Visual Task 

Recommended 
Illuminance 

Value 

D Performance of visual tasks of high 
contrast and large size 300 lx (30 fc) 

E 
Performance of visual tasks of high 

contrast and small size, or visual 
tasks of low contrast and large size 

500 lx (50 fc) 

F Performance of visual tasks of low 
contrast and small size 

1000 lx (100 
fc) 

(Source: IESNA, pg.10-13) 

 

Table 2.3. Illuminance Categories based on Type of Interior Space 

Interior 
Location Task Illuminance 

Category 

Classroom, 
Writing 

#2 pencil and softer leads D 
#3 pencil E 
#4 pencil and harder leads F 
Ball point Pen D 

Classroom, 
Reading 

6-point type E 
8-point and 10-point type D 
Maps E 
Typed originals D 

Classroom, 
Science 

Laboratory 

Common laboratory tasks 
involving working with 
scientific instruments 

E 

 

The most visually intensive task in a classroom is recognized as reading pencil 

writing (6) and hence is selected as the task for which illumination levels need to be 

designed. From the above table, for reading tasks, the range of illuminance is 300 

lux (30 fc) to 1000 lux (100 fc). A majority of the tasks, however, fall in category E 
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and hence, the design illuminance is selected as 500 lux or 50 fc. IESNA 

recommends that the illumination remain within 10% of the above value. 

2.5.3 Light Quality Guidelines 

The issue of light quality is highly subjective in nature; as is the issue of light 

quantity. The adaptability and response of the human eye varies from one individual 

to the other, and as a result, every person can have a different perception of comfort 

attached with light quality and quantity. Despite this variability, the IESNA has 

formulated basic guidelines that can help lighting designers design spaces that 

appeal to the notion of comfort for a large proportion of people. Light quality can be 

improved by controlling the horizontal and vertical illuminances in a space, the 

apparent brightness of surfaces and the brightness of light sources, and by preventing 

glare from entering the eyes of the occupants.  

To control the lighting environment and its quality, the IESNA recommends certain 

ratios of luminances and the reflectances of surfaces within a space. By controlling 

the luminance of surfaces and sources within a space, the visual comfort is addressed 

while the reflectances of surfaces contribute to enrich the aesthetic experience of the 

occupants. For a classroom, the IESNA makes the following recommendations for 

reflectances and luminance ratios to maintain light quality. 
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Reflectances:  

• Walls, wall mounted cabinetry, and the chalkboard should have non-specular 

surfaces with 40% to 60% reflectance.  

• The portion of the wall above luminaires is required to have a reflectance 

greater than 80%, with ceilings having non-specular finishes at an even 

higher reflectance.  

• The objective floor reflectance should be near 25% in conjunction with the 

other reflectances.  

Luminance Ratios: The general approach is to provide low luminance ratios over 

the entire visual field to limit the luminance of luminaires and of fenestration and to 

increase the luminance of all interior surfaces (6).   

• The luminance of any surface normally viewed directly should not be greater 

than five times the luminance of the task.  

• No large area, regardless of it position in the room, should have less than 

one-third the luminance of the task. 

• Surfaces immediately adjacent to the visual task, neighboring desk tops for 

example, should not exceed the luminance of the task but should have at least 

one-third the luminance of the task. 

Glare: The IESNA also recognizes glare as an important issue in providing visual 

comfort. Glare is of two types: one caused by too much light and another caused by 

high range of luminance within the field of vision (6). Both these types of glare are 
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to be avoided. Glare occurs when direct sunlight enters a room and either, enters the 

eye of the occupant or strikes surfaces causing distracting patterns (6). Veiling 

reflections are another type of glare caused when the light is reflected from the task 

surface into the eyes, reducing greatly the contrast of the task surface and 

compromising visual comfort. The IESNA recommends that conditions when glare 

might occur, especially within a daylit space, must be evaluated and prevented. 

Some of the recommendations made above attempt to control glare, especially the 

one caused by high luminance gradients, but they must be adopted along with a 

careful examination of the annual lighting conditions to eliminate glare related 

issues.  

2.5.4 Daylighting Integration with Lighting Design 

The middle school under consideration in this research incorporates daylighting to 

provide a major portion of lighting requirements in classrooms for the entire year. A 

seamless integration of the daylighting system with the artificial lighting system is 

needed to achieve the maximum potential savings that daylighting can provide. This 

can be achieved by incorporating photometric sensors and dimmable light fixtures. 

Photometric light sensors measure the illuminance available in the classroom and 

depending upon the set target illuminance, artificial lights are dimed or brightened to 

supply the remainder of the illumination requirement. For example, in a classroom 

that requires 50 fc of light, if 25 fc are provided by natural light, then the remaining 
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25 fc are supplied by artificial light by dimming the lights to half their rated capacity 

of 50 fc.  

Dimmable lighting systems and fixtures need special ballasts that are expensive and 

add to the capital cost and maintenance of implementing a daylighting design. Also, 

improper design of the system can lead to conditions where there may be too much 

or too little light in the classroom. This can also lead to a reduction in savings 

through lighting energy while also having an adverse effect on the heating and 

cooling loads on the space. The proper integration of the lighting system with 

daylighting is as important as the daylighting design itself, so that all the benefits of 

daylighting can be realized.  

2.6 Daylighting Systems 

The practice of letting natural light into the building interiors has been in use ever 

since shelters were built for inhabitation. Before the advent and widespread use of 

artificial light to illuminate building interiors, considerable building fenestration was 

used to allow natural light to penetrate deep into spaces. The availability of electric 

lighting, however, reduced the apparent need for fenestration. Now, with building 

design driven by energy efficiency and a better understanding of the psychological 

impact of natural light and views to the exterior, the importance of fenestration and 

its economical use is once again an important consideration. Daylighting systems are 

a manifestation of the fenestration design, and they constitute a vital component of 

the form and function of a building space.  
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Daylight can be brought into a space through a number of paths. Most often, this 

path is dictated by the purpose served by natural light in that space –whether its 

presence is solely for the aesthetic or if it serves to provide illumination or both. In 

this research, fenestration systems that provide natural light for the main purpose of 

illumination are discussed. These fenestration systems then become daylighting 

systems which may or may not provide the amenity of views to the exterior. 

2.6.1 Types of Daylighting Systems 

Daylighting systems can be classified in many different ways depending upon the 

location, direction and orientation of fenestration surfaces, shading elements used, 

and the type of natural light utilized to illuminate. Other classifications are also 

possible, while some special systems may not fall in any of the above classes. In 

relation to this research, the most relevant classification of daylighting systems 

would be to differentiate them based on the location, direction and orientation of 

fenestration surfaces. This classification is especially germane to the region of North 

Carolina and to the school building type in general.  

Daylit schools around the Triangle area and in North Carolina use vertical glazing 

surfaces to admit light into the classrooms. With this direction of the glazing, two 

configurations are possible that differ in the location of the glazing in relation to the 

space: glazing above the level of the ceiling called roof monitor configuration and 

glazing below the level of the ceiling called side-lighting configuration. Both these 

configurations are in use currently in the daylit schools in North Carolina. For each 
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of these configurations, a number of other configurations are possible with different 

orientation of the vertical glazing with the most common orientations being south 

and north. To block direct sunlight while using these systems, a combination of 

overhangs and other shading devices such as light shelves that diffuse and reflect 

light may be used. With the roof monitor design, horizontal diffusing baffles are 

placed inside the monitor to diffuse and redirect beam sunlight within the classroom 

(Figure 2.4).  

Other daylighting designs include variations of the roof monitor design, where light 

may be brought in from two sides or a sequence of sawtooth shaped monitors may 

be used to improve distribution. Daylighting through side-lighting can be achieved 

by placing diffusing glazing elements in place of glass or by using blinds between 

two panes of glass. Anidolic systems are another example of side-lighting with 

window treatment to maximize the depth and distribution of natural light that can be 

achieved through side-lighting (10). Recently, photo-chromatic glass that can change 

its degree of tint depending upon an electric signal or the available exterior 

illuminance has also been used in daylighting.  

2.6.2 Evolution of the Northern Guilford Middle School Design 

This research focuses on the daylighting design of Northern Guilford Middle School 

located near Greensboro, North Carolina. The daylighting design of a typical 

classroom in the school is of the side-lighting type, with south-facing vertical 

glazing shaded using an overhang and an interior light-shelf that diffuses and 
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distributes light into the classroom. The architects behind the current design claim 

that the system was evolved as an adaptation to the additional costs involved with 

daylighting. While previous roof monitor designs were successful, they added 

significant initial cost to the project and so, a conscious decision was made to shift to 

a side-lit strategy that includes the glazing in one of the walls. The costs of building 

a special ceiling and roof system are then not incurred. This side-lit strategy also 

permits the creation of a dark space within the classroom for using visual aids such 

as projectors and TV monitors while teaching. 

2.7 Daylight Simulation Using Computer Programs 

It is possible using computer programs to simulate the lighting conditions within a 

space under artificial as well as natural light. Computer programs such as 

RADIANCE, ADELINE, DAYSIM, SuperLite, and many others enable the 

modeling and simulation of different lighting conditions. These tools may be 

classified as being either analytical or image rendering. Tools such as RADIANCE 

can render highly accurate images of the space under actual lighting conditions. On 

the other hand, tools such as DAYSIM are able to provide lighting data over a period 

of time, which can be analyzed. Both the above programs require a basic 

understanding of the concepts of lighting and daylighting in general. The general 

procedure followed by most analytical daylighting programs is to first take as input a 

3D model of the space being analyzed along with properties of surfaces, the weather 
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data and points of interest, and then to simulate the model for the entire year over a 

given time step.  

A typical classroom at the middle school being researched was drawn in a 3D 

modeling program and simulated using DAYSIM. The data obtained from the 

simulation is compared to the actual recorded data for validation. Once validated, the 

computer model can be used for future modeling, testing and improvements in 

design. The output of DAYSIM is directly comparable to the recorded data obtained 

from the actual classroom. DAYSIM uses RADIANCE in the background to run the 

simulation, but it uses a special technique to reduce simulation times.  

2.8 Energy Efficiency with Daylighting 

As mentioned earlier, daylighting helps reduce energy loads on buildings by 

lowering the cooling load in the summer and providing heat in the winter. Natural 

light carries with it heat, a major portion of which is concentrated in the infrared 

range. The luminous efficacy of the solar light source is 94.2 lumens per Watt (6), 

compared to the luminous efficacies of commonly used incandescent lamps at 17 

lm/W and compact fluorescent (double) lamps at 70 lm/W. This means that the solar 

light source provides more light (lumens) for every Watt of energy dumped into the 

space as heat by a light source. Only the fluorescent T5, four feet long lamp with a 

luminous efficacy of 104 lm/W is more efficient than natural light. 

Proper control of direct light at different times of the year can enable the rationed 

use of passive solar gains entering the daylit space with natural light. In the summer, 



30 
 

the heat added by artificial lights to the space is reduced by using the more efficient 

solar light source. This reduces the cooling load on the air conditioning system. In 

the winter, direct light can be used to provide heat entering through the illumination 

aperture, lowering the heating load, although this is somewhat offset by the lost heat 

that would have been added had the light fixtures been on in the absence of daylight. 

Savings from the heating and cooling system are over and above the savings 

obtained by switching off the lights and reduced lighting loads. However, improper 

design of the daylighting system and a lack of integration with the lighting design 

can have adverse effects on the energy consumption of the building or space. 

2.9 Previous Research 

The current research is an extension of a previous research performed on four daylit 

schools in the triangle area of North Carolina. Each of these schools incorporates a 

different daylighting system and strategy. The research focused on comparing the 

daylighting performance of the four schools. Following is an excerpt from the 

abstract of the thesis document prepared by Myra Ashley Manning, which states the 

key results and conclusions from the research.  

“The experiments were designed to identify and quantify the positive 

and negative operating characteristics of each school and then compare their 

overall performance.  In three of the four schools tested, the level of daylight 

available on a good solar day was found to be more than adequate for most of 

the day.  However, one of the common problems at all schools was a lack of 
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uniformity in daylight levels.  This was particularly true for classrooms with 

south-facing glazing.  Generally, the light levels at the front of the 

classrooms were too high and at the rear too low.  This disparity in light 

levels is an issue that will have to be addressed in future designs.  One of the 

pleasant surprises of this research was the excellent daylighting performance 

of classrooms with north facing glazing.” (11)  

The conclusions from the above research stated that more detailed analysis was 

required at each school. It was proposed that one of the more promising daylighting 

designs at one of the schools be investigated further. This research follows similar 

measurement techniques as the previous one as it started out with goals similar to the 

earlier research.  

2.10 Significance of the Proposed Research 

The proposed research expands and extends beyond the scope of the above 

mentioned research by considering both the qualitative and quantitative aspects of 

daylighting, while also being more complete in the analysis of the design over an 

entire year. In the field of daylighting, the major proportion of research has been 

directed at improving the tools and techniques that enable good daylighting. While 

this is important, also vital is the actual measurement of daylighting performance; 

however, this is not always possible due to the unavailability of occupied buildings 

for performing research. Therefore, this type of analysis involving the recording and 

collection of data from an existing, occupied school building over an entire year was 
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never performed before. Results, conclusions and, most importantly, the experience 

obtained from this research will add to the burgeoning field of daylighting and serve 

as a reference work for future analysis of this type.  
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3. Daylighting Design of Northern Guilford Middle School and 

Experimental Setup of Equipment 

North Carolina has seen a large influx of people in recent years. There is a great 

need, in the triangle area and in other parts, to build new schools. Northern Guilford 

Middle School (NGMS) built in Guilford County near Greensboro, NC, is one such 

school that caters to the education of a growing countryside community. At close 

proximity to the middle school is a high school lending continuity to the community 

children and parents alike.  

Northern Guilford Middle School, built by Innovative Design, Inc, an architecture 

firm in Raleigh, NC, was designed with the intent of maximizing the solar potential 

available on site. It incorporates daylighting in all classrooms and in many other 

spaces in the school along with a host of other sustainable features.  

“The Northern Guilford Middle School has been designed as a 3-D 

textbook so the students, teachers and the community can learn about 

sustainable design strategies and how they reduce the impact that 

human activity has on our environment. The Northern Guilford 

Middle School has 140,000 square feet and includes classrooms for 

950 students plus dining, gymnasium, auditorium, science, art, music, 

technology, media center and administration facilities. The school 

also features rainwater harvesting, extensive bio-swales and three 

constructed wetlands, wastewater treatment, and subsurface irrigation 
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systems. The school has been oriented on an east-west axis to 

maximize the southern solar potential for daylighting, passive solar, 

solar domestic hot water, and photovoltaic applications.” (12) 

Another important energy efficiency feature of the school is the underfloor air 

distribution system that delivers air to all classrooms. The school opened in January 

2007 to 6th graders and was fully occupied in August 2007. While the school 

incorporates daylighting in a number of spaces such as the gymnasium and the 

cafeteria, research was conducted on the daylighting performance of the classrooms 

only. The classroom learning environment is one of vital importance, as a major 

portion of a student’s development takes place in this environment. Light, both 

natural and artificial, forms a major part of how a student perceives and interacts 

with the classroom environment, other students and the teachers, and hence its 

design is crucial.  

The following sections provide a detailed description of the daylighting design in a 

typical classroom in the school. The experimental setup used to record interior 

illumination and exterior radiation is also presented. 

3.1 Daylighting Design of a Typical Classroom in Northern Guilford Middle 

School 

All classrooms at NGMS have side-daylighting with high window glazing on the 

south side. Figure 3.1 shows the floor plan for the entire school. Classrooms are 

located in the three wings to the west. All wings are single-storied and have 
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classrooms on both sides of a central corridor (Figure 3.2). The three wings are 

oriented mainly on the east-west axis with each wing having a slightly different 

orientation. The south-most wing houses 8th grade classrooms, is known as the 800 

wing, and faces 10° E of south. The middle wing is the 700 wing, having 7th grade 

classrooms, facing south. The north-most wing is the 600 wing, with 6th grade 

classrooms, facing 10°W of south. In each wing, even numbered classroom are on 

the north side of the corridor and odd numbered classrooms are on the south side of 

the corridor. North-side classrooms have daylighting glazing at a higher level which 

looks out onto the roof above the corridor and the south-side classrooms. The top of 

this roof is covered with a white, reflective membrane that acts as a large exterior 

light-shelf reflecting light into north-side classrooms. The south-side classrooms 

have a small curved exterior light-shelf aimed at serving the same purpose (see 

Figure 3.3). Both north-side and south-side classrooms have view windows with 

interior blinds on the north and south walls respectively. Blinds on these view 

windows were kept closed throughout all the testing and data collection. 
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Figure 3.1. Overall Floor Plan of Northern Guilford Middle School 
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Figure 3.2. South and North-side Classrooms from a Wing at Northern Guilford 
Middle School 
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Figure 3.3. NGMS Classroom Wing Showing Exterior Light-shelf and Overhang 
 

The daylighting design of NGMS incorporates a unique element in the form of a 

curved interior light-shelf made from translucent acrylic panels attached on an 

aluminum frame (Figure 3.4). The interior light-shelf was specially designed and 

manufactured for this school, the frame being constructed out of 2.5” hollow 

aluminum tubes with a white, powder coated finish, and white acrylic panels having 

a transmittance of 20% acting as a perfect diffuser of beam sunlight. Assembled 

prior to installation, the light-shelf is relatively light-weight and is mounted on 

pivots on the wall just below the daylighting glazing. The pivots allow the light-shelf 
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to be lowered so that it can be easily cleaned. A small air-gap exists between the 

wall just below the glazing and the frame of the interior light-shelf. 

 

Figure 3.4. Acrylic Light-Shelf Panel without Aluminum Frame 
The light-shelf has a curvature of radius 6 feet and it runs the entire length of the 

daylighting window. From the back of the classroom, it is possible to see a thin band 

of the daylighting glazing, but it is somewhat covered using light fixtures inside the 

classroom. The interior light-shelf serves two purposes: first to diffuse all direct light 

and prevent glare, and second to improve light levels at the back. A 45° overhang 

above the daylighting glazing is provided on all daylighting glazing to stop direct 

sunlight from striking the glazing (and the interior light-shelf) in the summer, while 

still letting in direct light in the winter (Figure 3.3). This design enables passive solar 

gain in the winter while reducing summer cooling loads. 
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Figure 3.5. Installed Interior Light-shelf in a Classroom 
 

 

Figure 3.6. Soffit Used in Classroom to Shade the Projection Screen and TV 
Monitor 
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To create an area with low natural light inside a daylit classroom that allows teachers 

to use projectors and other visual aids, an architectural element called a ‘soffit’ was 

introduced. The soffit is a vertical projection from the ceiling running along the 

north-south axis that drops below the normal ceiling to a height of 7 feet 6 inches 

near the daylighting glazing shading the projection screen and then slopes up 

towards the north side of the classroom (Figure 3.6). The soffit is designed such that 

it is low enough to shade the projection screen from natural light but high enough so 

that the back row can clearly view the teaching board. The interior light-shelf is 

attached to the front wall and it adjoins the soffit. The dropped soffit was designed to 

eliminate the need for separate manual or automatic window shading control to 

darken the space so that projectors or TV monitors could be used. 

With the glazing always on the south face, the soffit is positioned on the east or west 

side of the classrooms 5 feet 6 inches away from the teaching-board wall. A light 

‘well’ is thus created from the front of the soffit to the back of the classroom. 

Students are seated in this light well facing either east or west, depending upon the 

location of the soffit. This arrangement prevents the students from directly looking 

into the daylighting glazing that is significantly brighter than the rest of the space. 

This arrangement is repeated in the north-side classrooms as well, with the only 

difference being the height of the daylighting glazing because of the position of the 

roof above the corridor, glazing in north-side classrooms (and the interior light-shelf) 

is higher than in corresponding south-side classrooms.  
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Figure 3.7. Section Showing Typical South-side and North-side Classrooms in a 
Wing at NGMS 

 

The interior wall and carpet finishes are different for each of three wings, but 

common for all the classrooms in a single wing. From a daylighting perspective, the 

reflectance values of these walls, soffits and carpet finishes in each of the three 

wings are sufficiently close to each other and are considered the same. The interior 

finishes and their actual measured reflectances are presented in Table 3.1. The 

ceiling in all the classrooms is made out of highly reflective ceiling tiles. The 

specified reflectance of these tiles is 0.9. Typically, classrooms are featured with 

varying amounts of cabinetry and computer stations positioned at different locations 

within a classroom. The soffit in each of the three wings is painted with a different 

color as well, although all theses colors are of a dark shade. In the subsequent 

research and analysis, the effect of the difference in soffit colors is neglected 

considering the fact that it is a small surface whose effect is dampened by the 

reflectance off the walls, the ceiling and the floor. While it may be feasible to neglect 
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the effect of the soffit color on daylighting performance in this research study, it is 

worthwhile to note that future studies should incorporate this consideration into their 

analysis.  

Table 3.1. Reflectance of Interior Classroom Finishes in the 700 Wing 

Surface Reflectance, % 

Carpet 20 

Wall 76 

Ceiling1 90 

Soffit 50 
1 – Reflectance value for the ceiling is obtained from the specifications by 
the manufacturer of the ceiling tile.  

 

All the classrooms used for data collection are listed below in Table 3.2 along with 

their size and other important daylighting related characteristics. Floor plans for all 

the classrooms in which sensors were setup to record data can be found in Appendix 

A. Figures 3.8 through Figure 3.13, indicate the layout of typical south-side and 

north-side classrooms with major dimensions, seating arrangements and major 

daylighting elements.  
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Figure 3.8. Layout of Spaces in the 600 Wing at NGMS 
 

 

Figure 3.9. Layout of Spaces in the 700 Wing at NGMS 
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Figure 3.10. Layout of Spaces in the 800 Wing at NGMS 
 

 

Figure 3.11. Layout of Furnishings in a Typical South-side Classroom 
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Figure 3.12. Layout of Furnishings in a Typical North-side Classroom 
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Figure 3.13. South Elevation View of the West End of a Classroom Wing at NGMS 
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Table 3.2. Typical South-side and North-side Classroom Details 

Classroom Details 
Side of Corridor South North 
Dimensions, w x d, ft 28’-8” x 28’ 24’-8” x 32’ 
Area, ft2 803 ft2 789 ft2 

Daylight Glazing 

Type Clear,  
Thermopane 

Clear,  
Thermopane 

Transmittance 80% 80% 
Orientation South South 
Area, ft2 75.1 ft2 65.9 ft2 
Exterior Reflecting Surface, 
width 

White Light  
Shelf, 2’ 

White Roof  
Membrane, 40’ 

Daylighting System 
System Type Side-lighting with interior light-shelf 
Light Well Dimensions, w x 
d, ft 23’-2” x 28’ 19’-2” x 32’ 

Light Well Area, ft2 649 ft2 613 ft2 

Diffusing Element Interior  
light-shelf 

Interior  
light-shelf 

Glazing Area to Daylit Area 
Ratio 0.116 0.108 

Interior Room Surfaces 
Ceiling - Color, Reflectance White, 90% White, 90% 
Walls - Color, Reflectance Varies Varies 
Floor - Material, 
Reflectance Carpet Carpet 

External Shading 45° Overhang 45° Overhang 
View Windows 

Number, Orientation 2, South Facing 2, North Facing 
Area, ft2 37.6 ft2 37.6 ft2 
Blinds Interior Interior 

Shading Exterior  
Light Shelf None 
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Figure 3.14. Lighting Layout for Typical North-side Classrooms 
 

 

Figure 3.15. Lighting Layout for Typical South-side Classrooms 
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Figure 3.14 and 3.15 show the lighting plan for a typical north-side and south-side 

classrooms. In general, each classroom has two rows of light fixtures running 

parallel to the daylighting window, each carrying three lamps, in the light well. 

Additional lights are provided over the teaching board for better illumination of the 

teaching area. All the lights in the light well are controlled by a photometric sensor 

placed at the back of the classroom. The lighting control is of the continuous 

dimming type with dimming ballasts installed in each of the fixtures. Lights are 

dimmed automatically, depending upon the availability of natural light as seen by 

the light sensor. Alternately, the teacher is given control to override automatic 

dimming and set custom light levels. Science labs and special purpose classrooms 

have a different lighting design, but none of these spaces were used to record data. 

Test sensors used in this research were located 5’ from all the walls and from the 

soffit and were centered on lines that divide the light well in half length-wise and 

breadth-wise. Student desks were used to place the sensors, the desks being at a 

height of 2’6” from the floor. The following section describes the equipment 

selection, the experimental setup and the sensor layout in greater detail. 
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3.2 Experimental Setup for Data collection from Northern Guilford Middle 

School 

This particular research focuses on the quantitative measurement of light. Natural 

light is composed of the visible spectrum which lies between the invisible, infrared 

and ultraviolet spectrums. For daylighting, only the visible spectrum needs to be 

measured and a photometric sensor with a visible light filter is used for this purpose. 

Also, a data logger is needed to record readings over a period of days.  Thus, a data 

logger and photometric light sensors are required to measure interior illuminance. 

The comparison of interior illuminance, however, is baseless unless it is measured 

against exterior solar conditions. A pyranometer device is selected to measure the 

exterior horizontal solar radiation. Data collected from these sensors completes the 

set of information necessary for the purpose of this research.  

Light sensors and data loggers from LI-COR Biosciences were selected for indoor 

data collection. For outdoor solar radiation measurement, Onset Computer 

Corporation’s HOBO weather station was selected. The LI-210 Photometric sensor, 

as shown in Figure 3.16, is constructed with a filtered silicon photodiode contained 

in a fully cosine-corrected sensor head. The human eye responds differently to 

different wavelengths of light. The CIE Standard Observer Curve defines the 

response of an average human eye to natural light. The photometric sensor attempts 

to closely mimic its own response to the response of the human eye so that the 

measured illuminance is the same as what the eye sees. 
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Figure 3.16. LI-COR Photometric Sensor 
 

A comparison of the response curves of the human eye and the photometric sensor is 

shown in Figure 3.17. This also means that the sensors will not be able to measure 

artificial light accurately, because it has a different composition of wavelengths 

compared to natural light. 

The photometric sensors measure illuminance in terms of kilo lux or Klux, which 

can be readily converted to English units of footcandles. Light falling on the sensor 

generates a current which is transmitted to the datalogger. Each sensor comes with a 

calibration multiplier that is applied to the current reading before the reading is 

logged by the datalogger. The calibration multiplier for each sensor is entered in the 

datalogger setup. Each sensor then corresponds to only one channel on the 

datalogger.  
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Figure 3.17. Photometric Sensor Spectral Response Curve versus CIE Curve 
(Source: Specifications Sheet for LI-COR photometric sensor provided by LI-COR) 

 

 

Figure 3.18. LI-COR LI-1400 Data Logger with Extension Cables 
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LI-1400 Data Loggers were purchased to record data from sensors in the classroom 

(Figure 3.18). Each data logger has five channels that can be used with the 

photometric sensors.  A simple software program, BOXCAR PRO, allows the user 

to set up logging routines and intervals, to indicate which sensor is plugged into a 

specific channel, and to download recorded data.  To ensure that the correct sensor 

was plugged into the correct channel, each logger was labeled beginning with “A.” 

Then the sensors were labeled from “A1” to “A5,” “B1” to “B5,” and so on, with the 

number corresponding to the channel on the logger.  This ensures that sensor A1 will 

always plugged into channel 1 on Logger A.  

Onset Computer Corporations’ HOBO Micro Station is a four channel weather-proof 

data logger that records data from a variety of possible sensors. A Silicon 

Pyranometer Smart Sensor is used to measure the exterior solar radiation. The 

pyranometer sensor uses a silicon photodiode to measure the solar radiation in Watts 

per square meter. The sensor’s response curve versus sun’s relative intensity is 

shown in Figure 3.19.  From this figure it is obvious that the spectral response is not 

perfect for the silicon photodiode (13). Even though a silicon photodiode is not the 

ideal type of sensor for solar measurements, with proper calibration and careful 

mounting, the results are adequate for the purposes of this work. To mount the 

pyranometer sensor, a simple weather station stand was constructed with two bracket 

arms, one of which was used to fix the sensor such that it faced directly upwards 

(Figure 3.20).  The sensor was then connected to a datalogger, also mounted on the 

stand. The weather station also recorded temperature and humidity, which was not 
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used for this research, but may be of importance in the future. It was transported to 

the roof and was set up with weights holding it down against the elements.  

 

Figure 3.19. Pyranometer Sensor’s Response Curve versus Sun’s Relative Intensity 
(Source: LICOR website) 

 

Figure 3.20. Weather Station Positioned on the Roof 
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The pyranometer sensor reads the horizontal radiation incident upon the sensor. This 

horizontal solar radiation is considered to be the naturally available resource for 

daylighting at any given time. However, this does not account for reflected light 

from external surfaces such as the roof or light-shelves. Perhaps, a more accurate 

way to measure the externally available daylight or resource would be to mount the 

sensor, close to the daylighting glazing and looking in the same outward direction as 

the window. Then a comparison could be made between the outside and inside 

illuminances.  

This research was a continuation of previous research work carried out in four 

different daylit schools in 2007. Two pairs of dataloggers and five sensors were 

available for use from that previous research. Two more pairs of dataloggers were 

ordered so that equipment could be setup simultaneously in four different 

classrooms. This was especially useful when performing tests that compared the 

performance of classrooms in different wings. 

3.2.1 Data Logger Setup 

The setup of the data logger is crucial to this research. A number of parameters, such 

as the calibration multiplier of the sensors or the logging interval, can be inputted 

into the setup of the data logger. The data logger also allows averaging a set of 

readings and then logging the averaged value. For the purpose of this study, a 

sampling period of thirty seconds and a logging period of five minutes is selected. 

The sampling period is the interval between two instantaneous readings sampled by 
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the data logger, and the logging period is the interval between two averaged readings 

actually logged into the data logger memory. What this means is that all sampled 

readings can be averaged over the logging interval and logged into the memory. The 

sampling interval is always lower than or equal to the logging interval. Thus, for this 

work, readings are sampled every thirty seconds and those ten readings are then 

averaged and logged every five minutes. This smoothes out sudden changes in 

illuminance introduced by changes in weather, such as the chance occurrence of a 

cloud. 

The data logger on the weather station uses the same sampling and logging interval 

as the data logger for the classroom. This allows direct comparison between exterior 

solar conditions and interior illuminance. Figure A2.1 in Appendix A.2 shows the 

computer software screen for setting up the HOBO logger. Figure A2.2 in Appendix 

A shows the software setup screen for defining the log routine.  The logger was set 

up to start recording data at 5:55 am and to stop at 21:00, or 9:00 pm.  This saves 

memory space by not recording at night, when light measurements are irrelevant.  

Figure A2.3 in Appendix A.2 shows the sensor setup screen.   

3.2.2 Sensor Setup 

The location of sensors was arrived at by carefully examining the dimensions of 

classrooms while considering a variety of other factors such as the soffit position, the 

layout of the furnishings and the position of view windows. The general layout of 

the classrooms is the same as any other typical school located in this area:  a dry-
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erase board on one side-wall, windows on one wall, computer stations up against the 

rear wall, a few cabinets in the back of the classroom, and student desks at the center 

of the room (11).  

The design of a typical classroom at NGMS creates a light well in the area in front of 

the daylighting glazing extending from the soffit up to the opposite side wall. This 

entire text refers to the locations within the classroom in terms of the location of the 

sensors. The ‘front’ of the classroom refers to the point closest to the daylighting 

glazing at the midpoint of the line extending from the soffit to the opposite wall. The 

‘center’ of the classroom lies on this line as well, but is also on the midpoint of the 

line extending from the wall containing the glazing and the wall adjoining the 

corridor. The ‘back’ of the classroom refers to the area symmetrically opposite to the 

‘front’ of the classroom. The ‘east’ and ‘west’ areas of a classroom are then points 

that are on the midpoint of the line joining the soffit with the opposite wall and to the 

east and west, respectively. Each of these points is 5’ away from the adjoining wall 

or soffit.  
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Figure 3.21. Sensor Layout for a South-side Classroom with the Soffit to the West 
 

The main characteristics of the daylighting in the classroom that needed to be 

measured are the front to back gradient, the east to west gradient and obviously the 

light levels at different parts in the classroom. To this effect, a sensor grid using 5 

sensors, all of which could conveniently be connected to a single data logger, was 

created. Three sensors are positioned in a row from the front of the classroom to the 

back and the remaining two are placed symmetrically opposite to each other to the 

east and the west. The above explanation becomes clear from Figure 3.21 which 

shows a typical sensor layout for a south-side classroom with the soffit on the west 

side. For classrooms with the soffit on the east side, the sensor layout is shifted to the 

west but remains identical to the one shown below. The same layout is repeated for 
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north-side classrooms. Sensor layouts for all the classrooms can be mapped from the 

ones shown in Figure 3.22. 

In the above layout, sensor A1 is referred to as being in the front of the classroom, 

A2 in the center, A3 at the back, A4 in the east and A5 in the west of the classroom. 

This arrangement of sensors is enough to give sufficient illumination information 

about all the parts in the classroom. The sensors are placed on student desks within 

the classroom, at a height 2.5 feet. Each sensor is leveled using three leveling screws 

provided in the sensor bracket.  Leveling ensures the calibration is as accurate as 

possible and the spectral response error is as small as possible. Once the sensors 

were in place, leveled and connected to the data logger, the data logger was turned 

on and left to log data for the remainder of the recording period. 

 

Figure 3.22. Sensor Layout for Two Classrooms with Soffit on the East and West 
Sides 
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After data is collected and the equipment is taken out of the classroom, data loggers 

are brought back to the research laboratory for downloading to the computer. Both 

the LI-COR and HOBO loggers download data in spreadsheet ready format, that 

simplifies the preparation for data analysis (11). 
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4. Monthly Analysis of Data: 

Data recorded from March 2007 through February 2008 is presented here. The 

performance of the daylighting system is measured in terms of illumination values at 

fixed points in a classroom. The illumination values, in footcandles of light, serve as 

a direct performance indicator for assessing the quantity of light within a typical 

classroom at the school. To assess the quality of light, the IESNA code for visual 

comfort is used which prescribes glare and luminance ratio guidelines for evaluating 

design and performance. For each classroom, a set of criteria are developed for 

quantifying the performance. These criteria, along with presentation techniques are 

explained in the following section. 

4.1 Methodology 

In assessing any daylighting system, it is imperative to consider the capricious nature 

of daylight availability. While making field measurements, it was learned that there 

is a great variability in illumination readings taken only a few seconds apart. This 

variability is linked to the ever changing sky solar conditions. The magnitude of this 

highly variable nature of daylight is best demonstrated by the difference in light 

levels between direct and diffuse sunlight while diffuse sunlight measures only a 

thousand footcandles, beam sunlight easily rises above 100,000 footcandles. A 

change of the order of 102 occurs in the daylight resource whenever a cloud covers 

the solar disc. Therefore, care must be taken while making illumination 

measurements; only measurements having similar sky conditions or daylight 
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availability may be compared with each other. Based on these considerations, the 

following methodology was developed to analyze the illumination data: 

 

Figure 4.1. Scale of Illuminances 
(Source: Wayne J. Place, Luminous Environment Seminar; Lecture notes) 
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1. As stated previously, the recorded value is the average of 10 measurements 

(at a 30 second interval) taken over five minutes. Thus the irregularities that clouds 

or changing sky conditions may have introduced in one or some of the instantaneous 

readings are smoothed out, leaving the final recorded reading as a correct rendering 

of the solar conditions from the past interval.   

2. For every month, a sunny and a cloudy day were selected for analysis from 

the data available for that month. A sunny day may be defined as one having clear 

skies, a reasonably smooth solar radiation curve (with few peaks and troughs) rising 

in the morning and falling off in the afternoon with the maximum value of over 500 

W/m2. Conversely, a cloudy day may be defined as one having overcast skies for a 

major portion of the day, with the maximum solar radiation rarely reaching the 500 

W/m2 threshold and the solar radiation curve comprising of many peaks and troughs. 

For each month, the sunny day condition represents maximum resource availability, 

while the cloudy day condition represents minimum resource availability. These two 

conditions form the design extremes under which performance of the current 

daylighting system is evaluated. 

3.  For each selected day, the illumination in footcandles is plotted against the 

time of the day. Illumination values from each sensor in the classroom are plotted 

from 7 AM to 6 PM. Also graphed are the room average illumination and the 

illumination as a function of distance from the front to the back of the room and 

from the east to the west of the room. 
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4. Further graphs and illustrations are developed for cases with unexpected or 

irregular behavior of the daylighting system. 

5. At the end of the graphs, an analysis of the data is presented covering aspects 

of performance that may be crucial in the final annual analysis. 

6. A plot of the exterior horizontal solar radiation is presented as a reference for 

outside conditions for each of the selected days.  

In much of the research carried out in the field of daylighting, interior performance 

is characterized in terms of daylight factors. The “daylight factor” at a point inside a 

space is defined as the ratio of illuminance at that point to the horizontal exterior 

illuminance, expressed as a percentage. Some other methods use variations of the 

daylight factor. One such method uses the “coefficient of utilization,” which is a 

measure of the ratio of the illuminance at a point inside the space to the illuminance 

available just outside the daylighting glazing. So, for a vertical glazing, the available 

resource would be the vertical illuminance available at a point just outside the 

window. The aim here is to account for the entire daylight resource from all the 

reflections and not just from the sun.  

These methods help characterize the daylighting performance such that it can be 

compared with another building or a different daylighting system. In this research, 

however, absolute illumination values are used and compared to standards set by the 

IESNA. If in the future, the results from NGMS are to be compared to a similar 

school or building, the daylight factor method may be used. The ease and importance 
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of the daylight factor method in allowing such a comparison is recognized, however, 

it does sacrifice a certain degree of clarity when it comes to understanding the 

quantitative performance. Thus, an absolute approach is chosen instead to 

daylighting performance and analysis, which can be easily classified and measured 

against directly usable standards. 

The cycle of recording data was begun in March 2007. At the end of July 2007 all 

classrooms in the school were occupied and it was not possible to record data for the 

month of August. In the subsequent months, due to the limitations imposed by the 

school schedule, data was recorded in classrooms that were unoccupied. Therefore, it 

is more functional to start the analysis of data from the month of March as it lends a 

natural beginning to the research. 
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4.2 Analysis of March Performance: 

The data for March were collected in classroom 713 from the 700 wing. Table 3.2 

gives details about the classroom characteristics related to the daylighting design. In 

the following sections, the performance of the system in March on a sunny and 

cloudy day is discussed, followed by a summary of performance. 

4.2.1 Sunny day Performance 

On a clear day in March, the overhang shades only a part of the daylighting glazing 

for most of the day. With the interior light-shelf in place, classroom light levels can 

be expected to be high whenever there is direct light falling on the light-shelf. 

 

Figure 4.2. Exterior Daylight Availability on 3/5/07 
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Table 4.1 Illumination Levels at Sensor locations in Class 713 on a Sunny Day 
in March (3/5/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 9 4 2 3 5 5 
8 73 33 17 25 38 37 
9 179 71 36 55 79 84 
10 254 98 49 79 106 117 
11 298 114 57 95 118 136 
12 319 120 61 103 123 145 
13 316 119 60 105 118 143 
14 288 109 54 98 105 131 
15 238 89 44 82 85 108 
16 164 62 31 59 57 75 
17 61 25 13 24 23 29 
18 7 3 2 3 3 4 

Average 236 91 45 78 92 108 
 

It is important to note that the ‘Average’ indicated at the bottom of the table 

represents an average of illumination values from only the school operating hours, 

that is from 8 AM to 4 PM. Illumination before and after school hours is presented 

for informational purposes, and is not factored into the performance of the 

classroom.  
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Figure 4.3. Class 713 Illumination on 3/5/07 
 

 

Figure 4.4. Class 713 Front to Back Gradient on 3/5/07 
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Figure 4.5.Class 713 East to West Gradient on 3/5/07 

 

Table 4.2 Percentage of Target Illuminance (50 fc) provided by Daylighting in 
Class 713 on a Sunny Day in March (3/5/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc target) 
7 17 9 5 7 10 10 
8 146 66 34 50 76 74 
9 358 143 71 110 158 168 
10 509 197 98 158 212 235 
11 595 227 114 189 237 273 
12 637 241 121 206 245 290 
13 631 238 120 209 236 287 
14 575 217 108 196 211 261 
15 476 179 88 165 169 215 
16 327 125 62 118 115 149 
17 121 50 26 48 45 58 
18 14 7 4 6 7 7 

Average 473 181 91 156 184 217% 
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Again, it should be noted that the ‘Average’ indicated at the bottom of the table 

represents an average of percentage values from only the school operating hours, 

that is from 8 AM to 4 PM. 

4.2.1.1 Discussion of March performance on a sunny day: 

1. The average illumination level in the classroom is 108 fc on a sunny day 

from 7 AM to 6 PM (see Table 4.2). Except at the back of the classroom, daylighting 

provides sufficient lighting for the entire day at all parts of the classroom. 

2.  The east to west gradient is not very sharp, with a maximum variation of 28 

fc at 10 AM and maximum percentage variation of 26.4%. This variation is not 

easily detectable to the human eye, since the average illumination at 10 AM in the 

space is already at a 117 fc. This amount of illumination is within the acceptable 

range of illumination for the type of space and task under consideration. The values 

always show an increase going from the east to west, with only a slight drop in 

values in the afternoon from the center to the west. The soffit position relative to the 

daylighting aperture has a clear impact on the east to west distribution of light. The 

reflected component of light is different for the sensor closer to the soffit from the 

sensor close to opposite wall. This affect shall be evaluated as data from subsequent 

months is presented and becomes available for comparison.  

3. The front to back gradient is very steep with a maximum variation of 258 fc 

at 12 noon and a maximum percentage variation of 80.9%. This is a major cause for 

concern because the high levels at the front are caused by direct light falling on the 
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light-shelf which causes glare problems. One requirement for visual comfort as 

recommended by the IESNA states that the ratio of the maximum luminance (See 

Literature Review) of surrounding surfaces to the luminance of the task surface must 

not be greater than 5. A student who is sitting at the back of the classroom towards 

the west will have in his field of view the interior light-shelf that is easily more than 

5 times as bright as the book on the desk (the task surface). 

4. Apart from the high illumination levels at the front, on good solar days the 

month of March sees a good performance across the classroom with light levels 

uniformly distributed from the center to the sides and the back, and generally above 

50 fc throughout the day.  

4.2.2 Cloudy day Performance 

With low daylight resource availability and a fixed shading device, that is the 

interior light-shelf, can be expected that the illumination levels in the classroom will 

not be as high on a cloudy day as they are on a sunny day. The following analysis 

presents data recorded on a cloudy day in March.  
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Figure 4.6. Exterior Daylight Availability on 3/16/07 
 

Table 4.3. Illumination Levels at Sensor locations in Class 713 on a Cloudy Day 
in March (3/16/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 1 0 0 0 0 0 
8 3 1 1 1 1 1 
9 9 4 2 4 4 5 
10 15 7 4 6 7 8 
11 22 10 6 9 11 12 
12 18 8 4 7 8 9 
13 22 10 5 9 10 11 
14 27 13 7 11 13 14 
15 22 10 5 9 10 11 
16 11 5 3 4 5 5 
17 14 7 3 6 7 7 
18 4 2 1 1 2 2 

Average 17 8 4 7 8 9 
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Figure 4.7. Class 713 Illumination Levels on 3/16/07 
 

 

Figure 4.8. Class 713 Front to Back Gradient on 3/16/07 
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Figure 4.9. Class 713 East to West Gradient on 3/16/07 

 

Table 4.4. Percentage of Target Illuminance Served by Daylighting in Class 713 
on a Cloudy Day in March (3/16/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc served by daylight) 
7 2 1 0 1 1 1 
8 5 2 1 2 3 3 
9 18 8 5 7 9 9 
10 29 13 7 12 14 15 
11 45 21 11 18 21 23 
12 36 17 9 14 17 19 
13 44 20 11 17 21 23 
14 55 25 13 22 26 28 
15 44 20 11 17 21 23 
16 21 10 5 8 10 11 
17 28 13 7 11 13 15 
18 7 3 2 3 4 4 

Average 33 15 8 13 16 17% 
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4.2.2.1 Discussion of March performance on a cloudy day: 

1. The average illumination level in the classroom is 9 fc on a cloudy day from 

8 AM to 4 PM. Daylighting provides sufficient lighting for 17% of the day at all 

parts of the classroom. 

2.  The illumination in the classroom never goes above 50 fc at any of the 

sensor points. With such low illumination, there is little variation in terms of 

footcandles from the east to west; the values never differ by over 5 fc. The maximum 

variation in illumination from the front to the back is 20 fc at 2 PM and the 

corresponding percentage variation is 74%. Although the percentage variation 

appears significant, the low light levels mean that the difference is hardly discernible 

to the human eye. The values show an increasing trend from the east to the west 

throughout the day. 

3. It appears that with a large drop in the available daylight, the performance of 

the classroom suffers. Almost all the lighting is provided artificially. Despite the 

distribution being even, this cannot be characterized as a good daylighting 

performance simply because of the extremely low illumination values. 

4.2.3 Summary of March Performance 

The following table compares the key performance characteristics between a sunny 

and cloudy day in March. 
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Table 4.5. Comparison of Key Performance Data Between a Sunny Day and a 
Cloudy Day for the Month of March 

No. Performance Metric Sunny Cloudy 
1 Average illumination (fc) 108 9 
2 Max illumination (fc) 319 (12 

noon) 27 (2 PM) 

3 Min Illumination (fc) 17 (8 AM) 1 (8 AM) 
4 Max F-B variation (fc) 258 (12 

noon) 20 (2 PM) 

5 % F-B variation 81% 74% 
6 Max E-W variation (fc) 28 (10 AM) 2 (2 PM) 
7 % E-W variation 26% 18% 
8 Ratio of illuminances at max variation 5.23 3.85 
9 % of 50 fc target 217% 17% 

 

The above table is not indicative of the overall performance for the entire month of 

March. The number of days with sunny conditions, cloudy conditions and conditions 

in between are not known and hence, these results cannot be considered 

representative of the average monthly performance. The following observations are 

made for the month of March: 

1. The average illumination on a sunny and a cloudy day is 108 fc and 9 fc 

respectively. A sunny day provides a maximum illumination of 319 fc and a 

minimum illumination of 17 fc, while for a cloudy day the corresponding values are 

27 fc and 1 fc respectively. 

2. The quantitative performance on sunny days in March is good. Almost all 

points in the classroom reach the 50 fc target for most of the day. The maximum 

illumination occurring at the front of the classroom is 319 fc and is much greater 

than required. On cloudy days, however, there is a severe drop is light levels in the 
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classroom, with the maximum illumination reaching only 27 fc at the front of the 

classroom. 

3. The east to west gradient is within acceptable limits with a maximum 

variation of 28 fc under optimum solar conditions. 

4. It is found that on sunny days, the drop in illumination from the front to back 

is too great to be acceptable. The ratio of luminances at the time of maximum 

variation is greater than 5 on a sunny day. This creates a condition where students 

sitting at the back of the classroom and must adapt their vision each time they look 

up from their desk top to another surface that is more than five times as bright. 

Despite there being sufficient quantity of light, the visual discomfort caused by 

excessively high illumination at the front of the classroom is an issue that future 

daylighting studies and applications must address. 

 4.3 Analysis of April Performance: 

The data for April was collected in classroom 713 from the 700 wing. The following 

sections discuss the daylighting performance in April on sunny and cloudy days. 
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4.3.1 Sunny Day Performance 

 

Figure 4.10. Exterior Daylight Availability on 4/21/07 
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Table 4.6. Illumination Levels at Various Locations in Class 713 on a Sunny 
Day in April (4/21/07)  

Hour 
Front Center Back East West All 

sensors (fc) 
7 20 10 6 9 11 11 
8 34 18 10 16 19 19 
9 49 26 14 22 26 27 
10 59 31 17 27 32 33 
11 66 35 19 30 36 37 
12 70 37 20 31 37 39 
13 69 36 20 31 37 39 
14 66 35 19 30 35 37 
15 59 31 17 27 32 33 
16 48 26 14 22 26 27 
17 35 19 10 16 20 20 
18 23 12 7 10 13 13 

Average 58 30 16 26 31 32 
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Figure 4.11. Class 713 Illumination on 4/21/07 
 

 

Figure 4.12. Class 713 Front to Back Gradient on 4/21/07 
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Figure 4.13. Class East to West Gradient on 4/21/07 

 

Table 4.7. Percentage of Target Illuminance Served by Daylighting in Class 713 
on a Sunny Day in April (4/21/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 40 21 12 18 21 22 
8 68 36 20 31 37 39 
9 97 51 28 44 53 55 
10 119 62 34 53 64 66 
11 133 70 38 59 72 74 
12 139 73 40 63 75 78 
13 139 73 39 62 74 78 
14 131 69 37 59 71 74 
15 118 62 33 53 63 66 
16 96 51 27 44 53 54 
17 70 38 20 32 39 40 
18 45 24 13 20 26 26 

Average 116 61 33 52 63 65% 
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4.3.1.1 Discussion of April performance on a sunny day 

1. From Fig 4.10, it can be seen that there is an increase in the peak available 

horizontal solar radiation in the month of April as compared to the month of March 

(Fig 4.2). This is because of fewer losses occur in the transmission of sun rays 

through the atmosphere owing to the relatively higher altitude of the sun’s position 

in the sky.  

2. The average illumination level in the classroom is only 31 fc on a sunny day 

in April from 8 AM to 4 PM (Table 4.7). It is down by 77 fc from a 108 fc on a 

sunny day in mid-March. The highest illumination in the classroom is 70 fc 

occurring at 1 PM. The average percentage of target illuminance served by 

daylighting is 62% which has also dropped significantly from 217% in March. This 

drop is caused mainly due of the shading provided by the overhang that lets less light 

into the classroom, resulting in low light levels.  

3. The east to west gradient is not very sharp, with a maximum variation of 7 fc 

at 1 PM and maximum percentage variation of 18.4%. The values always show an 

increase going from the east to west, with the afternoon values about 5 fc greater 

than the morning ones at all sensor points.  

4. Due to low average light levels in the classroom, the front to back variation is 

not very steep either. The maximum front to back variation is 50 fc at 1 PM, with a 

maximum percentage variation of 71.4%. Although the percentage variation is high, 

the interior light-shelf in the month of April receives little to no direct sunlight. As a 
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result, the condition for visual comfort is not violated. Of some concern, though, is 

the low average light level in the classroom. 

4.        With April begins the transition from spring to summer and it is instinctive to 

expect a greater amount of sunlight during the day. This is of course confirmed by 

the solar radiation measurement for a sunny day. The classroom, however, has 

become darker compared to March with lower average and maximum illumination 

levels. This is counter-intuitive and could be confusing to the occupants of the 

classroom.  

4.3.2 Cloudy Day Performance 

 

Figure 4.14. Exterior Daylight Availability on 4/19/07 
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Table 4.8. Illumination Levels at Various Locations in Class 713 on a Cloudy 
Day in April (4/19/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 1 1 0 0 1 1 
8 12 6 3 5 6 6 
9 32 15 8 13 15 17 
10 53 25 13 21 25 27 
11 50 23 12 20 24 26 
12 68 31 16 27 32 35 
13 67 31 16 27 32 35 
14 72 33 17 29 34 37 
15 72 33 18 29 34 37 
16 50 23 12 20 24 26 
17 40 18 10 16 19 20 
18 12 5 3 5 6 6 

Average 53 24 13 21 25 27 
 

 

Figure 4.15. Class 713 Illumination Levels on 4/19/07 
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Figure 4.16. Class 713 Front to Back Gradient on 4/19/07 
 

 

Figure 4.17. Class 713 East to West Gradient on 4/19/07 
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Table 4.9. Percentage of Target Illuminance Served by Daylighting in Class 713 
on a Cloudy Day in April (4/19/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 2 1 1 1 1 1 
8 23 11 6 9 11 12 
9 65 30 16 26 31 33 
10 106 49 26 42 50 55 
11 100 46 24 39 47 51 
12 136 63 33 54 64 70 
13 135 62 33 54 64 69 
14 144 67 35 57 68 74 
15 144 67 35 57 68 74 
16 100 46 24 40 47 51 
17 80 37 19 32 37 41 
18 24 11 6 9 11 12 

Average 106 49 26 42 50 54% 
 

4.3.2.1 Discussion of April performance on a cloudy day: 

1. The average illumination level in the classroom is 27 fc on a cloudy day from 8 

AM to 4 PM (Table 4.9). The maximum illumination is 72 fc at 2 PM and is in 

fact greater than the maximum illumination on a sunny day in April. The average 

percentage of target illuminance served by daylighting is 54%, only slightly less 

than that on a sunny day in April (Table 4.10).  

2.  The illumination in the classroom never goes above 72 fc at any of the sensor 

points. With such low illumination, there is little variation in terms of 

footcandles from the east to west; the values never differ by over 6 fc. The 

maximum variation in illumination from the front to the back is 55 fc at 2 PM 
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and the corresponding percentage variation is 76.3%. This is again a much 

greater variation than the variation seen in the month of March on a cloudy day 

(only 20 fc). The values show an increasing trend from the east to the west 

throughout the day. 

3. It must be noted that the available solar radiation on the selected cloudy day in 

April is greater than the solar radiation available on a March cloudy day. 

However, with almost half the available solar resource on a cloudy day, the 

illumination in the classroom is only slightly less than that on a sunny day in 

April.  

4. The daylighting performance on a cloudy day in April (with this amount of solar 

resource) is relatively high compared to the performance on a sunny day; this is 

especially interesting considering the low average classroom illumination on a 

sunny day. 

4.3.3 Summary of April Performance 

The following table compares the key performance characteristics between a sunny 

and cloudy day in April. 
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Table 4.10. Comparison of Key Performance Data between a Sunny Day and a 
Cloudy Day for the Month of April 

No. Performance Metric Sunny Cloudy 
1 Average illumination (fc) 31 27 
2 Max illumination (fc) 70 (1 PM) 72 (2 PM) 
3 Min Illumination (fc) 6 (8 AM) 3 (8 AM) 
4 Max F-B variation (fc) 50 (1 PM) 55 (2 PM) 
5 % F-B variation 71% 76% 
6 Max E-W variation (fc) 7 (1 PM) 6 (2 PM) 
7 % E-W variation 18% 18% 
8 Ratio of illuminances at max variation 3.5 4.23 
9 % of 50 fc target 62% 54% 

 

The above table is not indicative of the overall performance for the entire month of 

April. The number of days with sunny conditions, cloudy conditions and conditions 

in between are not known and hence, these results cannot be considered 

representative of the average monthly performance. The following observations are 

made for the month of April: 

1. The average illumination on a sunny and a cloudy day is 31 fc and 27 fc 

respectively. A sunny day provides a maximum illumination of 70 fc and a minimum 

illumination of 6 fc, while for a cloudy day the corresponding values are 72 fc and 3 

fc respectively. 

2. The quantitative performance on sunny days in April is not satisfactory. 

Apart from the front, the rest of the classroom rarely receives more than 50 fc. The 

low light levels can be attributed to the fact that as the sun takes up positions that are 

higher up in the sky, the overhang shades the glazing, not allowing direct light to fall 

on the light-shelf. Perhaps, most surprising is the performance on a cloudy day, 
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when, with almost half the solar resource available for daylighting, the classroom 

performs almost as well as on a sunny day.  

3. The east to west gradient is within acceptable limits with a maximum 

variation of 7 fc under optimum solar conditions. Also, the front to back gradient is 

within acceptable limits even at its maximum (55 fc). The improved distribution is 

misleading however, because the low illumination gradients are only due to a drop in 

the front illumination light levels and not because of an increase in the levels at the 

center or at the back.  

4. The almost equal daylighting performance on sunny and cloudy days in the 

month of April is a direct result of the effect of the shading provided by the 

overhang. With little or no direct sunlight falling on the glazing, the classroom 

receives only diffuse light on sunny days. This condition is similar to the one on 

cloudy days when all the light available is diffuse. As a result, both these conditions 

produce similar daylighting performance. 

5. The month of April sees a most unexpected trend in the daylighting behavior 

at the subject school. Instead of the expected rise in illumination levels, there is a 

steep drop in the amount of daylight available in the classroom. With no other 

change in variables (the classroom, the sensor locations and the daylighting system 

remain constant), this slump in illumination values is attributed to the lower 

percentage of direct light falling on the light-shelf. Whether this is actually the 

correct hypothesis or not will be confirmed in the following summer months when 

the sun takes up ever increasing altitudes in the sky. 
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4.4 Analysis of May Performance 

With the unexpected drop in the April daylighting performance, the performance in 

the month of May becomes crucial in establishing the behavior of this particular 

daylighting design. The following sections describe the daylighting performance on 

a sunny day and a cloudy day in the month of May. 

4.4.1 Sunny Day Performance 

The available horizontal solar radiation has increased slightly from the month of 

April as can be seen from the figure below. 

 

Figure 4.18. Exterior Daylight Availability on 5/14/07 
. 
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Table 4.11. Illumination Levels at Various Locations in Class 713 on a Sunny 
Day in May (5/14/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 28 15 8 12 15 16 
8 41 21 12 18 22 23 
9 50 26 14 22 27 28 
10 62 32 17 27 33 34 
11 69 35 19 30 36 38 
12 72 37 20 31 38 40 
13 70 36 20 31 37 39 
14 65 34 18 29 35 36 
15 59 31 17 26 31 33 
16 51 26 14 23 27 28 
17 41 22 12 19 23 23 
18 28 15 8 13 16 16 

Average 60 31 17 26 32 33 
 

 

Figure 4.19. Class 713 Illumination Levels on 5/14/07 
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Figure 4.20. Class 713 Front to Back Gradient on 5/14/07 
 

 

Figure 4.21. Class East to West Gradient on 5/14/07 
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Table 4.12. Percentage of Target Illuminance Served by Daylighting in Class 
713 on a Sunny Day in May (5/14/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 57 29 16 25 30 31 
8 83 43 23 36 45 46 
9 99 52 28 44 54 55 
10 125 64 35 54 67 69 
11 137 70 38 59 73 76 
12 144 74 40 63 76 79 
13 140 72 39 62 74 78 
14 131 68 37 58 69 72 
15 118 61 33 53 63 66 
16 102 53 28 45 54 56 
17 83 44 23 37 45 46 
18 55 30 16 25 31 32 

Average 120 62 34 53 64 66% 
 

5.4.1.1 Discussion of May performance on a sunny day: 

1. The peak horizontal solar radiation available on a sunny day in the month of 

May is about 1077 W/m2. This is slightly higher than the corresponding peak for the 

month of April.   

2. The average illumination level in the classroom is 32 fc on a sunny day in 

May from 8 AM to 4 PM (Table 4.14). It is only 1 fc more than the average 

illumination on a sunny day in mid-April. The highest illumination in the classroom 

is 72 fc occurring at 1 PM. The average percentage of target illuminance served by 

daylighting is 64% which has also increased by 2% from the April value.  

3. The east to west gradient is not very sharp, with a maximum variation of 7 fc 

at 11 AM and maximum percentage variation of 20.6%. These values are very close 
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to the ones observed in the month of April. The values always show an increase 

going from the east to west, with the afternoon values much greater than the morning 

ones at all sensor points. These trends are similar to the ones observed in both April 

and March performance. 

4. Due to low average light levels in the classroom, the front to back variation is 

not very steep either. The maximum front to back variation is 52 fc at 1 PM, with a 

maximum percentage variation of 72.2%. The average light level in the classroom 

still remains unsatisfactorily low. Again, the levels and variations are almost 

identical to those observed in the month of April. 

5. There is no glare on the light-shelf because direct light is cut off by the 

overhang in May. Thus the conditions for visual comfort are satisfied in May for a 

sunny day. 

6. The performance on a sunny day in May is very similar to that of a sunny day 

in April. The available solar resource has increased slightly, and so have the 

illumination values within the classroom. With the large drop in illumination at the 

front of the classroom in April and May as compared to March, it can be confirmed 

that in both the months of April and May there is no direct light falling on the 

interior light-shelf . This indicates that the increase in interior illumination is purely 

due to the additional diffuse component of skylight.  
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4.4.2 Cloudy Day Performance 

From the data set that was recorded, it was not possible to select a day that had 

overcast skies for most of the day. Almost all the days consisted of scattered clouds 

with periods of clear skies in between. As a result, the selected cloudy day is only 

partially cloudy, with some parts of the day peaking similar to sunny weather.   

 

Figure 4.22. Exterior Daylight Availability on 5/9/07 
. 
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Table 4.13. Illumination Levels at Various Locations in Class 713 on a Cloudy 
Day in May (5/9/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 8 4 2 3 4 4 
8 18 8 4 7 8 9 
9 25 11 6 10 12 13 
10 29 13 7 11 14 15 
11 48 22 12 19 23 25 
12 57 26 14 23 27 29 
13 114 53 28 45 53 59 
14 93 44 24 38 45 49 
15 83 40 22 35 41 44 
16 54 26 13 22 26 28 
17 42 22 12 18 23 23 
18 30 15 8 13 16 16 

Average 58 27 14 23 28 30 
 

 

Figure 4.23. Class 713 Illumination Levels on 5/9/07 
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Figure 4.24. Class 713 Front to Back Gradient on 5/13/07 
 

 

Figure 4.25. Class 713 East to West Gradient on 5/9/07 
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Table 4.14. Percentage of Target Illuminance Served by Daylighting in Class 
713 on a Cloudy Day in May (5/9/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 17 8 4 7 8 9 
8 35 16 9 14 17 18 
9 50 23 12 20 23 26 
10 58 27 14 23 27 30 
11 96 44 23 38 45 49 
12 115 53 28 45 54 59 
13 228 105 55 90 107 117 
14 186 88 47 76 89 97 
15 166 81 43 70 82 88 
16 108 51 27 44 52 56 
17 84 43 23 36 45 46 
18 61 30 16 26 32 33 

Average 116 54 29 47 55 60% 
 

5.4.2.1 Discussion of May performance on a cloudy day: 

1. The average illumination level in the classroom is 28 fc on a cloudy day from 

8 AM to 4 PM (Table 4.16). The maximum illumination is 114 fc at 1 PM, much 

greater than on a sunny day in May, occurring at an instance when clouds clear up 

and direct sunlight is able to penetrate through and reach the earth. The average 

percentage of target illuminance served by daylighting is 55%, only slightly less than 

that on a sunny day in April and May (Table 4.17).  

2. The peak illumination on this cloudy day reaches 114 fc, higher than that on 

sunny days in April and May.  Why this occurs remains unexplained. An interesting 

observation is that the peak illumination occurs at a time when the solar radiation 

peaks (about 700 W/m2) on a cloudy day, but does not rise to the same level as that 
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observed on a sunny day. At the same time, this illumination on a cloudy day in May 

is higher than the peaks observed on other perfectly cloudy days with overcast skies. 

This means the high solar radiation value occurs due to some sort of reflected light 

coming from the sun and the clouds. Exactly how this occurs is vague and this is 

mere hypothesis. 

3.  The peak in illumination occurs in the afternoon in conjunction with the 

peak in exterior solar radiation. Almost the entire afternoon sees high values due to 

the clear weather. To evaluate fairly the performance of the classroom on a cloudy 

day in May, this peak illumination is disregarded by considering it an aberration. 

Then, the illumination in the classroom remains below 63 fc at all sensor points.  

4. The front to back gradient is steeper in May than on cloudy days in March 

and April. The maximum front to back variation is 48 fc at 12 noon and the 

corresponding percentage variation is 76.1%. The east to west gradient is much 

smaller at 5 fc and a maximum percentage variation of 16%. 

5. Due to the lack of a day with cloudy weather only, it is difficult to draw 

conclusions and comparisons from the analysis performed above. However, it is 

important to note that the radiation on the selected cloudy day never rises above 800 

W/m2 and yet, the classroom peak illumination is 114 fc, more than the maximum 

illumination value of 72 fc on a sunny day with peak solar radiation of 1077 W/m2.  

This may be due to the fact that although in both the conditions there is no direct 

sunlight falling on the glazing, the portion of the glazing looking at the sky sees a 

greater amount of light on a cloudy day (with grey skies) than a sunny day (with blue 
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skies). An overcast sky does indeed provide a greater amount of diffuse light than a 

clear one and so, this behavior is not entirely unexpected. This would also explain 

why the cloudy day performance of May is better than that of April; it is so simply 

because there is more solar radiation available in May than in April. 

4.4.3 Summary of May Performance 

The following table compares the key performance characteristics between a sunny 

and cloudy day in May. It must be noted that the cloudy day data is not 

representative of a perfectly cloudy day, as in the case of March and April. 

Table 4.15.  

Comparison of Key Performance Data between a Sunny Day and a Cloudy Day 
for the Month of May 

No. Performance Metric Sunny Cloudy 
1 Average illumination (fc) 32 28 
2 Max illumination (fc) 72 (1 PM) 63 (12 noon)
3 Min Illumination (fc) 8 (8 AM) 2 (8 AM) 
4 Max F-B variation (fc) 52 (1 PM) 48 (12 noon)
5 % F-B variation 72% 76% 
6 Max E-W variation (fc) 7 (11 AM) 5 (12 noon) 
7 % E-W variation 21% 16% 
8 Ratio of illuminances at max variation 3.6 4.2 
9 % of 50 fc target 64% 55% 

 

The above table is not indicative of the overall performance for the entire month of 

May. The number of days with sunny conditions, cloudy conditions and conditions 

in between are not known and hence, these results cannot be considered 
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representative of the average monthly performance. The following observations are 

made for the month of May: 

1. The average illumination on a sunny and a cloudy day is 32 fc and 28 fc 

respectively. A sunny day provides a maximum illumination of 72 fc and a minimum 

illumination of 8 fc, while for a cloudy day the corresponding values are 63 fc and 2 

fc respectively. 

2. In the discussion of the daylighting performance in the month of April it was 

mentioned that the month of May should see illumination values similar to the ones 

in April. From the analysis above, it is clear that the daylighting performance of the 

month of May does indeed echo that of April. As mentioned earlier, the overhang 

cuts all the direct light falling on the light-shelf; and so, all the illumination inside 

the classroom is purely due to diffuse light coming from the sky. Indeed, the 

performance is so linear that the slight rise in maximum illumination in May 

compared to April can directly be attributed to the larger diffuse light available in 

May. This result establishes an important conclusion regarding the daylighting 

system: in the absence of direct light, the illumination inside the classroom is 

directly proportional to the total available horizontal diffuse skylight. The 

performance of the south-side classroom in this case is representative of what is 

expected from a north-facing glazing that receives only diffuse light from the sky.  

3.  In general, the quantitative performance on sunny days in May is not 

satisfactory. Apart from the front, the rest of the classroom rarely receives more than 

50 fc. The east to west gradient is within acceptable limits with a maximum variation 
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of 5 fc under optimum solar conditions. Also, the front to back gradient is within 

acceptable limits even at its maximum (48 fc).  

4. The results from the performance in May suggest that the performance of 

June and July should be similar. In fact, the daylighting levels in the classroom can 

be expected to rise again in the month of Septemeber, near the equinox, when the 

sun’s altitude is similar to that in March. 
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4.5 Analysis of June Performance 

The summer solstice occurs on the 21st of June. The 21st of June 2007 was a clear 

day and is presented in the following analysis as a sunny day. The following sections 

describe the daylighting performance on a sunny day and a cloudy day in the month 

of June. 

4.5.1 Sunny day performance 

The following solar radiation curve indicates that the selected day was a near perfect 

solar day with a peak solar radiation of 1077 W/m2, the highest recorded so far. 

 

 

Figure 4.26. Exterior Daylight Availability on 6/21/07 
. 
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Table 4.16. Illumination Levels at Various Locations in Class 713 on a Sunny 
Day in June (6/21/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 24 13 7 11 13 14 
8 35 19 10 16 19 20 
9 42 23 12 19 24 24 
10 48 26 14 22 27 27 
11 54 29 16 25 30 31 
12 57 30 17 26 31 32 
13 57 30 17 26 31 32 
14 52 28 15 24 29 30 
15 47 26 14 22 26 27 
16 43 23 13 20 24 24 
17 38 21 11 18 22 22 
18 30 16 9 14 17 17 

Average 48 26 14 22 27 27 
 

 

Figure 4.27. Class 713 Illumination Levels on 6/21/07 
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Figure 4.28. Class 713 Front to Back Gradient on 6/21/07 
 

 

Figure 4.29. Class 713 East to West Gradient on 6/21/07 
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Table 4.17. Percentage of Target Illuminance Served by Daylighting in Class 
713 on a Sunny Day in June (6/21/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 49 26 14 22 27 28 
8 70 37 20 32 38 39 
9 84 45 25 38 47 48 
10 96 52 28 44 54 55 
11 109 58 32 49 60 62 
12 114 61 33 52 63 65 
13 113 61 33 52 62 64 
14 104 56 31 48 58 59 
15 94 51 28 44 52 54 
16 85 47 25 40 48 49 
17 76 42 22 35 43 44 
18 59 33 17 28 34 34 

Average 97 52 28 44 54 55% 
 

4.5.1.1 Discussion of June performance on a sunny day: 

The following observations are made from the above plots and tables: 

1. The day selected as the sunny day in June is the 21st, which is also the 

summer solstice. Theoretically, the horizontal solar radiation on this day must the 

highest during the entire year. June 21, 2007 was a clear day resulting in a peak solar 

radiation of 1078 W/m2 and this value is the peak for the year of 2007 for the 

location.  

2. Despite the close to perfect solar conditions, the average illumination level in 

the classroom is only 27 fc on a sunny day in June between 8 AM to 4 PM (Table 

4.18). It is even lower than the average illumination on sunny days in April and May. 
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The highest illumination in the classroom is 57 fc occurring at 12 noon. The average 

percentage of target illuminance served by daylighting is 55% which is again lower 

than April and May—the months preceding the summer solstice.  

3. The maximum east to west gradient is 5 fc at 9 AM and stays at that value 

almost for the entire day. The corresponding percentage variation is 20.8%.  The east 

to west performance is similar to that of April and May. The values always show an 

increase going from the east to west, with the afternoon values greater than the 

morning ones at all sensor points.  

4. Due to low average light levels in the classroom, the front to back variation is 

not very steep either. The maximum front to back variation is 40 fc at 12 noon, with 

a maximum percentage variation of 70.1%. The average light level in the classroom 

still remains unsatisfactorily low. The light levels, however, have dropped further 

from May. 

5. The condition for visual comfort is satisfied, as there is no direct sunlight 

falling on the interior light-shelf. 

6.         The performance on a sunny day in June is similar to that of a sunny day in 

May, at least in terms of variations. While the available solar radiation is the 

maximum throughout the entire year, the daylighting levels are the lowest so far. 

While it is true that the vertical south facing glazing receives the least amount of 

radiation in the summer, a drop from about 300 fc at the front in March to about 50 

fc is too great and may be confusing to the occupants coming from an exterior 

environment that is the brightest in the entire year.
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4.5.2 Cloudy day Performance 

 

Figure 4.30. Exterior Daylight Availability on 6/3/07 
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Table 4.18. Illumination Levels at Various Locations in Class 713 on a Cloudy 
Day in June (6/21/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 8 4 2 3 4 4 
8 12 6 3 5 6 6 
9 25 12 6 10 12 13 
10 28 13 7 11 13 14 
11 26 12 6 10 12 13 
12 23 11 6 9 11 12 
13 28 13 7 11 13 14 
14 54 25 13 21 25 28 
15 34 16 8 13 16 17 
16 24 11 6 9 11 12 
17 17 8 4 7 8 9 
18 16 7 4 6 7 8 

Average 28 13 7 11 13 14 
 

 

Figure 4.31. Class 713 Illumination Levels on 6/3/07 
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Figure 4.32. Class 713 Front to Back Gradient on 6/3/07 
 

 

Figure 4.33. Class 713 East to West Gradient on 6/3/07 
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Table 4.19. Percentage of Target Illuminance Served by Daylighting in Class 
713 on a Cloudy Day in June (6/21/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 16 7 4 6 8 8 
8 24 11 6 10 11 12 
9 51 23 12 20 24 26 
10 55 25 13 22 26 28 
11 52 24 13 21 24 27 
12 47 21 11 18 22 24 
13 56 25 13 22 26 28 
14 108 49 26 42 51 55 
15 68 31 16 27 32 35 
16 48 22 11 19 22 25 
17 34 15 8 13 15 17 
18 33 15 8 13 15 17 

Average 57 26 14 22 26 29% 
 

4.5.2.1 Discussion of June performance on a cloudy day: 

1. The average illumination level in the classroom is 14 fc on a cloudy day from 

8 AM to 4 PM (Table 4.16). The maximum illumination is 54 fc at 2 PM, only 3 fc 

lower than on a sunny day in June, occurring at an instance when the solar radiation 

sees a sudden jump due to clearing up of cloud cover. The average percentage of 

target illuminance served by daylighting is 29%, the lowest so far (Table 4.26).  

2.  The illumination levels, apart from the peak of 54 fc, never rise above 34 fc 

throughout the day. At the back of the classroom, the light levels remain below 13 fc 

through the entire day.  
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3. The front to back gradient is at its maximum at 2 PM at 41 fc. The 

corresponding percentage variation is 75.9%. The east to west gradient is much very 

small at 4 fc with a maximum percentage variation of 16%. 

4. The daylighting performance on a cloudy in June is not much different from 

that in the preceding months analyzed so far. The overall agreement between results 

from cloudy days from different months once again underlines the linear response of 

the design to diffuse skylight. 

4.5.3 Summary of June Performance 

The following table compares the key performance characteristics between a sunny 

and cloudy day in June. 

Table 4.20.  

Comparison of Key Performance Data between a Sunny Day and a Cloudy Day 
for the Month of June 

No. Performance Metric Sunny Cloudy 
1 Average illumination (fc) 27 14 
2 Max illumination (fc) 57 (12 noon) 54 (2 PM) 
3 Min Illumination (fc) 10 (8 AM) 3 (8 AM) 
4 Max F-B variation (fc) 40 (12 noon) 41 (2 PM) 
5 % F-B variation 70% 76% 
6 Max E-W variation (fc) 5 (9 AM) 4 (12 noon) 
7 % E-W variation 21% 16% 
8 Ratio of illuminances at max variation 3.35 4.15 
9 % of 50 fc target 55% 29% 

 

The above table is not indicative of the overall performance for the entire month of 

June. The number of days with sunny conditions, cloudy conditions and conditions 
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in between are not known and hence, these results cannot be considered 

representative of the average monthly performance. The following observations are 

made for the month of June: 

1. The average illumination on a sunny and a cloudy day is 27 fc and 14 fc 

respectively. A sunny day provides a maximum illumination of 57 fc and a minimum 

illumination of 10 fc, while for a cloudy day the corresponding values are 54 fc and 

3 fc respectively. 

2. The overall quantitative performance is far below minimum targeted limits. 

Illumination levels in the classroom never rise above 57 fc at the front and 30 fc in 

the center. The back of the classroom is dark with a maximum illumination of 17 fc.  

3. The qualitative performance on the other hand is within the acceptable range 

for visual comfort.  

4. The performance in the month of June is similar to that of May and April, 

further reinforcing the idea that the illumination inside the classroom will be low 

unless there is direct sunlight striking the daylighting glazing. The linearity of 

observed results from these summer months leads to an important deduction: the 

performance of the daylighting system can be predicted under diffuse skylight 

conditions in the absence of direct sunlight.
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4.6 Analysis of July Performance 

As the sun moves down in the sky from its peak altitude on June 21st, the month of 

July should see a small increase in illumination levels. The overhang, however, 

continues to completely shade the glazing from direct sunlight. The following 

sections describe the daylighting performance on a sunny day and a cloudy day in 

the month of July. 

4.6.1 Sunny day performance 

The abrupt drop in exterior solar radiation at 10 AM as seen in the following plot is 

the effect of the occurrence of clouds covering the solar disc.  

 

Figure 4.34. Exterior Daylight Availability on 7/12/07 
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Table 4.21. Illumination Levels at Various Locations in Class 713 on a Sunny 
Day in July (7/12/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 26 14 7 12 14 15 
8 35 19 10 16 19 20 
9 42 23 12 19 24 24 
10 52 27 15 23 28 29 
11 58 29 16 25 30 32 
12 70 36 19 30 37 39 
13 81 40 22 34 41 44 
14 67 34 19 29 35 37 
15 53 28 15 24 28 29 
16 46 24 13 20 24 25 
17 37 19 10 16 20 21 
18 25 13 7 11 14 14 

Average 56 29 16 25 30 31 
 

 

Figure 4.35. Class Illumination Levels on 7/12/07 
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Figure 4.36. Class 713 Front to Back Gradient on 7/12/07 
 

 

Figure 4.37. Class 713 East to West Gradient on 7/12/07 
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Table 4.22. Percentage of Target Illuminance Served by Daylighting in Class 
713 on a Sunny Day in July (7/12/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 51 27 15 24 28 29 
8 69 37 20 32 38 39 
9 84 46 25 38 47 48 
10 103 54 29 46 56 58 
11 115 58 32 49 61 63 
12 141 72 39 61 74 77 
13 161 80 44 69 82 87 
14 134 69 38 59 70 74 
15 106 55 30 47 57 59 
16 92 47 26 41 48 51 
17 74 39 21 33 40 41 
18 51 27 14 23 28 28 

Average 112 58 31 49 59 62% 
 

4.6.1.1 Discussion of July performance on a sunny day: 

1. The average illumination level in the classroom is only 31 fc on a sunny day 

in July between 8 AM to 4 PM (Table 4.28). The highest illumination in the 

classroom is 81 fc occurring at 1 PM. The average percentage of target illuminance 

served by daylighting is 62% (Table 4.29).  

2. The maximum east to west gradient is 7 fc at 12 noon. The corresponding 

percentage variation is 18.9%. The values always show an increase going from the 

east to west. Due to low average light levels in the classroom, the front to back 

variation is not very steep either. The maximum front to back variation is 59 fc at 12 

noon, with a maximum percentage variation of 72.8%. Although the light levels 
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show an increase from the levels in June, the average illumination in the classroom 

still remains unsatisfactorily low. 

3.        Under similar conditions, the performance of July must mirror that of May 

considering the position of the sun in the sky is the same for both the months. This is 

confirmed from the average illumination levels, which while being slightly varied, 

are still within an agreeable range of values. 
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4.6.2 Cloudy day performance 

 

Figure 4.38. Exterior Daylight Availability on 7/13/07 
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Table 4.23. Illumination Levels at Various Locations in Class 713 on a Cloudy 
Day in July (7/13/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 30 14 8 12 15 16 
8 41 19 10 16 20 21 
9 40 19 10 16 19 21 
10 67 30 16 26 31 34 
11 58 27 14 23 27 30 
12 63 29 15 24 29 32 
13 52 24 13 21 25 27 
14 27 12 6 11 13 14 
15 40 18 10 16 19 20 
16 56 26 13 22 26 29 
17 48 23 12 20 24 26 
18 29 15 8 12 15 16 

Average 49 23 12 19 23 25 
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Figure 4.39. Class 713 Illumination Levels on 7/13/07 
 

 

Figure 4.40. Class 713 Front to Back Gradient on 7/13/07 
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Figure 4.41. Class East to West Gradient on 7/13/07 

 

Table 4.24. Percentage of Target Illuminance Served by Daylighting in Class 
713 on a Cloudy Day in July (7/13/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 61 29 15 24 30 32 
8 83 38 20 32 39 42 
9 80 37 19 32 38 41 
10 134 61 32 52 62 68 
11 116 53 28 45 54 59 
12 125 57 30 49 58 64 
13 105 48 26 41 50 54 
14 53 25 13 21 25 28 
15 80 37 19 31 37 41 
16 112 52 27 44 52 57 
17 96 47 25 40 48 51 
18 58 29 16 25 30 32 

Average 99 45 24 39 46 51 
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4.6.2.1 Discussion of July performance on a cloudy day: 

1. The average illumination level in the classroom is 25 fc on a cloudy day from 

8 AM to 4 PM (Table 4.30). The maximum illumination is 67 fc at 10 AM. The 

average percentage of target illuminance served by daylighting is 51% (Table 4.30).  

At the back of the classroom, the light levels remain below 15 fc through the entire 

day.  

2. The front to back gradient is at its maximum at 10 AM at 51 fc. The 

corresponding percentage variation is 76.1%. The east to west gradient is very small 

at 5 fc at 10 AM with a maximum percentage variation of 16%. 

3.  The daylighting performance on a cloudy in July is similar to cloudy days from 

previously analyzed months.  

4.6.3 Summary of July Performance 

The following table compares the key performance characteristics between a sunny 

and cloudy day in July. 
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Table 4.25.  

Comparison of Key Performance Data between a Sunny Day and a Cloudy Day 
for the Month of July 

No. Performance Metric Sunny Cloudy 
1 Average illumination (fc) 31 25 
2 Max illumination (fc) 81 (1 PM) 67 (10 AM) 
3 Min Illumination (fc) 10 (8 AM) 10 (8 AM) 
4 Max F-B variation (fc) 59 (12 noon) 51 (10 AM) 
5 % F-B variation 73% 76% 
6 Max E-W variation (fc) 7 (12 noon) 5 (10 AM) 
7 % E-W variation 19% 16% 
8 Ratio of illuminances at max F-B variation 3.68 4.18 
9 % of 50 fc target 62% 51% 

 

The above table is not indicative of the overall performance for the entire month of 

July. The number of days with sunny conditions, cloudy conditions and conditions in 

between are not known and hence, these results cannot be considered representative 

of the average monthly performance. The following observations are made for the 

month of July: 

1. The average illumination on a sunny and a cloudy day is 31 fc and 25 fc 

respectively. A sunny day provides a maximum illumination of 81 fc and a minimum 

illumination of 10 fc, while for a cloudy day the corresponding values are 61 fc and 

3 fc respectively. 

2. The overall quantitative performance remains well below minimum targeted 

limits. Illumination levels in the classroom never rise above 81 fc at the front and 40 

fc in the center, although, the performance does improve slightly over June values. 

The back of the classroom is dark with a maximum illumination of 22 fc.  
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3. The qualitative performance on the other hand is within the acceptable range 

for visual comfort.  

4. The performance in the month of July is similar to that of June, May and 

April. This is expected because of the lack of direct sunlight falling on the glazing. 

However, in the months of August and September, the daylighting should improve 

considering the successively lower positions taken up by the sun in the sky as it 

approaches the fall equinox.  

4.7 Analysis of September Performance 

For September, data was recorded from the 8th to the 10th in 2007. During this 

period, there was not a single day with cloudy day conditions. So, only sunny day 

analysis is presented in the following sections. 

The following sections describe the daylighting performance on a sunny day in the 

month of September. 
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4.7.1 Sunny day performance 

 

Figure 4.42. Exterior Daylight Availability on 9/9/07 

Table 4.26. Illumination Levels at Various Locations in Class 619 on a Sunny 
Day in September (9/9/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 20 8 4 7 9 9 
8 38 17 8 13 18 19 
9 57 25 11 19 26 28 
10 72 31 14 24 32 35 
11 83 36 16 28 37 40 
12 93 40 18 32 40 45 
13 103 43 20 36 42 49 
14 121 47 21 40 45 55 
15 121 44 20 40 40 53 
16 93 34 15 32 30 41 
17 44 18 8 16 16 20 
18 15 6 3 5 5 7 

Average 87 35 16 29 34 40 
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Figure 4.43. Class 619 Illumination Levels on 9/9/07 
 

 

Figure 4.44. Class Front to Back Gradient on 9/9/07 
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Figure 4.45. Class 619 East to West Gradient on 9/9/07 

 

Table 4.27. Percentage of Target Illuminance Served by Daylighting in Class 
619 on a Sunny Day in October (9/9/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 39 17 8 13 17 19 
8 77 33 15 26 35 37 
9 114 50 23 39 52 56 
10 144 62 28 49 64 69 
11 166 71 33 57 73 80 
12 187 80 37 65 81 90 
13 207 86 39 71 85 98 
14 243 94 42 81 89 110 
15 242 89 39 79 81 106 
16 185 68 30 63 60 81 
17 88 35 16 33 32 41 
18 30 12 5 10 11 13 

Average 174 70 32 59 69 81% 
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4.7.1.1 Discussion of September performance on a sunny day: 

1. Data for a sunny day in September was recorded on the 9th, which is about 12 

days away from the fall equinox. The corresponding day close the spring equinox 

when the sun would occupy a similar position in the sky is the 1st of April. The day 

selected for analysis closest to the spring equinox is March 5th. Because this day is 

25 days away from the 1st of April—the day corresponding to the one being analyzed 

for Septemeber (the 9th)--- the illumination values between the two cannot be 

directly compared or expected to match. Also, the orientation of classroom 619, the 

classroom in which data was recorded for the month of September, is 10° W of 

South. The interior finishes of the 600 wing are darker than those in to the 700 wing. 

All these factors contribute to the average illumination level of 40 fc on a sunny day 

in September between 8 AM to 4 PM (Table 4.28). The highest illumination in the 

classroom is 121 fc occurring at 2 PM. The average percentage of target illuminance 

served by daylighting is 81% (Table 4.29).  

2. The maximum east to west gradient is 8 fc at 12 noon. The corresponding 

percentage variation is 20%. An interesting trend is observed here: the direction of 

the illumination gradient changes as the day progresses. While in the morning, the 

values at the west sensor are higher, in the afternoon the east sensor sees higher 

values than the west. This is clearly due to the orientation of the 600 wing. This also 

explains why the peak illumination shifts away to 2 PM while the peak in solar 

radiation occurs at 12 noon. 
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3.  The maximum front to back variation is 101 fc at 3 PM and is quite large 

with a maximum percentage variation of 83%.  

4. The condition for visual comfort is not met as direct sunlight begins to strike 

the face of the glazing and the interior light-shelf in the month of September. 

5. The results show two important trends. First, the classroom daylighting peak 

is shifted away from the solar radiation peak. As mentioned before, this is attributed 

to the orientation of classroom 619 –it is oriented 10° to the west of south. Secondly, 

also affected by the orientation is the east to west distribution. The late afternoon 

values for the east are greater than the west. In all the other months analyzed so far, 

data was collected from classroom 713 in the 700 wing oriented exactly towards 

south, in which the west side of the classroom always had higher values. 

6. The rise in illumination levels inside the classroom in the month of 

September was expected. The months of October and November should follow a 

similar trend with successively higher values until the winter solstice in December is 

reached, after which the sun again begins its ascent in the sky. 

4.7.2 Cloudy day performance 

For the period when data was collected in the month of September, there were no 

days with the cloudy condition. As a result, there is no data for a cloudy day in 

September. 
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4.7.3 Summary of September Performance 

The following table presents key performance characteristics on a sunny day in 

September. 

Table 4.28. Comparison of Key Performance Data between a Sunny Day and a 
Cloudy Day for the Month of September 

No. Performance Metric Sunny 
1 Average illumination (fc) 40 
2 Max illumination (fc) 121 (2 PM) 
3 Min Illumination (fc) 10 (8 AM) 
4 Max F-B variation (fc) 101 (3 PM) 
5 % F-B variation 83% 
6 Max E-W variation (fc) 8 (12 noon) 
7 % E-W variation 20% 
8 Ratio of illuminances at max F-B variation 5.76 
9 % of 50 fc target 81% 

 

The above table is not indicative of the overall performance for the entire month of 

September. The number of days with sunny conditions, cloudy conditions and 

conditions in between are not known and hence, these results cannot be considered 

representative of the average monthly performance. The following observations are 

made for the month of September: 

1. The overall quantitative performance is much better than the summer months 

(April through July). Although the front to back gradient is high, the center of the 

classroom remains close to 40 fc throughout the day—an acceptable value for 

classroom daylighting.  
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2. The high front values are due to direct sunlight falling on the light-shelf in 

September. This condition causes high luminance ratios within the classroom, with 

the luminance of the light-shelf being more than five times the luminance of the desk 

top. The visual comfort condition related to luminance ratios is not maintained in the 

month of September. 

3.  The performance in early September is beginning to approach that of March 

(3rd). Agreement between equinox values is important, not only as a sign of 

credibility for the performed research but also for the success of the daylighting 

design in performing uniformly under similar conditions. 
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4.8 Analysis of October performance 

Data was recorded from the 12th to the 15th of October 2007. In this period, the 

cloudy day condition did not appear and hence, in the following analysis only sunny 

day data is presented.  

The following sections describe the daylighting performance on a sunny day in the 

month of October. 

4.8.1 Sunny day performance 

 

Figure 4.46. Exterior Daylight Availability on 10/13/07 
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Table 4.29. Illumination Levels at various locations in Class 619 on a sunny day 
in mid-October (10/13/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 13 6 3 5 7 7 
8 47 22 9 16 24 24 
9 108 45 18 32 49 50 
10 183 72 28 52 76 82 
11 254 96 37 72 98 111 
12 316 115 45 90 114 136 
13 355 126 48 103 120 150 
14 345 121 45 103 108 144 
15 292 103 37 92 84 122 
16 187 69 25 65 51 79 
17 57 24 9 26 18 27 
18 2 1 0 1 1 1 

Average 232 85 33 69 81 100 
 

 

Figure 4.47. Class 619 Illumination Levels on 10/13/07 
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Figure 4.48. Class 619 Front to Back Gradient on 10/13/07 
 

 

Figure 4.49. Class 619 East to West Gradient on 10/13/07 
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Table 4.30. Percentage of Target Illuminance Served by Daylighting in Class 
619 on a Sunny Day in October (10/13/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 26 12 5 9 13 13 
8 94 44 18 31 48 47 
9 216 90 36 64 99 101 
10 365 143 56 104 152 164 
11 509 191 75 144 195 223 
12 632 230 90 180 229 272 
13 710 253 97 205 240 301 
14 689 242 91 206 216 289 
15 584 206 75 183 168 243 
16 374 138 50 131 103 159 
17 114 48 18 52 35 53 
18 4 2 1 2 2 2 

Average 464 171 65 139 161 200% 
 

4.8.1.1 Discussion of October performance on a sunny day: 

1. The average illumination level in classroom 619 on a sunny day in October is 

100 fc between 8 AM to 4 PM (Table 4.28). The highest illumination in the 

classroom is 355 fc occurring at 2 PM, the highest illumination seen so far from all 

the monthly analysis. The average percentage of target illuminance served by 

daylighting is 200% (Table 4.29).  

2. The maximum east to west gradient is 26 fc at 11 AM. The corresponding 

percentage variation is 26.5%. Again, in the morning, the illumination is higher in 

the west than the east, but in the afternoon this trend is reversed. This is due to the 
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orientation of the 600 wing. Similar to September, the peak illumination shifts away 

to 1 PM while the peak in solar radiation occurs at 12 noon. 

3.  The maximum front to back variation is 307 fc at 1 PM and is quite large 

with a maximum percentage variation of 86.5%.  

4. The condition for visual comfort is not met as there is glare due to direct 

sunlight falling on the interior light-shelf. 

5. The rise in illumination levels in October was expected; however, that the 

rise would be so great was not. This only means that even greater values and 

uncomfortably large gradients can be expected before the December solstice. 

4.8.2 Cloudy day performance 

For October, it was not possible to collect cloudy day data on weekends –the only 

time when classrooms were available for setting up equipment. 

4.8.3 Summary of October Performance 

The following table presents key performance characteristics on a sunny day in 

October. 
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Table 4.31. Comparison of Key Performance Data between a Sunny Day and a 
Cloudy Day for the Month of October 

No. Performance Metric Sunny 
1 Average illumination (fc) 100 
2 Max illumination (fc) 355 (2 PM) 
3 Min Illumination (fc) 9 (8 AM) 
4 Max F-B variation (fc) 307 (1 PM) 
5 % F-B variation 86% 
6 Max E-W variation (fc) 26 (11 aM) 
7 % E-W variation 26.5% 
8 Ratio of illuminances at max F-B variation 7.39 
9 % of 50 fc target 200% 

 

The above table is not indicative of the overall performance for the entire month of 

October. The number of days with sunny conditions, cloudy conditions and 

conditions in between are not known and hence, these results cannot be considered 

representative of the average monthly performance. The following observations are 

made for the month of October: 

1. October sees a sudden rise in illumination levels within the classroom. The 

difference in average illumination in September and October is 60 fc. This rise 

occurs over a period of 43 days across the fall equinox. Clearly, the position of the 

sun in the sky has a great impact on the daylighting performance of this design 

during the Fall season (and also during Spring). 

2.  The front to back illumination ratios are greater than five at almost all times 

during the day. The high values in the front are caused by direct light falling on the 

glazing and the interior light-shelf. Thus, the upper limit for visual comfort is 

exceeded for the month of October. 
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3.  The performance of October is already well above targeted limits, with the 

illuminance ratios having exceeded the recommended maximum. With more and 

more direct light falling on the glazing in the following months, the illumination 

levels inside the classroom can be expected to rise to extremely high levels.  

4.9 Analysis of November Performance 

It is expected that the month of November will see record high illumination values 

because of the greater percentage of direct light falling on the glazing. The following 

sections describe the daylighting performance on a sunny day and a cloudy day in 

the month of November. 
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4.9.1 Sunny day performance 

 

Figure 4.50. Exterior Daylight Availability on 11/24/07 

Table 4.32. Illumination Levels at Various Locations in Class 715 on a Sunny 
day in November (11/24/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 5 3 1 3 2 3 
8 153 72 29 73 54 76 
9 335 142 58 127 119 156 
10 462 195 83 171 172 216 
11 528 220 98 184 204 247 
12 534 219 98 173 215 248 
13 498 204 89 154 212 231 
14 441 182 77 132 194 205 
15 290 124 51 84 134 137 
16 54 25 11 17 27 27 
17 4 2 1 1 2 2 
18 0 0 0 0 0 0 

Average 366 154 66 124 148 171 



142 
 

 

Figure 4.51. Class 715 Illumination Levels on 11/24/07 
 

 

Figure 4.52. Class 715 Illumination Levels on 11/24/07 
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Figure 4.53. Class 715 Illumination Levels on 11/24/07 
 

Table 4.33. Percentage of target illuminance served by daylighting in classroom 
715 on a sunny day in end-November (11/24/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 10 5 3 5 4 5 
8 305 143 58 146 109 152 
9 670 284 116 255 238 312 
10 923 389 166 343 343 433 
11 1055 440 195 367 408 493 
12 1069 438 195 346 429 495 
13 997 407 178 307 425 463 
14 883 364 154 263 389 411 
15 580 248 101 169 267 273 
16 109 50 22 34 54 54 
17 8 4 2 3 4 4 
18 0 0 0 0 0 0 

Average 732 307 132 248 296 343% 
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4.9.1.1 Discussion of November performance on a sunny day: 

1. The average illumination level in classroom 619 on a sunny day in November 

is 171 fc between 8 AM to 4 PM (Table 4.28). The highest illumination in the 

classroom is 534 fc occurring at 12 noon, about 200 fc more than the previous 

month. The average percentage of target illuminance served by daylighting is 343% 

(Table 4.29).  

1. The maximum east to west gradient is 62 fc at 2 PM. The corresponding 

percentage variation is 31.9%. The east to west distribution in class 715 is quite 

different to that in class 713. In class 713, the distribution shows an increasing trend 

from east to west in the morning, but in the afternoon the west sensor values begin to 

drop off and are lower than the center sensor. In class 715, the morning values are 

greater in the east than in the west. The afternoon then sees an increase in the west, 

instead of a drop in illumination. This is due to the position of the soffit in class 715. 

Unlike classroom 713, the soffit is positioned on the west side of the classroom in 

class 715. Due to the position of the soffit, the morning sees a uniform distribution 

from the east to west considering the proximity of the east wall to the east sensor. In 

the afternoon, however, the west side of the classroom in front of the soffit is much 

better lit than the east. This is again due to the soffit that reflects much of light 

falling on it on to the space below. 

2.  The maximum front to back variation is 436 fc at 12 noon and is quite large 

with a maximum percentage variation of 81.6%.  
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3. Obviously, owing to the lower position of the sun in the sky, a greater 

percentage of the glazing is struck by direct sunlight during the day and the 

condition for visual comfort is not met. 

4. The illumination levels rise further in November. Due to a greater percentage 

of glazing being struck by direct light through the course of the day, the illumination 

levels are very high reaching close to 100 fc at the back at noon.
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4.9.2 Cloudy day performance 

The available solar radiation in November on a good cloudy day is very low. So, the 

cloudy day performance can be expected to be low as well.  

 

Figure 4.54. Exterior Daylight Availability on 11/25/07 
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Table 4.34. Illumination Levels at Various Locations in Class 715 on a Cloudy 
day in November (11/25/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 0 0 0 0 0 0 
8 4 2 1 2 2 2 
9 8 4 2 3 4 4 
10 14 7 3 5 7 7 
11 34 16 8 13 16 17 
12 28 14 6 11 13 14 
13 26 13 6 10 12 14 
14 28 14 6 11 13 15 
15 21 10 5 8 10 11 
16 6 3 1 2 3 3 
17 1 0 0 0 0 0 
18 0 0 0 0 0 0 

Average 19 9 4 7 9 10 
 

 

Figure 4.55. Class 715 Illumination Levels on 11/25/07 
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Figure 4.56. Class 715 Front to Back Gradient on 11/25/07 
 

 

Figure 4.57. Class Front to Back Gradient on 11/25/07 
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Table 4.35. Percentage of Target Illuminance Served by Daylighting in Class 
715 on a Cloudy Day in November (11/25/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 1 0 0 0 0 0 
8 9 4 2 3 4 4 
9 16 8 4 6 8 8 
10 28 14 6 11 13 14 
11 68 33 15 26 32 35 
12 56 27 13 22 27 29 
13 52 26 12 21 25 27 
14 56 28 13 22 27 29 
15 41 20 10 16 20 21 
16 12 6 3 5 6 6 
17 1 0 0 0 0 1 
18 0 0 0 0 0 0 

Average 37 18 9 15 18 19% 
 

4.9.2.1 Discussion of November performance on a cloudy day 

1. The cloudy day selected for the month of November sees a maximum solar 

radiation of about 160 W/m2 which is quite small. As a result, the illumination 

within the classroom is not expected to reach required levels. 

2. The average illumination within the classroom on a cloudy day in November 

between 8 AM and 4 PM is a meager 10 fc. The average percentage of target 

illuminance served by daylighting is 19%. The maximum illumination during the 

day is 34 fc at 11 AM and minimum illumination is 1 fc at 8 AM.  
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3. The east to west gradient is at its maximum at 11 AM at 3 fc with a 

maximum percentage variation 18.75%. The maximum front to back gradient 

is 26 fc at 11 AM with a maximum percentage variation of 76.5%. 

4.9.3 Summary of November Performance 

The following table compares key performance characteristics on a sunny versus a 

cloudy day in November. 

Table 4.36. Comparison of Key Performance Data between a Sunny Day and a 
Cloudy Day for the Month of November 

No. Performance Metric Sunny Cloudy 
1 Average illumination (fc) 171 10 
2 Max illumination (fc) 534 (12 noon) 34 (11 AM) 
3 Min Illumination (fc) 29 (8 AM) 1 (8 AM) 
4 Max F-B variation (fc) 436 (12 noon) 26 (10 AM) 
5 % F-B variation 82% 76% 
6 Max E-W variation (fc) 62 (12 noon) 5 (10 AM) 
7 % E-W variation 32% 19% 
8 Ratio of illuminances at max F-B variation 5.68 4.25 
9 % of 50 fc target 343% 19% 

 

The above table is not indicative of the overall performance for the entire month of 

November. The number of days with sunny conditions, cloudy conditions and 

conditions in between are not known and hence, these results cannot be considered 

representative of the average monthly performance. The following observations are 

made for the month of November: 

1. November sees extraordinarily high illumination values in the front of the 

classroom, and also the highest illumination values thus far at the center and back of 
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the classroom. As the winter solstice approaches, direct sunlight strikes the face of 

the glazing at ever-decreasing angles.  With the geometry of the interior light-shelf 

and the direction of incoming sunlight, more light reaches the back of the classroom, 

causing levels to be as high as 94 fc at the back. While these high levels are not 

visually discomforting (for example, many applications requiring the exposure of 

minute details require light levels as high as 500 fc) they may create problems when 

using video equipment such as projectors.  

2. The maximum front to back percentage variation on a sunny day is 82%, in 

the range of values obtained for the months analyzed so far. However, this value is 

not instructive in that it does not express how the existing daylighting condition is 

different from the one in any of the other months with similar maximum percentage 

variation. Indeed, on a cloudy day in November the maximum percentage variation 

is 76% ---more than on a sunny day--- even though the illuminance values are not in 

the same range as those on a sunny day. 

3.  It is obvious that the performance of November is much higher than 

required. There is a problem of glare in the classroom as well. However, with the 

winter solstice approaching, the values can be expected to rise slightly before 

starting to decrease in the month of January.
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4.10 Analysis of January Performance 

January falls on the other side of the winter solstice compared to November and 

must mirror the November performance under similar solar conditions. The 

following sections describe the daylighting performance on a sunny day and a 

cloudy day in the month of January. 

4.10.1 Sunny day performance 

The solar radiation curve indicates that the amount of available solar resource is 

approximately the same as amount that was available in November.  

 

Figure 4.58. Exterior Daylight Availability on 1/21/08 
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Table 4.37. Illumination Levels at Various Locations in Class 713 on a Sunny 
Day in mid-January (1/21/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 1 0 0 0 0 0 
8 95 44 21 30 54 49 
9 301 118 55 89 126 138 
10 439 163 77 131 167 196 
11 522 190 92 160 195 232 
12 556 200 98 175 191 244 
13 544 195 95 176 178 238 
14 491 177 85 169 156 216 
15 395 145 68 141 122 174 
16 173 67 31 67 54 78 
17 14 7 4 7 6 7 
18 0 0 0 0 0 0 

Average 391 144 69 127 138 174 
 

 

Figure 4.59. Class 713 Illumination Levels on 1/21/08 
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Figure 4.60. Class 713 Front to Back Gradient on 1/21/08 
 

 

Figure 4.61. Class 713 East to West Gradient on 1/21/08 
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Table 4.38. Percentage of Target Illuminance Served by Daylighting in Class 
713 on a Sunny Day in January (1/21/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 2 1 1 1 1 1 
8 189 88 41 60 107 97 
9 603 237 109 178 252 276 
10 877 327 155 262 335 391 
11 1044 381 184 321 389 464 
12 1112 401 195 350 381 488 
13 1089 390 190 353 357 476 
14 983 354 171 338 313 432 
15 791 289 137 282 244 349 
16 346 133 63 133 107 156 
17 28 13 7 13 11 15 
18 0 0 0 0 0 0 

Average 782 289 138 253 276 348% 
 

4.10.1.1 Discussion of January performance on a sunny day: 

1. The average illumination level in classroom 619 on a sunny day in January is 

174 fc between 8 AM to 4 PM (Table 4.28). The highest illumination in the 

classroom is 556 fc occurring at 12 noon, within 2 fc of the November peak. The 

average percentage of target illuminance served by daylighting is 348% (Table 

4.29).  

2. The maximum east to west gradient is 36 fc at 10 AM. The corresponding 

percentage variation is 21.5%. The east to west distribution in class 713 is again 

interesting given the amount of direct light falling on the glazing. The morning sees 

an increasing trend going from the east to the west. At noon, the value in the west is 
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less than that at the center of the classroom and in the afternoon, this value is lower 

than the east one as well. This is different from the month of March in which the 

west value levels off in the afternoon, but never falls below the east value.  

3.  The maximum front to back variation is 458 fc at 12 noon and is quite large 

with a maximum percentage variation of 82.4%. Obviously, a problem of glare 

exists because there is direct sunlight falling on the light-shelf. 

4. The illumination levels rise further in January, but only slightly. This can be 

attributed to the increased exterior solar radition. At the back, he illumination levels 

reach an impressive high of 98 fc at noon. 
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4.10.2 Cloudy day performance 

The cloudy day solar insolation data shows a peak at 11 AM of about 206 W/m2. 

Apart from this peak, the solar radiation remains below 150 W/m2 throughout the 

day. 

 

Figure 4.62. Exterior Daylight Availability on 1/19/08 
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Table 4.39. Illumination Levels at Various Locations in Class 713 on a Cloudy 
Day in January (1/19/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 0 0 0 0 0 0 
8 2 1 0 1 1 1 
9 9 4 2 4 4 5 
10 26 11 6 10 11 13 
11 55 24 12 21 23 27 
12 19 9 5 8 8 10 
13 15 7 4 6 7 8 
14 15 7 4 6 6 7 
15 10 5 3 4 5 5 
16 7 3 2 3 3 4 
17 2 1 1 1 1 1 
18 0 0 0 0 0 0 

Average 18 8 4 7 7 9 
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Figure 4.63. Class 713 Illumination Levels on 1/19/08 
 

 

Figure 4.64. Class Front to Back Gradient on 1/19/08 
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Figure 4.65. Class 713 East to West Gradient on 1/19/08 

 

Table 4.40. Percentage of Target Illuminance Served by Daylighting in Class 
713 on a Cloudy Day in January (1/19/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 0 0 0 0 0 0 
8 3 1 1 1 1 2 
9 19 8 5 7 8 9 
10 51 23 12 20 22 26 
11 111 47 25 41 46 54 
12 38 17 9 15 17 19 
13 30 14 7 12 13 15 
14 29 13 7 12 13 15 
15 21 10 5 8 9 11 
16 15 7 4 6 7 8 
17 4 2 1 2 2 2 
18 0 0 0 0 0 0 

Average 35 16 8 14 15 18% 
 



161 
 

4.10.2.1 Discussion of January performance on a cloudy day 

1. The average illumination within the classroom on a cloudy day in January 

between 8 AM and 4 PM is 9 fc. The average percentage of target illuminance 

served by daylighting is 18%. The maximum illumination during the day is 55 fc at 

11 AM and minimum illumination is 0 fc at 8 AM.  

2. The east to west gradient is maximum at 11 AM at 2 fc with a maximum 

percentage variation 8.7%. The maximum front to back gradient is 43 fc at 11 AM 

with a maximum percentage variation of 78.2%. 

3. The performance of the daylighting system on a cloudy day in January is 

poor. Only 18% of the target illuminance is provided by daylight which means that 

the remainder must be provided by artificial lights. 
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4.10.3 Summary of January Performance 

The following table presents key performance characteristics on a sunny day in 

January. 

Table 4.41.  

Comparison of Key Performance Data between a Sunny Day and a Cloudy Day 
for the Month of January 

No. Performance Metric Sunny Cloudy 
1 Average illumination (fc) 174 10 
2 Max illumination (fc) 556 (12 noon) 55 (11 AM) 
3 Min Illumination (fc) 21 (8 AM) 0 (8 AM) 
4 Max F-B variation (fc) 458 (12 noon) 43 (11 AM) 
5 % F-B variation 82% 78% 
6 Max E-W variation (fc) 62 (12 noon) 2 (11 AM) 
7 % E-W variation 32% 9% 
8 Ratio of illuminances at max F-B variation 5.68 4.25 
9 % of 50 fc target 343% 19% 

 

The above table is not indicative of the overall performance for the entire month of 

January. The number of days with sunny conditions, cloudy conditions and 

conditions in between are not known and hence, these results cannot be considered 

representative of the average monthly performance. The following observations are 

made for the month of January: 

1. The overall daylighting performance of January is similar to that of 

November. This means that the values are decreasing from the peak of the winter 

solstice in December. The back of classroom records a high of 98 fc. While these 

high levels are not visually discomforting, indeed many applications requiring the 
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exposure of minute details require light levels as high as 500 fc, they may create 

problems when using video equipment such as projectors.  

2. The maximum front to back percentage variation on a sunny day is 82%, in 

the range of values obtained for the months analyzed so far. In fact, the range of 

maximum percentage is between 72-82%. This range establishes the amount of 

reduction in illumination that can be expected to occur over a certain distance using 

this daylighting design. 

3. The condition for visual comfort is not met in January as a significant portion 

of the day receives direct sunlight on the light-shelf. 

4.  The month of January again sees higher than required values. The 

illumination levels are expected to reduce in the month of February though, and go 

down even further in March.  
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4.12 Summary of Annual performance 

The preceding analysis of monthly daylighting performance of a typical classroom in 

the middle school has revealed an uneven daylighting performance through the year. 

While the some of the months see lower than required illumination, other months 

have illumination levels as much as 10 times the required values. Apart from the 

seasonal variation, other important observations were made regarding the front to 

back and east to west distribution of illumination levels within the classroom. From 

the analysis, major variations in performance are categorized into the following 

sections: 

1. Resource dependent 

2. Seasonal 

3. Spatial 

4. Visual comfort 

Each of these categories is elaborated further, covering the entire range of results and 

conclusions that may be drawn from the monthly analysis. Results from each month 

are now brought together to provide a broader perspective. To better understand the 

differences in performance, various plots and table are developed and presented.  

The summary begins with a plot of available exterior horizontal solar radiation from 

all the months that were analyzed.  
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4.12.1 Exterior Daylight Availability on Sunny Days 

 

Figure 4.66. Annual exterior daylight availability on Sunny Days 
 

The solar insolation data on sunny days in all the analyzed months is presented in a 

single plot in Figure 4.66. It is clear from the above plot that the spring, fall and 

winter months receive less solar radiation than the summer months. Exterior daylight 

availability is expected to peak at 12 noon solar time, and in most of the cases here it 

does. The occurrence of peaks in solar radiation away from 12 noon are attributed to 

the chance appearance of clouds in the sky, either partially or fully blocking the 

direct component of sunlight. Also, all the times are adjusted to reflected standard 

times, which means the deviation of the peak from noon may also be due to the 

difference in standard time and solar time. The minimum and maximum peak 
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exterior horizontal solar radiation is 618 W/m2 in November and 1077 W/m2 in June, 

respectively. 

4.12.2 Exterior Daylight Availability on Cloudy Days 

 

Figure 4.67. Annual exterior daylight availability on Sunny Days 
 

The exterior available daylight varies greatly in quantity and quality on cloudy days. 

On a cloudy day, the maximum solar radiation may range from anywhere between 

150 W/m2 to 750 W/m2. An overcast sky provides even diffuse skylight, but 

whenever there is a break in cloud cover direct sunlight is able to penetrate through 

and the available daylighting resource is increased by several orders. In keeping with 

the constantly changing exterior solar radiation, the interior illumination changes 

constantly, making it difficult to draw reasonable conclusions so as to predict future 

performance. However, by making certain assumptions and analyzing the annual 
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cloudy day performance, it may be reasonable to make a few predictions about the 

performance of this particular daylighting design on a cloudy day. 

4.12.3 Sunny Day versus Cloudy Day Comparison 

The following table compares key performance characteristics of sunny and cloudy 

days from all the analyzed months. 

Table 4.42. Comparison of Key Performance Characteristics between Sunny 
and Cloudy Day Conditions over the Year 

 

The following observations are made based on the above table: 

Mont
h 

Conditio
n 

Avg 
Sola

r 
Rad. 

Max 
Sola

r 
Rad. 

Avg 
Illum.

Max 
Illum.

Min 
Illum.

Max  
Var. 

% of 
target 

(50 
fc) 

serve
d by 
dayl. 

W/m
2 

W/m
2 fc fc fc fc % % 

Jan Sunny 336 659 174 556 21 458 82 348 
Cloudy 56 206 10 55 0 43 78 18 

Mar Sunny 500 857 108 319 17 258 81 217 
Cloudy 60 117 9 27 1 81 74 17 

Apr Sunny 670 1058 31 70 6 50 71 62 
Cloudy 219 356 27 72 3 55 76 54 

May Sunny 692 1078 32 72 8 52 72 64 
Cloudy 348 680 28 63 2 48 76 55 

Jun Sunny 715 1079 27 57 10 40 70 55 
Cloudy 118 263 14 54 3 41 76 29 

Jul Sunny 633 1070 31 81 10 59 73 62 
Cloudy 248 353 25 67 10 51 76 51 

Nov Sunny 306 618 171 534 29 436 82 343 
Cloudy 70 135 10 34 1 26 76 19 
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1. On an annual basis, the sunny day condition provides much more 

illumination than the cloudy day condition, at least in the months excluding the 

period from April to August (that is the summer months). The difference in average 

illumination levels between the two conditions is as high as 400 fc in November and 

January. However, in the summer months of April, May, June and July, this 

difference is not more than 13 fc.  

Although the summer months see solar radiation values on sunny days that are much 

greater than corresponding values on cloudy days, the difference in interior 

illumination during this period is small compared to the winter months. This is 

because the overhang shades the glazing from the summer sun and thus, the glazing 

only sees the diffuse component of skylight. Consequently, the difference in under 

sunny or cloudy conditions is similar regardless of the exterior solar condition during 

the summer months.  

2. The difference in percentage of target illuminance served by daylighting 

between the two conditions (sunny versus cloudy) is greatest in the winter months. 

In the summer months, however, the daylighting effects are similar due to the 

overhang geometry and so is the percentage of target illuminance served by 

daylighting. This percentage for a cloudy day never exceeds that on a sunny day at 

any time during the year.  

3. The maximum variation within a classroom indicates how well light is 

distributed spatially. This variation is expressed in terms of footcandles and also as a 

percentage. In all the cases, this variation refers to the difference in light levels 
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between the front and the back of the classroom. In the month of January, the 

footcandle variation is at a high of 458 fc on a sunny day and 43 fc on a cloudy day; 

the corresponding percentage variations are 82% and 78% respectively.  

The sunny day variation represents the maximum variation throughout the year in 

terms of both, footcandles and percentage. However, this is not the case for the 

cloudy day condition. The maximum footcandle variation for a cloudy day is 55 fc 

occurring April. However, the maximum annual percentage variation for a cloudy 

day is still the 78% occurring in January. All through the year, the maximum 

footcandle variation is always greater for sunny days than cloudy days. But the 

maximum percentage variation for cloudy days is greater than for sunny days for the 

majority of the summer months. This indicates that, although the average 

illumination in the summer months may be the same for sunny and cloudy days, the 

quality of illumination is not good enough to light the back of the classroom on a 

cloudy day.  

The following conclusion may be drawn from this analysis: Diffuse skylight from 

clear skies can penetrate deeper into a space than that from an overcast sky with this 

daylighting design. This is not unexpected, because an overcast sky is brighter at the 

zenith than the horizon whereas a clear sky is brighter at the horizon than at the 

zenith (3). Thus the light from near the horizon in a clear sky is able to look directly 

at the glazing and penetrate deeper into the space. Further tests need to be performed 

in order to verify this conclusion.  
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4. In the month of April, the cloudy day condition has a maximum illumination 

that is greater than that on a sunny day. This is unexpected and needs to be 

investigated further. At this time, it may be attributed to an instantenous reflection 

off an exterior surface that caused a jump in the reading. 

5. Also, cloudy days are always comfortable visually, while sunny days are 

plagued with glare problems except in the summer months (between April and 

August). 
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4.12.4 Annual Spatial Daylighting Performance  

The following sections describe in greater detail the annual front to back and east to 

west distribution of illumination within a typical classroom and the middle school.  

4.12.4.1 Front to Back Illumination Distribution in Classroom 

 

Figure 4.68. Annual Front to Back Gradient at 9 AM on a Sunny Day 
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Figure 4.69. Annual Front to Back Gradient at Noon on a Sunny Day 
 

 

Figure 4.70. Annual Front to Back Gradient at 3 PM on a Sunny Day 
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Figure 4.71. Annual Front to Back Gradient at 9 AM on a Cloudy Day 
 

 

Figure 4.72. Annual Front to Back Gradient at Noon on a Cloudy Day 
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Figure 4.73. Annual Front to Back Gradient at 3 PM on a Cloudy Day 
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Table 4.43. Comparison of Spatial Front to Back Variation on Sunny and 
Cloudy Day Conditions over the Year 

Month Condition 

Avg 
Solar 
Rad. 

Max 
Solar 
Rad. 

Avg 
Daily 
Front 
Illum. 

Avg 
Daily 

Center  
Illum. 

Avg 
Daily 
Back 
Illum. 

Max  
Var. 

Avg 
Illum

. 

W/
m2 

W/
m2 fc fc fc fc % fc 

Jan Sunny 336 659 391 144 69 458 82 174 
Cloudy 56 206 18 8 4 43 78 10 

Feb Sunny 336 659 391 144 69 458 82 174 
Cloudy 56 206 18 8 4 43 78 10 

Mar Sunny 500 857 236 91 45 258 81 108 
Cloudy 60 117 17 8 4 81 74 9 

Apr Sunny 670 1058 58 30 16 50 71 31 
Cloudy 219 356 53 24 13 55 76 27 

May Sunny 692 1078 60 31 17 52 72 32 
Cloudy 348 680 58 27 14 48 76 28 

Jun Sunny 715 1079 48 26 14 40 70 27 
Cloudy 118 263 28 13 7 41 76 14 

Jul Sunny 633 1070 56 29 16 59 73 31 
Cloudy 248 353 49 23 12 51 76 25 

Sep Sunny 566 952 87 35 16 101 83 40 
Oct Sunny 460 810 232 85 33 307 86 100 

Nov 
Sunny 306 618 366 154 66 436 82 171 
Cloudy 70 135 19 9 4 26 76 10 

 

The following observations can be made from the plots and table presented above: 

1. The maximum front to back gradient for a month when expressed as a 

percentage remains about the same for both cloudy and sunny days through the 

entire year; the two values are always within 6-7% of each other. This means that the 

relative distribution of illumination within the classroom is more or less independent 

of the exterior solar conditions and may be related to the interior components such as 
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the surface finishes. This distinction can be clearly made even at 9 AM for a sunny 

day, but is not as clear at 3 PM.  

2. From Fig (plot for sunny day at 12 noon) it can be seen that the drop in 

illumination varies with the time of the year. The performance of the two equinox 

months of March and September lies at the center of the plot flanked on the lower 

side by the summer months of April through July and on the higher side by the 

winter months of November through February. The drop in footcandle levels from 

the front to the back is particularly significant in the winter months. This can be seen 

simply by looking at the plots and observing the slopes of the lines.  

3. An important observation is that the drop in illumination from the center to 

the back is not as severe as that from the front to the center. This is especially 

apparent in the winter months with high front sensor values. The front sensor reads 

very high values in these months because there is direct light falling on the interior 

light-shelf which is directly over the front area of the classroom. The reduction in 

light levels from the front to the center is not as great in the summer months or under 

cloudy conditions. 

4.  Under cloudy conditions, the maximum percentage variation between the 

front and the back remains the same, however, the illumination levels are not as high 

as on sunny days. This is not necessarily an advantageous situation compared to the 

sunny day condition because the difference in footcandle level is more apparent 

visually when the overall illumination is low, but is not as clearly perceptible when 

the average illumination levels are high, as in the case of sunny winter days.  
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4.12.4.2 East to West Illumination Distribution in Classroom 

The following graphs show the monthly performance of a typical classroom at the 

middle school. From the prior monthly analysis, it was clear that the east to west 

variation is not as great as the front to back variation. What is of importance though 

is to understand how the distribution changes over the course of a day and the year. 

 

 

Figure 4.74. Annual East to West Gradient at 9 AM on a Sunny Day 
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Figure 4.75. Annual East to West Gradient at Noon on a Sunny Day 
 

 

Figure 4.76. Annual East to West Gradient at 3 PM on a Sunny Day 
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Figure 4.77. Annual East to West Gradient at 9 AM on a Cloudy Day 
 

 

Figure 4.78. Annual East to West Gradient at Noon on a Cloudy Day 
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Figure 4.79. Annual East to West Gradient at 3 PM on a Cloudy Day 
 

The following observations can be made about the annual east to west variation 

based on the above plots: 

1. At almost all times on cloudy days, the west values are higher than the east 

ones, which means the gradient increases from the east to the west. This means that 

the east to west distribution on cloudy days is time independent. It also shows very 

little seasonal variation, which means that the distribution does not change 

depending upon the time of the year. The cloudy day east to west gradient also 

seems to be unaffected by orientation. However, it is important to note that the only 

time when the orientation of the classroom changed was in September and October, 

the two months for which cloudy day data was not available. 
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2. The sunny day east to west distribution is greatly influenced by the 

orientation of the classroom and the position of the soffit. In the two months of 

September and October, data was recorded in classroom 619, in the 600 wing which 

is oriented 10° to the west of south. As a result, late afternoon values in the west side 

of the classroom experience a slight dip as the sun faces the east side of the 

classroom. In November, data was collected in classroom 715 which has its soffit 

positioned at the west side of the classroom. Due to the position of the soffit, the 

morning sees a uniform distribution from the east to west, but the afternoon sees a 

steep gradient increasing from the east to the west. 

3.  In general, the east to west gradient shows an increasing trend towards the 

west in the morning, begins to level off around noon and shows a decreasing trend 

from the center to the west in the afternoon. Of course, with changes in conditions 

like the soffit position and the orientation of the classroom, there is a change in the 

distribution. However, the gradient from the east to the west is never as great as the 

one from the front to the back. 

4.  It is important to maintain a uniform east to west distribution because of the 

relative position of the students and the teaching board. In almost all the cases, 

uniformity is achieved, mainly due to the layout of the building along the east-west 

axis and the position of the daylighting glazing which is also along the same axis. 
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4.12.5 Seasonal Variation in Daylighting Performance 

The following plots show average illumination in the classroom for sunny and 

cloudy days for all the analyzed months. It must be noted that data from March 2007 

to July 2007 was gathered from classroom 713, between August 2007 and October 

2007 from classroom 619, in November 2007 from classroom 715, and in January 

2008 from classroom 713 again. 

 

Figure 4.80. Annual Average Sunny Day Classroom Illumination 
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Figure 4.81. Average Cloudy Day Classroom Illumination 
 

The following observations can be made based on the above plots: 

1. There is not much consistency in terms of hourly performance on cloudy 

days on an annual basis. The most significant conclusion that can be drawn from the 

graph above is that average illumination remains below 50 fc on most cloudy days 

through the year. This is an important observation, because it indicates the amount of 

illumination that can be achieved using this particular daylighting design under 

cloudy conditions. Another important observation is that unlike sunny day 

performance, cloudy day performance is independent of the time of the year: it 

remains unpredictable, but rarely rises above 50 fc. 
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2. The plot for annual sunny day illumination shows three distinct categories of 

performance: high winter values, mid equinox values and low summer values. From 

a psychological perspective, only the equinox performance may be comfortable. The 

high interior illumination in winter and low light levels in the summer are both 

counter-intuitive, and may be confusing to the occupants. One of the main objectives 

of daylighting, apart from providing illumination, is to serve as a connection to the 

outdoors. This has definite psychological benefits in terms of performance for 

humans (14, 15), and is especially important in a learning environment such as the 

school. A daylighting strategy that provides more light in the winter and less in the 

summer may therefore, become hard to reconcile with when an occupant moves 

from the indoors to the outdoors and vice-versa. 

3. The months of November and January provide more than 300% of the 

required light level on an average under sunny day conditions. Contrast that with the 

meager 55% in the month of June which receives the maximum solar radiation 

throughout the year. The maximum illumination in the classroom must occur in the 

month of December when the sun is at its lowest position; the recorded maximum 

being 556 fc in January. Around the equinox, the average illumination in the 

classroom is about 100 fc on sunny days, this value being at the higher end of the 

range recommended by IESNA (6). What this means though, is that considering the 

drop from the front to the back, this is perhaps the best daylighting condition in the 

entire year. The equinox months thus provide the best quantitative daylighting 
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performance with average illumination values within the specified range. The annual 

qualitative performance will be dealt with in the forthcoming section. 

4. There is a large seasonal variation in the daylighting performance. The 

analysis indicates the high values in the winter months are caused by direct sunlight 

falling on the glazing and the light-shelf. This direct light is cut off by the overhang 

in the summer resulting in very low interior illumination values. It can be concluded, 

therefore, that this particular daylighting design is highly beam-sunlight dependent. 

Both the quantitative and qualitative performance vary greatly depending upon the 

position of the sun in the sky. This non-uniform performance, coupled with the 

counter-intuitive seasonal effects makes this design far from ideal for daylighting.  
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4.13 Qualitative Analysis of the Daylighting Performance 

Good daylighting is a combination of sufficient quantity of light while maintaining 

the quality of light. Light ‘quality’ is characterized by the color and intensity of the 

light. The human eye responds best to natural light; the response curve of the human 

eye is such that the response to a particular color, or a wavelength of light, is almost 

equally proportional to the amount of that color or wavelength present in natural 

light.  Thus, the rendering of colors is seen by humans under natural light. Another 

aspect of the quality of light is its intensity. The eye adapts well to a wide range of 

illuminances, from 0.5 lux (~0.05 fc) under moonlight to 10,000 lux (~1000 fc) 

under diffuse sunlight. However, looking directly at the sun or a specular reflection 

of a beam of sunlight is damaging to the eye. Also, having to constantly adapt 

between two wide ranges of illuminance puts strain on the eyes and is not 

recommended. This range is prescribed by the IESNA for different tasks and under 

varying conditions and environments.  

4.13.1 Luminance Ratios and the Conditions for Visual Comfort 

The IESNA code for daylighting in a school classroom recommends upper and lower 

limits for luminance ratios within the surfaces of the classroom. It states that the 

maximum luminance of a surface within the normal field of vision of a student in the 

classroom must not be greater than five times the luminance of the task surface (6), 

and the luminances of surfaces directly in the field of vision of the task surface must 

not be fall below one third the luminance of the task surface. In this case, the task 

surface is the surface of the desk or a book placed on the desk on which the student 
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focuses while reading or writing. Under normal conditions, it is expected that the 

student will have to focus on the book on the desk and frequently look up to see the 

chalk board or white board that the teacher may use. Thus, a student’s field of view 

would include all surfaces leading up from the desk up to the chalk board including 

the walls and part of the ceiling. In a non-daylit classroom, lamps from the light 

fixture would be a source of luminance that is greater than five times the luminance 

on a student desk. Light fixtures in this area are designed such that, direct light if any 

is restricted to the vertically downward direction only. Thus, a student looking at the 

chalk board will feel visually comfortable despite the presence of a light fixture in 

the student’s field of vision.  

When daylighting is introduced into a classroom design, light is provided not just by 

the light fixtures but by the daylighting system also. In such a case, new surfaces 

need to be evaluated for the above mentioned luminance ratios. The daylighting 

system at NGMS uses the interior light-shelf to illuminate the classroom. This 

interior light-shelf is pivoted on the south wall and is similar to a light fixture in that 

it illuminates the interior of the classroom with natural light. The working of the 

diffusing light-shelf can be compared with that of a light fixture having a diffusing 

glass element and a lamp behind the glass; only instead of the lamp, the sun provides 

the light. 

4.13.2 Calculation of Luminance Ratios for a Typical Classroom at NGMS 

During the course of the research, reflectance measurements using a luminance gun 

were performed on wall and carpet surfaces. However, the qualitative aspect of 
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daylighting and its significance in the evaluation of performance was understood 

much later. As a result, luminance readings for the interior light-shelf are not 

available, and in any case they would vary with the time of the year. An indirect 

method is used instead to determine whether the interior light-shelf does indeed 

violate the recommended luminance ratios and if it does, then at what times. The 

description of the method, assumptions made and procedure used is presented below. 

In order to simplify the calculations, certain assumptions are made which are stated 

below: 

1. The double-paned daylighting glazing is assumed to be a single non-selective 

surface with a transmittance of 0.76 or 76%. This means that for all wavelengths of 

light, 20% of light is reflected out and the remainder 76% is transmitted through 

with zero absorption. In reality, there will some loss through absorption and inter-

reflections between the two panes. The value of 76% transmittance is arrived at by 

assuming a single pane of clear glass has a transmittance of 88%, leading to an 

overall transmittance of close to 76% through the two panes. 

2. The interior light-shelf is assumed to be a single non-selective surface with a 

transmittance of 0.2 or 20%. This is the specified transmittance of the interior light-

shelf. The remaining 80% is either reflected out or back into the classroom with zero 

absorption.  

3. Direct sunlight has a static illumination value of 100,000 lux or about 10,000 

fc. 
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The aim here is to identify whether the luminance ratio between luminance on the 

task surface and the interior light-shelf is greater than five at any given time. It is 

apparent from the preceding analysis that the interior light-shelf will be at maximum 

luminosity when direct light falls on it. A calculation is made for this condition and 

is then extended to the times of the year for which the maximum luminosity 

condition exists.  

Consider a typical south-side classroom at NGMS with an east facing soffit. At 12 

noon on a clear day near the December solstice, due to the low altitude of the sun 

(about 30°), there is direct light falling on the daylighting glazing and the interior 

light-shelf. Assuming the illuminance under this direct sunlight to be 100,000 lux 

(6), only 76% of this value is transmitted through the double-pane glazing. 

Therefore, at the back face of the interior light-shelf, that is the shelf facing the 

daylighting glazing, an illuminance of 76,000 lux is available. Of this 76,000 lux, 

only 20% are transmitted through the light-shelf. Thus, right next to the interior face 

of the light-shelf, an illuminance of 15,200 lux is available. Now, analysis for the 

winter months shows that the light levels at the back of the classroom are between 

50 fc to 100 fc or 500 lux to a 1000 lux.  
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Figure 4.82. Illustration showing the calculation of the illumination ratio for a 
south-side classroom with direct light falling on the light-shelf 

 

In order to be able to compare the above two illuminance values in terms of 

luminance ratios, light coming off the task surface must be measured. An imaginary 

sensor is placed, facing downward looking towards the desk top (task surface), to 

record the illumination caused by the luminosity of the desk top. This desk top 

luminance, measured in terms of illuminance can then be compared to the 

illuminance just below the light-shelf, which is also a measure of the luminance of 

the light-shelf surface. The following table shows the illumination ratios between the 

light-shelf illumination and the illumination measured by the imaginary sensor. It is 

assumed that the task surface is a sheet of white paper (placed on the desk top) 

whose reflectance is 0.8 (3). 
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Table 4.44. Ratio of Illuminances between the task surface and the interior 
light-shelf 

Light-shelf 
Illumination 

[A] 

Task 
Surface 

Illumination 
[B] 

Task 
Surface 

Reflectance 

Downward 
Sensor 

Illumination 
[C] 

A/B A/C 

lux lux - lux     
15,200 500 0.8 400 30.4 38 
15,200 1,000 0.8 800 15.2 19 
15,200 5,000 0.8 4000 3.04 3.8 

   

The ratio from the last column of the above table can be treated as a luminance ratio 

between the two surfaces, if the reflectance off the task surface is treated analogous 

to the transmittance of the light-shelf. This is justified, because the luminance of an 

opaque surface is actually the quantity obtained by multiplying the illumination on 

the surface with the reflectance of the surface. For the light-shelf, whose entire area 

is a source of light, the reflectance has no meaning; instead the defining 

characteristic for the light-shelf is its transmittance which gives the light-shelf its 

luminosity.  

Thus, assuming that the last column of Table 4.43 is a measure of the luminance 

ratio between the task surface and the inside surface of the light-shelf, the condition 

for visual comfort can be evaluated. It is seen that for all values lower than 3040 lux 

or 282 fc, the luminance of the light-shelf is higher than the recommended value. At 

the back of the classroom, where the footcandle level is rarely higher than 100 fc, the 

luminance ratio is about 6-8 times higher than the recommended upper limit. This 

calculation is valid for all the times of the year when direct light falls on the light-

shelf.  
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4.13.3 Annual Visual Comfort Issues 

The sun chart below shows the path of the sun through the sky for Greensboro, NC. 

It can be seen that at all altitudes above 45°, the daylighting glazing and interior 

light-shelf are completely shaded from direct sunlight by the overhang. However, at 

other times, there is a portion of the daylighting glazing below the overhang that 

receives direct light at some or all parts of the day depending upon the time of the 

year. 

 

 

Figure 4.83. Sun chart for Greensboro, NC  
(Source: University of Oregon, Solar Radiation Monitoring Laboratory) 
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From the sun chart, it is clear that in the months of October, November, December, 

January, February and March direct light falls on the entire daylighting glazing 

throughout the day. Between the equinox months of March and September, the 

glazing receives direct light only at certain times during the day. These times include 

early mornings and late afternoons. As the summer solstice approaches, the sun’s 

altitude becomes higher and higher, until no direct light strikes the glazing for the 

entire day on the summer solstice (June 21st).   

The visual comfort requirements are not met during a majority of the time in the 

winter months and for some times during the summer, fall and spring months. The 

daylighting quality in the north-side classrooms is much better because of the high 

position of the light-shelf. Even though both the south-side and north-side 

classrooms have the exact same overhang-glazing geometry, the interior light-shelf 

does not fall in the field of vision of students in the north-side classroom. The north-

side classrooms thus perform much better in providing adequate amounts of quality 

light using the interior light-shelf. 
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5. Analysis of Data from Deterministic Experiments Performed at 

NGMS 

Three experiments were performed during the course of data collection in order to 

determine the effect of certain components of the daylighting design. The orientation 

of the classroom was recognized as an important criterion that causes specific 

daylighting effects. Each of the three wings at the middle school is oriented 

differently. It was important to understand, with respect to the scope of this research, 

the effect this change in orientation brings to the interior illumination levels within 

each of these wings.  

Another important component in the daylighting design is the white reflective roof 

over the south side classrooms in each of the wings. The white membrane roof forms 

a large reflective surface, bouncing light into the north side classrooms in each of the 

wings. In relation to the impact of the roof, experiments were setup that measured 

the difference in daylighting between a south side and a north side classroom from 

the same wing. Also, to gauge the contribution of the reflective roof, an experiment 

was conducted in which two north side classrooms, one with access to the white 

reflective roof and the other with a sheet of black tarp covering the reflective roof, 

were compared with each other.  

Finally, an experiment was performed in which the lower one foot of the glazing in 

one of the 700 wing classrooms was blocked and its performance was compared to 

another classroom in the same wing with original amount of glazing. All these 
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experiments are described in greater detail along with their results in the following 

sections. 

5.1 Comparison of Performance from Different Wings 

There is a definite change in the quality and quantity of daylight whenever the 

orientation of vertical glazing used to illuminate a space is altered. The sun has a 

fixed path of motion through the sky and a vertical surface receives varying 

quantities of sunlight at different times of the year. This is best illustrated by the plot 

below, showing the quantity of illumination received by vertical surfaces facing 

south, north, east and west through the year at Greensboro, NC. This plot was made 

using a TMY3 file containing horizontal solar radiation data by using the DAYSIM 

program to calculate illumination on vertical surfaces. 
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Figure 5.1. Exterior Illuminance at Different Surface Orientations 
 

The plot shows that a south facing surface receives the most amount of sunlight in 

winter, while in summer it is the west and east facing surfaces that receive maximum 

illumination. The components of the current daylighting system varying with each 

wing are the classroom interior finishes and wing orientation.  Due to the field nature 

of the research work, it was not possible to exclusively test the effect of each of the 

components on the daylighting performance. While interior finishes affect the 

overall illumination in a space, the orientation changes the distribution of 

illumination across the space. The following analysis is presented as a comparison of 

the daylighting performance of the three wings with different orientations and 

interior finishes. It is important to keep in mind that the results will be influenced by 

both these characteristics of the daylighting system.  
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The 600 wing is oriented 10° west of south, the 800 wing 10° to the east of south and 

the 700 wing exactly towards south. From Figure 3.1, it can be seen that the south 

elevation of the 600 wing faces the white reflective roof of the north-bay classrooms 

of the 700 wing. The south elevation of the 700 wing in turn, faces the roof of the 

north-bay classrooms of the 800 wing. The 800 wing has no such surface reflecting 

light into the classrooms from the south side.  

The experiment was carried out in two phases. Equipment was first set up in the 

three wings in the month of July 2007, just before classes were scheduled to begin. 

Later, in the month of January 2008, again the three wings were used to collect data. 

The performance of the three wings is compared to one another at these two times 

during the year. Results from the monthly analysis suggest that the cloudy day 

performance remains invariant through the year. Also, under overcast conditions, the 

entire sky provides uniform illumination, leaving the comparison of daylighting 

performance redundant at different orientations. The cloudy day performance is 

therefore excluded from this analysis. Analysis of data from the month of July is 

presented first.  

5.1.1 Comparison of the Average Illumination Levels 

Classrooms 619, 713, 807 were selected for recording data from each of the wings in 

July 2007. In January 2008, due to the unavailability of classroom 807, classroom 

809 was selected for data recording. Each of the three wings have wall and carpet 

finishes different from each other. The ceiling reflectance is the same for all the 
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wings. As stated above, each wing is oriented 10° differently from every other wing. 

The soffit position in classroom 619, 713 and 809 is towards the east, while in 

classroom 807 it is towards the west. The solar radiation data for the selected days is 

plotted below. 

 

Figure 5.2. Exterior Daylight Availability on 7/12/07 
 

The following plots compare the average illumination in the three classrooms on the 

selected July and January days.  
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Figure 5.3. Average Classroom Illumination on 7/12/07 
 

 

Figure 5.4. Average Classroom Illumination on 1/6/08 
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The following observations can be made about the performance of the three wings 

from the above plot: 

1. At both times, the peak illumination in the three wings occurrs at times 

different from each other. In the summer, wing 600 peaks at 2 PM, wing 700 at 1 

PM, while the 800 wing has a peak between 1 PM and 2 PM. In the winter, wing 600 

peaks at 1 PM and wing 800 at 11 AM, while the 700 wing peaks initially at 11 AM 

then experiences a small dip of about 10 fc at 12 noon and peaks again at 1 PM.  

2. From the plot for July, it can be seen that the 800 wing has overall 

illumination levels an average of 10 fc lower than the 600 and 700 wing. For the 

same plot, the illumination levels are higher in the 700 wing in the morning 

compared to the 600 wing, but the afternoon sees a reversal of this trend with light 

levels greater in the 600 wing than those in the 700 wing.  

3. During the winter time, the average illumination in each of the three wings is 

greater than one another at some time during the day. The 700 wing shows the 

highest average illumination. The 600 wing though, provides more illumination than 

the 700 or 800 wing in the afternoon after  3 PM. 

4. In the summer, the 600 wing achieves the highest average illumination 

amongst the three wings. At the same time, the lowest average illumination point 

occurrs in the 800 wing. In winter, the 700 wing provides maximum average 

illumination for most part of the day, while the lowest average illumination occurs 

yet again  the 800 wing.  

 



201 
 

 

5.1.2 Comparison of Front to Back Gradient in the three wings 

The following plots show the front to back gradient in the three wings at 9 AM, 12 

noon and 3 PM on selected days in July and January. 

 

Figure 5.5. Front to Back Gradient at 9 AM on 7/12/07 
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Figure 5.6. Front to Back Gradient at Noon on 7/12/07 
 

 

Figure 5.7. Front to Back Gradient at 3 PM on 7/12/07 
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Figure 5.8. Front to Back Gradient at 9 AM on 1/6/08 
 

 

Figure 5.9. Front to Back Gradient at Noon on 1/6/08 
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Figure 5.10. Front to Back Gradient at 3 PM on 1/6/08 
 

There is not much that is not already known that can be observed from these graphs. 

There is great symmetry in the front to back distribution of illumination in the three 

wings. All the levels increase or drop by a similar amount. In the summer, the 

gradient is not as steep as it is in the winter.  
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5.1.3 Comparison of East to West Gradient of the Three Wings 

The following graphs show the east to west variation in each of the three wings at 9 

AM, 12 noon and 3 PM in July and January. 

 

Figure 5.11. East to West Gradient at 9 AM on 7/12/07 
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Figure 5.12. East to West Gradient at Noon on 7/12/07 
 

 

Figure 5.13. East to West Gradient at 3 PM on 7/12/07 
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Figure 5.14. East to West Gradient at 9 AM on 1/6/08 
 

 

Figure 5.15. East to West Gradient at Noon on 1/6/08 
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Figure 5.16. East to West Gradient at 3 PM on 1/6/08 
 

The following observations are made based on the plots shown above: 

1. In January at 9 AM, the 800 and 700 wing show an increase in illumination 

levels from the east to the center, and the values then drop from the center to the 

west. At the same time in the 600 wing, the values drop continously from the east to 

the west. At 9 AM in July, the 600 and 700 wings show an increase in illumination 

values from the east to west. The quantity of increase though is greater in the 700 

wing than in the 600 wing. The 800 wing shows a different distribution: there is an 

increase from the east to the center, and then the illumination drops from the center 

to the west. 
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2. At 12 noon in July, the east to west gradient in the 600 and 700 wings shows 

an increasing trend. However, in the 800 wing, illumination levels rise from the east 

to the center and then drop from the center to the west. In the month of January at 12 

noon, the distribution in the east-west direction is similar in the 800 and 700 wings. 

In both these wings, the illumination levels rise from the east to the center of the 

classroom and then drop towards the west. In the 600 wing, however, there is a 

continuous drop from the east to the west. 

3. At 3 PM in January, the 800 and 600 wing have similar east to west 

distribution. Light levels rise from the east to the center, but then they experience a 

drop from the center to the west. In the 800 wing, this reduction is only slight (2 fc), 

but the 600 wing shows a much greater reduction from the center to the west (10 fc). 

The 700 wing shows a continuously increasing illumination levels from the east to 

the west. In July at 3 PM, all three wings see a rise in illumination from the east to 

the center. Then, the 700 and 600 wings are able to hold the illumination at the same 

level in the west as in the center but there is a drop in the same direction in the 800 

wing. 
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5.1.4 Summary of Results from Comparison of Wings 

All the observations made from various plots of wing performance are summarized 

below. 

1. Average illumination levels in the 800 wing are lower than in the 600 and 

700 wings. This can be attributed to the difference in interior finishes in the three 

wings and the layout of the three wings which does not afford the 800 wing with a 

large reflecting surface. The 800 wing has a darker carpet color than the 600 or 700 

wings and also, the walls of the 800 wing are darker as well. These lower interior 

reflectance lead to light levels that are always lower than the other wings, 

irrespective of the time of the day and the year. Another factor adding to the low 

light levels is that lack of a white roof that acts reflecting surface for the 800 wing. 

The contribution of the white roof to daylighting is analyzed in the subsequent 

sections. 

2. The maximum average illumination provided by the wings changes 

depending on the time of the day and the year. In the morning in both summer and 

winter, the 700 wing provides more illumination than the other wings while the 600 

wing provides the least. In late afternoons in winter, the 600 wing provides more 

illumination. At afternoon times, however, the 600 wing is able to provide more 

average illumination than the other wings. 

3. In July, the overall percentage of target illuminance (50fc) served by 

daylighting is 65% in the 600 wing, 62% in the 700 wing and 41% in the 800 wing 
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(Appendix B). The average illumination at the same time in the 600, 700 and 800 

wings is 33 fc, 31 fc and 21 fc respectively (Appendix B).  

4. In January, the overall percentage of target illuminance served by daylighting 

is 242% in the 600 wing, 282% in the 700 wing and 224% in the 800 wing. The 

average illumination at the same time in the 600, 700 and 800 wings is 123 fc, 141 

fc, 112 fc respectively. 

5. The front to back distribution is the same in the three wings. This means that 

the front to back drop in illumination is affected more by the geometry of the design 

and not so much by the orientation or interior reflectances. This conclusion can be 

drawn of course because of the knowledge that the orientation is varying at the 

maximum by only 20° and the interior reflectances also do not change that much. 

6. The east to west distribution varies depending on the time of the year, the 

time of the day and the orientation.  The different variations are described above in 

section 5.1.3. Some of the trends observed in the east to west distribution are 

difficult to explain. A lot of specific components are characteristics affect the 

behavior of the system. In general though, the east to west gradient is never steep 

and is always within a range that is acceptable. This is important in the success of 

the daylighting design and care must be taken while making recommendations to 

solve other problems in order that the east to west performance remains unchanged. 

7. The three wings of the middle school are different to each other in many 

aspects: orientation, interior finishes, presence or lack of reflecting roofs. This 

affects the performance is many ways. The average illumination levels are different 
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in the three wings. Indeed, the 800 wing classrooms appear much darker in the 

summer than the 600 and 700 wings. The non-uniform performance is not ideal, 

especially for students moving from one wing to another. This, however, is the only 

variation in daylighting performance between the three wings that matters, as the 

nature of the front to back distribution is the same in all three wings and the east to 

west gradient, while showing different trends in each of the wings, is never steep 

enough to cause concerns. 
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5.2 Comparison Between South-Bay and North Bay Classrooms 

In all the analyses performed so far, only classrooms from the south-bay of each 

wing were chosen. This is so because it was recognized early on during the course of 

data collection that the north-bay classrooms generally show superior daylighting 

performance compared to the south-bay classrooms. The north-bay classrooms, 

hence forth referred to as simply north classrooms, have the advantage of receiving 

reflected light from the large white roof above the south side classrooms. The 

reflected light being completely diffuse is of a higher quality as well. The following 

experiment, performed in the month of July, compares and evaluates the 

performance of a north-side classroom against a south-side classroom of the 700 

wing. 

Experimental equipment was setup in classroom 702 (north-bay) and classroom 713 

(south-bay) in the 700 wing. The two classrooms are of different dimensions, the 

north-side classroom being 4 feet 8 inches smaller in the east-west direction and 4 

feet longer in the north-south direction. However, classroom 702 also has reduced 

glazing area which compensates for its smaller size. The soffit positions of the 

classrooms are different as well with classroom 713 having the soffit on the east side 

and classroom 702 on the west side. Sensors were setup in both rooms 5’ away from 

the walls and the soffit. The following plots compare the average illumination, front 

to back gradient and east to west gradient on sunny and cloudy days in June for 

classrooms 702 and 722. 
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Figure 5.17. Exterior Daylight Availability on 6/21/07 and 6/3/07 
 

 

Figure 5.18. Class 702 and 713 Average Illumination on 6/21/07 
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Figure 5.19. Class 702 and 713 Front to Back Gradient on 6/21/07 
 

 

Figure 5.20. Class 702 and 713 East to West Gradient on 6/21/07 
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Figure 5.21. Class 702 and 713 Average Illumination on 6/3/07 
 

 

Figure 5.22. Class 702 and 713 Front to Back Gradient on 6/3/07 
 



217 
 

 

Figure 5.23. Class 702 and 713 East to West Gradient on 6/3/07 
 

Table 5.1. Comparison of Key Performance Characteristics between a South-
side Classroom and a North-side Classroom 

Classro
om 

Avg 
Solar 
Insol

a-
tion 

Max 
Solar 
Radi
at-
ion 

Avg 
Illum
ina-
tion 

Max 
Illumi

na-
tion 

Min 
Illumi

na-
tion 

Max  
Varia-

tion 

% of 
target (50 
fc) served 
by dayl. 

W/m
2 

W/m
2 fc fc fc fc % % 

Sunny   
702 715 1079 62 132 14 96 72 124 
713 715 1079 27 57 10 40 70 55 

Cloudy   
702 118 263 20 66 4 48 72 40 
713 118 263 14 54 3 41 76 29 
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The above table shows a summary of key performance characteristics for classrooms 

702 and 722.  Observations made from the plots and the table are summarized 

below: 

1. The average illumination in the north-side classroom (62 fc) is more than 

twice as much in the south-side classroom (27 fc) on a sunny day in June (Table 

5.1). On a cloudy day, the difference is not as great, with the south side classroom at 

14 fc and the north side classroom at 20 fc. The percentage of target illuminance 

served by daylighting is also more than double in the north-side classroom than the 

south-side one (Table 5.1). The north-side classroom is able to provide much higher 

illumination than the south-side classroom throughout the day, and this difference is 

much more pronounced on sunny days. This is clearly due to the additional daylight 

available because of the white reflective roof in front of the daylighting glazing of 

the north-side classroom. On average, the north-side classroom provides above 50% 

more average illumination than a south-side classroom through the day in June. It 

would be interesting to know the daylighting performance of the north-side 

classroom in winter when sunlight strikes the roof at lower angles and is able to 

penetrate deeper into the space. 

2. The front to back gradient in a north side classroom in June appears to be 

very linear. In a south-side classroom, the drop from the front to the center is 

exponential, but from the center to the back is much more linear. The uniform drop 

in illumination from the front to back in north-side classroom can be attributed to the 

high position of the daylighting glazing. Studies have shown that as the height of 
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daylighting glazing is increased, more light is available at deeper distances into the 

space (10). This is true in the case of the north-side classroom, on both sunny and 

cloudy days. It should be noted, however, that the overall percentage drop in 

illumination remains about the same in both classrooms. 

3. The east to west distribution is also different in a north-side classroom than 

from a south-side classroom. The south-side classroom sees continuously increasing 

values from the east to the west throughout the day on both sunny and cloudy days in 

June. In comparison, the north-side classrooms sees a more uniform distribution with 

the center of the classroom being at the highest illumination and the east and the 

west parts of the classroom both illuminated equally. This is a much better 

distribution compared to the south-side classroom. The uniform distribution of 

illumination can also be attributed to the diffuse-light dominated daylighting in the 

classroom, although only an annual analysis will confirm whether it is actually so. 

4. The north-side classroom in general provides better daylighting than the 

south-side classroom. Daylight quality, quantity and distribution are all better in the 

north-side classrooms, at least in the summer. It is possible with the white reflective 

roof that the illumination in the winter might be greater than the south-side 

classrooms, which would make the light levels too high. Further experiments, data 

collection and analysis must be carried out before making an annual assessment of 

the north-side daylighting performance. 
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5.3 Evaluation of the contribution of Roof Reflectance to Daylighting in North-

Bay Classrooms 

Another experiment was carried out to measure the contribution of the white 

reflective roof above the south-side classrooms to the daylighting in the north-side 

classrooms. This test is related to the experiment performed above; only in this case 

the comparison is made between two north-side classrooms. 

For the experiment, a sheet of black tarp was set up on the roof in front of the 

daylighting glazing of classroom 722. The black sheet was shiny and was set up to 

cover the entire length of the roof in front of the classroom and the classrooms 

adjacent to it. A second classroom, classroom 702, was selected along the same 

north-bay for comparison such that it was as far away from the black tarp as 

possible.  

The following analysis presents plots and tables that compare key performance 

characteristics in classrooms 702 and 722 on sunny and cloudy days in June 2007. 
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Figure 5.24. Class 702 and 722 Average Illumination on 6/21/07 
 

 

Figure 5.25. Class 702 and 722 Front to Back Gradient on 6/21/07 
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Figure 5.26. Class 702 and 722 East to West Gradient on 6/21/07 
 

 

Figure 5.27. Class 702 and 722 Average Illumination on 6/3/07 
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Figure 5.28. Class 702 and 722 Front to Back Gradient on 6/3/07 
 

 

 

Figure 5.29. Class 702 and 722 East to West Gradient on 6/3/07 
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Table 5.2. Comparison of Key Performance Characteristics between Classroom 
702, 722 and 713 to Evaluate the Effect of the White Reflective Roof 

Classroom 

Avg 
Solar 
Rad. 

Max 
Solar 
Rad. 

Avg 
Illum.

Max 
Illum.

Min 
Illum.

Max  
Var. 

% of 
target (50 
fc) served 
by dayl. 

W/m2 W/m2 fc fc fc fc % % 
Sunny    

702 715 1079 62 132 14 96 72 124 
722 715 1079 26 54 8 40 74 52 
713 715 1079 27 57 10 40 70 55 

Cloudy    
702 118 263 20 66 4 48 72 40 
722 118 263 13 43 3 31 72 25 
713 118 263 14 54 3 41 76 29 

 

The following observations can be made based on the plots and table above: 

1. There is little to no variation in the east to west and front to back distribution 

between the two classrooms. Both classrooms show similar trends, the only 

difference being the amplification of illumination values in classroom 702 (without 

the black tarp). This means that the white roof does not have a major impact on the 

distribution of light in the north-bay classroom. 

2. The major effect of the reflective roof is the contribution to average 

illumination within the classroom. In classroom 702, average illumination levels are 

about 52% greater than the average illumination levels in classroom 722. This is a 

significant difference. Of course, this result is for summer performance and cannot 

yet be extended to  other times of the year.  
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3. In the presence of the black tarp covered roof, classroom 722 performs 

similar to a south-side classroom (5.2). Indeed, the south-side classroom (713) 

outperforms classroom 722 in terms of maximum and average illumination levels. 

4. The above analysis is important while designing future daylighting systems 

that incorporate this type of a daylighting strategy involving reflectance off a white 

roof. Based on the performance of classroom 702, it can be concluded that the 

reflective roof provides superior daylighting in the summer. Only after obtaining 

results from an annual analysis can the effect of the roof be fully quantified.  
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5.4 Analysis of the Effect of Reducing Lower 14 Inches of Daylighting Glazing 

The annual daylighting performance indicates high values at the front of the 

classroom throughout the year. An experiment was performed in which the lower 14 

inches of the daylighting glazing on a south-side classroom was blocked in order to 

see the effect it has on illumination at the front of the classroom. The experiment, 

however, was performed in the summer when there is little to no daylight falling on 

the glazing. Even then, the effect of lowering the glazing percentage is apparent from 

the results. 

For the experiment, classrooms 713 and 717 were chosen. In classroom 717, the 

lower 14 inches of the daylighting glazing was blocked using thick 1 1/8 inch 

cardboard. The following graphs illustrate the performance of the two classrooms 

under experimental conditions. 
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Figure 5.30. Exterior Daylight Availability on 4/19/07 and 6/21/07 
 

 

Figure 5.31. Class 702 and 722 Average Illumination on 6/21/07 
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Figure 5.32. Class 702 and 722 Average Illumination on 4/19/07 
 

Table 5.3. Comparison of Key Performance Characteristics to Evaluate the 
Effect of Reduction of Glazing in a South-Side Classroom 

Month/ 
Condition Class 

Avg 
Solar 
Rad. 

Max 
Solar 
Rad. 

Avg 
Illum.

Max 
Illum.

Min 
Illum.

Max  
Var. 

% of 
target 
(50 fc) 
served 

by 
dayl. 

W/m
2 

W/m
2 fc fc fc fc % % 

June/ 
Sunny 

713 715 1079 27 57 10 40 70 55 
717 19 39 7 27 69 37 

  
April/ 

Cloudy 
713 219 356 27 72 3 55 76 54 
717 20 51 6 38 74 41 
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The following observations can be made from the above plot and table: 

1. From the above plots it is clear that lowering the amount of glazing has a 

direct effect on the average illumination available inside the classroom. In 

classroom 717, the average illumination provided throughout the day is about 

28% lower in June compared to the average illumination provided by 

classroom 713.  

2. Given that the values at the front of the classroom are lowered, but so are the 

values at the center, the back and all other parts of the classroom reduced 

proportionally.  Clearly, this strategy does not help in changing the front to 

back distribution. 

3. A comparison of performance in winter using this experimental setup would 

be interesting. It is not possible to predict the effect of removing glazing area 

from the bottom of the glazing in winter. Further research needs to be carried 

out in order to fully understand these effects. 
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6. DAYSIM Modeling, Simulation and Validation of a Typical 

Classroom Model 

It is common in daylighting design and analysis to build physical mockups of the 

actual space for testing and measurement. The linear behavior of light in spatial co-

ordinates is ideal for modeling actual spaces using scaled replicas. During the course 

of data collection and analysis, it was proposed that both a computer model and a 

physical mockup be built and tested. However, the physical model has so far not 

yielded appealing results even after repeatedly improvising and perfecting the model 

to match as closely as possible to the real classroom. The specific geometry of the 

interior light-shelf is proving difficult to replicate, and is thought to be the decisive 

factor in the incorrect rendering of daylighting performance compared to the actual 

classroom. In contrast, the computer modeling of the classroom shows promising 

results and is discussed in here. 

The purpose of simulating the daylighting performance using a computerized model 

is to compare the results of the simulation with actual data from NGMS. The 

matching of the simulation results at different times during the year with actual 

recorded data from the classroom validates the computer model. Once the computer 

model is validated, it becomes a great experimental tool that can be used to 

understand the effect individual components have on the system, to refine the 

original design and possibly, and to help with developing completely new designs.  

The first step in this process, which is to match the simulation results with actual 
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data, is a repetitive procedure involving continuous fine tuning of the model and its 

properties until a close match is obtained. For this research, the major variable in the 

simulation process was the interior light-shelf. The interior light-shelf is the most 

important component of the daylighting system as it used to both diffuse and 

distribute light inside the classroom. However, apart from transmittance, the optical 

properties required to correctly characterize the light-shelf were not known at the 

time when the research was performed. As a result, a number of iterative simulation 

runs were performed with experimental values until a set of values were obtained 

that best represented the actual data. 

6.1 Daylight Modeling Procedure 

A number of techniques have been suggested for the computer modeling of spaces 

for daylighting (3). Over the past few years, specialized programs have been written 

to perform daylight simulations based on the input of certain user-defined 

parameters. One such program, DAYSIM, developed at the Lighting Group of the 

National Research Council Canada and at the Solar Building Design Group of the 

Fraunhofer Institute for Solar Energy Systems, is used in to perform the simulation 

in this research. The overall development of DAYSIM has been coordinated by 

Christoph Reinhart since 1997. The computer model is built in a 3D modeling 

software called SketchUp by Google, Inc. The major steps involved in the modeling 

and simulation procedure are as follows: 
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1. Build a 3D model of the space that is accurate in geometry, size and shape. 

Also, each surface within the model must be assigned a name and if the 3D modeling 

programs allows it, properties as well. For example, interior surfaces such as walls, 

ceiling and floor may be assigned names with optional RGB information (color 

information in terms of the Red, Green, Blue color palette), while a translucent 

surface must be assigned a name and a translucence value. 

2. The built 3D model is imported into DAYSIM, the daylight simulation 

software, which reads the input model file and generates two files – one, holding 

geometry information and the other holding material properties information. The 

material properties file is editable and is important while assigning detailed 

properties that define the behavior of surfaces under light.  

3. Also inputted into DAYSIM is a TMY weather file obtained from the US 

Department of Energy website. The weather file must be in the EnergyPlus format 

(.EPW). Hourly solar radiation information stored in the file is used by DAYSIM to 

make daylighting calculations.  

4. The simulation is carried out at fixed sensor points defined prior to 

simulation by the user. A sensor point file is generated which lists the position and 

orientation in 3D coordinates of each of the sensors.  

5. Once the 3D model, the weather file and the sensor point file are inputted 

into DAYSIM, the program gets ready for the simulation. DAYSIM uses the 

backward ray-tracing algorithm of another program, RADIANCE, to perform the 

daylighting calculation. Depending upon the accuracy and resolution of the output 
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desired, certain RADIANCE parameters can be changed. Once these simulation 

parameters are defined, the simulation is begun. DAYSIM outputs simulation results 

in a text file that can be imported into a spreadsheet processor for formatting so that 

they can be read easily.  

6.2 Building the 3D Model of a Typical Classroom at NGMS 

A 3D model of the space can be built by gathering information about the space from 

architectural drawings or, if the building is in the design phase, from the design 

sketches. The program SketchUp makes it possible to build a geometrically accurate 

model quickly, while also providing the ability to name surfaces and define their 

properties. A model of the NGMS classroom was drawn in SketchUp using drawings 

provided by the architects at Innovative Design. Interior surfaces were assigned 

colors based on surface reflectance readings from Table 3.2. The view windows in 

the classroom were not built into the computer model because actual daylighting 

measurements were also made with the blinds on the view windows completely 

closed.  
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Figure 6.1. SketchUp Model of a Typical Classroom Showing Exterior Roof of the 
Wing in Front of the Classroom 

 

Figure 6.1 shows the exterior of the wing in front of the classroom being modeled. 

The exterior roof opposite the classroom forms a large reflecting surface and is 

considered to be an important element in the final make-up of the daylighting system 

and its computer model. Also included is the effect of the reflectance off the grass 

between the two wings. 

The interior and exterior light-shelves are made geometrically identical to the actual 

ones, with only translucence properties given to the interior light-shelf. The color 

assigned to the interior light-shelf is pure white, because ideally, absorption of light 

does not occur when it passes through the light-shelf. The following figure shows a 

view looking into the classroom from the daylighting window. Cabinetry and 

furnishings usually found in all classrooms serve to reduce the reflectance of the 
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walls, but are omitted in the model as they increase the complexity of the simulation. 

 

Figure 6.2. View of the Inside of the Model Classroom from the Top of Daylighting 
Glazing 

 

The final step involved in 3D modeling is exporting the model in a format that is 

usable by the next program –DAYSIM. The 3D studio file format (.3ds extension) is 

used for this purpose. Both DAYSIM and SketchUp can use this format, SketchUp 

to export and DAYSIM to import.  

6.3 Detailed Description of DAYSIM Methodology and Simulation 

A daylighting algorithm predicts illuminances within a space at a given time based 

on the 3D model of the space and the sky condition at that point in time. As 

explained earlier, the 3D model is created using SketchUp and the sky condition is 

obtained from a sky model. DAYSIM uses the Perez sky model, which is one of the 

more detailed and accurate sky models, in combination with irradiance data from the 
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weather file to generate sky luminous distributions for the celestial hemisphere for 

all sky conditions throughout the year (16). These two inputs prepare the background 

for performing the simulation. 

The output from the daylight simulation is usually presented in two forms: either as 

photorealistic images or in the form of illuminance profiles within a space. Using 

RADIANCE, it is possible to produce photorealistic images of a space under a given 

sky condition. RADIANCE is a physically based, backward raytracing rendering 

tool that can predict to a high degree of accuracy, the illuminance and luminance 

distributions at various points within a space under arbitrary sky conditions. It can 

also render photorealistic images of the actual space at a given time under specific 

sky conditions. As powerful and accurate as RADIANCE is, its most limiting aspect 

is the time it takes to perform a simulation for the given sky condition. DAYSIM 

attempts to alleviate this issue and extend the sky condition to not just one time but 

the entire year. It combines the backward ray-tracing algorithm of RADIANCE with 

a daylight coefficients approach. The daylight coefficient approach involves 

breaking up the entire sky into many parts, then calculating the illuminance at a 

point due to individual sky parts and finally summing the illuminance from all the 

parts to arrive at an illumination value for that point. This procedure greatly 

simplifies the complexity of calculations necessary for this type of a simulation, 

thereby reducing simulation times as well. Thus, instead of starting numerous 

RADIANCE runs for every sky condition throughout the year, a single DAYSIM 

simulation can be run to obtain the illuminance profiles. 
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6.3.1 Overview of DAYSIM Procedure 

A new project file is created as the first step in DAYSIM. Next, a weather file is 

chosen; for this research, the Greensboro-Piedmont International Airport weather file 

is used because it is the closest available location to NGMS. After the weather data 

is loaded into DAYSIM, an appropriate simulation time-step must be chosen. 

DAYSIM will run the simulation for the entire year at the interval set by this time-

step. The smallest interval is of five minutes and largest one is of one hour. The next 

step is to import the 3D model from SketchUp. DAYSIM generates two files using 

information from the model file. As explained earlier, the geometry file contains 

geometrical information that ties all the surfaces and joints together while the 

materials file contains information about properties of materials assigned to surfaces. 

This is done in order to prepare model and sky condition information in a form that 

can be input into RADIANCE which actually performs the simulation. DAYSIM 

then takes some RADIANCE scene parameters as input that define the degree of 

accuracy of the simulation, and therefore, the time spent in performing the 

simulation. The material file, the sensor point file and the scene parameters are 

explained in brief below. 

6.3.2 Optical Parameters Used in RADIANCE and DAYSIM 

Radiance classifies surface materials into basic predefined types depending upon the 

properties of the surface; some common material types are plastic, glass, transparent, 

metal and light. All model surfaces that can affect the interior illumination through 

transmission and reflection should be assigned appropriate material properties. Each 
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material type has associated with it, its own set of parameters. A number of these 

parameters or optical properties are used only when the most subtle, accurate or 

artistic rendering of a scene is required. Only those parameters used in the simulation 

are discussed here. These optical parameters are explained in short below. 

RGB Reflectance: Color values assigned to a surface in SketchUp are converted 

into photopic averaged values of the RGB chanel by a RADIANCE subroutine when 

the 3D model is imported into DAYSIM. To simplify this process, an RGB versus 

reflectance chart was developed for the plastic material type.  

The chart was developed based on the fact that for RADIANCE, a color with Red, 

Green and Blue values of 255 each, would represent the maximum possible 

reflectivity –a reflectivity of 1. It is important to note that this reflectivity is diffuse 

in nature and not uni-directional, like it would be in the case of a mirror. The chart 

shows RGB values corresponding to the reflectance that they will produce. Only 

shades of grey are used in order to simplify the conversion procedure.  
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Figure 6.3. RGB versus Reflectance Chart for Plastic Surfaces 

 

Specularity: The specularity of a surface is essentially a measure of the number of 

rays produced upon reflection from a single normal incident ray. A perfectly 
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specular surface would act like a mirror and produce only one reflected ray per 

incident ray. A shiny metal surface is about 50% specular, while specularity values 

for plastic materials rarely go beyond 6% (17). 

Roughness: Roughness is specified as the root mean squared slope of surface facets. 

Roughness values above 0.2 are not realistic. Smooth surfaces can have roughness 

values as low as 0.01. 

Transmissivity: Transmissivity is the amount of light not absorbed in one traversal 

of the material. Transmittance –the value usually measured- is the total light 

transmitted through the pane including multiple reflections. To compute 

transmissivity (tn) from transmittance (Tn) the following formula is used:     

tn=(sqrt(.8402528435+.0072522239*Tn*Tn)- .9166530661)/.0036261119/Tn 

Assuming the transmittance of standard glass as 88% yields a transmissivity of 0.96 

for a single pane of glass. 

Transmitted Specularity: Transmitted specularity measures the percentage of 

transmitted light that is not diffuse. A transmitted specularity value of unity would 

mean that the surface does not diffuse any light, while a zero value would mean that 

the surface is a perfect diffuser. 

RGB Transmittance: RGB Transmittance is similar to the previously defined RGB 

reflectance, the only difference being that the reflectance parameter is valid for 

surfaces that do not transmit light, while the transmittance parameter is valid for 

surfaces that need to be defined as glass. 
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These five optical properties are used as arguments for materials in the material file 

that define the behavior of a surface when a ray of light strikes that surface. The next 

section explains how the above properties are used to define materials in the material 

file. 

6.3.3 DAYSIM Material File 

Radiance classifies surface materials into basic predefined types depending upon the 

properties of the surface; some common material types are plastic, glass, transparent, 

metal and light. All model surfaces that can affect the interior illumination through 

transmission and reflection should be assigned appropriate material properties. Each 

material type has associated with it, its own set of arguments. In the material file, the 

material type is defined first followed by the user-defined name of the material, 

followed by the number of arguments it takes –five in the case of plastic, 3 for glass 

and 7 for transparent. The following code is taken from the material file for the final 

simulation run and it shows each of the material type described so far in use. 

/code begins 

void plastic GenIntWa 0 0 5 0.6 0.6 0.6 0.0000 0.0000  

void plastic Tile_Cei 0 0 5 0.9001 0.9001 0.9001 0.0000 0.0000  

void plastic soffit 0 0 5 0.5 0.5 0.5 0.0000 0.0000  

void glass SingGlaz 0 0 3 0.76 0.76 0.76  

void trans lightshe 0 0 7 0.9001 0.9001 0.9001 0.19 0.0 0.6 0.0  
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/code ends 
 

The ‘plastic’ material type is used when defining a material that does not transmit 

any light and is non-metallic. Materials by default are defined as plastic by 

RADIANCE unless otherwise specified (through SketchUp or manually by editing 

the material file). The ‘plastic’ material type takes five arguments, first the three 

RGB reflectance values, and then the specularity and roughness of the surface. 

Plastic surfaces are classified as specular; the ‘metal’ material type is usually used 

for such purposes. The ‘glass’ material type is used to define a thin transparent 

material with a refractive index of 1.52 (standard glass). It takes the RGB 

transmittance values as arguments. Finally, the ‘trans’ material type is used to define 

translucent surfaces. This is the most complex material type in the simulation and it 

is used to define the light-shelf. It takes seven arguments, the first three being the 

RGB reflectance values, then the specularity and roughness and finally the 

transmissivity and the transmitted specularity. By modifying the last four arguments 

of the trans material type, it is possible to obtain largely variable behavior under a 

given sky condition.  

A summary of the surfaces used in the classroom model and their properties is 

presented below. 
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Table 6.1. Simulation Surfaces’ Properties 

Classroom Simulation Details 

Side of Corridor South 
Dimensions, w x d, ft 28’-8” x 28’ 
Area, ft2 803 ft2 

Non-Specular, Opaque Surface Reflectances 

Ceiling  0.9 
Walls  0.6 
Floor 0.28 
Soffit 0.86 
Grass 0.29 
Overhang 0.9 
White Membrane Roof 0.9 
Exterior Light-shelf 0.5 

Glazing Properties  

Material type Glass 
Red transmissivity 0.76 
Blue transmissivity 0.76 
Green transmissivity 0.76 

Interior Light-shelf Properties 

Material type Translucent 
Specularity 0.019 
Roughness 0 
Transmissivity 0.6 
Transmitted specularity 0 
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6.3.4 Sensor Point File Creation 

After having finished editing the material file, the sensor point file needs to be 

prepared. Sensor points at which illumination needs to be evaluated are defined in 

this file. The file follows a simple syntax: the first three parameters define the 

location of the sensor in the 3D co-ordinate system and the next three parameters 

define the orientation of the sensor. Each parameter for a sensor is separated by a 

space and each new sensor is entered on a new line. For example, a sensor located at 

the center of a 10’x10’x10’ cube and measuring horizontal illuminance would be 

defined as: 

/code begins 

5 5 5 0 0 1 

/code ends 

An orientation of (0 0 1) corresponds to (x y z) and the direction the sensor is facing. 

Thus, with the above orientation, the sensor would be facing in the positive z 

direction. The origin is taken to be the same as the one used while building the 

model in SketchUp. The model may be moved or rotated away from the origin while 

it is being built in SketchUp. The sensor co-ordinates must be carefully assigned 

keeping in mind the location of the origin with respect to the model. Units of 

distance specified while assigning sensor locations should be the same as those used 

in the model. In the NGMS model of a typical classroom, five sensors are set up at 

the same locations at which sensors were set up for data collection in the actual 
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classroom. The numbering of the sensors is kept the same as well for easy 

comparison. 

6.3.5 RADIANCE Scene Parameters 

The final step before starting the simulation is entering the Radiance parameters. 

These parameters determine the accuracy of the simulation and also, the amount of 

time taken to complete the simulation. These parameters define the number of 

bounces a ray of light is allowed to undergo before it is discarded, the maximum and 

minimum scene dimension and the number of diffuse reflected rays per incident ray 

on a surface, amongst others. The explanation of these parameters is beyond the 

scope of this document and will not be discussed here. Readers are guided to the 

DAYSIM tutorial which fully explains each parameter and typical values which may 

be entered depending upon standard levels of geometric and surface complexity of 

the model. For example, a window system with blinds would require a detailed 

simulation to calculate the interior illuminance from the large number of bounces a 

ray of light must undergo before while a north window with no shading might 

require a much smaller simulation parameters also inter-reflections occurring 

between the blinds.  

In the classroom model used here, there is no dynamically changing shading 

component like blinds. Although the interior light-shelf with its unique shape adds 

some complexity to the simulation, it constitutes a static shading device that remains 

in the same position throughout the year. Keeping this in mind and the simulation 
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time, parameter values that pertain to a medium complexity simulation are chosen. 

They are sufficient to simulate complex geometry with a static shading device (the 

light-shelf) and obtain a desired degree of accuracy with a simulation time of 

between two to three hours. The values of the scene parameters chosen for this 

experiment are as follows: 

• Ambient bounces = 5    

• Ambient sampling = 100   

• Ambient resolution = 300 

• Ambient divisions = 1500 

• Ambient accuracy = 0.1 

6.4 DAYSIM Simulation Results and analysis 

DAYSIM generates as output a comma separated file containing illumination values 

for the user-defined sensor points. This file is processed further so that the 

simulation results can be easily compared with the actual measured data. A 

comparison between the two is presented here with the help of tables and graphs 

similar to the ones presented in previous sections. The cloudy day condition is 

omitted here as the results under these conditions are highly variable regardless of 

the time of the year. 

The simulation outputs results from every day of the year on an hourly basis. From 

the previous analyses, it is clear that the performance of the daylighting system can 

be clubbed into three categories: equinox performance, summer solstice performance 
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and winter solstice performance. Therefore, by matching results of the simulation 

from these times of the year with actual data would essentially validate the model 

daylighting performance for the entire year. Hence, simulation data from the months 

of January (winter solstice), March (equinox) and June (summer solstice) is chosen 

for analysis. From these months, individual days are selected that best match the 

actual solar radiation on the days that were selected for the preceding monthly 

analysis. Figure below compares the actual recorded solar radiation against that 

obtained from a typical meteorological year (TMY) file from the US Department of 

Energy Website, for Greensboro, NC. Only data from the equinox and summer and 

winter solstice is compared.  

 

Figure 6.4. Exterior Daylight Availability Curves using Recorded Solar Radation 
and TMY3 Data 
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The following tables show the performance of the simulated classroom in the months 

of January, March, May and June. The month of May was selected for comparison 

after analysis of the simulation results from the month of June showed that the 

illumination values at the front of the classroom to be much higher than the actual 

data. May performance is similar to June, as can be seen from the monthly analysis, 

and so, the month of May is also shown in the comparison as a reference. 

6.4.1 Comparison of Winter Performance 

The following table shows the daylighting performance on the model classroom on a 

sunny day in January. 

Table 6.2. January Daylighting Performance of a Typical Classroom as 
Predicted by DAYSIM 

Hour 
Front Center Back East West All 

sensors (fc) 
7 12 5 2 4 6 6 
8 160 64 28 41 77 74 
9 354 121 52 87 116 146 
10 458 156 69 121 144 190 
11 520 175 79 146 159 216 
12 530 179 82 155 163 222 
13 512 174 76 153 151 213 
14 444 152 65 137 127 185 
15 334 120 50 119 91 143 
16 140 65 28 79 43 71 
17 13 6 3 7 4 7 
18 0 0 0 0 0 0 

Average 384 134 59 115 119 162 
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The results from the above table are compared with Table 4.41 which shows the 

actual performance of the classroom on a sunny day in January. The following tables 

present the comparison mentioned above in terms of percentage and footcandle 

variation. 

Table 6.3. Absolute Footcandle Variation between Simulated and Actual Data 
from the Month of January 

Hour 
Front Center Back East West All 

sensors Absolute Footcandle Variation 
7 11 4 2 3 5 5 
8 65 20 7 11 23 25 
9 52 2 2 2 10 14 
10 20 7 8 10 23 14 
11 2 15 13 15 36 16 
12 26 21 16 20 28 22 
13 33 21 19 24 27 25 
14 47 25 21 32 29 31 
15 62 25 19 22 31 31 
16 33 2 3 12 11 12 
17 1 0 1 0 1 1 
18 0 0 0 0 0 0 

Average 38 15 12 16 24 21 
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Table 6.4. Percentage Variation of Illumination between Simulated and Actual 
Data from the Month of January 

Hour 
Front Center Back East West All 

sensors Percentage Variation 
7 2 2 0 0 1 1 
8 13 9 1 1 2 5 
9 10 1 0 0 1 2 
10 4 3 1 1 2 2 
11 0 7 1 1 3 3 
12 5 10 2 2 3 4 
13 6 10 2 2 3 5 
14 10 14 2 4 3 6 
15 16 17 3 3 5 9 
16 9 1 0 2 1 3 
17 0 0 0 0 0 0 
18 0 0 0 0 0 0 

Average 8 8 1 2 3 4 
 

From the monthly analysis of actual data, it was observed that the November and 

January performance were similar to each other in terms of quantity and quality. 

Although the month of January is not the month of the winter solstice, it is used here 

to characterize the winter performance. The following observations are made from 

the above tables: 

1. The maximum footcandle variation is at the front at 8 AM is 65 fc caused by 

the high morning illumination value predicted by the simulation. The variation 

reduces as the day progress and increases again in the afternoon. The minimum 

footcandle variation is 2 fc at 11 AM. 
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2. The average variation at all sensor points in the classroom is 21 fc. The 

sensor with the maximum daily variation is the front sensor. The sensor at the back 

is the most accurate match between simulated and actual data. 

3. The average percentage variation is very small at 4%. This is a better 

measure of the simulation accuracy for the winter performance because the high 

footcandle levels in the front mean that even a slight variation would show as a high 

footcandle difference. It is the percentage variation which shows that this difference 

is relatively small. 

6.4.2 Comparison of Equinox Performance 

The following table shows the daylighting performance on the model classroom on a 

sunny day in March. 

Table 6.5. March Daylighting Performance of a Typical Classroom as Predicted 
by DAYSIM 

Hour 
Front Center Back East West All 

sensors (fc) 
7 32 14 6 10 15 15 
8 121 47 20 34 48 54 
9 209 74 33 58 74 90 
10 264 91 43 77 90 113 
11 297 103 50 91 103 129 
12 305 109 52 98 105 134 
13 299 105 51 96 99 130 
14 271 95 44 88 85 117 
15 225 77 34 73 67 95 
16 139 49 21 49 39 60 
17 41 17 7 18 13 19 
18 3 1 1 1 1 2 

Average 237 83 39 74 79 102 
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The results from the above table are compared with Table 4.2 which shows the 

actual performance of the classroom on a sunny day in March. The following tables 

present the comparison mentioned above in terms of percentage and footcandle 

variation. 

Table 6.6. Absolute Footcandle Variation between Simulated and Actual Data 
from the Month of March 

Hour 
Front Center Back East West All 

sensors Absolute Footcandle Variation 
7 24 9 4 7 10 11 
8 48 15 4 9 10 17 
9 30 3 3 3 6 9 
10 10 8 6 2 16 8 
11 0 11 7 3 16 7 
12 14 12 8 5 18 11 
13 17 14 9 8 19 13 
14 16 13 10 10 20 14 
15 13 12 10 9 17 12 
16 25 13 9 10 18 15 
17 19 8 5 6 9 10 
18 4 2 1 2 2 2 

Average 19 11 7 7 16 12 
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Table 6.7. Percentage Variation of Illumination between Simulated and Actual 
Data from the Month of March 

Hour 
Front Center Back East West All 

sensors Percentage Variation 
7 73 69 61 66 67 67 
8 40 31 17 26 21 27 
9 15 4 7 4 7 7 
10 4 8 12 2 15 8 
11 0 9 12 4 13 8 
12 4 10 14 5 15 9 
13 5 11 15 8 16 11 
14 6 12 19 11 19 13 
15 6 14 23 11 20 15 
16 15 21 31 17 32 23 
17 32 31 42 26 41 34 
18 53 58 65 53 63 58 

Average 10 13 17 10 18 14 
 

The following observations are made about the equinox performance from the above 

tables: 

1. The maximum footcandle variation is 48 fc at the front at 8 AM. The 

minimum footcandle variation at the front is 0 fc at 11 AM. The variation shows a 

trend similar to that in January, where the variation is highest in the mornings and 

late afternoons. In March, the high afternoon variation occurs later than in January. 

2. The average footcandle variation is 14 fc at all sensors in the classroom. The 

west sensor shows the highest average daily variation of 18 fc amongst all the 

sensors.  
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3. On an average, the percentage variation at all sensor locations in the 

classroom reads 14% for the month of March. Again, the maximum average 

percentage variation at all the sensors occurs in the morning at 8 AM and is 27%. 

6.4.3 Comparison of Summer Performance 

The following table shows the daylighting performance on the model classroom on a 

sunny day in June. 

Table 6.8. June Daylighting Performance of a Typical Classroom as Predicted 
by DAYSIM 

Hour 
Front Center Back East West All 

sensors (fc) 
7 61 28 12 24 26 30 
8 77 36 15 30 33 38 
9 98 44 18 38 41 48 
10 107 48 20 41 45 52 
11 111 49 21 42 46 54 
12 118 54 22 46 49 58 
13 117 52 22 45 48 57 
14 100 46 19 40 42 49 
15 87 40 17 35 37 43 
16 71 33 14 29 30 35 
17 55 26 10 23 24 28 
18 26 12 5 10 11 13 

Average 98 45 19 39 41 48 
 

The results from the above table are compared with Table 4.20 which shows the 

actual performance of the classroom on a sunny day in June. The following tables 

present the comparison mentioned above in terms of percentage and footcandle 

variation. 
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Table 6.9. Absolute Footcandle Variation between Simulated and Actual Data 
from the Month of June 

Hour 
Front Center Back East West All 

sensors Absolute Footcandle Variation 
7 37 15 4 13 13 17 
8 42 17 5 14 14 18 
9 56 21 6 18 18 24 
10 59 22 6 19 18 25 
11 57 20 5 18 16 23 
12 61 23 6 20 18 26 
13 61 22 5 20 17 25 
14 48 18 4 16 13 20 
15 40 15 3 14 11 16 
16 29 10 1 9 6 11 
17 17 5 1 5 2 6 
18 4 5 4 4 7 5 

Average 50 19 4 16 14 21 
 

Table 6.10. Percentage Variation of Illumination between Simulated and Actual 
Data from the Month of June 

Hour 
Front Center Back East West All 

sensors Percentage Variation 
7 60 54 39 54 50 51 
8 55 48 31 48 42 45 
9 57 48 32 49 43 46 
10 55 46 29 47 40 43 
11 51 41 23 42 34 38 
12 52 43 25 44 36 40 
13 52 42 24 43 35 39 
14 48 39 20 40 31 36 
15 46 37 17 38 29 33 
16 40 29 8 32 20 26 
17 32 20 6 22 9 18 
18 14 28 46 25 38 30 

Average 51 42 23 42 34 38 
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The following observations are made about the summer performance from the tables 

above: 

1. The maximum footcandle variation is 61 fc at the front at 12 noon. The trend 

observed in the winter and equinox performance where the variation peaks in the 

mornings and afternoon is not repeated here. Instead, the variation increases linearly 

in the morning, peaks at noon and decreases linearly in the afternoon. 

2. The footcandle variation at the back is very small as compared to the front. 

Daily average footcandle variation at the front is 50 fc, while at the back it is 4 fc.  

3. The average footcandle variation in the classroom is 21 fc for the entire day. 

This is the same as the average footcandle variation in the month of January. 

However, the daylighting performance of the two months is very different from each 

other –January sees values as high as 500 fc while June has a maximum illumination 

of 57 fc –which means that the footcandle variation between the two months is not 

comparable to each other. 

4.  The average percentage variation at all sensor locations in the classroom is 

38%. The average daily percentage variation is highest at the front sensor at 51% 

followed by 42% at the center sensor. These percentage variations are high, 

especially considering the footcandle levels are only about 50 fc at the front. 

Results from the month of June do not match the measured data; in fact, illumination 

values at the front are almost double compared to the actual values for most part of 

the day. An analysis of the rest of the summer months showed that the results are 

more accurate in the other months than in June. Therefore, the performance of the 
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month of May is presented below to show that a close match is achieved for this 

simulation for the summer performance as well. A number of factors, such as the sky 

model, the exterior daylight availability, interior reflectances and light-shelf 

properties, may be affecting the simulated performance in the month of June. These 

factors amongst others need to be investigated further.  

The table below shows the simulated performance of the typical classroom in the 

month of May. 

Table 6.11. May Daylighting Performance of a Typical Classroom as Predicted 
by DAYSIM 

Hour 
Front Center Back East West All 

sensors (fc) 
7 54 25 10 22 24 27 
8 71 33 14 28 31 35 
9 85 40 17 34 37 42 
10 96 45 19 38 42 48 
11 98 46 20 39 42 49 
12 107 50 21 43 46 53 
13 102 48 20 41 44 51 
14 93 44 18 38 40 47 
15 81 38 16 33 35 41 
16 66 31 13 27 28 33 
17 45 21 9 19 19 23 
18 20 9 4 8 8 10 

Average 89 42 18 36 38 44 
 

The results from the above table are compared with Table 4.20 which shows the 

actual performance of the classroom on a sunny day in May. The following tables 
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present the comparison mentioned above in terms of percentage and footcandle 

variation. 

Table 6.12. Absolute Footcandle Variation between Simulated and Actual Data 
from the Month of May 

Hour 
Front Center Back East West All 

sensors Absolute Footcandle Variation 
7 25 11 3 9 9 11 
8 29 12 2 10 9 12 
9 35 14 3 12 10 15 
10 34 13 2 11 8 14 
11 30 11 0 10 6 11 
12 35 13 1 12 8 14 
13 32 12 1 10 7 12 
14 28 10 0 9 5 10 
15 22 7 1 7 3 8 
16 15 4 1 4 1 5 
17 3 1 3 0 3 2 
18 8 6 4 5 7 6 

Average 29 11 1 9 6 11 
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Table 6.13. Percentage Variation of Illumination between Simulated and Actual 
Data from the Month of May 

Hour 
Front Center Back East West All 

sensors Percentage Variation 
7 47 43 25 43 36 39 
8 41 35 16 36 28 31 
9 42 35 15 35 27 31 
10 35 29 9 30 20 25 
11 30 24 2 24 14 19 
12 32 26 5 27 17 21 
13 31 24 3 25 15 20 
14 30 23 1 24 13 18 
15 27 19 4 21 9 16 
16 23 14 10 16 3 13 
17 8 3 25 0 14 10 
18 29 39 54 36 46 41 

Average 32 25 7 26 16 22 
 

The following observations are made about the simulated performance of May from 

the above tables: 

1. The maximum footcandle variation in the classroom is 35fc at the front 

sensor is at 12 noon. The minimum footcandle variation is 0 fc at the back at 11 AM. 

The variation increases through the morning, peaks at noon and decreases through 

the afternoon. 

2. The average footcandle variation in the classroom is 11 fc. Of all the sensors, 

the front sensor shows the maximum average daily variation at 29 fc. 

3. The average percentage variation at all sensor locations in the classroom is 

22%. This is still higher by 1% than the corresponding variation in January. 
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6.5 Conclusions from DAYSIM Simulation Results 

The variability of daylighting performance, first in the actual classroom and then in 

the simulated classroom, makes it difficult to set up performance metrics that can 

identify acceptable simulation results. Not only is the performance variable, but the 

acceptable quality of daylighting is also subjective. The accuracy and validity of the 

simulation is checked in the following discussion. An attempt is made to identify 

simulated results that may be considered inaccurate and the factors causing this 

inaccuracy are investigated.   

The following table summarizes the important results from the simulation and their 

comparison with actual data. 

Table 6.14. Summary of Comparison of Key Performance Characteristics 
between Simulated and Actual data 

Month Jan March May June 
Condition Winter Equinox Summer Summer 

Max fc 
Variation/Time 

65 48 35 61 

8:00 AM 8:00 AM 12 Noon 12 Noon 

Min fc 
Variation/Time 

2 0 0 1 

11:00 
AM 

11:00 
AM 

11:00 
AM 4:00 PM 

Max % 
Variation/Time 

13 40 42 57 

8:00 AM 8:00 AM 9:00 AM 9:00 AM 

Avg fc Variation 21 12 11 21 

Avg % Variation 4 14 22 38 
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1. The performance of NGMS consists of relatively high winter illumination, 

moderate illumination in the equinox months and low summer illumination. The 

computer model must be able to mimic this threefold behavior of the daylighting 

system. The process obtaining the most accurate results for a major part of the year 

from the simulation is iterative in nature, involving a certain degree of 

experimentation with the parameters that determine the behavior of the daylighting. 

Each time, results are obtained from a simulation run, they are examined for 

accuracy and changes are made that could improve the accuracy further before 

starting the next simulation run. Of the three types of behavior observed over the 

year from the actual classroom, the winter and equinox performance is accurately 

replicated while the summer performance is slightly more than the actual values.  

2. The winter correlation of the interior illuminance and distribution is much 

better than in the summer. In the actual classroom, the summer performance is low 

with the maximum footcandle level in May and June reaching 72 fc.  As a result, the 

maximum footcandle variation of 61 fc in June is 52% more than the actual value 

but the 65 fc maximum variation in January is only 13% more than the actual value. 

The relatively low summer performance makes the results appear inaccurate in 

comparison with the winter performance. The simulation actually varies in its results 

almost equally throughout the year.  

3. The simulation results show that the variation with the actual data in winter 

months is at its peak at morning times while in the summer it is close to noon. At 

both the times of maximum variation, the simulated values are greater than the 
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actual; in winter the actual classroom has very little light in the morning and again in 

the summer at noon, the daylighting levels are relatively low. However, the problem 

of higher than actual simulated values in the morning is seen throughout the year. 

This behavior is attributed to the way the sky is rendered at morning time and, in 

general to the sky model. However, further reading and knowledge about the sky 

model is required before conclusions can be drawn as to why the morning values are 

higher than the actual values. 

4.  In the summer months of May and June, the time at which the maximum 

footcandle variation occurs is different from the time at which the maximum 

percentage variation occurs. The illumination values in the morning are low and thus 

the difference between actual and simulated values is not large in terms of absolute 

footcandles. However, it is important to note that this variation exists in the morning 

and is as large as the one occurring in the afternoon. 

5. The simulation results indicate that although most of the modeled 

performance is in agreement with the actual data, some times during the year exist 

where the variation is too great to be acceptable. The subjective nature of daylighting 

and the vast difference in interior illuminances in winter and summer, prevent the 

setting up of a common level of maximum variation that may be acceptable. The 

variables that affect the daylighting performance are the sky model, the 3D model, 

interior reflectances, geometry and properties of the interior light-shelf and the 

weather data.  
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Of these variables, the 3D model and the weather data are quantities that cannot be 

changed. It must be recognized that the 3D model is of a typical south-facing 

classroom, whereas the annual measured data is obtained from a combination of 

classrooms with slightly different characteristics. The interior reflectances too were 

arrived at after careful examination of the surfaces, measured data and from 

experience of performing simulation runs with different reflectances; although, the 

cabinetry inside the classroom including the desks of students were not considered in 

the reflectance calculations. The sky model is also an internal quantity used by 

DAYSIM that cannot be changed. The only variable left then is the interior light-

shelf, whose properties were not known when the simulation was begun. A number 

of parameters were tried for the light-shelf until the best set of results was obtained 

for the entire year.  

6. The simulation results for the entire year are averaged and presented in the 

table below. The purpose of this table is to show the benefits of performing a 

daylighting simulation, especially when the design in its conceptual phase.  
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Table 6.15. Average Illumination Levels at All Sensor Locations in a Typical 
Classroom for the Entire Year 

Hour Ja
n Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg 

7 3 6 13 19 24 26 24 23 20 16 8 4 15 
8 28 36 33 31 34 35 35 34 36 42 41 40 36 
9 65 70 55 43 42 42 41 43 51 64 71 87 56 

10 90 84 69 51 47 48 47 50 63 82 92 112 70 
11 110 106 79 58 49 51 51 55 71 91 108 134 80 
12 118 104 82 58 51 54 52 55 71 100 113 130 82 
13 125 94 79 55 51 49 51 54 68 96 110 130 80 
14 100 90 70 50 47 46 46 49 58 86 92 105 70 
15 74 70 55 41 40 40 42 41 47 65 61 64 53 
16 34 44 35 29 30 32 32 31 31 31 20 20 31 
17 4 10 13 17 19 21 23 19 13 6 0 0 12 
FC 

Avg 75 71 57 43 41 42 42 43 51 66 71 82 57 

% 
Avg 150 142 114 87 82 84 84 86 102 133 142 164 114 

 

The above table predicts the annual performance of the daylighting design of a 

typical classroom. The average illumination provided for the entire year is 57 fc, 

while the percentage of the 50 fc target served by daylighting is 114%. These are 

important indicators of the annual daylighting performance. The simulation of a 

computer model allows the prediction of such metrics which will almost never be 

obtained from the actual space even after it is built. Based on these numbers, the 

daylighting system can be tweaked and problems of too much or too little light can 

be fixed before the space is built.  

A single reading in the above table is an average of all the sensors at that time for 

each of the days of the entire month. The table represents monthly classroom 

illumination for every hour and so, it hides the peaks and troughs of a single day 

occurring due to the distribution of daylight within the classroom. Also averaged is 
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the sunny day and cloudy day performance. Thus, although this table provides an 

overview of the performance, individual maxima and minima need to be considered 

as well for a complete evaluation of the daylighting performance.  

7. The simulation performed in this analysis can be considered to be at a 

preliminary stage. The results obtained from the analysis, while being close to the 

actual values for most part of the year, show trends and behavior that are different 

from the observed performance. A closer look at all the factors is required to perfect 

the model. The effect of the cabinetry on the interior reflectances, the sky model in 

rendering the sky condition, and most importantly, the optical properties of the 

interior light-shelf need to be investigated in order to improve the performance of the 

model. 
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7. Conclusions 

The aim of this research was to report the annual daylighting performance of a 

typical classroom at NGMS. This includes the objective of analyzing the daylighting 

system, which is presented here as well. Data was collected from March 2007 

through February 2008. A number of experimental tests were also performed during 

this period. These tests were used to determine the effect of certain daylighting 

components on the performance and to compare the performance of differently 

designed classrooms. A daylighting computer simulation was also completed, the 

results of which were compared to actual data from the classroom. The conclusions 

presented here attempt to summarize the major observations from the entire research, 

while characterizing the performance of the daylighting system in terms of similarly 

daylit schools. All the conclusions presented here are with respect to a south-side 

classroom unless specified otherwise. 

The conclusions are categorized by major types, as they may encompass 

observations made from several sections of the research. Conversations with the staff 

of the school are also presented here. The most important conclusion that can be 

drawn from this research is the variability of daylighting performance over the year 

due to changing solar conditions. Performance testing during any single time of the 

year does not indicate at all how the system may perform at a different time during 

the year. Any daylighting system must be evaluated over the course of an entire year, 
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during changing weather conditions, at all times of the day before its performance 

can be truly characterized as being satisfactory. 

7.1 Seasonal Variation 

The most important conclusion that can be drawn from the monthly analysis is the 

variation in daylighting performance over the year. This variation is more in terms of 

overall light levels rather than the distribution. The distribution of daylight 

throughout the classroom, in fact, remains constant throughout the year, irrespective 

of time of day or the sky conditions. Changes in illumination levels occur in 

conjunction with changing seasons. While in the winter the exterior solar resource 

available is lowest, the interior light levels are the highest and in the summer when 

the highest solar resource is available, the interior light levels are the lowest. 

Whether the light levels are too high or too low can be debated, especially because 

of the human eye’s ability to adapt to a wide range of illuminances, but the fact that 

the changes are somewhat counter-intuitive cannot. 

The average illumination under both cloudy and sunny sky conditions in the months 

of April, May, June and July is 28 fc. Also, the sunny and cloudy day performance 

does not vary much during the summer months–average of 31 fc on sunny days and 

24 fc on cloudy days. The above overall average is not helped by the light level as 

low as 10 fc at the back. This means the corridor adjoining the classroom, which 

provides between 15 fc and 25 fc of illumination, is brighter than the south-side 

classroom. A natural reaction to moving from the brighter corridor into a darker 
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classroom is to switch on the lights. This defeats the purpose of daylighting and 

related goals of creating awareness. Indeed, at certain times during the year, the 

classrooms did appear to be darker than the corridor. This is, however, subjective 

and different people may have different reactions to the above condition. 

The seasonal variation occurs because of the changing position of the sun in the sky. 

The design of the daylighting system is such that it allows low-angle direct light to 

strike the interior light-shelf in the winter, but cuts off the high angle summer sun 

completely because of the overhang. The equinox periods produce the best 

performance in terms of overall light levels and light distribution. The emphasis of 

the current design is on reducing costs and also to minimize the human interaction 

with the daylighting system. This is achieved by providing a static diffusing element 

–the light-shelf- and eliminating any manually controlled window shading such as 

blinds to adjust interior illumination. Experience from previously designed schools 

indicated that manual controls are likely susceptible to failure either due to misuse or 

wear, incurring additional maintenance costs, and so a move to a more static design 

was made.  

It is difficult to envision a daylighting system that can negate the effect of the 

changing solar resource. Windows provide visual cues which inform the occupants 

about the exterior conditions such as the time of the day, the weather, and even the 

time of the year. A good daylighting system must then be dynamic in nature, 

providing sufficient illumination and at the same time serve as a connection with the 
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outdoor conditions. Obviously, this will be in conflict with the recommended 

illumination ranges required for certain tasks. This makes daylighting performance a 

very subjective issue. The range of illuminances and luminances within a space need 

to be maintained but connection to the outdoors and aesthetic appeal are equally 

important as well. Possibly, the most important factor that does not allow architects 

and designers to achieve all of the above is the costs associated with daylighting as 

well as the implications on the energy consumption of the building. 

7.2 Quantitative Performance 

As discussed earlier, the amount of illumination provided by daylighting varies 

throughout the year. The annual qualitative performance can be classified into three 

categories depending upon the time of the year: equinox, summer and winter. In the 

equinox period, the average illumination on a sunny day in the classroom is close to 

100 fc, while at the front it is about 300 fc. In the winter, this value at the front is up 

at 500 fc while the average illumination is about 170 fc. While these values are much 

higher than the 50 fc target illuminance, they are still within the range of 

illuminances associated with tasks involving high contrast or small details. As a 

result, although not ideal, these illumination values cannot be termed as excessive, 

with ‘excessive’ being a relative and subjective term.  

However, the light levels in the summer are definitely lower than required. The 

average illumination in the months of April, May, June and July is only 31 fc on 

sunny days. The average illumination at the back of the classroom is only 16 fc. This 
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low illumination at the back of the classroom contributes to the dark appearance of 

the classroom during this period. As a result, the classroom is consistently lit by 

artificial lights during the summer period. It is believed that the occupants will then 

begin to question the effectiveness of the daylighting system. This is highly 

detrimental to the acceptance of daylighting which relies on the co-operation and 

active participation of users of the system; occupant co-operation can only be 

achieved when the benefits of the system are proven, beyond doubt, otherwise, the 

habit of turning on the lights will never be broken.  

Daylighting quantity on cloudy days remains similar throughout the year. The 

average illumination is lower than 30 fc. Thus the performance on cloudy days is 

lower than required. Daylight is an inherent function of the available solar resource 

and so, a daylighting system cannot function equally on cloudy and sunny days. 

Daylighting design in northern Europe and other regions dominated by cloudy skies 

for a major part of the year are such that optimum illumination is achieved under 

cloudy conditions. Similarly, the daylighting system used here is designed for clear 

sky conditions and so, underperformance under cloudy skies is understandable. 

7.3 Qualitative Performance 

The qualitative performance has been discussed in great detail in previous sections 

(Section 4.12). Direct sunlight falling on the translucent interior light-shelf causes 

the luminance of the light-shelf to reach higher than acceptable levels. This is a 

problem related to only south-side classrooms where the light-shelf is at a height of 7 
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feet 6 inches compared to the north-side where it is much higher and not in the field 

of vision. In a daylit building, management of luminances of and near the windows 

is crucial, as the luminances in those regions are usually much brighter than the 

surfaces near them. The IESNA recommends that the reflectances of the surfaces 

near windows, and in general light sources be high so as to reduce contrast ratios and 

prevent the formation of dark regions. By raising the overall reflectance of the space, 

brighter luminances can be tolerated because the eye can then adapt to a constant 

brightness level. Whether the luminance ratio problem in the south-side classroom 

can be solved this way needs to be investigated. In any case, with the current design 

the north-side classrooms function without problems and so, the move to a section 

with a higher light-shelf position is suggested. 

Also, the effect of the difference in illumination levels at the front of the classroom 

and the back of the classroom during winter needs to be investigated. In winter, this 

difference can be as high as 500 fc. In a classroom environment, where a student 

may during the normal course of a day change his focus from the desk top to the 

chalkboard to other parts of a classroom a large number of times, it remains to be 

seen whether the difference in illumination on task surfaces has an effect on visual 

performance. Of course, under winter conditions, the brightest surface in the 

classroom would be the light-shelf and it would overshadow all other changes in 

luminances or illuminances. Finally, the luminance ratios need to be evaluated for 

the summer as well, along with making actual luminance measurement of the 

surfaces in the classroom for the entire year. 
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7.4 Distribution of Illumination 

Previous studies of side-lit daylighting systems with interior or exterior light-shelves 

have shown that the light levels drop considerably as the point of interest is moved 

away from the daylighting aperture (3). This is also observed in the current 

daylighting design. The drop remains constant at about 70% to 80% from the front to 

the back of the classroom. While the interior light-shelf coupled with the sloping 

ceiling is aimed at improving the amount of illumination at the back, the light levels 

at the front of the classroom are consistently higher than those at the back by a factor 

of at least 3. An improvement in this distribution may be possible by changing the 

angle of the light-shelf, or its shape as well. The angle of sloped ceiling can also be 

changed to optimize the bouncing of light to the back of the classroom. The entire 

geometry of the daylighting aperture needs to be investigated to determine the best 

possible configuration.  

The current design does achieve almost equal distribution from the east to the west 

side of the classrooms, which is important as well. This is mainly due to the proper 

orientation of the classroom wings on the east-west axis which permits entry of 

sunlight due to the sun’s motion in the southern sky.  

Also, there is little to no change in the present distribution of daylight on cloudy 

days as compared to sunny days. This means that the property of the system related 

to the distribution of illumination operates independent of the exterior solar 

conditions. This is an important property for the system to posseses as it simplifies 
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the process of refining the system –care must be taken while making improvements 

so that the distribution of light achieved by the system in the east-west direction and 

on cloudy days remains the same. 

7.5 Beam Dependent Design 

From the analysis of qualitative performance through the year, and under different 

conditions suggests that the overall illumination levels in the classroom are 

determined by the amount of direct light falling on the light-shelf. The beam 

dependent design means that the summer months when the overhang does not allow 

direct light to fall on the glazing (or the light-shelf), there is not enough illumination 

within the classroom. Also, on cloudy days, the classroom appears dark as there is 

only diffuse skylight available for daylighting. The beam dependence is introduced 

by the interior light-shelf that diffuses and transmits only 20% of the light falling on 

it. Thus, the quantity of diffuse light passing through it is small compared to when 

there is beam sunlight.  

An increase in the area of the daylighting glazing may solve this problem on days 

when only diffuse skylight is available, but then the increased glazing area would 

also let it more light during the winter, when the light levels are already very high. A 

better solution would be to improve the contribution of the exterior light-shelf on the 

interior illumination. With its current width (2 feet) and surface finish (non-specular, 

off-white), there is little light bouncing off the exterior light-shelf into the classroom. 

On days when only diffuse skylight is available, the exterior light-shelf should be 
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designed to provide the additional footcandles such that the overall illumination 

levels reach the 50 fc target. 

7.6 North-side Classroom 

The north-side classrooms in every wing have a better daylighting design than the 

south-side classroom. The daylighting glazing on the north-side classroom is higher 

than the south-side classroom. Additionally, the north-side classrooms have a huge 

reflecting surface on the roof of the corridor and the south-side classroom. Tests in 

the summer months showed that the reflecting roof contributes to about 50% of the 

illumination inside the north-side classroom. The north-side classrooms also have 

two north-facing view windows. These blinds on these view windows are expected 

to be kept open as the north sky provides only diffuse skylight. The view windows 

add to the illumination in the back of the classroom, whereas in the south-side 

classrooms the back areas are much darker than the front. Also, the light-shelf in the 

north-side classrooms is higher up, which eliminates the problems associated with 

luminance ratios and extremely bright surfaces. 

Thus, the overall design of the north-side classrooms is expected to perform better 

than their south-side counterparts. The important components or factors that make 

the north-side design more successful could be implemented in the south-side 

classroom to improve performance. For example, by raising the height of the ceiling 

in the north-side classroom, it may be possible to place north-facing glazing at the 

back of the classroom just above the height of the corridor. 
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7.7 Usefulness of the Exterior Light-shelf  

In the current design, the exterior light-shelf on the south-side classroom does not 

contribute much to the interior illumination. It is about 2 feet wide and has a non-

specular off-white reflecting surface on the top side. The property of the exterior 

light-shelf to reflect sunlight is somewhat compromised by the curvature and 

position of the light-shelf. The curvature and position of the light-shelf reflects most 

of the light back into the sky and in the outward direction.  

The architects have already modified the positioning of the exterior light-shelf in 

their subsequent designs. It is worth investigating, however, the impact of the light-

shelf on the interior illumination after changing the curvature and reflectance even 

further. A light-scoop design may be successful in increasing the summer 

daylighting by reflecting the high summer sunlight back into the classroom. 

Computer modeling of such configurations for the exterior light-shelf can help 

visualize and evaluate the performance. 

7.8 Conclusions from Computer Modeling 

The computer modeling of the daylighting system used in a typical classroom 

produced results that were accurate for a major part of the year. Only near the 

summer solstice is the absolute variation in illumination values great enough that the 

results cannot be considered satisfactory. Further research dedicated towards 

obtaining an accurate simulation model needs to be performed. The computer 
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modeling performed here can be used to conduct tests to obtain the effect of 

modifying individual components on the daylighting performance. 

7.9 Problems Related to Using Visual Aid 

The high winter levels in the classroom pose a problem for using visual aid in the 

classroom. This problem has become especially acute in recent years when 

chalkboard teaching has been supplanted or even substituted, to a large extent, by 

visually compelling teaching techniques that use interactive videos, slide 

presentations, and other audio-video technology. These techniques use a white 

screen (sometimes a television set may be used) to project images from a digital 

projector or an overhead projection system. Like a TV, these screens require high 

contrast ratios for best performance; what this means is that the luminance of the 

screen must be much greater than the neighboring surfaces in order to maintain a 

high contrast ratio and avoid ‘washing out’ of the images.  

In a daylit classroom, it is difficult to strike the balance between providing the 

required illumination for normal visual tasks while still being able to darken the 

classroom for projector use. Previous designs used blinds or drapes that were 

manually controlled (or in some cases motorized) to cover the daylighting glazing. 

However, experience shows that these shading mechanisms are highly susceptible to 

failure which results in either the complete darkening of the room permanently or the 

loss of faith in the daylighting system of the teachers –neither of which are favorable 

to the daylighting cause. The current design attempts to eliminate these manually 
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controlled systems by the use of the soffit element to create an area in the classroom 

that is shaded from the daylighting glazing.  

The soffit design is, however, only partially successful with the winter and equinox 

months providing too much light even in the area under the soffit. A solution to the 

problem was found only recently, when the use of high power projectors was 

suggested. The high power projectors have a lamp with a high lumen capacity 

specifically designed to perform under daylit conditions. Conventional lamps are 

rated at only about 1500 lumens, while the newer high power lamps have a rated 

capacity of over 3000 lumes. These projectors also come with a special ‘daylighting’ 

setting that adjusts the contrast and brightness for maximum performance under 

daylit conditions. Of course, the cost of these projectors is higher than the 

conventional projectors. High ‘gain’ screens are also available that perform better in 

brightly lit spaces, but these have limitations related to the viewing angle. This 

technology is new, but it may be able to supplant and solve the problem of using 

projectors in daylit spaces. 

For future designs, it may be instructive to specify the make of the projectors while 

specifying the details of the daylighting system. The ultimate judge of the 

daylighting system is the occupant, and the problem of not being able to use visual 

aid is a major hindrance in the success of the current generation daylighting systems. 

The inability to teach, work and use visual aid simultaneously in the daylit classroom 

is recognized as the chief grievance of the teachers and staff of NGMS. 
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7.10 Miscellaneous Observations and Conversations with the Staff of NGMS 

A number of observations were made independent of the analysis presented in the 

research. These observations are presented here. Also, in the process of data 

collection over the period of one year, numerous conversations with the teachers and 

staff of the school expressing their views about the daylighting system and the 

school environment in general were recorded. The general reactions of the staff are 

mentioned here as well. 

Carpeted versus non-carpeted classrooms: The science classrooms in all the 

wings at NGMS are not carpeted. These classroom appear visibly brighter compared 

to the carpeted classrooms. The picture below was taken in the month of July, and it 

indicates this difference in overall illumination levels between a carpeted and non-

carpeted classroom. Also noticeable, is the specular reflection of the view north-

facing windows on the floor of the non-carpeted classroom. This specular reflection 

might cause a  
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Figure 7.1. Difference in Overall Illumination between a Carpeted and a Non-
carpeted Classroom 

 

problem by creating a surface whose luminance is over 3 times as bright as the task 

surface. 

The advantage of having a high reflectance floor is that the overall brightness level 

of the classroom is increased, making the space more comfortable visually. These 

benefits were already known to the designers; however, the decision to include a 

carpet in the classroom was that of the client. This shows that for the success of a 

daylighting system, it is vital that the client and other decision makers are fully 
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committed to the daylighting cause and that the designers are given the freedom to 

fully control the daylighting design. 

Teacher and staff inputs: Almost all the teachers expressed their satisfaction with 

the daylighting system. The teachers commented that the students prefer the natural 

light instead of artificial light. On two different occasions, teachers pointed out that 

students asked the artificial lights be turned off. The preference of natural light over 

artificial light is an indicator of the intangible, psychological benefits of daylighting.   

While these positive comments came through during the initial periods of research, 

many teachers began complaining of having too much light in the classroom. They 

commented that the problem pertained specifically to washing out of the display 

screens rendering the projectors useless; the problem was never related to the 

students not being able to perform normal visual tasks.  Some teachers also 

mentioned that they would like to have manual control over the amount of daylight 

in the classroom, just like the way they can control artificial lighting. 

Occurrence of craft paper on interior light-shelf: At the time of data collection in 

November, with the light levels reaching 500 fc, the students in one of the 

classrooms in the 600 wing began complaining of not being able to see videos or 

slides projected using the projector due to the washing out of the screen by excessive 

daylight. As a temporary solution to the problem, the teachers in one of the 

classrooms decided to cover up the interior light-shelf with brown colored craft 

paper. The effect was to create a dark classroom with artificial lights used for 



281 
 

lighting. This temporary solution was soon adopted by teachers in other classrooms 

as well. Complaints regarding overheating of the south-side classrooms were also 

received around the same period. This may be due to the  

 

Figure 7.2. Interior Light-shelf Covered with Craft Paper 
 

additional heat from the artificial lights getting absorbed in the classroom in addition 

to the solar heat input.  

It is not known whether this temporary covering of the light-shelf with craft paper, 

implemented at the beginning of the winter months was changed back to the original 

condition after the equinox period when the light levels would not be very high. 
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7.11 Daylighting Performance of NGMS with Respect to Similar Daylit Schools 

The daylighting performance of NGMS can be fully understood only after 

comparing the daylighting performance of similarly daylit schools in the region. 

However, there are many aspects to this assessment; while some of them may lend 

the evaluation invalid, others may allow a direct comparison of performance 

parameters. The daylighting design of another daylit school will almost certainly be 

different from that of NGMS and forms the basis for such a comparison. On a 

broader scale, user satisfaction of the daylighting and the overall energy performance 

must also be taken into consideration while comparing the merits of two daylit 

schools.  

In North Carolina, there a number of daylit schools with daylighting designs 

different from that of NGMS. Many of these schools were designed by the same 

architects, Innovative Design, who designed NGMS. The performance of four 

schools, including NGMS, was compared for a brief period between August and 

October of 2006 in a previous research (11). However, this research has shown that 

only an annual analysis can define completely the performance of a daylighting 

system and so, an extended research involving data collection and analysis from 

these schools needs to be performed. The comparison would be very interesting and 

might serve as a pointer to the best approach for future school daylighting projects. 
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7.12 Summary of Conclusions and Future Work 

In summary, the major aim of this research was to report on the annual performance 

of Northern Guilford Middle School and it has been accomplished. Perhaps, the most 

important result related to the field of daylighting is that the daylighting performance 

of a building or a design cannot be characterized on the basis of measurements 

performed over a short period of time. Only after measuring the performance over 

the period of a completely yearly cycle can the daylighting impact be fully 

appreciated. Important conclusions were drawn about the effect of orientation, large 

reflecting surfaces, interior finishes and the human reaction to a daylighting system. 

A lot of research work still needs to be done with regard to NGMS and this 

particular daylighting design. The design is unique and important, especially because 

of the low cost involved. The problem of low summer values and projector issues 

can be fixed through subsequent research and redesign. Computer modeling and 

testing of the actual classroom, as well as real world physical modeling can help in 

achieving this final step.  
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Appendix A.1 Floor Plans of Classrooms Used in Data Collection 

 

 
 

Figure A.1.1. Floor Plan for Classroom 619 
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Figure A.1.2. Floor Plan for Classroom 702 
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Figure A.1.3. Floor Plan for Classrooms 713 and 715 
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Figure A.1.4. Floor Plan for Classroom 717 
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Figure A.1.5. Floor Plan for Classroom 722 
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Figure A.1.6. Floor Plan for Classrooms 807 and 809
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Appendix A.2 Screen Shots of Logger Setup Software 

 

Figure A.2.1. HOBO Logger Setup Screen 
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Figure A.2.2. LI-COR Log Routine Setup Screen 
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Figure A.2.3. LI-COR Sensor Setup Screen 
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Appendix B Results from Wing Performance Comparison 

Table B.1. Illumination Levels at Various Locations in Class 619 on a Sunny 
Day in July (7/12/07) 

 

Hour 
Front Center Back East West All 

sensors (fc) 
7 14  7  3  7  7  8 

8 27  14  7  13  15  15 

9 38  20  10  18  20  21 

10 46  24  12  21  25  26 

11 57  29  14  25  29  31 

12 63  32  16  28  32  34 

13 78  39  19  34  39  42 

14 92  44  21  39  44  48 

15 79  39  18  35  39  42 

16 68  33  16  30  33  36 

17 60  29  13  26  28  31 

18 47  23  11  21  23  25 

Average  61  31  15  27  31  33 
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Table B.2. Percentage of Target Illuminance Served by Daylighting in Class 619 
on a Sunny Day in July (7/12/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 29  15  7  13  15  16 

8 55  29  14  26  29  30 

9 76  40  19  35  40  42 

10 93  49  24  42  49  51 

11 113  58  28  50  58  61 

12 127  64  31  55  65  68 

13 156  77  37  67  78  83 

14 184  89  42  78  88  96 

15 157  78  37  69  77  84 

16 135  66  31  60  65  71 

17 119  58  26  52  56  62 

18 93  46  21  42  46  50 

Average  122  61  29  54  61  65 
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Table B.3. Illumination Levels at Various Locations in Class 713 on a Sunny 
Day in July (7/12/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 26  14  7  12  14  15 

8 35  19  10  16  19  20 

9 42  23  12  19  24  24 

10 52  27  15  23  28  29 

11 58  29  16  25  30  32 

12 70  36  19  30  37  39 

13 81  40  22  34  41  44 

14 67  34  19  29  35  37 

15 53  28  15  24  28  29 

16 46  24  13  20  24  25 

17 37  19  10  16  20  21 

18 25  13  7  11  14  14 

Average  56  29  16  25  30  31 

 

Table B.4. Percentage of Target Illuminance Served by Daylighting in Class 713 
on a Sunny Day in July (7/12/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 51  27  15  24  28  29 

8 69  37  20  32  38  39 

9 84  46  25  38  47  48 

10 103  54  29  46  56  58 

11 115  58  32  49  61  63 

12 141  72  39  61  74  77 

13 161  80  44  69  82  87 

14 134  69  38  59  70  74 

15 106  55  30  47  57  59 

16 92  47  26  41  48  51 

17 74  39  21  33  40  41 

18 51  27  14  23  28  28 

Average  112  58  31  49  59  62 
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Table B.5. Illumination Levels at Various Locations in Class 807 on a Sunny 

Day in July (7/12/07) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 11  5  2  4  4  5 

8 23  10  4  9  8  11 

9 31  13  6  12  11  15 

10 39  17  8  15  14  19 

11 48  20  9  18  17  22 

12 51  21  9  19  17  24 

13 59  24  11  23  20  28 

14 61  25  11  23  21  28 

15 47  20  9  19  16  22 

16 39  17  7  16  14  18 

17 34  15  7  14  12  16 

18 27  12  5  11  10  13 

Average  44  18  8  17  15  21 

 
Table B.6. Percentage of Target Illuminance Served by Daylighting in Class 807 

on a Sunny Day in July (7/12/07) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc target) 
7 23  9  4  9  8  11 

8 45  20  9  18  17  22 

9 61  27  12  24  23  29 

10 79  34  15  31  29  37 

11 95  40  18  36  33  45 

12 102  41  19  38  35  47 

13 119  49  22  46  41  55 

14 122  50  22  47  41  56 

15 93  39  18  37  32  44 

16 77  33  15  31  27  37 

17 68  29  13  28  24  32 

18 53  23  10  22  19  26 

Average  88  37  17  34  31  41 
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Table B.7. Illumination Levels at Various Locations in Class 619 on a Sunny 
Day in January (1/6/08) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 0  0  0  0  0  0 

8 6  3  1  3  2  3 

9 30  12  5  12  9  14 

10 234  84  36  93  61  102 

11 430  149  64  161  113  183 

12 479  165  73  171  131  204 

13 531  180  78  172  152  223 

14 346  116  48  106  103  144 

15 373  126  52  107  117  155 

16 182  66  27  52  67  79 

17 33  13  6  10  15  16 

18 0  0  0  0  0  0 

Average  290  100  43  97  84  123 

 

Table B.8. Percentage of Target Illuminance Served by Daylighting in Class 619 
on a Sunny Day in January (1/6/08) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 0  0  0  0  0  0 

8 12  5  2  6  4  6 

9 60  23  10  24  18  27 

10 469  168  72  186  122  203 

11 860  297  128  322  225  367 

12 957  329  146  342  263  408 

13 1061  360  156  345  305  445 

14 692  232  97  212  206  287 

15 745  252  103  213  235  310 

16 364  133  54  104  134  158 

17 66  27  12  20  31  31 

18 0  0  0  0  0  0 

Average  580  200  85  195  168  246 
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Table B.9. Illumination Levels at Various Locations in Class 713 on a Sunny 
Day in January (1/6/08) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 0  0  0  0  0  0 

8 8  4  2  4  3  4 

9 38  16  8  16  14  18 

10 318  128  59  131  103  148 

11 541  214  100  216  177  250 

12 535  205  96  190  181  241 

13 558  210  95  182  195  248 

14 340  129  56  108  126  152 

15 346  131  53  104  132  153 

16 125  50  20  39  52  57 

17 14  6  3  5  7  7 

18 0  0  0  0  0  0 

Average  312  121  54  110  109  141 

 
Table B.10. Percentage of Target Illuminance Served by Daylighting in Class 

713 on a Sunny Day in January (1/6/08) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc Target) 
7 0  0  0  0  0  0 

8 16  8  4  9  6  8 

9 76  32  16  31  27  36 

10 636  257  119  261  205  296 

11 1082  428  200  433  354  499 

12 1069  410  192  380  362  483 

13 1116  420  191  365  390  496 

14 681  258  113  216  253  304 

15 691  261  105  208  263  306 

16 250  100  40  77  103  114 

17 29  13  6  10  14  14 

18 0  0  0  0  0  0 

Average  624  241  109  220  218  282 
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Table B.11. Illumination Levels at Various Locations in Class 809 on a Sunny 
Day in January (1/6/08) 

Hour 
Front Center Back East West All 

sensors (fc) 
7 0  0  0  0  0  0 

8 8  4  2  5  3  5 

9 35  13  6  13  11  16 

10 306  112  49  107  92  133 

11 506  177  77  162  150  214 

12 473  162  71  141  144  198 

13 463  158  69  133  146  194 

14 262  90  40  74  86  110 

15 241  84  36  65  82  101 

16 88  33  14  25  33  39 

17 10  4  2  3  4  5 

18 0  0  0  0  0  0 

Average  265  93  41  80  83  112 

 

Table B.12. Percentage of Target Illuminance Served by Daylighting in Class 
809 on a Sunny Day in January (1/6/08) 

Hour 
Front Center Back East West All 

sensors (% of 50 fc target) 
7 0  0  0  0  0  0 

8 17  8  4  10  6  9 

9 70  27  12  25  22  31 

10 611  225  98  214  184  266 

11 1012  354  153  324  301  429 

12 947  324  141  283  287  397 

13 927  315  139  266  293  388 

14 523  181  80  147  171  221 

15 482  167  72  130  163  203 

16 176  65  29  49  66  77 

17 20  8  4  7  8  9 

18 0  0  0  0  0  0 

Average  529  185  81  161  166  224 
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Appendix C DAYSIM Material Properties File Code 

##################################################### 
# Daysim Material File            
##################################################### 
# This file has been created with radfiles2daysim      
# Copyright (c) Christoph Reinhart                   
# National Research Council Canada                   
# IRC, Lighting Group                                
# Ont K1A 0R6, Canada                                
##################################################### 
  
# radfiles2daysima is a converter used by the DAYSIM GUI to 
# import regular RADIANCE scene and material into DAYSIM 
# format, i.e. only materials supported by Daysim are  
# admitted. Those admitted are turned monochrome. 
  
# This file contains the definitions of all materials in 
# the RADIANCE scene. 
# The scene geometry is stored in 
'C:/DAYSIM/projects/NGMS/rad/NGMS2_geometry.rad'. 
  
 
# SOURCE FILE: C:/DAYSIM/projects/NGMS/tmp/ImportFrom3ds.mat.rad  
 
void plastic FrontCol 0 0 5 0.9001 0.9001 0.9001 0.0000 0.0000  
 
void plastic GenIntWa 0 0 5 0.6 0.6 0.6 0.0000 0.0000  
 
void plastic Tile_Cei 0 0 5 0.9001 0.9001 0.9001 0.0000 0.0000  
 
void plastic extceili 0 0 5 0.9001 0.9001 0.9001 0.0000 0.0000  
 
void plastic overhang 0 0 5 0.9001 0.9001 0.9001 0.0000 0.0000  
 
void glass SingGlaz 0 0 3 0.76 0.76 0.76 
 
void plastic soffit 0 0 5 0.8628 0.8628 0.8628 0.0000 0.0000  
 
void plastic GenIntFl 0 0 5 0.28 0.28 0.28 0.0000 0.0000  
 
void plastic grass 0 0 5 0.2977 0.2977 0.2977 0.0000 0.0000  
 
void trans lightshe 0 0 7 0.9001 0.9001 0.9001 0.019 0.0000 0.6 0.0  
 
void plastic Metal_Al 0 0 5 0.5001 0.5001 0.5001 0.0000 0.0000  
 
void plastic Foregrou 0 0 5 0.0000 0.0000 0.0000 0.0000 0.0000  
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# SOURCE FILE: C:/DAYSIM/projects/NGMS/tmp/ImportFrom3ds.geo.rad  
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