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ABSTRACT 

DAYLIGHTING SIMULATION IN THE DOE-2 

BUILDING ENERGY ANALYSIS PROGRAM 

Frederick Winkelmann and Stephen Selkowitz 

Applied Science Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

A daylighting calculation has been integrated into the DOE-2 building 

energy analysis computer program. Users can, for the first time in a widely-

used, publicly-available program, determine the impact of daylight utilization 

on energy use, energy cost, and peak electrical demand. We describe the alga-

rithms which simulate hourly-varying interior illuminance, management of win-

dows for sun and glare control, and the operation of electric lighting control 

systems. Sample DOE-2 daylighting output reports are presented and results of 

program validation against scale model illuminance measurements using the 

Lawrence Berkeley Laboratory sky simulator are discussed • 

This work was supported by the Assistant Secretary for Conservation and Renew­
able Energy, Office of Buildings Energy Research and Development, Building 
Systems Division of the U. S. Department of Energy under Contract No. DE­
AC03-76SF00098. 
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1. INTRODUCTION 

Use of natural lighting can be a cost-effective way to reduce electrical 

energy consumption and, at the same time, enhance the quality of the indoor 

environment. For several years, architects and engineers have used scale 

• models, hand calculator programs, and sophisticated main-frame computer pro-

t 

grams to determine levels of interior daylight for different building confi-

gurations. However, none of these tools determines the impact of daylighting 

on overall energy use and peak electrical loads, information which could have. 

an important effect on design decisions. For this reason, a daylighting simu-

lation has been added to the DOE-2 building energy use analysis program. This 

model, in conjunction with the DOE-2 thermal loads and HVAC analysis [ 1, 2], 

determines the energy- and cost-related consequences of daylighting strategies 

based upon hour-by-hour analysis of daylight availability, site conditions, 

window management in response to solar gain and glare, and various lighting 

control strategies. 

The dayl:ighting simulation which is described in the following sections 

has three main stages: 

( 1) Daylight factor preprocessor: By integrating over the area of each 

window (or skylight), interior illuminance at user-selected room locations is 

calculated for a standard· overcast sky a~d for clear sky conditions with 20 

different sun positions. Dividing the interior illuminance by the correspond-

ing exterior illuminance gives daylight factors which are stored for later 

interpolation in the hourly simulation. The interior illuminance calculation 

accounts for the luminance distribution of the sky; window size, slope and 

orientation; glass transmittance; inside surface reflec tances; sun control 

devices such as drapes and overhangs; and external obstructions. Analagous 
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factors for the discomfort glare from each window are also calculated for each 

sun and sky condition and stored. 

(2) Hourly daylight simulation: The hourly illuminance and glare contribu­

tion from each window is found by interpolating the stored daylight factors 

using the current-hour sun position and cloud cover, then multiplying by the 

current-hour exterior horizontal illuminance. If the glare-control option has 

been specified, the program automatically closes window blinds or drapes in 

order to decrease glare below a pre-defined comfort level. A similar option 

uses window shading devices to automatically control solar gain. 

This procedure of interpolating pre-calculated daylight factors to obtain 

hourly illuminance and glare reduces computation time by a factor of 200 com­

pared to hourly re-integration over each window. 

(3) Hourly lighting control simulation: Stepped and continuously dimming 

lighting control systems are simulated to determine the electrical lighting 

energy needed to make up the difference, if any, between the daylighting level 

and the design illuminance. Finally, the lighting electrical requirements are 

passed to the thermal calculation which determines hourly heating and cooling 

requirements for each space and for the building as a whole. 

2. DAYLIGHTING PREPROCESSOR 

For each daylit space, the preprocessor calculates a set of daylight fac­

tors for a series of sun positions covering tbe annual range of solar altitude 

and azimuth at the specified building latitude. These factors relate interior 

illuminance and glare levels to outdoor daylight levels. 

-2-

• 

I 



,.· 

• 

2.1 Interior illuminance components 

DOE-2 separates daylight incident on a window into two components: ( 1) 

sky-related light, i.e., light which originates from the sky, and reaches the 

window directly or by reflection from exterior surfaces; and (2) sun-related 

light, i.e., light which originates from the sun, and reaches the window 

directly or by reflection from exterior surfaces. Light from the window then 

reaches the workplane directly or via reflection from the interior surfaces of 

the room. 

Figure la-e shows schematically the various paths by which diffuse light 

originating from the sky can pass through a bare, transparent window and reach 

a reference point on the workplane. Figure lf-i shows similar paths for light 

originating from the sun. Figure 2a-f shows the situation in which the window 

is covered by a diffusing shade. 

For a given sun position and sky condition (clear or overcast), the sky­

related interior daylight will be proportional to the exterior horizontal 

illuminance, Esky, due to light from the sky. Similarly, the sun-related 

.interior daylight will be proportional to the exterior horizontal solar 

illuminance Es. 

2.2 Daylight factors 

The following six ratios (daylight factors) are calculated and stored for 

later use in the hourly calculation of interior daylight illuminance and win­

dow glare: 
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dsky • (interior illuminance due to sky-related light) I Esky 

ds =- (interior illuminance due to sun-related light) I Es 

wsky = (average window luminance due to sky-related light) I Esky 

w s ""' (average window luminance due to sun-related light) I Es 

bsky = (window surround (background) luminance due to sky-related light) I Esky 

bs • (window surround (background) luminance due to sun-related light) I Es 

These factors depend on ~ conditions, such as room geometry, surface 

reflec tances, reference point location, window size and orientation, glass 

transmittance, and window shade transmittance; and on exterior conditions, 

such as ground reflectance, location and reflectance of external obstructions, 

condition of sky, and position of sun. 

The six daylight factors are calculated for each of the following combina-

tions of reference point, window, sky condition, sun position, and shading 

device: 

Clear sky, 

Window Ill sun pos. Ill 

Window 112 

[ 
Ref. pt. Ill 

] [ Bare window ] 
(and 112 

Window plus shade 
if defined) 

~ 

Clear sky, 

Window 1/Nw sun pos. 1120 

Overcast sky 
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For example, for a room with one reference point, one window, and no 

window-shade, there are (1 x 1 x 21 x 1) x 6 = 126 daylight factors. In the 

Northern hemisphere the 20 sun positions for the clear sky case cover a grid 

of five equally-spaced solar azimuths from 70° to 2900 (measured clockwise 

from North), and four equally-spaced altitudes from 10° (5° for latitudes 

above 48°) to the maximum altitude reached by the sun at the latitude in ques-

tion. Figure 3 shows the sun positions for 40°N latitude. 

2.3 Calculation of exterior illuminance 

The equations used to calculate exterior illuminance are based on empiri-

cal formulations for standard clear and overcast skies adopted-by the Commis-

sian Internationale de l'Eclairage (CIE) [3]. These equations are based on 

the European work of Kittler [4], Krochmann [5], Dogniaux [6], and others. 

2.3.1 Direct Solar Illuminance 

The horizontal direct solar illuminance at the earth's surface under clear 

sky conditions can be expressed as [6,7] 

E s = (1) 

0 where EON is the extraterrestrial direct normal illuminance, ~s is the alti-

tude of the sun, m is the optical air mass, T is the atmospheric turbidity, 

and a is an empirically determined atmospheric extinction coefficient. The 

turbidity is a measure of the aerosol and moisture content of the atmosphere. 

It has the form [6,7] 

[ 
~Ds,deg + 85 

T = 
39.5 e-w + 47.4 

+ o. 1 J + ( 16 + o. 2 2w) a (2) 

where w is the amount of precipitable moisture in the atmosphere [em of water] 
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and ~ is Angstrom's turbidity coefficient. The value of T ranges from about 2 

for a very clean, dry atmosphere, to 5 and above for moist, polluted condi­

tions. In DOE-2, monthly average values of w and ~ are entered from tables of 

measured values for different locations in the United States [8-10]. 

Dogniaux [6] gives the following parameterizations for a, m and E~N 

a • 0.1512- 0.0262T for~ < 0.075, 

• 0.1656- 0.0215T for 0.075 ~ ~<0.15, 

• 0.2021- 0.0193T for P~0.15; 

m • (1-0.1h)/(sin~s + 0.15(~s + 3.885)-1.253] 

where h is the building altitude in km; and 

E~N [klx] • 126.82 + 4.248cos w J + 0.08250cos 4uJ 

- 0.00043cos 3w.J + 0.1691sin wJ 

(3) 

(4) 

+ 0. 00914 sin 2wJ + 0. 01 7 2 6 sin wJ, ( 5) 

where J is the number of the day of the year and uu = 2W/366. The dependence 

on J accounts for the variation of the solar constant with changing earth-sun 

distance. 

2.3.2 Diffuse illuminance 

The illuminance, Esky, on an unobstructed horizontal plane due to diffuse 

radiation from the sky is calculated by DOE-2 for clear sky and for overcast 
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sky by integrating over the appropriate sky luminance distribution, L: 

2" •/2 
E • sky ...r j" 

0 0 

(6) 

where asky '~sky are the azimuth and altitude, respectively, of a sky element 

and Esky is in klx if L is in kcd/m2• 

Clear sky. For clear skies, the luminance distribution derived by Kittler 

[4,3] from measurements in Europe is used. It has the form 

( 0. 91 + 1 Oe- 3 Y +0. 4 5cos2 Y> ( 1-e -o • 32 cosec~ sky) 

.27385 (0.91+10e-J(•/2-6s>+o.45sin2 ~ ) 
s 

(7) 

where ~s is the altitude of sun, Lz is the zenith luminance of the sky, and Y 

is the opening angle between sun and sky element. A contour plot of the ratio 

L(&sky• ~sky)/Lz is shown in Fig. 4 for a solar altitude of 40°· The general 

characteristics of the distribution are a large peak near the sun; a minimum 

at a point on the other side of the zenith from the sun; and an increase in 

luminance as the horizon is approached. 

The zenith luminance in eqn. (7) is given by [11] 

(8) 

For ~s > 60°, where eqn. (8) is invalid·, Lz is taken to be 

L (,S ) • 
z s 

3 • 2 5L ( 6 0 ° ) sin~ 
z s 0 

----------------------~--------~-----------, ~s > 60 , 
[3.25-.1050(~ -60)+.0010(6 -6o) 2 )sin60° 

- s s 

(9) 

which was obtained [12] by constraining the horizontal illuminance to increase 

as sin~s for ;s > 60°. For values of T less than 3, eqn. (8) is used with 
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T•3. 

The clear sky diffuse horizontal illuminance, Eel' is obtained by insert­

ing eqn. (7) into eqn. (6) and evaluating the double integral using Simpson's 

rule. 

Overcast sky. The CIE standard overcast sky luminance distribution has the 

form [13] 

L oc 

1+2sint6sky 
<t6sky) • Lz,oc 3 

where the zenith luminance, Lz,oc, is [5] 

L [kcd/m2] z,oc • 0. 12 3 + 8. 6 sin; • s 

(10) 

(11) 

The overcast sky luminance distribution, unlike the clear sky case, does 

not depend on either the solar azimuth or the sky azimuth. The zenith is 

three times brighter than the horizon. 

Using the above equation for L0 c in eqn. (6) yields the following expres-

sion for the exterior horizontal illuminance from an overcast sky: 

E0 c [klx] - 7" L 2] T z ,oc [ kcd/m - 0. 3 + 21. 1 sin; s. 
(12) 

This is plotted in Fig. 5. 

2.3.3 Luminous efficacy of solar radiation 

If measured solar irradiance values are present on the DOE-2 weather file, 

the luminous efficacy in lumens/watt is calculated for direct solar radiation, 

clear sky diffuse solar radiation, and overcast sky diffuse solar radiation. 

These efficacies, multiplied by solar irradiance, are used to obtain hourly 
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exterior illuminance values, as described below in Section 3.1. 

Direct solar radiation. The luminous efficacy of direct solar radiation as 

parameterized by Dogniaux [6,7] is 

Ks [ lm/W] - -mT(8-a ) s 
K

0 
e 

(13) 

where K
0 

is the extraterrestrial luminous efficacy (93. 73 lm/W) and as, the 

atmospheric extinction coefficient due to Rayleigh scattering of solar radia-

tion, is given by 

as • 1.4899- 2.1099 cos's + 0.6322 cos2ps + 0.0252 cos3ps 

- 1.0022 sin-s + 1.0077 sin2's - 0.2606 sin3ps (14) 

Ks is plotted as a function of solar altitude for high and low values of 

atmospheric moisture, w, and decadic turbidity factor, B (B • 1.07~) in Fig. 

6. The rapid fall-off in Ks . for 's < 300 is primarily due to the A - 4 

wavelength dependence of Rayleigh scattering. Ks increases with w since the 

absorption of solar radiation by atmospheric water ~apor is much higher in the 

infrared than the visible. 

Diffuse solar radiation. The luminous efficacy, Kcl, of clear sky diffuse 

radiation as a function of B, w, and solar altitude is shown in Fig. 7, which 

is derived from Table 4 of Aydinli [14]. Aydinli's values are based on calcu-

lations [14,15] taking into account the spectral distribution of extraterres-

trial solar radiation, Rayleigh scattering, aerosol scattering and absorption 

by water vapor and ozone. The figure shows that Kcl varies from 115 to 135 

lm/W, with a mean value of 125.4 lm/W and standard de.;,iation of 6.1 lm/W. 

Because of the relatively small standard deviation in Kcl (-:5%), the mean 

value of Kcl is used in DOE-2. 
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For an overcast sky, the luminous efficacy K is assigned a constant oc 

value of 110 lm/W [7]. 

2.4 Calculation of interior illuminance 

2.4.1 Direct component 

The direct daylight illuminance Ed from a window is determined by dividing 

the window into an x-y grid and finding the flux reaching the reference point 

directly (i.e., without interior reflection) from each grid element. The net 

direct horizontal illuminance from the window is the sum of the contributions 

from all the window elements which lie above the workplane: 

(15) 

where Lw is the luminance of the window element as seen from the reference 

point, dw is the solid angle sub tended by the window element with respect to 

the reference point, and 'Y' is the angle between the vertical and the ray from 

the reference point to center of the window element. 

Bare window. For the bare window case, the luminance Lw of the window element 

is found by projecting the ray from reference point to window element and 

determining whether it intersects the sky or an exterior obstruction. It is 

assumed that there are no internal obstructions. If L is the corresponding 

luminance of sky or exterior obstruction, the window luminance is LTg(n), 

where Tg is the visible transmittance of the glass for incidence angle n. 

Window with shade. For the window-plus-shade case, the shade is assumed to be 

a perfect diffuser, i.e., the luminance of the shade, L~h' is independent of 

angle of emission of light, position on shade, and angle of incidence of exte-

rior light falling on the shade. The illuminance contrioution at the 
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reference point from a shade element is given by eqn. (15) with Lw•Lsh if the 

shade is inside the window, or Lw•Lsh Tg(n') if the shade is outside the win­

dow, where ~, is the angle of emission of light from the shade. 

2.4.2 Internally reflected component 

Daylight reaching a reference point after reflection from interior sur-

faces is calculated using the "split-flux" method [16,17]. The daylight 

transmitted by the window is split into two parts - a downward-going flux, 

+FW [ lm] , which falls on the floor and portions of the walls below the ima­

ginary horizontal plane passing through the center of the window ("window mid-

plane"), and an upward-going flux + CW [1m] , which strikes the ceiling and por­

tions of the walls above the window midplane (see Fig. 8). A fraction of +rw 
and +cw is absorbed by the room surfaces. The remainder, the first-reflected 

flux, Fl, is approximated by 

(16) 

where PFW is the area-weighted average reflectance of the floor and those 

parts of the walls below the window mid-plane, and Pew is the area-weighted 

average reflectance of the ceiling and those parts of the walls above the win-

dow mid-plane. 

A flux balance is used to find the final average internally-reflected 

illuminance Er (which in this method is uniform throughout the room). The 

total reflected flux absorbed by the room surfaces (or lost through the win-

dows) is AEr(l - p), where A is the total inside surface area of the floors, 

walls, ceiling, and windows in the room, and p is the area-weighted average 

reflectance of the room surfaces, including windows. From conservation of 
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energy, 

- A Er ( 1-,b) (17) 

Substituting this in eqn. (16) gives 

Er [1m/unit-area] • 
tFW PFW + tcw Pew 

A( 1-p) 
(18) 

This procedure assumes that the room behaves like an integrating sphere 

with perfectly diffusing interior surfaces and no internal obstructions. It 

therefore works best for rooms which are close to cubical in shape, have matte 

surfaces (which is usually the case), and have no internal partitions. For 

these reasons, the split-flux method is not recommended for rooms whose depth 

measured from the window-wall is more than approximately three times greater 

than ceiling height; in this case the method can overpredict the internally-

reflected illuminance near the back of the room by a factor of two or more 

(see Section 5 and Fig. 12c-f). 

Transmitted flux from sky and ground. The luminous flux incident on the 

center of the window from a luminous element of sky, ground, or external 

obstruction at angular position (e,;), of luminance L (e,-), and subtending a 

solid angle cos;ded- is 

(19) 

where Aw is the window area, and dtinc is in lm if L is in cd/unit-area. The 

transmitted flux is 

df -
where Tw is the window transmittance. If T (~) is the glass transmittance for 

g 
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incidence angle ~' T dif is the glass transmittance for diffuse illuminance, . g, 

and Tsh is the shade transmittance, then 

Tw • Tg(G) for unshaded glass, 

• Tg(G)Tsh for glass with inside shading device, 

• TshTg,dif for glass with outside shading device. 

For a bare window of arbitrary tilt the total downgoing transmitted flux, 

tFW, is obtained by integrating dt over the part of the exterior hemisphere 

seen by the window which lies above the window midplane. This gives 

tFW,bare -
8max 
,j L(&,;) COS~Tg(G) cos~d8 

-e max 

(20) 

where, if ;w is the altitude angle of the outward normal to the window, 

emax • I cos-l (-tan' tan!!Sw) I (see ref. 12). 

The upgoing flux, t cw, bare, is similarly obtained by integrating over the 

part of the exterior hemisphere which lies below the window midplane: 

(21) 

For a window with a diffusing shade, the total transmitted flux is first 

calculated: 

- A w 
"/2 
..r 

ff/2-!IS 
(22) 

w 
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This is then divided into up- and down-going portions given, respectively, by 

+FW,sh • +< 1-f) and +cw,sh • tf (23) 

where f is the fraction of the hemisphere seen by the inside of the window 

which lies above the window midplane. For a vertical window, £•0.5, and the 

up- and down-going transmitted fluxes are equal: tFW,sh·tcw,sh•t/2. For a 

horizontal skylight, f•O, giving +FW,sh•t and +cw,sh•O. 

Flux from sun. The incident luminous flux from direct sun striking the window 

at incidence angle ~ is 

COSll) 0 (24) 

• 0 , COStl ( 0 , 

where EoN is the direct normal solar illuminance and fshaded is the fraction 

of window which is shaded by obstructions such as fins, overhangs, or neigh-

boring buildings. 

The transmitted flux is t•Tw(ll)tinc' For a bare window, +FW,bare·+ and 

tcw,bare•O, i.e., all of the transmitted flux is downward since the sun always 

lies above the window midplane. For a window with a diffusing shade, 

Window shade luminance. The window shade luminance is determined at the same 

time that the transmitted flux is calculated. It is given by 

"/2 
..r d~ 

emax 
Jr L(e,~)cosll~cos;de 

9min 
(25) 

where Tm is equal to Tsh for an outside shade and is equal to Tg(u)T8 h for an 

inside shade. 
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2.5 Calculation of discomfort glare from windows 

Since discomfort glare is subjective, it is difficult to quantify and the 

reliability of existing parameterizations is controversial [18]. For DOE-2, 

we have chosen the formulation of Hopkinson [19,20] as being the best avail-

able at the present time. In this formulation the discomfort glare at a 

reference point due to luminance contrast between a window and the interior 

surfaces surrounding the window is given by 

G 
o. 48 r.;· 6 D.o.8 

(26) 

where G is the discomfort glare constant, Lw is the average luminance of the 

window as seen from the reference point ( cd/m2), w is the solid angle sub-

tended by the window with respect to reference point, D. is the solid angle 

subtended by the window and modified to take direction of occupant view into 

account, and Lb is the average luminance of the background area surrounding 

the window (cd/m2). 

Dividing the window into Nx by Ny rectangular elements, as is done for 

calculating the direct component of interior illuminance, gives 

(27) 

where Lw ( i, j ). is the luminance of element ( i, j) as seen from the reference 

point. Similarly, 

Nx 
~ dw ( i, j) 

i•1 
(28) 

where dw(i,j) is the solid angle subtended by the (i,j)th element with respect 
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to the reference point. The modified solid angle, ~, is 

Nx 
~ dw ( i , j ) p ( i , j ) 

i =1 

(29) 

where p(i,j) is an empirically determined visual excitation factor [20,12] 

which decreases from 1.0 to 0.0 as the luminous window element moves away from 

the line of sight. 

The background luminance is given by r, =E})Pb, where Eb is the average 

illuminance on the floor, wall, and ceiling surfaces surrounding the window; 

. pb is the average reflectance of these surfaces. In OOE-2, pb is approximated 

by the average interior surface reflectance, p, of the entire room. Eb is 

approximated by the larger of Er and Eset' where Er is the total internally­

reflected component of daylight illuminance produced by all the windows in the 

room; Eset is the illuminance setpoint at the reference point at which glare 

is being calculated. A precise calculation of Lb is not required since the 

glare index (described below) is logarithmic: a factor of two variation in Lb 
., 

generally produces a change of less than 1.0 in the glare index. 

The net daylight glare at a reference point due to all of the windows in a 

room is expressed in terms of a glare index, GI, which is given by 

Nw 
GI "" 10log10 ~ Gi (30) 

i=1 

where G1 is the glare constant at the reference point due to the ith window. 

The recommended maximum allowable values of GI depend on space function. Typ-

ical values are 18 for hospital wards, 20 for school classrooms and drafting, 

and 22 for general office work [22]. 

-16-
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The glare formulation used in DOE-2 does not account for glare caused by 

penetration of beam radiation into a room through unshaded windows. However, 

admittance of direct solar gain in spaces requiring good visual performance is 

usually not good design practice. Therefore, windows lacking fixed architec­

tural elements such as fins or overhangs to block direct sun would normally 

have operable shading systems (e.g. shades, blinds, draperies) to control 

direct sun when it is present. Deployment of these devices can be simulated 

in DOE-2 .lB, using the window management option with a user-defined direct 

solar gain setpoint. The program then calculates the transmitted radiation 

through the unshaded window each hour and deploys the shading device whenever. 

the transmitted radiation exceeds the trigger level. 

3. HOURLY DAYLIGHTING CALCULATION 

A daylighting calculation is performed each hour that the sun is up. The 

exterior horizontal illuminance from sun and sky is calculated theoretically 

for the current-hour sun position and cloud amount, or is determined from 

solar irradiance data if present on the weather file. The interior illumi­

nance at each reference point is found for each window by interpolating the 

illuminance factors calculated by the preprocessor. By summation, the net 

illuminance and glare due to all the windows in a space are found. If glare 

or solar gain exceed user-specified thresholds, window shading devices can be 

deployed. The daylight illuminance at each reference point for the final 

window-shade configuration is used by the lighting control system simulation 

to determine the electric lighting power required to meet the illuminance set­

point. 
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3.1 Hourly exterior daylight availability 

For the current-hour sun position and current-month atmospheric moisture 

and turbidity, eqns. (10) and (13) are used to obtain ~he exterior horizontal 

illuminance from a standard clear sky (Eel) and from a standard overcast sky 

(E0 c)• If the weather file has solar irradiance data, the program finds the 

current-hour luminous efficacy, Ks, for standard clear sky direct solar radia­

tion using eqn. (14). 

Because few data exist on the luminous characteristics of partly-cloudy 

skies, we have made the simplifying assumption that the sky in a given hour 

can be divided into a uniformly distributed fraction, ~cl• which has the clear 

sky luminance distribution for the current sun position, and a fraction 

~oc=l-ucl which has the overcast sky luminance distribution. Ucl is taken to 

be a function of CR, the fraction of the skydome covered with clouds (obtained 

from the weather file). The form chosen for ~cl vs CR, shown in Fig. 9, gives 

a clear sky luminance distribution for the whole sky for CR ~ 0.2, which 

assumes that for low cloud amounts reflection of sunlight from the clouds 

will, on the average, give a cloud luminance which is comparable to that of 

the sky. As CR increases above 0.2, the average cloud luminance is assumed to 

become progressively closer to the standard overcast sky luminance. 

The average exterior horizontal illuminance due to the fraction of sky 

with standard clear sky characteristics is then ~elEct· Correspondingly, 

~ocEoc is the exterior horizontal illuminance due to the fraction of sky with 

standard overcast sky characteristics. 

-18-



The average direct solar exterior horizontal illuminance for the current 

hour is taken to be 

"E's = (1-CR) Es (31) 

where Es, the clear-sky solar illuminance, is obtained from eqn. (1). 

If the weather file has measured solar radiation'data, this expression is 

replaced by 

E K Imeas sin" 
s = s DN "'s ' 

(32) 

where Ks is the. luminous efficacy [ lm./W) of solar radiation from eqn. ( 14), 

and I~~as is the measured direct normal solar irradiance [W/m2]. In addition, 

the horizontal illuminance values from the clear and overcast portions of the 

sky are each adjusted by a multiplicative factor 0... so that their sum equals 

the measured horizontal diffuse irradiance, I~eas, times the luminous effi-

cacy. The quantity 0... is thus obtained from 

(33) 

3.2 Hourly workplane illuminance and window background luminance 

The hourly average workplane illuminance at a reference point is given by 

(34) 

where i is the window index; ish is 1 for open shade and 2 for closed shade; 

and ds, del, d0 c are daylight factors for sun-related, clear-sky-related, and 

overcast-sky-related illuminance, respectively. The values of ds and del 

depend on the current-hour sun position. They are obtained by linearly inter-

polating, in solar altitude and azimuth, the corresponding daylight factors 

calculated by the preprocessor. 
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The current-hour background luminance is, similarly, 

(35) 

where bs, bel, and b0 c are the interpolated daylight factors for background 

luminance. 

The current-hour average luminance of a window is 

(36) 

where ws, wc1 , and w0 c are the interpolated daylight factors for window lumi-

nance. 

3.3 Hourly glare index 

From eqns. (26) and (30), the current-hour glare index at a reference 

point is 

GI = 10log10 

1.1.6 11o.a 
0.48 -wi i 

Lb .. + 0. 0 7 ~ • 5 L , 
l w,i 

(37) 

where Lb is the larger of the window surround luminance, tb, from daylight, 

and the. average surround luminance which would be produced by the electric 

lighting at full power if the illuminance on the room surfaces were equal to 

the setpoint illuminance. 
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3.4 Glare control simulation 

If the glare index at either reference point exceeds a user-specified 

threshold value, Glmax, shading devices are closed sequentially until the 

glare index at both points is below Glmax· Each time a shading device is 

closed, the glare index and illuminance at each reference point are recalcu-

lated • 

. 3.5 Electric lighting control system simulation 

In DOE-2, the user can divide a room into one or two lighting zones. The 

electric lighting .power in each zone is assumed to be controlled by a sensor 

which responds to the illuminance at the user-specified reference point for 

that zone. If the daylight illuminance at a reference point is E, the frac-

tiona! electric light output required to meet a design illuminance value, 

fL = (Eset - E) / Eset , E < Eset 

~ 0, E ) E 
- set 

(38) 

For a continuously dimmable control system, the lighting power curve is 

assumed to have the linear form in Fig. lOa, which gives fractional electrical 

input power, fp, vs. f 1 • The quantities fp,min and fL,min in Fig. lOa are 

user-specified. For a stepped control system, fp takes on discrete values 

depending on the range of f 1 and the number of steps, as shown in Fig. lOb. 
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4. DAYLIGHTING OUTPUT REPORTS 

The value of energy simulation studies can be limited or enhanced by the 

quality and quantity of output data available to the program user. In order 

to determine the real value of daylighting as an energy conservation strategy, 

it is essential to understand not only the energy savings, but also the time­

varying patterns of daylight utilization within each space. We have provided 

a series of new reports that provide different levels of information on day­

lighting performance. Careful analysis and interpretation of these reports 

can speed the process of arriving at a building design that meets required 

performance criteria. Figure 11 shows three sample daylighting reports for a 

south-facing office module using a weather file (with measured solar radiaton 

data) for Madison, Wisconsin. The module is 6.lm wide, 9.2m deep, and is 3.0m 

floor-to-ceiling. It has a l.Sm high strip window with 0.9m sill height and 

90% transmittance. Drapes with 35% transmittance are assumed to be closed by 

occupants if direct solar transmission exceeds 63 w/m2 (20 Btu/ft2-hr) or if 

glare is excessive (GI ) 22). There are two independently-controlled lighting 

zones (each 4.6m deep) with reference points 3.0m and 7.6m respectively from 

the window-wall, and with design illuminance of 538 lx (50 fc). Each lighting 

zone has. a continuously dimmable control system, as shown in Fig. lOa, with 

fL,min • 0.2 and fp,min • 0.3. 

Figure lla provides the type of monthly and annual summary data useful in 

estimating the savings and cost-effectiveness of a daylighting strategy. The 

energy savings by hour of day given in Fig. llb provide details of the 

hourly/monthly pattern of daylight savings. These results can be observed 

zone by zone and for the entire building. A frequently observed pattern is 

one in which savings are maximized at midday, but early morning and late 
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afternoon values are well below maximum. Adding glazing in these cases will 

save little extra lighting energy and may significantly increase cooling 

loads. Figure 11c provides statistics on the frequency of occurrence of vari­

ous interior daylight illuminance values and on the cumulative probability of 

exceeding each value. Without rerunning the DOE-2 program, the user can esti~ 

mate the change in daylighting savings if a design illuminance value is 

changed or the lighting control strategy is altered. 

Figure 11d shows an example of a report with hourly values of 

daylighting-related variables for a particular day. The quantities appearing 

in this type of report are selected by the user from a list of about 200 dif­

ferent thermal and daylighting variables. The user also selects the time 

periods the report is printed, allowing, for example, hourly daylighting pro­

files to be made for typical days at different times of the year. 

5. VALIDATION 

Two types of validation studies have been undertaken: (1) Parametric ana­

lyses have been done to test t.he sensitivity of each calculation process to 

key design parameters. For example, the influence of window size, window 

transmittance, and interior surface reflectance has been examined under a 

variety of sun and sky conditions. (2) A three-way comparison has been made 

among DOE-2, SUPERLITE (a detailed illuminance calculation program [23]), and 

measurements made in scale models in the Lawrence Berkeley Laboratory (LBL) 

sky simulator [24]. Representative results for clear and overcast conditions 

for a small, single-occupant office model and a deep open-landscape office 

model are shown in Fig. 12. The difference in the ratio of the three methods 

is generally ~15% except very near the window (where the illuminance is not of 
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particular interest) and far from the window-wall in the deep model (Fig. 

12c-f) where the split-flux method used in DOE-2 overpredicts the inter­

reflected illuminance. 

6. APPLICATIONS 

DOE-2, with its integrated daylighting model, has already proved to be a 

powerful tool for researchers investigating fundamental relationships between 

fenestration, building energy consumption, and peak electrical demand. For 

example, DOE-2 was used for extensive parametric studies to investigate build­

ing envelope performance as part of a large effort sponsored by 'the u.s. 

Department of Energy to upgrade building energy standards [25]. The program 

is also the basic tool for a series of ongoing investigations of the thermal 

and daylighting impacts of windows and skylights in office buildings 

[26,27,28]. 

7. FUTURE DIRECTIONS 

The present version of the program (DOE-2.1B) calculates interior illumi­

nance for conventional window designs and simple room geometries using a 

preprocessor calculation and sun control systems such as shades, drapes, and 

blinds that are assumed to be ideal diffusers. The program is being expanded 

to model (1) geometrically complex sunshading solutions, such as louvers and 

light shelves; (2) designs where internally reflected light is important, such 

as those with skylights having deep light wells; and (3) unique architectural 

spaces, such as large atria which provide daylight to adjacent rooms. 
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Because direct calculation of interior illuminance from complex sunshading 

systems is difficult and sometimes impossible, a new coefficient-of­

utilization (CU) model is being developed which is based on data calculated or 

measured outside the DOE-2 program. This model includes five coefficients 

that are sensitive to illumination at the window plane from the ground, sky 1 

and sun. It will be implemented in several ways, as shown schematically by 

the left-hand branch of Fig. 13. Some designs, such as flat-lotiver systems, 

can be standardized but may be too complex to calculate in DOE-2. The coeffi­

cients for these systems would be precalculated by SUPERLITE (using measured 

angle-dependent luminance data for the shading devices) and stored in a DOE-2 

library. To obtain values for specific products rather than for generic 

designs, SUPERLITE could be used as a preprocessor to DOE-2, generating the 

specific coefficients directly. 

A second category includes daylighting systems, such as curved semi­

specular light shelves, that can be standardized but may be too complex to 

calculate using existing computational models. In this instance, the required 

illuminance data would be generated from scale models in the LBL sky simulator 

under a full range of overcast, clear-sky, and direct-sun conditions. Results 

would be converted to coefficients and stored in the DOE-2 library. 

A third category includes unique designs which will not be found in the 

DOE-2 library. In this case, a user could develop the required data from 

model studies, ·Convert these data into a format compatible with the CU calcu­

lation, and input the results into the program library. Each user could thus 

create a personal library of custom designs for evaluation. 
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A parallel effort is underway to expand the capability of DOE-2 to simu­

late conduction and solar heat gain through windows with shading devices. 

This is illustrated by the right-hand branch of Fig. 13. Coordinated 

libraries of solar heat gain coefficients (SHGC's) and CU's will allow the 

program to accurately simulate the hour-by-hour thermal behavior of complex 

designs at the same time as interior daylight illuminance is calculated. 

Finally, the ~lgorithms used for daylight availability, particularly for 

overcast and partly-cloudy conditions, and for discomfort glare will be 

upgraded as new data in these areas become available. 

We are thus working towards an energy model that has a high degree of 

flexibility and should be responsive to the latest in architectural design 

strategies. 
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Fig. 1. 

Bare window 

9 
0 

XBL 828- 1044 

Paths by which light originating from sky (a-e) and from sun (f-j) 

can reach workplane through a transparent window without a shading 

device. 
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c 

Fig. 2. 

Window with diffusing shade 

d 

e 

f 

XBL 828-1045 

Paths by which light originating from sky (a-c) and from sun (d-f) 

can reach workplane through a transparent window with a diffusing 

shading device. 
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Sun positions (II!!J) used by preprocessor for calculation of clear 

sky daylight factors for 400 north latitude. (Sunchart reproduced 

from "The Passive Solar Energy Book", Edward Mazria, Rodale Press, 

Emmaus, PA 1979.) 

-33-



) 

180° 

Sun height: 40° 

XBL 829-4590 

Fig. 4. Clear sky luminance distribution (normalized to unit zenith lumi- · 

nance) for a solar altitude of 40° [Ref 9.]. 

.• 
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XBL 827-7144 

Fig. 5. Exterior horizontal illuminance from standard overcast sky vs. 

solar altitude. 
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Luminous efficacy of direct solar radiation for selected values of 

atmospheric moisture, w, and decadic turbidity coefficient, 

B (B s 1.07 ~). 
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Luminous efficacy of clear sky diffuse solar radiation as a func-

tion of solar altitude, decadic turbidity factor, B (B ~ 1.07 ~), 

and atmospheric moisture, w. Based on Aydinli [Ref. 14]. 
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Fig. 8. Vertical section showing up- and down-going transmitted fluxes, 

~CW and 'FW' used in split-flux calculation of the internally-

reflected component of interior illuminance. 
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Effective fraction of sky, ~cl' having standard clear sky luminous 

distribution vs fraction of sky covered by clouds. The remainder 

of the sky, 1-Ilcl, is assumed to have a standard overcast sky 

luminance distribution • 
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Fig. 10. 
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Lighting control curves for (a) continuously dimmable system, and 
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Fig. 11. 

.., 

Sample DOE-2 daylighting program reports for the south-facing 

office module described in text. Selected months only are shown 

in (a)-( c). Quantities under "REPORT SCHEDULE HOURS" in (a) are 

restricted to a user-selected time period 8:00am to 5:00pm, the 

hours of major occupancy. The hourly report in (d) is for sun-up 

hours on April 2; in this example "CLOUD AMOUNT" is the fraction 

of sky covered by clouds, in tenths; "EXT ILL CLR SKY" and "EXT 

ILL OVR SKY" are the exterior horizontal illuminance from the 

clear and overcast sky portions of the sky, respectively; "SHADING 

FLAG" is 1 if window drapes are open, 2 if closed; "LTPW MUL" is 

the multiplier on electric lighting power due to dimming of 

lights • 

(for figure, see next page). 
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(a)-(f): SUPERLITE (o) and DOE-2 (II) predictions compared with 

sky-simulator measurements (-) made along centerline of different 

scale models. Cases of clear sky have solar altitude 50°, azimuth 

0°, but exclude direct sun. Ground reflectance is zero. Interior 

reflectances are 25% for floor, 60% for walls, 80% for ceiling. 

Glass transmittance is 90%; diffuser transmittance in (e) is 60%. 
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