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ABSTRACT 

The DOE-2 b u i l d i n g  energy a n a l y s i s  computer 
program has  been used i n  bo th  t h e  des ign  and analy-  
sim of  new o r  r e t r o f i t t e d  b u i l d i n g s .  The combina- 
t i o n  of  e a s e  o f  u s e ,  economy, and t h e  c a p a b i l i t y  of  
producing a comprehensive thermal  a n a l y s i s  has  made 
t h i e  t o o l  v a l u a b l e  t o  t h e  des ign  p r o f e s s i o n a l .  Re- 
c e n t  developments i n  t h e  microcomputer a r e a  make i t  
p o s s i b l e  t o  employ hour ly  b u i l d i n g  energy a n a l y s i s  
computer models,  such a s  DOE-2, t h a t  were once 
a v a i l a b l e  on ly  through use  of  mainframe computers,  
A microcomputer v e r s i o n  of  t h e  DOE-2 model is  cur-  
r e n t l y  a v a i l a b l e  f o r  t h e  s t u d y  of des ign  and analy-  
sis s i m u l a t i o n s  of  many b u i l d i n g  typee .  S e v e r a l  
c h a r a c t e r i s t i c  b u i l d i n g s  emphasizing v a r i a t i o n s  i n  
housing, o f f i ce / commerc ia l ,  and schoo l  typee  a r e  
being s t u d i e d .  These b u i l d i n g  t y p e s  form t y p i c a l  
low-scale b u i l d i n g s  t h a t  a r e  found throughout  t h e  
region.  The d i scove ry  of  t h e  e f f e c t s  o f  shape,  o r i -  
e n t a t i o n ,  mass, and o t h e r  a r c h i t e c t o n i c  e l emen t s  on 
energy conee rva t ion  form a major concern  of  t h e  Bur- 
vey. A DOE-2 program v e r s i o n  adapted f o r  u s e  on a 
microcomputer demons t r a t ing  s i m i l a r  modeling capa- 
b i l i t i e s  t o  t h e  mainframe v e r s i o n  i s  t h e  primary 
a n a l y t i c a l  t o o l  ueed i n  t h i s  s tudy .  DOE-2 s i m u l a t e e  
t h e  h e a t i n g  and c o o l i n g  loade  and t h e  energy con- 
sumed by bo th  t h e  primary p l a n t  and secondary HVAC 
energy sources .  

INTRODUCTION 

Numerous b u i l d i n g s  e x i s t  i n  South  Lou i s i ana  
t h a t  a r e  poor ly  des igned t o  s a t i s f y  today ' s  need f o r  
energy conee rva t ion .  A set of unique r e t r o f i t  ap- 
p l i c a t i o n s  a r e  r e q u i r e d  t o  s o l v e  t h e  problems gener- 
a t e d  by t h e  v a r i e t y  of  s t r u c t u r a l  and b u i l d i n g  sys -  
tems t h a t  have been ueed ove r  t h e  p a s t  f i f t y  y e a r s  
i n  t h i s  r eg ion .  At t imes  d u r i n g  t h i s  p e r i o d  some 
c o n s i d e r a t i o n  has  been given t o  d a y l i g h t i n g  and t h e  
use  of  n a t u r a l  v e n t i l a t i o n ;  however, most o f  t h e s e  
b u i l d i n g s ,  a s  they  a r e  c u r r e n t l y  ueed, do n o t  meet 
c o n d i t i o n s  necessa ry  t o  produce a h igh  l e v e l  of  en- 
ergy e f f i c i e n c y .  

A s t u d y  was i n i t i a t e d  t o  d e l i n e a t e  t h e  poten- 
t i a l  f o r  energy conee rva t ion  by c o n s i d e r i n g  charac-  
t e r i s t i c  b u i l d i n g e  and sys tems found i n  t h e  r eg ion  
by c o n s t r u c t i o n  d a t e  (decades) .  From a c a t a l o g  of  
e x i s t i n g  s t r u c t u r e s  and e e l e c t e d  b u i l d i n g  compon- 
e n t s ,  sys tems of  t h e s e  p r o t o t y p i c a l  u n i t e  w i l l  be 
i n v e s t i g a t e d  t o  determine t h e  a p p r o p r i a t e  r e t r o f i t  
s t r a t e g i e s  f o r  e e l e c t e d  b u i l d i n g  typee  i n  a d i e t i n c -  
t i v e  c l i m a t i c  zone. A b u i l d i n g  energy a n a l y s i s  pro- 
gram, DOE-2, was s e l e c t e d  a s  t h e  primary a n a l y t i c a l  
t o o l  t o  be run on a microcomputer. R e s u l t s  of a 
s e r i e s  of  computer runs  w i l l  be reviewed and s e r v e  
a s  a base  f o r  comparat ive  s t u d i e s .  F i n a l  evalua-  
t i o n s  t o  d i s c o v e r  bo th  t h e  p o t e n t i a l s  and l i m i t a -  
t i o n s  of  t h e e e  r e t r o f i t  s t r a t e g i e s  on a c t u a l  bu i ld -  

i n g s  w i l l  i n c l u d e  a e s t h e t i c  v a l u e s ,  t e c h n i c a l  con- 
s i d e r a t i o n s ,  and economic f a c t o r s .  Of pr imary con- 
c e r n  is  t h e  development of  reduced l i f e  c y c l e  c o s t  
r e t r o f i t  t echn iques .  

DOE-2 PROGRAM 

The DOE-2 b u i l d i n g  energy a n a l y s i s  computer 
program can perform t h e  t a s k s  o f  d e s i g n  and a n a l y s i s  
of energy e f f i c i e n t  b u i l d i n g s  f o r  bo th  e x i ~ t i n g  a s  
w e l l  a s  new s t r u c t u r e s .  What makes t h i s  f l e x i b l e  
t o o l  i d e a l  f o r  u s e  by a r c h i t e c t s  and e n g i n e e r s  i s  
i t s  e a s e  of  u s e ,  economy, and comprehensive a n a l y s i s  
c a p a b i l i t i e s .  T h i s  program w i l l  de t e rmine  hour ly  
h e a t i n g  and c o o l i n g  l o a d e  and p r o v i d e  a s  an  o u t p u t  a 
d e t a i l e d  summary of  peak loade .  Two l i b r a r i e s ,  one 
f o r  t y p i c a l  component c o n s t r u c t i o n  and t h e  o t h e r  f o r  
weather  d a t a ,  a r e  con ta ined  i n  t h e  program. DOE-2 
s i m u l a t e e  t h e  HVAC system and t h e  o p e r a t i o n  o f  t h e  
b u i l d i n g  energy p l a n t .  The economic c h a r a c t e r i s t i c s  
o f  a p r o j e c t  a r e  found through a l i f e  c y c l e  c o s t  
a n a l y s i s  subprogram. The f o u r  main s e c t i o n s  of  t h e  
program inc lude :  LOADS, SYSTEMS, PLANT, and ECO- 
NOMICS. 

One t r a n s l a t i o n  eubprogram (BDL) and t h e e e  
f o u r  s i m u l a t i o n  subprograms a r e  executed i n  
sequence. Each of  t h e  f o u r  s i m u l a t i o n s  f e e d s  i n p u t  
i n t o  t h e  n e x t  eubprogram. The purpose  of  each  of  
t h e  eubprogram components is  a s  fo l lows :  

BDL. The Bu i ld ing  Design Language t r a n s l a t o r  r e a d s  
t h e  f l e x i b l y  fo rma t t ed  i n p u t  d a t a  and t r a n s l a t e s  i t  
i n t o  a format  u s e f u l  t o  each  o f  t h e  subprogram simu- 
l a t i o n s .  

LOADS. Based on ASHRAE a l g o r i t h m s ,  t h i e  eubprogram 
u s e s  t h e  we igh t ing - fac to r  l o a d s  c a l c u l a t i n g  method 
t o  accoun t  f o r  t h e  s t o r a g e  e f f e c t s  o f  t h e  b u i l d i n g  
e lements .  Both s e n s i b l e  and l a t e n t  components of  
t h e  hour ly  h e a t i n g  and c o o l i n g  l o a d s  a r e  c a l c u l a t e d  
f o r  each  b u i l d i n g  space  (zone) .  Ambient c o n d i t i o n s  
a r e  provided f o r  u s e  of  an  a p p r o p r i a t e  weather  
t ape .  LOADS responds  t o  weather  and e o l a r  condi- 
t i o n s ,  t h e  t ime d e l a y  h e a t  t r a n s f e r  of  b u i l d i n g  com- 
ponents ,  and t h e  e f f e c t s  of  b u i l d i n g  shade  on e o l a r  
r a d i a t i o n .  In fo rma t ion  i n p u t s  t o  LOADS inc ludes :  
b u i l d i n g  l o c a t i o n ;  t he rma l  zone s i z e ;  t ypee  o f  cons- 
t r u c t i o n  f o r  w a l l s ,  r o o f ,  and f l o o r ;  i n t e r n a l  l oade  
w i t h  schedu les ;  i n f i l t r a t i o n  r a t e s ;  and domest ic  
( s e r v i c e )  h o t  wa te r  u se .  Repor t s  a v a i l a b l e  from 
t h i e  subprogram i n c l u d e  peak space  and b u i l d i n g  
l o a d s ,  by s o u r c e ,  and hour ly  d a t a  f o r  a number o f  
v a r i a b l e s .  

SYSTEMS. A number of  HVAC systems can be  eimula- 
t e d  i n  t h i s  p a r t  o f  t h e  program. T h i s  secondary 
HVAC s i m u l a t i o n  subprogram c o r r e c t s  t h e  f i r s t  ap- 
proximat ions  o f  t h e  energy demands o f  a b u i l d i n g  
t h a t  i s  produced by t h e  LOADS subprogram. I n p u t  
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d a t a  f o r  SYSTEMS i n c l u d e  sys t em type ,  s i z e ,  s p a c e s  
se rved ,  v e n t i l a t i o n ,  a i r  f l o w  r a t e s ,  c o n t r o l  s t r a -  
t e g i e s ,  and f a n  c h a r a c t e r i s t i c s .  Modeling o f  con- 
t r o l  s t r a t e g i e s ,  economizer c y c l e s ,  e x h a u s t  a i r  re- 
covery and o p e r a t i o n  o f  t h e  supp ly  and r e t u r n  f a n s  
are p o s s i b l e .  Output from t h i s  subprogram is  a l i s t  
of peak l o a d s  and h e a t  e x t r a c t i o n  ( o r  a d d i t i o n )  
r a t e s .  

PLANT. The ope ra t ion  of  t h e  primary energy s r ~ p p l y  
and convers ion equipment is  s imula t ed  by t h i s  sub- 
program. PLANT c a l c u l a t e s  a l l  f u e l  and e l e c t r i c  
energy demands of  t h e  o v e r a l l  sys tem and t h e  c o s t s  
o f  t h e s e  energy sources .  Heat r ecove ry  and energy 
s t o r a g e  can be modeled ~ l s o .  An a c c u r a t e  s i m u l a t i o n  
o f  t h e  p a r t  l oad  performance of  a l l  energy p l a n t  
equipment is a key f e a t u r e  o f  t h i s  subprogram. In-  
p u t  d a t a  i n c l u d e s  in fo rma t ion  abou t  t h e  c a p a c i t y ,  
number, f i r s t  c o s t ,  and maintenance o f  t h e  pr imary 
equipment l o c a t e d  i n  t h e  s imula t ed  b u i l d i n g .  

ECONOMICS. I n  t h i s  economic a n a l y s i s  subprogram, 
s e l e c t e d  LOADS, SYSTEMS, and PLANT a l t e r n a t i v e s  may 
b e  considered.  The c u r r e n t  v a l u e  o f  t h e  l i f e  c y c l e  
c o s t  o f  t h e  b u i l d i n g ,  incl r ld ing t h e  c o s t  of f u e l ,  
equipment,  o p e r a t  i o n ,  and maintenance, i s  ca lc r l l a t ed  
i n  t h i s  p a r t  of  t h e  program. For r e t r o f i t s  t o  an  
e x i s t i n g  b u i l d i n g ,  i t  can be  used t o  de te rmine  t h e  
savings-to-investment e t a t i s t i c e  o r  t o  compare t h e  
c o s t  o f  new b u i l d i n g  des ign  p roposa l s  (1 ,  2 ,  3 ) .  

MAIN-FRAME COMPUTER VERSIONS 

The DOE-2 program is  a v a i l a b l e  t o  run on a num- 
b e r  of  computers us ing  FORTRAN language.  DOE-2 was 
o r i g i n a t e d  t o  p rov ide  a n a l y s i s  methods t o  assist 
b u i l d i n g  d e s i g n e r s  i n  reducing ene rgy  consumption 
and t o  f u r n i s h  a n  e v a l u a t i o n  t o o l  f o r  t h e  Bu i ld ing  
Energy Performance S tanda rd  (BEPS). It h a s  been i n  
t h e  developmental  s t a g e  by t h e  U.S. Department of  
Energy (DOE) f o r  some time. The Bu i ld ing  Energy 
Ana lys i s  Group a t  Lawrence Berkeley L a b o r a t o r i e s  
(LBL) i s  performing r e s e a r c h  i n t o  t h e  o p e r a t i o n s  and 
con t inued  development o f  DOE-2 ( 4 ) .  

DOE-2 VALIDATION 

The v a l i d i t y  of  t h e  DOE-2 computer program has  
been demonstra ted  through a number of s t u d i e s .  I t  
has been concluded from t h e s e  t h a t  DOE-2 can accur-  
a t e l y  model t h e  hour ly  the rma l  behav io r  of a v a r i e t y  
o f  b u i l d i n g  types ,  i n c l u d i n g  commercial and r e s iden-  
t i a l  b u i l d i n g s .  The l a t e r  v e r s i o n s  of  DOE-2 use  
custom weight ing f a c t o r s  t h a t  a r e  s p e c i f i c  t o  t h e  
b u i l d i n g  be ing  analyzed and can produce more accur-  
ate r e s u l t s .  The degree  o f  accuracy ,  however, de- 
pends more upon t h e  q u a l i t y  o f  i n p u t  data as a re -  
s u l t  o f  h i s t o r i c a l  knowledge o f  t h e  c o n s t r u c t i o n  o f  
t h e  b u i l d i n g  and t h e  sys tem o p e r a t i o n  (5, 6, 7). 

LATEST DOE-2 RELEASE: DOE-2.1C 

The latest v e r s i o n  o f  t h e  DOE-2 program is  
DOE-2.1C. T h i s  v e r s i o n  has  been made a v a i l a b l e  o n l y  
r e c e n t l y  and c o n t a i n s  f e a t u r e s  t h a t  a r e  n o t  a v a i l -  
a b l e  i n  s i m i l a r  programs. Some of t h e  new f e a t u r e s  
a r e :  d a y l i g h t i n g ,  window and shade  management, new 
shad ing  o p t i o n s ,  a surlspace ( a t r ium)  model, and new 
HVAC system type  ( a  powered i n d u c t i o n  u n i t ) .  I n  t h e  

BDL, e x p e r t  u s e r  c o n t r o l  and d i r e c t  i n t e r f a c e  w i t h  
t h e  o p e r a t i o n  i n  MADS is p o s s i b l e  th rough  t h o  u s e  
of  an  o p t i o n a l  f e a t u r e ,  F u n c t i o n a l  Values. Also ,  
t h e  u s e r  can c o n t r o l  t h e  f r equency  a t  which h o u r l y  
r e p o r t  d a t a  a r e  p r i n t e d .  Under LOADS, a l g o r i t h m s  
have been added t o  model t h e  d i f f e r e n t  forms o f  h e a t  
t r a n s f e r  t han  can o c c u r  between a sunspace  or a t r i u m  
and a d j a c e n t  spaces .  C o n d i t i o n a l  shad ing  d e v i c e  
c o n t r o l  i s  now a v a i l a b l e .  I n  t h e  SYSTEMS ai~bprogram 
a i r  s o u r c e  h e a t  pump enhancements have been added 
(8 ,  9 ,  10) .  

DOE-2 DOCUMENTATION 

Documentation is  a v a i l a b l e  t o  complement t h e  
updated v e r s i o n s  of DOE-2. D e t a i l e d  d i s c u s s i o n s  and 
i n s t r u c t i o n s  f o r  u s i n g  t h e  new f e a t u r e s  and enhance- 
ments a r e  p rov ided  f o r  t h e  2.B and 2.C v e r e i o n a  (8 ,  
9 ,  10).  

MICROCOMPUTER VERSION 

Recen t ly  a f u l l  implementat ion o f  DOE-2 has  
become a v ~ i l a b l e  f o r  a microcomputer.  C e r t a i n  mini- 
mum system requ i remen t s  f o r  u s i n g  t h i s  v e r s i o n  a r e  
necessa ry .  The micro  v e r s i o n  w i l l  p rov ide  p r i n t e d  
r e p o r t s .  

A complete  program package f o r  t h e  micro  
v e r s i o n  i n c l u d e s  t h e  program d i s k e t t e  l i b r a r y ,  
u s e r ' s  manual, s o f t w a r e  s e n t i n e l ,  and weather  d a t a  
d i e k e t t e .  A d d i t i o n a l  wea the r  d a t a  d i e k e t t e s  a r e  
a v a i l a b l e  f o r  more than  200 s i t e s ;  and i n  some 
c a s e s ,  b o t h  TMY and TRY d i s k s  a r e  a v a i l a b l e .  With 
t h i s  s o f t w a r e ,  DOE-2.lB can b e  run on a desk top  com- 
p u t e r .  The micro v e r s i o n  i s  t h e  DOE-2.1B program 
p o r t e d  t o  R p e r s o n a l  computer. It i s  e n v i s i o n e d  
t h a t  as t h e  LBL g roups  upgrades  t h e  DOE-2 program, 
upda tee  f o r  t h e  micro  w i l l  a l s o  b e  a v a i l a b l e  t h a t  
i n c l u d e  enhancements. 

Upon complet ion o f  a s i m u l a t i o n  run w i t h  t h e  
micro  v e r s i o n  r e s u l t s  may b e  viewed on a CRT moni- 
t o r ,  p r i n t e r ,  o r  p l o t t e r .  Two o u t p u t s  a r t  
a v a i l a b l e :  a "quick" g r a p h i c s  format  o r  a 
" p r e s e n t a t i o n "  g r a p h i c s  format .  

Ae a s u p e r s e t  of  t h e  DOE-2.1 mainErame computer 
program, t h e  micro  v e r s i o n  i n c l u d e s  t h e  f o l l o w i n g  
t y p i c a l  e t e p s .  

1.  S e t  up procedures .  Check hardware and syetem 
s o f t w a r e  c o n f i g u r a t i o n s .  

2. M a t e r i a l s  l i b r a r y .  The s t a n d a r d  m a t e r i a l s  
l i b r a r y  can be  modif ied  o r  a unique l i b r a r y  
c r e a t e d .  

3. Weather d a t a .  An h o u r l y  wea the r  f i l e  muet be 
a v a i l a b l e .  The a p p r o p r i a t e  wea the r  f i l e  must 
b e  cop ied  from a wea the r  d i s k e t t e  t o  t h e  
f i x e d  d i e k .  

4. BDL I n p u t  d a t a  f i l e .  The BDL f i l e  must b e  
developed e x t e r n a l l y ,  u s i n g  a word-proceeeor 
o r  e d i t o r .  

5. I d e n t i f y  e r r o r s  i n  t h e  BDL f i l e .  The BDL 
i n p u t  p r o c e s s o r  subprogram performs a check 
on t h e  u e e r ' s  i n p u t  d a t a  and g e n e r a t e s  a 
" s t anda rd  f i l e . "  E r r o r  o r  warning meseagee 
a r e  p resen ted  i n  t h e  BDL o u t p u t  r e p o r t .  

6.  C o r r e c t  BDL f i l e .  A de-bugging procedure  is  
n e c e s s a r y  t o  c o r r e c t  any  e r r o r s  found i n  t h e  
f i l e .  

7. Execute  t h e  Bu i ld ing  S imula to r .  A f t e r  re-  
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moving t h e  e r r o r s  i n  t h e  BDL i n p u t  f i l e ,  t h e  
Bu i ld ing  Simulator  is  run ,  o r  i t  w i l l  be in -  
i t i a t e d  a u t o m a t i c a l l y ,  i f  t h e  BDL was suc- 
c e s s f u l l y  completed. 

8. R e s u l t s  of  a run. The F i l e  Manager is used 
t o  l a b l e  t h e  resillts o f  a run. 

9. Graph ica l  Output.  With t h e  Graphics  
Post-Processor o u t p u t  from a run may be r e -  
viewed, p l o t t e d ,  o r  p r i n t e d  (11).  

An i n v e s t i g a t i o n  o f  c h a r a c t e r i s t i c  s c h o o l  
b u i l d i n g s  found i n  s o u t h  Lou i s i ana  can s e r v e  t o  de- 
mons t r a t e  t h e  approach used i n  t h e  s tudy .  T h i s  p a r t  
of t h e  s t u d y  i n v o l v e s  s two-phase p rocess ;  t h e  
f i r s t  i s  t h e  implementation of  DOE-2 t o  s i m u l a t e  t h e  
energy behavior  on middle s c h o o l s  i n  a hot-humid 
c l ima te .  Bu i ld ing  t y p e  and c o n s t r u c t i o n  y e a r  a r e  
f a c t o r s  t h a t  form an energy c o n t e x t  and h i s t o r i c a l  
r e f e r e n c e  f o r  t h e  s t u d y  o f  des ign  a e s t h e t i c s .  
Bu i ld ings  s e l e c t e d  w i l l  r e p r e s e n t  a d i v e r s i t y  of  
age ,  c o n s t r u c t i o n  type ,  p lan  form, system type ,  and 
o r i e n t a t i o n .  These c a s e  s t u d i e s  w i l l  fo rmula t e  a 
d a t a  base  from which a c h e c k l i s t  appea r s  o f  v a r i o u s  
b u i l d i n g  components e x h i b i t i n g  comparat ive  h igh  en- 
e rgy  usage; s t r a t e g i e s  w i l l  be  proposed and s t u d i e d  
t o  de te rmine  t h e i r  v i a b i l i t y  and c o s t  
e f f e c t i v e n e s s .  Var ious  t echn iques  w i l l  emerge t h a t  
can be  ca t a loged  t o  form a p a t t e r n  of  v i a b l e  energy 
s t r a t e g i e s .  The second phase i n v o l v e s  t h e  in-depth  
s tudy  of  each schoo l  u s i n g  pa ramet r i c  s t u d i e s  t o  
unders tand t h e  i n t e g r a t e d  r e l a t i o n s h i p  o f  t h e  f ac -  
t o r s  involved w i t h  energy behav io r  w i t h i n  
bu i ld inge .  The s t u d y  o f  t h e  i n t e r a c t i v e  n a t u r e  o f  
t h e s e  b u i l d i n g  components w i l l  he performed t o  a 
more r e f i n e d  and d e t a i l e d  l e v e l  conce rn ing  such  is- 
s u e s  a s  t h e  energy e f f e c t  of  t h e  b u i l d i n g  o r i e n t a -  
t i o n  and t h e  plan form, o r  t h e  energy e f f e c t  o f  t h e  
o r i e n t a t i o n  and t h e  p l a n  form on v a r i o u s  w a l l  t y p e s  
whether w i t h  o r  w i thou t  windows, o r  t h e  energy e f -  
f e c t  of  s chedu l ing  masses of  people  i n  c e r t a i n  loca -  
t i o n s  a t  c e r t a i n  time pe r iods .  These are j u s t  a few 
examples o f  t h e  dynamic n a t u r e  o f  t h e  e f f e c t  o f  
b u i l d i n g  components and energy. From t h e s e  para- 
m e t r i c  s t u d i e s  an  i n t e r a c t i v e  energy model f o r  mid- 
d l e  schoo l  b u i l d i n g s  i n  a hot-humid c l i m a t e  can be  
cons t ruc ted .  

CASE-STUDY EXAMPLE: McKinley Middle Magnet School 

The energy s i m u l a t i o n  ' o f  e x i s t i n g  b u i l d i n g  
t y p e s  can demons t r a t e  t o  a r c h i t e c t s  and e n g i n e e r s  
v i a b l e  energy r e t r o f i t  s t r a t e g i e s  and d i r e c t i o n s  
t h a t  i n e u r e  energy conse rv ing  des ign .  P u b l i c  opera- 
t e d  middle s c h o o l s  were cons ide red  f i r s t  because  of  
t h e  number of  e x i s t i n g  s c h o o l s  i n  t h e  c i t y / p a r i s h  
r eg ion .  E a s t  Baton Rouge P a r i s h  (c i ty-county)  pub- 
l i c  s c h o o l  sys tem has more than  100 s c h o o l  complex- 
es. There  a r e  19 h i g h  s c h o o l s ,  14 middle schoo l s ,  
and 67 e lementary  schoo l s .  

The purpose  of  t h e  s t u d y  is  t o  propose 
a p p r o p r i a t e  low-cost r e t r o f i t  s t r a t e g i e s .  A 
four-phase modeling procedure  i s  be ing  fol lowed t o  
accomplish  t h e  o b j e c t i v e s  of  t h e  s tudy .  

Phase One: The i n i t i a l  computer s i m u l a t i o n  o f  t h e  
e x i s t i n g  b u i l d i n g  is  be ing  performed t o  de te rmine  
t h e  a r e a s  o f  h i g h e s t  energy usage. The o v e r a l l  com- 

p u t e r  l o a d s  need t o  be compared t o  t h e  a c t u a l  energy 
consumed by t h e  b u i l d i n g s  s t u d i e d  t o  de te rmine  t h e  
r e l a t i v e  accuracy  o f  t h e  model. Most computer simu- 
l a t i o n s  f a l l  w i t h i n  t h e  10  p e r c e n t  r ange  o f  ene rgy  
consumed. I f  t h e  computer l o a d s  f a l l  o u t s i d e  t h i s  
r ange ,  a d d i t i o n a l  s t u d y  must be  performed t o  c o r r e c t  
t h e  d i sc repancy .  

Phase Two: Pa ramet r i c  s i m u l a t i o n  s t l x l i e s  must be 
performed t o  de te rmine  t h e  impact o f  i n d i v i d u a l  com- 
ponen t s  on t h e  ene rgy  behavior .  These  p a r a m e t r i c  
s t u d i e s  a l l o w  f o r  t h e  change i n  one v a r i a b l e  a t  a 
time. The v a r i a b l e s  l i n k e d  t o  t h e  s i g n i f i c a n t  ener-  
gy producing components a r e  examined. 

Phase Three: The changing of  cumula t ive  v a r i a b l e s  
a s s i s t s  i n  t h e  unde r s t and ing  of  t h e  dynamic behavior  
of ene rgy  w i t h i n  b u i l d i n g s .  These cumula t ive  v a r i -  
a b l e  changes  can be  compared t o  r u n s  o f  t h e  previoue 
phases  t o  de te rmine  t h e i r  dynamic e f f e c t .  

Phase  Four: A f t e r  t h e s e  computer s i m u l a t i o n s  have 
been performed, proposed lowfh igh  c o a t  s t r a t e g i e e  
can be  i l l u s t r a t e d .  The l i b r a r y  of  a p p r o p r i a t e  
s t r a t e g i e s  w i l l  be e s t a b l i s h e d  r e p r e s e n t i n g  t h e  var-  
i o u s  c o n t e x t s  i n t o  which e a c h  p r o p o s a l  w i l l  f a l l .  

Of t h e  f o u r t e e n  middle  s c h o o l s ,  McKinley Middle 
Magnet is a c e n t r a l  c i t y  complex b u i l t  i n  t h e  e a r l y  
1950s and has many c h a r a c t e r i s t i c s  of  s c h o o l s  b u i l t  
i n  that decade (Fig .  1). The e a r l i e r  u se  o f  t h i s  
s t r u c t u r e  was f o r  a h igh  schoo l .  When t h e  f a c i l i t y  
was outgrown by s t u d e n t  p o p u l a t i o n ,  a new h igh  
schoo l  was b u i l t  nearby and t h e  s c h o o l  became a mid- 
d l e  schoo l .  The s t u d e n t  p o p u l a t i o n  is abou t  1400. 
S i t e  p l ann ing  f o r  ene rgy  c o n s e r v a t i o n  was obv ious ly  
n o t  a major  c o n s i d e r a t i o n  d u r i n g  t h e  b u i l d i n g  des ign  
phases.  O r i e n t a t i o n  of  B u i l d i n g  A ,  n o t  
a i r - c o n d i t i o n e d  i n i t i a l l y ,  was a p u r e l y  a e s t h e t i c  
concern .  While t h e  b u i l d i n g  was o r i g i n a l l y  consid-  
e r e d  t o  be n a t u r a l l y  v e n t i l a t e d ,  t h e  southwestern  
exposure  c o i n c i d e s  w i t h  a maximum d a i l y  peak l o a d  
d u r i n g  t h e  months r e q u i r i n g  c o o l i n g .  Day l igh t ing  
may have been a p a r t  o f  t h e  p r e l i m i n a r y  d e s i g n  con- 
s i d e r a t i o n ,  b u t  i t a  u s e  h a s  n o t  been maximized i n  
t h e  p r e s e n t  c o n f i g u r a t i o n .  L i t t l e  o r  no i n s u l a t i o n  
was placed i n  t h e  roof  and w a l l  e l emen t s  o f  t h e  
s t r u c t u r e .  Some g l a z i n g  h a s  been r e p l a c e d  w i t h  a 
p l a e t i c  g l a z i n g  m a t e r i a l .  No e f f o r t  has  been made 
t o  e e a l  windows o r  t o  manage v e n t i l a t i o n .  Both 
h e a t i n g  and c o o l i n g  demands are i n c r e a s e d  by t h i s  
l a c k  o f  c o n s i d e r a t i o n  o f  window g l a z i n g  and frames. 
Claesrooms on t h e  southwest  are ove rhea ted  d u r i n g  
a l l  s easons - - f a l l ,  w i n t e r ,  and s p r i n g .  Cooling 
equipment f o r  t h e s e  a r e a s  were p robab ly  o v e r s i z e d ,  
a l s o .  

Poor s i t e  p l ann ing ,  b u i l d i n g  d e s i g n ,  and s e l e c -  
t i o n  o f  m a t e r i a l s  and sys tems o f  c o n s t r u c t i o n  a l l  
c o n t r i b u t e  t o  make t h i s  s c h o o l  complex a l a r g e r  than  
ave rage  consumer o f  energy.  While some low-cost 
ene rgy  conse rv ing  s t r a t e g i e s  may reduce  o p e r a t i n g  
c o a t ,  t o  a c h i e v e  s i g n i f i c a n t  c o s t  r e d u c t i o n s  more 
expens ive  sys tems must be  cons ide red .  These should  
be  planned and developed on a l i f e  c y c l e  c o s t  b a s i s ,  
and t h o s e  s t r a t e g i e s  that produce e a r l y  paybacks 
must b e  cons ide red  f i r s t  p r i o r i t y .  

An ene rgy  a n a l y s i s  program conducted by a 
p r i v a t e  e n g i n e e r i n g  f i r m  i n d i c a t e s  t h e  ene rgy  u s e  i n  
t h e  e x i s t i n g  f a c i l i t i e s  a t  McKinley Middle Magnet 
School.  For t h e  c lassroom s p a c e s  l i g h t i n g  demands 
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the  g r e a t e e t  p a r t  of  t h e  e x i s t i n g  budget (45 
percent).  Ae expected, t h e  cool ing eyatem demande 
the  o t h e r  major p a r t  of t h e  c o a t s  (about 39 
percent).  P r i o r i t i e e  muet be aeaigned t o  energy 
conaervation project8 within the ci ty-pariah 
region. Theee ehould be baaed on a coneiderat ion of 
the expected l i f e  cyc le  coat  f o r  modif icat ione,  es- 
pec ia l ly  thoee requ i r ing  l a r g e  c a p i t a l  
expenditnree. Where poeeible ,  minor modif icat ione 
ehould come from year ly  operat ing budgete; however, 
a s  a f i n a n c i a l  c r i s i a  e x i s t e ,  even these may not be 
poeeible cur ren t ly .  A s  funde become a v a i l a b l e ,  a 
decis ion mechanism t o  determine t h e  l e v e l e  of pr ior-  
i t y  f o r  modificatione muet be i n  progreee t o  a e s i e t  
t h e  plannere and decieion makere. 

The focue of  t h e  caee s tudy i e  t h e  McKinley 
Middle Magnet School i n  Baton Rouge. The echool i e  
designed ae a campua-type plan and t h e  etudy 
involve8 the  claesroom bui ld ing ,  A. A double-loaded 
cor r idor  servee a s  t h e  main c i rc r l l a t ion  a r t e r y  f o r  
the  two-etory, 29,000 square foot  bu i ld ing  
(Fig. 2).  The s t r u c t u r a l  frame i e  reinforced con- 
c r e t e  and i n t e r n a l  p a r t i t i o n s  a r e  hollow c l a y  t i l e .  
The t y p i c a l  e x t e r i o r  wal l  con ta ins  approximately 60 
percent glazing. The HVAC eyetem i e  a two-pipe fan  
c o i l  eystem with b o i l e r e ,  a cool ing tower, and ab- 
sorpt ion c h i l l e r e  eerving a s  t h e  major p lan t  compon- 
en t s .  The eimulation model coneidered t h e  e x t e r n a l  
s i t i n g ,  t h e  i n t e r n a l  arrangement and echeduling f o r  
people, l i g h t e ,  and equipment, and divided t h e  
bui lding i n t o  t h i r t e e n  eepara te  zonea t o  monitor t h e  
e n t e r n a l  energy demandn. 

The i n i t i a l  s imulat ion furnished i n e i g h t  a a  
t o  which building componente calmed the  g r e a t e e t  
energy consumption and i t  eetabl iehed t h e  baee con- 
d i t i o n s  upon which varioue e t r a t e g i e s  were tea ted .  
The da ta  used f o r  t h e  comparison s t u d i e s  wae gen- 
erated by the  th ree  programs, LOADS, SYSTEMS, and 
PLANT output  reports .  The LOADS outp11t d a t a  
presents  t h e  year ly  hea t ing  and cool ing energy 
t o t a l s  required by various bu i ld ing  componente t o  
maintain human comfort. The por t ion  of t h e  SYSTEMS 
output  da ta  ueed c o n s i s t s  of t h e  t o t a l  hea t ing ,  
cool ing,  and e l e c t r i c a l  energy. Heating energy i a  
the  sum of a l l  heat  energy del ivered t o  the  spaces 
f o r  t h e  year. Cooling energy i s  t h e  sum of a l l  en- 
ergy extracted from t h e  bu i ld ing  f o r  cool ing f o r  
the  e n t i r e  year. E l e c t r i c a l  energy c o n s i s t e  of t h e  
t o t a l  e l e c t r i c  consumption incltiding l i g h t e ,  aecon- 
dary HVAC equipment, and fane. The t o t a l  s i t e  en- 
ergy i e  the port ion of t h e  output  d a t a  ueed from 
t h e  PLANT repor t s .  It c o n s i s t s  of t h e  eum of f o s e i l  
f u e l  and e l e c t r i c  eource energy t o  maintain t h e  re- 
quired demande. 

BASE CONDITION 

The thermal LOADS generated by the  i n i t i a l  aim- 
u l a t i o n  y ie lde  a decept ively high cool ing demand 
with t h e  components i l l u e t r a t i n g  t h e  highest  consum- 
pt ion a e  i n f i l t r a t i o n ,  glaee s o l a r ,  e l e c t r i c  l i g h t -  
ing,  and g l a e s  conduction. Cooling loads dominated 
t h e  heat ing load by t h r e e  t o  one. Cloeer examina- 
t i o n  of t h e  data  revealed two and one-half summer 
monthe of in tense  a o l a r  gain and increased i n f i l t r a -  
t i o n ,  and there fore  an apparent  increase  i n  t h e  need 
f o r  cooling. External  gaine continued t o  be added 
while t h e  i n t e r n a l  ga ins  f o r  t h e  same period were 
non-exiatent due t o  t h e  c losure  of t h e  echool. It 

Pig. 1. Campue plan. 

- Second Floor Plan 

- Flrst Floor Plan 
Pig. 2. Building A, f l o o r  plane. 
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ehould be noted t h a t  t i d e  occurred i n  a l l  t h e  para- 
met r ic  LOADS ~ i m u l a t e d  . This  f a c t o r  was cor rec ted  
a t  t h e  SYSTEMS l e v e l  and t h e  energy coneumers i n  t h e  
descending order  were e l e c t r i c  l i g h t i n g  (658 MBtu) , 
cooling (399 MBtu), and h e a t i n g  (272 MBtu). T o t a l  
s i t e  energy consumed was 1490 MBtu, w i t h  a 51.3 
KBtu/sq-ft grose a r e a  (Fig. 3 ) .  

The following s t r a t e g i e s  were undertaken t o  
reduce t h e  energy consumed and t o  determine what 
percentage could be a f f e c t e d  (Fig. 4 ) .  

LIGHTING 

E l e c t r i c  energy wae t h e  dominate ueer  a t  t h e  
SYSTEMS l e v e l  and e l e c t r i c  l i g h t s  con t r ibu ted  about  
49.4 percent  of energy supplied a t  t h e  PLANT l e v e l .  
The e l e c t r i c  l i g h t  l e v e l  wae decreaeed from 4 t o  
2.7 watte  per  square  f o o t .  Due t o  t h e  ex tene ive  
e x t e r i o r  g laz ing ,  t h e  l o s s  i n  t h e  l i g h t i n g  l e v e l  
appeared t o  have a minimal e f f e c t  on l i g h t i n g  
l e v e l s .  The r e s u l t s  revealed. a minimal e f f e c t  on 
t h e  thermal  LOADS, about  4 percent  o v e r a l l  savinge 
wi th  an i n c r e a s e  of  6.4 percent  i n  t h e  hea t ing  load 
and a decrease of 7.2 percent  i n  t h e  coo l ing  load.  
A t  t h e  SYSTEMS l e v e l  t h e  hea t ing  energy dominated 
t h e  cool ing energy (320 MBtu t o  305 MBtu), whi le  t h e  
e l e c t r i c a l  energy dropped 24 percent  from 658 MBtu 
t o  505 MBtu. Thus an o v e r a l l  savinge a t  t h e  e i t e  
was about 12 percent  w i t h  a 45.4 KBtu/sq-ft-yr groee 
area.  

INFILTRATION 

The 1.0 a i r  change per  hour appears  t o  be a 
conservat ive es t imate  a s  both 0.5 and 1.5 air 
changes per hour were modeled. Tightening t h e  
bu i ld ing  envelope produced a 27.4 percent  MADS re- 
duc t ion ,  while  a t  t h e  1.5 air  change r a t e  an 
i n c r e a s e  of 13.3 percent  was incur red .  SYSTEMS re- 
v e a l s  a savinge of 12.2 percent  i n  hea t ing  and 26.9 
percent ,  wi th  an i n c r e a s e  of 2.8  percent  f o r  e lec -  
t r i c a l  energy. Reducing i n f i l t r a t i o n  from 1.0  t o  
0.5 a i r  changes per  hour reduced t h e  t o t a l  si te en- 
ergy consumed by 11.9 percent  t o  45.2 KBtu/sq-ft-yr 
g ross  a rea .  

SHADING COEFFICIENT 

Venetian b l i n d s  a r e  t h e  e x i s t i n g  shading device 
and t h e  shading c o e f f i c i e n t  va lue  is  0.57. Two mod- 
e l s  were s t u d i e d ,  one a t  0.75,  t h e  o t h e r  at  0.30,  
modeling a l i g h t  r e f l e c t i n g  screen.  It was de te r -  
mined t h a t  t h e  0.30 s tudy  saved about  9 percent  of 
t h e  energy, whi le  a t  t h e  PLANT l e v e l ,  t h e  energy 
used a t  t h e  s i t e  increased  by 1.3 percent .  The 0.75 
study i l l u s t r a t e d  t h e  r e v e r s e  e f f e c t ,  whi le  a t  t h e  
LOADS and t h e  SYSTEMS l e v e l  t h e r e  was a r e s p e c t i v e  
increase  of 5.8 t o  7 .1  percen t ;  t h e r e  was a savinge 
of 2.1 percent  a t  t h e  PLANT l e v e l .  Closer  examina- 
t i o n  of t h e  d a t a  seeme t o  i l l u e t r a t e  an 
understanding of  t h e  n a t u r e  of  t h e  school  b u i l d i n g  
type. The i n i t i a l  aseumption was t h a t  t h e  school ' e  
i n t e r n a l  thermal  l o a d s  operated e x a c t l y  l i k e  o f f i c e  
bu i ld ings ;  however, f o r  t h e  h o t t e s t  p a r t  of t h e  year  
and of each school  day t h e  s t r u c t u r e  wae no t  i n  
m e .  Therefore,  even i n  t h e  h o t ,  humid c l i m a t e  a l -  
most a n  equa l  amount of  h e a t i n g  and cool ing  months 
occur a t  t h e  school. Increas ing  t h e  amount of eun- 
l i g h t  caueed a sav ings  i n  t h e  t o t a l  energy consumed 

because hea t ing  t h i e  b u i l d i n g  under t h e s e  condi t ione  
appear8 t o  r e q u i r e  more energy. 

INSULATION 

I n s u l a t i o n  l e v e l s  were increaeed  f o r  both wal le '  
and roofs .  Three inches  of  i n s u l a t i o n  were added t o  
t h e  i n t e r i o r  of t h e  roof wi th  a savinge from LOADS 
t o  SYSTEMS of 4.5 t o  4 .8  percen t ,  while  t h e  t o t a l  
energy eaved a t  t h e  PLANT wae 3.5  percen t .  Simula- 
t i n g  an a d d i t i o n  of one i n c h  of e x t e r i o r  i n e u l a t i o n ,  
s i m i l a r  r e e u l t e  occurred;  however, a t  t h e  SYSTEMS 
l e v e l ,  more coo l ing  energy was requ i red ,  probably 
due t o  t h e  b lanke t  e f f e c t  of  holding i n  t h e  i n t e r n a l  
loads .  The r e e u l t s  were a eavinge of 4.7 percent  
a t  t h e  LOADS program, a 4.8  percen t  savinge a t  t h e  
SYSTEMS program, and a t o t a l  s i t e  savinge of 4.0 
percent .  

GLAZING 

Two panes of  g l a e s  were s u b s t i t u t e d  w i t h  a de- 
c r e a s e  i n  energy LOADS of 6.0 percen t ,  moetly due 
t o  reducing t h e  hea t ing  load.  The SYSTEMS energy 
wae decreased by 9.4  percen t ;  however, an i n c r e a s e  
i n  t h e  coo l ing  load occurred,  brought on by an in-  
c r e a s e  i n  t h e  i n t e r n a l  g a i n  because of t h e  b lanke t  
e f f e c t  of  double-paned g l a s s .  The t o t a l  site energy 
consumed showed a eavinge of 9 percent  and a 45.1  
KBtu/sq-f t -yr  g ross  a rea .  

OVERHANGS 

The southweet-facing w a l l  w i t h  60 percen t  glaz-  
i n g  was modeled w i t h  a three- inch f i n  overhang and, 
becauee of  t h e  n a t u r e  i n  which i t  was modeled, pro- 
duced minimal r e s u l t s .  LOADS were increased  by only 
2 percent .  SYSTEMS energy was reduced by 2.7 per- 
c e n t ;  however, t h e r e  Was . a n  increased  demand f o r  
hea t ing  energy from 272 MBtu t o  280 MBtu. The f i n a l  
t o t a l s  a t  t h e  s i t e  y ie lded  a 0.2 percent  savings.  
This  technique needs t o  be modeled as an 
eggcrate-type s t r u c t u r e  t o  demonstrate  b e t t e r  energy 
eavinge . 
COMPOSITE 

This  ~ t u d y  involves  t h e  v a r i a t i o n  i n  f o u r  com- 
ponents s imultaneously.  The change i n  l i g h t i n g  
from 4.0 t o  2.7 w a t t e  p e r  eq-ft;  t h e  a d d i t i o n  of 
two panes of  g l a s s ;  t h e  a d d i t i o n  of  t h r e e  inchee  of  
roof i n s u l a t i o n ;  and t h e  reduc t ion  t o  0.5 air  chang- 
es per  hour. The r e e u l t s  euggest a dramatic  
decreaee i n  LOADS of 56 percent  and a t  t h e  SYSTEMS 
l e v e l  a eavings of 32 percent  whi le  a t  t h e  PLANT 
l e v e l  a decrease  i n  30 percent  of t h e  energy 
requi red  t o  33.2 KBtu/sq-ft-yr g r o e s  area. 

The reduc t ion  i n  t h e  amount of e l e c t r i c  l i g h t -  
i n g  seeme t o  be  a v i a b l e  r e t r o f i t  s t r a t e g y  t o  
pureue. Dayl igh t ing  s t u d i e s  need t o  fo l low this t o  
determine t h i s  concept ' s  e f f i c a c y .  Fur ther  s t u d i e s  
ehould d e a l  wi th  t h e  window p o r t i o n  of t h e  envelope 
t o  determine t h e  f a c t o r s  that w i l l  be most c o s t  
e f f e c t i v e .  

Reducing i n f i l t r a t i o n  i n t o  t h e  b u i l d i n g  envel- 
ope and adding two panes of  g l a s s  appear  t o  serve as 
b i g  c o n t r i b u t i o n e  t o  energy conservat ion.  I n s t a l l a -  
t i o n  of t h e  double-glass scheme, however, w i l l  be 
more c o s t l y  and t h e  long-term payback neede f u r t h e r  
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MCLINLEY MIDDLE MAGNET s c n o o L  
I*IODEL E X I S T I N G  SCHOOL CONDITIONS 

LOADS: H e a t  ir:g and C o o l i n g  
SYSTEFI: H e a t i n g ,  C o o l i n g ,  a n d  E l e c t r i c a l  E n e r g y  
PLANT: T o t a l  S i t e  E n e r g y ,  K B t u / s q f t - y r  G r o s s  A r e a  

WALLS 

I 
! ROOFS 
I 

CONDUCTION 

i GLASS 1 SOLAR 

SURFACE 1 IJNDERGROUND 

T O  SPACE 

LIGHT 
TO SPACE I---- 
EQUIPMENT / 1 TO SPACE 

I N F I L T R A T I O N  t--- 
TOTAL ( M E t u )  I 
HEATING 

COOL1 NG 

ELECTRICAL 

1 TOTAL S I T E  ENERGY 

( K ~ t u / s q f t - y r  Gross  Area)  

I 
HEATING COOLING GAS -1 LEGEND ELECTRIC -1 

F i g .  3. B a s e  s t u d y  c o n d i t i o n .  I 
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BASE 
CONDITION 

LIGHTING 
STUDY 

SHADING 
COEFFICIENT 0.75 

SHRDING 
COEFFICIENT 0.30 

1510 1.3% INCREASE 

INFILTRATION 
1.5 Air ChangedHour 

1615 8.3% INCREA 

THREE-FOOT FIN 

-- 
EXTERIOR WALL 
ONE-INCH INSULATION 

THREE-INCH 
ROOF INSULATION 

TWO PANES 
GLAZING 608 9.4% SAVINGS- 

1357 9.0% SAVINGS 

COMPOSITE 
FOUR CHANGES 

1574 56.0% SAVINGS 
458 32.0% SAVINGS 

1002 30.0% SAVINGS 

Pig. 4. Propoeed etrategiee. 

etudy. Both ineulation etrategiee and the 
exteriorehading technique seem to be the leaet 
effective on thie particular building. Using a 
couple of the lower-cost etrategiee propoeed could 
significantly reduce the energy coneumption. 

PROJECT STATUS AND D E V E T X ) P m  

Three basic developmente arieing from thie part 
of the etudy are firet, a catalog of coat effective 
energy etrategiee that can be established ae a po- 
tential library of energy-eaving techniques for 
school buildinge in a hot-humid climate. These etra- 
tegiee obviouely apply to certain building contexts; 
therefore, indiecriminate application muet be care- 
fully monitored. Second, the understanding of the 
dynamic energy behavior produced by the usage of 
DOE-2 should enable the construction of an energy 
model that illuetratee the interactive forcee and 
their relative relationehipa with each other. The 
final development communicatee euggeetione to the 

S SAVINGS 

deeigner baaed on the case etudiee and the energy 
model of the finding6 of thie reeearch to aeeist 
them to better underetand the effect8 of deeign 
decieione on energy consumption. Each of theee de- 
velopment~ hae many intereeting ieeuee, euch as the 
determination of a baeeline for energy ueage for 
echo01 buildinge in hot-humid climatee, or determin- 
ing whether the walla or the roof form a more crit- 
ical energy coneumer within a given building 
context. Addreeeing theee and other energy ieeuee 
ehould formulate a more conecioue awarenees of the 
integrative nature of energy and architecture. Po- 
tentially thie can lead to more creative deeign de- 
cision~ concerning energy ueage. 

Data collection and the establishment of the 
complex energy structure are ongoing reeearch activ- 
itiee. Eetabliehing the databaee for McKinley Mid- 
dle Magnet School from which to eubetantiate varioue 
retrofit approachee is currently being pursued. 
Certain aeeumptiona about McKinley have been 
expreeeed: the need for ehading, ventilation, 
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weatherproofing, i n s u l a t i o n ,  and possibly double 
glazing. These s ~ ~ g g e s t i o n e  must be t e s t e d  t o  de te r -  
mine whether they a r e  appropr ia te  c o s t  e f f e c t i v e  
energy-saving approaches. 

Additional s t u d i e s  should be c o n d ~ ~ c t e d  using 
the  same bui lding type i n  var ious  c l i m a t i c  zones , to  
ee tab l iah  the  e i g n i f i c a n t  e f f e c t  on r e t r o f i t  s t r a t e -  
g ies .  
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