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Single,  double and t r i p l e  g laz ing  a r e  examined f o r  
usa i n  pass ive  s o l a r  Tromk wal l s  and south f a c i n g  
vindovs. &kt gains  and l o s s e s  are c a l c u l a t e d  em- 
ploytng reg iona l  weather d a t a  and annual contr ibu-  
t i o n  t o  haacing load reduct ion ls evaluated. -The 
study concent ra tes  on t h e  r e f l e c t i v i t y  of each g l a s s  
pane, inc lud ing  the dependence of r e l e c t i v i t y  on t h e  
angle of incidence of t h e  r a d i a t i o n ,  and r e s u l t i n g  
hea t  ga ins  and losses .  This f a c e t  of passive de- . 
s i g n  h e r e t o f o r e  has been inadequately t r e a t e d  a n d i s  
shovn t o  be s i g n i f i c a n t .  The marginal value of each 
a d d i t i o n a l  pane is i n v e s t i g a t a d  *dth regard t o  
heat  aa in ,  energy sav ings  and t o t a l  cos t s .  Addi- 
t i o n a l l y ,  a t t e n t i o n  is given t o  the e f f e c t s  of  
Tromba wal l  energy s torage.  

I. INTRODUCTION 

Passive techniques f o r  s o l a r  energy c o l l e c t i o n  a r e  
rece iv ing  increas ing  a c t e n t i o n  i n  boch new housing 
cons t ruc t inn  and r e t r o f i t  app l ica t ions .  The use of 
su& cechniqucs has g r e a t  appeal  which caa  be 
a t t r i b u t e d  t o  t h e i r  low c o s t ,  s iznpl iel ty ,  and 
a p p l i c a b i l i t y  to  hes t ing  and cool ing fa a d i v e t s l t y  
of cl?daces. Passive s o l a r  design covers a wide 
range of concepts, from proper bu i ld ing  o r i e n t a t i o n  
t o  e l a b o r a t e  c o l l e c t i o n  and s to rage  devices. The 
energy-conscious homeowner can significantly reduce 
heacing and coolfng demand by employing combinn- 
t i o n s  of these  techniques. This paper cons iders  
t h e  use of south-facing glass uindovs f o r  eol lec-  
t i o n  of s o l a r  energy and its e o n c m i r a a t  s to rage  i n  
a m ~ s s i v e  concre te  Trombe wall. More prec i se ly ,  we 
focus on the  comparativa value 'of  s i n g l e ,  double and 
t r i p l e  g laz ing  i n  f e n e s t r a t i o n ,  cons ider iag  both 
r e f l e c t i v e  l o s s e s  and - increase& in i n s u l a t i o n  value. 
V e  concentrace on a c l imate  a k i n  t o  chat  of Boston. 
although che techniques may be readlLy appl ied t o  
an? region. The decrease i n  -window e f f i c i e n c y  
caused bp the  presasce of a Tzsmk wall is a l s o  
discurs+d. Ze note chat  tl-it S w d i s h  3 o v e t ~ ~ e n t  m u  
requi res  crfpSe glazizg i a  ali m u  c o a s t r u c t i o a  and 
?rovi;ias loans  f o r  ratror ' izs .  In ch is  *per, we 
of f + r  a j rel3irmz-y and parz1a.l a n r r c r  :o tbe  
question, ';&a: is :he s a r g l c a i  value or' a t h i r d  
acai:fooal pane of g l a s s  ls the  Cni t rd  States? '  

, *This w r k  was supported by t h e  Applicat ions 
Analysis Branch of  t h e  Divis ion of  Energy 
Storage o f  t h e  U.S. Dept. of  Energy. 

XI. 'C9E ROLE OF REFLECTIVITY 

The key element i n  pass ive  s o l a r  des igz  is a l a r g e  
south-facing vindow area. Greater soucherrr expo- 
s u r e  y i e l &  a higher  g a i n  of d i r e c t  radianc energy. 
It becomes important here to account  f o r  thq fac- 
t o r s  t h a t  determine n e t  eaergy gain. These a re :  
type of glazing,  coefr ' icfents  of hea t  cransais-  
s i o n ,  s o l a  Inso la t ion ,  weather p a t t r r v  and re- 
f l e c t i v i t y  and absorp t ion  losses .  t ;hile C v a l u e s  
and solar and %eattier d a t a  a r e  w e l l  docunencad, 
t h e  work perfomad on t h e  e f f e c t s  of d t i p a n e d  
g l a z i n g  of a c t i v e  s o l a r  c o l l e c t o r s  (1,2) dous not  
a e e a  t o  have been c a r r i e d  over  to s t u d i e s  of che 
valuer of a d d i t i o n a l  g laz ings  in  the  design of 
windows and o t h e r  pass ive  syscemr such aa- the - 
Trombt w a l l  (3,4,5,6,7)- Thfs eva lua t ion  is 
e s s e n t i a l  i f  uc a r e  t o  compare the  iac raas ing  
reflectivity losses  and beccer i n s u l a t i o n  va luas  
that  accompany a d d i t i o n a l  panes of glass .  

To eva lua te  r e f l e c t i v i t y  losses ,  we as: know che 
a n g l e  of incidence of rad ian t  energy s t r i k i n g  the 
e x t e r i o r  g l a s s  surface.  For a v e r t i c a l  g l a s s  
s u r f a c e  fac ing  south., t h e  ang le  of LncidenCe 03 
beam s o l a t  r a d i a t i o n ,  Bpis g i v e  as: 

c o s  .% = -sin6 corq, + cos  6 corm s i n +  
-&ere: 

(1) 

b - t h e  s o l a r  d e c l i n a t i o n  angle.  
3 6 h  - 23.45 s i n  ggj , where a is chs 

day of the  ycPr 

4 = l a t i t u d e  ( n o r t h  p o s i t i v e )  .. ... - . -  

or = s o l a r  hour angle,  each hour equa l l ing  
Is0 of longi tude  (norniags pos i  r i v e  . 

. afternoo- negatfve)  a n d a s o l a r  noon is 
.zero ( e . g . , ~  -. +15 a t  11 ..a,, and 
-30 a t  2 p.m. 

The angla or' k c i d c a c e  zay &%en be u i c d a t e d  
houriy t a r  =ad-5 &a? i n  a g i v r a  year. Given t h e s e  
d a r a ,  i: is & e l  ps8:b:e t o  G e c c m h *  zcflectiv- 
i t p ,  13 s ing14  double, acd t r i p l e  glazing.  Oar a 
s i a q i e  a i r q i u s  i=cer face ,  the a q l c  of r a l r a c -  
t i c n .  3 2  , fr ca lcu lacrd  f i r s t ,  us inn  Snc l l ' a  
la%: 
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Next t h e  f r a c t i o n  of r e f l e i t e d  inc iden t  i n s o l a t i o n  
a t  an a i r - g l a s s  i n t e r f a c e  is  (2) : 

vhere: 

I. = incident  

Ir * r e f l e c t e d  energy 

p - , f r a c t i o n  of i n c i d e n t  energy r e f l e c t e d  

For ' each  type of g laz ing ,  ve a r e  i n t e r e s t e d  i n  the 
f r a c t i o n  of incident  energy t ransmi t ted  by 2a s u r -  
f a c e ~  %, vhere n  is  t h e  number of panes (2): 

In the i n t e r e s t  of b r e v i t y ,  s e v e r a l  f a c t o r s  and 
p o s s i b i l i t i e s  a r e  ignored i n  t h i s  ana lys i s .  For 
erarupie, tire. eng inewing  a p p r o x k a t i o n  tiat the  
heat  l o s s e s  can be adequately described by a  
s i n g l e  'U' value should r e f i n e d  by the separa- 
t i o n  of the  convective and radiative components of 
heat  l o s s  (10). Then the  poss ib le  b e n e f i t s  of 
var ious convect ion-inhibi t ing devices locaced 
,between the g laz ings  (11)  could be  evaluated, . 
These refioements w i l l  be taken up 'a Later  
s tud ies .  We a l s o  s p e c i f i c a l l y  exclude From 
present  cons idera t ions  'active'  devicos such as 
insu la ted  s h u t t e r s  o r  'beadvalls' which, if 
implemented, vould c l e a r l y  reduce. the  d u e  of the 
t h i r d  l a y e r  of glazing. 

IV.  XY EXA'IPLE 

, The above ~lethodology f o r  s o l a r  g a i n  aPd heat  l o s s  
' .  was appl ied  ' t o  s o l a r  a'nd weather daca f o r  t h e  , ' 

v i c i n i t y  of Boaton, ~Hassachusetcs (12) .  La t i tude  . 
142.50 was used lri equat ions 1-3 t o  calcuLaca the 

In t h i s  paper, se w i l l  ignore the small  losses  due 
s i n g l e  sur face  r e f l e c t i v i t y ,  p .  This vas 

t o  absorp t ion  of incoming s o l a r . i n s o l a t i o n  Fn the 
. i n s e r t e d  i n  equation 4 t o  c a l c u l a t e  the t o t a l  

g l a s s  (whic! in a  more d e t a i l e d  mode1.would a l s o  " . . 
t ransmit ted enargy based on i n s o l a t i o q  da ta  from 

serve  t o  lessen heat c r a n s s i s s i o n  losses  t o  the 
re fe rence  (21, f o r  each s u n l i t  hour of one day of 

o u t s i d e )  and ass- t h a t  all t r aasmi t ted  energ9 is each week in heating for  sfngl'e* . double and t r i p l e  g laz ing .  The index of refrac-  
absorbed by the room or  by a  Trombe vall i f  one, is . 

present .  ?us the t o t a l  pouer being absorb* ,at any t ion ,  n2, was taken as nZ=1.526, t y p i c a l  o f .  
vindow g l a s s  (2). These r e s u l t s  'were then sca led  

given time per un i t  a rea  is up by a  f a c t o r  .of seven t o  ob ta in  the t o c a l  sea- 

where It i s  the incident  rad ian t  energy. Attenuation 
of the s o l a r  rad ia t ion  by eke long a t ~ u u s p l ~ e r i c  path 
e a r l y  and l a t e ,  in the day is ignored s ince  almost 
a l l  such radiat ' ion i s  l o s t  to  r e f l e c t i o n s .  

111. HEAT LOSS 

A l a r g e  south-facing window a r e a  w i l l  l ose  s i g n i f i -  
cant  quant iz ies  of heat during the  hea t ing  season. 
Increasing the nunber of vinaov y n e s  a11 reduce 
t h i s  l o s s  by decreasing U, the  c o e f f i c i e n t  of t rans-  
mission. In general ,  the heat  l o s s  per  m i t  a r e a ,  
L,'.during heat iaq season, L,' is given by 

vhere : 

U = coef f  i c i e n t  of heat t ransmission (~/hr-mZ-oc) 
. . 

DD . . = dagree days (OC) . . 

The above da:a a r e  regioha1:y s p e c i f i c  and read i ly  
a v a i l a j i e .  For U values,  .;e use (8.9): 

S ing le  glazisg. U - 2 . 3  x ;!J4 ' J/~~-=:-oc' 

Double glazing.  C =  1.1 x  lo4 j /hr-aL9c 
( j / 8  inch a i r  space) 

T r i p l e  glazizg,  D = . i 4  x ~/hr-s:--~c 
( 1 / 2  inch a i r  s?ace)  

tl.e a i r  s?aces a r e  o p t i 7 a l ;  :'idat spacings do aoc 
decrcaee U, due to lccraased c?nvec:ion. 

s o a a l  ga in ,  and m u l t i p l i e d  by -55 t o  account f o r  
cloud cover occurr ing about 45% of che time during 
the  heat ing season. The hea t  ga in  :ran i n s o l a t i o n  
i s  sumuurircd i n  Table 1. Beac l o s s e s  a r e  calcu- 
l a t e d  u s i n g . t h e  g iven  U-values and approximately 
5600 degree days f o r  Boston. Losses a r e  summa- 
r i z e d  i n  Table 1 and the aec galn f o r  a south 
fac ing  window is g iven  i n  column 3 f o r  each . 
glazing type. These c a l c u l a t i o r u  w i l l  be repeated 
with more accurate  i n f o m a t i o n  and weather da ta ,  
such a s  chat on the  SOMET tapes  (13). Unti l  c h i s  
is done, the  r e s u l t s  below s u s c  be regarded as 
t e n t a t i v e .  

lie note here 12% e f f e c t  on energy ga in  of using a 
Trombe - a l l  f o r  t h e m a l  s torage.  Spec iz ic  Trombc 
wal l  design parameters 'aay be found i n  i l f e r e n c e s  
3,4,5, 6  and 7. The advantage of employing t h i s  
massive concrete  s t o r a g e  wal l  d i rec -dy  behind t h e  
window ,+elude prevent ion of overheat ing and . . . . - . . 
~accornpanying uncomfotfable drastic room ceapera- . 
cure chanses and s t o r a g e  of heat  - d t h  s l o v  r e l e a s e  
for .evenfng heacing requirements. 

It is i z ~ p o r t u t  co noce, however, t S a c  n e t  -Fn 
viLl decrease from t h a t  through an unobscruczed '. 
;rindow by a?oroxi;natelp 10: v i t h  che csa of 
concreca vaLL scorage s i t u a t e d  directly b e h i d  t h e  
south-facing g la r ing  (see Table 1, c o l a  4 ) .  The 
a i r  temperature midvay betyeen e s i c  a d  a n t r y  
vents  of the Txmbe w a l l ,  averaged over ;he 
hea t ing  season -dl1 be abouc 1.40 C above room 
cenperature ( I&) .  This temperature r i s e  -41 
increase  the heat t r a a s s i s s i o a  r e s u l t i n g  i n  the 
ind ica ied  decrcase i n  net hea t  gafa. 



VI. ANALYSIS OF hTT GAIN 

Table 1 g ives  n e t  ga in  f o r  south-facing windows 
backed by a  Trombe v a l l  d u r i n g  t h e  h e a t i n g  season. 
Addi t ion of a  second g l a s s  pane wi th  518' a i r  
space  r e s u l t s  i n  a  210% i n c r e a s e  i n  n e t  energy 
gain .  Adding a  t h i r d  pane wi th  112' a i r  space  t o  
the  double g l a z i n g  y i e l d s  a  ne t  g a i n  i n c r e a s e ,  of 
11%. The d o l l a r  value  pe r  s q u a r e  f o o t  of addi-  
t i o n a l  g l a z i n g  may be e v a l u a t e d  u s i n g  r ep resen ta -  
t i v e  f u e l  p r i c e s  f o r  t h e  Boston a r e a .  Space 
h e a t i n g  f u e l  i n  t h e  r eg ion  is predominant ly  82 
o i l ,  w i th  many new mul t i f ami ly  s t r u c t u r e s  having 
e l e c t r i c  r e s i s t a n c e  space  h e a t .  R e p r e s e n t a t i v e  
p r i c e s  a r e  $ . 50 /ga l lon  f o r  o i l  and $ .048/KWh f o r  
e l e c t r i c i t y .  Cons ide r ing  an o i l  fu rnace  e f f i -  
c i ency  of .67,(which is  perhaps o p t i m i s t i c ,  bu t  
one hopes people  vill op t imize  fu rnace  o p e r a t i o n  
be fo re  t u r n i n g  t o  s o l a r  ene rgy)  t h e s e  t r a n s l a t e  t o  
$S.lO/GJ and S13.30lG.J r e s p e c t i v e l y .  Marginal  
s av ings  by f u e l  type a r e  summarized below i n  Table 
2,  where t h e  annual  f u e l  s a v i n g s  have been 
conver ted  t o  t h e  co r re spond ing  c a p i t a l  c o s t s  under 

VII. CONCLUSIONS 

A survey of s u p p l i e r s  on Long I s l a n d  i n d i c a t e s  
t h a t  one e i g h t h  inch  g l a s s ,  s t r o n g  enough t o  be 
t h e  c e n t r a l  of t h r e e  g l a z i n g s ,  can be ob ta ined  f o r  
about  $7.501 square  meter.  whi le  p l a s t i c *  such a s  
Kalwal l ,  Ted la r  o r  Te f lon ,  a r e  a v a i l a b l e  f o r  about 
$4.30 per  square  meter.  L£ t h e s e  a r e  taken a s  
lower bounds t o  the  marginal  c o s t  of t h e  t h i r d  
g l a z l n g ,  t o  which assembly c o s t s  would have t o  be 
added, i t  is c l e a r  t h a t  ext remely low assembly 
c o s t s  would have t o  be r e a l i z e d  t o  make a  t h i r d  
pane of g l a s s  a t t r a c t i v e ,  even i f  i t  were sav ing  
energy produced through e l e c t r i c  r e s i s t a n c e  
hea t ing .  In cases  such as t h e  Trombe v a l l ,  vhere  
v i s u a l  a c u i t y  is  not impor t an t ,  a  t h i r d  g l az ing  of  
p l a s t i c  m a t e r i a l  would appear  t o  be worthwhile.  
but  aga in  on ly  i n  the  c a s e  of e l e c t r i c  backup. I n  
t h e  l i k e l y  event  of con t inued  f u e l  p r i c e  
i n c r e a s e s ,  t h e s e  o p t i o n s  w i l l  become more c l e a r l y  
worthwhi le ,  and a  t h i r d  g l a z i n g  of plasric could  
w e u  become economical ly  a t t r a c t i v e  even i f  i t  is  
d i s p l a c i n g  h e a t  produced from f u e l  o i l .  

t he  assumpt ion of a  15% c a p i t a l  r ecove ry  f a c t o r ,  
taken t o  i n c l u d e  t h e  presumably s m a l l  OM 
charges .  

Tab le  1 

Heat  Flow Through Var ious  Glaz ings  
( G J / ~ ~  - h e a t i n g  season)  

Net 
I n s o l a t i o n  

S i n g l e  2.04 

Double . 1.79 

T r i p l e  1.61 

Double Pane 

T r i p l e  Pane 

Heat  
Transmiss ion N e t  Gain 

Tab le  2  

Marginal  Sav ings  f a r  t h e  Trombe Wall C o n f i g u r a t i o n  

Net Gain  
With Trombe Wall  

.n 

I n c r e a s e  i n  Net  Gain Due Marginal  Value 
t o  L a s t  Pane o f  L a s t  Pane 

($/m2) 

2  
P e r c e n t  Gj/m -Heating Season O i l  a t  $5.10/f3 E l e c t r i c  a t  $13.30/GJ 

220% a .60 20.00 53.00 

10% .09 3.10 8.00 
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