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ABSTRACT OF THESIS

DAYLIGHTING DESIGN VIA MONTE CARLO

Daylighting is the illumination of interior spaces with sunlight. The physiological, 

environmental and economic beneÞts of daylighting are discussed and it is proposed that 

daylighting be considered for all new building designs.

Good daylighting design provides appropriate amounts of light without creating 

excessive glare. Methods of predicting adequate illumination and excessive glare are out-

lined.

Various methods of estimating the spatial distribution of sunlight into an enclosure are 

described. Monte Carlo methods are the only ones that are sufÞciently robust to ade-

quately model specular surfaces and properties that vary with incident angle (such as 

glass).

This method is applied to the design of the ÒZero Energy Building,Ó a very efÞcient 

multi-story commercial ofÞce building. Electric lighting usage is reduced by 70%. The 

results of the daylighting simulation are incorporated into a building energy simulation 

using the Building Loads Analysis System Thermodynamics (BLAST) program. The 

results of this simulation predict that summer peak demand is reduced by 40% and annual 

energy cost reduced by 25%.

Jonathan Ridgway McHugh
Mechanical Engineering Department
Colorado State University
Fort Collins, Colorado 80523
Spring 1995
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Nomenclature

A area of source surface, m2

as solar azimuth angle

a(l) spectral extinction coefÞcient

AST apparent solar time

co Speed of light in a vacuum, 3 x 108 m/sec

C1 PlanckÕs Þrst radiation constant, grouping of terms, h×Co
2,  0.59544 

x 108 Wámm4/m2 

C2 PlanckÕs second radiation constant, grouping of terms, h×Co/k, 

14,388 mmáK

Cj conÞdence interval (as a fraction of Fj) for exchange fraction to 

surface j

D path length through a given medium, meters

d forward distance of source along line of sight/height of glare source 

in the vertical direction above the level of the observer

EV illuminance, lux

E energy, joules or illuminance, lux

ESC mean extraterrestial illuminance, 127.5 klux

ET Equation of Time, hours

Fj
k illumination factor in wavelength band k from source surface to 

surface j

H projection of solar vector onto horizontal plane

hs the hour angle from solar noon where 1 hr = 15 degrees

h PlanckÕs Constant, 6.62 x 10-34 J×sec

Id terrestial diffuse solar radiation, W/m2

IDN terrestial direct normal radiation, W/m2

Io extraterrestial direct beam radiation, W/m2

ISC extraterrestial solar constant, 1,367 W/m2

IT terrestial total horizontal radiation, W/m2
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L latitude of observer, degrees
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Lb surround luminance, cd/m2
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MV luminous exitance, candela/m2

m air mass
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surface
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n index of refraction
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t thickness, meters
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Daylighting Design via Monte Carlo

1. Introduction

1.1 Overall Perspective

Over the course of human evolution, the vast majority of seeing has been by daylight. 

Thus the human eye is particularly adapted to the color and intensity of sunlight. Daylight-

ing is the design of buildings and lighting systems to make use of sunlight for illuminating 

interior spaces.   The building design must also accommodate site, thermal efÞciency (pas-

sive solar and thermal resistance), structural, code and aesthetic requirements. 

Some authors reserve the term daylighting for light provided by the sky (diffuse) as 

distinct from sunlighting which uses direct beam sunlight. Historically, many daylighting 

designs have blocked out direct beam sunlight due to the glare and thermal discomfort or 

to reduce the larger variability associated with direct beam light. In this thesis, the term day-

lighting can refer to either source of daylight. In fact the primary design presented here will 

make use of both direct and diffuse components of sunlight.

1.1.1 Historic Buildings

Since electric lighting is relatively new, buildings throughout time have been designed 

to admit light to see, and depending upon the climate, to provide heat as well. Moore [1985] 

interprets architecture from Ancient Egypt to the near present with respect to daylighting 

techniques. Perlin and Butti [1980] point out that the Ancient Greeks designed entire cities 

with the organizing feature that each house have equal access to the sun. These houses were 

designed with courtyards to bring sunlight into the core of the buildings and overhangs 

appropriately sized to shade the interior from the summer sun. Even after the advent of the 

electric light, buildings were still designed to have large amounts of perimeter area to pro-
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vide ventilation (and incidentally daylight).

1.1.2 Modern Building Design

Though they had eyes to see, they saw to no avail; they had ears but under-
stood not. But like shapes in dreams, throughout their time, without purpose 
they wrought all things in confusion. They lacked knowledge of houses... 
turned to face the sun, [instead] dwelling beneath the ground like swarming 
ants in sunless caves. -Aeschylus, Prometheus Bound-

With the advent of electric lighting, modern architecture has been freed of the con-

straint of placing work areas near windows. This has allowed buildings of thick cross-sec-

tions to be built, providing a high ratio of internal volume to exterior surface area. Such a 

building geometry is thought to reduce heating and cooling loads per unit volume due to 

temperature differences across the building envelope and solar gains transmitted through 

the glazing.

In some quarters, windows are now perceived as liabilities in conventional building 

design: heat is easily transferred across their relatively low thermal resistance; bothersome 

glare and solar gains also result. However, the following two pieces of evidence turn this 

"conventional wisdomÓ on its head.

Energy studies performed for the Tennessee Valley Authority (TVA) Chattanooga 

OfÞce Complex show that a relatively narrow building, oriented east-west along its major 

axis, can use 30% less lighting energy than its square shaped counterpart (see Figure 

1.1)[Ternoey et al. 1985, Moore 1985, Robbins 1986]. The additional surface area of the 

building does increase the heating and cooling loads slightly but the passive solar gains in 

the large southern exposure reduces heating loads; reduced solar gains in summer mornings 

and evenings through east and west windows in conjunction with less internal gains from 

electric lighting reduces cooling loads. Note that reducing the internal gains associated with 

electric lighting usage in the winter does increase the heating load, however most commer-

cial buildings are heated with fossil fuels which are typically four times cheaper than the 

electric heating provided by lights. In addition, the internal gains generated by people and 
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equipment reduce the number of hours the building must be heated. When looking at the 

results given in Figure 1.1, it should also be noted that Chattanooga, TN has milder winters 

than most parts of the country. 

A sensitivity analysis on the major building components, called elimination paramet-

rics because loads due to individual components are eliminated, reveals some non-intuitive 

insights about the energy ßows in commercial buildings. One by one the loads are elimi-

nated: lighting power, occupants, equipment power, ventilation, envelope conduction, solar 

gains, and inÞltration. The results of an ofÞce building evaluated by Ternoey et al. [1985] 

are given in Figure1.2; though these results use a Òstraw manÓ building with excessively 

0 W/sf 0.5 W/sf
1.5 W/sf

45Õ

222Õ
a) 45-N

1.5 W/sf

0 W/sf 1 W/sf

60Õ

167Õ
b) 60-N

2 W/sf

0 W/sf 0.5 W/sf

1.
5 

W
/s

f
60Õ

167Õ

45Õ
c) SQ d) 45-E e) 60-E

20

30

40

10

0

22
2Õ

0 W/sf
0.5 W/sf

N

Cooling Lighting Heating

45-N 60-N SQ 45-E 60-E

K
B

T
U

/S
F

-Y
R

Figure 1.1: Effect of Orientation and Geometry on Energy Use

100Õ

100Õ

1.5 W/sf
2.0 W/sf

1 W/sf

 End Use Energy Consumption



4

high lighting power densities (5.6 W/ft2 in ofÞces and 3.2 W/ft2 in the core) and relatively 

modest equipment power densities (0.33 W/ft2), the trends displayed here still hold with 

more reasonable lighting power levels (Kaplan & Caner [1992] have found that the peak 

lighting and plug loads in ofÞce buildings are 1.5 and 1.56 W/ft2 respectively).These results 

illustrate that eliminating electric lighting and plug loads have the most impact on building 

energy costs. Paradoxically it can be seen that reducing conduction heat transfer across 

windows actually increases energy costs because this traps the internal gains inside of the 

building requiring the cooling system to reject these loads. Thus this analysis shows that 

commercial buildings (internal load dominated) cannot be thought of in the same way as 

residential buildings (envelope dominated); the energy issues are quite different! As a 

result, the lionÕs share of potential energy savings in commercial buildings can be realized 

by increasing the lighting and ofÞce equipment efÞciency. 

Figure 1.2: Elimination Parametrics for Denver Base Building
Source: Ternoey et al. 1985
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1.1.3 Reduction in Operating Cost

As can be seen in Figure 1.3, the commercial sector consumes one eighth of the energy 

used in the United States. All buildings consume over 35% of the primary energy consumed 

by the United States [Rosenfeld & Ward 1992]. Thus efÞciency improvements in the build-

ing sector can have a large impact on energy use.

To indicate the scope of savings possible by daylighting commercial buildings, the 

magnitudes of the electricity use and costs by the commercial building sector as a whole 

and commercial ofÞce sector are given in Table 1.1. Note that this table understates the 

potential sources of savings associated with daylighting in two ways: 1) The energy 

required to reject the heat of lights in conjunction with the electric load due to the lights 

themselves consumes around 50% of total building energy consumption [Ternoey 1985] 

approximately doubling the Þgure used in Table 1, and 2) The lighting/cooling load will 

typically coincide with the electrical demand of the commercial building; using the average 

electrical cost will underestimate the costs associated with lighting. Thus Table 1.1 gives a 

conservative estimate of the potential monetary stakes associated with commercial building 

lighting.

Commercial 16%

20%

Residential

36%
Industrial 28%

Transportation

Figure 1.3: U.S. Primary Energy Use By Sector

Source: U.S. Dept. of Commerce 1993
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Since the marginal cost of generating electricity is much higher than the average cost, 

most utilities charge their clients signiÞcant demand costs that are proportional to the 15 

minute peak electrical demand of the month. In typical non-daylit buildings, lighting and 

equipment loads are fairly constant; cooling loads ßuctuate and increase demand costs. The 

availability of daylight coincides approximately with the cooling load (the peak cooling 

loads lag behind solar noon by a couple of hours due to mass effects in the atmosphere and 

in the building itself).

 One study [Choi et al.1984] used DOE-2.1B building energy analysis program to 

determine the effect of installing continuous dimming daylighting controls on the 4.6 m (15 

ft.) deep perimeter zones of a building with a 40 m by 40 m (115 ft. by 115 ft.) square foot-

print. For a building that had between 22% and 15% of its exterior wall area covered with 

windows (depending upon location), the dimming controls reduced the building annual 

peak electrical demand by 15%. If window shading controls are used in conjunction with 

daylighting controls and the window size is increased to 30% of the wall area, the demand 

Table 1.1: 1986 Lighting Energy and Costs for Commercial Buildings

Commercial Buildings
OfÞce Sector of 

Commercial Bldgs

Lighting Usage [EIA 1992] 205 - 321 Billion kWh
0.7 - 1.1 Quads

37 - 58 Billion kWh
126 - 198 Trillion Btu

Fraction of Electricity Use 32% - 51% 19% - 29%

Fraction of Energy Use 13% - 21% 11% - 18%

Lighting Costs* $14.8 - 23.1 Billion $2.7 - 4.2 Billion

Primary Energy Use**  640 - 1,010 Billion kWh
2.2 - 3.4 Quads

120 - 180 Billion kWh
400 - 620 Trillion Btu

Fraction of Total U.S. 
Primary Energy

3.0% - 4.6% 0.53% - 0.84%

Fraction of U.S. Electricity 8.7% - 13.6% 1.6% - 2.4%

* Average Electrical Cost = $0.072/kWh
** Overall generation and transmission efÞciency = 31.9% [U.S. Dept. of Commerce 1993]
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savings approach 20%. There is a limit to how much glazing is appropriate because one can 

admit too much sunshine, creating glare and increasing cooling loads. 

A parametric study using DOE2.1B [Selkowitz et al 1984] found that with an effective 

aperture area (product of window to wall area ratio and transmittance) of 12%, the peak 

demand was always lower with this daylight case versus an opaque wall over a range of 

lighting power densities between 0.7 to 3 W/ft2. However, with an effective aperture of 

27%, the peak electrical demand with daylighting was less only when the lighting power 

density was over 1.2 W/ft2. Here again, if too much sunlight is admitted, this will more than 

offset the reduced lighting loads by excessive cooling loads due to solar gains. With mass 

produced windows of high thermal resistance and with low emissivity Þlms (placed in the 

air gap between the sheets of glass) entering the market, electric lighting can be reduced 

with less cooling or heating impact. Thus with the introduction of new products, the trade-

off between daylighting gains and thermal losses is shifting even more to favor daylighting.

Daylighting existing buildings reduces electrical loads associated with electric lighting 

and rejecting the heat of the light Þxtures, but increases heating requirements. However 

electricity, which is used for lighting and cooling, has a national average cost of $21.10/

MMBtu whereas the fuels used for heating, natural gas and fuel oil, cost $4.85/MMBtu and 

$4.66/MMBtu respectively (1986 values, US Dept. of Commerce [1993]). Thus the pricing 

of fuels favors installing daylighting controls as they become cheaper and more reliable.

 Currently $55 Billion per year is spent on electricity purchases for commercial build-

ings. Though electric lighting and its associated cooling requirement consumes 30 - 50% 

of the energy used in a typical commercial building [NeÕeman et al. 1984, Robbins, 1986], 

little effort is expended to utilize the daylighting resource that already exists in perimeter 

ofÞce spaces by exterior windows. Older daylighting controls relied on a stepped dimming 

(turning off half of the lamps in a Þxture) or simple on-off controls. This daylighting control 

is distracting and creates the impression that one is left in the dark due to the sudden change 

in ofÞce illumination [Heerwagen et al.1991]. This type of distraction is disconcerting and 
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Fiber Optic Light Sensor
Fixture with Dimming Fluorescent Ballast

a) Sunny - Fixture Dimmed

b) Cloudy - Fixture Not Dimmed
Figure 1.4: Photometrically Controlled Lighting System
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reduces productivity. The technology necessary to realize the savings from daylighting is 

fairly new [Rubinstein and Verderber, 1990; Choi et al., 1984; Helms and Belcher, 1980] - 

dimmable ßuorescent ballasts controlled by a signal from a photocell (see Figure 1.4). Elec-

tronic ballasts, which are easier to dim than their magnetic counterparts, are receiving wide 

market acceptance. Recently, the price of electronic ballasts has dropped precipitously; it 

is expected that the price of dimmable electronic ballasts will follow suit. This will make it 

more affordable to daylight buildings.

1.1.4 Working Environment

Ò... nobody can be in good health if he does not have all the time fresh air, 
sunshine and good water.Ó -Flying Hawk, Oglala Sioux Chief-

Edgar Russell Jr., Manager of Communications for Real Estate and Construction Divi-

sion of IBM, has evaluated the cost of constructing, Þnancing and operating a building for 

20 years and compared this value with the cost of the employees who occupy the building. 

He found that employee wages and beneÞts account for 94% of the costs, whereas only 3% 

of the total cost was associated with building construction and another 3% with operating 

and energy costs [Ternoey et al. 1985]. Thus any energy conservation measure which appre-

ciably reduces employee health or productivity is not cost-effective.

Several studies have documented that electric lighting with a high Color Rendering 

Index (CRI), a spectral distribution similar to sunlight, appears brighter and produces 

increased perceptual satisfaction in the working environment. As a result, less light is 

needed from a high CRI light source to provide the same visual clarity and perceptual sat-

isfaction than is obtained from a low CRI light source [Hughes & Neef 1981].

The spectral distribution of light can have physiological effects upon organisms. Rats 

raised under lights with a low CRI had smaller gonads and spleens than those raised under 

high CRI light sources. It is hypothesized that light entering the eye induces hormonal 

effects in addition to seeing. Numerous animal studies have shown that this ÒenergeticÓ (as 

compared to optic) visual pathway exists. Humans who were exposed for two weeks to rel-
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atively high levels (3,500 lux) of cool white, low CRI, ßuorescent lighting, had continually 

rising adrenocorticotropic hormone (ACTH) and cortisol levels. These hormones increased 

up to levels associated with stress. After two weeks of daylight exposure, the subjectsÕ 

ACTH and cortisol levels returned to normal [Hollwich 1979]. Thus the well daylit ofÞce 

is probably a healthier place to work. 

An anecdotal measure of the value placed on daylight, is the overwhelming correspon-

dace between rank in an organization an proximity to a window.

1.1.5 Impact on Environment

Figure 1.5 shows the existing breakdown of primary fuels consumed for electrical pro-

duction. Commercial electric lighting consumes approximately 12% of the total electricity 

generated in the United States. If lighting and the cooling associated with rejecting the heat 

from lights is considered, the fraction of total electrical production is around 15%.

 Various estimates have been made of the costs due to air pollution; these vary depend-

ing upon the model used for assessing effects as well as the economic model used to assign 

costs to these effects. Lave and Seskin [1970] estimated that reducing air pollution in urban 

55.4%

9.5%
9.0%

19.8%

5.
5%

Coal

Nat. Gas
OilHydro

Nuclear

Other (0.8%)

Figure 1.5: Fuel Sources for Electric Power Generation

Source: U.S. Dept. of Commerce 1990
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areas would reduce morbidity and mortality due to respiratory diseases by 25%, cardiovas-

cular mortality by 20% and cancer by 15%. These authors used lost earning capacity and 

medical costs to assign a value $2.08 Billion per year to the health beneÞts of reducing the 

1970 levels of air pollution by 20%. The same authors [Lave & Seskin 1977], using the 

same economic model, estimate that $16.1 Billion/year can be saved by abating sulphur 

oxides by 88% and particulates by 58% of their 1970 levels. Freeman [1979] uses a model 

that bases the assignment of cost of a human life on what one would pay to reduce the risk 

of death rather than foregone earnings. In this valuation, a 20% reduction in ambient con-

centrations of sulfur oxides and suspended particulates from 1970 levels was associated 

with a health beneÞt of $17 Billion per year. This 20% reduction in air pollution was also 

estimated to save annually: $2 Billion in soiling and cleaning, $700 Million in crop damage, 

$900 Million in material damage and $800 Million in aesthetic property value losses above 

what could be ascribed to the above effects. The total savings associated with FreemanÕs 

analysis is approximately $21.4 Billion per year. However, he acknowledges the uncer-

tainty of his analysis and bounds his Þgure by a low estimate of $4.6 Billion/year and high 

estimate of $51.2 Billion/year.

These estimates employ a linear model of health and environmental effects, so the 

damages should be proportional to the fraction of emissions. Electric utilities now produce 

2% of the 1970 total particulates and 50% of the 1970 total sulfur oxide emissions. Thus, 

if the damages are due equally to both pollutants, electric utilities produce environmental 

impacts that are around 26% of the damages caused by the total 1970 releases of particu-

lates and sulphur oxides. Thus FreemanÕs estimate of environmental costs could be extrap-

olated from his valuation of 20% of 1970 particulates and sulphur oxides to the current 26% 

of the 1970 levels that are from fossil fueled electric power plants; this extrapolation would 

place a $6 Billion to $67 Billion per year value on the damages caused by these emissions.

Table 1.2 gives the amount of air emissions over time. Note that emissions of sulfur 

oxides and particulates have decreased even though the amount of electric energy produced 
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per year has risen. With the use of scrubbers and other pollution control equipment, the air 

pollution problem has been transformed into a solid waste problem. Though this transfor-

mation is beneÞcial to public health, minimizing waste generation, regardless of media, by 

reducing energy consumption, is a more desirable goal [EPA 1992].

In addition to the air pollution generated by fossil fueled electric power plants, 1,615 

metric tons of spent uranium fuel were discharged from U.S. nuclear power plants in 1987. 

This waste was added to 13,881 metric tons of spent fuel from preceding years, 95% of 

which is stored on site in pools and dry casks. This stored fuel presents a liability associated 

with the theft of this material for making nuclear weapons as well as a public health and 

environmental liability. Other environmental effects related to the consumption of electrical 

power include: habitat loss in mined areas, release of acids, radioactivity and particulate 

(dust) from tailing piles, oil spills, dumping of drilling muds (heavy metals) into the ocean, 

and chemical and radiological contamination of soil and aquifers.

A recent study [Pace 1990] placed the following values on the environmental damages 

of electricity production by pollutant: Sulphur Oxides $2.03/lb, particulates $1.19/lb, Nitric 

Oxides $0.82/lb. For nuclear power the costs were estimated per kWh of electricity pro-

duced: $0.0011/kWh for routine allowable emissions, $0.023/kWh for accidents, and 

$0.005/kWh for decommissioning costs that are not externalized, for a total of $0.0291/

Table 1.2: Air Pollutant Emissions (thousands of tons)

1970 1991

Total Electric Total Electric % of Total

Carbon Monoxide 123,600 200 62,100 300 0.48%

Sulfur Oxides 28,400 15,800 20,700 14,100 68.1%

Particulates 19,000 2,300 7,400 400 5.4%

Nitrogen Oxides 19,000 4,400 18,800 6,700 35.6%

Lead 199.1 0.3 5.0 0.5 10%

Source: U.S. Dept. of Commerce 1993
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kWh. In Table 1.3 these values are applied to the 1991 emissions from all sources and elec-

tric power plants.

There is also a concern that the rapid addition of man-made carbon dioxide (CO2) may 

trap longwave radiation in the earthÕs atmosphere and add to global warming. This could 

result in the rising of the oceans by several meters and severe droughts. The vast interrelated 

systems that make up the global climate are currently beyond accurate prediction. One 

approach [Pace 1990] does not try to predict impacts but rather calculates the costs of 

sequestering the carbon released by combustion. The cheapest form of carbon sequestration 

is reforestation. This cheapest form of carbon dioxide mitigation is estimated to cost 

$0.0068/lb of CO2. Table 1.4 itemizes the CO2 mitigation costs by fuel source for all end 

uses of energy and for electricity production. In combination with the environmental costs 

from the other pollutants, it is estimated that pollution from all sources costs the United 

States $242 Billion/yr and electricity production has impacts that are valued at $120 Bil-

lion/yr. In contrast, the entire United States gross national product (GNP) is valued at $5.2 

Trillion/yr. A rigorous evaluation of the societal costs of electricity production is beyond 

the scope of this thesis, but the human and environmental consequences of electricity pro-

Table 1.3: Environmental Costs of Various Pollutants

Emissions
 (Million Metric Tons)

Environmental Costs [Pace 1990]

Source Total Electric $/lb
Total $

(Millions)
Electric $
(Millions)

SOx 20.7 14.1 $2.03/lb 92,656 63,114

Particulates 7.4 0.4 $1.19/lb 19,417 1,050

NOx 18.8 6.7 $0.82/lb 33,992 12,114

Million kWh $/kWh

Nuclear 577,000 577,000 0.0291/kWh 16,791 16,791

Totals 162,856 93,069
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duction help to motivate this endeavour. Since commercial lighting and associated cooling 

loads consume 9.6% - 17% of the electricity generated in the United States, these loads cost 

society somewhere in the range of $570 Million per year (using the low end of FreemanÕs 

calculations) to $20.4 Billion (using the Pace Þgures). Thus the total societal costs of light-

ing commercial buildings could be twice as high as the internalized costs of electricity that 

are given in Table 1.1 

1.2 Overview

Up to this point, the case has been made that daylighting of buildings is desirable 

because:

1) Daylighting reduces energy costs

2) Less energy consumption lessens environmental degradation and its attendant health re-

percussions

3) Effective daylighting can improve the visibility and enhance employee satisfaction in the

working environment.

The remainder of this thesis will describe some of the design parameters that need to 

be satisÞed for a successful design, how to model the passage of light from the sky to the 

building interior, and how to quantify the lighting energy and thermal impacts of daylight-

ing designs. In particular, an improved simulation method using the ÒMonte CarloÓ algo-

rithm will be described and used to simulate an enhanced building geometry that could not 

Table 1.4: Mitigation Costs of CO2 Production [Pace 1990]

Source
Energy Consumed 

Quads 
CO2 Produced 

Billion lbs
 Costs @ $0.0068/lb CO2

$(Millions)

Total Electricity Total Electricity Total Electricity

Coal 18.83 16.34  3,930 3,415 26,760 23,220

Oil 32.68  1.02  5,520   172 37,56o  1,170

Nat Gas 20.13  2.87  2,214   315 15,060  2,140

Totals 71.64 20.23 11,664 3,902 79,380 26,530
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have been modelled with traditional daylighting simulation tools.



2. Design Goals

ÒThere cannot be an elegant solution to a mis-
stated problem.Ó -Richard Rittleman, AIA-

Moore [1985] lists 7 objectives for daylighting design:

1. Maximize light transmission per unit area of glazing.

2. Control direct sunlight penetration onto the work plane.

3. Control brightness contrast within the occupantÕs visual Þeld.

4. Minimize reduction of work plane illuminance resulting from low window place-

ment.

5. Minimize veiling glare on work plane surfaces resulting from high window place-

ment.

6. Minimize heat gain during cooling season.

7. Minimize conductive heat loss and gain.

Since glazing is more expensive than other wall construction components, objective 1 

addresses keeping costs down on daylit buildings, as well as meeting objective 7 since glaz-

ing is usually more conductive than the building envelope. Item 6 could be extended to 

include maximizing heat gain during the heating season (passive solar). 

2.1 Adequate Illumination on the Work Surface

From studies which originally measured speed of performing a given task to the cur-

rent approach which attempts to quantify and create analytic relationships for visual per-

formance, recommended lighting illuminance values for given tasks were tabulated by the 

Illuminating Engineering Society of North America (IES), as well as by a similar interna-

tional group, the Commission Internationale de lÕEclairage (CIE). As contrast between the 

task and background decreases, a higher background luminance is required for a given 
16
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visual acuity. Also in general, older people require slightly higher lighting levels. The IES 

lighting level recommendations, given in Table 2.1, are recommended task, not ambient 

lighting levels.  These recommendations  include a fairly wide range so as to include dif-

ferent age groups and lighting conÞgurations.

2.2  Glare 

ÒThat extraneous glare that surrounds him and conceals him from us; our 
sight breaks and is dissipated by it...Ó -Michel Eyquem de Montaigne-

Though the human eye can adapt to a wide variety of illumination levels, when there 

is a large range of light levels in the Þeld of view, the eye will adapt to an average value 

weighted by the proximity to the center of the visual Þeld. As a result of the adaptation to 

Table 2.1: IES Recommended Task Illuminance Levels

Type of Activity Category Lux Footcandles

Public spaces with dark sur-
roundings

A 20-30-50 2-3-5

Short temporary visits B 50-75-100 5-7.5-10

Working spaces where visual 
tasks are rarely performed

C 100-150-200 10-15-20

Visual tasks of high contrast 
or large size

D 200-300-500 20-30-50

Visual tasks of medium con-
trast or small size

E 500-750-1,000 50-75-100

Visual Tasks of low contrast 
or very small size

F 1,000-1,500-2,000 100-150-200

Visual tasks of low contrast 
and very small size over a 

prolonged period
G 2,000-3,000-5,000 200-300-500

Very prolonged and exacting 
visual tasks

H 5,000-7,500-10,000 500-750-1000

Very special visual tasks of 
extremely low contrast and 

small size
I 10,000-15,000-

20,000
1,000-1,500

2,000
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an average light level, visual acuity is reduced for those objects illuminated by more or less 

light than the average. Visual comfort is likely if the local brightness contrast can be kept 

below the levels given in Table 2.2.

2.2.1 Disability Glare

Disability glare results from scattering of light by particles in the optical media of the 

eye. This scattered light reduces contrast for the other objects in the Þeld of view, thus the 

view of these objects is effectively obscured. A common example of disability glare is that 

caused by the headlights of an oncoming car at night. 

2.2.2 Discomfort Glare

Discomfort glare is caused by an excess of contrast in the Þeld of view. Some studies 

have indicated a relationship between discomfort glare and pupillary activity [Kaufman and 

Haynes 1981]. Some general observations can be made about discomfort glare: the brighter 

the background and the larger the angle between the source and the line of sight (where the 

observer is looking), the brighter the source has to be before it causes discomfort glare. 

Early studies by Luckiesh & Guth [1949] attempted to quantify this relation by having 

subjects sit in the center if an 80 inch diameter evenly illuminated photometric sphere 

which had holes cut out for the bright glare sources. The subjects would adjust the intensity 

of the glare source until the source brightness was on the Òborderline between comfort and 

discomfort (BCD)Ó. A table of the relative BCD luminance of the glare source versus angu-

Table 2.2: Recommended Brightness Ratios [Moore1985]

Brightness Ratio Condition

3 to 1 Between task and adjacent surroundings

10 to 1 Between task and more remote darker areas

1/10 to 1 Between task and more remote lighter surfaces

20 to 1 Between fenestration and adjacent surfaces

40 to 1 Anywhere in field of view
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lar displacement published in this study are the basis for the numerous curve Þts that 

describe the position index, P.  The position index indicates the relative brightness of a glare 

source displaced from the line of sight necessary to produce the same discomfort as a glare 

source on the line of sight. This relation shows that discomfort due to a bright source drops 

off more rapidly if the source is displaced vertically rather than horizontally. The two most 

commonly used equations for the position index are given below:

The following formula for the position index, P,  originally published by Fry [1962], is 

also given in the IES Handbook [Rea, 1993].

(2.1)

where

a = angle from vertical in plane orthogonal to line of sight to glare source, degrees

 (see Figure 2.1)

b = angle between line of sight and direction of glare source from the observer,

degrees, 

The formula used by Einhorn [1960] which was adopted by the Commission Interna-

tionale de lÕEclairage [CIE 1983] is given in terms of 1/P.

( 2.2 )

where

d = ratio of the forward distance of the glare source along line of sight to the

height of the glare source in the vertical direction above the level of the ob-

server, dimensionless, 
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s = ratio of the sideways distance of the glare source source in horizontal direc-

tion to the height of glare source in the vertical direction, dimensionless,

A graphical description of the terms in the previous formulas for position index is given 

in Figure 2.1.

It has been noted [Clear 1993] that the CIE formula goes to inÞnity when the source is 

temporal (i.e. when object is off to the side or d = 0) though Luckiesh and Guth have Þnite 

data out this far. Though sources that are this far to the periphery will contribute little to 

glare, it nonetheless gives some incentive to use the Fry formula. 

Clear [1993] has Þtted a third equation that uses less terms and has a shape that more 

closely matches the curves in GuthÕs [1944] paper. ClearÕs equation is as follows:

( 2.3 )

Contour plots of these equations for the position index are given in Figure 2.2. 

Further research on various sizes of glare sources led to a comprehensive formula, 

called the ÒCornell formulaÓ for the glare constant, G [Chauvel et al. 1982]. 

s
L
V
----=

a

b

HorizontalV
er

tic
al

Figure 2.1: Components of Position Index

Observer

Line o
f S

ight

D
ir

ec
tio

n 
of

 G
la

re

Glare
Source

O

G

L
V

R
T

P 10
4Ð b 340.6 2.102b a 0.01636a 1.605+{ }Ð+( )[ ]exp=



21
( 2.4 )

where

K = constant depending on units, (K=0.4776 for luminance in units of cd/m2 and

K = 1 for luminance in foot-lamberts)

Ls = source luminance, cd/m2

Lb = surround luminance, cd/m2

w = solid angle subtended by source, sr

W = solid angle subtended by the source modiÞed for the effect of position, sr

( 2.5 )
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Figure 2.2: Position Index Plots for Various Correlations
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where P is deÞned in Eq. 2.1.

Multiple sources of glare can be accommodated by taking the log base 10 of the sum 

of the glare constants to yield the Glare Index, GI.

( 2.6 )

When evaluating glare due to windows, it was found that people tolerate mild glare 

more readily from daylight sources [Robbins 1986, Chauvel et al. 1982]. This lead to a sep-

arate Daylight Glare Index (DGI) which varies from the IES Glare Index only by the assign-

ment of glare criteria to the values produced by an identical formula. Thus the daylight 

glare index is given by Eq. 2.6 but where daylight is the glare source, Ls, in Eq. 2.4. The 

correlation between the Daylight Glare Index and the IES Glare Index is [Chauvel et al. 

1982]:

Daylight Glare Index = 2/3(IES Glare Index + 14) ( 2.7 )

for values up to 28.

Table 2.3 lists the cross correlation between the IES and Daylight glare indices. Iwata 

et al. [1992] Þnd that the daylight glare index conforms well with experiments held recently 

Table 2.3: Comparison of IES Glare Index with Daylight Glare Index

Glare criterion corresponding to 
mean relation

IES
Glare Index

(IES GI)

Daylight
Glare Index

(DGI)

Just imperceptible 10 16

13 18

Just acceptable 16 20

19 22

Just uncomfortable 22 24

25 26

Intolerable 28 28

GI 10 Gå10log=
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in Japan, but Þnds that there may be cultural differences in the perception of glare.

2.2.3 Veiling Reßections

Light reßected from a glossy surface can reduce the contrast between the light and dark 

areas of a document. Similarly, concentrated illumination sources can be reßected in the 

screen of computer terminals; these are known as veiling reßections and can make visual 

tasks uncomfortable. Veiling reßections can be eliminated by locating all concentrated light 

sources outside of the reßected Þeld of view or by reducing the concentration of light 

sources by spreading the light source over a larger area (the premise behind indirect light-

ing). Polarizing luminaire covers reduce the amount of light reßected from surfaces by Þl-

tering light so that it is polarized in the direction that is less likely to reßect. Other less 

elegant but low cost alternatives are the use of anti-reßection screens on computer display 

terminals.

Because ceiling mounted lights create more veiling reßections than light sources from 

the side, daylight from perimeter windows can provide better viewing conditions than 

higher intensity overhead light.

2.3 Nature of Light

Light is electromagnetic radiation of wavelengths between 380 and 770 nanometers. 

Since the speed of light is approximately 3.0 x 108 m/s and the speed of a wave is the prod-

uct of is frequency and wavelength, the frequency of light ranges between 3.9 x 1014 and 

7.9 x 1014 Hertz (1/s).

Though electromagnetic radiation is described in wave terms such as frequency and 

wavelength, it can also be thought as a stream of photons. Because there is little scattering 

in the distances considered (less than 100 m) in relatively clean air, these photons move in 

straight trajectories until they impinge upon a surface. This corpuscular model of light is 

used here to predict the behavior of light.



24
2.3.1 Physiological Response

ÒI am part of the sun as my eye is part of me.Ó -D.H. Lawrence-

Since the human eye is not equally sensitive to all wavelengths of the visible spectrum, 

the metric used to describe the quantity of light must be a function of both radiant intensity 

(radiative power) and wavelength (spectrally dependant physiological response). The pho-

topic efÞciency, V(l), and the scotopic efÞciency, V'(l), plotted in Figure 2.3, are measures 

as a fraction of maximum sensitivity of the relative physiological response of the cones and 

the rods respectively in the retina of the eye to the wavelength of the radiation. The cones 

of the eye are most sensitive to 555 nanometer wavelength light, thus the photopic efÞ-

ciency is 1 for this wavelength. Electromagnetic radiation outside of the domain of visible 

light (380 to 770 nanometers) has a photopic efÞciency of 0. The scotopic efÞciency is a 

similar measure of the response of the rods of the eye, structures which are more sensitive 

to light and are thus used for night vision. During the day when higher light levels are avail-

able, the rods are saturated and do not provide any useful visual information. Thus for day-

lighting, we are interested in the functioning of the eye in the photopic regime. 

The luminous ßux (ßow) of light is found by integrating over wavelength the radiant 

power weighted by its photopic efÞciency though the visible spectrum. The luminous ßux 

[Rea, 1993] or ÒbrightnessÓ in lumens (lm) is given by the following

( 2.8 )

where

FV = luminous ßux (lm)

Km = maximum spectral luminous efÞcacy (photopic - 683 lumens/W, scotopic -

1754 lm/W)

V(l) = spectral photopic luminous efÞciency at wavelength l (no units)

FV Km V l( )Fr l( )dl
l=380nm

770nm

ò=
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Fr = spectral radiant power at wavelength l ( W/nm)

l = wavelength of light (nm)

Thus light quantities are radiant quantities mediated by the visual response. When eval-

uating the power requirements of various light sources, it is logically inconsistent to con-

sider the source efÞciency which is dimensionless, but rather the source efÞcacy in units of 

lumens per Watt.

2.4 Controlling Internal Gains Due to Lighting

Luminous efÞcacy is the ratio of luminous ßux (i.e. the physiological stimulus of 

light), to the radiant power over a spectrum of radiation that includes visible light. Lumi-

nous efÞcacy, K, the ratio of luminous ßux, Fv, to radiant power, Fr, is given by the follow-

ing relation.

( 2.9 )
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Since radiant power is proportional to the amount of heat generated when this beam is 

absorbed, a beam of high luminous efÞcacy will generate less heat per unit of perceived 

light (lumen) than a beam of low luminous efÞcacy.

As illustrated in Figure 2.4, the efÞcacy of standard electric ofÞce lighting at best 

approaches that of unÞltered daylight. Furthermore, if one can Þlter solar radiation so that 

only wavelengths between 380 and 770 nanometers are admitted into the conditioned 

space, daylight would have an efÞcacy of approximately 210 lm/W - over twice the efÞcacy 

of ßuorescent lighting. (Note that Þltering a ßuorescent Þxture does not increase the overall 

efÞcacy of the Þxture since the heat still remains in the conditioned space.).

Filtering of sunlight can be accomplished in two ways: either by using a glazing that 

selectively transmits only the visible wavelengths, or by bouncing sunlight off a surface 

which selectively reßects only the visible wavelengths into the conditioned space. Because 

the angle of direct beam radiation varies with time of year, one can design the building 

geometry so that the full spectrum of the sunlight is incident directly on the glazing during 
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the heating season, and selectively reßected sunlight with less heat per unit of light is admit-

ted during the cooling season.



3. Solar Resource

Evaluation of daylighting and sunlighting designs requires spatial and temporal distri-

butions of light. Appendices D through F describe the methods used to calculate the spatial 

distribution of diffuse and direct beam light. The temporal distribution of the magnitude of 

direct beam and diffuse solar radiation is contained in solar radiation databases [National 

Climatic Center 1981] and, if that is not available, correlations with cloud cover, percentage 

sunshine and solar zenith angle are available [Kimura and Stephenson 1969, National Cli-

matic Center 1978]. The amount of light available is calculated by converting the solar radi-

ation (radiant ßux density) into illuminance via luminous efÞcacy of sunlight, Ks.

3.1 Geographical Distribution

Most databases which record terrestial solar radiation measure only the power  inte-

grated across the entire spectrum. The availability of illuminance data is sparse; photopi-

cally corrected photovoltaic cells which can measure light in photometric units are 

relatively new. Thus, the amount of light available from the sky must be extrapolated from 

assumed spectral distributions of light under various sky conditions. 

The Typical Meteorological Year (TMY) database contains hourly weather data for 

234 cities in the United States and its territories. This database contains: total horizontal 

solar radiation, direct beam radiation, drybulb and dewpoint temperature, wind speed, 

cloud cover, etc. The TMY data set is extracted from measurements taken between 1953 

and 1975 to compile a Òtypical year." Typical meteorological months were selected statis-

tically according to a weighting of the various meteorological variables.To maintain the 

higher frequency components of weather patterns, the monthly data were kept intact. Thus, 

a typical meteorological year might consist of Jan 1955, February 1966, March 1962,... 
28
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December 1973. The discontinuities in certain variables between months were then 

smoothed using a cubic spline [National Climatic Center 1981]. 

The TMY database is comprised of 26 SOLMET locations, with measured total hori-

zontal radiation data that are corrected via a sky clearness and cloud cover model, and 208 

artiÞcial or ERSATZ locations which have solar data based on the SOLMET correlations 

to measured percentage sunshine or cloud cover. The total horizontal radiation for all TMY 

sites is then correlated to an estimate of direct beam radiation [Stine & Harrigan 1985]. 

Given that the solar radiation for most of the TMY sites is a correlation to such crude mea-

surements as percentage sunshine or cloud cover, the results from simulations using this 

dataset will necessarily be approximations of typical solar radiation conditions.

For areas where TMY data are not available, the clear sky model provides an even 

cruder approximation of the solar radiation available. This model calculates direct beam 

radiation by multiplying the extraterrestial solar radiation by an extinction coefÞcient that 

varies by month to account for seasonal variations in water vapor and dust. This value is 

further adjusted by a clearness number which describes the regional variations in sky clear-

ness. Diffuse solar radiation is correlated to horizontal beam radiation by a monthly diffuse 

radiation factor [ASHRAE 1993]. This model, though appropriate for calculating peak 

cooling loads, tends to overestimate the direct beam solar radiation available.

3.2 Radiation Models

Since the sun moves across the sky, measuring direct beam radiation is difÞcult. As a 

result, most measurements of solar radiation have been limited to total horizontal radiation. 

Usually the diffuse and direct beam components are mathematically decomposed from the 

total horizontal measurements by using correlations from previously measured total hori-

zontal and direct beam radiation.

3.2.1 Isotropic Sky Models

The isotropic sky model treats the sky as an isotropically emitting horizontal plane that 
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extends inÞnitely to the horizon, or it can be conceptualized as a sky dome with constant 

luminance. Most of these models correlate the ratio of diffuse to total horizontal radiation, 

Id/IT, to the ratio of terrestial total horizontal to extraterrestial total horizontal radiation 

which is designated kT. Though several authors have used different data sources to compile 

their correlations, many of these correlations are quite similar. The Erbs correlation is fre-

quently used to calculate Id/IT and is given below [Erbs 1982]:

 (3.1)

 Boes [1978] presents a simple relation which correlates direct normal beam radiation, 

IDN, in units of W/m2, to kT. But he notes that this relation overestimates the direct normal 

component when kT is around 0.45.

( 3.2 )

A better model proposed by Boes [1979] is a piecewise linear curve Þt to 1 yearÕs direct 

and total horizontal terrestial solar radiation data from 5 sites. This model for direct beam 

radiation, IDN, was used to generate the direct beam values found in the SOLMET and 

TMY tapes with an addition of statistical variation induced by a random number generator.

( 3.3 )

where Ai and Bi are slope and intercept terms for different bins of kT given in Table 3.1.

Table 3.1: CoefÞcients for Eq. 3.3
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Other correlations can be found in  solar energy texts [DufÞe & Beckman 1991, Kreith 

& Kreider 1978].

3.2.2 Anisotropic (Disc) Diffuse Models

Threkeld and others had recognized that diffuse solar radiation is not uniform in the 

sky even on clear days [Threkeld 1970]. On clear days, the area around the sun, circumso-

lar, and the horizon are brighter than the rest of the sky. Figure 3.1 shows some of the mech-

anisms involved in an anisotropic sky. On partly cloudy days, it is possible to receive solar 

radiation levels higher than the solar constant due to reßection from clouds that are funnel-

ing the sunlight to a given spot. Anisotropic models of varying complexity are described in 

DufÞe & Beckman [1991].

3.3 Spectral Distribution

The spectral distribution of extraterrestial radiation is fairly continuous and can be 

approximated by the distribution of wavelengths emitted by a blackbody at 5,777 Kelvin. 

When sunlight passes through the atmosphere, it is attenuated by scattering and absorption. 

The terrestial direct beam solar radiation, IDN, is related to extraterrestial normal radiation, 

Io, by the Bouger-Lambert Law:

( 3.4 )

where

0.25 - 0.35 0.32 -0.071

0.35 - 0.45 0.82 -0.246

0.45 - 0.55 1.56 -0.579

0.55 - 0.65 1.69 -0.651

0.65 - 0.75 1.49 -0.521

0.75 - 0.85 0.27 0.395

Table 3.1: CoefÞcients for Eq. 3.3

Interval for kT Ai Bi
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a(l) = spectral extinction coefÞcient

a(l) = aR(l) + aD(l) + aW(l)

aR(l) = attenuation due to Rayleigh scattering

aD(l) = attenuation due to aerosol scattering

aW(l)= attenuation due to selective absorption by water, oxygen, ozone, and carbon

dioxide

m = air mass which can be approximated by sec(Z) for angles less than 60°; for

angles greater than 60°, the following equation takes into account the curva-

ture of the earth and atmospheric refraction [Kasten 1966, Bird et al 1982].
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( 3.5 )

The local air mass, mL, takes into account the variation in air pressure from standard 

sea level pressure conditions that are due to the elevation of the location considered or tem-

poral weather conditions. This is found by adjusting the air mass by the ratio of the local 

pressure, p, to sea level pressure, po, (14.7 psi or 101,325 Pascals) [Iqbal 1983]:

( 3.6 )

 Rayleigh scattering, the scattering of light by particles that are much smaller than the 

wavelengths of light, is inversely proportional to the 4th power of the wavelength of the 

radiation considered. Thus the short wavelengths, (UV and blue end of visible spectrum) 

are preferentially scattered. This scattered light is what gives the sky its blue color.

Aerosol attenuation, aD(l), is approximated by the Angstrom relation:

( 3.7 )

where b is the angstrom turbidity coefÞcient with values between 0.05 and 0.2 and a is a 

coefÞcient that depends upon the size of the particles with values around 1.3 [Littlefair 

1985]. From the form of the Angstrom equation, it can be seen that aerosols also selectively 

scatter shortwave (visible and UV) radiation. 

Atoms selectively absorb photons of energies (E = hn) which match the energy differ-

ence between the atomsÕ quantum states. Most of the atmospheric absorption of sunlight 

results from the absorption spectra of H2O, O2, and O3. As can be seen in Figure 3.2, water 

vapor preferentially absorbs infrared radiation.

3.3.1 Correlation of Luminous EfÞcacy to Air Mass

Since most of the historical solar data are in terms of irradiance, one can approximate 

the historical ambient illuminance by correlating irradiance to illuminance via luminous 
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efÞcacy. Using the Thekaekara [1974] direct beam data spectral set that was also used in 

Figure 3.2, one can see in Figure 3.3 that the luminous efÞcacy peaks at one air mass and 

then drops off for increasing air mass. The initial rise in luminous efÞcacy is due to Ray-

leigh scattering and ultraviolet absorption by ozone (O3). At air masses greater than one 

(Zenith angles greater than 0), the spectral losses are predominately in the visible spectrum. 

Thus, the luminous efÞcacy of direct beam light drops with increasing air mass or Zenith 

angle. The direct beam luminous efÞcacy is typically correlated with Zenith angle.

Littlerfair [1985] has summarized much of the research on luminous efÞcacy for direct 

beam and diffuse skylight under clear, cloudy and partly cloudy conditions. The major con-

clusions from this paper are: 1) The luminous efÞcacy of direct solar radiation has the great-

est variability which decreases with Zenith angle from 100-110 lm/W at 30° to 55-90 lm/

W at 80°. Direct beam luminous efÞcacy will increase with increased atmospheric water 

vapor and decrease with increased aerosol content. 2) Clear sky diffuse radiation has a 
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luminous efÞcacy around 120-140 lm/W with a slight positive correspondence to Zenith 

angle. 3) Overcast skies have efÞcacies around 105-120 lm/W with little correspondence to 

other parameters. 4) Partly overcast skies can be approximated by an interpolation between 

clear sky and overcast sky values.

Perez et al. [1990] have created a model that correlates experimental direct beam and 

diffuse luminous efÞcacy data to: the Zenith angle, Z, sky clearness, e, sky brightness 

(opacity of clouds), D , and atmospheric precipitable water content, W. Further discussion 

of the Perez model and use of his model is given in Section I of the Appendix. 

As a check, the Perez correlation was compared to the Thekaekara data: the Perez 

luminous efÞcacy was 10% lower than the Thekaekara luminous efÞcacy at air mass one 

and was 40% lower at air mass ten. This may be due to ThekaekaraÕs data set including 

some circumsolar diffuse radiation which would increase luminous efÞcacy. AydinliÕs cor-

relation of luminous efÞcacy [Littlefair 1985], Ks (lm/W), to solar altitude in degrees, b, 

given below, results in slightly lower luminous efÞcacies than the Perez model.

( 3.8 )

As seen in Figure 3.3, the range of values from the Perez model is within the bounds 
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of other models and their associated measurements. Since direct beam luminous efÞcacy is 

affected by the presence of atmospheric water vapor, it is presumed that the addition of pre-

cipitable water content, W, as an independent variable, improves the accuracy of the Perez 

model.

3.4 Daylight Models

3.4.1 IES Daylight Availability

The mean extraterrestial illuminance, ESC, is obtained by applying Eq. 2.8 to the 

ASTM standard spectral irradiance data set. This yields a mean extraterrestial illuminance, 

ESC, = 127.5 klux. Because the orbit of the earth is slightly elliptic, the extraterrestial illu-

minance, Eo, varies with respect to Julian day, n, (Jan 1 = 1... Dec 31 = 365) by the follow-

ing:

( 3.9 )

Similar to the calculation of direct beam irradiance [ASHRAE 1993], direct beam illu-

minance, EDN, has the following form [IES 1984, Gillette et al 1984]:

( 3.10 )

where,

a = extinction coefÞcient, given in Table 3.2

m = air mass

The horizontal diffuse sky illumination, Ed, has been given in the following form by 

many authors with differing coefÞcients. The coefÞcients agreed upon by the IES Calcula-

tion Procedures Committee are given in Table 3.2 below [IES 1984, Gillette et al 1984].

( 3.11 )

where,

A = sunrise/sunset illuminance coefÞcient, klux

Eo ESC 1 0.033
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B = solar altitude illuminance coefÞcient, klux

C = solar altitude illuminance exponent

As is noted in the introduction of the IES recommended practice for the calculation of 

daylight availability [IES 1984], this model gives general design values; it is not unusual 

that the instantaneous values can be twice as large or half as much as the design values. 

Thus this format is not accurate enough for an hourly computer simulation.

3.4.2 Robbins-Hunter Model

The Robbins-Hunter model calculates hourly direct beam and diffuse sky illuminances 

from a sky model that calculates direct beam radiation from an illuminance extinction coef-

Þcient and diffuse radiation from a monthly diffuse to direct beam ratio. For low turbidity 

clear skies, the extinction coefÞcient is based solely on a monthly atmospheric optical 

depth, valid for all locations and the zenith angle. For turbid skies, the extinction coefÞcient 

is based on a monthly coefÞcient for all locations, the air mass, and a turbidity factor which 

is based on dewpoint and drybulb temperatures from the TMY data for the given city and a 

monthly turbidity coefÞcient speciÞc to the closest SOLMET site.

It should be noted that what Robbins calls TMY sites are the 26 SOLMET locations, 

and what he calls the ETMY or Estimated Typical Meteorological Year sites are the 208 

ERSATZ locations. This nomenclature identiÞes that the ERSATZ radiation data are not 

measured data but are estimated from a model based on the SOLMET data. However, it 

should be noted that the ERSATZ meteorological data other than solar radiation were mea-

Table 3.2: IES Daylight Availability Constants

Sky Ratio
Idiff/IT

Sky
Condition

Ext Coeff
a

A
klux

B
klux

C
klux

< 0.28 Clear 0.21 0.8 15.5 0.5

0.28 - 0.8 Partly Cloudy 0.8 0.3 45.0 1.0

> 0.8 Overcast - 0.3 21.0 1.0
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sured.

The clear sky diffuse illuminance is calculated as the product of the direct normal illu-

minance and a monthly diffuse to direct normal ratio divided by the square of the sky clear-

ness number. Overcast sky illuminances are based on the clear sky model that is then 

modiÞed by equations that are based upon cloud cover which is an actual (but subjective) 

measurement in the ERSATZ data set.

Though this model takes into account many of the variables that are in the Perez lumi-

nous efÞcacy correlation, the concern is that this model may miss some of the coincidence 

of high levels of the total solar spectrum (irradiance) with high ambient light levels (illumi-

nance). When the amount of daylight is used to displace electric lighting in a building sim-

ulation and the heat contained in the total solar spectrum is a cooling load on the building, 

the coincidence of these two inputs is important. Thus the Perez luminous efÞcacy correla-

tion, which directly links illuminance to irradiance is used in this study.

3.5 CIE Sky Models

3.5.1 CIE Overcast Sky Model

In 1955, the Commission Internationale de LÕEclairage (CIE), adopted the following 

relation to describe the luminance distribution of a completely overcast sky [CIE 1970, Rea 

1993]:

( 3.12 )

where,

Lb = luminance at angle b  above horizon

LZ = luminance at zenith

b   = angle of altitude above horizon

As can be seen from the form of the above equation the luminance distribution is inde-

Lb LZ
1 2 bsin+

3
------------------------=
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pendent of azimuthal angle and the maximum luminance is at the zenith and smoothly 

decreases to 1/3 of the zenith value at the horizon. In comparison, the isotropic diffuse sky 

is of constant luminance. 

3.5.2 CIE Clear Sky Model

The CIE clear sky model accounts for the increased brightness of the horizon and cir-

cumsolar sky. This model treats the sky luminance as symmetric with respect to a, the azi-

muthal angle from the solar meridian (the horizontal projection of the solar vector). An 

arbitrary sky position, P, can be deÞned in terms of  a, and the zenith angle of the position, 

z (see Figure 3.4). The   luminance of the sky element, Lza, is compared to the luminance 

of the zenith, LZ, in the following relation [CIE 1973, Rea 1993].

( 3.13 )

where,
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Lz,a = sky luminance at point P with zenith angle, z, and azimuth angle from the sun

meridian a, kcd/m2

LZ = sky zenith luminance, kcd/m2

g = angle between sun and sky point P, radians

z = point P zenith angle, radians

a = azimuth angle of point P from sun, radians

ZS = solar zenith angle

The angle between the sun and the considered sky position, g, is:

g = arccos [cos Zs cos z + sin Zs sin z  cos a] ( 3.14 )

In the turbid atmospheres of large cities or industrial areas, the modiÞed function, L'za, 

should be used [CIE 1973].

( 3.15 )

3.5.3 CIE Partly Cloudy Sky Model

For partly cloudy skies, the luminance of a point in the sky with a zenith angle of z, 

and a azimuthal angle from the sun meridian of a, Lz,a is given by [Pierpoint 1983]:

( 3.16 )

3.5.4 CIE Clear and Overcast Diffuse Sky Illumination on Tilted Surfaces

Though the distributions of light from clear and overcast skies are deÞned relative to 

the Zenith luminance, LZ, measurements of the available skylight are usually given in terms 

of horizontal illuminance or estimated from measurements of horizontal irradiance. An 

example building which will be discussed in more detail later has vertical windows that face 

due north and south and skylights which face north at a tilt of 45o. The ratio of horizontal 
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diffuse radiation to the radiation that actually falls on these surfaces is calculated by the pro-

cedure described in section F of the appendix. 

The ratio of overcast diffuse illumination on a tilted surface to that on a horizontal sur-

face is a function of tilt angle only, so the relative illuminance on a tilted surface as com-

pared to horizontal diffuse illuminance is a time-independent constant value over the entire 

year. The illumination on all vertical surfaces (tilt = 90o) on overcast days is 0.3962 of dif-

fuse horizontal illuminance. Similarly the overcast sky illumination on the skylights (tilt = 

45o) is 0.7975 of diffuse horizontal illuminance (see Appendix F.1).

The clear sky fraction of illuminance falling on a tilted surface to the horizontal illu-

minance on the three common orientations of glazings shown in Figure 3.5. South facing 

vertical windows receive more direct solar and circumsolar light around solar noon than 

during the morning or evening. Since a low solar altitude decreases the horizontal illumi-

nance, the ratio of light on a tilted surface to that on a horizontal surface usually will be 

higher during the low solar altitude months of the winter than other times of year. Similarly, 

the  ratios for north facing windows in the early morning and late afternoon hours are high 
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because the solar altitude is low during these hours. However, the  north side skylights with 

a tilt angle of 45o receive direct beam sunlight during the summer; thus, the summer months 

have a higher ratio of tilted to horizontal illuminance than for the rest of the year. Note that 

the fall and spring curves are identical, except they have been shifted an hour due to Day-

light Savings Time.

These results for the vertical surfaces, using the method outlined in Appendix F.1, com-

pare well (within 2%) with the values listed in the Table of Vertical Half Sky Illuminances 

in the IES Recommended Practice for Calculation of Daylight Availability [1984]. How-

ever, in contrast to the IES method which is limited to vertical and horizontal surfaces, the 

calculation procedure described in Appendix F.1 can be applied to surfaces of any tilt. The 

advantage of being able to calculate the illuminance on a tilted surface is that an emitting 

light surface can be placed as close as possible to a glazing, to reduce the number of 

ÒwastedÓ photons that do not pass through the glazing and into the room of interest.



4. Existing Daylighting Design Methods

4.1 Rules of Thumb (Architectural)

Many daylighting designs are based upon qualitative expectations which result from 

experience gained on previous buildings. This experience is incorporated into Òrules of 

thumbÓ which guide design. The Ò15/30Ó rule predicts in buildings with a 10 foot ceiling 

height that the Þrst 15 feet from tall perimeter windows can be primarily daylit and the next 

15 feet can be partially daylit [Moore 1985]. An implicit example of this rule of thumb is 

given in the DOE2.1D example input Þle ÒDaylighting Example Floor of OfÞce Building 

in Chicago 30-Foot Deep Perimeter OfÞces Daylit to 15 FeetÓ [Simulation Research Group 

1989]. Robbins [1986] cites a rule of thumb from the 1924 IES Handbook that daylight pen-

etrates 2.5 times the top height of the window; he also notes that this is but the starting point 

for the experienced designer.

Rules of thumb can take on a life of their own. Since buildings are too expensive to 

experiment on without some indication that the design will be successful, rules of thumb 

can become a yoke on creative building design unless it is recognized that there are other 

methods of predicting the spatial and temporal distributions of light.

4.2 Scale Models

To evaluate how well different geometries perform under varying conditions, one can 

construct either a scale (physical) model or a mathematical model. Given identical reßec-

tive and transmissive properties of the surfaces used in the physical model as in the pro-

posed building, a physical model will yield a very accurate representation of daylight levels 

that can be expected. Problems with using a physical model are legion: (1) fabricating many 

geometric permutations is very labor intensive, (2) virtually no thermal data are obtained, 
43



44
(3) problems exist with scaling transmissive components (such as triple pane windows) to 

Þt the scale model, and (4) problems also exist with simulating light intensity (particularly 

sky diffuse) and angles for different times of year and times of day. However, after a scop-

ing study has been made using a mathematical model, constructing a physical model to 

evaluate a daylighting design is highly recommended. Physical modelling is perhaps the 

best way to obtain a qualitative evaluation of the designs which have been optimized math-

ematically.

4.3 Hand Calculations

4.3.1 Lumen Method

The lumen method [IES 1989] models daylight in a rectangular room from regularly 

spaced skylights or windows. The exterior horizontal or vertical illumination is multiplied 

by a series of factors contained in tables. These factors, called coefÞcients of utilization 

(CU), are fractions of the transmitted light through the window or skylight to the work sur-

face. In the case of side-lighting with windows, these tables give the fraction of light along 

the midpoint of the room at 10, 30, 50, 70 and 90 percent of the distance from the window 

to the opposite wall. The standard room used to generate these tables has a 70% ceiling cav-

ity reßectance, a 50% room cavity (walls) reßectance, and a 30% ßoor cavity reßectance. 

These reßectances are typical for many ofÞce spaces but limit analysis of different color 

surfaces. A uniform sky assumption was also used to generate these tables [Stannard 1989]. 

The tables used for skylights have a larger range of allowable reßectances: 20 - 80% for 

ceilings, and 10 - 50% for walls with a default 20% ßoor reßectance. When used in con-

junction with Figure 9.23 in the IES Handbook, the ßoor reßectances can be expanded from 

0 - 30%[Rea 1993]. Blinds with reßectances from 10 to 90% may also be included in the 

model.

This method of analysis has several drawbacks: 1) the surface reßectances of side-lit 

rooms are severely limited, 2) only regular rectangular geometries are modelled, i.e. light 
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shelves cannot be evaluated, 3) all surfaces, including blinds, are assumed to be diffusely 

reßecting and 4) light levels are given at only 5 midpoint locations in the side-lit room and 

only average illuminance is given for top-lit zones. The utility of this tool is that one can 

easily calculate the daylight illuminance of standard room geometries with typical surface 

treatments.

4.3.2 Split Flux Method

The split ßux method calculates a Daylight Factor, which is a percentage of horizontal 

illumination at any location in an interior space relative to an exterior illuminance under an 

overcast sky. The distribution of the sky component is calculated as a shape factor for radi-

ation exchange. If there are any obstructions to a clear view of the sky, the area of the aper-

ture is reduced by the projection of the area at the plane of the aperture. Internal reßections 

are modelled with the assumption that reßectance is totally diffuse, and with only two 

reßectances: an upper one above the midline height of the aperture and a lower one below 

the midline height. 

The split ßux method is an improvement over previous hand calculation methods in 

that any location in the space can be modelled. The disadvantage of hand calculating day-

lighting is that it is time consuming. To simplify this process, protractors and nomographs 

have been constructed. However, these aids are limited to the following assumptions: ceil-

ing reßectance is 0.70, ßoor reßectance is 0.15, exterior ground reßectance is 0.10, glazing 

transmittance is 0.85 and room size is to be no larger than 500 ft2. To reduce the complexity 

of calculation, this method allows only two reßectances of the surfaces. Like all of the stan-

dard methods mentioned here, this method neither takes into account transmittance or 

reßectance varying with wavelength or with incident angle nor does it allow specular reßec-

tion. Thus the modelling of reßected daylight is limited. However, it is an adequate graph-

ical tool for modelling diffuse daylight in simple geometric conÞgurations [Robbins 1986].
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4.4 Computer Models

4.4.1 PCLITE 1.01

There are several computer programs that model daylighting with more accuracy than 

the above manual calculation methods. PCLITE 1.01, a version of SUPERLITE adapted for 

the personal computer, is one such program that can model more complex geometries, such 

as trapezoidal windows, internal partitions and external window overhangs. Also, angle of 

incidence is taken into account for the reßectance of window glass, but reßectance with 

respect to incident angle is not taken into account for other surfaces. This program will gen-

erate solar radiation inputs given a turbidity factor and an optical thickness of condensable 

water in the atmosphere. However, the sunlight is assumed to have a uniform spectral dis-

tribution. This certainly makes the process much easier if one's site has similar weather con-

ditions to the 40 cities listed. One may also input one's own solar data. This program yields 

illuminances on the working plane at a height deÞned by the user. PCLITE does account 

for direct beam sunlight [Windows and Daylighting Group 1985].

 PCLITE has numerous limitations: 1) it cannot model multiple reßections such as 

light reßecting off an exterior shelf below a window onto an overhang above a window and 

into the space, 2) the overhangs must be perpendicular to the exterior wall, which precludes 

modelling sawtooth roof apertures, 3) interior light shelves cannot be modelled, 4) reßec-

tance for opaque surfaces is not evaluated with respect to incident angle, 5) reßectance with 

respect to wavelength is not evaluated for any surface, 6) light is assumed to have a uniform 

directional distribution, and 7) reßectances are assumed to be perfectly diffuse.

It should be noted that PCLITE is easy to use and does give useful information about 

daylighting for simple geometries with diffusely reßecting surfaces. Most conventional 

structures have fairly simple geometries and do have diffusely reßecting surfaces.

4.4.2 Lumen-Micro

Lumen-Micro Version 5 is an integrated daylighting and electric lighting design pro-
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gram. The program is menu driven, making the geometry and material properties input eas-

ier. It also accepts the IES standard photometric report format for luminaires, so adding the 

spatial distributions from many different Þxtures is made easier. Since this program models 

only rectangular rooms, this severely limits the designs that can be pursued. This model 

solves a radiosity matrix to Þnd illuminances, thus all surfaces must be diffusely reßecting. 

This program simulates the spatial distribution of daylight or electric lighting and the com-

bination of the two. Exitances from any room surface (limit of 6) and a graphical display of 

the illuminated geometry gives qualitative as well as quantitative information. It appears 

that this program uses a daylight availability model since only the latitude, the time of year 

and sky clearness (clear, partly cloudy or cloudy) are needed. Visual comfort probability, a 

glare metric for electric lighting, is also provided.

This program provides some daylighting analysis in addition to a more advanced elec-

tric lighting design tool. However, it does not have the capability to  model non-rectangular 

rooms or slanted ceilings nor can it model specular surfaces.

4.4.3 DOE-2.1D 

The DOE-2.1D building loads simulation program has a daylighting component. The 

main purpose for this component is to evaluate the impact of daylighting on the cooling and 

lighting energy usage. DOE-2 calculates daylight factors, i.e. internal illuminance as a per-

centage of exterior total horizontal solar radiation. Diffuse and direct beam radiation are 

both modelled. Glare control strategies using movable shading can be modelled as well as 

lighting control. Reßectance of building surfaces is modelled using a hemispherical aver-

age for visible light (i.e. diffuse reßection only), and does not allow variation with respect 

to wavelength. Thus selective reßecting surfaces can not be adequately modelled with this 

computer program. The visible transmittance of windows as well as the overall transmit-

tance of windows is used in the program, so that a selectively transmitting glazing can be 

modelled. Light shelves can be reßecting on either the top or on the bottom but not on both; 

DOE-2 cannot accurately model the inter-reßections that give light shelves their good light 
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penetration to the opposite side of the room from the exterior wall. Roof monitors can not 

be modelled adequately for the same reason. Since reßectance is modelled as totally dif-

fuse, shading devices with directional transmittance, i.e. specular reßection, cannot be 

modelled with this daylighting simulation code [Solar Energy Group 1989, Winkelmann & 

Selkowitz 1985].

One can specify the location of two light sensors per zone that control user deÞned 

fractions of the zone. The controls can either be stepped or continuous (dimming) and a 

piecewise linear curve Þt can be deÞned for power input vs. light output of the Þxtures. This 

program has the added feature of incorporating the daylighting results directly into the con-

trol schedules for the lights, so that one can use this program to model cooling loads reduc-

tion or gain due to daylighting and demand savings due to reductions in both lighting and 

cooling loads [Choi et al. 1984]. This is perhaps the best currently available tool to integrate 

daylighting with the rest of building energy performance.

4.4.4 BLAST

The Building Loads And System Thermodynamics (BLAST) program developed by 

the Construction Engineering Research Lab (CERL) has a rudimentary daylighting pro-

gram that can take inputs generated from other programs or from hand calculations (see 

Section K of the appendix). When describing the schedules and magnitude of electric light-

ing, BLAST has four commands that are related to daylighting: Percent Visible Light, Frac-

tion Replaceable, Fraction of Diffuse, and Fraction of Beam.

The Percent Visible Light command describes the fraction of input power to the lights 

that leaves the light Þxture as light. Though visible light comprises only 50% of the power 

in sunlight, the Percent Visible Light command deÞnes the luminous efÞcacy of the electric 

lights relative to sunlight so that if the lights have a 20% visible light fraction - one watt of 

daylight displaces 5 watts of electric lighting. 

The Fraction Replaceable command deÞnes what fraction of the zone can be daylit; 
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daylight that replaces more than that fraction is not calculated as electric lighting savings. 

This command provides the ßexibility to deÞne a thermal zone that is larger than the daylit 

zone.

The Fraction of Diffuse command describes the fraction of diffuse sunlight in the room 

that displaces electric lighting. This is similar to a diffuse light coefÞcient of utilization for 

the zone geometry. Since the directional distribution of diffuse light is assumed to be con-

stant, only one value of the Fraction of Diffuse command is allowed per thermal zone.

Similarly one can specify a schedule of the fraction of direct beam sunlight that dis-

places electric lighting. The Fraction of Beam command is a schedule because the distribu-

tion (incident angle) of direct beam light (and its utilizability) can change with the hour of 

the day. 

This program was chosen as the building energy analysis tool of choice because it pro-

vides the most accurate simulation of passive solar effects due to its hourly calculation of 

radiation heat transfer between building surfaces, and because it was the only detailed 

building simulation program available that could simulate an evaporative cooling system.



5. Monte Carlo Model

ÒDo not let your chances like sunbeams pass you by. For you never miss the 
water until the well runs dry.Ó -Rowland Howard-

5.1 Historical Background

Monte Carlo methods are a class of physical simulation in which a random number 

generator provides inputs into one or more statistical functions. Historically, the term 

Monte Carlo, referring to the famous gambling casinos on the French Riviera, was applied 

to the mathematical methods developed during the Manhattan Project to predict the trans-

port of neutrons. Though there is this historical association of Monte Carlo methods with 

particle transport, this method can also be proÞtably used where there are complex interac-

tions of probabilistic mechanisms. In the eighteenth century, the Comte de Buffon used a 

random event, the tossing of a needle onto a ruled grid, to Þnd the probability, P, that the 

needle of length, L, would intersect the grid lines spaced apart a distance, d. He analytically 

determined that this probability, P, would be:

( 5.1 )

Several years later, Laplace made the observation that this method could be used to cal-

culate p . This is perhaps the earliest known description of a Monte Carlo simulation that 

uses the inversion of a probabilistic function to determine a value [Kalos & Whitlock 1986].

5.2 Daylighting Theoretical Formulation

To simulate the fraction of sunlight which arrives at deÞned locations inside of a build-

ing geometry, a pseudo-random number generator is used to determine the behavior of indi-

vidual photons. Here, editorial license is used in referring to individual photons, as bundles 

of photons are actually traced, where each bundle represents ÒmanyÓ photons. Enough bun-
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dles are traced to achieve answers representative of the radiative transport within the geom-

etry. Since no time scale is either explicit or implicit in the problem, the answers are 

determined solely by the interaction of the input radiation with the geometry and the mate-

rial properties. The reader is referred to the article by Maltby and Burns [1991] for addi-

tional detail on photon tracing. 

A single surface of the enclosure, deÞned as the emitting surface, emits photons uni-

formly over the area of the surface. Each is then traced from ÒbirthÓ at the emission surface, 

to ÒdeathÓ on an absorbing surface, through possibly many intermediate reßections. Upon 

egress from a surface, the photon is traced along its trajectory to the nearest surface, whence 

the photon strikes, and a photon/surface interaction occurs. Using weighted probabilities 

for diffuse and specular reßectance and for transmittance with respect to incident angle, the 

disposition of the photon is determined. If reßected or transmitted, its direction may be 

changed appropriately (according to a directional distribution, either diffuse or specular - 

i.e. mirrorlike), and tracing continues. If absorbed, it dies, and the process is repeated for 

the next photon to be emitted. Photons are counted each time they pass downwards through 

a Þctitious work surface, located 3 feet (1 meter) above the ßoor, as a measure of luminous 

ßux. This ßux is related to the ßux of sunlight entering the enclosure (by crossing the emis-

sion plane). We trace Nk photons in wavelength (color) band k from the single emitting sur-

face, and tally the number which pass through the discretized work surfaces j. This ratio is 

then multiplied by the incident luminous ßux, Ek
T, to yield in wavelength band k:

( 5.2 )

where

Fv,j
k= one-way ßow of light in wavelength band k from source surface to surface j 

(lumens)

Nj
k = number of photons from source surface in wavelength band k passing through 
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work surface j

Nk = total number of photons in wavelength band k traced from source surface

Ev,T
k=illuminance in wavelength band k emanating from source surface (lm/m2)

A = area of source surface (m2)

Fj
k = illumination factor in wavelength band k from source surface to surface j

Due to the properties of most building materials not being readily available with 

respect to wavelength, simulations herein are performed in a single wavelength band (k=1). 

Thus all superscripts k are henceforth dropped.

5.3 Convergence

If one uses a large enough sample population, the overall bulk behavior of the photons 

accurately represents solar radiation exchange from the environment to inside surfaces. An 

analytical solution to the number of photons required to achieve a given level of accuracy 

for Bernoulli trials (i.e. those that have only a 0 or 1 result, such as whether a photon is 

absorbed or not by a given surface) was formulated by Maltby [Maltby and Burns, 1991]:

( 5.3 )

where
Cj = conÞdence interval (as a fraction of Fj) for exchange fraction to surface j

Z = standardized random variable of the normal probability function (Z = 1.96 

for 95% conÞdence)

The Monte Carlo based daylighting program, DAY3D, is designed to loop through suc-

cessive emissions from the source surface until a prescribed accuracy level is attained or a 

maximum number of photons is emitted. The prescribed accuracy is formulated for the 

exchange fractions from the single source surface to the ÒworkÓ surface. Note that emitting 

more photons improves the accuracy of all results. As rule of thumb for fairly simple geom-
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etries (around 20 surfaces), approximately 200,000 photon-bundle emissions are required 

to achieve answers accurate to within 2%. With mini-blinds, our simulations encompassed 

about 100 surfaces. For 2% accuracy, we emitted 1.2 million photons, requiring about 40 

minutes of CPU time on a Sun Sparc IPC computer.

Since the tallying of photons is not a Bernoulli trial (i.e. with a reßective ßoor and ceil-

ing the photon can be tallied more than once) the convergence formulation can only be 

approximated for the work surface. The exchange fraction of photons emitted from the sky 

and absorbed by the ßoor is the result of a series of Bernoulli trials, thus the accuracy of 

this exchange fraction can be calculated using the Maltby formulation in Eq. 5.3. The accu-

racy of the sky to ßoor exchange fraction can be used as a proxy for the accuracy of the tally 

of photons passing through the work plane, since the ßoor has approximately the same ori-

entation to the rest of the geometry as the work surface . Using the exchange fraction for 

the ßoor in Eq. 5.3, the accuracy of the work surface can be approximated. 

This convergence approximation was tested by performing 6 simulations for each 

number of photon emissions and observing the errors produced. To obtain differrent 

answers for each number of photons, the random number generator was seeded randomly 
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for each simulation. Simulations were performed with 10,000, 100,000, and 1,000,000 pho-

tons. The work plane illuminance fractions of these trials were compared against a simula-

tion with 10,000,000 photon emissions. The results in Figure 5.1 indicate that the accuracy 

of the exchange fraction from the sky to the ßoor surface can be used as a reasonable 

approximation of the accuracy of the average work surface illuminance.

In general, one will be interested in the accuracy of the illuminance of each subsurface 

of the work plane, not the average illuminance of the entire work plane. Since the average 

exchange fraction of the section of the ßoor surface below one of the m subsurfaces of the 

work plane is Fj /m, one will need to increase the number of photon emissions by a factor 

of m to maintain the same accuracy (assuming that Fj <<1).

It should be stressed that the photon packets modelled are a statistical phenomenon; 

the total number of photons emitted are strictly determined by minimum needed to achieve 

a given conÞdence in the answer. An actual photon by photon model for even the smallest 

quantity of light would be computationally prohibitive. In Appendix A, it is shown that 

modelling a small amount (one Talbot) of light would require approximately 1,500,000 

years of CPU time.

5.4. Capabilities
Upon a photon-surface interaction, the behavior of each photon is determined by a 

probability density function which maps random numbers to speciÞc actions. This function 

can be made to depend upon both incident angle and wavelength. So window glass, which 

reßects rather than transmits light at oblique angles and is opaque to some wavelengths, can 

be accurately represented by a model that takes into account incident angle and wavelength.

When a photon is reßected, the angle of exitance can be determined. Diffuse (matte) 

surfaces have a reßectance function that is circumferentially uniform but reßects more light 

normal to the surface than obliquely. Specular (mirror like) surfaces can be deÞned so that 

the cone angle of the exiting photon is equal to the incidence angle with the opposite cir-

cumferential angle. This specular reßection capability is not shared by other daylighting 
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programs which are formulated in terms of radiosity networks. Finally, mixed (both spec-

ular and diffuse) materials may be modelled.

Any geometry comprised of planar elements can be modelled given the limitations of 

the memory of the computer, and the amount of time one is willing to wait for results. On 

a Sun workstation, the paths of approximately 1,000 ÒphotonsÓ per second are processed.

5.5 Input Model

5.5.1 Geometry

The modelled geometry is comprised of triangles and trapezoids which are speciÞed 

by their vertices, deÞned in Cartesian coordinates. The global Cartesian coordinates which 

are used to deÞne the geometry must be deÞned in terms of the Zenith vector and the North 

vector, so the relation of the geometry to the rest of the cosmos is deÞned as well as its 

shape. As one deÞnes a surface, the vertices are listed in counterclockwise fashion as one 

ÒfacesÓ the surface to be consistent with the right hand rule convention. The surfaces are 

given material numbers which correspond to user-deÞned diffuse and specular reßectances 

and transmittances with respect to incident angle. Some of these material properties may be 

found in the literature [Gubaref et al. 1960, Touloukian,Y.S. et al., 1970-73, Elmer 1980]. 

In addition to the geometry modelled, a ÒskyÓ surface is deÞned. This surface is placed as 

close to the windows as practicable, but far enough away that any interaction with projec-

tions from the building are incorporated in the model.

The geometry can be debugged with the aid of the visualization tool, MPLOT, which 

creates a wireframe image which can be scaled, rotated in three dimensions and translated. 

One can also display user-selected surfaces by surface numbers or material types. This 

helps assure that the geometry modelled is the one the user intended. A limited number of 

Òleaks,Ó locations where the photons left the geometry without being absorbed, can also be 

located by displaying traces of the vectors of the "lost" photons.
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5.5.2 Yearly Analysis Inputs

The annual range of solar angles is calculated. These solar angles are based on the solar 

declination which is repeated twice per year (except at the solstices). A separate simulation 

is required for each direct beam angle modelled. Thus each direct beam simulation can be 

used for two different times of the year. If the geometry modelled is symmetric with respect 

to due south, then the impact upon electric lighting use will be the same for cases when the 

sun is at the same elevation and has a symmetric azimuthal angle (equal but of opposite sign 

of a previous position).   Since the sun is at the same elevation and has an azimuthal angle 

that is equal but of opposite sign to the sun at a time that is symmetrically opposite around 

solar noon (i.e. 11 am and 1 pm), the same direct beam simulation can be used for times 

that are symmetric around solar noon. Thus when simulating rooms that are symmetric 

about due South, one can take advantage of this symmetry and the seasonal sun path sym-

metry, so that direct beam simulations are required only for the Þrst half of the day for an 

average day for each month from Dec 21 through June 21. The solar angles for these sim-

ulations are converted from coordinates of altitude and azimuth into the global coordinate 

vectors that match the deÞnition of the geometry (see Section E of the Appendix).

Because there are differing ratios of direct beam to diffuse light throughout a given 

month, the direct beam simulations must be separate from the diffuse sky simulations and 

the results weighted by the amounts of diffuse and direct beam light. If no blinds were 

required, such as in North facing ofÞces, one diffuse simulation would be sufÞcient for the 

entire year. In the South facing rooms, blinds are needed for the Winter and Spring months 

with the lower solar angles. These blinds should be set so that no direct beam radiation 

enters the room without Þrst being reßected Þrst off the blinds and then off of the ceiling. 

The angle of the blinds would change with month but not with time of day - it being 

assumed that a blind setting would be found that would not be adjusted during the day. Thus 

one diffuse simulation would be required for each blind angle. 

If an anisotropic diffuse model were used, then for each separately considered solar 
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angle a clear sky and partly cloudy diffuse run must be processed. Because the overcast sky 

model is independant of sun position, only one run need be made for the entire year. 

In a separate off-line process, a Typical Meteorological Year Þle is read to obtain direct 

beam and diffuse irradiance. These data are processed using the Perez [1990] correlation of 

direct beam and diffuse luminous efÞcacy to irradiance, dew point and zenith angle. The 

direct beam and diffuse irradiance values are combined with values of direct beam and dif-

fuse luminous efÞcacy to yield values of direct beam and diffuse illumination for every hour 

of the year. This process is described in more detail in Appendix I.

5.6 Output Quantities

5.6.1 Illuminance Fractions

The illuminance fraction, Fj, from the sky emission plane to the subsurface of the work 

plane as described in section 5.2 is the fraction of ÒphotonsÓ which are tallied as they pass 

in a downward direction though each subsurface of the work plane as compared to the total 

number of ÒphotonsÓ emitted. This illuminance fraction is stored for each subsurface of the 

work plane.

5.6.2 Scaled to Emission Plane for Illuminance Values

The ßux of light on a subsurface, Fv,j, in units of lumens is described by Eq. 5.2 as the 

product of the illuminance fraction from the sky plane, Fj, the area of the sky plane, AT, and 

the illumination on the sky plane, Ev,T. Since the average illumination or the luminous ßux 

density on the subsurface is merely the ßux on the subsurface, j, divided by the area of the 

subsurface, Aj, the illuminance fraction can be converted into an illuminance on the subsur-

face, Iv,j, by the following relation.

( 5.4 )

The calculation of beam illuminance on the emission plane, Ev,T, (beam), is simply the 

Ev j,
Fv j,
A j

----------
F jEv T, AT

A j
------------------------= =
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product of the cosine of the incident angle on the plane and the direct normal illuminance. 

The diffuse illuminance on the emission plane with a tilt angle of S, is the combination of 

sky diffuse illuminance, Ev,d and ground reßected illuminance, Ev,gnd. Using the standard 

equations that are used to calculate irradiance on a tilted plane [ASHRAE 1993], the iso-

tropic diffuse illuminance on the emission plane, Ev,T,diffuse, is:

( 5.5 )

where,

Ev,TH = total horizontal illuminance

rgnd = visible reßectance of the ground

Calculating the illumination on the sky emission plane for the CIE anisotropic sky 

model (overcast, partly cloudy and clear) is outlined in Appendix F.

5.6.3 Yearly Analysis Outputs (Daylit Fraction)

Average light levels are calculated for the areas covered by each electric dimming con-

trol sensor (see Figure 1.4). These light levels are compared to a target desired illuminance; 

the fraction of the target level that daylight fails to provide is the fraction electric lighting  

needed for the areas served by the electric dimming control sensors. The weighted fractions 

of electric lighting needed are aggregated for a zone fraction of electric lighting, FEL. The 

average daylit fraction of the entire zone is the fraction of the zone electric lighting not 

needed or 1 - FEL. This procedure is repeated for every hour of the year and for every day-

light zone and the results are written to a Þle (see Appendix J ).

This Þle can then be read into a building energy simulation, such as BLAST, and for 

every hour of the year and for each zone,  the scheduled lighting power requirements are 

reduced by the corresponding average daylit fraction (see Appendix K). In this manner, one 

can evaluate the total energy impacts of daylighting which include the interaction of day-

lighting and heating, ventilating and air conditioning energy ßows.

Ev T diffuse, , Ev d,
1 Scos+

2
---------------------è ø

æ ö Ev TH, rgnd
1 ScosÐ

2
---------------------è ø

æ ö+=



59
5.7 Visualization of Results

ÒThe purpose of computation is numbers. The purpose of analysis is 
insight.Ó -After R.W. Hamming -

Ultimately, the quantities that are being described are visual. Since the spatial distribu-

tion of these quantities is the result of the simulations, displaying these quantities as a spa-

tial distribution of light and darkness, provides the user information in the same format as 

the expected end result of an actual daylit building. Visualization, the conversion of num-

bers into images, allows the human mind to evaluate patterns in the data and thus gain 

insight.

5.7.1 Contour Plots

Contour plots allow us to easily associate quantitative values to a spatial distribution 

on the work plane 1 m above the ßoor. The contour plots  presented Chapter 7 gives a birdÕs 

eye view of the spatial distribution of the quantitative (numerical) data;  north is up and east 

is to the right. Thus, the front of the room is down.  The contour plots then cover the domain 

between centroids of the work surfaces. The contours are presented in units of lux (lm/m2), 

providing a quantitative description of light distribution but not a qualitative description of 

brightness or contrast

5.7.2 Gray Scale Plots  

The presentations in the Þgures in Chapter 7 are useful in quantitatively assessing the 

data. However, it is difÞcult to obtain a qualitative feel for the data from contour plots. This 

is extremely important in determining occupant comfort - i.e. will the proposed daylighting 

scheme produce a pleasing visual effect? To illustrate these aspects, we construct grey-scale 

plots in 256 shades of lighting intensity. Glare has been observed to exist beyond a contrast 

of a factor of 30 [Robbins, 1985]. Therefore, we adopt a graduating scheme which recog-

nizes these physiological aspects. We take as the upper limit the maximum intensity, color-

ing values higher than these white. We then establish the lower limit in black as the 
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Figure 5.2: Grey Scale Plots of Simulated and Measured Test Data 

(a) Measured - Linear Grey Scale

(b) Measured - Logarithmic Grey Scale

(c) Simulated - Logarithmic Grey Scale
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maximum intensity divided by 30, and use linear weighting in between to obtain graduated 

grey scale intensities (0 is black). Viz.,

( 5.6 )

Since the image on the computer screen or on a sheet of paper subtends a small fraction 

of the visual Þeld relative to an actual room, the contrast is exagerated. Therefore, we devise 

another competing graduating scheme which recognizes these physiological aspects. Here, 

we employ logarithmic weighting in between. Viz.,

( 5.7 )

In Figure 5.2 (a) graduated grey scale intensities varying linearly are shown, while in 

Figure 5.2 (b) logarithmic weighting is used. Figure 5.2 (b) appears much as it would were 

one to enter a sunspace subject to direct beam sunlight.

5.7.3 Video 

An event-based videotape of photons as they move through the enclosure, interacting 

with the surfaces, provides insight into the transfer of sunlight [Sweitzer et al. 1993]. A vari-

ety of views is presented, illustrating the power and ßexibility of the method. In Figures 5.3 

and 5.4, we present two frames from the event-based videotape. Figure 5.3 presents a view 

from the rear of the room, while Figure 5.4 presents a view from the side and includes pho-

ton transport through the mini-blinds.

The room geometry was converted into the appropriate object Þle format using a sim-

ple text editor. A faceted sphere was used to represent the photons. Only thirty-two poly-

gons were used in the deÞnition of the spheres to cut down on the memory requirements for 

the 960 photons to be traced. Because of the relatively small memory size of our machine, 

16 MBytes, and the correspondingly large number of objects (960), only 18 frames of ani-
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-------------------------------------´

è ø
ç ÷
æ ö

=

GrayScaleIntensityLOG Integer 255
I IMINÐ( )log

IMAX IMINÐ( )log
---------------------------------------------´

è ø
ç ÷
æ ö

=



62
Figure 5.3: Visualization of View from Back of the Room

Figure 5.4: Visualization of Photons Reßected from Blinds
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mation data could exist in memory at any time. Included with the x,y,z position was a fourth 

parameter used to color the photons. The photons change color as they move through the 

geometry. Initially, all the photons are colored yellow. Photons that enter the light shelf turn 

pink. Photons that traverse the mini-blinds turn green. All photons turn red the instant 

before being absorbed.

Several camera positions were used in  rendering the Þle images. Each sequence (with 

the exception of the close-up) has 90 frames. The rendering was done without shadows or 

reßections. In many cases shadows and reßections can be used to improve the viewerÕs per-

ception of the three-dimensional nature of the picture. In this case, due to the fact that the 

light shelf is a highly specular surface and the large number of photon objects,  reßections 

and shadows were found to be distracting to the viewer. Since shadows and reßections were 

turned off, each frame required about 15 minutes of rendering time.

Naturally, compromises were made about several aspects of the visualization. In addi-

tion to the coarseness of the photon objects to save memory, we compromised on the pho-

tonÕs interaction with the walls. Surfaces in the Monte Carlo simulations are modeled as 

planes, and the positions of the photons are calculated for objects of zero radius. In order 

to see the photon during the visualization, they were given a small positive radius. There-

fore when the photons interact with a surface, the photon sinks halfway into the surface 

before the interaction takes place. Nevertheless, despite these limitations, the videotape is 

extremely effective at conveying the Monte Carlo process involved in simulating daylight-

ing.



6. Daylighting Design using DAY3

6.1 Factors required to perform daylighting analysis

6.1.1 Emission Plane

A surface is described exterior to the daylighting apertures through which all daylight 

passes. This surface, called the emission plane, is used in lieu of the entire sky dome to rep-

resent light from all sources: direct beam sunlight, diffuse skylight and ground reßected dif-

fuse light. Depending upon the geometry modelled, the same emission plane can be used 

as a starting point for both the direct beam and diffuse light. This emission plane as shown 

in Figure 6.3, is placed as close to the window as practical to eliminate as many photons 

that do not strike the window as possible. However in Figure 6.3, the emission plane must 

be placed out past the tip of the exterior light shelf to accurately represent the absorption 

and reßection of daylight by the top and bottom of the external light shelf.

As described in Eq (5.2), the interior illuminance is the product of the fraction of light 

leaving the emission (source) plane that falls on the given internal surface, the illuminance 

on the emission plane (or the exitance of the emission plane), and the relative areas of the 

emission plane and the internal surface considered. Thus, the direct beam and diffuse illu-

minance that passes through the emission plane must be calculated. The illuminance of 

beam sunlight on the emission plane is simply the product of the cosine of the incidence 

angle on the plane and the direct beam illuminance value. 

A common simpliÞcation of the diffuse component of light is to treat the ground and 

sky planes as isotropic emitters. An inÞnite horizontal sky plane has the same distribution 

of light as a sky dome of equal luminance. With this simpliÞcation, one exchange fraction 

calculation is sufÞcient to model the distribution of diffuse light into the building geometry 
64



65
for the entire year. The magnitude of the diffuse light leaving from the modelled emission 

plane is multiplied by this exchange fraction calculation and can be done independently of 

the Monte Carlo exchange fraction simulation. 

The weakness of this approximation is that both sky diffuse and ground diffuse are 

lumped together. If one component is signiÞcantly greater than the other (such as snow cov-

ered ground on a clear day) a systematic error is introduced. Isotropic diffuse light can be 

modelled better by having two half distributions; the photons emitted in the upward (posi-

tive zenithal) direction are placed in a different bin than those in the downward direction. 

These two bins will then represent the ground diffuse and the sky diffuse components of 

light respectively and can be weighted accordingly.

An even more exacting diffuse sky model would be the anisotropic model such as the 

CIE clear, partly cloudy and overcast sky models. The overcast sky model could be per-

formed only once per year because the distribution of light is independent of sun position. 

Since the CIE partly cloudy and clear skies have spatial luminance distributions that are 

dependant upon the sun position, these models require as many runs as there are signiÞ-

cantly different sun positions (See Section F of the Appendix). The CIE partly cloudy and 

clear sky models include both the direct beam and diffuse sky components of light thus 

eliminating the need for a separate direct beam simulation for each different sun position. 

SigniÞcantly different sun positions can be deÞned as causing signiÞcantly different 

exchange fraction distributions on the work plane of the geometry considered.

6.1.2 Work Surface

A completely transmitting ÒworkÓ surface at a user selected working height above the 

ßoor is subdivided into a grid; in our case the working height is 3 ft (0.91 m) and the grid 

is 10 x 10. The number of photons which pass downward through each element of the work 

surface is tallied. The ratio of photons which pass through the work surface to the number 

of photons emitted from the ÒenvironmentÓ provides the illumination factor, Fj, as com-
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pared to the illumination at the emission plane. (N.b., due to multiple reßections, the sum 

of illumination factors for the ÒworkÓ surface may, in rare instances, exceed 1.) This illu-

mination factor is multiplied by the luminous ßux at the source plane to obtain a corre-

sponding luminous ßux for the section of the work surface tallied. Dividing the luminous 

ßux through the section of work surface by its area yields the illuminance on that area. Sub-

dividing the wall and ceiling surfaces and tallying the photon leaving these subsurfaces will 

provide additional useful exitance information.

6.2 Overview of Zero Energy Building

The Public Service Company of Colorado sponsored the design of a small (17,400 ft2 

or 1,620 m2) two-story, commercial building dubbed the ÒZero Energy Building.Ó This 

extremely energy efÞcient building would demonstrate: advances in materials (low e  glass, 

low cost specular reßector), daylighting design with corresponding lighting controls (spec-

ular light shelves with photometrically controlled dimming ballasts), enhanced evaporative 

cooling technology, (direct-indirect with a direct contact heat exchanger served by an ice 

storage system), active and passive solar design, and advanced building design tools 

(BLAST and DAY3D). The resulting design could then provide the basis for a generic efÞ-

cient building type that could be presented to customers as an alternative to conventional 

building shapes and mechanical systems. A further constraint was that the building be rea-

sonable to build (i.e. only slightly modify conventional building practices) and increase up 

front costs only slightly. As can been seen in Figure 6.1, the Zero Energy Building is quite 

conventional looking from the outside.

6.2.1 Envelope

The Zero Energy Building was designed in accordance with the following philosophy: 

eliminate any possible loads instead of trying to meet the loads with solar or other forms of 

energy. The walls would be insulated to a thermal resistance (R-) value of 19 °Fá ft2á h/Btu 

(3.35  °Cám2/W); the roofs insulated to a value of R-32 (5.64 °Cám2/W); and the ßoors to a 
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value of R-14 (2.47 °Cám2/W). The windows would have a center of glass R-value of 8.1 

(1.43 °Cám2/W) and an overall resistance of 5.5 (0.97  °Cám2/W) due to the frame being 

more conducting than the glass assembly of two low e mylar sheets sandwiched between 

two sheets of glass. This proposed daylit building would have a window to wall area ratio 

of 17.4%.

6.2.2 Heating

The original zero energy building design included active solar heating with a gas Þred 

auxiliary heat source, as this was found to be cheaper than a sunspace. However for sim-

plicityÕs sake, two modular gas-Þred boilers were modelled as serving the hydronic base-

board heaters. Even without a sunspace, there is a signiÞcant direct gain passive solar 

component to the design of the Zero Energy Building; it is elongated in the East-West direc-

tion and has 1,550 ft2 (144 m2) of south facing glass.

Figure 6.1: South Elevation of the Zero Energy Building
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6.2.3 Cooling

The arid climate of the Western United States is well suited for evaporative cooling; 

though the dry-bulb temperature of the1% design day for Denver, CO is 93°F (34 °C) the 

mean coincident wet-bulb temperature is 59°F (15 °C) and the 1% design wet-bulb temper-

ature is 64°F (18 °C)! Since the dryness of ambient air is utilized for cooling, more outside 

air than in conventional systems is introduced which allows for enhanced dilution of indoor 

air contaminants. Evaporative cooling uses signiÞcantly less energy than vapor compres-

sion cooling since the compressor is eliminated. For maximum cooling capacity, an indi-

rect-direct evaporative cooling system was speciÞed for the Zero Energy Building. The 

indirect evaporative cooler uses the evaporative process to cool a heat exchanger that sen-

sibly cools ambient air which depresses its wet-bulb temperature. In the direct stage, the 

sensibly cooled air passes through a moist packing media which saturates this air with 

water. In the act of evaporating, the water absorbs the heat of vaporization and the moist air 

approaches the wet-bulb temperature of the sensibly cooled air. 

This enhanced evaporative cooling system cannot meet the required cooling load for a 

few hours per year. During hot and humid periods, the water in the direct evaporative cooler 

can be chilled and thus sensibly cools  the air leaving from the indirect evaporative cooler. 

Because the chilled water is required under maximum cooling load conditions, the chiller 

capacity needs to be as high as would be needed for a stand alone vapor compression cool-

ing system. However, since the cooling is needed for a few hours per day for only a few 

days, a thermal storage system is well suited for this load. Thermal storage reduces the cost 

associated with a large chiller and reduces the demand charges associated with operating a 

large chiller during peak electrical demand periods. This aspect of the Zero Energy Build-

ing is not modelled in the annual simulation; two staged chillers are modelled instead. This 

would be more representative of standard mechanical design at this time and reduces the 

complexity of the mechanical system modelled.

The building is designed with operable windows since this control is perceived to have 
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an added value by the occupants. Such windows would have magnetic proximity switches 

that would reduce the ßow through the variable air volume box for that zone and would alert 

the security system whenever the window was open. On cool spring and fall days, this 

replacement of mechanical with natural ventilation would reduce fan energy consumption. 

This option is not modelled but is identiÞed as worthy of further investigation.

Cooling loads are minimized by: restricting conduction through the envelope with high 

thermal resistance wall and window assemblies, reducing internal gains due to lighting by 

using high efÞcacy light sources and daylighting controls, blocking solar gains with over-

hangs and selectively transmitting glazings.

6.2.4 Lighting

In most ofÞce spaces, a dimming ßuorescent lighting system is required to maximize 

the savings from a given daylighting strategy. As mentioned in Section 1.1.3, staged dim-

ming controls are too distracting. Continuous dimming systems are cheap and reliable for 

incandescent lamps, however, the poor luminous efÞcacy of incandescents, 1/4 that of ßu-

orescents (see Figure 2.4), makes this option very energy inefÞcient. Fluorescent lumi-

naires can be continuously dimmed using a high frequency wave chopping (pulse width 

modulation) technique. Modules that would control a bank of 10 or more Þxtures are rela-

tively expensive. Furthermore, all of these lights need to be on the same light switch 

because at the dimming power level, there is not enough current available to ionize the gas 

and strike the arc inside of the ßuorescent tube. A central dimming controller has to receive 

a signal from several light sensors and calculate an average light level or a signal from one 

well-placed sensor.

An alternative approach is presented in Figure 1.4, in which each Þxture has an indi-

vidual associated sensor. With individual Þxture dimming control, electricity savings are 

optimized because each Þxture provides the minimum amount of light necessary to keep its 

immediate area lit to the required speciÞcation. In comparison, the setpoint for a central 
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controller is adjusted so that the darkest area served by a luminaire on the lighting circuit 

is lit to the required level, resulting in overlighting the other areas. High frequency elec-

tronic ballasts on the individual luminaires are already chopping the 60 cycle line current 

into frequencies of 12,000 hertz or more, so it makes sense to adjust the output at the ballast, 

rather than chopping the current twice, as would occur with a central dimming system. 

Electronic ballasts are rapidly dropping in price due to economies of scale, making this 

option even more attractive. Thus, electronic ballasts are considered in the base case build-

ing and dimmable electronic ballasts are chosen for the daylit building.

6.3 Daylighting Design for Zero Energy Building

6.3.1 Overview

Most of the effort in daylighting design had centered around bringing enough light 

with as much spatial uniformity as possible into the space, using a minimum amount of 

glazing area. This objective recognizes that glazing costs more than an opaque wall and has 

less thermal resistance. Advanced lighting controls that would reduce the amount of power 

consumed by electric lights as more of the task illuminance was provided by daylight were 

needed on as small a subdivision as possible to maximize the savings afforded by daylight-

ing. The features used should conform closely as possible to existing building practices to 

keep costs down. These features were modiÞed to accommodate other architectural and 

mechanical features of the building.

6.3.2 Geometry

Having both a clerestory window and a view window in the same wall provides a large 

amount of illumination. But the far side of the room can appear dim because the work plane 

near the exterior wall has a larger view of the sky. If the clerestory window is blocked from 

view when one is near the exterior wall but is unobstructed as one moves away from this 

wall, illumination levels with less contrast are obtained (see Figure 6.2). Contrary to popu-

lar belief, the standard internal light shelf does not provide signiÞcantly more light to the 
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rear of the room; it reduces the variation of light levels on the work plane. Less variation of 

light intensity increases visual comfort so that visual acuity is heightened. The internal light 

shelf increases the aperture area that is in the Þeld of view of the observer as one moves 

from the view window towards the rear of the room; this effectively maintains a more con-

sistent angle of unobstructed window.

An external light shelf reßects additional light into the room, and if designed well, can 

provide an appropriately sized overhang for reducing solar gains in the summer. Tilting the 

external light shelf will increase the amount of light reßected onto the ceiling. One rule of 

thumb is to tilt the front of the exterior light shelf (40 - 0.5 x Latitude) degrees up from hor-

izontal [Moore 1985]. Coating the external light shelf with a specular surface can double 

the amount of light entering through the clerestory windows in the summer.

Though single story spaces can very easily be daylit using skylights and light monitors, 

these are only readily usable on single story buildings. Since this design was to be applica-

ble for multistory commercial buildings, skylights and roof monitors were ruled out as an 

option. Light pipes and Þber optic daylighting systems are extremely expensive and were 

similarly ruled out for this project. An interior-exterior specular light shelf was chosen for 

Interior Light Shelf Exterior Light Shelf /

Figure 6.2: Light Shelf ConÞguration
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Clerestory Windows
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several reasons: utilizing direct beam light reduces the area of heat losing glazing, the exte-

rior light shelf reduces the seasonal variation of light entering the clerestory window and 

provides control of sunlight entering the view window (more in the winter when the heat is 

needed and less in the summer when it is not). 

The South facing room geometry modelled for this building is graphically displayed in 

Figure  6.3. This room measures 20 ft (6.1 m) by 20 ft and has an 8 ft (2.4 m) dropped ceil-

ing. A 3 ft (0.91 m) tall window 4 ft (1.2 m) above the ßoor extends the entire 20 ft width 

of the perimeter wall excepting for mullions and structural supports that are estimated to 

take up 20% of the nominal glazing area.

The 12 ft (3.6 m) long light shelf is a dropped ceiling which has a specularly reßective 

mylar Þlm on its top surface. This mylar Þlm is also applied to the ceiling and walls above 

the light shelf. Thus there is a 12 ft (1.2 m) long by 3 ft (0.91 m) tall by 20 ft  (6.1 m) wide 

specularly reßective cavity which has a 2 ft (0.61 m) tall by 20 ft (6.1 m) wide clerestory 

window on one side opens up to the ceiling of the rear half of the room on the other.

The cavity between the light shelf and the ceiling above the light shelf can be used to 

run HVAC ducts with minimal affects on daylighting performance, if the ducts are oriented 

perpindicular to the perimeter wall. Conventional buildings leave enough space between 

the bottom of the ßoor above and the dropped ceiling to allow the passage of HVAC ducts. 

Since ducts can be run in the daylighting cavity above the light shelf, the ceiling above this 

cavity can be suspended closer to the underside of the ßoor above. Thus, this design does 

not require three extra feet of height per story. 

Not much time was spent on the design of the North facing rooms because these could 

have been simulated using the standard radiosity based daylighting tools. The primary 

aspect of this design was to provide a view to a large part of the sky. Thr Þrst ßoor north 

facing rooms have a 3 ft (0.91 m) view window, a 2 ft (0.61 m) clerestory window and a 3 

ft (0.91 m) skylight that span the entire width of the room.. The second ßoor ofÞces have 
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two 3 ft (0.91 m)  skylights. Figure 6.4 and the Figures in Appendix L, show  cross-sections 

of the building including the North rooms.

6.3.3 Material Properties

The contradictory goals of admitting sunlight and blocking heat transfer across the 

building envelope can be achieved by using high thermal resistance, low emissivity win-

dows. The glazing modelled has 4 layers: two mylar Þlms coated with a low emissivity 

metallic coating sandwiched between two sheets of clear glass. The many layers reduce 

convective heat transfer and the low e Þlms are highly reßective in the infrared spectrum 

which reduces radiative heat transfer. Filling the space between the glazing layers with a 

low thermal conductivity gas such as argon reduces the conductive heat transfer across the 

glazing system.

The angular properties of this multilayer glazing system are quantiÞed in Figure 6.5 by 

using the methodology described in Section H of the appendix. The glazing system chosen 

Figure 6.4: Cross Section of the Zero Energy Building
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for the Zero Energy Building maximizes light transmission while minimizing heat transfer. 

The glazing system modelled has two sheets of 3/16Ó (4.8 mm) clear glass and two sheets 

of the Heat Mirror 88Ò low emissivity Þlm. The overall normal reßectance and transmit-

tance of the glazing layers are taken from the data Þles that come with the Window 4.0 pro-

gram [Windows and Daylighting Group, 1992]. The overall visible transmittance of a 

single sheet of the glass is 0.895 and the overall reßectance is 0.091. The low e Þlm has a 

transmittance of 0.882, a front reßectance of 0.061 and a rear reßectance of 0.068. One of 

the Þlm layers is modelled with the rear reßectance and the other layer is modelled using 

the front reßectance. The manufacturer gives the following speciÞcations of the glazing 

assembly: 0.52 shading coefÞcient, 8.1 ft2×°F h/Btu (1.43 °Cám2/W) center of glass thermal 

resistance, 5.5 ft2×°F h/Btu (0.97 °Cám2/W) total window thermal resistance including heat 

losses through the frame [Hurd 1991].

Since solar altitude is higher in the summer, the direct beam sunlight has a higher inci-

dence angle on vertical south facing glass and, as shown in Figure 6.5, is less likely to be 

transmitted into the building. In addition, since the solar ßux through a plane is proportional 

to the cosine of the angle of incidence, even less incident beam radiation is admitted in the 
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summer through a south-facing vertical window. To reduce the seasonal variability of light 

entering through the clerestory window, a tilted specular light shelf is employed. The tilted 

external light shelf redirects nearly vertical summer sunlight horizontally through the clere-

story window into the specular light duct. To reduce summer solar heat gains, the external 

light shelf has a selective reßecting surface i.e. visible light is highly reßected and the non-

visible components of light are mostly absorbed by the external light shelf. The low solar 

altitude in the winter precludes an interaction with the external light shelf; both visible and 

non-visible components of sunlight impinge directly on the clerestory window. But since 

the glass has a shading coefÞcient of 0.52 which multiplied by the solar transmissivity of 

DSA glass of 0.87 gives a solar transmittance of 0.45, and the overall normal visible light 

transmittance is 0.62, even in the winter more light than heat is transmitted by the glass.

The external light shelf also doubles as an overhang for the view window. In the winter, 

direct beam sunlight passes through the window and is intercepted by venetian blinds. Most 

of the light absorbed by the blinds is converted into heat and is convected into the air. Thus 

the blinds are a solar air heating device as well as a glare reduction measure. In the summer, 

all the direct beam sunlight is blocked by the overhang, thus the blinds may be retracted to 

let in as much diffuse light from the sky as possible. This diffuse light has a higher luminous 

efÞcacy than direct beam sunlight, so daylight is gained with a minimum of additional cool-

ing load.

Light which passes through the clerestory window is transferred to the opposite side of 

the room through a specularly reßecting plenum. The surfaces in this plenum are specular 

so that the rearward directionality is maintained. In contrast, a diffusely reßecting surface 

would reßect the incident light in all directions including back out the clerestory window. 

This reßective light plenum is formed by coating all the surfaces between two dropped ceil-

ings with aluminized mylar. The acoustic ceiling tiles in the lower dropped ceiling have 

their diffuse white side facing downwards toward the working space while the top side is 

coated with specular aluminized mylar. Aluminized mylar is chosen because it is light-
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weight, has over 80% specular reßectance, is cheap, and does not cause too much of a ßame 

hazard (attached to aluminum sheet, ßame spread was 15% and smoked developed 40% of 

red oak ßooring as per the ASTM E-84-84a standard) [USTC 1987]. This material may 

degrade after 10 years exposure to sunlight and thus further advances in materials may pro-

vide a better specular surface with better ßammability and longevity characteristics.

All the walls, and the ceiling are painted white with a diffuse reßectance of 0.7 and the 

ßoor with a tan rug has a reßectance of 0.25. Painting the perimeter walls with a very bright 

white paint with a reßectance of 0.8 could reduce contrast glare but was not modelled here.

6.3.4 Maintenance Factor and Mullions

To simplify the geometric model, the windows were described as one long strip along 

the perimeter walls. Of course real windows have mullions, which were assumed to take up 

20% of this strip so the light transmission was derated by 20%. Over time, windows get 

dirty and thus the windows transmit less light than predicted by the physical model of the 

window assembly. The typical light loss factors from Table 1 [IES 1989] are used; since the 

building was designed for a relatively clean area (Fort Collins), the light loss factors are 0.9 

and 0.8 for vertical and sloped (skylights) glazing, respectively.



7. Results

7.1 Validation

The computer model is useful only if it can closely approximate daylight inside of 

actual buildings. Since the ßow of light is based on relative geometric relations, the DAY3D 

program is validated by comparing the simulated results with results from a geometrical 

scale model made of painted wood, using glass mirrors to simulate the specular light shelf 

and with a rug on the ßoor. Data were taken outdoors using natural sunlight. A Licor pho-

tometric sensor model 210 was used to measure luminous intensities on the 10 X 10 grid of 

the ÒworkÓ surface (thus, the domain of j is [1,100]). 

We provide Table 7.1 which summarizes the Outside Ambient measurements, the mea-

surements inside the scale model (ÒmeasuredÓ), the simulated results, and the difference 

between measured and simulated. The Outside Ambient measurements (column 2) were 

measurements taken on the horizontal plane, i.e., the total horizontal incident solar ßux.The 

standard deviation of these measurements was approximately 5% over the one-hour period 

Table 7.1: Comparison of Measured and DAY3D Illumination Levels

Outside
Ambient

Illumination Inside Geometry

Total
Horizontal

(lux)

Measured
(lux)

Simulated
(lux)

Measured - 
Simulated 

(lux)

Mean (lux) 55,348 15,823 16,232 -398

Std. Deviation (lux) 2,648 1,615 1,561 1,184

Maximum (lux) 67,899 61,236 64,099 33,120

Minimum (lux) 48,029 3,800 4,273 32.3
78
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of the test. Column 3 represents measurements taken inside the geometry at the work sur-

face. Values in column 4 are the result of taking the Outside Ambient measurements as input 

to the simulation, breaking the incident light into direct normal, sky diffuse and ground dif-

fuse components, and simulating each separately; then we add the results of these 3 simu-

lations are added to obtain the simulated values on the work surface. Column 5 contains 

summary information on the differences between the measured and the simulated data for 

each of the 100 subsurfaces or nodal points on the work plane.

Here, we have not adjusted the material properties from the original estimates. Note 

that there was a standard deviation of 2,648 lux in the Outside Ambient measurements 

(about 5%) due to the natural variability of sunlight. The simulated average is within 3% of 

the measured average, indicating excellent agreement. Further evidence of this excellent 

agreement is seen from a comparison of Figures 7.1 a) and b). 

It should be noted that since there is a large direct beam component that is absorbed by 

the carpet, this test does not fully exercise the capabilities of this model. More rigorous test-

ing of the model have been undertaken earlier by authors of the program [Maltby & Burns 
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1991, Maltby 1987]. Additional experimentation with the view window blocked out should 

be undertaken to see how well multiple reßections are modelled.

7.2 South Facing Room Parametric Runs

The DAY3D computer simulation can be used to improve a daylighting design by opti-

mizing such parameters as: window height and location, room geometry and material prop-

erties of the room surfaces. The metric of a successful daylighting design is deÞned here as 

providing a uniform spatial distribution of illuminances on the work plane above a mini-

mum predeÞned threshold most of the year. The illuminance threshold desired is 750 lux 

(75 fc) - plenty of light for most ofÞce tasks. 

The various parametric cases were evaluated in the morning and at noon for the two 

solstices and an equinox so that performance under a range of sun angles was evaluated. 

The availability of daylight was chosen by sorting the total horizontal illuminance for each 

month and choosing the median value for March, June, September and December for the 

hours evaluated (for that time of day of the month half of the time it will be brighter and 

half of the time it will be darker than the horizontal illuminance chosen.) Figure 7.2 ranks 

in decreasing order the total horizontal illuminance for the hour ending at solar noon for the 
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months of March, June, September and December. The large fraction of days with high total 

illuminance corresponds with the observation that Denver has predominantly clear skies. 

7.2.1 Length of Specular Light Shelf

The light shelf length was progressively increased until a relatively uniform illumina-

tion on the work plane was achieved. The shorter lengths produced a bright spot in the mid-

dle of the room. Longer lengths produced a bright spot in the back of the room. The length 
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of the light shelf was originally evaluated for June and December only. Given the March 

information that the back of the room has excessive variation in illuminances, one may 

desire to use a longer light shelf (see Figure 7.3) than the 12 ft (3.7 m) long light shelf that 

was used for the design of the Zero Energy Building. Thus, a program that can generate 

results for many times of day and for different seasons is necessary for adequate evaluation 

of each parametric case.

7.2.2 Clerestory and View Window Height

Both clerestory and view window height were varied between 1 and 3 feet in height to 

Þnd optimum window sizes. The Þnding here is that a 2Õ height for both the clerestory and 

the view window gives a good balance of light into the space with the required minimum 

illuminance in the space for most of the year. However, for the design of the Zero Energy 

Building and the annual energy simulation, a 3Õ view window was chosen because of the 

aesthetic beneÞts that would be derived from having a larger view to the outside. Thus a 

conscious choice was made to include those intangible values in this design that are not 

contained in a table of recommended illuminances but that are substantial nonetheless.

7.2.3 Light Shelf Tilt

Here, the effect of tilting portions of the light-shelf geometry is examined. For a spec-

ular reßector, geometrical aspects are much more critical than for a diffuse reßector, as it is 

desired to direct the light to the rear of the enclosure with a minimum of intermediate 

bounces. Figures 6.4 and 7.4(a) through (c) show the geometries simulated. The contours 

shown in Figures 7.5(a) through (d) illustrate the effects of, respectively: (a) no tilt, (b) tilt-

ing the interior surface only, (c) tilting the exterior surface only and (d) tilting both interior 

and exterior surfaces (the geometry of Figure 6.4). All results are for 11:30 am in June when 

the effect of a tilted light shelf would be most pronounced. The summer sun is high in the 

sky, so, for ßat surfaces, direct beam light entering the upper window must bounce many 

times and is attenuated by 20% at each bounce. Placing a small reßective wedge just inside 
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(a) No Tilt

(b) Interior Tilted

(c) Exterior Tilted

Figure 7.4: Variation in Light Shelf Tilt



84
the upper window (Figure 7.4(b)) - 1Õ high by 2Õ long - imparts a shallower trajectory to the 

incoming photons and thus fewer bounces occur during transport of the light to the rear of 

the room. Comparing the results between Figure 7.5 (a) and (b), this modiÞcation increases 

lighting levels in the rear of the room by about 20%. 

Tilting the exterior section of the light shelf (Figure 7.4(c)) has an even more pro-

nounced effect on the illumination at the rear of the room, increasing lighting levels in the 

Figure 7.5: Contour Plots of the Effect of Light Shelf Tilt
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rear of the room by approximately 80% (see Figure 7.5 (c)). Like the interior wedge, tilting 

the exterior light shelf imparts the shallower trajectory which reduces the number of reßec-

tions and decreases the incidence angle of the light on the upper window glass. Since the 

transmittance of glass increases with decreasing incidence angle, the tilted exterior light 

shelf increases the amount of light transmitted through the glazing and reduces the number 

of attenuating bounces. As seen in Figure 7.5(d), the greatest beneÞt is achieved when both 

the interior and exterior are tilted (the geometry shown in Figure 6.3). However, tilting only 

the exterior causes most of the improvement because the light that is incident on the interior 

wedge must have a high incidence angle (56° at a minimum) and much of this light is 

reßected away rather than transmitted.

7.2.4 Directional Reßectance

A specular material would maintain the original south to north trajectory of the light 

toward the rear of the room, while using a diffuse reßector would cause 1/2 of the reßected 

light to travel back towards the outdoors. The tilted internal and external light shelf is com-

pared with both a specular and diffusely reßecting light shelf surfaces. The results for the 

specular reßecting light shelf are given in the form of a contour plot in Figure 7.5(d) and 

the results for the diffusely reßecting light shelf are given below in Figure 7.6. Note that the 

specular light shelf results in signiÞcantly greater lighting levels than does the diffuse light 

shelf (here, reßectances of both light shelves are Þxed at 0.80). In particular, at the rear of 

the room, the lighting levels for the specular light shelf are more than twice those for the 

diffuse light shelf. Thus, the greater transfer of light via specular surfaces is established. 

A major stumbling block for greater use of specular light ducts and light shelves is that 

most lighting software cannot predict their performance. A reÞned DAY3D Monte Carlo 

daylighting simulation program could provide daylighting designers with a tool that would 

allow them greater design ßexibility. A greater range of surfaces, glazings, and geometries 

could be modelled and their performance predicted.
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7.2.5 Back Wall Surface

Since the goal of lighting the space has been to provide enough quantity of light with 

as little variation on the work plane, the attempt was made to design a geometry that would 

minimize the bimodal (perimeter and interior walls) spatial distribution of light on the ßoor 

plane. Tilting the ceiling near the wall opposite from the windows down 52° provided a nor-

mal view of the illuminated ceiling from the middle of the room, thus maximizing the light 

directed towards the center of the room and reducing the variation of light on the work 

plane. Note that the Þgures previously displayed already had incorporated the tilted back 

wall into their design.

From the small sample of times displayed here (Dec 11:30 am and June 11:30 am) one 

would not expend the extra money for the slanted rear wall for the negligible change in light 

distribution. However, the comparison should be made over several days of the year, for 

winter, spring/fall, and summer for median, high and low daylight illuminances.

7.3 Annual Daylighting Simulation

The geometry chosen for the annual daylighting simulation is described in Section 

6.3.2 and is illustrated in Figure 6.3. The contour plots in Figure 7.8 illustrate the changing 

Figure 7.6: Diffusely Reßecting Light Shelf Results
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distribution of light as the sun arcs across the sky over the course of a day, for different 

months of the year. In the mornings, the Western side of the room next to the perimeter win-

dow wall is brighter than the East. This is expected since the sun is in the Eastern part of 

the sky. The bright spot in the North-Eastern part of the room is due to sunlight bouncing 

off of the West wall in the plenum above the light shelf and emerging from the ceiling in 

the middle of the room with an Eastern trajectory. 

Note that, in some cases, the light in the front of the room is excessive. This can be con-

trolled by adjusting the blinds to admit less light. However, the simulation here sets the 

blinds so that no direct beam sunlight enters the room without Þrst being reßected by the 

blinds - but at the same time as much light as possible is admitted. This simulation strategy 

is expected to reßect that the occupants would adjust the blinds to admit more light on days 

with less sunlight.
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The main pattern here is that most or all of the room is adequately illuminated for most 

of the year. For the afternoon hours that are symmetric around solar noon from the times 

displayed in Figure 7.8, the spatial distribution of light for these hours would be mirror 
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images (ßipped East-West) of those given here. 

The distributions shown here are actually a superposition of two distributions: direct 

beam sunlight and diffuse (sky and ground reßected) light. As the relative magnitudes of 

direct beam and diffuse light change, so does the spatial distribution of light on the work 

plane.

7.4 Annual Building Energy Simulation

Combining the results of a daylighting simulation into an annual building energy sim-

ulation allows one to investigate the interaction effects of daylighting with other building 

energy mechanisms. A building energy simulation will also predict the effect on electrical 

demand. Electrical demand (in units of kW) typically costs the building owner as much as 

the cost of the electrical energy (in units of kWh). The Building Loads and System Ther-

modynamics (BLAST) hourly building energy analysis program was used here, but the 

same analysis could be performed using another building simulation program.

The 17,400 ft2 building modelled here is similar to the one simulated by Miller [1992] 

with a few modiÞcations. Table 7.2 lists the schedules and peak values used to model zone 

loads and equipment operation. 

The supply fan is sized to provide 120% of the aggregate peak cooling load for all the 

zones (this is greater than the peak load on the coil) during the simulation, which uses the 

Typical Meteorological Year weather data. A 25°F temperature differential is used to calcu-

late the required ßows for the vapor-compression chiller system, whereas a 10°F differen-

tial is used to size the fan in the direct-indirect evaporative cooling system with a chiller 

backup. Thus the fan systems had the following ßow rates in units of cfm/ft2: Chiller - 0.76, 

Chiller w/daylighting - 0.85, direct-indirect evaporative - 1.28, direct-indirect evaporative 

w/ daylighting - 1.42. The variable volume boxes are capable of reducing ßow down to 10% 

of maximum and the supply fan maintains 1.6 inches water column pressure and realizes 

energy savings via an adjustable frequency drive.
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The outside air control is a temperature based economizer cycle, where additional out-

side air is drawn into the air handler to provide cooling when ambient conditions are cool 

enough. The mixed air temperature is controlled in a range from 75°F to 50°F by the cool-

ing demands of the zone with the greatest cooling load, thus this fan system can be classi-

Þed as a variable volume variable temperature (VVVT) system. It is anticipated that the 

high end system designed here could reduce the outside air fraction down to 5%. Because 

standard construction practice seals some of the air leaks around joints and envelope pene-

trations, the inÞltration during times when the supply fans are off is estimated to be 0.5 air 

changes per hour. The cooling coil is locked out from December 1 to March 1 to prevent 

minimal loading and additional wear on the chiller. Similarly, the hot water boiler is turned 

off from June 15 to September 1 to prevent standby losses. 

Exhaust fans reject 690 cfm (15 per person) to maintain acceptable air quality. Though 

this is below the 20 cfm per person recommendation in the ASHRAE 62-89 standard for 

Table 7.2: Zero Energy Building Schedules

Peak Quantity 46 People
29.2 kW Lights
23.0 kW Plug

0.5 ACH

Schedule
OfÞce 

Occupancy
OfÞce Lights Fans InÞl

M - F, Midnight - 6 0% 5% Off On

M - F, 6 - 7 10% 20% On Off

M - F, 7 - 8 50% 100% On Off

M - F, 8 - Noon 100% 100% On Off

M - F, Noon - 13 50% 100% On Off

M - F, 13 - 16 100% 100% On Off

M - F, 16 - 17 50% 100% On Off

M - F, 17 - 18 10% 50% On Off

M - F, 18 - 24 0% 5% Off On

S - S, 24 h 0% 5% Off On
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ofÞce spaces, some more advanced ventilation systems are anticipated such as: occupant 

sensor activated ventilation, source collection of contaminants (such as ducting the ozone 

directly from a laser printer to the outside), and electrostatic precipitation of smoke and 

fumes from the shop area.

It may seem paradoxical that the daylit case would have a higher aggregate peak cool-

ing load since daylighting presumably reduces cooling requirements by displacing electric 

lighting with more efÞcacious sunlight. However, in certain times of the year, there are 

more solar gains in the daylight case due to the addition of extra glazing (the skylights and 

clerestory windows). The gains in the north and south sides of the building are not coinci-

dent; there is more gain in the spring and fall in the south side, but this is reduced in the 

summer due to the overhangs, whereas the north side has maximum gain in the summer. 

Though daylight is more efÞcacious than sunlight, the zones may be receiving much more 

light (and heat) than the lights would be producing in these zones during these time periods.

The six building conÞgurations considered are: a) the base case - no clerestory win-

dows or skylights but with an overhang above the South facing view windows, electric 

lights are not dimmable and the air conditioning system uses a vapor-compression chiller 

with an evaporative condenser; b) the same as a) except that cooling is provided by a direct-

indirect cooling system with a chiller backup; c) daylit building with skylights, clerestory 

windows with light shelves, dimming (daylight harvesting) controls on electric lighting, 

and chiller to provide cooling; d) the same as c) except that cooling is provided by a direct-

indirect cooling system with a chiller backup; e) the same as c) except no daylight controls 

on lighting (i.e. lighting power usage is the same as case a); f) same as c) except no clere-

story windows and skylights but same reduction of lighting power as in cases c) and d). 

Case f) is hypothetical since the elimination of clerestory windows and skylights would 

affect the amount of daylight available to displace electric lighting.
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7.4.1 Effect on Lighting Usage

The lighting system was designed with a luminous efÞcacy of 80 lm/W (T-8 ßuores-

cent lamps with dimmable electronic ballasts) and Þxture coefÞcients of utilization that 

ranged between 0.62 and 0.28 depending upon Þxture type and room geometry. The total 

connected lighting power necessary to provide an average 75 fc (750 lux) in the ofÞces and 

20 fc (200 lux) in the hallways is 29.2 kW or 1.68 W/ft2. This lighting power density is 

below the more stringent (whole building) method of complying with the ASHRAE/IESNA 

90.1 energy code. Given the credits for daylighting controls, the adjusted connected power 

is about half of the allowed lighting power budget.

As can be seen in Figure 7.9, daylight replaces 70% of the electric lighting usage.As 

would be expected, most of the lighting savings are in the middle of the day and in the sum-

mer. 

7.4.2 Effect on HVAC Usage

Daylighting reduces chiller usage but only by 5%; the plug loads are slightly less than 

the peak lighting loads and chiller energy consumption is not that large anyway due to econ-

omizer operation. Thus, the chiller energy savings are dwarfed by the electric lighting sav-

ings. As would be expected, evaporative cooling all but eliminates chiller energy usage. 

However, since the evaporative cooling system cannot provide cooling on the peak cooling 

day, the chiller size and peak energy usage are approximately the same as without an evap-

orative cooling system.

The heating energy results are surprising. One would expect that boiler fuel consump-

tion would increase under the daylit case; the glazings are more thermally conductive than 

the opaque wall assemblies and electric lighting internal gains have been reduced. How-

ever, an additional 588 square feet of South facing glazing in the daylit case is admitting 

more solar heat gains which are coincident with the reduction in internal heat gains from 

electric lighting. In case f), where the base case building has the same electric lighting load 
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proÞle as a daylit building, the boiler usage, as shown in Figure 7.9 (f), increased by 14% 

over the base case, thus bearing out the solar gain hypothesis. Conversely, if the daylighting 

geometry is used without lighting controls, the results given in Figure 7.9 (e) show that 

boiler usage decreased by 11% over the base case; again this illustrates that the daylighting 

geometry doubles as a passive solar collector. 

Boiler fuel use is also reduced for the evaporatively cooled system. The higher air ßow 

rates of an evaporative system allow higher supply air temperatures to provide the same 

amount of cooling than the supply air temperatures of a mechanical cooling (chiller) system 

with lower ßow rates. During the swing season, the core zones in an evaporative system are 

cooled with a greater ßow rate of warmer air than would be with a chiller system. Because 

the supply air temperature is higher for the evaporatively cooled system, this supply air does 

not have to be reheated as much in the perimeter zones. Thus the evaporatively cooled 

building uses less boiler fuel because there is less reheating of cooled air. 

The evaporative cooling system uses more fan energy than its mechanical cooling 
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counterpart since a greater volume of air is necessary to remove the same cooling load due 

to the higher supply air temperatures delivered by an evaporative cooling system. Daylight-

ing reduces the amount of cooling loads due to electric lights, thus case c) uses less fan 

energy than case a) and case d) uses less fan energy than case b). Note that case e) uses more 

fan energy than any of the other chiller cooling cases (a and c), because without daylight 

controls on the electric lighting, this building has to reject the heat from the sunlight enter-

ing the clerestories and skylights and the heat of the electric lights.

7.4.3 Effect on Electric Demand 

The daylighting in the Zero Energy Building reduces electric demand by eliminating 

the need for electric lighting for most of the day. The effect is not as pronounced here due 

to the small cooling loads, but the rediscovery of daylit designs decouples the unnecessary 

coincidence of cooling and illumination needs. Due to this decoupling, the annual peak (the 

load that drives power plant construction) is not only reduced signiÞcantly but shifted from 

the summer to the winter. 
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Without daylighting, the evaporatively cooled building has a large demand spike in 

August, because for a few hours in the summer wet bulb temperatures are so high that the 

evaporative cooler is unable to provide the required cooling. As a result, the back-up DX 

chiller is engaged and the monthly demand is set by these few hours of chiller opera-

tion.When evaporative cooling is used in conjunction with daylighting, on the hot sunny 

days when the chiller is needed, the demand by the chiller is offset by the reduced electrical 

and cooling loads of the electric lighting. Thus daylighting enhances the value of evapora-

tive cooling to electric utilities that are interested in reducing their summer peak.

7.4.4 Effects on Building Operating Costs

The energy costs given in Table 7.3 are representative of Fort Collins, CO. These costs 

are lower than in most regions of the country. Thus, in conjunction with the very efÞcient 

base building, the estimate of savings described here is very conservative.

As can be seen in Figure 7.11, the operating costs are lowest for the building that is 

evaporatively cooled and daylit. Daylighting the building has a much greater impact on 

operating costs than the addition of evaporative cooling. This corroborates the results of 

elimination parametrics as discussed in section 1.1.2 - reducing internal loads in commer-

cial buildings will have the largest impact on reducing energy costs.

The building designed for daylighting with clerestory windows and skylights but did 

not have the lighting controls installed, Figure 7.11 scenario (e), costs the most to operate. 

This points out the necessity to follow a daylit project through to the end; scrimping on 

lighting controls, as often happens as a building project is being completed, can produce a 

Table 7.3: Energy Rate Schedule

Energy Component Cost

Natural Gas Usage $4.00/MMBtu

Electric Usage $0.0269/kWh

Monthly Electric Demand $8.01/kW
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building that is more costly to operate than one which was not as carefully designed.
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Figure 7.11: Energy Costs from BLAST Results
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8. Conclusions and Recommendations

8.1 Conclusions

A well daylit building replaces electric lighting with more pleasing daylight. The 

design described here can be used for multiple story buildings with minimal changes to 

existing construction practices. The annual operating cost savings due to daylighting this 

building are 18¢/ft2áyr (1.7¢/m2áyr). Evaporatively cooling this building gains an additional 

4¢/ft2áyr (0.37¢/m2áyr) of savings.

Electric lighting usage was reduced by 70% in this building and the summer electric 

demand reduced by 29 kW. If this Þgure is extrapolated to all the currently existing com-

mercial building stock, 1.5 to 3.5 Quads/yr (1.6 x106 to 3.7 x 106 TJ/yr) of energy could be 

saved for a cost savings of $10.4 to $16.1 Billion/yr. Given the great monetary and societal 

beneÞt, further use of daylighting is warranted. As buildings are designed, an integrated 

analysis of daylighting and total building energy use is needed. 

The use of specular surfaces can signiÞcantly improve the effectiveness of light shelves 

and other daylighting devices. As was shown in Section 7.2.4, a specular reßective surface 

on the light shelf increased light to the far side of the room by approximately 80%. Specular 

surfaces cannot be modelled by the traditional daylighting tools that are based on a diffuse 

radiosity model. The development of a user friendly Monte Carlo model would expand the 

capabilities of the daylighting designer.

8.2 Recommendations

8.2.1 Create User Friendly Tool for Inputs

A user friendly tool could be developed which would allow the casual user to generate 

a geometry either using the Cartesian coordinates or by drawing a 3-dimensional Þgure into 
97



98
a Computer Aided Drawing (CAD) program. The material properties of each surface in the 

visible and total solar spectrum could be deÞned by a pull-down menu of a library of many 

common material properties (with the option of the user adding more materials to this 

library). This material library could include an effective ßoor cavity reßectance to take into 

account furniture and other objects which alter the distribution of light as compared to a 

model of an empty room. 

Glazing properties could be deÞned in terms of the normal transmittance and reßec-

tance and the program would calculate the angular properties according to the Stokes 

method outlined in Section H of the appendix. The geometry could be simulated for a vari-

ety of times of year and sky conditions using the TMY data and the Perez data as outlined 

in Section J of the appendix. 

8.2.2 Improved Models for Daylighting

The CIE clear, partly cloudy, and cloudy models could be added using the methods 

described in Section G. This should be compared to experimental data and to the decom-

posed diffuse/direct beam model used here. For a given solar position, the CIE model 

allows only 3 discrete variations (cloudy, partly cloudy and clear) in the relative distribu-

tions of light. Perhaps, a modiÞed clear and partly cloudy model which decomposes the 

direct beam and circumsolar sunlight from the diffuse skylight and allows the magnitude of 

these two sources to vary according to the magnitudes of direct beam and diffuse illumi-

nance would provide a more accurate model.

The ground reßected light should be considered independently from sky diffuse light. 

Ground reßected light initially has an upward direction and sky diffuse a downward direc-

tion. If an isotropic diffuse distribution is used, the distribution should be segmented into 

two bins: upward and downward and the relative magnitudes can then be adjusted for the 

relative magnitude of ground reßected versus sky diffuse light.

The angle of blinds can be adjusted in the model so that direct beam radiation must be 
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reßected off of the blinds onto the ceiling in the room. This could be deÞned in terms of a 

Þxed daily angle (approximating manual control) or an angle that is continuously adjusted 

during the day (automatic blinds).

8.2.3 ModiÞcations to DAY3D

Automating the procedure of creating an annual daylighting simulation would substan-

tially reduce the human effort. The user would create an input Þle with the geometry and 

indicate the global coordinate azimuth, Y, (see Appendix E) and the program would gener-

ate separate runs for the various times of year and solar angles. The user could specify if 

they wanted a full-blown annual simulation or for several hours of a median illuminance 

day for the summer, spring and winter.

When modelling multiples of a similar shaped zone, the photon packet leaving one side 

of the modelled segment is entering the next segment. To assure that these photons are accu-

rately considered, a special material would be required that would send a photon that passed 

through a plane on one side of the geometry to a corresponding symmetric location on the 

opposite side with the same direction vector.

Currently, the Monte Carlo method is used for designing luminaire reßectors. Manu-

facturer provided models of their product would allow lighting designers to predict with 

better accuracy the results of their designs. The near Þeld distributions of indirect and wall-

washing luminaires could be predicted. With the addition of a luminaire modelling ability, 

it would be possible to automate the design of placement of luminaires to optimize the 

interaction with daylight.

The results of the daylighting analysis can be imported into the BLAST program as 

described in Section K of the appendix to modify the amount of electric lighting used with 

various control strategies (on-off, stepped, continuous with a minimum output, and contin-

uous). Because building energy programs are unable to model specular reßections - the cal-

culation of solar gains by these energy simulation programs could be improved by 
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importing the results of the Monte Carlo simulation for total solar heat gain.

8.2.4 User Friendly Output from DAY3D

The results of the daylighting analysis could be displayed several ways: grey scale 

plots of the work plane using either linear or logarithmic scaling (see Section 5.7.2), con-

tour plots of the work plane, grey scale or contour plots of exitances of all interior surfaces, 

and glare indices for user deÞned locations and facing given directions.

Glare has as much impact on visibility as does illuminance. Thus a useful daylighting 

program must evaluate glare. One method for evaluating glare is to calculate the luminance 

contrast between the task and other objects (including windows) in the Þelds of view. Plot-

ting exitances of all the surfaces in the room geometry is one method of doing this; however 

there are other descriptors of glare that can be calculated as well.

Because specular reßections can be modelled using the Monte Carlo method, this is 

ideal for evaluating the magnitude of veiling reßections on video display terminal (VDT) 

screens. This information can then be used for the placement of electric lights and the use 

of daylight control.

Discomfort glare can be evaluated by creating a plane that represents the visual plane 

of the observer. Light intensities crossing this plane can be placed into bins of solid angle 

which are then used in the daylighting glare equation described in Section 2.2.2.

8.2.5 BLAST Enhancements

Besides modifying BLAST so that a switch is available for importing off-line lighting 

control and solar gains Þles, some additional summary reports could make evaluating the 

results easier: 1)providing monthly electrical demands as part of the plant energy summary, 

2) an annual summary report that separates the plant energy use by end-use (lights, plug 

loads, system fans, pumps, chiller, boiler etc) like the DOE-2 BEPS report and 3) a report 

that shows the components of load for each monthly peak. In addition, a 3-dimensional 

building geometry visualization tool would help assure the geometry modelled is the one 
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intended. 
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APPENDICES 



A  Lighting Units

Luminance units are similar to radiance units with the addition of a multiplier that

describes the eyeÕs spectral sensitivity. The eye is most sensitive to light of wavelength

0.555 micrometers. The eye is less sensitive to wavelengths shorter or longer than this

wavelength of maximum sensitivity, until it is unable to detect radiation of wavelengths

larger than 0.77 micrometers or smaller than 0.38 micrometers (see Figure 1 in Chapter 1).

Monochromatic light of wavelength 0.555 micrometers has a luminous efficacy of 683 lu-

mens/Watt.

Light intensity, Iv, in candelas is defined as the luminous intensity in a given direc-

tion from a source that emits monochromatic radiation of frequency n = 540 x 1012 Hz (l

= 0.555 x 10-6 m) having a radiant intensity in that direction of 1/683 W/sr. Since the lumi-

Figure A.1: Relationship between Candelas, Lumens, Lux 
and Footcandles
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nous efficacy of this monochromatic emitter is 1 lumen per 1/683 of a Watt, 1 candela is

equivalent to 1 lumen per steradian. Note that the definitions of luminous and radiant in-

tensity differ from the heat transfer convention of describing intensity in terms of Watts per

steradian per unit projected surface area of the emitter.

The steradian (sr), w, is the solid angle which subtends an area on a sphere equal to

the square of the radius. The area contained by the points ABCD in Figure A.1, is subtended

by one steradian, therefore the area of ABCD is the radius squared. The source, having an

intensity of 1 candela, emits a luminous flux of 1 lumen (1 candelaásr) over the surface of

ABCD. Since the surface area of a sphere is given by 4pr2, the entire surface of the sphere

is subtended by 4 p steradians. Thus a source with an intensity of 1 candela emits a total

spherical luminous flux of 4 p lumens. Since the steradian is an angular measure, the lumi-

nous flux is independent of the radius of the sphere. 

Illuminance, Ev, the luminous flux per unit area, changes with distance from the

light source. If the sphere in Figure A.1 has a radius of 1 meter, the surface ABCD subtend-

ed by one steradian has an area of 1 m2, and the illuminance on this surface is one lumen/

m2 = 1 lux. Similarly, if the radius were 1 foot, the area of ABCD would be 1 ft2, and the

illuminance on ABCD would be 1 lumen/ft2 = 1 footcandle (fc).

The luminous energy or quantity of light, Qv, falling on a surface can be defined in

terms of the product of the radiant energy and the luminous efficacy for radiation of a con-

stant spectral distribution or as the integral with respect to time of the luminous flux.

( A-1 )

The unit used for luminous energy is the lumen-second or the Talbot.

The exitance, Mv, of a source is similar to the heat transfer concept of radiosity in

that it is the total luminous flux leaving a surface, the sum of transmitted, reflected and

emitted light, over all directions per unit area. The SI unit of exitance is the lumen/m2. For

QV Fvò td Km V l( )Fr l( )dl

l=380nm

770nm

òè ø
ç ÷
ç ÷
æ ö
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a purely reflecting surface the exitance can be given as:

( A-2 )

Luminance, L, is the luminous flux per projected area per solid angle around a given

viewing direction. Luminance is similar to the heat transfer definition of intensity [Siegal

& Howell 1981]. Luminance can be expressed per differential area, dA, as:

( A-3 )

Where dA cos q is the projection of the differential area in the viewing direction.

Luminance can also be written in terms of luminous intensity, IV.

( A-4 )

For a diffuse (Lambertian) surface, the angular intensity, Ivq, can be related to the

intensity normal to the surface, I^, by:

( A-5 )

Thus luminance from a diffuse surface is independent of viewing angle because lu-

minance is the intensity per unit projected surface area. 

( A-6 )

The total exitance, M, from a diffuse surface can be expressed in terms of lumi-

nance, L, by integrating the constant luminance with respect to the angle from normal, q,

and the azimuthal angle, f:

( A-7 )

Thus the luminance of a diffuse surface is the exitance divided by p. The units of

luminance are candela per square meter. The following table summarizes the SI units used
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to describe light.

Table A1: Lighting Units

Name Symbol Relation SI Unit

Luminous Energy QV Qv = òFvdt 1 Talbot (T) = 1 lm-sec

Luminous Flux FV Fv = dQv/dt = ò Ivádw 1 Lumen (lm) = 1 cd-sr

Luminous Intensity IV Iv = dFv/dw 1 Candela (cd) = 1 lm/sr

Illuminance EV Ev = dFv/dA 1 Lux = 1 lm/m2

Exitance MV Mv = dFv/dA Lumen/m2

Luminance L L = dIv/dAcosq 1 Candela/m2 = 1 nit



B  Calculating the Number of Photons in Sunlight

B.1 Emission Rate of Photons in the Solar Spectrum, an Analytic Solution

The sun emits about the same amount of energy as a black body radiator at 5,777K

and has the same maximum wavelength as a black body at approximately 6,300K [Duffie

& Beckman 1991]. Since the energy of an individual photon is dependent upon its wave-

length, the number of photons in the entire spectrum emitted by the sun is calculated by in-

tegrating with respect to wavelength the spectral intensity of sun light, modelled as a

blackbody emission, divided by the spectral energy content of a photon. This yields the

number of photons per sec×m2×sr. We then divide this value by the total blackbody intensity

(W/m2×sr) to obtain the number of photons contained in one Joule of sunlight.
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The spectral intensity of radiation given off by a blackbody, iÕbl, is given by the fol-

lowing: [Siegal & Howell]

( B-1 )

where

C1 = Grouping of terms, h×Co
2, 0.59544 x 108 Wámm4/m2 

h = PlanckÕs Constant, 6.62 x 10-34 J×sec

Co = Speed of light in a vacuum, 3 x 108 m/sec

l = Wavelength of radiation, m

C2 = Grouping of terms, h×Co/k, 14,388 mmáK

k = BoltzmanÕs Constant, 1.381 x 10-23 J/K

T = Temperature of the emitting surface, K

The energy contained in a photon, Ephoton, is given by:

( B-2 )

where

n = frequency of radiation, Hz

Dividing the spectral intensity by the energy contained in a photon for each wave-

length and then integrating over the range of the entire electromagnetic spectrum yields the

number of photons per sec×m2×sr:

( B-3 )

Substituting x for C2/lT, and -C2dx /(x2T) for dl, we get:
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0

( B-4 )

After grouping variables together, this simpliÞes to:

( B-5 )

From the integral tables, the integral is given by [Gradshetyn & Ryzhik 1965]:

( B-6 )

where

G(v) = The Gamma function, (v-1) factorial

z(v) = RiemannÕs Zeta function, 

Thus given that u = 1 and v = 3, we can evaluate the integral.

( B-7 )

   photons/sec×m2×sr

The total intensity, i'b, in Joules/sec×m2×sr, is obtained from the following formula

[Siegal & Howell]:

 Joules/sec×m2×sr ( B-8 )

where

s = Stefan-Boltzmann constant, 5.67 x 108 W/m2áK4
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The number of photons per Joule of sunlight can now be calculated:

 photons/Joule ( B-9 )

The extraterrestial luminous efÞcacy of sunlight is 96 lumens per Watt. Thus the

ßux of photons in sunlight is approximately 4.65 x 1018/96 = 4.85 x 1016 photons/

secálumen. Thus one lux of sunlight contains 4.85x1016 photons/sec×m2.. If one can process

1,000 photons/sec, the computation of the paths of the photons that generate a 1 lux (1 fc)

illuminance for one second on a 1 m2 (ft2) surface (i.e. 1 Talbot of luminous energy) would

take approximately 4.85 x 1013 sec or 1.5 million years! Luckily we are not interested in

modelling every photon; we need to model enough photon bundles to provide an accurate

answer as is determined by the convergence criterion (see Section 5.3).

B.2 The Number of Photons in the Solar Spectrum, a Numerical Solution

C     This program calculates the number of photons per joule of 
C     user selected range of wavelength in solar radiation.
      program solar
C
      double precision h,Co,C1,C2,k,lambda1,lambda2,Tb,intens
      double precision xint, xb, xt, x1, x2, xstep
      double precision sigma, result, xinc
      integer intstep, L1, L2
C
C     h  = Plank's Constant, 6.62 x 10**-34 Joule-Sec
C     k  = Boltzman's Constant, 1.381 x 10**-23
C     Co = Speed of light in a vacuum, 3 x 10**8 m/sec
C     Tb = blackbody temperature, Kelvin
C
      h = 6.62d-34
      k = 1.381d-23
      Co = 3d8
      C1 = h*Co**2
      print*,'Enter blackbody temperature in Kelvin'
      read(*,*)Tb
      C2 = h*Co/k
C
C     wavelength - lambda is in meters, e-9 is nanometers
C
      print*,'Enter wavelengths considered in nanometers.'
      print*,'Enter bottom of range (nanometers)'
      read(*,*)L1
      print*,'Enter top of range (nanometers)'
      read(*,*)L2
      lambda1 = real(L1)*1d-9
      lambda2 = real(L2) * 1d-9
      x1 =  C2/(lambda1*Tb)
      x2 =  C2/(lambda2*Tb)
      print*,'Enter number of steps desired.'
      read(*,*)intstep

i'bl dl
E photon
------------------

l 0=

¥

å
i'b

----------------------------- 9.35x1025

2.01x107
------------------------» 4.65x1018=
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      xstep = (x2 - x1)/real(intstep)
      xint = 0
C
      Do 100 i = 0, intstep-1
        xb = x1 + real(i)*xstep
        xt = x1 + real(i+1)*xstep
      xinc = (xb**2*xstep/(exp(xb)-1)+xt**2*xstep/(exp(xt)-1))/2.
      xint = xint + xinc
  100 continue 
C
C     result is in units of photons/sec-sq m-sr
      result = (-2)*C1*Tb**3/(h*Co*C2**3)*xint
C
C     intens = total intensity in Watts/sq m-sr
C
      sigma = 5.67d-8
      pi = 4. * atan(1.)
      intens = sigma/pi*Tb**4
C
      photon = result/intens
      write(6,1000)photon
      write(6,2000)L1, L2
      stop
 1000 format(1x,'There are',E10.3,' photons per Joule in sunlight')
 2000 format(1x,'between',1x,I3,' and ',i5,' nanometers.')
      end

  

Compare the numerical result of 4.60 x 1018 photons/Joule with the analytical solu-

tion of 4.65 x 1018 photons/Joule. The numerical solution gives only 1% percent error. 

Using the same numerical method, I found that there are 1.31 x 1018 photons/Joule

in the visible spectrum between 380 and 770 nanometers.
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Figure B.2: Number of Photons in Sunlight - 5 to 10,000 nanometers



C  Calculation of Solar Time and the Hour Angle

Since the earth rotates 360û every 24 hours (15û/hr), one can calculate the hour

angle, hs, which is then used in calculating the path of the sun across the sky. The Apparent

Solar Time, AST, as determined by the position of the sun (the sun is neither East or West

at solar noon) is related to the Local Standard Time, LST, by the following equation.

[ASHRAE 1989]

( C-1 )

where,

ET = Equation of Time, hours

LSM = Local Standard Time Meridian, û of arc

LON = Local Longitude, û of arc

The Equation of Time, ET, results from the non-uniform rotation of the earth due to

gravitational effects from other planets and the eccentricity of the earthÕs orbit. The follow-

ing equation gives one formulation of the Equation of Time in units of hours [Spencer

Table C1: Standard Time Meridians for the United States

Standard Time Zone Standard Time Meridian

Atlantic Standard Time (AST) 60û

Eastern Standard Time (EST) 75û

Central Standard Time (CST) 90û

Mountain Standard Time (MST) 105û

PaciÞc Standard Time (PST) 120û

Yukon Standard Time (YST) 135û

Alaska-Hawaii Standard Time 150û

AST LST ET
LSM LONÐ( )

15
------------------------------------+ +=
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1971].

( C-2 )

where

B = (n-1)(360/365)

n = Julian Day (Jan 1 = 1, Dec 31 = 365)

During Daylight Savings Time, the Local Standard Time is found by subtracting an

hour from Daylight Savings Time.

ET 0.0002865 0.007136 B( )cos 0.1225 B( )sin 0.0558 2B( )cos 0.1562 2B( )sinÐÐÐ+=



D  Calculation of Solar Angles 

 As is noted in the Figure D.1, the average distance between the earth and sun is

1.495 x 108 km (1 astronomical unit, AU). Due to the slight eccentricity of earthÕs orbit

around the sun, the earth is closest to the sun (0.98 AU) at the perihelion of its orbit and is

farthest away from the sun (1.017 AU) at the aphelion of its orbit. Since the amount of radi-

ation received is inversely proportional to the square of the distance to the source, the 1.7%

ßuctuation in the distance between the sun and earth results in a 3.3% variation in solar ßux

available just outside of the earthÕs atmosphere.

Since the earth is in the perihelion of its orbit at the beginning of the year, the extra-

terrestial direct normal solar radiation, Io, can be given by: Io = Isc [1 + 0.033 cos(360 n /

365)] where n is the Julian Day (Jan 1 = 1,... Dec 31 = 365).

Figure D.1: Sun - Earth Relationships [after DufÞe & Beckman 1991]

When the sun is 1 astronomical unit from the earth, the half-angle subtended by the

sun from an observer on earth is arcsine(0.5 x 1.39 x 106 km/1.495 x 108 km) = 0.26û or

15.6 minutes of arc. The full angle subtended by the sun is thus approximately 32 minutes

of arc. As mentioned in Section 3.2.2, the disc of the sun appears larger to the observer on

earth because of scattering of the direct beam sunlight by the atmosphere.

The solar angles can be calculated by transforming our reference point to an earth-
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centered universe with the sun travelling a circular path along the celestial sphere. The tilt

of the earthÕs axis is transformed into the tilt of the plane of the ecliptic (plane of declina-

tion) as compared with the equatorial plane (which extends normally from the surface of

the earth along the equator). The tilt of the earths axis is 23.45û, thus the angle between the

plane of declination and the equatorial plane, e, is 23.45û. Every year, the path of the sun

crosses the equatorial plane, during the Vernal Equinox on March 22nd and the Autumnal

Equinox on September 20th. The earth rotates on its axis 360û every 24 hours, or 15û/hr, and

the earth travels around the sun once every 365 days. From these simple facts, the position

of the sun for every hour of the year can be calculated.

More precise algorithms have been developed which claim to predict the location

of the sun to 1/100th of a degree [Walraven 1978, Holland & Mayer 1988]. However, since

most building energy programs use a time step of one hour, these more precise programs

are unnecessary. 

D.1 Equation of Solar Declination

Considering the spherical triangle TQD in Figure D2, one can use the Law of Sines

for spherical geometry to show that:

( D-1 )

This can be simpliÞed to:

( D-2 )

where TQ is the path of the sun from the Vernal Equinox (Aries rising) to its present loca-

tion in the sky. 

We know that the sun completes a cycle of 360û in 365 days and that the declination

of the sun is 0û and going positive on March 22 (Julian Day, n = 81). Thus we can charac-

terize TQ, the path of the sun across the Celestial Sphere, by the following expression (in

degrees).
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( D-3 )

Combining equations (D-2) and (D-3):

( D-4 )

( D-5 )
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D.2  Calculation of Solar Altitude

The Zenith angle, Z, can be found by taking the dot product of the unit zenith vector

OV, which is normal to the surface of the earth at the location considered (equivalent to the

vector from the center of the earth to the location on the surface considered), and the unit

vector from the center of the earth towards the sun, OQ. The vectors OV and OQ can be

expressed in Cartesian coordinates:

( D-6 )

( D-7 )

where,

hs = the hour angle from solar noon where 1 hr = 15 degrees

L = latitude of observer, degrees

The cosine of the Zenith angle, Z, can now be found:

( D-8 )

Since the solar altitude, b, is the complement of the zenith angle, Z, (i.e. Z = p/2 -

b), the above equation is also equivalent to cos(p/2 - b ) or sin(b). Thus we can use the fol-

lowing expression to calculate b.

( D-9 )

D.3 Calculation of Solar Azimuth

The Law of Cosines for the spherical triangle NVQ is used to calculate Z, the Zenith

angle which is defined as the arc VQ.

( D-10 )

From Figure D3, one can see that NV = p/2 - L and NQ = p/2 - d . Inserting these
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values into the above equation gives

( D-11 )

( D-12 )

By comparing this equation with that of the solar altitude in the previous section,

we can see that cos(VQ) = sin(b). From the following, we can say that sin(VQ) = cos(b)

: ( D-13 )

From the Law of Sines for spherical triangle NVQ, the solar azimuth, as, is related

to other angles.

( D-14 )

( D-15 )

( D-16 )

However, since the sine function is periodic, as can have the values np+(-1)n as

where n is any integer. The quadrant of as, can be isolated by Þnding both the sine and
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Figure D.3: Triangle NVQ
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cosine of as and thus the sign of both of the adjacent legs to the angle as. Recognizing that

PQ = Z, NV = p/2-L, and NQ = p/2-d, one can apply the Law of Cosines to the spherical

triangle NVQ to obtain the following relation. 

( D-17 )

This simplifies to:

( D-18 )

Rearranging the terms to solve for as:

( D-19 )

( D-20 )

When cos(as) = -sin(as), then as = p-arcsin[cos(d)sin(hs) / cos(b)]. Otherwise the

arcsin fuction for as will give the correct answer. This relation can be handled by the intrin-

sic FORTRAN function ATAN2(Y,X) = arctan[Y/X]. Thus the solar azimuth can be eval-

uated correctly including its quadrant by the FORTRAN function:

( D-21 )
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E  Transformation of Solar Angles to Direction Vectors on Emission Plane

The building modelled in the daylighting simulation must have its geometry de-

scribed numerically. This is achieved by describing the building surfaces as a combination

of planar quadrilaterals and triangles whose vertices are identified in three dimensional

Cartesian coordinates. Generating these coordinates is simplified if the coordinate axes are

parallel to the major axes of the building. However, since the building axes may not face in

the cardinal directions, it will be necessary to transform the vectors that describe daylight

onto the global coordinate system used to describe the building geometry.

E.1 Rotation onto the Global Coordinate Azimuth

Since buildings usually have major axes that are parallel to the Zenith, only a rota-

tion of the azimuthal axes around the Zenith vector is necessary to achieve correspondence

between the global coordinate and solar angle coordinate systems. 

The Solar angles calculated in Section D deÞne a vector from the observer to the

sun. To model the emitted rays of sunlight from the sun, we reverse the vector and transform

the vector according to the global coordinate system of the geometry modelled. The geo-

graphical directions of North, South East and West are mapped to the global coordinate sys-

tem by the rotation of the X and Y axes by y, the global coordinate azimuth. The global

coordinate azimuth, y, is measured counterclockwise from the global coordinate Y axis to

the vector facing North. The Zenith is deÞned to be in the same direction as the Z axis. The

unit vector from the sun, S, can be broken down into its components in the X, Y, and Z direc-

tions, called sx, sy and sz respectively. Note that for y = 0, the vector S from the sun travels

in the positive Y direction when the sun is to the South and is in the positive X direction

when the sun is to the West (i.e. hs is positive). Figure E.1 shows the relationships between

the solar vector and the global coordinate vectors.
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The projection of the unit vector from the sun in the Z direction, sz, can be found by

the following relation. Note that the vector is negative because the direct beam rays of the

sun are downwards.

( E-1 )

The vector H is the projection of the unit vector from the sun, S, onto the plane con-

taining the X and Y axes. The length of this vector is related to the unit vector by the solar

altitude, b .

( E-2 )

The component of the solar vector in the Y direction, sy, is a function of the cosine

of the difference between the solar azimuth, as, and the global coordinate azimuth, y.

( E-3 )

Similarly, the component of the solar vector in the X direction, sx, is a function of

the sine of the difference between the solar azimuth, as, and the global coordinate azimuth,

y.

( E-4 )

The following is a FORTRAN subroutine that transforms the unit vector from the

sun into a unit vector deÞned with respect to the global coordinate axes.
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Figure E.1: Schematic of Solar Vector and Global Coordinate
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Subroutine VECT(E, Az, Alt)
      real E(3), Az, Alt, psi, psirad, pi
      data pi / 3.14159 /
      Print*,ÕEnter global cooridinate azimuth as measuredÕ
      Print*,Õ counterclockwise from the positive Y axisÕ
      Print*,Õ to North (degrees)Õ
      read(5,*)Psi
      psirad = Psi*pi/180.
      E(1) = sin(Az - psirad)*cos(Alt)
      E(2) = cos(Az - psirad)*cos(Alt)
      E(3) = - sin (alt)
      return
      end

E.2 User DeÞned Zenith and North Axes

For completeness sake, this section describes a method to transform Solar angles

onto an arbitrary Global coordinate system.

The user is asked to deÞne the Zenith (Z) and North (N) direction vectors in terms

of x1, x2, and x3 which are unit vectors that correspond to the Global Coordinate axes X, Y

and Z respectively. The Zenith and the North Vectors are, then:

( E-5 )

( E-6 )

The nÕs and zÕs are scalars that deÞne the magnitude of the Zenith and North direc-

tion vectors in the three Global Coordinate directions.

By deÞnition, the Zenith and the North direction vectors are orthogonal. If this is

true, then the dot product of two orthogonal vectors will equal zero. Thus if the following

relation does not equal zero, an error has been made in deÞning the North and the Zenith

vectors.

( E-7 )

If the vectors pass the orthogonality test, they are then normalized into unit vectors

by dividing each component by the magnitude of the vector. The unit Zenith vector, Z, is

given by the following. 

( E-8 )

The unit North Vector, N, is found in a similar manner.
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Taking the cross-product of the North unit vector onto the Zenith unit vector (using

the right hand rule) yields a unit vector in the East direction in terms of x1, x2 and x3. So

that E, the East unit vector is in the form:

( E-9 )

The components of the unit vector from the sun are calculated as they would be in

the previous section if y were equal to zero (i.e. Y = North and X = East).

The Zenith, North, and East components of the unit solar vector, sZ, sN and sE

respectively, are given below.

These scalars are multiplied by their corresponding unit vectors in the Zenith, North

and East directions. The components of the unit solar vector in the Global Coordinate sys-

tem (sx, sy and sz) are obtained by vector addition of the Zenith, North and East components

in each Global Coordinate direction. Thus, the coordinates of the unit solar vector from the

sun in the Global Coordinate system is given by the following.

 ( E-10 )

( E-11 )

( E-12 )

The following is a FORTRAN subroutine that transforms the unit vector from the

sun into a unit vector deÞned with respect to the global coordinate axes that have been

deÞned in terms of the Zenith and the North vectors.

      Subroutine GVECT(E, Az, Alt)
      real E(3), Az, Alt, Zen(3), Dnorth(3), Deast(3)
      real Nscale, Zscale, Escale
      data errtol / 1e-4 /
 2000 Print*,ÕEnter the Global coordinates of the North vector.Õ
      Print*,Õ(Ex, Ey, Ez)Õ
      Read(5,*)Dnorth(1), Dnorth(2), Dnorth(3)
      Print*,ÕEnter the Global Coordinates of the Zenith (up) Vector.Õ
      Print*,Õ(Ex, Ey, Ez)Õ
      Read(5,*)Zen(1), Zen(2), Zen(3)
C
C     Check if Zenith and North Vectors are orthogonal.

E e1x1 e2x2 e3x3+ +=

sZ b( )sinÐ=

sN as( )cos b( )cos=

sE as( )sin b( )cos=

söx sZz1 sNn1 sEe1+ +=

söy sZz2 sNn2 sEe2+ +=

söz sZz3 sNn3 sEe3+ +=
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      Dotprd = DOT(Dnorth, Zen)
      If (Abs(Dotprd).GT. errtol) then
         Print*,ÕError!!Õ
         Print*,Õ North and Zenith Vectors are not orthogonal.Õ
         GoTo 2000
      endif
C
      call VNORM(Dnorth)
      call VNORM(Zen)
      call CROSSP(Dnorth, Zen, Deast)
      Escale = sin(Az)*cos(Alt)
      Nscale = cos(Az)*cos(Alt)
      Zscale = -sin(Alt)
C
      Do 3000 I = 1,3
       E(I) = Dnorth(I)*Nscale+Deast(I)*Escale+Zen(I)*Zscale
 3000 continue
      return
      end
C
C     Dot Product
      function DOT(A, B)
      real A(3), B(3), DOT
      DOT = 0
      do 3100 I = 1,3
      Dot = Dot + A(I)*B(I)
 3100 continue
      return
      end
C
C     Normalize a 3D Vector
      Subroutine VNORM(vector)
      real vector(3), magtud
      magtud = sqrt(vector(1)**2+vector(2)**2+vector(3)**2)
      do 3200 I = 1,3
         vector(I) = vector(I)/magtud
 3200 continue
      return
      end
C
C     Cross-product of 3D vectors X and Y = Z
      subroutine CROSSP(X, Y, Z)
      real X(3), Y(3), Z(3)
      Z(1) = X(2)*Y(3) - X(3)*Y(2)
      Z(2) = X(3)*Y(1) - X(1)*Y(3)
      Z(3) = X(1)*Y(2) - X(2)*Y(1)
      return
      end



F  Calculation of Illuminance on a Tilted Surface

The illuminance on a tilted surface at the center of the sky dome, dA1, from a dif-

ferential surface on the sky dome, dA2, can be expressed as:

( F-1 )

where,

Lz,f = luminance with respect to zenith and azimuthal angles, cd/m2

z = zenith angle to sky element, dA2

f = azimuthal angle of sky element, dA2, from azimuth of surface 1

q1 = angle between normal of surface 1 and the ray connecting it to surface 2

dw = solid angle subtended by differential surface 2, sr

A differential surface on the sky dome, dA2, is by definition, normal to the ray from

the geometric center (dA1) of the sphere. Thus q2, the angle between normal of surface 2

and the ray connecting it to surface 1, is equal to 0 and cosq2 is equal to one. As can be seen

from the figure below, the differential solid angle, dw, subtended by dA2, is given by:

( F-2 )

where,

r = radius of sky dome

Thus the illuminance on the tilted surface, dA1, from a differential sky element cen-

tered at the spherical coordinates, z,f, can be given by the relation:

( F-3 )

The cartesian coordinates of the normal vector from surface 1, in direction n, with

a tilt angle of S around the Y axis, are given by:

dE Lz f, q1( )cos dw=

dw
d A2 q2( )cos

r
2

----------------------------- rdzr z( )sin df
r

2
---------------------------------- z( )dzdfsin= = =

dE Lz f, q1( )dwcos Lz f, q1( ) z( )dzdfsincos= =
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 ( F-4 )

The coordinates of the vector between surface 2 and 1, R2-1, is:

 ( F-5 )

One can find q1, the incidence angle of the light from dA2 upon dA1, by taking the

dot product of n1 and R1-2.

( F-6 )

We can now rewrite the equation of illuminance from the differential solid angle in

the sky on dA1:

( F-7 )

By integrating with respect to the azimuth, f, the illuminance from a ring of con-

stant zenith, z, is obtained. Then by integrating with respect to zenith, one obtains the illu-

minance from the series of differential rings which comprise the entire hemispherical sky

dome. When surface 1 is tilted up from horizontal, the front side of the surface is not re-

ceiving light from portions of the hemisphere that are behind the surface, represented by

dA2

X

Y

Z

n1
~

SSSS
C

os
(SSSS

)

Sin(SSSS)

A1

f

b

r sinzzzz     

r sinzzzz dffff

rdzzzz

Figure F.1: Angles on Sky Dome

qqqq1

R1-2z

n÷ Sx1sin 0x2 S( )x3cos+ +=

R1 2Ð z fx1cossin z fx2sinsin zx3cos+ +=

q1( )cos
n÷ 1 R1 2Ð·

n÷ 1 R2 1Ð

---------------------------- S( )sin z( )sin f( )cos S( )cos z( )cos+= =

dE Lb f, S( )sin z( )2
sin f( )cos S( )cos z( ) z( ) z fddcossin+[ ]=



132
the shaded area in the figure. Thus, the lower rings of constant zenith are not complete (i.e.

the limits for the azimuthal integration are less than from -p to +p) when the zenith angle

of the differential ring is greater than p/2 - S (or  S- p /2, when S is greater than p/2). The

limits of integration, in this case, are along the line of intersection between the sphere and

the plane which contains the tilted receiving surface. The equation for a plane rotated

around the y axis and having the tilt angle S is:

( F-8 )

Converting the equation to spherical coordinates:

( F-9 )

Recognizing that r is a constant for a dome,  flimit can be solved for by cancelling

the constant rÕs out.

   or   ( F-10 )

Now the illuminance on a tilted surface can be expressed as the sum of two inte-

grals: one for the top of the sky dome where the azimuth is evaluated from -p to p,

( F-11 )

and another integral to describe the view of the surface to the sky for those lower sky ele-

vations where the surface obstructed for some azimuthal angles.

( F-12 )

where flimit is given in Eq. (F-10). The total illuminance on the surface from the sky, E, is

simply:
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( F-13 )

It should be noted that when the tilt angle of the surface, S, is greater than p/2,

Etop=0, and the limits for integration with respect to zenith, z, are between S-p/2 and p/2.

F.1 Illumination on a Tilted Surface under the CIE Overcast Sky

As is mentioned in Section 3.5.1 of the text, the overcast sky luminance is given in

terms of the zenith luminance, LZ, multiplied by a function of altitude so that the zenith is

3 times brighter than the horizon. This function is often given in terms of altitude of the sky

element, b, which can be defined in terms of the zenith angle of the sky element, z[CIE

1970, DiLaura 1984]:

( F-14 )

Either form of the overcast sky equation is independent of azimuthal angle. Insert-

ing this relation to altitude into Eq. F-11 for the top regime where the azimuth can be inte-

grated from -p to p, we get:

( F-15 )

Integrating with respect to f:

( F-16 )

Since the evaluated sin(f) term equals zero, the second term is evaluated and multiplied by

Lz as given in Eq. F-13.

( F-17 )

Integrating with respect to the zenith angle, z,
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p
2
--- SÐ
( F-18 )

and evaluating gives:

( F-19 )

A horizontal surface is entirely evaluated in this regime. Replacing S, the tilt angle, 

with 0,the horizontal illuminance is: Ehoriz = 7/9 ×p ×LZ = 2.4435 ×LZ.

The lower regime in which the differential rings are partially open, are evaluated

numerically. Inserting the overcast sky luminance distribution into the partial ring Eq. F-12

provides the following relation for illumination on the tilted surface.

( F-20 )

where flimit = acos[-1/(tan(S)tan(z))]. For each incremental ring of dz, we can set the 

zenith to a constant and integrate with respect to f, the azimuth, over the limits which are 

deÞned as a function of that constant zenith, z, and tilt angle, S. 

( F-21 )

Note that in Eq. F-20 if S is greater than p/2 radians (i.e. the surface is facing down-

wards), the lower bound of the integral with respect to z is from  S- p/2 instead of p/2 - S. 

Evaluating the integral, yields the function:
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   ( F-22 )
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The illuminance of the lower regime is evaluated numerically using the trapezoidal 

integration method in which the preceding equation is calculated for different values of z 

as z is incremented from p/2-S to p/2. This numerically evaluated lower sky illuminance 

is added to the analytic solution of the top region of the sky to obtain the illuminance of the 

entire overcast sky incident on a tilted surface. The FORTRAN program below demon-

strates how one could implement this procedure.

      program overcast

c     this program calculates the fraction of total horiz.
c     illuminance on a tilted surface
      data Ehoriz /2.443461/
      pi = 4.*atan(1.)

      do 200 ntilt = 0,180
       tilt = real(ntilt)
       S = tilt*pi/180.
       Etop = 0.
       Ebot = 0.

c      top section integrate over 2 pi in azimuth
       if(ntilt.lt.90)then
         Etop = pi/3.*cos(S)*(1.- (cos(pi/2.-S))**2 +
     +           4./3.*(1.- (cos(pi/2. - S))**3))
         Esurf = Etop
       endif
       if (ntilt.eq.0)go to 150

c     partial section in azimuth - plane intersects sphere
       top = 90. - tilt
       if(tilt.gt.90.)top = tilt - 90.
       nbot = max(10,nint(90-top))
       dzeta = (90-top)/real(nbot)*pi/180.
       do 100 nzeta = 0, nbot
        zeta = top*pi/180. + real(nzeta)*dzeta

c      azlim = azimuthal limit
        if(S.eq.(pi/2.).or.abs(tan(S)*tan(zeta)).lt.1.)then
           azlim = pi/2.
        else
           azlim = acos(-1/(tan(zeta)*tan(S)))
        endif

        elum = (1.+2.*cos(zeta))/3.*(sin(S)*(sin(zeta))**2
     +     *2.*sin(azlim) + 2.*azlim*cos(S)*sin(zeta)*cos(zeta))
        if(nzeta.eq.0.or.nzeta.eq.nbot)then
          Ebot = Ebot + elum
        else
          Ebot = Ebot + elum*2.
        endif
  100  continue

       Ebot = Ebot*dzeta/2.
       Esurf = Etop + Ebot
  150  Eratio = Esurf/Ehoriz
       print*,ntilt,Eratio
  200 continue

  500 stop
      end
.

 Figure F.2 gives the illuminance on a tilted surface as a fraction of horizontal illumi-

nance. As a surface is tilted from horizontal, the illuminance drops off more quickly under 

the CIE Overcast Sky Model than the isotropic (constant luminance) sky model. The illu-
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minance on a tilted plane under an isotropic sky has the following analytic solution [DufÞe 

& Beckman 1991].

( F-23 )

Note that the luminance, L, under the isotropic sky has no subscripts because it is con-

stant regardless of altitude or azimuth. To check the validity of the numerical approach out-

lined here, the same numerical method was used to generate the curve for illuminance on a 

tilted plane under an isotropic sky. Excellent agreement (within 1 x 10-6) was obtained 

between the results of the program and the analytic solution for an isotropic sky.

When the receiving surface is vertical (tilt = 90° or p/2 radians), the azimuthal limits 

of integration in the lower regime (the only regime for this tilt angle) are simpliÞed to a con-

stant of p/2 for all altitude angles.

( F-24 )

Setting sin(S) to 1 and cos(S) to 0 in Eq (F-21) the equation for overcast sky illumina-

tion on a vertical surface, Evert, can be expressed as:
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E pL
1 Scos+

2
---------------------è ø

æ ö=

flim
p
2
---è ø

æ öcot z( )cotÐacos 0 z( )cotÐ[ ]acos p
2
---= = =



137p
2
---p

2
---
( F-25 )

Integrating with respect to f over the half ring,

( F-26 )

and evaluating the azimuth from -p/2 to p/2 yields:

( F-27 )

Integrating with respect to z,

( F-28 )

and evaluating the elevation from 0 to p/2, the illuminance on a vertical surface under 

the CIE clear sky distribution is given by:

( F-29 )

As shown earlier, the horizontal illumination under an overcast sky is 2.4435 LZ; the 

ratio of vertical to horizontal illumination is:

( F-30 )

In comparison, the vertical illumination under an isotropic sky is 50% of the horizon-

tal. Thus, the overcast sky is considered the ÒdesignÓ or worst-case assumption for a sidelit 

daylighting design.

The ratio of the overcast illuminance on a tilted surface to that on a horizontal surface 

with respect to tilt angle, S, can be approximated (r2=0.9998, RMSE=0.00145) by the 4th 

order polynomial expression.
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( F-31 )

F.2 Illumination on a Tilted Surface under the CIE Clear Sky

The illuminance on a tilted surface from a differential clear sky element, dA2, as

shown in Figure F.3, is given by the following:

( F-32 )

where,

Lz,a = luminance of the sky at zenith angle, z, and azimuthal distance from the sun, a.

The equations for various types of clear skies are given in Chapter 3.5.2 of the

main text.

q1 = angle of incidence of light from differential sky element onto surface dA1

w = solid angle subtended by differential sky element as viewed from surface dA1

z = zenith angle of differential sky element

f = azimuthal angle of differential sky element as measured counterclockwise from
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surface azimuth

Y = axis around which surface plane, dA1, is tilted.

X = azimuth of normal of tilted surface, dA1

as = solar azimuth measured counterclockwise from solar azimuth to South (negative

in Figure F.3).

a = surface azimuth measured counterclockwise from surface normal to North vector 

fs = angle from surface azimuth to solar azimuth measured counterclockwise (negative

in Figure F.3). f s =  - p - as + a

a = azimuth angle from the sun to the differential sky element measured counterclock-

wise, a = f - fs = f + p + as - a

g = angle between the sun and the differential sky element

( F-33 )

The integration required to evaluate the luminance from the sky dome onto surface

dA1 has two regimes: a top regime where integration with respect to azimuth is from -p to

p and a lower regime where the azimuthal integration limits are determined by the intersec-

tion of the sky dome and the plane that contains dA1. The illuminance on a tilted plane un-

der a clear sky is given by numerically integrating the two integrals for the top and bottom

regimes. The integral for the top regime is:

( F-34 )

The integral for the lower regime is:

( F-35 )

where flimit is given in Eq. F-10.
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Note that if S is greater than p/2, there is no top regime and the lower bound of the

integral with respect to z in Eq. F-35 is from  S-p/2 instead of p/2 - S.

The program listed below is an example of how one can numerically integrate the

above equations.

      program clearly
      data zet0, Ebot, E, Elum /0.0, 0.0, 0.0, 0.0/
      pi = atan(1.)*4.
      print*,'enter sun azimuth (degrees)'
      read(5,*)azim
      print*,'enter sun altitude (degrees)'
      read(5,*)al
      Ehoriz = 6.935 + 6.2132e-2*al - 3.3686e-3*al*al +
     +         2.1677e-5*al*al*al
      az = azim/180.*pi
      alt = al/180.*pi
      zen = pi/2. - alt
      print*,'Enter surface azimuth measured clockwise from North'
      read(5,*)surfaz
      print*,'Enter surface tilt angle (vertical = 90) in degrees'
      read(5,*)surtilt 
      S = surtilt*pi/180.

      cldenom = clear(zen, zet0)

c     top section integrate over 2 pi in azimuth
      top = 90. - surtilt
      if(top.gt.0.)then  
c     1 degree intervals in zeta and phi
       ntop = max(10,nint(top))
       dzeta = top/real(ntop)*pi/180.
       dphi = pi/180.
       do 50 nzeta = 0, ntop
        zeta = real(nzeta)*dzeta
        elum = 0.0
        do 25 nphi = -180, 180
         phi = real(nphi)*dphi
         alpha = phi + pi + az - surfaz*pi/180.
         gamma = acos(cos(zen)*cos(zeta)
     +          +sin(zen)*sin(zeta)*cos(alpha))
         ctheta = sin(S)*sin(zeta)*cos(phi)+cos(S)*cos(zeta)
         clnumer = clear(gamma, zeta)
         if(abs(nphi).eq.180)then
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)
         else
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)*2.
         endif
   25   continue
        elum = elum*dphi/2.
        if(nzeta.eq.0.or.nzeta.eq.ntop)then
         E = E + elum
        else
         E = E + elum*2.
        endif
   50  continue
       E = E*dzeta/2.
      print*,'Etop = ',E,'times Lz'
      endif
      if(surtilt.eq.0.)go to 500

c     partial section in azimuth - plane intersects sphere
      if(surtilt.gt.90.)top = surtilt -90.
      nbot = max(10,nint(90-top))
      dzeta = (90-top)/real(nbot)*pi/180.
      do 100 nzeta = 0, nbot
       zeta = top*pi/180. + real(nzeta)*dzeta

c      azlim = azimuthal limit
       if(S.eq.(pi/2.).or.abs(tan(S)*tan(zeta)).lt.1.)then
          azlim = pi/2.
       else
           azlim = acos(-1/(tan(zeta)*tan(S)))
       endif
       dphi = azlim/180.
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       do 75 nphi = -180, 180
         phi = real(nphi)*dphi
         alpha = phi + pi + az - surfaz*pi/180.
         gamma = acos(cos(zen)*cos(zeta)
     +          +sin(zen)*sin(zeta)*cos(alpha))
         ctheta = sin(S)*sin(zeta)*cos(phi)+cos(S)*cos(zeta)
         clnumer = clear(gamma, zeta)
         if(abs(nphi).eq.180)then
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)
         else
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)*2.
         endif
   75  continue
       elum = elum*dphi/2.
       if(nzeta.eq.0.or.nzeta.eq.nbot)then
         Ebot = Ebot + elum
       else
         Ebot = Ebot + elum*2.
       endif
  100 continue
      Ebot = Ebot*dzeta/2.

      E = E + Ebot
  500 print*,'Etilted = ',E,' times Lz'
      Etilt = E/Ehoriz
      print*,'Etilted = ',Etilt,' times Ehoriz'
      end 

      function clear(gamma, zeta)
      if ((cos(zeta)).lt.0.01)then
       zexp = 1
      else
        zexp = 1.-exp(-0.32/cos(zeta))
      endif
      clear = (0.91+10.*exp(-3.*gamma)+0.45*(cos(gamma))**2)*zexp
      return
      end 



G   Sky Inverse Cumulative Distribution Functions

The Monte Carlo method of radiative transfer traces the paths of photon bundles

through a geometry until the photon bundle is absorbed. The photon bundles travel in

straight lines until they interact with surfaces. The fate of the photon bundle (absorption,

reflection and transmission) is determined by the generation of a random number which is

applied to user defined statistical distributions of material properties which can vary with

wavelength and incident angle. The initial direction vectors of the photon packets should

closely approximate the angular distribution of light from the sky.

The sky is modelled as one or more planes which emit photons in the same direc-

tional distribution of global coordinate vectors that of actual sunlight would impinge on the

tilted ÒskyÓ plane. Since direct beam sunlight is collinear, only one direction vector is need-

ed; see section E of the appendix for the definition of the direct beam vector in terms of

global coordinates. The sky diffuse and ground reflected light can be defined in terms of

distributions of global coordinate vectors. These vectors can be defined in terms of a cone

(zenith) angle around the Z global vector, and a circumferential (azimuthal) angle in the X-

Y plane.

Since the Monte Carlo method uses a random number generator to determine the

initial vectors of the photon packets, a function must be created that will map the random

numbers to a representative statistical distribution of the diffuse skylight direction vectors.

The probability that given amount of light per unit time per unit area will leave a surface in

a differential solid angle around a given direction, P(w), is the fraction of the hemispherical

(total) light leaving the surface per unit time per unit area. 
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If the distribution of random numbers is truly uniform (all numbers between 0 and

1 are equally likely to be picked), 20% of the numbers picked will be less than 0.2, 40%

will be less than 0.4 etc. Thus the ratio of the value of a random number to the maximum

value of the random number set corresponds to the cumulative probability of all random

numbers below that value. The cumulative distribution function (CDF) for cone angle,

Rn(z), is found by integrating the previous equation to the given cone angle of interest.

( G-2 )

It should be noted that the denominator of the above equation is the same as the

equation for the illuminance on a tilted surface or the combination of Eqs. F-11 and F-12.

The numerator is merely this same integral integrated from the minimum cone angle to a

given cone angle. This integral is incremented to fill a table of the cumulative probabilities.

The CDF for the circumferential angle at a given cone angle, Rn(f), is the ratio of

light contained in a differential sky ring between the bottom azimuthal limit to the azimuth-

al value considered to the light contained in the ring from the minimum azimuthal limit to

the maximum limit. 

( G-3 )

From the above equations, the cumulative probabilities can be calculated for the full

range of cone and azimuthal angles that are possible. However, the cone and circumferen-

tial angles are needed given a combination of two random numbers. Thus these distribution
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functions must be inverted so that the angles are a function of the random numbers gener-

ated. This is implemented for the cone angle inverse CDF by: 1) storing the illuminance

from rings of constant cone angle in vector, one cell for each dz, 2) adding up the vector

for total illuminance on the tilted surface, 3) knowing the total illuminance, the vector is

added up a second time and the cone angle is written to an inverse CDF vector each time

the sum of the illuminance of the rings is another increment of 1/100th of the total sky il-

luminance; in most cases this involves interpolating between two rings. Thus a 101 element

vector, indexed from 0 to 100, is generated which contains cone angles that correspond to

random numbers in increments of 0.01.

Since the azimuthal limits for each ring of sky at constant cone angle, are a function

of the tilt angle of the receiving (emission) surface and the cone angle of the sky considered,

the circumferential cumulative probabilities are given in terms of the fraction of the dis-

tance between the azimuthal limits. This method was chosen to prevent the selection of in-

appropriate circumferential angles when the program is interpolating between cone angles

(and thus rows of the circumferential inverse CDF matrix). Thus systematic errors of graz-

ing angle emissions are prevented.

The nth row in the circumferential angle inverse CDF matrix corresponds to the

cone angle contained in the nth cell of the cone angle inverse CDF vector. The illumination

on the tilted surface from the differential sky ring is integrated with respect to circumfer-

ential angle - each increment of circumferential angle is stored in a vector for each df. Sim-

ilar to the procedure for calculating the inverse CDF for cone angle, the vector is added up

to find the total illumination from this ring of constant cone angle. Note that this value has

not been stored before while calculating the inverse CDF for cone angles because the cone

angles that correspond to increments of 1/100th of the total illuminance are usually the re-

sult of an interpolation between two adjacent rings of constant cone angle. Having found

the total illuminance of the ring of constant cone angle, one starts adding up the increments

of illuminance as one increments the azimuthal angle through this ring and writes the frac-
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tion of the azimuthal distance travelled to the circumferential CDF matrix each time the

sum of the increments along the ring add up to a 1/100th increment of the illuminance for

the entire ring. Figure G1 shows an example of the clear sky inverse cumulative distribu-

tions for a North facing emission (South facing receiving) plane.

Note in Figure G1 that the slope of the circumferential inverse cumulative distribu-

tions are smallest in the angles close to the solar vector due to the high gradient of illumi-

nance per steradian in the circumsolar area of the sky. In the right hand figure this occurs

at 90o because the sun is due South and the azimuthal direction of the solar vector is in the

positive Y direction or 90o as measured from the X vector (see Figure E1). 

Included below is an example program that generated this figure. The following

points should be made to understand this program. Nup is the normal vector from the re-

ceiving surface of the sky plane which is opposite in direction to the normal of the emission

plane (same plane but opposite face). Globaz - the global azimuth of the receiving plane is

measured clockwise from the global X vector (see Figure E1). The cone and circumferen-

tial angles calculated are to the receiving surface, thus the sign of the cone vector must be

reversed and the circumferential angle must be rotated 180 degrees. This same method

Figure G.1: Clear Sky Inverse Cumulative Distribution
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could be used to generate the partly cloudy and the overcast sky inverse cumulative distri-

bution functions as well.

      program CDF
      real cone(0:100), circum(0:100,0:100), store(2,0:1800)
      real N1(3), N2(3), N3(3), N4(3), N12(3), N14(3), Nup(3)
      real EV(3)
      data zet0, Ebot, E, Elum /0.0, 0.0, 0.0, 0.0/
      data store(1,0), store(2,0) /0.0, 0.0 /
      data circum /10201*0/
      data ntop / 0 /
      data N1, N2 / 20, 0, 10, 10, 0, 10 /
      data N3, N4 / 10, 10, 20, 20, 10, 20/
      pi = atan(1.)*4.
      print*,'enter sun azimuth (degrees)'
      read(5,*)azim
      print*,'enter sun altitude (degrees)'
      read(5,*)al
      Ehoriz = 6.935 + 6.2132e-2*al - 3.3686e-3*al*al +
     +         2.1677e-5*al*al*al
      az = azim/180.*pi
      alt = al/180.*pi
      zen = pi/2. - alt
      Print*,'Enter global co-ordinate azimuth as measured'
      Print*,' counterclockwise from the positive Y axis'
      Print*,' to North (degrees)'
      read(5,*)Psi
      psirad = Psi*pi/180.

      call subtr(N1, N2, N12)
      call subtr(N1, N4, N14)
      call crossp(N14, N12, Nup)
      call vnorm(Nup)

c     S = surface tilt  
c     Surfaz = azimuth of normal measured clockwise from North
      S = acos(Nup(3))
      globaz = atan2(Nup(2),Nup(1))
      Surfaz = psirad + pi/2.- globaz
      srfazim = surfaz*180./pi
      print*,'Surface azimuth = ',srfazim,' degrees'
      surtilt = S*180./pi
      print*,'Tilt angle = ',surtilt,' degrees'

      cldenom = clear(zen, zet0)

c     top section integrate over 2 pi in azimuth
      top = 90. - surtilt
      if(top.gt.0.)then  

c     1 degree intervals in zeta and phi
       ntop = max(10,nint(top))
       dzeta = top/real(ntop)*pi/180.
       dphi = pi/180.

       nzeta = 0
        zeta = real(nzeta)*dzeta
        elum = 0.0
        do 10 nphi = -180, 180
         phi = real(nphi)*dphi
         alpha = phi + pi + az - surfaz
         gamma = acos(cos(zen)*cos(zeta)
     +          +sin(zen)*sin(zeta)*cos(alpha))
         ctheta = sin(S)*sin(zeta)*cos(phi)+cos(S)*cos(zeta)
         clnumer = clear(gamma, zeta)
         if(abs(nphi).eq.180)then
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)
         else
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)*2.
         endif
   10   continue
        elum = elum*dphi/2.
         E =  elum
       continue

       do 50 nzeta = 1, ntop
        zeta = real(nzeta)*dzeta
        elum = 0.0
        do 25 nphi = -180, 180
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         phi = real(nphi)*dphi
         alpha = phi + pi + az - surfaz
         gamma = acos(cos(zen)*cos(zeta)
     +          +sin(zen)*sin(zeta)*cos(alpha))
         ctheta = sin(S)*sin(zeta)*cos(phi)+cos(S)*cos(zeta)
         clnumer = clear(gamma, zeta)
         if(abs(nphi).eq.180)then
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)
         else
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)*2.
         endif
   25   continue
        elum = elum*dphi/2.
         Store(1,nzeta)  = zeta
         Store(2,nzeta) = Store(2,nzeta-1) + (E + elum)*dzeta/2.
         E =  elum
   50  continue
       print*,'Etop = ',Store(2,ntop),'times Lz'
      endif
      if(surtilt.eq.0.)go to 200

c     partial section in azimuth - plane intersects sphere
      if(surtilt.gt.90.)then
       top = surtilt -90.
       store(1,0) = top*pi/180.
      endif
      nbot = max(10,nint(90-top))
      dzeta = (90-top)/real(nbot)*pi/180.

      nzeta = 0
       zeta = top*pi/180. + real(nzeta)*dzeta

c      azlim = azimuthal limit
       if(S.eq.(pi/2.).or.abs(tan(S)*tan(zeta)).lt.1.)then
          azlim = pi/2.
       else
           azlim = acos(-1/(tan(zeta)*tan(S)))
       endif
       dphi = azlim/180.

       do 65 nphi = -180, 180
         phi = real(nphi)*dphi
         alpha = phi + pi + az - surfaz
         gamma = acos(cos(zen)*cos(zeta)
     +          +sin(zen)*sin(zeta)*cos(alpha))
         ctheta = sin(S)*sin(zeta)*cos(phi)+cos(S)*cos(zeta)
         clnumer = clear(gamma, zeta)
         if(abs(nphi).eq.180)then
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)
         else
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)*2.
         endif
   65  continue
       elum = elum*dphi/2.
       E = elum
      continue

      do 100 nzeta = 1, nbot
       zeta = top*pi/180. + real(nzeta)*dzeta

c      azlim = azimuthal limit
       if(S.eq.(pi/2.).or.abs(tan(S)*tan(zeta)).lt.1.)then
          azlim = pi/2.
       else
           azlim = acos(-1/(tan(zeta)*tan(S)))
       endif
       dphi = azlim/180.

       do 75 nphi = -180, 180
         phi = real(nphi)*dphi
         alpha = phi + pi + az - surfaz
         gamma = acos(cos(zen)*cos(zeta)
     +          +sin(zen)*sin(zeta)*cos(alpha))
         ctheta = sin(S)*sin(zeta)*cos(phi)+cos(S)*cos(zeta)
         clnumer = clear(gamma, zeta)
         if(abs(nphi).eq.180)then
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)
         else
          elum = elum + clnumer/cldenom*ctheta*sin(zeta)*2.
         endif
   75  continue
       elum = elum*dphi/2.
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       Store(1,nzeta + ntop) = zeta
       Store(2,nzeta + ntop) = Store(2,nzeta + ntop -1) +
     +                       (E + elum)*dzeta/2.
         E =  elum
  100 continue

  200 print*,'Etilted = ',Store(2,nbot+ntop),' times Lz'
      Etilt = Store(2,nbot+ntop)/Ehoriz
      print*,'Etilted = ',Etilt,' times Ehoriz'

c     CDF for cone angle in increments of 0.01

      cone(0) = store(1,0)
      etotal = Store(2,nbot+ntop)
      xinc = 0.01
      n = 1
      cumul = real(n)*xinc*etotal
      do 300 iz = 1,(nbot+ntop)
  250  if(store(2,iz).gt.(cumul))then
      xntrp=(cumul-store(2,iz-1))/(store(2,iz)-store(2,iz-1))
        cone(n) = (store(1,iz)-store(1,iz-1))*xntrp + 
     +             store(1,iz-1)
        n = n+1
        cumul = real(n)*xinc*etotal
      endif
      if(store(2,iz).gt.(cumul))goto 250
  300 continue
      cone(100) = store(1,nbot+ntop)
      do 400 i = 0, 100
      print*,i,Cone(i)
  400 continue

c     CDF for circumferential angle for the cone angles given above

      do 600 j = 0,100
      zeta = cone(j)
      dphi = pi/180.
      if(zeta.lt.(top*pi/180.))then
        if(zeta.lt.0.0001)zeta = 0.0001
        store(1,0) = 0.
        store(2,0)= 0.
        do 410 nphi = -179, 180
         phi = real(nphi-1)*dphi
         alpha = phi + pi + az - surfaz
         gamma = acos(cos(zen)*cos(zeta)
     +          +sin(zen)*sin(zeta)*cos(alpha))
         ctheta = sin(S)*sin(zeta)*cos(phi)+cos(S)*cos(zeta)
         clnumer = clear(gamma, zeta)
          elum1 =  clnumer/cldenom*ctheta*sin(zeta)

         phi = real(nphi)*dphi
         alpha = phi + pi + az - surfaz
         gamma = acos(cos(zen)*cos(zeta)
     +          +sin(zen)*sin(zeta)*cos(alpha))
         ctheta = sin(S)*sin(zeta)*cos(phi)+cos(S)*cos(zeta)
         clnumer = clear(gamma, zeta)
          elum2 =  clnumer/cldenom*ctheta*sin(zeta)
         store(2,nphi+180)=(elum1+elum2)/2 + store(2,nphi+179)
         store(1,nphi+180)= real(nphi+180)/360.
  410   continue
        circum(j,0) = 0
        etotal = Store(2,360)
        xinc = 0.01
        n = 1
        cumul = real(n)*xinc*etotal
        do 500 iz = 1,360
  450    if(store(2,iz).gt.(cumul))then
      xntrp=(cumul-store(2,iz-1))/(store(2,iz)-store(2,iz-1))
          if (n.gt.100)go to 500
        circum(j,n) = (store(1,iz)-store(1,iz-1))*xntrp +
     +             store(1,iz-1)
          n = n+1
          cumul = real(n)*xinc*etotal
         endif
         if(store(2,iz).gt.(cumul))goto 450
  500    continue
         circum(j,100) = 1.

c      lower regieme
      else
        if(zeta.lt.0.0001)zeta = 0.0001
c      azlim = azimuthal limit
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       if(S.eq.(pi/2.).or.abs(tan(S)*tan(zeta)).lt.1.)then
          azlim = pi/2.
       else
           azlim = acos(-1/(tan(zeta)*tan(S)))
       endif
       dphi = azlim/180.
        do 510 nphi = -179, 180
         phi = real(nphi-1)*dphi
         alpha = phi + pi + az - surfaz
         gamma = acos(cos(zen)*cos(zeta)
     +          +sin(zen)*sin(zeta)*cos(alpha))
         ctheta = sin(S)*sin(zeta)*cos(phi)+cos(S)*cos(zeta)
         clnumer = clear(gamma, zeta)
          elum1 =  clnumer/cldenom*ctheta*sin(zeta)

         phi = real(nphi)*dphi
         alpha = phi + pi + az - surfaz
         gamma = acos(cos(zen)*cos(zeta)
     +          +sin(zen)*sin(zeta)*cos(alpha))
         ctheta = sin(S)*sin(zeta)*cos(phi)+cos(S)*cos(zeta)
         clnumer = clear(gamma, zeta)
          elum2 =  clnumer/cldenom*ctheta*sin(zeta)
         store(2,nphi+180)=(elum1+elum2)/2 + store(2,nphi+179)
         store(1,nphi+180)= real(nphi+180)/360.
  510   continue
       circum(j,0) = 0.
       etotal = Store(2,360)
       xinc = 0.01
       n = 1
       cumul = real(n)*xinc*etotal
       do 560 iz = 1,360
  550  if(store(2,iz).gt.(cumul))then
      xntrp=(cumul-store(2,iz-1))/(store(2,iz)-store(2,iz-1))
        if(n.gt.100)goto 560
        circum(j,n) = (store(1,iz)-store(1,iz-1))*xntrp +
     +             store(1,iz-1)
        n = n+1
        cumul = real(n)*xinc*etotal
       endif
       if(store(2,iz).gt.(cumul))goto 550
  560  continue
       circum(j,100) = 1
      endif
  600 continue
      print*,'circumferential inverse CDF at 30th cone angle'
      do 650 l = 0,100
      print*,l,circum(30,l)
  650 continue

c     example of how CDF's would be implemented

      random1 = rand(0)
      nrand1 = Int(random1*100.)
      terp1 = random1*100.-real(nrand1)
      if(terp1.ne.0.)then
        zeta = terp1*(cone(nrand1+1)-cone(nrand1))+ cone(nrand1)
      else
        zeta = cone(nrand1)
      endif

      random2 = rand(0)
      nrand2 = Int(random2*100.)
      terp2 = random2*100.-real(nrand2)
      if(terp2.ne.0.)then
        clow = terp2*(circum(nrand1,nrand2) -
     +  circum(nrand1,nrand2+1)) + circum(nrand1,nrand2)
      else
        zeta = cone(nrand1)
      endif
      if(terp1.ne.0.)then
c     7 9       8       7       6       5       4       3       72
        chi = terp2*(circum(nrand1+1,nrand2) - 
     +        circum(nrand1+1,nrand2+1))+ circum(nrand1+1,nrand2)
        xphi = terp1*(chi-clow)+clow
      else
        xphi = clow
      endif 
      if(zeta.lt.(top*pi/180.))then
       azlim = pi
      elseif(S.eq.(pi/2.).or.abs(tan(S)*tan(zeta)).lt.1.)then
          azlim = pi/2.
      else
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           azlim = acos(-1/(tan(zeta)*tan(S)))
      endif
      gphi = globaz + pi - azlim + xphi*2.*azlim
      call GVECT(zeta,gphi,EV)
      print*,zeta, gphi, EV(1), EV(2), EV(3)
      end 

      Subroutine GVECT(zeta,gphi,E)
      real E(3)
      E(1) = cos(gphi)*sin(zeta)
      E(2) = sin(gphi)*sin(zeta)
      E(3) = -cos(zeta)
      return
      end

      function clear(gamma, zeta)
      if ((cos(zeta)).lt.0.01)then
       zexp = 1
      else
        zexp = 1.-exp(-0.32/cos(zeta))
      endif
      clear = (0.91+10.*exp(-3.*gamma)+0.45*(cos(gamma))**2)*zexp
      return
      end 
C
      Subroutine subtr(X,Y,Z)
      real X(3), Y(3), Z(3)
      Z(1) = Y(1) - X(1)
      Z(2) = Y(2) - X(2)
      Z(3) = Y(3) - X(3)
      return
      end

C
      Subroutine VNORM(vector)
      real vector(3), magtud
      magtud = sqrt(vector(1)**2+vector(2)**2+vector(3)**2)
      do 3200 I = 1,3
         vector(I) = vector(I)/magtud
 3200 continue
      return
      end
C
C     Cross-product of 3D vectors X and Y = Z
C
      subroutine CROSSP(X, Y, Z)
      real X(3), Y(3), Z(3)
      Z(1) = X(2)*Y(3) - X(3)*Y(2)
      Z(2) = X(3)*Y(1) - X(1)*Y(3)
      Z(3) = X(1)*Y(2) - X(2)*Y(1)
      return
      end



H  Stokes Method of Calculating Angular Glazing Properties

Window manufacturers typically give the normal transmittance of glazings in their

speciÞcation sheets. The reßectance of glazing is dependent on incident angle, which in

turn affects the overall transmittance. 

Though light is modelled as photon packets moving in straight lines in the DAY3D

Monte Carlo model, some of the statistical distributions of angular reßectance, transmit-

tance and absorptance are based on the wave properties of electromagnetic radiation. One

example of incorporating the wave behavior of light into our model, is how we calculate the

angular transmittance and reßectance of glazing. A derivation of the following equations

from MaxwellÕs equations is given in Siegal & Howell [1981].

When a beam of electromagnetic radiation impinges upon a smooth transmitting

dielectric (electrical resistance approaching inÞnity), the angle of the beam that is transmit-

ted (refracted) through the medium to the normal of the interface, qt, is related to the angle

of incidence, qi, by the speeds of the incident light and the transmitted light, Ci and Ct

respectively. 

  ( H-1 )

Figure H.1: Incident, Reßected and Refracted Light
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The index of refraction of a medium, compares the speed of light in a vacuum, Co,

to the speed of light in that medium.

 and  ( H-2 )

Thus the refracted angle can be rewritten as a function of the incident angle and the

ratio of the indices of refraction, n. This relationship is called SnellÕs Law.

   or    ( H-3 )

SnellÕs Law can be used to calculate the angle of the reflected beam as well. Since

the index of refraction for the medium containing both the incident beam and reflected

beam is identical, the reflected angle, qr, is equal to the incident angle, qi (and q¢r = q¢i).

Thus smooth dielectric surfaces are specular reflectors.

For planar materials sandwiched between two layers of the same medium (such as

glass surrounded by air), the angle of the exiting light, q't (crossing the second interface and

transmitted in air) is equivalent to the angle of the incident ray of light, qi,. Because the two

interfaces are parallel, qt, the angle of light transmitted across the first interface, is equal to

q'i, the angle of light incident upon the second interface. Thus the angle of the exiting light,

q't, can be given by:

( H-4 )

 As can be seen in Figure H2, the index of refraction for glass has a weak depen-

dance upon wavelength (around 1% over the visible wavelengths). This wavelength depen-

dance, called dispersion, is used in a prism to spacially separate the spectrum contained in

white light (in astronomy this affect is called chromatic aberration). The index of refraction

for many common glazing elements is given in Table H1 below. However the index of re-
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fraction is affected by the addition of trace amounts of iron, aluminum and other elements.

Thus relying on tabulated general values of the index of refraction for different glazing

types is a last resort when other data are not available. 

Electromagnetic radiation is made up of electric and magnetic field vectors which

are perpendicular to each other and the direction of propagation. These fields are the result

of the vibration of atoms in the light source. In many cases, the atoms are free to vibrate in

any direction, emitting unpolarized light (i.e. the electric field vectors are the same magni-

Table H1: Indices of Refraction of Common Glazing Materials*

Material Index of Refraction

Air 1.000

Clear Polycarbonate 1.59

Low Iron Glass 1.50 - 1.53

PlexiglassÒ (polymethyl methacrylate, PMMA) 1.49

MylarÒ (polyethylene terephthalate, PET) 1.64

Quartz (measurement instruments) 1.54

TedlarÒ (polyvinyl ßuoride, PVF) 1.45

TeßonÒ (polyßuorethylenepropylene, FEP) 1.34

*[Kreith & Kreider 1978]
ÒTrademark of the Dupont Company
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tude in all directions perpendicular to the direction of propagation)

Since any vector in a plane can be described in terms of two perpendicular vectors

that lie in a plane, light is defined in terms of an electric field vector that is parallel to the

plane of incidence and another vector that is perpendicular to the parallel vector. The plane

of incidence contains the incident beam of light and the normal vector from the interface

between two media. In the side view given in Figure H3 (a), the plane of the page is the

incident plane. Sometimes the perpendicular component of polarization is referred to as the

transverse electric polarization because the electric field vector is transverse (perpendicu-

lar) to the incident plane. Similarly, the parallel component is sometimes called the trans-

verse magnetic component.

By solving MaxwellÕs Equations at the boundary between two dielectrics, the per-

pendicular component of reflectance, r'^, and the parallel component of reflectance, r'||,

can be given by: [Fowles 1968]

  and  ( H-5 )

where n is the ratio of the refractive index in the medium of incidence to that in the medium
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of transmission as given in Eq. H-3.

By using SnellÕs law, Eq. H-3, and the trigonometric identity cos2 = 1 - sin2, one

can specify the reflectance with respect to incident angle alone. 

( H-6 )

Multiplying both the numerator and the denominator of r|| in Eq. H-5 by n allows

one to solve for reflectance in the same manner.

( H-7 )

The perpendicular component of light is more likely to be reflected than the parallel

component. When the incident light approaches the surface at the polarizing (BrewsterÕs)

angle, qp, the reflected light is completely polarized in the perpendicular direction (i.e. all

of the parallel component has been refracted). One can find BrewsterÕs angle by setting the

reflection of the parallel component to 0, squaring Eq. H-7 and placing in standard quadrat-

ic format.

( H-8 )

Using the quadratic formula gives the result:

( H-9 )

or  ( H-10 )

Replacing n, the ratio of the refractive indices, in Eq. H-5 by sinqi/sinqt and using

the angle sum and angle difference trigonometric identities, the reflectance of the parallel

component, r'||, and of the perpendicular component, r'^, at the interface of two dielectric

media are given by the following Fresnel relations.

    ( H-11 )
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Note that the reflectance at the interface is identical whether going from a low re-

fractive index to a high refractive index or vice versa. When qi = qr = 0, reflectance of both

components of polarization is not defined in Eq. H-11, however setting qi to 0 in Eq. H-6

and Eq. H-7 gives the following result for both components.

( H-12 )

When the incident angle is equal to 90 degrees, then the reflectance of both compo-

nents is equal to 1.

The path length of the beam, D, through a planar attenuating medium of thickness

t, can be found by the following geometric relation.

( H-13 )

The attenuation of the light as it passes through the glass is given by BouguerÕs

Law.

( H-14 )

where,

Kl = the spectral extinction coefÞcient of the material 

Thus the transmittance within an interacting medium due only to absorptance, t'l,

is given by the following:

   ( H-15 )

As can be seen in Figure H4, the reflectance due to the change in index of refraction,

r', does not describe the overall reflectance of a sheet of glass, R; nor does the transmittance

of the refracted light, t', give the overall transmittance, T. If one follows the tracing of the

ray long enough as in Figure H4 one can deduce the pattern as an infinite series for overall

transmittance of each component of polarization. The overall transmittance, T, can be re-

duced to the closed form:
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( H-16 )

Similarly R, the overall reflectance of each component of polarization, is:

( H-17 )

If the light is unpolarized, that is both components of polarization are equal, then

the average reflectance, R, is simply the average of the reflectance of the components of

polarization. 

( H-18 )

A similar relation holds true for the transmittance of unpolarized light, T.

( H-19 )

The overall transmittance and overall reflectance must first be calculated for each

component of polarization and then averaged as the last step. The procedure of calculating

each component of polarization separately also applies when calculating the overall trans-

mittance and reflectance of multiple layer glazing.
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Figure H.5 depicts the tracing of rays between two surfaces called M and N. Note

that RM, and RN are the overall reflectances and TM and TN are the overall transmittances

from these surfaces as calculated earlier.

The transmittance of glazing containing N+M layers, RN+M, is an infinite series that

can be simplified to the closed form [Stokes, 1862]: 

 ( H-20 )

The overall reflectance of N+M layers, RN+M, is similarly derived.

  ( H-21 )

These equations can be repeated as many times as necessary to model the number

of layers in a given glazing assembly. It should be noted that these equations should be ap-

plied to each component of polarization before obtaining the average transmittance, TN+M,

and average reflectance, RN+M. For unpolarized light, the average transmittance is given

by:
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 ( H-22 )

And the average reflectance is:

 ( H-23 )

H.2  Calculating Glazing Properties with Respect to Wavelength

The transmissivity of window (soda-lime-silica) glass, is highly dependant upon

wavelength as shown in Figure H.6 [Holloway 1973]. Thus separate material property cal-

culations must be performed for visible light transmission and solar heat gain. 

Since window manufacturers usually give the visible transmittance and the shading

coefficient, the total heat transmitted as a fraction of that transmitted by DSA glass

[ASHRAE 1989], we can obtain an average extinction coefficient weighted by the total

spectral distribution of sunlight. Better yet, the data files in the Window 4.0 program contain

the normal reflectance and transmittance for the entire solar spectrum and for visible light

for most window glazings [Windows and Daylighting Group, 1992]. 

H.3 Angular Calculations From Transmittance and Refractive Index

Frequently the only data available about a given glazing are the overall visible
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transmittance and shading coefficient at normal incidence. To calculate the angular prop-

erties, we need to know the index of refraction and the extinction coefficient of the glazing.

The index of refraction is tabulated for many glazing materials (see Table H1 or [Bansal &

Doremus 1986]) or it can be calculated from overall reflectance. However, one must use

the equations given in the previous section to deduce the transmittance due to absorption,

t'. Since the material data are for normal incidence, the results are identical for both the per-

pendicular and parallel components of light. 

Eq. H-16 can be rearranged to solve for t'.

( H-24 )

Putting into a standard quadratic format,

( H-25 )

the roots of t ' can be found using the quadratic formula.

( H-26 )

Though the quadratic formula allows the radical to be added or subtracted in the

above equation, only the positive root is of interest and the first term in the numerator is

negative and the denominator is positive, so the radical must be positive. Since the overall

transmittance of the sheet of glazing is given and the reflectance at the interface between

air and the glazing material, r', is given for normal incidence by Eq. H-12, the above equa-

tion can be solved for t'. 

Inverting BougerÕs Law (Eq. H-15), Kl, the extinction coefficient can be found.

( H-27 )

At normal incidence   ( H-28 )

 Since the extinction coefficient and the refractive index are both known, one can

use Eqs. H-11 through H-19 to calculate the angular properties of a single sheet of glazing.
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The results of these equations can then be inserted into Eqs. H-20 through H-23 to obtain

the angular properties of multiple paned glazing assemblies. 

H.4 Angular Calculations From Transmittance and Reßectance

If one knows the overall transmittance and reflectance of the materials that com-

prise the glazing assembly, the angular properties can be calculated using the algorithm

presented here. These overall transmittance and reflectance values may be obtained from

the glazing manufacturer or from the many data files contained in the public domain Win-

dow 4.0 program [Windows and Daylighting Group 1992].

Rearranging Eq. H-17, we can solve for t', the transmittance due to absorption in

the glazing medium.

( H-29 )

Inserting this relation into Eq. H-16, for overall transmittance, T, gives:

( H-30 )

This can be rearranged to solve for r' as a function of the known overall transmit-

tance, T, and the known overall reflectance, R.

( H-31 )

( H-32 )

Cancelling the r'3 terms and putting into standard quadratic format:

( H-33 )

The roots of the equation for r' can be found by using the quadratic formula.

( H-34 )

where b = -T2 + R2 - 2R - 1.

 Though the quadratic formula allows the radical to be added or subtracted in the

t'

R
r'
---- 1Ð

T
------------------- R r'Ð

T r'
--------------= =

T

R r'Ð
T r'

-------------- 1 r'Ð( )2

1 r'
2 R r'Ð

T r'
--------------

2
Ð

----------------------------------------=

T
R r'Ð( )2

T
---------------------Ð

R r'Ð
T r'

-------------- 1 2r'Ð r'
2

+( )=

T
2r' r' R

2
2Rr' r'

2
+Ð( )Ð R 2Rr'Ð Rr'

2 r'Ð 2r'
2 r'

3
Ð+ +=

r'
2

2 RÐ[ ] r' T
2

Ð R
2

2RÐ 1Ð+[ ] R[ ]+ + 0=

r' bÐ b
2

4 2 RÐ( ) R( )ÐÐ
2 2 RÐ( )

----------------------------------------------------------- bÐ b
2

8RÐ 4R
2

+Ð
4 2RÐ

----------------------------------------------------= =



162
above equation, only the negative radical is used because r' must be less than R. It will be

shown that    thus the only valid root will have the radical subtracted from this

term. Substituting b and multiplying both sides of the inequality by 4 - 2R yields:

 ( H-35 )

or

 ( H-36 )

Which simplifies to:

( H-37 )

Since both R and T are bounded by 0 and 1, the above is obviously true for all values

of R and T.

From Eq. H-26 or Eq. H-29, the transmittance due to absorption in the glazing t',

can now be calculated using the value of r', from the above equation and the known values

for overall transmittance and reflectance. This value of transmittance due to absorption, t',

can then be used in Eq. H-28 to calculate the value of the extinction coefficient.

Rearranging Eq. H-12, the refractive index of the glazing, nt, can be obtained from

the normal reflectance at the interface, r', and the refractive index of air, ni.

( H-38 )

where ni = 1.0 (air) has been used.

Some of this development was in R.A. FurlerÕs article [Furler 1991] except there is

a typo in his version of Eq. H-38 so that R is under the radical instead of r'.

 Since the extinction coefficient and the refractive index are both known, one can

use Equations H-11 through H-19 to calculate the angular properties of a single sheet of

glazing. The results of these equations can then be inserted into Eqs. H-20 through H-23 to

obtain the angular properties of multiple paned glazing assemblies.

In Figure H.7, the variation of the material properties with angle of: A) double-

strength(3/32Ó) sheet glass (DSA), B) 1/4Ó clear glass, and C) 1/4Ó heat absorbing glass are
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given here as an example of the results of this calculation procedure. Figure H.7 matches

closely a similar figure in the ASHRAE Handbook of Fundamentals [Fig 27.15 ASHRAE

1989]. Given the normal transmittance (DSA = 0.86, clear = 0.79, heat-absorbing = 0.46)

and the normal reflectance (DSA = 0.08, clear = 0.07, heat-absorbing = 0.05), one can cal-

culate the extinction coefficient and the index of refraction.

To show how the above equations can be implemented, the FORTRAN source pro-

gram given below was used to generate Figure H7.

      program stoked
      real kt(5), rindex(5), taun(5), rhon(5)
      real taull(5), tauperp(5), rll(5), rd(5)
      pi = 4.*atan(1.)
      print*,'Enter number of layers of glazing'
      read(5,*)nlayers
      do 20 nl = 1, nlayers
        print*,'Enter refractive index of ',nl,'th glazing'
    4   print*,'For glass default = 1.526'
        read(5,*)Rindex(nl)
    5   print*,'Enter overall transmittance (Fraction)'
        read(5,*)Taun(nl)
        print*,'Enter overall reflectance or 0 if unknown'
        read(5,*)Rhon(nl)

        Alpha = 1 - (Taun(nl) + Rhon(nl))
        if(alpha.lt.0.or.alpha.gt.1)then
         print*,'error transmittance or reflectance out of range!'
         goto 5
        endif

      if(Rhon(nl).eq.0)then
        rpn = ((rindex(nl)-1.)/(rindex(nl)+1.))**2
        taupn = (-(1.-rpn)**2+sqrt((1.-rpn)**4 - 
     +   4.*(rpn**2*Taun(nl)) *(-Taun(nl))))/(2.*rpn**2*Taun(nl))
        Rhon(nl) = rpn*(1+(taupn**2*(1-rpn)**2))/
     +           (1-rpn**2*taupn**2)
        Alpha = 1 - (Taun(nl) + Rhon(nl))
        if(alpha.lt.0.or.alpha.gt.1)then
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         print*,'error transmittance or reflectance out of range!'
         goto 5
        endif
      else
         b = -Taun(nl)**2+Rhon(nl)**2-2.*Rhon(nl)-1.
         rpn = (-b-sqrt(b**2-8.*Rhon(nl)+4.*Rhon(nl)**2))/
     +         (4.-2.*Rhon(nl))
        taupn = (-(1.-rpn)**2+sqrt((1.-rpn)**4 -
     +   4.*(rpn**2*Taun(nl)) *(-Taun(nl))))/(2.*rpn**2*Taun(nl))
        rindex(nl) = (1.+sqrt(rpn))/(1.-sqrt(rpn))
        endif
        kt(nl) = -log(taupn)
        print*,'refractive index of ',nl,'th layer = ',rindex(nl)
        print*,'tauprime and kt are ',taupn, kt(nl)
        print*,'   '
   20 continue

c     calculation of multiple layers properties at normal incidence
      if (nlayers.gt.1)then
       do 30 lay = 2,nlayers
         tau = taun(lay-1)*taun(lay)/(1-rhon(lay-1)*rhon(lay))
         rho = rhon(lay-1) + rhon(lay)*taun(lay-1)**2 /
     +         (1-rhon(lay-1)*rhon(lay))
         taun(lay) = tau
         rhon(lay) = rho
   30  continue
      endif

      write(6,1000)
      n = 0
      alpha = 1. - (taun(nlayers) + rhon(nlayers))
      write(6,1100)n, taun(nlayers), rhon(nlayers), alpha

c     rho parallel prime = rllp
c     rho perpindicular prime = rdp
c     angular calculations at n degrees
      dd = pi/180.
      do 100 n = 10, 80, 10
        di = n*dd
       do 90 l = 1, nlayers
        dr = asin(sin(di)/rindex(l))
        taup = exp(-kt(l)/cos(dr))
        rdp = (sin(dr-di))**2/(sin(dr+di))**2
        rllp = (tan(dr-di))**2/(tan(dr+di))**2
        taull(l) = taup*(1-rllp)**2/(1.-rllp**2*taup**2)
        tauperp(l) = taup*(1-rdp)**2/(1.-rdp**2*taup**2)
        rll(l) = rllp*(1+taup**2*(1-rllp)**2/(1-rllp**2*taup**2))
        rd(l) = rdp*(1+taup**2*(1-rdp)**2/(1-rdp**2*taup**2))
   90  continue
c     calculation of multiple layers properties at angle n degrees
       if(nlayers.gt.1)then
        do 95 kay = 2, nlayers
         taud = tauperp(kay-1)*tauperp(kay)/
     +          (1-rd(kay-1)*rd(kay))
         taulell = taull(kay-1)*taull(kay)/
     +          (1-rll(kay-1)*rll(kay))
         rhod = rd(kay-1) + rd(kay)*tauperp(kay-1)**2 /
     +         (1-rd(kay-1)*rd(kay))
         rholell = rll(kay-1) + rll(kay)*taull(kay-1)**2 /
     +         (1-rll(kay-1)*rll(kay))
         tauperp(kay) = taud
         taull(kay) = taulell
         rd(kay) = rhod
         rll(kay) = rholell
   95   continue
       endif

c      assumption of unpolarized light
        rho = 0.5*(rll(nlayers)+rd(nlayers))
        tau = 0.5*(taull(nlayers) + tauperp(nlayers))
        alpha = 1. - (tau + rho)
        write(6,1100)n, tau, rho, alpha
  100 continue

      n = 90
      tau = 0
      rho = 1.
      alpha = 0.0
      write(6,1100)n, tau, rho, alpha
  500 stop
 1000 format(1x,'Angle(degrees)', t20, 'transmittance', t40,
     +  'reflectance', t60, 'absorptance')
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 1100 format(i3, t20, f10.4, t40, f10.4, t60 f10.4)
      end 



I  Calculation of Luminous EfÞcacy Using the Perez Model

The Perez [1990] model of diffuse and direct beam luminous efficacy is based on

the variables Z, e, D,  and W. The variable Z, is the solar Zenith angle given in radians. The

variable e, describes sky clearness and is given by:

                             ( I-1 )

where,

Id = horizontal diffuse irradiance

IDN = terrestial direct beam irradiance

Sky clearness is divided into 8 discrete categories that will be used to define coef-

ficients for the other variables. These eight sky clearness categories are given in the table

below:

The variable D or sky brightness, which describes the opacity of clouds, is given by

the relation:

Table I1: Discrete Sky Clearness Categories

eeee Category lower bound upper bound

1.   Overcast 1 1.065

2. 1.065 1.230

3. 1.230 1.500

4. 1.500 1.950

5. 1.950 2.800

6. 2.800 4.500

7. 4.500 6.200

8.   Clear 6.200 -

e

Id IDN+

Id
-------------------- 1.041Z

3
+

1 1.041Z
3

+
-----------------------------------------------=
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( I-2 )

where,

m = air mass (see Eqs. 3.5 and 3.6)

Io = extraterrestial normal incidence irradiance

The variable W, atmospheric precipitable water content (cm), is given by:

( I-3 )
where,

Tdp = dewpoint temperature, °C

Direct beam luminous efficacy, Kdb, is given by the relation:

( I-4 )

 The constants, a,b,c,and d, for the direct beam luminous efficacy are given in the

table below where subscript i refers to the discrete sky clearness categories.

Diffuse luminous efficacy, Kdiff, is given by:

( I-5 )

The coefficients for this equation are given with respect to the bins of sky brightness

Table I2: Direct Beam Luminous EfÞcacy Model CoefÞcients

e bin ai bi ci di

1 57.20 -4.55 -2.98 117.12

2 98.99 -3.46 -1.21 12.38

3 109.83 -4.90 -1.71 -8.81

4 110.34 -5.84 -1.99 -4.56

5 106.36 -3.97 -1.75 -6.16

6 107.19 -1.25 -1.51 -26.73

7 105.75 0.77 -1.26 -34.44

8 101.18 1.58 -1.10 -8.29

D
Id m

Io
-------------=

W e
0.07Tdp 0.075Ð

=

Kdb max 0 ai biW ci 5.73Z 5Ð( )exp diD+ + +,{ }=

Kdiff ai biW ci Z( )cos diLn D( )+ + +=
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in the following table:.

The following subroutine returns the direct beam and diffuse sky luminous efficacy.

Ground reflected light can be modelled as having a constant luminous efficacy of 86 lm/

W.[Littlefair 1985], or as the product of visible reflectance and total horizontal illuminance.

Total horizontal illuminance is the sum of diffuse and horizontal beam illuminance.

       subroutine perez(julian,Z,difI,dbI,Pa,Tdpt,blum,dlum)
c     this program is based on the paper "Modelling Daylight Availability
c     and Irradiance Components from Direct and Global Irradiance"
c     by Perez, Ineichen, Seals et al. Solar Energy Vol 44 No. 5
c     pp271-89, 1990.
c     Variable directory:  w - percipitable water vapor (cm)
c     Pa - station atmospheric pressure (pascal)
c     extI - extraterrestial direct normal radiation W/m^2
c     difI - diffuse horizontal, dbI - direct beam irradiance
c     Tdpt - dewpoint temp (C) delta - brightness  Z - Zenith angle
c     7 9       8       7       6       5       4       3       72
      common pi
      epsilon =((difI +dbI)/difI + 1.041 * Z**3)/
     +         (1. + 1.041*Z**3)
c     bins based on epsilon - sky clearness
      if(epsilon.lt.1.065)then
       nep = 1
      elseif(epsilon.lt.1.23)then
       nep = 2
      elseif(epsilon.lt.1.5)then
       nep = 3
      elseif(epsilon.lt.1.95)then
       nep = 4
      elseif(epsilon.lt.2.8)then
       nep = 5
      elseif(epsilon.lt.4.5)then
       nep = 6
      elseif(epsilon.lt.6.2)then
       nep = 7
      else
       nep = 8
      endif
      airmass = Pa/101325./(cos(Z)+0.15*(93.885-Z*180/pi)**-1.253)
      extI = 1367.*(1. + 0.033*cos(2.*pi*julian/365))

Table I3: Diffuse Sky Luminous EfÞcacy Model CoefÞcients

e bin ai bi ci di

1 97.24 -0.46 12.00 -8.91

2 107.22 1.15 0.59 -3.95

3 104.97 2.96 -5.53 -8.77

4 102.39 5.59 -13.95 -13.90

5 100.71 5.94 -22.75 -23.74

6 106.42 3.83 -36.15 -28.83

7 141.88 1.90 -53.24 -14.03

8 152.23 0.35 -45.27 -7.98
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      delta = difI * airmass/extI
      W = exp(0.07*Tdpt-0.075)
c
      write(1,*)nep, airmass, W, Z, delta
c

      if(dbI.gt.0)then
      blum = beamlum(nep, W, Z, delta)
      else
      blum = 0.0
      endif
      dlum = difflum(nep, W, Z, delta)
      return
      end

      function beamlum(nep, W, Z, delta)
c     coefficients to luminous efficacy correlations
c     index = bins of epsilon - clearness 1 - 8
      real a(8), b(8), c(8), d(8)
      data a / 57.2, 98.99, 109.83, 110.34, 106.36, 107.19,
     +    105.75, 101.18 /
      data b / -4.55, -3.46, -4.90, -5.84, -3.97, -1.25, 0.77,
     +    1.58 /
      data c / -2.98, -1.21, -1.71, -1.99, -1.75, -1.51, -1.26,
     +    -1.1 /
      data d /117.12, 12.38, -8.81, -4.56, -6.16, -26.73, -34.44,
     +    -8.29 /
c     7 9       8       7       6       5       4       3       72
      beamlum = max(0., a(nep) + b(nep)*W +
     +          c(nep)*exp(5.73*Z - 5) + d(nep)*delta)
      return
      end
      function difflum(nep, W, Z, delta)
c     coefficients to luminous efficacy correlations
c     index = bins of epsilon - clearness 1 - 8
      real a(8), b(8), c(8), d(8)
      data a / 97.24, 107.22, 104.97, 102.39, 100.71,
     +    106.42, 141.88, 152.23 /
      data b /  -0.46, 1.15, 2.96, 5.59, 5.94, 3.83, 1.9, 0.35 /
      data c / 12. ,0.59, -5.53, -13.95, -22.75, -36.15, -53.24,
     +    -45.27 /
      data d /  -8.91, -3.95, -8.77, -13.9, -23.74, -28.83,
     +    -14.03, -7.98 /
      difflum = max(0., a(nep) + b(nep)*W + c(nep)*cos(Z)
     +          + d(nep)*log(delta))
      return
      end



J  Conversion of Exchange Fractions into Daylight Fractions

The method of converting weather data and the exchange fractions generated by

DAY3D into illuminance values on the work plane is as follows:

1) Read in area of sky plane and work plane and number of divisions of work plane

2) Calculate the ratio of sky plane area to the area of one division on the work plane

3) Read in exchange fractions  

4) Calculate a Òpseudo-daylight factorÓ, the exchange factor times the area ratio from

above. This is a pseudo daylight factor because, in this case, the sky plane can have any

orientation whereas daylight factors are referenced to a horizontal plane.

5) Read in TMY data which includes: dew point temperature, direct beam and diffuse solar

radiation.

6) Calculate solar Azimuth and Zenith angles from solar time and location of site.

7) Calculate direct beam, diffuse, and ground reflected luminous efficacies.

8) Calculate amount of direct beam and total diffuse (sky and ground) radiation on back

side of sky plane

9) Multiply 7) times 8) to get direct beam and diffuse illuminances on sky plane.

10) Multiply direct beam illuminance on sky plane by direct beam pseudo daylight factor

to get direct beam illuminance on work surface.

11)Multiply total diffuse illuminance on sky plane by diffuse pseudo daylight factor to get

diffuse illuminance on work surface.

12) Add 10) and 11) together to get total illuminance on section of the work surface.

13) Multiply 12) by a light loss factor that takes into account mullions and glazing trans-

mittance depreciation. For typical values of glazing depreciation, see Table J1.

14) Repeat for all sources of light and glazing apertures.
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15) Calculate fraction of electric lighting, FEL, needed for the subsurface

FEL=Max(0,Setpoint-Daylight)/Setpoint ( J-1 )

16) Repeat for all subsurfaces

17) Create a total fraction of electric lighting for entire zone.

18) Find average daylit faction = 1 - average fraction of electric lighting for entire zone

19) Repeat for all daylight hours of the year.

 Note that the diffuse exchange factor does not change for time of day or time of year unless

one is using blinds for glare control, then one needs different diffuse runs with and without

blinds and for different blind angles.

20) Write the fraction daylit for each hour of the year for each zone to a file. Night time

hours of course receive a 0.

Table J1: Typical Glazing Light Loss Factors [IES 1989]

Locations Light Loss Glazing Position

Vertical Sloped Horizontal

Clean Areas 0.9 0.8 0.7

Industrial Areas 0.8 0.7 0.6

Very Dirty Areas 0.7 0.6 0.5



K  Modifying BLAST to Receive Daylight Fractions

The BLAST program has approximately 50 program files that are linked together

during compilation. The blast.for program is an executive program; it controls the major

tasks that are performed by the other programs. The modifications made to this program

are: a daylighting array is created, initialized to 0, and daylighting fractions that were cre-

ated off-line are read into the array. Any interior zones do not have to be read in because

the default values in the array are 0 due the initialization. The changes are shown below:

c     changes by jon mchugh
      integer nmo(12)
c     dayin subscripts = zone number, months, days, std time hours (1,24)
      real dayin(12,12,31,24)
      common /delight/dayin
      data nmo/31,28,31,30,31,30,31,31,30,31,30,31/
      data dayin /107136 * 0.0/
c     more changes on line 129
.....
C     Jon McHugh's changes to read and write daylighting variables
C     to and from the LIGHTS and DAYLIGHTING routines in rout29.for
C     lights - line 776, daylighting - line 886 of rout29.for
C     numzone - total number of daylit zones
C     ndayz - zone number of daylit zone to be read in
      OPEN(UNIT=98, FILE='day.out')
      OPEN(UNIT=99, FILE='day.in',status='old',iostat=inderr)
        write(98,*)inderr
      if(inderr.eq.0)then
      read(99,*)numzone
      do 15 n = 1, numzone
C     NDAYZ = NUMBER OF DAYLIT ZONE IN ORDER OF ZONE DEFINITION
C     i.e. first zone defined in input deck is zone 1 etc.
       read(99,*)ndayz
       do 14 nmonth = 1, 12
        do 13 ndayM = 1, nmo(nmonth)
         read(99,*)(dayin(ndayz,nmonth,ndayM,ihr), ihr = 1,24)
         WRITE(98,7777)(dayin(ndayz,nmonth,ndayM,ihr), ihr = 1,24)
 7777 FORMAT(12(F8.4,1X))
   13 continue
   14 continue
   15 continue
      endif
      close(unit = 99)
C     end of jon's changes

Rout29 contains the subroutine QINSRC - heat from internal sources, and one of

those internal heat sources is lights. This subroutine manages the electric light quantity for

each zone: it pulls from an array the maximum capacity, modifies it according to light

schedules and BLASTÕs daylighting algorithm, sends the total electric lighting used to the

loads calculation procedures and electrical usage reports. The lighting and daylighting
172
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components of this subroutine with the changes required to insert the daylighting values

into BLAST are given below:

C                                      LIGHTS.
  120   CONTINUE
        Q=RCGS(1,N)*IFRACT
        IF(RCGS(5,N).LE.0.0) GO TO 122
        IF(QSA(NZ).LE.0.0) GO TO 122
        QR=Q*RCGS(4,N)*RCGS(5,N)
C        Q=Q-MIN(QSA(NZ),QR)/RCGS(4,N)
        QSA(NZ)=DMAX1(QSA(NZ)-QR,DBLE(0.0))
C       AMENDED BY JON MCHUGH - INSERT DAY3D DAYLIGHTING VALUES HERE
  122      Q=Q-Q*DAYIN(NZ,MONTH,DAYofM,STDTIM)
C  122   QLTTOT(NZ)=QLTTOT(NZ)+Q
C       END OF CHANGES
        QLTTOT(NZ)=QLTTOT(NZ)+Q
        QLTCON(NZ)=QLTCON(NZ)+Q*(1.0-RCGS(2,N)-RCGS(3,N)-RCGS(4,N))
        QLTCRA(NZ)=QLTCRA(NZ)+Q*RCGS(2,N)
        QLTRAD(NZ)=QLTRAD(NZ)+Q*RCGS(3,N)
        QLTVIS(NZ)=QLTVIS(NZ)+Q*RCGS(4,N)
        GO TO 300
.....
C                                      DAYLIGHTING.
  210   CONTINUE
        QSA(NZ)=RCGS(1,N)*IFRACT*QBV(NZ)*0.001+RCGS(2,N)*QDV(NZ)

The variables are deÞned in the program bld4.for

The variables in the LIGHTS section are:

RCGS(#,N) = for control schedule N, 1 = design (maximum) level, 2 = return air fraction,

3 = fraction radiant, 4 = fraction visible, 5 = fraction replaceable

IFRACT = fraction of lighting power for that hour

The variables in the DAYLIGHTING section are:

RCGS(#,N) = for control schedule N, 1 = fraction of beam usable, 2 = fraction of diffuse

usable

QBV = total solar radiation into zone, QDV = total diffuse radiation into zone.

IFRACT = fraction of  usable beam radiation that is available for that hour from daylighting

schedules

Thus the BLAST daylighting calculation is commented out and is replaced by the

daylit fractions, DAYIN(NZ,MONTH,DAYofM,STDTIM), which were previously calculated

off-line using the same TMY weather data that the BLAST program uses for calculating

the thermal processes in the building. Once the daylighting values have been incorporated

into the BLAST program, one can evaluate the demand and usage interactions of lighting

and the rest of the building equipment.
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K.1 Shortcoming of existing BLAST daylighting option

C        Q=Q-MIN(QSA(NZ),QR)/RCGS(4,N)

This commented out line is the crux of the BLAST daylighting program. The sun-

light available for daylighting, MIN(QSA(NZ),QR), is divided by the fraction of electric

light that is visible, RCGS(4,N), to calculate the amount of electric lighting energy that is

displaced by daylighting. Not all of the daylight is visible - about half is infrared. Further-

more, the fraction of electric light that is visible is a poor metric for lighting calculations.

Incandescent lights have approximately 10% of their output in the visible spectrum while

fluorescent lamps have 20% in the visible spectrum, but fluorescent lamps have luminous

efficacies that are 3 to 4 times that of incandescents due to the distribution of wavelengths

in the visible spectrum. Furthermore the luminous efficacy of sunlight is not evaluated. At

lower solar altitudes, diffuse light has twice the luminous efficacy of direct beam.



L  Zero Energy Building Geometry

The following plans show the geometry of the Zero Energy Building. For the

BLAST simulation the building was divided up unto the zones given in Table L1.

Table L1: Zero Energy Building Thermal Zones

Zone 
Number

Zone Description
Light Level 

(fc)
Lighting 

Power (kW)

1 PV Lab 70 2.77

2 Administrative 70 3.01

3 Conference/Kitchen 70 1.79

4 Shops 70 2.16

5 1st Floor Halls 20 0.87

6 HVAC Lab 70 3.66

7 Solar Lab 70 3.66

8 2nd Floor South OfÞces 70 4.46

9 2nd Floor NW OfÞces 70 3.15

10 2nd Floor NE OfÞces 70 3.15

11 2nd Floor Halls 20 0.52

12 Attic 0 0.00
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M  Solar Heat Gains in the BLAST Simulation

As has been shown earlier, some daylighting designs require the enhanced analysis

that a Monte Carlo daylighting program can provide. Similarly, the solar heat gains that re-

sult from reflective underhangs can also warrant enhanced analysis. The overhang com-

mand in BLAST shades the window beneath it from direct beam solar radiation only. It

does not shade the window from diffuse sky radiation nor does it interact with ground re-

flected radiation. Windows above are unaffected by overhangs. Thus designs that use an

external light shelf to redirect light into a clerestory window could benefit from an off-line

from BLAST solar gains analysis. Furthermore, in overcast climates, BLAST will overes-

timate solar gains for windows that have overhangs or a reveal (i.e. the window is recessed

into the wall).

The solar gains into the South facing Zero Energy Building geometry calculated by

DAY3D and BLAST are compared to each other and, for a simplified case without an over-

hang, are compared to an analytic solution. The solar gains calculated by BLAST are ex-

tracted from the daylighting section of the file rout29.for that is part of the BLAST

executable file. This section is reprinted in Appendix K. The solar heat gain factors in the

table below are the fraction of direct normal beam or horizontal sky diffuse radiation that

enter the building.

Table M1: Solar Heat Gain Factors

Type Model
No Overhang - 11:30 am Overhang - 11:30 am

Jan 21 June 21 Jan 21 June 21

Direct 
Beam

BLAST 0.588 0.136 0.589 0.054

DAY3D 0.373 0.079 0.388 0.141

Analytic 0.370 0.070 -- --

Diffuse
BLAST 0.189 0.189

DAY3D 0.181 0.160

Analytic 0.177 --
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The results indicate some tentative conclusions: 1) DAY3D is closer to the analytic

solution than BLAST, 2) BLAST appears to overpredict the direct beam solar heat gain and

3) the presence of the overhang does not affect the diffuse solar gain in BLAST

It should be noted that DAY3D and BLAST calculate the angular properties in the

same manner (as outlined in Appendix H) and as such there is excellent agreement of the

angular properties of glass between both programs.

M.2 Analytic Solution for Direct Beam Solar Heat Gain

The angle of incidence, q , on a plane facing due South (such as the glazing) at a Lat-

itude of 40 at 11:30 am local standard time is 30.5° on Jan 21 and is 73.7° on June 21. The

solar transmissivity of the glazing assembly is 0.43 for an incident angle of 30.5° and 0.25

for an incident angle of 73.7°. The direct beam solar heat gain factor, SHGFDN, is given by

the following:

( M-1 )

where,

HGB = beam solar heat gain in zone, Watts

IDN = ambient direct normal radiation, W/m2

A = window area, m2

The direct beam heat gain, HGB, through a window with no overhangs and with

negligible reflectance from the room back through the window is:

( M-2 )

where,

T(q) = the overall angular transmittance, no units

Rearranging equations M-1 and M-2, the direct beam solar heat gain factor, SHG-

FDN, for a window without an overhang can be given as:

( M-3 )

SHGFDN

HGB

IDN A
-------------=

HGB IDN A q( )T q( )cos=

SHGFDN q( )T q( )cos=
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Thus on Jan 21, the direct beam solar heat gain factor is cos(30.5°) x 0.43 = 0.37

and on June 21, the direct beam solar heat gain factor is cos(73.7°) x 0.25 = 0.07.

M.3 Diffuse Solar Heat Gain

Duffie and Beckman (1991) affirm that the transmittance of isotropic diffuse radi-

ation can be approximated by the angular transmittance at 60°. The angular transmittance

of the glass used here is 0.353 at 60°. The diffuse sky solar heat gain factor, SHGFd, for a

window without overhangs and with negligible heat reflected from the room back out the

window is given by:

( M-4 )

where,

HGd = diffuse sky solar heat gain in zone, Watts

Id = ambient horizontal diffuse sky radiation, W/m2

The diffuse heat gain, HGd, into the zone assuming there are no overhangs and an

isotropic diffuse sky is:

( M-5 )

where,

Fss = angle factor between a surface and the sky 

( M-6 )

where,

S = surface tilt from horizontal, degrees

Combining equations M-5 and M-6, the solar heat gain factor for windows without

overhangs is:

( M-7 )

For vertical surfaces (S = 90°) such as most windows, Fss = 0.5. Thus given that the

SHGFd

HGd

Id A
-----------=

HGd Id AFsst 60°( )=

Fss
1 S( )cos+

2
--------------------------=

SHGFd Fsst 60°( )=
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angular transmittance at 60° is 0.353, the diffuse solar heat gain factor for the entire year,

SHGFd = 0.5 x 0.353 = 0.177.
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