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F e n e s t r a t i o n  performance i n  n o n r e s i d e n t i a l  
b u i l d i n g s  i n  h o t  c l i m a t e s  i s  o f t e n  a  l a r g e  c o o l i n g  
l o a d  .1L.r8,1:ity. P rope r  f e n e s t r a t i o n  d e s i g n  and 
t h e  usc  . I ; '  d a y l i g h t - r e s p o n s i v e  dimming c o n t r o l s  on 
e l e c t r i c  i i g h t s  can ,  i n  a d d i t i o n  t o  d r a s t i c a l l y  
r educ ing  i i g h t i n g  ene rgy ,  lower  c o o l i n g  l o a d s ,  
peak e l e c t r i c a l  demand, o p e r a t i n g  c o s t s ,  c h i l l e r  
s i z e s ,  and f i r s t  c o s t s .  Using t h e  b u i l d i n g  ene rgy  
s i m u l a t i o n  programs DOE-2.1B and DOE-2. lC, we 
f i r s t  d i s c u s s  l i g h t i n g  energy s a v i n g s  from day- 
! . ighting.  The e f f e c t s  o f  f e n e s t r a t i o n  pa rame te r s  
o n  c o o l i n g  l o a d s ,  t o t a l  ene rgy  u s e ,  peak demand, 
c h i l l e r  s i z e s ,  and i n i t i a l  and o p e r a t i n g  c o s t s  a r e  
a l s o  d i s c u s s e d .  The impact  of d a y l i g h t i n g ,  a s  
compared t o  e l e c t r i c  l i g h t i n g ,  on c o o l i n g  r e q u i r e -  
ments i s  d i s c u s s e d  a s  a  f u n c t i o n  o f  g l a z i n g  
c h a r a c t e r i s t i c s ,  l o c a t i o n ,  and s h a d i n g  sys tems.  

When p o s s i b l e ,  dimming e l e c t r i c  l i g h t i n g  sys-  
tems i n  r e s p o n s e  t o  v a r y i n g  d a y l i g h t  l e v e l s  
( termed " d a y l i g h t i n g " )  can  s i g n i f i c a n t l y  l ower  
e l e c t r i c  l i g h t i n g  r equ i r emen t s  i n  o f f i c e  bu i ld -  
i n g s .  F u r t h e r  energy and demand c o s t  s a v i n g s  a s  
 ell a s  i n c r e a s e d  occupant  comfor t  can  be  r e a l i z e d  
by p r o p e r l y  d e s i g n i n g  f e n e s t r a t i o n  and s h a d i n g  
sys tems t h a t  minimize r a d i a n t  g a i n s  and g l a r e  
w h i l e  s t i l l  p rov id ing  good i l l u m i n a t i o n .  

I n  t h i s  paper  t h e  expec ted  d a y l i g h t i n g  
e f f e c t s  i n  a  t y p i c a l  o f f i c e  b u i l d i n g  l o c a t e d  i n  a  
hot-humid c l i m a t e  a r e  d i s c u s s e d .  The r e d u c t i o n  
i n  l i g h t i n g  energy and i t s  i m p l i c a t i o n s  on t o t a l  
energy r equ i r emen t s ,  peak demand, and c h i l l e r  s i z e  
a r e  a l s o  mentioned. I n  h o t  c l i m a t e s ,  d a y l i g h t i n g  
d i l l  r e d u c e  c o o l i n g  l o a d s  r e l a t i v e  t o  a  nonday- 
l i g h t e d  c a s e  (w i th  t h e  same f e n e s t r a t i o n  charac-  
t e r i s t i c s ) .  Dayl ight ing ' s  impact  on  c o o l i n g  l o a d s  
( i . e . ,  t h e  "coo lnes s"  o f  d a y l i g h t  a s  compared t o  
e l s c t r i c  l i g h t s )  i s  a l s o  d i s c u s s e d .  

BACKGROUND 

The m a t e r i a l  p r e s e n t e d  h e r e  is  p a r t  of ongo- 
i n g  r e s e a r c h  t o  a s s e s s  and unde r s t and  t h e  ene rgy  

impac t s  of f e n e s t r a t i o n  sys t ems  (windows, 
s k y l i g h t s ,  and s h a d i n g  sys t ems) .  I n  t h i s  phase of 
o u r  work we u s e  d e t a i l e d  hour-by-hour DOE-2.1B 
ene rgy  a n a l y s i s  computer s i m u l a t i o n s  ( 1 ) .  I n  
l a t e r  p h a s e s ,  we w i l l  e x p e r i m e n t a l l y  v a l i d a t e  
t h e s e  r e s u l t s  u s i n g  a  s p e c i a l l y  c o n s t r u c t e d  window 
f i e l d  t e s t  f a c i l i t y  and by mon i to r ing  s u i t a b l e  
b u i l d i n g s .  To d a t e ,  o u r  work h a s  focused  p r i -  
m a r i l y  on  two t y p i c a l  o f f i c e  b u i l d i n g  n o d u l e s ,  one 
w i t h  windows i n  f o u r  p e r i m e t e r  zones  f a c i n g  t h e  
f o u r  c a r d i n a l  d i r e c t i o n s ,  t h e  o t h e r  w i t h  on ly  f l a t  
s k y l i g h t s  a s  t h e  f e n e s t r a t i o n  e lements .  We have 
s i m u l a t e d  t h e s e  b u i l d i n g s  i n  o v e r  f i f t e e n  c l i m a t e s  
t h roughou t  t h e  Un i t ed  S t a t e s ,  v a r y i n g  impor t an t  
f e n e s t r a t i o n  and l i g h t i n g - r e l a t e d  pa rame te r s .  
T h i s  paper  f o c u s e s  on t h e  o f f i c e  module w i th  v e r t -  
i c a l  windows i n  a  hot-humid c l i m a t e ,  and coupa res  
i t  wi th  t h e  s k y l i g h t e d  o f f i c e  module. 

F i g u r e  1  i l l u s t r a t e s  t h e  f i n a l  b u i l d i n g  
modules. The window b u i l d i n g  module c o n s i s t s  of 
f o u r  i d e n t i c a l  p e r i m e t e r  zones ,  each  1 5  f t .  deep  
and 100 f t .  wide ,  s e p a r a t e d  i n t o  1 0  e q u a l  o f f i c e s  
1 0  f t .  wide and s u r r o u n d i n g  a  common co re .  The 
c e i l i n g  and f l o o r  a r e  modeled a s  a d i a b a t i c  sur-  
f a c e s .  Fo r  t h e  s k y l i g h t  module, t h e  per imeter .  
zones  a r e  dropped,  t h e  s i d e  w a l l s  become com- 
p l e t e l y  opaque and a d i a b a t i c ,  and s k y l i g h t s  a r e  
e v e n l y  d i s t r i b u t e d  ove r  t h e  (now non-ad iaba t i c )  
r o o f .  These  and o t h e r  c h a r a c t e r i s t i c s  of t h e  
f i n a l  b u i l d i n g  modules were determined through a  
s e r i e s  o f  s e n s i t i v i t y  s t u d i e s .  D e t a i l s  a r e  g iven  
i n  Re fe rence  2 f o r  t h e  window module and i n  Refer-  
e n c e  3 f o r  t h e  s k y l i g h t  module. We n o t e  t h a t  i n  
t h e  d e s i g n  o f  t h e s e  s t u d i e s  we were p r i m a r i l y  
i n t e r e s t e d  i n  r e l a t i v e  performance between a l t e r -  
n a t i v e  enve lope  d e s i g n s ,  r a t h e r  t h a n  a b s o l u t e  
e n e r g y  consumption. 

P rev ious  s e n s i t i v i t y  s t u d i e s  a l s o  i d e n t i f i e d  
t h e  i m p o r t a n t  f e n e s t r a t i o n  and l i g h t i n g - r e l a t e d  
v a r i a b l e s  t o  be modeled p a r a m e t r i c a l l y .  These  
i n c l u d e  t h e  g l a z i n g  window-to-wall-area r a t i o  
(WWK) based o n  c e i l i n g  h e i g h t ,  o r  t h e  s k y l i g h t -  
to- roof-area  r a t i o  (SKa) , t h e  g l az ing ' s  shad ing  
c o e f f i c i e n t  (SC) and v i s i b l e  t r a n s m i t t a n c e  (T ), 
l i g h t i n g  c o n t r o l  s t r a t e g y ,  window management stYa- 
t e g i e s ,  l i g h t i n g  power d e n s i t y ,  and f o r  s k y l i g h t s ,  
t h e  l i g h t  w e l l  t r a n s m i s s i o n  f a c t o r  (WF). 

Thid .rack was suppor t ed  by t h e  A s s i s t a n t  S e c r e t a r y  f o r  C o n s e r v a t i o n  and Renewable Energy,  O f f i c e  o f  Bu i ld ing  
E n e r g  I lescarch  and Development, B u i l d i n g  Systems l ) i v i s i o n  o f  t h e  U.S. Department o f  Energy under  C o n t r a c t  
Nc. i)l:-AC03-763F00!Y3Y. 
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METHODOLOGY 
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Figure la. Diagram of building model for vertical fenestra- 
tion simulations. 

Figure lb. Diagram of building model for skylight yimula- 
tions. 

To i s o l a t e  f e n e s t r a t i o n  e f f e c t s ,  t he rma l  
t r a n s m i s s i o n  was l i m i t e d  t o  t h e  f e n e s t r a t e d  sur-  
f a c e  i n c l u d i n g  i t s  w a l l .  The o v e r a l l  h e a t  
t r a n s f e r  c o e f f i c i e n t ,  U of  t h e  w a l l  o r  roof  
( i n c l u d i n g  g l a z i n g )  was % e l d  c o n s t a n t  a t  v a l u e s  
c o n s i s t e n t  w i t h  ASHRAE 90 s t a n d a r d s .  S ince  t h e  
t he rma l  conductance  of t h e  g l a z i n g  ( s i n g l e  o r  dou- 
b l e )  exceeds  t h e  maximum U , a s  t h e  g l a s s  a r e a  
i n c r e a s e s ,  t h e  conductance  0% t h e  opaque w a l l  i s  
reduced i n  o r d e r  t o  m a i n t a i n  a  c o n s t a n t  U . 

0 

The i n s t a l l f d  l i g h t i n g  power was v a r i e d  from 
0.7 t o  2.7 W/ft  based on a  d e s i g n  i l l u m i n a n c e  o f  
50 f c .  T h i s  range c o v e r s  l i g h t i n g  power d e n s i t i e s  
o n e  would e x p e c t  t o  f i n d  i n  o f f l c e s  t oday  and i n  
t h e  n e a r  f u t u r e .  S i n c e  t h e  d e s i g n  i l l u m i n a n c e  
l e v e l  i s  h e l d  c o n s t a n t ,  t h e  v a r y i n g  l i g h t i n g  power 
d e n s i t i e s  r e f l e c t  a  v a r i a t i o n  i n  l i g h t i n g  sys tem 
e f f i c a c y  and can  accommodate a  wide range of 
l u m i n a i r e s ,  lamps, b a l l a s t s ,  and d e s i g n s .  

Two t y p e s  o f  l i g h t i n g  c o n t r o l s  a r e  modeled. 
A con t inuous  dimming sys t em dims from 100% l i g h t  
o u t p u t  w i t h  100% power t o  O X  l i g h t  o u t p u t  w i th  L O %  
r e s i d u a l  power l o s s e s .  T h i s  sys t em c o n t i n u o u s l y  
r e sponds  t o  v a r i a t i o n s  i n  d a y l i g h t  l e v e l s  and max- 
i m i z e s  t h e  b e n e f i t s  from low d a y l i g h t  l e v e l s .  The 
second sys t em t y p e  p r o v i d e s  m u l t i - l e v e l  s t e p  
s w i t c h i n g  w i t h  t h e  number o f  s t e p s  depending on 
t h e  i n s t a l l e d  l i g h t i n g  power d e n s i t y .  S imple  
two-step o r  on /o f£  sys t ems  r educe  e l e c t r i c  power 
o n l y  when d a y l i g h t  p rov ides  h a l f  o r  a l l  r e q u i r e d  
l i g h t i n g  r e s p e c t i v e l y ;  a t  z e r o  e l e c t r i c  l i g h t  ou t -  
pu t  t h e r e  i s  z e r o  power consumption. Step-  
s w i t c h i n g  sys tems a r e  most e f f e c t i v e  a t  h igh  i n t e -  
r i o r  d a y l i g h t  l e v e l s  where a l l  t h e  space's  l i g h t -  
i n g  r equ i r emen t s  a r e  met by d a y l i g h t i n g ;  h e r e  
t h e i r  performance w i l l  exceed t h a t  of con t inuous  
dimming sys t ems .  At s n a l l  e f f e c t i v e  a p e r t u r e s ,  
s t e p  sys tems can  be l e s s  e f f e c t f v e  o r  even u s e l e s s  
depending on t h e  number of s t e p s ,  t h e  c o n t r o l  s e t -  
p o i n t .  and t h e  i n t e r i o r  d a y l i g h t  l e v e l .  I n  t h i s  
s t u d y ,  o u r  a n a l y s i s  o f  t h e  t he rma l  e f f e c t s  o f  day- 
l i g h t i n g ,  d a y l i g h t i n g ' s  i n f l u e n c e  on annua l  energy 
consumpt ion and c o s t s ,  and peak demand a r e  based 
on t h e  u s e  o f  con t inuous  dimming sys tems.  

To s i m p l i f y  o u r  a n a l y s i s  o f  f e n e s t r a t i o n  
c h a r a c t e r i s t i c s ,  a  s i n g l e  pa rame te r  c o n s i s t i n g  o f  
t h e  p roduc t  of t h e  WWR ( o r  SKR) and T  ( o r  T  x  WF 
f o r  t h e  c a s e  w i t h  s k y l i g h t s )  was uJed. WZ c a l l  
t h i s  new lumped parameter  t h e  e f f e c t i v e  a p e r t u r e  
(A ). R e s u l t s  i n  t h i s  paper  a r e  exp res sed  a s  a  
f u f i c t i o n  o f  e f f e c t i v e  a p e r t u r e .  E f f e c t s  o f  mul- 
l i o n s  and o t h e r  opaque e l emen t s  can  be accounted  
f o r  i n  t h e  WWR term and a  d i r t  d e p r e c i a t i o n  f a c t o r  
c a n  be i n c o r p o r a t e d  i n t o  T  . A  c o n s t a n t  r e l a t i o n -  
' sh ip  between shad ing  c o x f f i c i e n t  and v i s i b l e  
t r a n s m i t t a n c e  i s  assumed f o r  v e r t i c a l  t i n t e d  g l az -  
i n g  where T  = 0.67 x  SC, which is t y p i c a l  o f  com- 
monly a v a y l a b l e  p roduc t s .  When c o n s i d e r i n g  
s k y l i g h t  sys tems w i t h  l i g h t  w e l l s ,  we assume t h a t  
a  change i n  t h e  l i g h t  w e l l  w i l l  a l t e r  t h e  l i g h t  
f l u x  t r a n s m i t t e d  t o  t h e  s p a c e  but  n o t  change t h e  
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s o l a r  g a i n s .  T h i s  s i m p l i f i c a t i o n  does no t  a d d r e s s  
t h e  e f f e c t  o f  l i g h t  w e l l  h e a t  s t r a t i f i c a t i o n ,  an  
e f f e c t  d i f f i c u l t  t o  q u a n t i f y .  

We assume t h a t  t h e  thermal  and v i s u a l  comfor t  
o f  t h e  occupants  r e q u i r e s  t h a t  s i u p l e  i n t e r i o r  
shades  o r  b l i n d s  be  deployed f o r  any hour i n  which 
t r a n s m i t t  d  d i r e c t  s o l a r  r a d i a t i o n  exceeds  LO 5 ~ t u / h r - f t  , o r  f o r  any hour  i n  whlch t h e  g l a r e  
l e v e l  i s  no l o n g e r  a c c e p t a b l e  ( i . e . ,  a  g l a r e  i ndex  
of 20) .  The vindow oianage.~ent sys tem used h e r e  
r educes  s o l a r  h e a t  g a i n  by 40X and v i s i b l e  
t r a n s m i t t a n c e  by 65Z and i s  cons ide red  r e p r e s e n t a -  
t i v e  of many conven t iona l  i n t e r i o r  shad ing  dev- 
i c e s .  C u r r e n t  work, u s i n g  t h e  r e s u l t s  o f  d e t a i l e d  
i l l u m i n a n c e - c a l c u l a t i n g  computer programs and 
e x p e r i s e n t a l  work, i s  aimed a t  a  more c o u p l e t e  
a s se s smen t  o f  t h e  i a p a c t  o f  bo th  i n t e r i o r  and 
e x t e r i o r  movable shades .  

The D0E-2.1B and L.1C b u i l d i n g  energy s imula-  
t i o n  programs were used t o  p r e d i c t  annua l  energy 
performance.  Ye used ASdIUi!, WYoC (declther-Year 
f o r  Energy C a l c u l a t i o n s )  t a p e s  c o n t a i n i n g  h o u r l y  
weather  d a t a  f o r  Lake C h a r l e s ,  Lou i s i ana .  ,dYEC 
t a p e s  do no t  r e p r e s e n t  a  s p e c i f i c  y e a r  b u t  a r e  
r a t h e r  a  compi l a t i on  of t h e  most t y p i c a l  months 
and days  based on weather  d a t a  recorded between 
1951 and 1980 (4 ) .  Lake C h a r l e s ,  w i th  a  c l i m a t e  
ve ry  s i m i l a r  t o  i iouston and New d r l e a n s ,  was 
chosen t o  r e p r e s e n t  a  hot-humid c l i t na t e  i n  t h e  
s o u t h e r n  U.S.  ( ~ a k e  Cha r l e s :  6 7 . 1 ' ~  a v e r a g e  d r y  
b u l b  t empera tu re ,  6 2 . ~ ~ ~  ave rage  wet b u l b  tempura- 
t u r e ,  1 ,632  COD ; douston:  6 7 . 7 ' ~  ave rage  d r y  
b u l b  temperature,7%2. 2 ' ~  ave rage  wet b u l b  tempera- 
t u r e ,  1 ,715  CDD70.) For economic a n a l y s i s ,  t louston 
u t i l i t y  r a t e s  a r e  used.  An a n a l y s i s  of o t h e r  c l i -  
u a t e s  i s  p re sen ted  i n  r e f e r e n c e s  5 and 6. 

2  
The e n t i r e  f l o o r  a r e a  modeled (16,000 f t  ) i s  

s e r v e d  by one e l e c t r i c  c h i l l e r  and one g a s - f i r e d  
b o i l e r .  DOE-L c a l c u l a t e s  t o t a l  p l a n t - l e v e l  energy 
consumption f o r  t h e  e n t i r e  f ive-zone f l o o r .  
Equipment s i z e s  a r e  c a l c u l a t e d  f o r  each  run and 
a r e  based on c a l c u l a t e d  peak l o a d s .  To examine 
t h e  e f f e c t s  o f  o r i e n t a t i o n ,  we s t u d i e d  zone - l eve l  
c o i l  l o a d s  i n  which each  o f  t h e  zones  has  i t s  own 
constant-volume, va r i ab l e - t empera tu re  f an -co i l  
sy s t em s e r v e d  by t h e  c e n t r a l  p l a n t .  These  c o i l  
l o a d s  i n c l u d e  t h e  e f f e c t s  of t he rmos ta t  s e t b a c k s ,  
f l o a t i n g  t empera tu re s ,  and u s e  o f  an economizer 
c y c l e .  Where p re sen ted ,  t h e s e  c o i l  l o a d s  a r e  fac-  
t o r e d  by an a n n u a l  COP of 3 .0  t o  y i e l d  p l a n t -  
level -comparable  numbers. The a n n u a l  a v e r a g e  COP 
f o r  t h e  t o t a l  b u i l d i n g  ( a l l  f i v e  zones)  a s  ca l cu -  
l a t e d  by DOE-2 was approximate ly  3 .0 .  

LIGHTING ENERGY SAVINGS 

Dayl ight ing ' s  pr imary e f f e c t  on b u i l d i n g  
energy consumption, f o r  s m a l l  t o  modera te  e f f e c -  
t i v e  a p e r t u r e s ,  i s  t o  r educe  e l e c t r i c  l i g h t i n g  
r equ i r emen t s .  A s  e f f e c t i v e  a p e r t u r e  i n c r e a s e s  
from a n  opaque w a l l ,  e l e c t r i c a l  l i g h t i n g  ene rgy  

consumption f i r s t  d rops  s h a r p l y  and thcn  l e v e l s  
o f f .  For a  g i v e n  e f f e c t i v e  a p e r t u r e ,  t h e  f r a c -  
t i o n a l  s a v i n g s  ( f o r  a l l  i n s t a l l e d  power d e n s i t i e s )  
depend on t h e  d e s i g n  i l l u m i n a n c e  l e v e l  and t h e  
l i g h t i n g  c o n t r o l  s t r a t e g y .  F i g u r e  2  i l l u s t r a t e s  
t h e  f r a c t i o n a l  l i g h t i n g  ene rgy  r e d u c t i o n s  f o r  a l l  
p e r i m e t e r  zones  f o r  t h r e e  d e s i g n  i l l u m i n a n c e  lev-  
e l s  (30 f c ,  50  f c ,  and 70 f c )  w i th  con t inuous  dim- 
ming s w i t c h i n g  and f o r  a n  on /o f f  (one-s tep)  
s w i t c h i n g  sys tem and a  two-step s w i t c h i n g  s y s t e ~ a  
(50-fc  d e s i g n  i l l u m i n a n c e ) .  L i g h t i n g  energy sav- 
i n g s  from s k y l i g h t s  ( n o t  shown), f o l l o w  a  s i m i l a r  
t r e n d ;  however,  because  t h e  s k y l i g h t s  a r e  d i f f u s -  
i n g  and a r e  p l aced  above (and no t  t o  t h e  s i d e  o f )  
t h e  workplane ,  d a y l i g h t  s a t u r a t i o n  is reached a t  
a n  e f f e c t i v e  a p e r t u r e  on t h e  o r d e r  of 0.02 - 0.03. 

U n i l e  t h e r e  a r e  s p e c i f i c  d i f f e r e n c e s  between 
t h e s e  f i v e  c u r v e s ,  we s e e  one o v e r a l l  t r end .  
L i g h t i n g  ene rgy  a s  a  f u n c t i o n  o f  e f f e c t i v e  aper-  
t u r e  f o l l o w s  a  roughly  e x p o n e n t i a l  d e c r e a s e  lead-  
i n g  t o  a  s a t u r a t i o n  of u s e f u l  d a y l i g h t  and no s i g -  
n i f i c a n t  f u r t h e r  s a v i n g s  i n  e l e c t r i c  l i g h t i n g  
ene rgy .  T h i s  d a y l i g h t  s a t u r a t i o n  e f f e c t  beg ins  a t  
e f f e c t i v e  a p e r t u r e s  between 0 .10  and 0 .25 f o r  typ- 
i c a l  c u r t a i n  w a l l  d e s i g n s  i n  a  p e r i m e t e r  zone. 
Beyond t h i s  p o i n t ,  s m a l l  a d d i t i o n a l  d a y l i g h t i n g  
s a v i n g s  o c c u r  i n  t h e  e a r l y  morning and l a t e  a f t e r -  
noon w h i l e  imposing heavy s o l a r  g a i n  l o a d s  
t h roughou t  t h e  r e s t  of t h e  day. 

R e f e r e n c e s  5 and 6  p rov ide  more d e t a i l e d  
d e s c r i p t i o n s  of l i g h t i n g  energy s a v i n g s  through 
windows and s k y l i g h t s ,  r e s p e c t i v e l y .  These  r e f e r -  
e n c e s  show minimal c l i m a t i c  e f f e c t s  i n  l i g h t i n g  
enerqy s a v i n g s  t r e n d s  and on ly  modera te  d i f f e r -  
e n c e s  i n  t h e  o v e r a l l  magni tude  of energy savl r iys  
between c l i m a t e s .  Because o f  window management, 
d i r e c t  beam r a d i a t i o n  i s  m i t i g a t e d  and o r i e n t a t i o n  
d i f f e r e n c e s  i n  l i g h t i n g  ene rgy  s a v i n g s  a r e  sma l l .  

TOTAL ENERGY CUNSUPIPTTOIN 

F i g u r e  3 shows t h e  t o t a l  a n n u a l  energy and 
component consumption f o r  t h e  f ive-zone module, 
w i t h  and w i t h o u t  d a y l i g h t i n g .  ' h i s  f i g u r e  assumes 
a c o n t i n u o u s  dimming sys t em,  an  i l l u m i n a t i o n  s e t -  
p o i n t  of 50  f c ,  an9 an  i n s t a l l e d  l i g h t i n g  power 
l e n s i t y  o f  1 .7  W/ft . We s e e  f o r  bo th  d a y l i g h t e d  
~ n d  nonday l igh ted  c a s e s  t h a t  ( 1 )  l i g h t i n g ,  cool -  
i n g ,  and f a n  ene rgy  a r e  t h e  pr imary energy com- 
ponen t s ,  and ( 2 )  c o o l i n g  and f a n  ene rgy  r i s e  w i t h  
i n c r e a s i n g  e f f e c t i v e  a p e r t u r e  ( s o l a r  g a i n s ) .  

F o r  a  g i v e n  a p e r t u r e ,  d a y l i g h t i n g  lower s  
ene rgy  u s e  f o r  l i g h t i n g  s i g n i f i c a n t l y  and f o r  f a n s  
and c o o l i n g  ~ n o d e r a t e l y .  I n  t h e  d a y l i g h t e d  c a s e ,  
u n t i l  t h e  e f f e c t i v e  a p e r t u r e  a t  ~ h i c h  d a y l i g h t  
s a t u r a t e s  t h e  s p a c e ,  t o t a l  energy consumption 
d e c r e a s e s  o r  i s  rough ly  c o n s t a n t .  A f t e r  t h i s  
p o i n t ,  t h e  d a y l i g h t i n g  c u r v e  r i s e s  w i t n  a  s l o p e  
s i m i l a r  t o  t h a t  of t h e  nonday l igh ted  c a s e ,  i n d i -  
c a t i n g  t h a t  maximum ene rgy  s a v i n g s  have been 
a t t a i n e d  and a d d i t i o n a l  g l a z i n g  on ly  i n c r e a s e s  
so l a r - induced  c o o l i n g  l o a d s  t o  t h e  spaces .  
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For a n  e f f e c t i v e  a p e r t u r e  o f  0 . 2 ,  a  n c d ~  
)ptimum w i t h  d a y l i g h t i n g  a 5  a n  i n s t a l l e d  l i d h t i n ~ ,  
,lower d e n s i t y  o f  1.7 W/f t  , we p r e s e n t  a  pea; 
2 l e c t r i c a l  demand component breakdown f o r  c a s e s  
! ~ i t h  and w i t h o u t  d a y l i g h t i n g  i n  F i g u r e  4 .  I n  bot11 
c a s e s  t h e  a n n u a l  h o u r l y  p e a k s  o c c u r  d u r i n g  t h ~  
same h o t ,  humid, and sunny a f t e r n o o n .  The c o o l i n  
component o f  t h e  peak  d r o p s  7/. w i t h  a l m o s t  a l l  
r e d u c t i o n s  coming f rom t h a t  p o r t i o n  d u e  t o  l i j h t s .  
The a b s o l u t e  l e v e l  o f  t h e  o t h e r  p o r t l o n s  of  t h c  
c o o l i n g  component ( s o l a r ,  e q u i p m e n t ,  v e n t i l a t i o n  
~ e o p l e ,  w a l l  c o n d u c t i o n ,  g l a s s  c o n d u c t i o n )  r e m a i .  
a p p r o x i m a t e l y  t h e  same. The l a r g e s t  peak  cot 

ponent  r e d u c t i o n  i s  from l i g n t i n g  where  t h a t  c o w  
ponent  d r o p s  t o  i t s  minimum p o s s i b l e  v a l u e ,  wt~v,. 
p e r i m e t e r  l i g h t t n g  r e q u i r e m e n t s  h a v e  been  reduce!  
t o  t h e  r e s i d u a l  power r e q u i r e m e n t s  o f  t h e  c o n t i n u -  
o u s  d i m u i n g  s y s t e m .  

COS'I' SAVINGS 

Annual  o p e r a t i n g  e n e r g y  c o s t  s a v i i l g s  Ecot;l 
d a y l i g h t i n g  w i l l  l a r g e l y  be a  f u n c t i o n  o t  l o c a l  
u t i l i t y  r a t e s .  I n  t h i s  a n a l y s i s  we u s e  ,lay LJ3> 
u t i l i L y  r a t e s  f o r  :-touston, T e x a s ,  which h a s  a  
r e l a t i v e l y  low peak  demand c h a r g e  ($d .  53/kW). 
Peak  demand c h a r g e s  Ln o t n e r  r e x a s  u t i l i t i e s  a r e  
s i m i l a r  and  i n  t h e  S o u t h e a s t  somewhat h i g h e r  ( 7 ) .  
Where peak  c h a r g e s  a r e  more e x p e n s i v e ,  b u i l d i n , :  
o p e r a t i n g  c o s t s  (and  t h u s  d a y l i g h t i n g ' s  p o t e n t i a l  
c o s t  s a v i n g s )  c a n  be g r e a t e r  e v e n  i n  c l i m a t e s  w i t h  
l e s s  e x t r e m e  h o t  and  humid w e a t h e r  c o n d i t i o n s .  
F o r  e x a u p l e ,  peak  r e d u c t i o n s  a r e  much illore s i g n i -  
f i c a n t  i n  New York C i t y  where  c h a r g e s  a r e  o n  t h ~  
o r d e r  o f  $15 - $20/kW. F i g u r e  5  p r e s e n t s  a n n u a l  
e k c t r i c i t y  c o s t s  p e r  s q u a r e  f o o t  o f  t o t a l  p e r i n e -  
t e r  f l o o r  a r e a .  For  t y p i c a l  o f f i c e  b u i l d i n g s  
d e s i g n e d  i n  t h e  l a s t  few y e a r s  w i t h  i n s t  l l e d  
l i g h t i n g  power d e n s i t i e s  o f  2 . 0  - 2 . 5  W/ftP t h e  
d a y l i g h t i n g  e l e c t r i c i t y  s a v i n g s  would be a p p r o x i -  
m a t e l y  $0 .50  - 0 . 6 0 / f t  - y r .  

I n  new b u i l d i n g  c o n s t r u c t i o n ,  f i r s t - c o s t  sav-  
i n g s  c a n  be r e a l i z e d  t h r o u g h  r e d u c t i o n s  i n  
r e q u i r e d  c o o l i n g  equipment  s i z e s .  These  s a v i n g ,  
c a n  p a r t i a l l y  c o m p e n s a t e  f o r  o r  e v e n  e x c e e d  t l ~  
a d d i t i o n a l  c o s t  of  installing dimming c o n t r o l s .  
I n  new c o n s t r u c t i o n ,  t h e  a d d i t i o n a l  c o s t  o f  a d d i  L 9 
c o n t i n u o u s  dimming s y s t e ~ n s  i s  $1 .00  t o  !$1.50/f t  , 
w h i l e  f o r  r e t r o f i t  o n s t r u c t i o n  t h e  c o s t  c a n  r t s e  '3 
t o  $4 .00  t o  $ 5 . 0 0 / f t  . d o r e  i r i f o r m a t i o n  on  l i g h t -  
i n g  c o n t r o l s  and t h e i r  p o t e n t i a l  i s  g i v e n  i n  
r e f e r e n c r s  8 and  9. The r a n g e  o f  f i r s t - c o s t  sav- 
i n g s  f rom r e d u c e d  c o o l i n g  s y s t e m  s i z e s  i s  g i v e n  i l l  

F i g u r e  6  f o r  e f f e c t i v e  a p e r t u r e s  be tween  0 . 1  and 
0.4.  We assume c o o l l n g  s y s t e m  c o s t  r e d u c t i o n s  t o  
be  a p p r o x i m a t e l y  $ 2 , 0 0 0 / t o n ,  w h i c h  i n c l u d e s  c h i l l -  
e r s ,  f a n s ,  d u c t s ,  pumps, c h i l l e d  w a t e r  p i p e s ,  
c o o l i n g  t o w e r s ,  e t c .  

U n f o r t u n a t e l y ,  n o t  a l l  IIVAC d e s i g n e r s  w i l l  
~ ~ e c e s s a r i l y  d o w n s i z e  c o o l i n g  equipment  when 
l i e s i g n i n g  f o r  a  b u i l d i n g  w i t h  d a y l i g h t .  We hope 
c h a t  t h e s e  s i m u l a t i o n  s t u d i e s  and  measured  d a t a  
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from wel l -des igned d a y l i g h t e d  b u i l d i n g s  w i l l  h e l p  
convince  t h e  HVAC d e s i g n  p r o f e s s i o n  t o  o f f e r  
a p p r o p r i a t e  c r e d i t  f o r  proper  d a y l i g h t i n g  and win- 
dow management when s i z i n g  c o o l i n g  equipment.  

DAYLLGHTLNG'S "COOLNESS" AS A  LIGHTILK SUURCE 

I t  i s  o f t e n  s t a t e d  t h a t  because  t h e  luminous 
e f f i c a c y  of d a y l i g h t  (100-120 lumens/Watt)  i s  
h ighe r  t han  t h a t  from e l e c t r i c  l i g h t i n g  sys tems 
today (60-90 lumens/Watt) ,  d a y l i g h t i n g  is  a  c o o l e r  
l i g h t i n g  s o u r c e .  However, t h i s  i s  n o t  a lways  
t r u e .  P rev ious  s t u d i e s  have examined t h e  r e l a -  
t i o n s h i p  between a p e r t u r e  c h a r a c t e r i s t i c s  o r  s o l a r  
g a i n s  and i n t e r i o r  d a y l i g h t  l e v e l s  (2 ,3 ,10)  o r  
have assumed a  c o n s t a n t  r e l a t i o n s h i p  between day- 
l i g h t  and c o o l i n g  loads  ( l l ) ,  but  none have r e a l l y  
d i s c u s s e d  t h e  f a c t o r s  governing day l igh t ' s  cool -  
nes s .  The c o n t r i b u t i o n  o f  d a y l i g h t i n g  t o  c o o l i n g  
l o a d s  compared t o  o t h e r  l i g h t i n g  s o u r c e s  i s  a  
f u n c t l o n  of t h r e e  c l ~ a r a c t e r i s t i c s  of t h e  f e n e s t r a -  
t i o n  sys tem,  d e s c r i b e d  below. 

( 1 )  The r e l a t i v e  shad ing  c o e f f i c i e n t  and 
v i s i b l e  t r a n s m i t t a n c e  of t h e  f e n e s t r a t i o n  system. 
We d e f i n e  t h e  r a t i o  of n e t  v i s i b l e  t r a n s u i t t a n c e  
t o  shad ing  c o e f f i c i e n t  by Ke. (Fo r  s k y l i g h t s  t h e  
n e t  v i s i b l e  t r a n s m i t t a n c e  i n c l u d e s  a  w e l l  f a c t o r  
term and i s  t h u s  T  x  WF.) For d a y l i g h t i n g  pur- 
poses ,  t h e  h i g h e r  t f e  K , t h e  l e s s  s o l a r  g a i n  f o r  
a  g iven  q u a n t i t y  o f  d g y l i g h t  o r  e f f e c t i v e  aper-  
t u r e .  T y p i c a l  g r e y  o r  b ronze - t i n t ed  g l a z l n g s  have 
a  K on  t h e  o r d e r  of 0.67. S k y l i g h t  g l a z i n g s  gen- 
e r a f l y  have a  h i g h e r  K o f  app rox ima te ly  1.0 ( n o t  
i n c l u d i n g  w e l l - l i g h t  l % s s e s )  . Commercially a v a i l -  
a b l e  blue-green g l a s s  i s  t h e  most widely  a v a i l a b l e  
d a y l i g h t - o r i e n t e d  g l a z i n g  m a t e r i a l ,  w i t h  a  K on 
t h e  o r d e r  of 1.1. New s e l e c t i v e  c o a t i n g s  on gelass 
can  push t h e  K even h i g h e r .  The t h e o r e t i c a l  max- 
imum K i s  a p p ~ o x i m a t e l y  2.0. 

(2 )  The l i g h t i n g  d i s t r i b u t i o n  w i t h i n  t h e  s p a c e  
a s  a  f u n c t i o n  of f e n e s t r a t i o n  o r i e n t a t i o n  and 
g l a z i n g  and room c h a r a c t e r i s t i c s .  I n  a  
s i d e l i g h t e d  s p a c e  a v e r a g e  a n n u a l  i l l u m i n a t i o n  l ev -  
e l s  a r e  o f t e n  t h r e e  t o  f o u r  t imes  h i g h e r  n e a r  t h e  
window t h a n  i n  t h e  back o f  t h e  room. In  o u r  
s k y l i g h t e d  space ,  however, t h e  ave rage  annua l  max- 
imum and minimum workplane i l l u m i n a t i o n  d i f f e r s  by 
on ly  abou t  50%. T h i s  d i f f e r e n c e  i s  due t o  t h e  
f a c t  t h a t  t h e  s k y l i g h t s  a r e  d i f f u s i n g  and t h a t  
t hey  a r e  un i fo rmly  d i s t r i b u t e d  ove r  t h e  d a y l i g h t e d  
a rea .  

( 3 )  The t ime-dependent a b s o l u t e  s o l a r  energy 
t r a n s m i t t e d  through t h e  f e n e s t r a t i o n .  Because of 
t h e  va ry ing  i n t e n s i t y  of t h e  t r a n s m i t t e d  s o l a r  
r a d i a t i o n ,  i n t e r i o r  d a y l i g h t  l e v e l s  va ry  s i g n i f i -  
c a n t l y  depending on t ime  o f  day,  s eason  and sky 
c o n d i t i o n s .  Moderate and l a r g e  a p e r t u r e s  p rov ide  
d a y l i g h t i n g  s a v i n g s  on c loudy days  and /o r  on  e a r l y  
mornings o r  l a t e  a f t e r n o o n s .  At o t h e r  t imes  
( e .g . ,  c l e a r  sky w i t h  sun)  t h e s e  a p e r t u r e s  p rov ide  
e x c e s s  d a y l i g h t  (and thus  exces s  s o l a r  g a i n s ) .  
F ixed o r  o p e r a b l e  window shad ing  d e v i c e s  a r e  one  
means of a l l e v i a t i n g  t h i s .  U p t i c a l l y  s w i t c h i n g  

g l a z i n g  m a t e r i a l s ,  a  promis ing f u t u r e  o p t i o n ,  a r e  
t h e  s u b j e c t  of c u r r e n t  r e s e a r c h .  

We s e e  t h e  r e s u l t s  o f  t h e s e  t h r e e  t r e n d s  i n  
F i g u r e  7,  which shows annua l  c o o l i n g  energy pe r  
squa re  f o o t  of f l o o r  a r e a  a s  a  f u n c t i o n  o f  t h e  
f r a c t i o n a l  l i g h t i n g  energy saved  by d a y l i g h t i n g  
f o r  both  windows and s k y l i g h t s .  L i g h t i n g  energy 
s a v i n g s  from d a y l i g h t i n g  a r e  l i m i t e d  because 
l i g h t i n g  is  r e q u i r e d  d u r i n g  hour s  wnen d a y l i g h t  i s  
n o t  a v a i l a b l e  and because  o f  t h e  mithnum power 
f r a c t i o n  (10%) o f  t h e  dimming sys tem.  

We f i r s t  c o n s i d e r  t h e  c o o l i n g - l i g h t i n g  
i n t e r a c t i o n s  from s o u t h  v e r t i c a l  g l a z i n g  a s  shown 
by t h e  t h r e e  s o l i d  l i n e s  i n  F i g u r e  7. A s  t h e  
e f f e c t i v e  a p e r t u r e  i n c r e a s e s  from 0 .0 ,  t h e  s l o p e  
of each  c u r v e  i s  c o n s t a n t  u n t i l  t h e  f r a c t i o n  of 
t h e  l i g h t i n g  energy s a v i n g s  r e a c h e s  app rox ima te ly  
0.5. A t  t h i s  f r a c t i o n a l  l i g h t i n g  energy s a v i n g s  
t h e  e f f e c t i v e  a p e r t u r e  i s  approx ima te ly  0.1.  Here 
t h e  s p a c e  i s  s a t u r a t e d  w i t h  d a y l i g h t .  These 
c u r v e s  t hen  r i s e ,  soon becoming v e r t i c a l .  Th i s  
i n d i c a t e s  a  heavy c o o l i n g  p e n a l t y  f o r  m i n i s a l  o r  
no a d d i t i o n a l  d a y l i g h t i n g  s a v i n g s ;  hence we s e e  
t h e  impor tance  o f  t ime-dependent c o n t r o l  uf s o l a r  
t r a n s m i t t a n c e .  We a l s o  n o t i c e  t h a t ,  compared t o  
t h e  c a s e  of an  opaque w a l l  ( A  =U) and a l l  e l e c t r i c  
l i g h t i n g ,  i t  i s  on ly  f o r  t h e e d a y l i e h t e d  c a s e  w i th  
backup l i g h t i n g  of  2.7 w / f t 2  ( t o p  s o l i d  cu rve ,  
F i g u r e  7) t h a t  c o o l i n g  energy d rops  a s  l i g h t i n g  
s a v i n g s  from d a y l i g h t i n g  i n c r e a s e .  Th i s  i m p l i e s  
t h a t  on an  annua l  a v e r a g e ,  d a y l i g h t  i s  a  "coole$"  
s o u r c e  o f  l i g h t  t h a n  e l e c t r i c  l i g h t  a t  2.7 \ J / f t  . 
However, where e l e c t r i c  1 i g h t . i n g  i? more e f f i c i e n t  
t h a n  app rox ima te ly  2 .0  - 2.5 W/ft o r  beyond 50% 
f r a c t i o n a l  l i g h t i n g  s a v i n g s  a t  h ighe r  l i g h t i n g  
power d e n s i t i e s ,  e l e c t r i c  l i g h t i n g  is a  c o o l e r  
s o u r c e  o f  j i g h t .  A  l i g h t i n g  power d e n s i t y  o f  2.0 
- 2.5 W/ft i s  t y p i c a l  of c u r r e n t  sys tems.  W l t R  
more advanced and energy-ef f  i c i e n t  l i g h t i n g  
s o u r c e s ,  t h e  c o n t r o l  o f  s o l a r  g a i n s  w i l l  become 
more c r u c i a l .  The r e l a t i v e  performance o f  day- 
l i g h t i n g  wi th  v e r t i c a l  g l a z i n g  can  be improved by 
a d d r e s s i n g  one o r  more of t h e  t h r e e  perforinance 
i s s u e s  i d e n t i f i e d  above. 

Looking a t  t h e  c a s e  o f  a n n u a l  c o o l i n g  energy 
a s  a  f u n c t i o n  of f r a c t i o n a l  l i g h t i n g  energy saved 
w i t h  s k y l i g h t s  ( d o t t e d  c u r v e s ,  F i g u r e  7) .  we s e e  a  
d i f f e r e n t  s e t  of c i r cums tances .  Hecause t h e  
s k y l i g h t s  modeled have  a  h i g h e r  K (1 .0 )  and 
because  they  e f f i c i e n t l y  d i s t r f b u t e  l i g h t  
t h roughou t  t h e  s p a c e ,  d a y l i g h t  can  lower annua l  
c o o l i n g  energy r equ i r emen t s  r e l a t i v e  t y  e l e c t r i c  
l i g h 2 i n g  power d e n s i t i e s  o f  2.7 W/ft and 1.7 
W/ft an$ keep c o o l i n g  energy c o n s t a n t  r e l a t i v e  t o  
0.7 W/ft o f  l i g h t i n g .  T h i s  i m p l i e s  t h a t  up t o  
t h e  d a y l i g h t  s a t u r a t i o n  p o i n t ,  d a y l i g h t  from 
s k y l i g h t s  i s  a s  c o o l  a  l i g h t  s o u r c e  a s  l l g h t s  con- 
suming o n l y  0.7 w / f t 2  and m a i n t a i n i n g  50 f c .  

CONCLUSIONS 

T h i s  a n a l y s i s  o f  a  t y p i c a l  o f f i c e  module i n  o 
h o t  and humid c l i m a t e  shows t h a t  f e n e s t r a t l o n  
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d e s i g n ,  c o n t r o l  o f  s o l a r  g a i n s ,  and t h e  u s e  o f  
d a y l i g h t i n g  a r e  impor t an t  f a c t o r s  i n  o f f i c e  bu i ld -  
i n g  energy consumption. Our r e s u l t s ,  based on a n  
hour-by-hour b u i l d i n g  energy s i m u l a t i o n  model t h a t  
I n c o r p o r a t e s  d a y l i g h t i n g ,  f i r s t  s u g g e s t s  s e v e r a l  
b a s i c  t r e n d s  and c o n c l u s i o n s :  

(1) The concep t  o f  a n  e f f e c t i v e  a p e r t u r e ,  t h e  pro- 
d u c t  of t h e  g l az ing ' s  window-to-wall r a t i o  ( o r  
s k y l i g h  t- to-roof r a t i o )  and n e t  v i s i b l e  t r a n s m i t -  
t a n c e ,  i s  ve ry  u s e f u l  f o r  comparing and e v a l u a t i n g  
a l t e r n a t i v e  f e n e s t r a t i o n  d e s i g n s .  

( 2 )  The e f f e c t i v e  u s e  o f  d a y l i g h t  and l i g h t i n g  
c o n t r o l s  w i l l  p rov ide  major s a v i n g s  i n  e l e c t r i c  
l i g h t i n g  energy consunpt ion.  

( 3 )  With d a y l i g h t i n g ,  t o t a l  annua l  energy consump- 
t i o n  and t h e  peak e l e c t r i c a l  demand c a n  be reduced 
t o  l e v e l s  below t h a t  o f  a n  opaque wa l l .  I nc reas -  
i n g  the  e f f e c t i v e  a p e r t u r e  t o o  much, however, w i l l  
l e a d  t o  a n  upswing i n  c o o l i n g  l o a d s  (and t h u s  
a n n u a l  ene rgy  and e l e c t r i c a l  peak) .  Depending on 
a p e r t u r e  s i z e  and i n s t a l l e d  l i g h t i n g  power den- 
s i t y ,  d a y l i g h t i n g  c a n  r e s u l t  i n  a n n u a l  c o s t  sav- 
i n g s  of up t o  40% i n  p e r i m e t e r  zones.  

( 4 )  Without d a y l i g h t i n g .  c o o l i n g  equipment s i z e s  
w i l l  i n c r e a s e  w i t h  e f f e c t i v e  a p e r t u r e .  With day- 
l i g h t i n g ,  t h i s  i n c r e a s e  w i l l  n o t  be  a s  g r e a t ,  
l e a d i n g  t o  f i r s t - c o s t  s a v i n g s  which,  depending on 
t h e  i n s t a l l e d  l i g h t i n g  power d e n s i t y ,  c a n  o f f s e t  a  
p o r t l o n  o f  o r  even exceed t h e  e n t i r e  c o s t  o f  day- 
l i g h t i n g  c o n t r o l s .  

(5)  The i n s t a l l e d  l i g h t i n g  power and l i g h t i n g  con- 
t r o l  s t r a t e g y  a r e  major f a c t o r s  i n  de t e rmin ing  t h e  
impact  o f  d a y l i g h t i n g  on l i g h t i n g  and t h e r m a l  
ene rgy  s a v i n g s .  

( 6 )  The c o n t r o l  o f  s o l a r  g a i n s  i s  v i t a l  i f  day- 
l i g h t i n g  is  t o  p rov ide  n e t  c o o l i n g  energy s a v i n g s .  
To e n s u r e  t h a t  d a y l i g h t  i s  a  " c o o l e r "  s o u r c e  of 
l i g h t  t h a n  e l e c t r i c  l i g h t s ,  t h e  d e s i g n e r  needs  t o :  

( 1 )  choose  a  f e n e s t r a t i o n  sys tem w i t h  a  h i g h  
d a y l i g h t  t r a n s m i t t a n c e  and a  r e l a t i v e l y  low 
s o l a r  h e a t  g a i n  t r a n s m i t t a n c e  by u s i n g  
d a y l i g h t - o r i e n t e d  g l a z i n g  and /o r  a p p r o p r i a t e  
shad ing  sys tems;  

( i i )  c o n s i d e r  d e s i g n  s t r a t e g i e s  t h a t  improve t h e  
u n i f o r m i t y  of d a y l i g h t  d i s t r i b u t i o n  w i t h i n  t h e  
apace ,  and;  

(111)  i f  modera te  o r  l a r g e  a p e r t u r e s  a r e  u sed ,  
b e  a b l e  t o  a c t i v e l y  c o n t r o l  t h e  g l az ing ' s  
t r a n s m i s s i o n  when t r a n s m i t t e d  d a y l i g h t  and s o l a r  
g a i n  l e v e l s  a r e  e x c e s s i v e .  

We remind t h e  r e a d e r  t h a t  t h e s e  r e s u l t s  a r e  
based l a r g e l y  on s i m u l a t i o n  s t u d i e s  and t h e r e  a r e  
s t i l l  few measured b u i l d l n g  d a t a  t o  v e r i f y  s imula-  
t i o n  r e s u l t s .  Changes i n  o p e r a t i n g  c o n d i t i o n s  o r  
a s sumpt ions  may modify some conc lus ions .  F u r t h e r  
developments  i n  t h e  DOE-2 model and i t s  i n t e g r a -  
t i o n  w i t h  o t h e r  s i m u l a t i o n  models and e x p e r i m e n t a l  
r e s u l t s  w i l l  a l l o w  a n a l y s i s  of o t h e r  a r c h i t e c t u r a l  
s o l u t i o n s  (e.g. ,  l i g h t  s h e l v e s ,  a t r i a ,  and oper- 
a b l e  shad ing  sys t ems) .  Much o f  t h e  d a t a  a l r e a d y  
g e n e r a t e d  h a s  been condensed u s i n g  a  m u l t i p l e  

r e g r e s s i o n  t e c h n i q u e  (12) ;  t h i s  d a t a  bas  
f e n e s t r a t i o n  performance could  be conve r t ed  i 
s imple  bu t  powerful  d e s i g n  t o o l .  We a r e  
working on a  f i e l d  e x p e r i m e n t a l  t e s t  f a c i l i  
p rov ide  t h e  q u a n t i t a t i v e  d a t a  r e q u i r e d  t o  fu  
v a l i d a t e  t h e  a l g o r i t h m s  used i n  il0ti-2 (13)  
have  begun t o  c o l l e c t  d e t a i l e d  performance da 
b u i l d i n g s .  
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