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ABSTRACT 

This paper reviews the problems and potentials for using daylighting 
to provide illumination in building interiors. It describes some of 
the design tools now or soon to be available for incorporating day- 
lighting into the building design process. It also describes state- 
of-the-art methods for analyzing the impacts daylighting can have 
on selection of lighting controls, lighting energy consumption, heat- 
ing and cooling loads, and peak power demand. 
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DESIGN TOOLS FOR DAYLIGBTING ILLUMINATION AND ENERGY ANALYSIS 

Stephen Selkowitz  
Energy E f f i c i e n t  Bu i ld ings  Program 

Lavrence Berkeley Laboratory 
U n i v e r s i t y  of C a l i f o r n i a  

Berkeley CA 94720 

INTRODUCTION 

A review of award-winning, des igns  f o r  new 
commercial b u i l d i n g s  sugges t s  t h a t  d a y l i g h t i n g  i s  
a  c o n s i s t e n t  energy and des ign  theme. I n  any d i s -  
cuss ion  of energy u s e  i n  commercial b u i l d i n g s ,  
l i g h t i n g  emerges a s  a  major consumer of energy and 
d a y l i g h t i n g  a lmost  always fo l lows  a s  a n  e f f e c t i v e  
means of conse rva t ion .  But how can one know i f  
t h e  b u i l d i n g s  desc r ibed  i n  a r t i c l e s  o r  papers  a r e ,  
i n  f a c t ,  e f f e c t i v e l y  day l igh ted?  One can examine 
t h e  des ign  s k e t c h e s  and fo l low t h e  ub iqu i tous  yel-  
low arrows of l i g h t  o r i g i n a t i n g  i n  t h e  sky o r  sun ,  
bouncing one o r  more t imes o f f  shading d e v i c e s ,  
l i g h t  s h e l v e s ,  c e i l i n g s ,  and w a l l s ,  and f i n a l l y  
a r r i v i n g  conven ien t ly  a t  t h e  t a s k  l o c a t i o n .  The 
photographs of t h e  f i n i s h e d  b u i l d i n g s  show g lazed  
w a l l s ,  c o u r t y a r d s ,  luxur ious  green v e g e t a t i o n ,  a l l  
convincingly bathed i n  d a y l i g h t ,  even though ca re -  
f u l  i n s p e c t i o n  may r e v e a l  t h a t  t h e  e l e c t r i c  l i g h t s  
a r e  always on. The i n t e n t  i n  t h e s e  drawings and 
photographs i s  q u i t e  c l e a r .  Designern of t h e  
c u r r e n t  genera t ion  of energy-e f f i c ien t  commercial 
b u i l d i n g s  a r e  convinced t h a t  d a y l i g h t i n g  i s  a 
major energy-saving s t r a t e g y  and a r e  d e s i r o u s  of 
incorpora t ing  these  s t r a t e g i e s  i n  t h e i r  designs .  

Unfor tunately ,  bouncing l i g h t  r a y s  don't 
always fo l low t h e  a r c h i t e c t ' s  pen a s  s u r e l y  a s  ho t  
o r  c o l d  water  f lows through t h e  p i p e s  t h a t  t h e  
engineer  l a y s  ou t .  Furthermore, photographs can  
be dece iv ing  because even i f  a  snapshot  tel ls  t h e  
t r u t h  f o r  one i n s t a n t  i n  t ime,  'it may n o t  ade- 
q u a t e l y  express  t h e  q u a l i t y  of t h e  indoor  environ-  
ment a s  exper ienced by a  b u i l d i n g  occupant. I n  

* f a c t ,  whi le  d a y l i g h t i n g  i s  p o t e n t i a l l y  a  very 
important  energy-e f f i c ien t  des ign  s t r a t e g y ,  a s  of 
1982 i t  i s  s t i l l  extremely d i f f i c u l t  t o  f i n d  exam- 
p l e s  of occupied b u i l d i n g s  i n  which d a y l i g h t i n g  
demonstrably s a v e s  energy. While many new bui ld-  
i n g s  a r e  "conceptual ly"  day l igh ted  i n  t h e  i n i t i a l  
p lanning s t a g e s ,  some e f f e c t i v e n e s s  i s  l o s t  as t h e  
concept p rogresses  through t h e  des ign  p rocess  t o  
t h e  working drawing s t age .  The ha rsh  r e a l i t i e s  of 
economics and c l i e n t  p r i o r i t i e s  narrows t h e  f i e l d  
f u r t h e r .  . The bidding p rocess  and t h e  cons t rue  t i o n  

t h a t  fo l lows  c l a i m  s t i l l  more c a s u a l t i e s .  And 
even a f t e r  a  shakedown p e r i o d ,  t h e  u n c e r t a i n t i e s  
of occupant response p l a y s  f u r t h e r  havoc with  t h e  
designer ' s  o r i g i n a l  concepts .  The implied analogy 
t o  e v o l u t i o n  may n o t  be f a r  wrong: of t h e  mult i -  
tude  of i n t r i g u i n g  d a y l i g h t i n g  concepts  t h a t  
s p r i n g .  from t h e  minds of d e s i g n e r s ,  on ly  a  smal l  
number s u r v i v e  through d e s i g n ,  c o n s t r u c t i o n ,  and 
occupancy t o  t h e  p o i n t  where t h e  building's meas- 
ured energy  consumption r e f l e c t s  t h e  success  of 
t h e  d a y l i g h t i n g  s t r a t e g y .  The p o t e n t i a l  c l e a r l y  
e x i s t s ;  t h e  d i f f i c u l t y  is i n  s e p a r a t i n g  p o t e n t i a l  
from r e a l i t y .  

I f  d a y l i g h t i n g  s t r a t e g i e s  a r e  t o  have a  posi-  
t i v e  impact on t h e  new genera t ion  of energy- 
e f f i c i e n t  b u i l d i n g s ,  we need t o  answer t h r e e  s i m -  
p l e  but  c r i t i c a l  ques t ions :  1) what works? 2 )  how 
w e l l  does  i t  work? 3 )  why does  i t  work? The l a s t  
q u e s t i o n  i s  important  because some s u c c e s s f u l  
d e s i g n s  may work f o r  t h e  "wrong" reasons.  Unlike 
many HVAC systems, d a y l i g h t i n g  s t r a t e g i e s  a r e  n o t  
hidden w i t h i n  t h e  f a b r i c  of t h e  b u i l d i n g  but a r e  
exposed f o r  a l l  t o  see. F a i l u r e s ,  such a s  t e r r i -  
b l e  g l a r e  c o n d i t i o n s ,  a r e  o f t e n  obvious and t h e  
s u b j e c t  of b i t t e r  occupant complaints .  Success,  
as measured by occupant response t o  e s t h e t i c s ,  
view, and t h e  o v e r a l l  q u a l i t y  of t h e  indoor  
environment,  may be e q u a l l y  obvious and p leas ing .  
The energy impacts,  however, a r e  l e s s  obvious and 
g e n e r a l l y  r e q u i r e  some e f f o r t  t o  quan t i fy .  Under- 
s t a n d i n g  t h e  energy i s s u e s  may be complicated by 
t h e  f a c t  t h a t  l i g h t i n g  des ign  i s  a  mystery t o  many 
a r c h i t e c t s  and eng ineers ,  a s  we l l  a s  t o  some 
l i g h t i n g  des igners .  

The p o t e n t i a l  b e n e f i t s  can be l i s t e d  e a s i l y .  
Dayl ight ing can 1 )  enhance t h e  q u a l i t y  of t h e  
indoor  luminous environment,  2) improve v i s u a l  
performance, 3 )  reduce e l e c t r i c  l i g h t i n g  energy 
consumption, 4 )  reduce h e a t i n g  and coo l ing  l o a d s ,  
and 5) reduce peak e l e c t r i c a l  demand. However, 
n o t  a l l  d a y l i g h t i n g  s t r a t e g i e s  w i l l  n e c e s s a r i l y  
ach ieve  a l l  f i v e  of t h e s e  g o a l s ;  i n  some c i r -  
cumstances ach iev ing  s e v e r a l  of t h e s e  b e n e f i t s  can 



o n l y  be  accomplished a t  t h e  c o s t  of r educ ing  oth- 
e r s .  To p r o p e r l y  e v a l u a t e  t h e  s u c c e s s e s  and 
f a i l u r e s  of a  p a r t i c u l a r  d e s i g n ,  i t  i s  necessa ry  
t o  e s t a b l i s h  c l e a r l y  de f ined  g o a l s  and o b j e c t i v e s  
t h a t  e x p l i c i t l y  a d d r e s s  t h e  f i v e  i s s u e s  mentioned 
above. I d e a l l y ,  comparing what was achieved i n  a  
d e s i g n  t o  what was in tended  w i l l  p rov ide  feedback 
t h a t  w i l l  prove h e l p f u l  i n  subsequent  b u i l d i n g  
d e s i g n  e x e r c i s e s .  

One reason  f o r  c l e a r l y  d i s t i n g u i s h i n g  which 
d e s i g n  d e c i s i o n s  a p p l y  t o  l i g h t i n g  q u a l i t y ,  l i g h t -  
i n g  energy  consumption, peak demand impact ,  e t c . ,  
i s  t h a t  t h e  d e s i g n  and e v a l u a t i o n  t o o l s  may be 
q u i t e  d i f f e r e n t  f o r  e a c h  of t h e s e  i s s u e s .  Fur th-  
ermore,  t h e  requirement  f o r  d e s i g n  t o o l s  t h a t  w i l l  
e n a b l e  adequate  a n a l y s i s  o r  e v a l u a t i o n  of e a c h  of 
t h e s e  i s s u e s  w i l l  v a r y  depending upon t h e  s t a g e  i n  
t h e  des ign  p rocess .  Aa one moves through t h e  
d e s i g n  p r o c e s s  and t h e n  through c o n s t r u c t i o n  and 
occupancy of b u i l d i n g ,  one's concerns  d i f f e r ,  
one's p e r s p e c t i v e  changes,  and t h e  q u a l i t y  and 
q u a n t i t y  of in fo rmat ion  requ i red  change s i g n i f i -  
c a n t l y .  F a i l u r e  t o  recognize t h i s  o f t e n  r e s u l t s  
i n  app ly ing  a n  i n a p p r o p r i a t e  d e s i g n  t o o l  t h a t  may 
produce i n c o r r e c t  o r  misleading r e s u l t s  even i f  i t  
i s  p r o p e r l y  a p p l i e d .  Worse y e t ,  when a p p r o p r i a t e  
des ign  t o o l s  a r e  n o t  a v a i l a b l e ,  one may t end  t o  
l e t  t h e  d e s i g n  t o o l  ou tpu t  d i c t a t e  des ign  d i r e c -  
t i o n .  When one's o n l y  t o o l  i s  a  hammer, every  
problem looks  l i k e  a  n a i l .  

. The s e c t i o n s  t h a t  fol low b r i e f l y  review some 
of t h e  des ign  t o o l s  t h a t  a r e  c u r r e n t l y  a v a i l a b l e  
t o  a s s i s t  i n  des ign ing  p l e a s a n t ,  e n e r g y - e f f i c i e n t  
d a y l i g h t e d  bu i ld ings .  The d i s c u s s i o n  i s  n o t  meant 
t o  be a l l - i n c l u s i v e  o r  d e f i n i t i v e ,  but  r a t h e r  sug- 
g e s t i v e  of many of t h e  i s s u e s  faced  by d e s i g n e r s  
today and some of t h e  o p t i o n s  a v a i l a b l e  t o  s o l v e  
them. 

PRE-DESIGN ASSESSMENT 

One of  t h e  most obvious q u e s t i o n s  t o  be 
answered a t  t h e  s t a r t  of any p r o j e c t  i s ,  what i s  
t h e  r o l e  of d a y l i g h t i n g  a s  bo th  a n  i l l u m i n a t i o n  
source  and a n  energy-saving s t r a t e g y ,  given t h e  
d e s i g n  c o n s t r a i n t s  f o r  t h i s  bu i ld ing?  Good day- 
l i g h t i n g  d e s i g n ,  l i k e  any o t h e r  a s p e c t  of  b u i l d i n g  
des ign ,  r e q u i r e s  an investment of  t ime and energy 
and t h e r e f o r e  money. Dayl ight ing des ign  t h u s  com- 
p e t e s  f o r  l i m i t e d  resources  wi th  o t h e r .  des ign  
i s s u e s  t h a t  must be addressed.  In  some app l i ca -  
t i o n s  d a y l i g h t i n g  may n o t  be a p p r o p r i a t e ,  i n  oth-  
ers i t  may n o t  be even remotely  c o s t - e f f e c t i v e .  
It i s  t h u s  u s e f u l  a t  t h e  o u t s e t  t o  e v a l u a t e  t h e  
energy s a v i n g s  p o t e n t i a l  f o r  d a y l i g h t i n g .  Nomo- 

g raphs  (F igure  1 )  o r  o t h e r  s imple  r u l e s  of thumb 
may be a p p r o p r i a t e  t o  h e l p  make quick d e c i s i o n s  a t  
t h i s  po in t .  I n  t h e  long run ,  i n t u i t i o n  and 
exper ience  may be one's b e s t  gu ide ,  but  i n  1982 

. t h o s e  g e n e r a l l y  con t inue  t o  be i n  s h o r t  supply. 

Fig .  1. The second i n  a  s e r i e s  .of f o u r  nornographs 
t o  determine p o t e n t i a l  d a y l i g h t i n g  sav- 
ings .  

DAYLIGHT RESOURCE ASSESSMENT 

To proper ly  e v a l u a t e  any d a y l i g h t i n g  des ign  
we need epprlryr late  d a t a  ou t h e  a v a i l a b i l i t y  of 
d a y l i g h t .  We g e n e r a l l y  want t o  know how much day- 
l i g h t  i s  a v a i l a b l e  and when i t  i s  a v a i l a b l e  f o r  
v a r i o u s  b u i l d i n g  o r i e n t a t i o n s  f o r  a  given geo- 
g raph ic  l o c a t i o n .  I n  some c a s e s ,  we may want s i m -  
p l e  annual  s t a t i s t i c a l  d a t a ,  i n  o t h e r  c a s e s  d a t a  
f o r  des ign  e v e n t s  o r  t y p i c a l  c l e a r  and cloudy days 
over  t h e  course  of t h e  y e a r ,  and f i n a l l y ,  f o r  
d e t a i l e d  energy a n a l y s i s ,  we r e q u i r e  hour-by-hour 
d a t a .  Although few of t h e s e  d a t a  a r e  now a v a i l -  
a b l e  i n  convenient  form, a  number of e f f o r t s  a r e  
underway t o  develop t h e  t e c h n i c a l  b a s i s  f o r  a  day- 
l i g h t i n g  a v a i l a b i l i t y  d a t a  base. Figure  2 shows a 
sample con tour  p l o t  of average d a y l i g h t  va lues  on 



a n  east-facing s u r f a c e  a s  a  func t ion  of t h e  hour 
and t h e  day of t h e  year. This  permits  a  quick 
assessment of average ' c o n d i t i o n s  throughout t h e  
year. 

number of t h e  ongoing research  programs t o  produce 
a d d i t i o n a l  u s e f u l  d a t a  f o r  design purposes i n  t h e  
near  fu ture .  

Jan. 1 J n l v  1 Dec. 31 Fig. 3. Clear-sky, v e r t i c a l - s u r f a c e  i l luminance 
overlay f o r  use with sun-angle ca lcu la -  

Fig. 2. Average day l igh t  i l luminance on an eas t -  
f a c i n g  sur face  i n  San Francisco. 

These d a t a  can a l s o  be manipulated t o  provide 
information on the  frequency of occurrence of the  
f u l l  range of e x t e r i o r  day l igh t  i l luminance 
values. Hourly d a t a  f o r  s tandard c l e a r  o r  over- 
c a s t  s k i e s  can be c a l c u l a t e d  using var ious  algo- 
rithms and can then be presented i n  t a b u l a r  form. 
Figure 3 shows numerical d a t a  converted i n t o  over- 
l a y s  f o r  a  sun-angle c a l c u l a t o r .  We can expect a  

ILLUflI NATION 
I N  A ROOM 

t o r .  

DETERMINATION OF DAYLIGHT ILLUMINATION I N  BUILDINGS 

Determining i n t e r i o r  i l lumina t ion  requi res  
considering f o u r  major s e t s  of f a c t o r s  comprised 
of more than twenty v a r i a b l e s  (Figure 4) .  Each of 
these  f a c t o r s  can in f luence  the  f i n a l  determina- 
t i o n  of t h e  day l igh t  i l lumina t ion  l e v e l .  Many 
design t o o l s  ignore o r  hold cons tan t  one o r  more 
of these f a c t o r s ,  o f t e n  a t  the  s a c r i f i c e  of accu- 
racy o r  a p p l i c a b i l i t y  of the  model. 

ROOM 

Fig .  4. Variables  t h a t  in f luence  determinat ion of i n t e r i o r  day l igh t  i l lumina t ion .  



One of a  designer 's  most d i f f i c u l t  t a s k s  may be 
n o t  t h e  u s e  of a  des ign  t o o l  but t h e  s e l e c t i o n  of 
a  des ign  t o o l .  S e l e c t i o n  impl ies  a )  t h a t  t h e  
d e s i g n e r  has  a  cho ice  and b) t h a t  t h e  c r i t e r i a  f o r  
making t h e  d e c i s i o n  a r e  understood. Some of these  
c r i t e r i a  a r e  l i s t e d  i n  Figure 5. The f i r s t  s e t  of 
f a c t o r s  r e l a t e s  t o  t h e  usefu lness  of t h e  t o o l ,  
w h i l e  t h e  second s e t  r e l a t e s  t o  t e c h n i c a l  require-  
ments f o r  it .  

DESIGN TOOL 
CHARACTERISTICS 

t e c h n i c a l  d e r i v a t i o n  of the  design t o o l .  Thus i t  
is  important t o  understand how design t o o l s  have 
evolved and the  technica l  b a s i s  f o r  t h e i r  predic- 
t i v e  powers. 

DAYLIGHTING DESIGN TOOLS 
1.. 

PROBLEM SOLVING 
APPROACH 

MPUTER PROGRAM 

1) ANALYT 1 CAL SOLUTIONS HAND CALCULATIO>I PROCEDURE 

2) SCALE MODEL -> E W l R l C A L  DATA BASE 
STUDIES 

Ji  llnurnlL SULUI IUN -> PtHtUk!lANCt: UA'I'A 
(E,G, PROJECTIONS) 

Fig.  5. Performance c h a r a c t e r i s t i c s  of day l igh t -  - 
i n g  deeiga t o o l s .  Pig. 6. Derivat ion of day l igh t ing  design t o o l s .  

We have a  tendency t o  lump day l igh t ing  design 
t o o l s  i n t o  genera l  c a t e g o r i e s  such a s  c a l c u l a t i o n  
methods, t a b u l a r  methods, o r  graphic methods. How 
e v e r ,  t h e s e  c a t e g o r i e s  descr ibe  t h e  p r e s e n t a t i o n  
format of t@e t o o l  r a t h e r  than t h e  b a s i s  f o r  i t s  
p r e d i c t i v e  c a p a b i l i t y .  Figure 6 shows a  h ie ra rchy  
of des ign  t o o l s  based upon t h e  procedure by which 
they were developed. 

Undefetanding how a  des ign  t o o l  was derived h e l p s  
us  understand i t s  c a p a b i l i t i e s  and l i m i t a t i o n s .  
For example, a n a l y t i c a l  approaches can be con- 
v e r t e d  d i r e c t l y  t o  c a l c u l a t i o n  procedures f o r  hand 
c a l c u l a t i o n s  o r  programmable c a l c u l a t o r s  o r  can be 
converted i n t o  computer programs. However, t h e  
same a n a l y t i c a l  s o l u t i o n s  might a l s o  be used t o  
genera te  a  s e t  of d a t a  t h a t  can  then be converted 
i n t o ,  a  v a r i e t y  of o t h e r  formats  such a s  t a b l e s ,  
nomographs, p r o t r a c t o r s ,  o r  o t h e r  convenient 
forms. The f i n a l  format of t h e  t o o l  may determine 
i t s  e a s e  of use.  However, t h e  t e c h n i c a l  con- 

@ 
s t r a i n t s  on t h e  use of the  design t o o l  (such a s  
accuracy)  may be based mostly on t h e  o r i g i n a l  

A second major category of t o o l s  a r e  those 
based upon phys ica l  model measurements. Once 
aga in ,  while  model measurements can be used 
d i r e c t l y  f o r  design purposes, they can a l s o  be 
used t o  develop a  d a t a  base from which o t h e r  typos 
of design t o o l s  can be developed. One of t h e  bes t  
known approaches i s  t h e  IES Recommended P r a c t i c e  
of Dnylight ing.( l )  This  c a l c u l a t i o n  method vhich - 
has  a180 been c.onvett.ed i n t o  a computer program, 
was based upon model measurements made i n  an 

- a r t i f i c i a l  sky. A d e t a i l e d  d i scuss ion  of t h e  
s t r e n g t h s  and 'weakness of the  lumcn method 
a n a l y s i s  such a s  t h e  IES Recommended P r a c t i c e  i s  
beyond t h e  scope of t h i s  review paper. However, 
des igners  ehould underetand these a t t r i b u t e s  f u l l y  
i n  o rder  t o  make most e f f e c t i v e  use of t h e  design 
t o o l .  

I n  a d d i t i o n  t o  the  lumen method, t h e  day l igh t  
f a c t o r  approach has been used i n  many p a r t s  of t h e  
world. Because i t  has been used s o  widely f o r  s o  
many years ,  a  v a r i e t y  of design t o o l s  have evolved 
based upon the  day l igh t  f a c t o r .  The bes t  known of 



these ,  besides some of t h e  s tandard t a b u l a r  d a t a ,  
a r e  the  s e t  of p r o t r a c t o r s  developed by t h e  Build- 
i n g  Research S ta t ion .  Although o r i g i n a l l y  
developed f o r  a n a l y s i s  of day l igh t  i l lumina t ion  
under overcast  o r  uniform s k i e s ,  t h e  day l igh t  fac- 
t o r  approach can a l s o  be used, wi th  some modifica- 
t i o n s ,  f o r  c l e a r  s k i e s .  More recen t ly ,  t h e  some- 
what t ed ious  graphic and a n a l y t i c a l  approaches 
have been computerized f o r  use on programmable 
c a l c u l a t o r s  o r  microcomputers, Shereby speeding 

d i t i o n s .  Figure 7 shows sample r e s u l t s  from a new 
main-f rame computer model c a l l e d  SUPERLITE 
(2) , (3) .  The program i s  capable of handling com- 
p l e x  bu i ld ing  geometries under any sun and sky 
condi t ion ;  f u r t h e r  development i s  underway t o  
enable i t  t o  properly model complex s u n l i t  shading 
systems. Figure 8 shows sample . r e s u l t s  f o r  
two s k y l i g h t s .  

500 f c .  100 f c .  
t h e  determinat ion of i n t e r i o r  room illuminance. 

Computers w i l l  p lay  a n  increas ing  r o l e  i n  any 
design process  t h a t  i s  a n a l y t i c a l l y  based o r  t h a t  
can be converted t o  an equiva len t  numerical bas i s .  
Computer programs can play two d i s t i n c t  ro les .  
They can f a c i l i t a t e  simple a n a l y s i s  t h a t  r e q u i r e s  
r e p e t i t i o u s  c a l c u l a t i o n s  of i l luminance i n  d i f -  
f e r e n t  room l o c a t i o n s  under d i f f e r e n t  sky condi- 
t ions .  Although t h e  a n a l y t i c a l  model may be sim- 
p l e ,  these  programs should be "user  f r i e n d l y , "  
f a c i l i t a t i n g  t h e  designer's use of t h e  program, 
and a s s i s t i n g  i n  p resen ta t ion  and i n t e r p r e t a t i o n  
of r e s u l t s .  Larger and more powerful day l igh t ing  
computer programs permit a n a l y s i s  of s o p h i s t i c a t e d  
a r c h i t e c t u r a l  s o l u t i o n s  under any sun and sky con- 
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Fig. 7. Sample i l luminance contour  p l o t  f o r  a 
room with l i g h t  s h e l f .  
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Fig. 8. Sample i l luminance contour  p l o t  f o r  a 
room with two sky l igh ts .  

SCALE MODELS 

A r c h i t e c t s  have always used models i n  presea- 
t a t i o n s ,  but t h e  use of s c a l e  models f o r  quant i t a -  
t i v e  problem-solving i s  l e s s  rou t ine .  Light ing 
e f f e c t s  a r e  scale-independent, s o  i n  p r i n c i p l e  a 
min ia ture  of a l a r g e  room w i l l  r e g i s t e r  t h e  same 
day l igh t ing  response a s  t h e  f u l l - s i z e  room o r  
bui lding.  Furthermore, i l luminance va lues  a r e  
a d d i t i v e ,  80 l i g h t i n g  l e v e l s  from dayl igh t  and 
from e l e c t r i c  l i g h t  can be determined indepen- 
d e n t l y  and then added f o r  t h e  f i n a l  r e s u l t .  Like 



o t h e r  des ign  ' t o o l s ,  models can be used i n  a  
v a r i e t y  of ways. Rough models can  be u s e f u l  f o r  
making b a s i c  d e c i s i o n s  about  t h e  s i z e  and l o c a t i o n  
of window openings.  At t h e  o t h e r  extreme,  f u l l -  
s i z e  mockups may be b u i l t  t o  t e s t .  occupant  
r esponse ,  f u r n i t u r e  systems,  w a l l  cover ings ,  e t c .  
Between t h e s e  extremes l i e s  t h e  a r e a  of most 
i n t e r e s t ,  where c a r e f u l l y  c o n s t r u c t e d  s c a l e  models 
a r e  used t o  make c r i t i c a l  d e c i s i o n s  on t h e  des ign  
of a  r e a l  bu i ld ing .  Once a g a i n ,  t h e  d e t a i l s  and 
f e a t u r e s  incorpora ted  i n  a  model depend l a r g e l y  on 
t h e  answers one i s  looking f o r .  Models can  be 
used no t  on ly  t o  make q u a n t i t a t i v e  measurements of 
i l l u m i n a n c e  l e v e l s ,  bu t  a l s o  t o  i n v e s t i g a t e  view, 
l i g h t i n g  q u a l i t y ,  and ,  t o  some e x t e n t ,  t h e  
i n t e g r a t i o n  of e l e c t r i c  l i g h t i n g  systems v i t h  day- 
l i g h t i n g .  

As e n t i c i n g  a s  s c a l e  models agoear. their  
e f f e c t i v e n e s s  i s  l i m i t e d .  A p r a c t i c a l  concern i s  
t h a t  e x t e n s i v e  model t e s t i n g ,  r e q u i r e s  an i n v e s t -  
ment i n  photometr ic  s e n s o r s  and a s s o c i a t e d  
hardware. Some systems c o s t  many thousands of 
d o l l a r s ,  a l t h o u g h  s imple r ,  cheaper  systems a r e  
adequate .  Sensor  s i z e ,  dynamic range ,  accuracy ,  
s p e c t r a l  c o r r e c t i o n ,  c o s i n e  c o r r e c t i o n ,  and hys- 
t e r e s i s  e f f e c t s  a r e  a l l  important  i n  s e l e c t i n g  
photometr ic  ins t rumenta t ion .  s e d s o r  placement and 
movement i n  t h e  model a s  wel l  a s  many d e t a i l s  of 
model c o n s t r u c t i o n  a l l  w i l l  i n f l u e n c e  t h e  q u a l i t y  
of measurement r e s u l t s .  

Models can be t e s t e d  outdoors  under  r e a l  sky 
c o n d i t i o n s  o r  i n d o o r s  under c o n t r o l l e d ,  s imulated 
s k i e s .  Outdoor t e s t i n g  can be done a t  t h e  a c t u a l  

b u i l d i n g  l o c a t i o n  s o  t h a t  mic roc l imat ic  e f f e c t s  
and s i t e  o b s t r u c t i o n s  can be accounted f o r .  
E f f e c t s  of d i r e c t  s u n l i g h t  can a l s o  be eva lua ted  
and,  i f  t h e  model i s  l a r g e  enough and p roper ly  
d e t a i l e d ,  some in fo rmat ion  regarding view and 
g l a r e  can  be obtained.  But i n  o r d e r  t o  compare 
t h e  performance of v a r i o u s  des ign  a l t e r n a t i v e s ,  i t  
i s  f r e q u e n t l y  necessa ry  t o  compare model measure- 
ments made over  a  s e r i e s  of days ,  dur ing  which 
t ime sky c o n d i t i o n s  may change s i g n i f i c a n t l y .  
Even i f  a p p r o p r i a t e  adjustments  a r e  made t o  modify 
t h e  c o l l e c t e d  d a t a ,  i t  i s  very  d i f f i c u l t  t o  g e t  
h i g h l y  reproduc ib le  r e s u l t s  from outdoor  model 
t e s t i n g .  Th i s  has  provided t h e  impetus dur ing  t h e  
l a s t  t h i r t y  y e a r s  f o r  r e s e a r c h e r s  and p r a c t i t i o n -  
e r s  t o  b u i l d  sky s i m u l a t o r s  t h a t  a l low s p e c i f i c  
sky  c o n d i t i o n s  t o  he reproduced indoors .  Very 
aimplcl 6iiAulaLls~s Lased uputr dlIfun111y bcleells uL ' 

m i r r o r  bsxaa Lair Lc ~ u u s ~ ~ u c ~ c d  attd used LU tlccu- 
r a t e l y  t e s t  smal l  models undcr some sky condi- 
t i o n s .  However, t o  t e s t  t h e  f u l l  range of c l e a r ,  
uniform, and o v e r c a s t  sky c o n d i t i o n s ,  a  l a r g e r  
f a c i l i t y  such a s  i l l u s t r a t e d  i n  Figure  9 i s  
requ i red .  Th i s  24-foot-diameter hemispher ical  sky 
s i m u l a t o r  was r e c e n t l y  completed a t  Lawrence 
Berkeley Laboratory and i s  being used f o r  a  
v a r i e t y  of r e s e a r c h  and design s t u d i e s .  Because 
t h e  s t andard  CIE sky luminance d i s t r i b u t i o n s  a r e  
reproduced i n  t h i s  f a c i l i t y  ( t h e s e  a r e  the  same 
d i s t r i b u t i o n s  used i n  many computer models),  
r e s u l t s  from t h e  f a c i l i t y  can be used aE a b a s i s  
f o r  v a l i d a t i n g  computer models, a s  shown i n  Figure  
10. The f a c i l i t y  i s  alfio being used f o r  t each ing  
purposes  and t o  a s s i s t  des ign  f i r m s  i n  e v a l u a t i n g  
b u i l d i n g  des ign  concepts .  

F ig .  9 .  Cross s e c t i o n  of 24-foot-diameter hemispher ical  sky s i m u l a t o r .  
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Having determined the daylight distribution 
in a proposed building using any of the methods 
described, we still will not have a good under- 
standing of what the energy savings will be. Fig- 
ure 11 suggests that determining annual lighting 
energy savings requires that the daylight illumi- 
nation previously calculated be factored by the 
characteristics of lighting control systems. Only 
by s&ing this information over the zones in the 
building, the hours in the day, and the days of 
the year can one begin to estimate annual electric 
lighting energy savings. 
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During the past three years, lighting con- 
trols have been retrofit in several large office 
buildings to determine the daylighting savings 
(4). Figure 12 shows sample results for a perime- 
ter zone in an office building in San Francisco. 
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Fig. 12. Clear, overcast, ' and average day energy 
savings in a typical perimeter office. 
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Fig. 10. Comparison of measured illuminance in 

Figure 13 shows sample results from an application 
in the World Trade Center in New York, which i /  
involves not only daylighting controls, but also 
adjustments to the operating schedule of the 

ii 
building. L- 
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Fig. 13. World Trade Center lighting savings 
from use of daylighting and schedul- 
ing retrofit strategies. 
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Fig. 11. Process for calculating annual lighting 
energy consumption.. 
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TOTAL ENERGY ANALYSIS 

To maximize cost-effectiveness, the same lighting 
control hardware may be used both for daylighting 
and for occupancy response, lumen maintenance, and 
fine-tuning light distribution. Results from these 
two demonstration projects suggest that daylight- 
ing can save between 15% and 40% of the electric 
lighting energy consumption in the perimeter zone 
in an existing building. They also suggest that 
the actrial savings will depend upon the architec- 
tural design, the type of lighting controls, the 
design of the lighting system, and the operational 
characteristics of the hardware. Furthermore, 
occupant response to lighting control systems is 
critical to successful daylighting design. Con- 
trols can be manually or automatically operated, a 
choice that implies one understands the motiva- 
tions of office occupgete, Lighting levelu can he 
switched discontinuously or can be dimmed smoothly 
from high to low levels. Switching systems are 
frequently cheaper but may produce sharp changes 
in light level. Dimming systems are much less 
noticeable but are more costly, representing a new 
generation of control hardware that is only now 
being proven in building applications. Current 
trends suggest that there will be a rapid increase 
in the complexity and sophistication of lighting 
control systems. To be successful as a daylight- 
ing strategy, the technical performance of these 
systems must be better characterized and the occu- 
pant response to both hardware and design issues 
must be better understood. If the performance 
characteristics of the hardware are known and ade- 
quate data on daylight availability and interior 
daylight distribution are available, annual frac- 
tional savings can be calculated. 

In translating percent lighting energy eav- 
ings to actual energy savings (kW'h/ft2) and thus 
cost savings, we need to consider the efficiency 
of the electric lighting system. Pre-energy 
crisis designs were cbnsistently above 3 
watts/ft2, but recent practice is more typically 
in the range of 2 to 2 112 watts~ft? for office 
buildings. Task-oriented design strategies, 
improved lighting hardware, and more responsive 
electric lighting c~ntrola should push thene Jev- 
els even lower -- it should be common to see elec- 
tric lighting designed down in the 1 watt/ft2 
range within the next five to ten years. Given 
these possibilities for lighting design, the sav- 
ings from daylighting may not be as large as we 
project today. If we account for the fact that 
much of this savings will occur during midday . hours, however, the extra economic incentive from 
time-of-day pricing and from peak-load reduction 
will add to daylighting's energy savings. 

In addition to reducing electric lighting 
needs, daylighting strategies will impact the 
total energy consumption of a building by altering 
heating and cooling loads in two ways. First, 
reduced electric lighting energy consumption will 
alter the thermal balance of the building, which 
will tend to reduce net summer cooling loads and 
increase net winter heating loads. Second, the 
glazed area required for daylighting, which may 
not othervise have been included, may have thermal 
impacts of its own. The next level of building 
energy analysis requires us to consider the total 
energy implications of daylighting, including 
heating and cooling effects. Recsuse there are a 
large number of climate and building variables 
that inflctoncp t o t a l  energy consumption, it is 
diffioult to provido generaliced canclueionsr IL 
is commonly assumed that daylighting will reduce 
cooling loads, but in fact that is not always the 
case. Results shown in Figure 14 indicate some 
interrelationship between daylighting savings and 
the heating and cooling loads from windows as a 
function of glazing area, type, climate, and 
orientation. These are a sample of results from a 
much larger glazing optimization study, which is 
beginning to define the aesirable combination of 
glazing properties and daylighting strategies that 
will minimize total building energy use ( 5 ) .  One 
discovery to date is that it is almost always pos- 
sible to find a glazing system based upon commonly 
available components which equals or outperforms a 
well insulated wall in almost any climate and 
orientation. For at least those solutions that 
prove to be cost-effective, the designer can then 
base fenestration decisions in large part upon 
non-energy iesues without paying an energy 
penalty. 

This type of analysis'may require a detailed 
calculation .of total building energy consumption 
on an hour-by-hour basis throughout the year. The 
DOE-2 model has recently been upgraded to include 
a first-generation daylighting model. DOE-2.1B is 
completing its testing phase and will soon be 
available to help users evaluate the energy impli- 
cations of most of the common daylighting stra- 
tegies. Additional modeling capabilities are 
being developed for DOE-2.1C which will. a l l n u  the 
program to model .light shelves and other more 
sophisticated architectural solutions. The 
current model allows the user to simulate various 
window management strategies based upon dynamic 
sun control and glare control. A broad variety of 
userdefined lighting Control strategies can also 
be modeled. A new series of daylighting output 
reports provide a maximum of useful information 
with a minimum number of DOE-2 runs (see Figure 
15). The goal of these ongoing modifications to 
the DOE-2 energy analysis program is to allow 
mudeling of state-of-the-art architectural solu- 
tions from both thermal and daylighting perspec- 
tives. 
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Fig. 14. To ta l  annual energy consumption vs.  shad- 
i n g  c o e f f i c i e n t  f o r  a  90% glazed s o u t h  
pe r imete r  o f f i c e  module i n  New York f o r .  
f i v e  g l a z i n g  U-values. S o l i d  l i n e s :  
wi thout  d a y l i g h t i n g ;  dashed l i n e s :  w i t h  
day l igh t ing .  

While t h e  DOE-2 program i s  too  l a r g e  and 
expensive t o  be used e x t e n s i v e i y  on smal l  pro- 
j e c t s ,  we expect  i t  t o  form t h e  b a s i s  f o r  a  number 
of s imp' l i f ied des ign  t o o l k  t h a t  a r e  more r e a d i l y  
usab le  f q r  p r e d i c t i n g  d a y l i g h t i n g  energy e f f e c t s  
and t o t a l  energy consumption f o r  smal le r ,  l e s s  
s o p h i s t i c a t e d  bu i ld ings .  For l a r g e  p r o j e c t s ,  
where t h e  des ign  budget pe rmi t s  .and even may 
r e q u i r e  e x t e n s i v e  energy a n a l y s i s ,  t h e  modifica- 
t i o n s  w i l l  enab le  e v a l u a t i o n  of unique s o l u t i o n s .  
such a s  s p e c i a l  a t r i u m  des igns .  This  ongoing 
s e r i e s  of developments i n  DOE-2 has  been s t r u c -  
t u r e d  around t h e  a r c h i t e c t ' s  need f o r  f l e x i b i l i t y  
i n  modeling. des ign  s o l u t i o n s  t h a t  have more com-, 
p l e x  dynamic performance than t h e  s imple ,  s t a t i c  
s o l u t i o n s  f r e q u e n t l y  used. 

NEW FENESTRATION DEVELOPMENTS 

New developments i n  t h e  a r e a  of g l a z i n g  tech- 
nology and d a y l i g h t i n g  s t r a t e g i e s  w i l l  con t inue  t o  
add t o  t h e  bag of t r i c k s  from which t h e  a r c h i t e c t  
can  draw. However, t h e  designer ' s  a b i l i t y  t o  
e f f e c t i v e l y  u s e  new produc t s  and t echno log ies  i s  
governed i n  p a r t  -by t h e  a v a i l a b i l i t y  of des ign  
t o o l s  t h a t  w i l l  adequa te ly  p r q d i c t  t h e i r  pe r fo r -  
mance. I n  t h e  a r e a  of new g l a z i n g  technology,  new 
f i l m s  and c o a t i n g s  a r e  becoming a v a i l a b l e  t h a t  
i n c r e a s e  t h e  t o t a l  t r ansparency  of the  window sys- 
tem, reduce t h e  U-value, a c t  a s  s e l e c t i v e  f i l t e r s  
t o  enhance d a y l i g h t  t r a n s m i t t a n c e ,  o r  provide com- 
b i n a t i o n s  of t h e  above func t ions .  Most of t h e s e  
can  be adequa te ly  modeled w i t h  e x i s t i n g  des ign  
t o o l s  and techniques .  There i s  cons ide rab le  
i n t e r e s t  i n  more s o p h i s t i c a t e d ,  operab le  shading 
systems, inc lud ing  dev ices  such a s  e x t e r i o r  r o l l u p  
shades  and s h u t t e r s  and e x t e r i o r  vene t i an  b l i n d s .  
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Devices such a s  vene t ian  b l i n d s  t h a t  can  be 
deployed o r  r e t r a c t e d  au tomat ica l ly  and t h a t  have 
t h e  s lan t -angle  t i l t  ad jus ted  t o  minimize cool ing  
load while  maximizing d a y l i g h t i n g  c o n t r i b u t i o n ,  
p r e s e n t  a  new c h a l l e n g e  t o  energy a n a l y s i s  t o o l s .  
Because t h e s e  systems tend t o  be expensive,  proper  
a n a l y s i s  of t h e  energy and l o a d  impact i s  essen- 
t i a l  t o  e f f e c t i v e  decisionmaking. Modif icat ions 
now underway t o  t h e  DOE-2 program w i l l  permit  no t  
o n l y  d a y l i g h t i n g  eva lua t ion  of  t h e s e  more complex 
systems but a l s o  a n  improved de te rmina t ion  of t h e  
shading c o e f f i c i e n t  of complex operab le  shading 
dev ices  and thus  a  b e t t e r  e v a l u a t i o n  of t h e i r  
c o o l i n g  load . reduc t ion .  

Designers  w i l l  cont inue t o  experiment with 
innova t ive  d a y l i g h t i n g  schemes. A cur ren t '  t r end  
t h a t  seems t o  have g r e a t  p o t e n t i a l  i s  t h e  use  of 
t r a n s l u c e n t  f a b r i c  s t r u c t u r e s  t o  enc lose  l a r g e  
commercial bu i ld ing  spaces.  These s t r u c t u r e s  gen- 
e r a l l y  have low dayl igh t  t ransmi t tance ,  but 
because l i g h t  i s  t ransmi t ted  by t h e  e n t i r e  roof 
a r e a  they provide e f f e c t i v e  d a y l i g h t i n g  throughout 
most of t h e  year .  Many of t h e  s t r u c t u r e s  tend t o  
be geomet r ica l ly  complex, and t h u s  r e p r e s e n t  a  
cha l lenge  f o r  some of t h e  d a y l i g h t i n g  and energy 
a n a l y s i s  models. 

Technical  approaches f o r  in t roduc ing  d a y l i g h t  
deep w i t h i n  bu i ld ing  i n t e r i o r s  (e.g., beam sun- 
l i g h t i n g )  remain l a r g e l y  i n  t h e  experimental  
s t a g e .  S c a l e  model s t u d i e s  a r e  g e n e r a l l y  t h e  b e s t  
approach t o  c h a r a c t e r i z i n g  t h e  performance of 
t h e s e  advanced systems. Designers  should be 
extremely c a u t i o u s  i n  t r a n s l a t i n g  i d e a l i z e d  model 
s tudy  r e s u l t s  t o  hardware and performance requi re -  
ments of a c t u a l  bu i ld ings .  

VALIDATION AND FIELD MEASUREMENTS 

However u s e f u l  and accura te  we b e l i e v e  a  
des ign  t o o l  may be,  t h e  f i n a l  proof l i e s  i n  t h e  
measured performance of occupied bui ldings.  We 
need t o  s t r e n g t h e n  the  feedback loop between meas- 
ured r e s u l t s  i n  t h e s e  bu i ld ings  and t h e  design 
approaches and des ign  t o o l s  used t o  formulate  
those  s o l u t i o n s .  To properly e v a l u a t e  t h e  success  
of those  des ign  s t r a t e g i e s ,  we need more d a t a  than 
w i l l  be c o l l e c t e d  by reading u t i l i t y  meters. S u b  
metered d a t a  on t h e  performance of t h e  l i g h t i n g  
systems is  one requirement; n e t  energy performance 
of f e n e s t r a t i o n  systems is  another .  Some of t h e  
measurementsocan b e s t  be made i n  t h e  bu i ld ings  
while  o t h e r s  can b e t t e r  be made i n  t e s t  c e l l s  t h a t  
s imula te  t h e  outdoor and indoor environmental and 
bu i ld ing  condi t ions .  Figure 16 i l l u s t r a t e s  one 
such f a c i l i t y  t h a t  w i l l  provide c o n t r o l l e d  meas- 
urements of t h e  day l igh t ing  impact on f e n e s t r a t i o n  
performance. 
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Fig. 16. Mobile Window Thermal Test  F a c i l i t y  f o r  
measuring n e t  energy performance of 
f  e n e s t r a t i o n .  

This  t e s t  f a c i l i t y  i s  designed t o  provide d e t a i l e d  
d a t a  on t h e  performance of the  most complex window 
and s k y l i g h t  systems f o r  any c l imate  and or ien ta -  
t i o n .  A unique f e a t u r e  of these  t e s t  c e l l s  i s  
t h a t  t h e  researcher  can c o n t r o l  t h e i r  i n t e r i o r  
condi t ions  to.make them bchavc ao variouo typoc of 
bu i ld ings  having var ious  thermal and l i g h t i n g  
luade. Thus i t  would,be p o s s i b l e  t o  t c s t  t h c  oamc 
f e n e s t r a t i o n  system i n  side-by-side t e s t  c e l l s ,  
w i t h  one s e t  up t o  s imula te  a  l o r m a s s ,  t i g h t l y  
i n a u l a t e d  o f f i c e  bu i ld ing  with low i n t e r n a l  loads ,  
t h e  o t h e r  d Righ-mass, high i n r e r n a l  load build- 
ing.  Resu l t s  from t h i s  f a c i l i t y  w i l l  be used t o  
v a l i d a t e  t h e  energy-analysis computer ,models ,  
'which i n  t u r n  a r e  used t o  generate  s impl i f i ed  
design too ls .  . 

Val ida t ion  of design t o o l s  i s  no t  o f t e n  seen 
a s  a  high p r i o r i t y  f o r  a  designer  s t r u g g l i n g  t o  
meet a  s h o r t  dead l ine  t o r  a  nervous c l i e n t .  How 
e v e r ,  i n  t h e  long run,  t h e  designer's a b i l i t y  t o  
provide a  c o s t - e f f e c t i v e  s e r v i c e  t o  bui lding own- 
e r s  'depends upon t h e  designer's a b i l i t y  t o  use t h e  
most appropr ia te ,  c o s t - e f f e c t i v e  design t o o l s  with 
t h e  h ighes t  l e v e l  of confidence. Proven design 
t o o l s  w i l l  never guarantee success fu l  design solu- 



t i o n s .  But they  c e r t a i n l y  c a n  assist t h e  inc reas -  
i n g l y  h a r r i e d  des igner  i n  developing and eva lua t -  
i n g  s o l u t i o n s  t h a t  meet e v e r  more s t r i n g e n t  
energy-eff ic iency t a r g e t s  whi le  p rese rv ing  and 
enhancing occupant comfort ,  p r o d u c t i v i t y ,  and 
s a f e t y .  
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