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THE APPLICATION OF DAYLIGHTING RESEARCH TOOLS 
TO FENESTRATION AND BUILDING DESIGN OPTIMIZATION 

Stephen Selkowitz 
Windows and Daylighting Group 
Lawrence Berkeley Laboratory 

University of California 
Berkeley CA 94720 

It is commonplace in both the bu il di ng 
research and design communities to separate the 
two endeavors and accentuate the di fferences 
between them. We often hear that the researchers' 
tool s and approaches are not useful for desi gn 
purposes; they are too slow, and too complex, and 
while they generate quantities of data, they pro
vide little useful information. While this will 
often be true, there are significant cases where 
it is not so. By exploring these in more detail 
we can 1 earn more about the complementary nature 
of research and design. 

Background 

Neither research nor design is a simple, 
s i ngul ar event or process. Each is a ri ch and 
complex set of procedures that has its own inter
nal structure, its own activities, and its own 
traditions. The researcher util izes an array of 
analytical and experimental tools; the designer 
uses an equally large array of "design tools." The 
problem we hear of most often occurs when a 
des i gner tri es to use an i nappropri ate research 
tool for design purposes. It can also be equally 
frustrating and disastrous to use a design tool 
for deSign purposes for which it was not intended. 
Another common belief is that researchers generate 
much data but little useful information. Both 
these comments refl ect differences in perspecti ve, 
styl e, goals, and needs, rather than irrevocable 
differences between researchers and designers. 
Furthermore, in an increasingly complex world 
there is continuous pressure in the design field 
to force building designers to address more com
plex performance issues and interrelated problems 
in the built environment. This will inevitably 
require more sophisticated deSign tools and tech
ni ques to extract and mani pul ate useful desi gn 
information frolO data obtained from many sources. 
Some of these tool sand techni ques mi ght readily 
be adapted froln exi sti ng or proposed research 
tool s. We bel ieve that the increasingly difficul t 
task of optimizing building design to meet occu
pant, cl ient, and societal needs can be facili
tated by a better understanding of building sci-

ence research directions and the appl ication of 
selected building research tools, with appropriate 
modifications, for design purposes. 

Similarities and Differences: Research and Jesign 

It is instructive to note that the similari
ties between the design process and the research 
process are sOlnetirnes stronger than the differ
ences. The essence of arChitectural design is 
problem-solving; research into the client's needs, 
into the enVironmental, sociological, and economic 
context that limits viable solutions; development 
of alternative solutions; testing of these solu
tions against the design progra,n; and finally, 
through an iterative process of increasing detail, 
a synthesi s of all the competi ng issues and el e
ments into a final design. Within the context of 
a specific deSign solution, there may be ,nore or 
less leeway for artistic creativity and visual 
expression. In some cases, artistry conflicts 
with technical solutions; in other cases, clever 
designers may evolve striking imagery from techni
cal requirements. But the basic process of prob
lem statement, identification and evaluation of 
alternative solutions, and iterative testing and 
modification of those solutions is common not only 
to design but to research as well. 

One of the key requi rements for good design 
and good research is a careful defi ni t i on of the 
proble.n. This is essential if the potential of 
alternative proposed solutions is to be adequately 
tested. Some tools can help generate alternative 
solutions, and others can help test the adequacy 
of solutions. "Synthesis" tools--oTten require a 
healthy dose of experience, intuition, inSight, 

'- and in some cases, just plain luck to arrive at 
good solutions. "Analysi s" tool s are generally 
applied through more routine procedures with less 
room for individualized contributions. On the 
other hand, analysis tools (e.g., microcomputer 
models) are often called upon to analyze problems 
for which they were never designed; in this con
text they require the guidance of expert users to 
produce meani ngful and useful resul ts. In some 
cases the same tool can be used for analysis or 
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synthesis, depending on the available information 
and the skill of the user. If a tool is used to 
test the validity of a single solution, the lim
i ted ana1yti ca 1 resul t provi des very 1 imi ted 
information (e.g., confirms that a design meets a 
minimum code requirement). However, if the same 
tool is used to analyze a carefully constructed 
parahletric set of a1 ternatives or options, 
analysis of that set of results may provide the 
kind of critical information useful in generating 
or synthesizing new design solutions. 

Another important difference between research 
tools and design tools is the context in which 
they are used. A designer faced with a tight 
budget, a critical dead1 ine, and a c1 ient having 
strong opi ni ons wi 11 have one perspecti ve on the 
problem-solving process and the use of tools in 
that process. A researcher, however, normally has 
a different type of c1 ient, may have more time in 
which to develop solutions, but may also have 
other constraints, e.g., "publish or perish" and a 
tight budget. Frequently, the researcher's per
spective will be somewhat more generic than that 
of most designers, who are commissioned to design 
specific buildings. However, even these differ
ences between designers and researchers lie within 
the very broad spectrum of project experi ence that 
many design firms have had. \ole conclude, there
fore, that there are no fundamental or irrevocable 
barri eri that prohi bit useful interchanges between 
these groups. In fact, in the following sections 
we argue that each group will benefit if the other 
revi ews, util i zes, and cri ti ques the work of the 
other. 

Fenestration Design/Research Tools 

To move thi s di scussi on from the general to 
the specific, we consider the problems of optimiz
ing fenestration desigR in commercial buildings, 
where the buil di ng envelope must address thermal 
and day1 ighting concerns. The Window and _ Day
lighting Group in the Energy Efficient Buildings 
Program at Lawrence Berkeley Laboratory (LBL) con
ducts research to develop the technical basis for 
better understanding and utilizing fenestration 
systems (windows, sky1 ights, atria, etc.) cost
effectively to, "",reduce energy ,requirements in 
buildings while' -maintaining or improving health, 
comfort, and producti vity. A multi di sci p 1 i nary 
team of architects,' engineers, physic,ists, and 
others at LBL, with assistance from -consultants 
and subcontractors, has been working in this field 
since 1976. 

If day1 ighting strategies are to positively 
in f1 uence the new generati on of energy-effi ci ent 
buildings, we need to answer three simple but 
critical questions: l} what works? 2} how well 
does it work? 3} why does it work? The last ques-
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tion is important because some successful designs 
may work for the "wrong" reasons. Un 1 ike some 
building systems, dayl ighting strategies are not 
hidden within the fabric of the building but are 
exposed for all to see. Design failures, such as 
visual discomfort due to glare conditions, are 
often obvi ous and the subject of bi tter occupant 
complaints. Success, as measured by occupant 
response to esthetics, view, and the overall qual
ity of the indoor environment, may be equally 
obvious and pleasing. The energy impacts, how
ever, are often less obvious and generally require 
a si gnifi cant techni ca 1 effort to quantify. 
Understanding tne impact of dayl ighting on energy 
issues may be comp1 icated by the fact that the 
essential elements of good lighting design are a 
mystery to many architects and engineers. 

Daylighting's potential benefits can be 
easily enumerated. It can l} enhance the qual ity 
of the indoor luminous environment, 2} improve 
visual performance, 3} reduce electric lighting 
energy consumption, 4} reduce heating and cooling 
loads, 5} reduce HVAC system size, and 6} reduce 
peak electrical demand. However, not all day1ight
ing strategies will necessarily achieve all"six 
goa 1 s; in some ci rcumstances some benefi ts 'can 
only be achieved at the cost of reducing others. 
To properly evaluate the successes and failures of 
a particular design, it is necessary to establish 
clearly defined goals and objectives that exp1 i
cit1y address the issues mentioned above. 
Ideally, comparing what was achieved in a design 
to what was intended will provide feedbaCk to 
assist with subsequent building designs. As 
architectural designs become more sopni sticated, 
the tools to develop and evaluate them must 
correspondingly increase in predictive power. 

One reason for clearly distinguishing which 
design decisions apply to lighting quality, light
ing energy consumption, peak, demand impact, etc., 
is that the design and evaluation tools Illay be 
qui te di fferent for each. Furthermore, tne 
requirement for design tools that will enable ade
quate analysis or evaluation of each of these 
issues will vary depending on when in the design 
process they are used. As one moves through tne 
desi gn process and then through constructi on and 
occupancy, one's concerns and perspective changes, 
and the quality and quantity of information 
required change significantly. Failure to recog
nize this often results in applying an inappropri
ate design tool tnat may produce incorrect or 
misleading results even if it is properly applied. 
Worse yet, when appropriate design tool s are not 
available, one may tend to let the design tool 
output dictate design direction. This reinforces 
the saying that when one's only tool is a hammer, 
every proo1em looks like a nail. 



Application of Research to Design 

To illustrate the preceeding assessment, we 
will dis cuss, in r.lore detail, new directions in 
daylighting research that may have immediate or 
longer term spinoff and application for designers. 
We divide the discussion into three areas: 1) 
tools and models to predict illuminance distribu
tion, 2) techniques to better understand the 
lighting quality implications of daylighted build
ings, and 3) energy analysis tools. These are 
meant to illustrate the points made earlier and 
are drawn primari ly from ongoi ng research acti vi
ties at Lawrence Berkeley Laboratory. However, we 
believe the comments are also generally applicable 
to research in other areas of bui 1 di ng sci ence 
conducted by other groups. 

Illuminance Prediction Tools 

The abi 1 i ty to predi ct ill umi nance di stri bu
tion patterns in daylighted spaces is essential if 
we are to des i gn to meet vi sua 1 performance needs. 
We frequently cl assi fy these techni ques based on 
presentation fonnat: nomographs, protractors, com
puter models, etc. However, a more important dis
tinc tion is the source of the data used in the 
design tool. Data originally derived from model 
measurements have di fferent 1 imi tati ons than do 
data derived directly from a mathematical simula
tion. It is currently fashionable to talk about 
"u se r- fri endly mi crocomputer programs," and it is 
c l ear that as thei r computati onal power and thei r 
"fri e ndliness" increases, these may becolne the 
too 1 of choi ce for many des i gners. However, most 
c omputer models have buried ~lithin them a vast 
number of assumptions and appro ximations; it can 
be dangerous to use these tools in situations 
where their limitations are stretched or violated. 
These tools are relatively cheap and can be very 
f as t . When one des i res more accuracy, one gen
erally requires more computational complexity, 
there fore sacrifi c i ng speed. We often fi nd that 
mo delin g ac curacy and s peed are inversely related. 

An alternativ e approach, the use of pho
tome tri c data medsLlred in scale models, can pro
vide good data for quantitative and qualitative 
inve s ti gation s . However, this approach has funda
me ntal 1 i mitations as well as practical con
s tra ints. The quality and accuracy of the meas
ure l ~e nt s is li mited by the skill and knowledge of 
th e t eam conducti ng the measurements as well as by 
t he capabil ities of the photometric instrumenta
tion (which can represent a sizable invesbnent for 
mos t firms ) . The level of detail required to pro
du ce high-quality measurements will normally 
r e quire that significant time be invested in model 
building and testing. Furthermore, testing under 
outdoor skies introduces unpredictable, non-
repeatable events that complicate the data 
analysi s. Fi nally, we note that the most sophi s-
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ticated design solutions developed to meet tne 
most critical visual perforl11ance and visual com
fort needs are often exactly those that are di f fi
cult to model using commonly available design 
tools. 

To better understand the impact of archi tec
tural design decisions on interior illuminanc e 
distribution, we have developed a serie s of compu
tational and scale-modeling research vo ols that 
enable us to determine the effects of key de s ign 
variables on illuminance distribution. 'llhile the 
operating constraints for daylighting r esea rc h are 
not i denti ca 1 to those for des i gn, they share some 
attributes. For example, the researclle r us ing a 
comp 1 ex computer model woul d rather not ha ve t o 
write a new computer model each time a different 
architectural design is to De analyzed. From the 
perspective of scale modeling, it is not co s t
effective for either the designer or the 
researcher to build dozens and dozens of detailed 
scale models that include all of tile design 
features of interest in all of their combinations. 

To solve the scale model measurement problem, 
we designed and constructed a large hemisphe ri c al 
sky simulator for model te s ting. This fa cility, 
shown in Figure 1, measures 24 feet in diame t e r 
and will accommodate relatively large models. 

Figure 1.A : Photograph of sky simulator. 
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Figure 1 . B: Schematic of sky simulator. 

A computer-controlled lighting system pro
vi des a variety of standard and non-standard sky 
luminance distributions on the inner surface of 
the dOine. A sun simulator can be positioned at 
any solar incidence angle and provides a col
limated beam to simulate direct sun ir.lpacts. A 
g rou nd- refl ec ted cOI~ponent of dayl i ght can be 
s i mu l ated separately from the sun and sky com
ponen ts . A computerized data-acqui si tion system 
co ll ects data from up to 80 photometric sensors 
pl aced throughout the model s being tested. Thi s 
facility is used to collect illuminance distribu
tion data for a variety of room configurations and 
fenestration systems under a range of standard sky 
cond itions. 

The use of sky simulators to create reprodu
cible building exterior luminous environments for 
a systema tic series of model tests is not a new 
c oncep t . However, incorporating the features 
de scribed above into a single test facility 
represe nts the state of the art in such a sky 
sil~ ul ator. Al though the facil ity ' has been used 
over t he 1 ast few years on a 1 i mited basi s by 
practici ng designers, it has been used primarily 
as a research facility. However , the fle xibility 
and co ntrol built into the facility for research 
purpose s provides an ideal capability for the 
des i gner who would li ke to accurately evaluate 
dayl i ght i ng perfo rma nce of complex des i gns under 
ma ny sun and sky conditions in a short time 
pe riod. In tne future, the facility will be made 
ava il ab le to designers having appropriate pro
jects . Sample results from a recent atrium 
researc h study are shown in Figure 2. The simula
tor has also been used to help refine atrium 
des i gns in several recent architectural projects . 
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Figure 2.A: Atrium model for testing. 
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Figure 2.B: Schematics of 8 of the 14 atrium roof 
tops tested. 
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Figure 2.e: Illuminance (daylight factor) at 
center of 9-sto ry deep atrium floor for 14 
skyl ight types under three sun/sky conditions. 

Lighting Quality Assessment 

In some cases our prilnary interest is the 
relat iv e differe nce between the daylight transmit
tance properties of the major glazed element. 
With an atrium design, for example, the interi or 
design variables may be fixed by other e lements of 
the design program, but there may be some flexi
bility in specify i ng the roof glazing system. A 
comparative ana l ys i s of the light-transmitting 
ab ility of var i ous roof glazin g systems might pro
vide the informat i on needed to Ina ke the proper 
des i gn decisio n. The researcher is interested in 
cwo primary optical properties of a glazing sys
teill. Fi rst, the total hemisphe rical transmi ttance 
is a measure of the t otal light transmitted, 
inc luding both the direc tly transmitted cumponent 
and the i nterref l ected and transmi tted component. 
A related quantity, the solar transmittance, is 
essent ial to determining the total solar heat gain 
and potent i a l coo l ing load impac ts. These 
transmi ttance propert i es may vary enormously wi th 
incident angle, but will tend to be independent of 
the bui l ding space behind the gla zi ng sys tem. It 
thus may be useful to measu re th e hemispherical 
translni ttance of al ternati ve gl azi ng systems 
alone. A cOlliparison of these measu red properties 
may provi de useful ins i yhts into the hourly and 
seasonal patterns of day l i \lht and sunl ight admit
tdnce . 

The nelni spheri ca 1 trans mi ttance of a gl ali ng 
materia l or fenestration systeul can be ca lculated 
in some cases, Dut i s more readily measured using 
a nel/ly deve l oped l a r ge integ rating spnere, shown 
in Figure 3. This sphere can accoulinodate a sample 
of up to two square feet and is illuminated at any 
inc idence ang l e by e ither direct sunlight outdoors 
or a col li mated sun simulator indoors. Glazing 
mater ials salnples can De t ested , as can scale 
models of mucn l arJer fenes t ratio n systems SUCh as 
an atrium roof or a curtain wall incorporating a 
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1 ight shelf. In this case, not only is it imp or
tant to measure the fenestration materials prop
erly, but supporting structures such as roof 
trusses must be accurately modeled in scale if the 
optical resul ts are to be representative of those 
obtained in a real building. These structu ra l 
el ements may serve as 1 i ght-di ffusers to prevent 
direct sunl iyht penetration into a space. The 
relative light losses associated with each di ffus 
ing systelTI can be readily measured and compared. 
In this instance a new research facility desig ned 
to measure opti cal properties of a fenestration 
systeln coul d provi de useful resul ts to desi gners 
who understand the measureillent process and the 
typ~s of design insights that it can provide. 

Fi gure 3. A: Photog ra ph of i ntegrati ng sp here for 
measuring hemispherical tran sm ittance of glazing 
materials . 

Figure 3.B: Diagram of integrating sphere. 



In addition to the total visible flux 
transl1itted, one would often ~to have informa
tion on the directional properties of the 
transmitted flux. The researcher is interested in 
the bidirectional transmittance of a fenestration 
system, wllich is the luminance viewed from each 
output direction of the fenestration system as a 
function of each input direction. These data are 
important not only to understand the quanti tati ve 
illUl~inance distributions resulting from fenestra
tion systems, but also to determine tile potential 
glare contri but i on and other aspects of 1 i ght i ng 
quality. For simple optical systems these proper
ties may be calculated, but for more complex and 
architecturally realistic systems they must be 
di rectly measured. We have recently developed a 
1 arge 1 umi nance scanner to make these measurements 
for optical materials, shading systems, and com
plete fenestration systems or building elements 
reproduced in scale. The prototype of this system 
is sllown in Figure 4. 

Fi gure 4. Lur,li nous scanner for measuri ng di rec-
tional transmittance of glazing materials. 
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The data produced by the integrati ng sphere 
and the 1 umi nance scanner may at fi rst seem re,note 
frol~ the experience of a building designer. How
ever, the designer deals routinely with analogous 
quantities in electric lighting design. The total 
light output of most electric light sources is 
measured in an integrating sphere in much the same 
way that the total light transmitted by a fenes
tration system is measured by our device. In 
addition, the candlepower distribution of lur.l inous 
flux emitted from an electric light fixture is 
also measured empirically by fixture manufacturers 
in much the same way as the light distribution 
entering a room from a fenestration system will be 
determined. Unlike the light fixture, which has a 
single candlepower distribution when fitted with a 
particular set of lamps, the light distribution of 
our "wi ndow fi xture" resul ts from the 9r'ound
reflected light, diffuse skylight, and direct sun
light at each incident angle. Furthermore, for 
operable devices such as venetian blinds or verti
cal louvers, each color or blind finish and each 
blind position may result in a different 
candlepower distribution for each incident sun 
condition. One sees immediately that the measure
ment and data-handling problems are severe. 'rIe 
are confident, however, that the data collected by 
thi s measurelnent system can be condensed and 
presented in simpl ified formats for intell igent 
evaluation by designers as well as being utilized 
in a more complete form as numerical data bases 
tha t can be accessed by compu ter models. Th is 
situation is entirely analogous to the use of phO 
tOlaetric data bases in electric lighting desiyn 
today. 

The complexities of detailed photometric 
measurements should be apparent from the preced ing 
discussion. Computer simulation models can be 
attractive because they avoid many of the diffi
culties of experimental work. However, as stated 
earlier, the readily availabl e simplified models 
frequently are incapable of analyzing the more 
sophisticated designs that most interest the 
building designer. In fact , it has been said that 
Inost of the bu ildin g cross sections that are sim
ple enough to be analyzed by a typical microcolll
puter program are al so simpl e enough to be under
stood without computational tools by the experi
e nced ' des i gner. We developed a new ma i n- frame 
computer model for daylighting simulation, SUPER
LITE, whi~h is intended to provide a modeling 
capability for realistic architectural spaces and 
complex fenestration systems . Most daylighting 
models are limited to rectangular spaces and s i m
ple window design. SU PE RLlTE allows specification 
of more geometrically cOlilplex non-rectangul ar 
spaces, and as described in tile ne xt section, 
allows us to simulate the daylighting performance 
of complex fenestration systems. To model complex 
fenestration systems, we us e the experimental data 
collected by the sphere and the scanner. 

• 
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Rather than treating a glazed area in the 
room as a transparent or translucent surface 
through which a portion of the sky may be viewed 
directly from each interior point, we treat the 
glazing system as a window fixture whose construc
tion and optical properties are unknown but whose 
net directional transmittance is completely speci
fied by the bidirectional transmittance function 
as described earlier. These functions are drawn 
from a library of measured data rather than calcu
lated within the prograln, thus greatly simplifying 
the computation while at the same time adding the 
power and flexibility to model virtually any 
fenestration design for which appropriate experi
mental data can be obtained. This hybrid 
approach--using a detailed illuminance model cou
pled to a measured data base--provides the versa
tility and power of a simulation model with the 
speed and flexibility that would be unobtainable 
if the program was required to directly calculate 
the complex opti ca 1 properti es. Furthermore, it · 
allows us to deter-mi ne the performance of novel ' 
architectural designs as long as a scale model can 
be constructed and measured in the illuminance 
scanning facil ity. For innovative designs that 
might use curved, semi-specular surfaces (e.g., 
brushed alulninum panel), this is the only approach 
that appears to provide some combined measure of 
accu racy, real ism, and computa ti ana 1 effi ci ency. 
A typical output from the SUPE~LITE program, shown 
as an i so 1 ux contour on the work plane, is shown 
in Figure 5. 

Sky is clear 

Sun position : 65 off zenith 

30 off S to E 

Horizontal illumination 

Direct sun; 2407 fe 

Sky : 1298 fe 

Contour Wum. 

Number level 

1Ft-candles) 

20.0 

40.0 

60.0 

BO.O 

100.0 

150.0 

200.0 

250.0 

300.0 

10 400.0 

11 500.0 

Windows marked by ... .. 

Sunny areas are hatched 

XBLBJ1 . II!o5 

Figure 5. lsolux contour showing daylight illumi
nance distribution as calculated by SuPERLITE. 
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The SUPERLlTE model has also been adapted to 
calculate electric lighting distrioution so that 
the combined integrated electric light/daylight 
system can be exalnined in detail in a space . 
Designers often view research tools as striving 
for ever-increasing accuracy. While improvements 
in accuracy may be desirable, the more significant 
capability of the SUPERLITE model is its versatil
ity and ability to model illuminance distribution 
in complex (i.e., realistic) architectural spaces 
and to account for the i nfl uence of the hi gh
performance fenestration systems that are gaining 
popul arity in new buildings. In this instance, 
the interests of the architect and researcher are 
very simil ar, al though perhaps for different rea
sons. rlowever, this versatile simulation capabil
ity comes at i. price; the cost and complexity of 
this computational tool are still be a stumbl ing 
block to widespread use in the design field. How
ever, i nteracti ve graphi c-based preprocessors and 
other interactive modeling techniques may some day 
eliminate this obstacle. 

Energy Analysis Tools 

An evaluation of lighting quality and quan
tity is an essential first step in determining the 
net annual performance in dayl i ghted bui 1 di ngs. 
To better understand the energy-related impacts, 
an annual energy simulation model that properly 
~ccounts for daylighting effects must be utilized. 
Once again, there are, and will continue to be, a 
variety of simplified models that account for both 
dayl ighting and thermal effects in a building. 
However, most of these will account for only the 
simplest daylighting systems and may not properly 
accou nt for the i nteracti ons among the occupant 
response to daylight in spaces, operable fenestra
tion systems, sophisticated lighting control stra
tegi es, and wi ndow management. The DOE-2 program 
is widely used in the building research community 
and used to varyi ng degrees by those in the pub
lic and private building design sectors. The 
DOE-2.1B versi on of the program i ncorpora tes an 
integrated daylighting analysis module. In 
deve lop i ng thi s capabil ity for the progralil, a 
major effort was invested to provide a variety of 
useful data to the user, both researcher and prac
titioner. In fact, many of the output reports 
that are of interest to us as researchers are also 
of great interest to the architectural designer . 
Some of these reports provide insights into the 
nature of daylighting performance in a building; 
others allow the user to extract informatipn on 
the effect of alternative design variables without 
re-running the program. 

The DOE-2.1B dayl ighting model incorporates 
window management routines that allow the user to 
specify the thermal and solar optical properties 
of shading and insulating systems and the environ
mental conditions under which they are employed. 



Window shading systems can thus be controlled on 
the basis of a glare index calculation, on the 
basis of transmitted solar heat gain, and on the 
basi s of a set hourly sChedul e. Automati c control 
can be simul ated, or an "imperfect" occupant can 
be simulated for whom the proper operation is cal
culated but is carried out only for a user
specified fraction of the time. Al though we do 
not yet have adequate models to predi ct how fre
quently and how carefully an office occupant will 
pull the shades to reduce . gl are and thermal 
di scomfort, we can at least model the energy 
impl ications of several versions of this strategy 
to determine the probable impact on energy costs. 
This is the type of practical data that will 
interest many designers by helping to decide 
between fi xed vs. operable shadi ng and manual vs. 
automatic control. 

The implementation of a daylight modeling 
capability in OOE-2 was planned with a view toward 
adding future enhancements with a minimum of 
changes in the overall prograln structure. Figure 
6 shows a schematic plan for the dayl i ghti ng and 
thermal calculations in new versions of 00E-2. 
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Performance 

Figure 6. Schematic for 
daylighting and thermal 
OOE-2 computer program. 
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Figure 6 illustrates a parallel computat i onal 
structure for both solar heat gain and daylight
ing, and indicates a number of alternative path
ways dependi ng upon whether simple sol uti ons or 
more complex archi tectural designs are being stu
died. If one is attempting to optimize the day-
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lighting and cooling load benefits, it is impor
tant to model each effect with approximately the 
same 1 eve 1 of accuracy. Furthermore, it is these 
effects that drive peak cooling load, Chiller and 
HVAC si ze, and peak electric demand. If these 
quanti ti es are to be accura te ly esti mated, it is 
important to have hour-bY-hour model s that are 
sensitive to variable exterior conditions, vari
able fenestration operation, and to the possible 
or probable window management strategy of building 
occupants. The schematic in Figure 6 defines the 
major tasks and objectives in a multi-year 
research program that is well underway. Al though 
the schematic suggests that useful guidelines for 
building deSigners emerge from the use of the pro
gram, as we suggested previ ous ly each component 
calculation also provides useful data for the 
inquiring designer. 

Accurate and economical calculations of 
annual energy performance are not the only impor
tant output of a large simulation program such as 
00E-2 . A significant investment went into 
develop i ng a seri es of reports to provi de dif
ferent levels of information for the researcher 
and the engineer or arChitectural designer. In 
addi ti on to the standard 00E-2 monthly energy and 
load reports, there is a new series of daylighting 
reports that provi des several types of i nfOfllla-
tion. One set of reports gives the average 
monthly dayl i ghti ng savi ngs, average monthly 
footcandle levels, and glare index for each build
ing zone. A second series of reports provides the 
average hourly/monthly savings for each zone. 
These can be scanned qui ck ly to see patterns of 
dayl ight savings across days for particular times 
of the year, and across months for parti cul ar 
hours of the day. A third level of reporting 
detail is provided by a series of statistical sum
maries that indicates the percent of time that the 
daylight illuminance falls within certain limits 
for each month within each building zone . 

These data are then summed and presented as 
the cumul ati ve probabil ity that each ill umi nance 
level is exceeded on a monthly basis for each 
zone. The reports enable the user to deteflnine 
the effect of changi ng control strategy (for exam
ple, from multi-level switching to continuous dim
mi ng) or to determi ne the effec t of a change in 
des i gn ill urni nance 1 eve 1 without re- runni ng the 
00E-2 program. Finally, there is the option in 
DOE-2 of examining tile dayl ighting performance in 
any zone in the buil di ng in hourly detail for 
specific days. This is particularly useful for 
investigating the detailed operation of operable 
systems and occupant response systems for average 
desi gn days or peak days. Most users of 1 arge 
complex program such as DOE-2, either designers or 
researchers, -quickly develop techniques to scan 
and evaluate data in a variety of reports to 
better understand the component and overall bu i 1 d
i ng performance issue. It is important for both 

, 
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the designer and the researcher to have the option 
of investigating daylighting patterns in more 
detail than are traditionally given by annual 
energy figures. Tools that provide this level of 
detail and these insights in readily accessible 
form will be prefetable to those that do not. 

Further analysi s of the performance data from 
these types of simul ations may reveal fundamental 
relationships that allow detailed analysis of 
related designs without the time and expense of a 
full-blown, hour-by-hour simulation. In fact, 
recent studies at LBL have suggested that the per
forrnance of dayl i ghted bui 1 di ngs can be adequately 
described using a series of relatively simple 
equations and a statistical data base resulting 
from regression analysis of a large number of 
DOE-2 runs. These. simp 1 i fi ed performance expres
sions assist the researcher in understanding the 
relationships between the climate and occupancy 
variables, and the design conditions in the build
ing. The same results provide a powerful assess
ment tool, enabl ing a designer in the early stages 
of design to quickly determine optimal glazing 
conditions or evaluate the positive or adverse 
effects of decisions that must be driven by non
energy factors. The ability to generate these 
numbers quiCkly makes it useful in early design 
stages. The fact that they are developed from 
detailed DOE-2 simulations provides confidence 
that, at least within tile limits of the conditions 
sirnul ated, the simpl ified resul ts re~roduce most 
of the accuracy of full-blown DOE-2 simulations 
that \~oul d requi re hours of work and hundreds of 
doll ars of COl,lputer time. These same performance 
equations have the potential for being developed 
into a user-friendly microcomputer-based design 
tool with appropriate packaging and input/output 
graphics. 

We note, therefore, thdt the basic experimen
tal tools and algorithms provide the building 
blocks for researchers' developnent of new simula
tion models and provide data that are and could be 
made useful for practiCing designers to better 
understand the day1ighting performance of fenes
tration systems. The energy analysis simulation 
models are also structured in a variety of ways to 
provide different levels of details for investiga
tions by researchers or practicing designers. 
Finally, the hour-by-hour analysis models can be 
used to develop simplified perfonnance expres
sions, which in turn DeCOlne the basis for simpli
fied design tools. Throughout this process we see 
potenti ally strong i nterrel ati onshi ps between the 
interests of researchers and designers. 

-9-

Future Research Directions 

In the future, daylighting design tools will 
increase in sophistication and power. It is clear 
that simulation-based tools will advance most 
rapidly, given the accelerating trends in hardware 
and software in the computer f i eld. Using the 
hybrid experimental/computational techniques 
described earlier and data bases accumulated f rom 
extensive model testing, we believe it will be 
possible to accurately simulate the illuminance 
and energy performance of a vari ety of compl ex 
building designs and fenestration systems . 
Improved input/output graphics will facilitate a 
designer's use of these tools. These tools also 
contain the potential for a quantum leap in 
improving the designer's understanding of visual 
comfort and Visual performance in a luminou s 
environment. Many computer models calculate rO~j 

surface luminance distributions as part of t he 
workplane illuminance calculation . Trends in 
1 ighting designs suggest that it is important to 
provide luminance maps of both daylighted and 
electrically lighted environments. Improved 
three-dimensional modeling capabilities and com
puter graphics to provide shading make it possibJ ," 
to show 1 i ght di stri buti ons on the surfaces 07 
building spaces. It is a conceptually sirnple, but 
computationally complex, extension to include 
luminance maps of room furnishings and othe r 
features in occupi ed spaces. Such systems have 
been available to researchers for a num ber of 
years, but are only beginnin g to be available to 
designers. Until recently, these tools were based 
on COI~p 1 ex cOlOputa tiona 1 models , whi ch 1 i mi t ed 
their applicability to those with access to large 
computer systems and large budgets. 

The r esearch directions described in th i s 
paper, in which we combine measured experimental 
data on the daylighting properties of fenestration 
systems with basic computational model s, shoul d 
allow us to generate the technical basis for lumi 
nous rna ps of i nteri or envi r onments or "syntheti c 
photographs" having the realism now obtainable 
only through much more compl ex and costly silllul a
tions. These types of modeling capabilit.ies in 
the hands of an experienced designer could alloH 
a 1 terna t i ve envi ronments to be vi sua 1 i zed by 
desi gners and cl ients well before costly commi t
ments to the building structure and interior fur
nishings are made. To make the various tradeoffs 
involved in optimizing both the daylighting and 
therma 1 aspects of fenes trati on des i gn cons is tent 
with other elements in the building, the sjstem we 
are describing needs to draw on a variety of 
ill umi nance and energy data bases based on pri or 
computational results as well as Ineasurements. 
These will be based on use of luminance mapping in 
real envi ronments, 1 umi nance mappi ng in scal e 
models, sky simulator meaSUrel:1ents , SUP ER LITE 



simulations, and measured photometric properties 
of fenestration systems. This illuminance data 
base woul d be complemented wi th a vari ety of com
ponent and total energy results derived from DOE-2 
simulations. Finally, these multiple data bases 
would be linked with an "expert system" that 
allows the elements of the data base to be manipu-
1 ated in an appropriate way based on the design 
requirements of each building. This will require 
that we integrate state-of-the-art technical data 
from the research communi ty wi th the experti se of 
skilled designers whose concerns, perspectives, 
and insights can be captured and organized into d 

system format to move the enti re process. Ouri ng 
the next few years, the development of such an 
expert system for fenestration design in buildings 
will be a major objective of our research program. 
The success of such an endeavor should reduce the 
cost and risk for design professionals who wish to 
cr'?'lte more pleasing, productive, and energy
efficient environments in buildings. 

For a bibliography listing papers and design 
tools developed by the windows and Daylighting 
Group at LBL, please write to the author at: 

Building 90, Room 3111 
Lawrence Berkeley Laboratory 
Berkeley CA 94720 
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