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v i i  

FOREWORD 

This  r e p o r t  has  been prepared t o  d e s c r i b e  f o r  t h e  Congress of t h e  
United S t a t e s  t h e  c u r r e n t  technology and es t imated  c o s t s  of subsystems 
f o r  s t o r i n g  thermal energy produced by s o l a r  c o l l e c t o r s .  The gene ra l  
format and con ten t s  of t h e  r e p o r t  a r e  i n  compliance wi th  t h e  recommenda- 
t i o n s  of t h e  Congressional Of f i ce  of Technology Assessment. 

Severa l  i n d i v i d u a l s  and/or  o r g a n i z a t i o n s , i n  t h e  United S t a t e s  a r e  
c u r r e n t l y  engaged i n  research  p e r t a i n i n g  t o  thermal energy s t o r a g e  (TES) 
m a t e r i a l s  and devices .  The information presented  h e r e i n  i s  based on 
t h e  r e s u l t s  of such research  a v a i l a b l e  dur ing  t h e  e a r l y  months of 1976. 

The r e p o r t  is  t o  be  used t o  s e r v e  t h e  fol lowing t h r e e  func t ions :  
(1) i t  w i l l  s e r v e  as p a r t  of a d r a f t  of a paper g iv ing  an overview of 
s o l a r  technology; (2)  i t  w i l l  b e  used t o  prepare  prel iminary des igns  f o r  
a v a r i e t y  of s o l a r  systems and t o  a s s i s t  i n  t h e  s e l e c t i o n  of s e v e r a l  
"base-line1' des igns ,  which w i l l  b e  sub jec t ed  t o  d e t a i l e d  t e c h n i c a l  and 
economic ana lyses ;  and (3) i t  is  t o  s e r v e  a s  a sou rce  document f o r  t h e  
team t h a t  w i l l  perform the  d e t a i l e d  ana lyses .  

Each of t h e  s t o r a g e  subsystems s e l e c t e d  f o r  s tudy  by ORNL a r e  des- 
c r ibed  i n  s u f f i c i e n t  d e t a i l  t o  provide  (1) a layman's understanding of 
t h e  phys i ca l  p r i n c i p l e s  governing t h e  ope ra t ion  of t h e  s t o r a g e  subsystem; 
(2 )  o t h e r  t e c h n i c a l  personnel  wi th  informat ion  t o  i n t e g r a t e  t h e  s t o r a g e  
u n i t  i n t o  a s o l a r  system conta in ing  c o l l e c t o r s ,  prime movers, hea t ing  
and cool ing  u n i t s ,  e t c . ;  and (3) a basis f o r  reviewing t h e  c o s t s  and 
ope ra t ing  c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  t h e  s t o r a g e  technique.  
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ABSTRACT 

This  r e p o r t  p r e s e n t s  a survey of t h e  c u r r e n t  technology and e s t i -  
mated c o s t s  of subsystems f o r  s t o r i n g  t h e  thermal energy produced by 
s o l a r  c o l l e c t o r s .  The systems considered were capable  of producing both 
e l e c t r i c i t y  and space  condi t ion ing  f o r  t h r e e  types of loads :  a s ing le -  
family detached res idence ,  an  apartment complex of 100 u n i t s ,  and a c i t y  
of 30,000 r e s i d e n t s ,  conta in ing  both  s ingle-family res idences  and apar t -  
ments. Co l l ec to r  temperatures  w i l l  be  i n  four  ranges:  (1) 100 t o  250°F 
(used f o r  space  hea t ing  and s ingle-cyc le  a i r  cond i t i one r s  and organic  
Rankine low-temperature t u r b i n e s ) ;  ( 2 )  300 t o  400°F (used f o r  dual-cycle 
a i r  cond i t i one r s  and low-temperature t u r b i n e s ) ;  (3) 400 t o  600°F (us ing  
f l u i d s  from pa rabo l i c  trough c o l l e c t o r s  t o  run Rankine t u r b i n e s ) ;  (4) 
800 t o  1000°F (us ing  f l u i d s  from h e l i o s t a t s  t o  run  closed-cycle gas 
t u rb ines  and steam Rankine t u r b i n e s ) .  The s o l a r  thermal energ subsystems 
w i l l  r e q u i r e  from 60 t o  36 x l o 5  kWhr (2.05 x l o 5  t o  1.23 x loY0 Btu) 
of thermal  s t o r a g e  capac i ty .  

Thermal energy i n  t h e  form of e i t h e r  ."hotness" o r  "coldness" can be  
s t o r e d  i n  a v a r i e t y  of media a s  s e n s i b l e  h e a t  by v i r t u e  of a change i n  
temperature of t h e  m a t e r i a l  o r  a s  l a t e n t  h e a t  of fu s ion  i n  which t h e  
m a t e r i a l  changes from t h e  l i q u i d  phase t o  t h e  s o l i d  phase wi thout  an  
apprec i ab le  change i n  temperature.  Both types of m a t e r i a l  have been 
used i n  thermal energy s t o r a g e  (TES) u n i t s .  

I n  hotness  s t o r a g e ,  thermal energy is added t o  t h e  TES medium, 
r a i s i n g  t h e  temperature of s e n s i b l e  h e a t  s t o r a g e  m a t e r i a l s  o r  mel t ing  
t h e  l a t e n t  h e a t  m a t e r i a l s  a t  cons tan t  temperature.  I n  coldness  s t o r a g e ,  
thermal  energy is  e 'xtracted from t h e  medium, r e s u l t i n g  i n  a decrease  i n  
temperature of s e n s i b l e  h e a t  s t o r a g e  m a t e r i a l s  o r  constant- temperature 
f r e e z i n g  of l a t e n t  h e a t  m a t e r i a l s .  I n  both cases  a temperature d i f f e r -  
ence must e x i s t  between the  thermal conveyance m a t e r i a l  and t h e  TES 
medium t o  provide a d r i v i n g  f o r c e  f o r  h e a t  t r a n s f e r .  

I n  a d d i t i o n  t o  s e n s i b l e  h e a t  and l a t e n t  h e a t  s t o r a g e  m a t e r i a l s ,  
s e v e r a l  o t h e r  media were i n v e s t i g a t e d  a s  p o t e n t i a l  thermal energy s t o r a g e  
m a t e r i a l s ,  inc luding  the c l a t h r a t e  and ~ e m i c l a t h r a t e  , hydra t e s ,  va r ious  
meta l  hydr ides ,  and h e a t  s t o r a g e  based on ino rgan ic  chemical r eac t ions .  



1. INTRODUCTION 

This r e p o r t  has  been prepared t o  desc r ibe  f o r  t h e  Congress of t h e  
United S t a t e s  t h e  cu r r en t  technology and es t imated  c o s t s  of subsystems 
f o r  s t o r i n g  thermal energy produced by s o l a r  c o l l e c t o r s .  The genera l  
format and con ten t s  of t h e  r e p o r t  a r e  i n  compliance w i t h  t h e  recommenda- 
t i o n s  of t h e  Congressional Of f i ce  of Technology Assessment (COTA). 

One of t h e  p r i n c i p a l  problems a s soc i a t ed  wi th  a p p l i c a t i o n  of s o l a r  
e l e c t r i c .  conversion f o r  r e s i d e n t i a l  consumption is  t h e  p o t e n t i a l  incom- 
p a t i b i l i t y  t h a t  can e x i s t  between t h e  a v a i l a b l e  s o l a r  i n s o l a t i o n  and . the  
t h e r m a l l e l e c t r i c  demand f o r  space  h e a t i n g  and cool ing ,  domestic h o t  
water  product ion,  and e l e c t r i c i t y .  This problem can b e  p a r t i a l l y  
a l l e v i a t e d  wi th  a  thermal energy s t o r a g e  (TES) subsystem t h a t  extends 
o r  d e f e r s  t h e  e l e c t r i c a l  gene ra t ion  c a p a b i l i t y  and s t o r e s  s u f f i c i e n t  
h e a t  f o r  use  during pe r iods  of extended cloud cover and/or  n ight t ime 
usage. 

The amount of s o l a r  energy rece ived  on t h e  e a r t h ' s  s u r f a c e  i s  e s t i -  
mated t o  be  about  22,500 times t h e  p re sen t  worldwide energy usage of 
1 .8 x 1017 Btu1year.l  Because of t h e  low i n t e n s i t y  and i n t e r m i t t e n t  
na tu re  of s o l a r  energy, t h e  problem is  t o  conver t  t h i s  energy t o  a  u s e f u l  
form. Since s o l a r  energy a t  t h e  e a r t h ' s  s u r f a c e  is no t  cont inuously 
a v a i l a b l e ,  p r a c t i c a l  systems f o r  s o l a r  energy conversion r e q u i r e  an  
energy s t o r a g e  device.  The conversion and energy s t o r a g e  methods must 
be  economically a t t r a c t i v e  a s  w e l l . a s  s u f f i c i e n t l y  e f f i c i e n t  f o r  t h e i r  
use  t o  be .  i n i t i a t e d .  

Representa t ive  nondimensional s o l a r  i n s o l a t i o n  d a t a  f o r  c l e a r  days 
a r e  shown i n  Fig.  1.1, assuming a win te r  optimized h e l i o s t a t  f i e l d . 2  
E f f e c t i v e  s o l a r  i n s o l a t i o n  ceases  a t  about  4:30 PM on w i n t e r  s o l s t i c e  
and extends t o  approximately 7:30 PM on summer s o l s t i c e .  By comparison, 
t h e  peak win te r  e l e c t r i c a l  demand f o r  t y p i c a l  r e s i d e n t i a l  u n i t s  occurs  
between 6:00 PM and 12  midnight.  Obviously, i f  e l e c t r i c i t y  is  t o  be  
produced around t h e  c lock  from s o l a r  energy, t h e  energy must b e  s t o r e d  
dur ing  hours  when i t  is p l e n t i f u l  f o r  subsequent u se  dur ing  t h e  hours 
when e l e c t r i c a l  demand i s  h igh  b u t  s o l a r  i n s o l a t i o n  i s  minimal o r  
nonexis t e n t .  

This r e p o r t  w i l l  d i s cuss  t h e  c o s t s  and performance c h a r a c t e r i s t i c s  
of devices  f o r  s t o r i n g  t h e  thermal  energy produced by s o l a r  c o l l e c t o r s .  
The systems considered were capable of producing e l e c t r i c i t y  and both 
e l e c t r i c i t y  and space  condi t ion ing  f o r  t h r e e  types of l oads :  a  s ing le -  
family detached res idence ,  an  apartment complex of LOO u n i t s ,  and a  c i t y  
of 30,000 r e s i d e n t s ,  con ta in ing  bo th  s ingle- fami ly  res idences  and apar t -  
ments. Co l l ec to r  temperatures  w i l l  be  i n  fou r  ranges:  (1) 100 t o  250°F 
(used f o r  space  h e a t i n g  and s ing le -cyc le  a i r  cond i t i one r s  and o rgan ic  
Rankine low-temperature t u r b i n e s ) ;  (2) 300 t o  400°F (used f o r  dual-cycle  
a i r  cond i t i one r s  and low-temperature t u r b i n e s ) ;  (3) 400 t o  600°F (us ing  
f lu ids '  from p a r a b o l i c  trough c o l l e c t o r s  t o  run  Rankine t u r b i n e s ) ;  (4) 
800 t o  1000uF (us ing  f l u i d s  from h e l i o s t a t s  t o  run closed-cycle  gas 
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Fig.  1.1. I n t e g r a t e d  nondimensional s o l a r  r e c e i v e r  h e a t  f l u x .  
Source: Ry permission from J. E. Raetz ,  C .  R. Easton,  and R. J. H a l l ,  
"The S e l e c t i o n  and Use of Energy Storage  f o r  So la r  Thermal E l e c t r i c  
Appl ica t ion ,"  IECEC Paper 759088, i n  Record of the Tenth Intersociety 
hhergy Conversion Engineering Conference, I n s t i t u t e  of E l e c t r i c a l  and 
E l e c t r o n i c s  Engineers ,  I n c . ,  Mew York (August 1975),  F i g .  2 ,  p. 576, 

t u r b i n e s  and s team Rankine t u r b i n e s ) .  The Of f i ce  of Technology Assess- 
ment w i l l  be  examining, s y s t e m  that w i l l  r e q u i r e  from 60 t o  36 )( lo5  kWhr 
(2.05 x l o b  t o  1 .23  x 10" Btu) of t h e m e l  s to rage .  

For each a p p l i c a t i o n ,  one u r  two s p e c i f i c  s t o r a g e  techniques w i l l  
b e  chosen. These systems w i l l  be  s e l e c t e d  us ing  t h e  fo l lowing  c r i t e r i a :  

1. engineer ing  f e a s i b i l i t y  i n  t h e  next  f i v e  t o  t e n  yea r s ;  

2 .  amount of d e t a i l  available nn t h e  c o s t  and performance of the 
s y s  t em. 

It should  be p o s s i b l e  t o  u se  one s t o r a g e  technique f o r  many of t h e  tem- 
p e r a t u r e  regimes l i s t e d  i n  t h e  previous  paragraph. 
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2. SOLAR ENERGY UTILIZATION I N  RESIDENTIAL UNITS 

S o l a r  energy can b e  u t i l i z e d  i n  r e s i d e n t i a l  u n i t s  through i ts  con- 
v e r s i o n  t o  e l e c t r i c i t y  t o  supply t h e  e l e c t r i c a l  needs of t h e  household 
and/or  d i r e c t l y  a s  thermal  energy f o r  space  hea t ing ,  space  cool ing ,  and 
domest ic  water  h e a t i n g .  This  s e c t i o n  d i scusses  t h e  requirements of 
s o l a r - t h e r m a l - e l e c t r i c  conversion systems t o  provide t h e  domestic e lec-  
t r i c  l oad ,  t h e  domestic water  h e a t i n g  load ,  and t h e  space  hea r ing  and 
coo l ing  ( a i r  cond i t i on ing )  load  f o r  t h r e e  ca t egor i e s  of load types :  a 
s ing le- fami ly  detached r e s idence ,  an  apartment complex of 100 u n i t s ,  and 
a r e f e r e n c e  c i t y  of 30,000 r e s i d e n t s ,  i nc lud ing  s ingle-family housing 
u n i t s ,  apar tments ,  and any a s soc i a t ed  commercial es tab l i shments .  

2 .1  Single-Family Residence 

R e s i d e n t i a l  energy requirements f o r  s ingle-family housing u n i t s  
have been i n v e s t i g a t e d  and r epor t ed  i n  r e f .  1. Deta i led  q u a n t i t a t i v e  
thermal  ana lyses  were performed on a t y p i c a l  s ingle-family r e s idence  i n  
t h e  Baltimore-Washington a r e a .  Thermal modeling techniques were adopted 
t o  i d e n t i f y  t h e  energy p r o f i l e  of a t y p i c a l  r e s idence  and t o  eva lua t e  
concepts  whereby t h e  energy consumption could be  minimized. A s  a p o i n t  
of r e f e r e n c e  f o r  t h e s e  ana lyses ,  a c h a r a c t e r i s t i c  house was synthes ized  
t o  r e p r e s e n t  c u r r e n t  t r e n d s  i n  r e s idence  cons t ruc t ion  and use  of energy- 
consuming app l i ances .  - 

The c h a r a c t e r i s t i c  s ing le- fami ly  detached dwell ing was def ined  by a 
s e t  of s t r u c t u r a l  parameters  and by a s e t  of energy consumption param- 
e t e r s ,  which a r e  l i s t e d  i n  Table 2 .1 .  

To perform a d e t a i l e d  energy a n a l y s i s  of a t y p i c a l  r e s idence  and 
i t s  cumponents, s p e c i f i c  i n t e r n a l  load and s tr~ir . t i i ra l .  parameters must he  
determined based on t h e  d e s c r i p t i o n  of a c h a r a c t e r i s t i c  house such a s  is 
g iven  i n  Table 2.1. The i n t e r n a l  energy consumption parameters  inc lude  
t h e  average annual  energy inpu t s  t o  t h e  house due t o  t h e  occupants and 
t h e  use  of app l i ances  and l i g h t s .  Although seasona l  v a r i a t i o n s  i n  t h e  
use  of appl iances  and l i g h t s  e x i s t ,  da ta  nbtained from t h e  u t i l i t i c o  i n  
t h e  Baltimore-Washington a r e a  ind ica t ed  t h a t  such v a r i a t i o n s  a r e  r e l a -  
t i v e l y  smal l .  Consequently,  average d a i l y  energy inpu t s  t o  t h e  char- 
a c t e r i s t i c  house f o r  t h e  use  of appl iances  and l i g h t s  were taken a s  
11365 of t he  annual  va lues  shown i n  Table 2.1. Figure 2 .1  shows the  
average d a i l y  energy i n p u t  p r o f i l e  f n r  appl iances ,  and Fig.  2.2 ~howo 
t h e  p r o f i l e  f o r  l i g h t s .  

The approximate wat tage  r a t i n g  and es t imated  annual  kilowatt-hour 
consumption of e l e c t r i c a l  appl iances  under normal household use  (1969 
d a t a )  a r e  given i n  Table 2. 2.2 Tn 1969 t h e  average al l -elcctr ic-home 
customer used about 20,000 kWhr of e l e c t r i c a l  energy. By 1990 t h e  cor- 
responding average annual  use  is expected t o  be  about 33,000 kWhr. The 
hour ly  v a r i a t i o n  f a c t o r s  f o r  p a r t i c u l a r  load types can be  a s  given i n  



Table  2.1. Design pa ramete r s  f o r  t h e  c h a r a c t e r i s t i c  s i n g l e - f a m i l y  
de tached  d w e l l i n g  i n  t h e  Baltimore-Washington area 

Number of s to r i e s  
Hasemen: 
Garage 
17100r a rea ,  ft2 
Construction type 
Exter ior  walls:  

Outside surface  
Sheathing 
Insulation 
Inside surface 

Ceiling insulation ' 
Attic 
1toor 
Windows: 

T y I?" 
Glazing 
Area, ft2 

Exterior doors : 

Two 
Full  (unfinished) 
Attached, open carpor t  
1695 finished 
Wood f r a m e  

Wood shiplap 
Plywood, 112 inch 
R -  7 batting * 
Drywall, 112 inch 
Loose fill  blown-in, 5 inches 
Ventilated, unheated 
Asphalt shingles 

Aluminum casement 
Sing12 
180 

Type Wood panel 
Number 3 .  

. - -  - - - - - - - - -- 

ENERGY CONSUMPTION PARAMETERS: 

Energy consuming equipment: 
Heating sys tem Forced  a i r ,  gas  
Cooling sys tem Forced  a i r ,  e lec t r ic  
Iiot water  heater  Gas  
Cooking range Gas  (90 therms/year):k 
Clothes d r y e r  G a s  
Ref r ige ra to r IFreeze r  Elect r ic  (1830 KW-hr lyea r '  
Lights Elect r ic  (2000 K W - h r l y e a r )  
Color T V  . Elect r ic  (500 Kw-hr lyear l*  
Furnace  fan Elect r ic  (394 KW-hr /year):" 
Dishwasher E lec t r i c  (363 Kw-hr/year)::: 
Clothes washer  E lec t r i c  (1 03 KW-hr  /year):: 
Iron Elect r ic  (144 Kw-hrlyear):  
Coffee maker  . Elect r ic  (1  06 Kw-hrlyear):  
Miscellaneous Elect r ic  (1200 KW-hr l y e a r '  

wl 

:> Energy input to s t ructure  due t o  use  of i tem. 

F a c t o r s  affecting heating/cooling load: (Base  c a s e )  

Total a r e a ,  f t 2  6 0 Exter ior  g lass  a r e a s  7070 draped 
Patio door:  2070 shaded 

Type A l ~ r n i n u y - ~  f rame  10% open 
Glazing Singk Patio door on south wall 
Area, ft2 4 0 No awnings, no atornl  wind 

External  landscaping N o  shading effect 

:) Dwelling facing North 
117 equivalent to 2 -  114 in. f iberglass batting. External  colors  \Vhite roof and walls  

People Two adults, two children 
Weather Data for  1954 f rom Baltima 

weather st a t  ion 
Garage location West side 

;Source : ~ e s i d e n t i a i  Energy Consumption, Sing Ze-Fami Zy Housing - F i n a l  
Report ,  WD-HAI-2, Hi t tman A s s o c i a t e s ,  Columbia, Md.  a arch 1973) ,  
T a b l e  111, p.. 13. 

. . 
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TOTAL  INPUT = 55,300 BTU/DA.Y 

Fig .  2.1. P r o f i l e  of t h e  average  d a i l y  h e a t  i npu t  t o  t h e  charac- 
t e r i s t i c  house due t o  t h e  u s e  of app l i ances .  Source: . -- R e s i d e n t i a l  Energy 
C'jit3umpt$dn., S i n g  Ze-l'mi Ly Nous ing - PiriaZ Repuzal, HUD-HAT-2 , H i t  tiilan 
Assoc i a t e s ,  Columbia, Md. (March 1973) ,  F ig .  , l o ,  p. 25. 
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Fig. 2.2. P r o f i l e  of t h e  average d a i l y  h e a t  i npu t  t o  t h e  charac- 
t e r i s t i c  house due t o  t h e  use  of , l i g h t s .  Source: Residential Energy 
C o n s q t i o n ,  Si.ng Ze-Fmi Zy Housing - Final Report, HUD-HAI- 2,  H i t  tman 
Assoc ia tes ,  Columbia, Md. (March 1973), Fig.  11, p. 26. 



Table 2.2. Approximate wattage rating and estimated annual 
kilowatt-hour consumption of electrical appliances 

under normal use (1969) 

Appliance Average Estimated KWH Appliance Average Estimated KWH 
Wattage Consumed Annually Wattage Consumed Annually 

Air Conditioner 
(window) . . . . . . . . . . .  

. . . . . . . . .  Bed Covering 
Broiler . . . . . . . . . . . . . . .  
Carving Knife . . . . . . . . .  
Clock . . . . . . . . . . . . . . . .  

. . . . . . . . .  Clotha Dryer 

. . . . . . . . .  CaRcc Maker 
Cooker (eggs) . . . . . . . . .  

. . . . . . . .  Deep Fat Fryer 
. . . . . . . . . .  Dehumidifier 

Dishwasher . . . . . . . . . . .  
. . . . . . . . . . . .  Fan (attic) 

. . . . . .  Fan (circulating) 
Fan (furnace) . . . . . . . . .  

. . . . . . .  Fan (roll-about) 
. . . . . . . . .  Fan (window) 
. . . . . . . . .  Floor Polisher 
. . . . . . . . .  Food Blender 

Food Freezer ( I5 cu ft) . 
Food Freezer 

. . .  (Frostless 15 cu ft) 
F w d  Mixer . . . . . . . . . . .  

. . .  Food Waste Disposer 
. . . . . . . . . . .  Frying Pan 

. . . .  Germicidal Lamp8 
Gplil (sanciwicti) . . . . . . .  

. . . . . . . . . . .  Hair Dryer 
Heat Lamp (infrared) . . 
Hcar Pump . .  , . , . . . . . .  

. . . . . . .  Heater (radiant) 
Heating Pad . . . . . . . . . .  
Hot Plate . . . . . . . . . . . . .  
Humidifier . . . . . . . . . . .  

Iron ihand) . 
Iron (mangle) . . . . . . . . .  
Oil Burner or Stoker . . .  
Radio . . . . . . . . . . . . . . . .  
Radio-Phonograph . . . . .  
Range . . . . . . . . . . . . . . .  
Refrigerator ( I2 ru ft) . . 
Hrfrigrratnr 

. . .  (Frostless 12 cu ft) 
Refrigerator-Freezer 

(14 cu ft) . . . . . . . . . . .  
Refrigerator-Freezer 

(Frostless 14 cu ft) . . .  
Roaster . . . . . . . . . . .  
Sewing Macinc . . . . . . . .  
Zhaver . . . . . . . . . . . . . . .  

. . . . . . . . . . . .  Sun Lamp 
. . . . .  Television (B&W) 
. . . . .  Tclcvision (Color) 

Toaster . . . . . . . . . . . . . .  
Tooth Brush . . . . . . . . . .  
Vacuum Cleaner . . . . . .  
Vibrator . . . . . . . . . . . . .  
\VaR\e Iron . . . . . . . . . . .  
Washing Machinc 

(Al~tnmatir) . . . . . . .  
Wash~ng Machinc 

(Non-automatic) . . . .  
Water Hcater 

(Sraaaard) . . . . . . . . .  
Water Hcater 

(Quick Recovcry) . . .  
Water Pump . . . . . . . . . .  

Source: The Technical Advisory Committee on Load Forecasting Methodology 
for the National Power Survey. "The Methodology of Load Forecasting. " in 
The 1970 NationaZ Power Survey. Fart I. Federal Power Cotmnission. 
Washington . D.C., 1970. Tablc 3.3, p . 1-3-9 . 



Table 2 . 3 .  This table shows the ratio of the demand of a particular 
type of load at hourly intervals to the maximum demand of that par- 
ticular type of load. 

2.2 Multifamily Housing 

An analysis of multifamily dwelling units is given in ref. 4, which 
characterizes the design and construction of recent and new multifamily 
structures in the Baltimore-Washington area, including: 

1. town house apartments - typically two-story structures with common 
party walls between dwelling units; each dwelling unit having a 
roof exposed to weather. 

2. low-raise upurtme?zts (also called garden-type apartments) - 
typically not more than four stories, without elevators and interior 
halls, and having enclosed or open stairwells which serve up to 
four apartments per floor. 

3, high-rise apartments - typically structures with more than four 
stories, central elevators, interior halls, and central heating, 
ventilating, and air-conditioning systems. 

The total energy consumption and types of energy-consuming equipment as . 
a function of the energy'type at the point of use was established for 
each of the multifamily housing types. 

Figure 2 . 3  shows the appliances provided in multifamily projects in 
the eastern region of the United States. These are percentage values 
for appliances included in the rent or sale of a dwelling unit and do 
not include similar appliances that may be installed by the occupant. 
For example, occupant-owned refrigerators would probably raise the 
saturation level to 100% in town house and low-rise projects. 

Figure 2.4 shows estimated annual electrical energy consumption for : 

all-electric master-metered apartment projects. This figure shows that 
the consumption on a per-square-foot basis depends on the size of the 
apartment and on the number o f  apartments per meter. The increase in 
energy consumption per unit area as the apartment area increases is 
probably primarily due to related income and life-style patterns of the 
occupants. The decrease in energy consumption per unit with an increase 
in the number of apartments per meter is primarily due to decreasing 
average heating and cooling requirements per apartment as the number of 
apartments per structure increases. This is because the percentage of 
end and  up-floor apartmcntc, which have the highest heat gains and 
losses, decreases as the number of apartments (and stories) increases. 

A Also, as the number of units increases, the energy consumption per unit 
for building auxiliary equipment decreases. 

Pertinent data were used to compute the electrical energy consump- 
, tion for the characteristic low-rise and high-rise apartments on the 
assum~tion that they would be all-electric and master-metered. The 
results are sh.own in Fig. 2.5. In addition to the total consumption,, 



Table 2 . 3 .  Hourly v a r i a t i o n  f a c t o r s  

a 
Heat pump 'Water h e a t e r  

b 

Air 
Cooling Heating 

Light ing  CIPWH~ 
Ref r ig-  H13rne season season House 

Hour and . Rang,= condi- e r a t o r  f r e e z e r  a heat inga 30th Uncon- Clothes 
m i s  c. t ion ing  Only t r o l l e d  d rye r  d 

elements bottom 
re-  elements 

s t r i c t e d  re- 
s t r i c t e d  



Table 2.3 (continued) 
~ --- - - 

a Heat pump 

- -  

Water heater 
b 

Air Cooling Beating Lighting opWHc 
Refrig- Eome Hour and . season season House Range condi- erator freezer a a Both . Uncon- Clothes 

misc. t Coning heating "ly trolled dryerd 
elements bottom 

re- elements 
stricted re- 

stricted 

a Load cycle and maximum diversified demand are dependent upon outside temperature, dwelling construction and P P 
insulation, among other factors. 

b~oad cycle and maximum diversified demands are dependent upon tank size, and heater element rating; values 
shown apply to 52-gal tank, 1500- and 1000-W elements. 

I 

c Load cycle dependent upon schedule of water heater restriction. 
d 
Hourly variation factor is dependent upon living habits of individuals; in a particular area, values may be 
different from those shown. 

Source: By permission from L. W. Manning, "Load Characteristics," in Electric Utility Engineering Reference 
Book. - Distribution Systems, 1st Ed. , Westinghouse Electric ~or~oration, Table 2, p. 37. 
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F i g  2 .  App1.i a . n c ~ . s  provided in mulf ifamily proj ecto in the easttril 
region of the United States. Source: Ras?:den.ti.n?. Fna_rgy Conszunption, 
MuZtifarniZy Housing Data ~ c q u i s i t i o n ,  HlJn-HAI-3, Hittman Associates, 
Columbia, Md. (October 1972), Fig. 31, p. 37. 
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A\.!ER.AGE SIZE CIC;' .4f',4IlTMENT 

Fig.  2.4. Est imated annua l  e l e c t r i c a l  energy consumption f o r  a l l -  
e l e c t r i c  master-metered apar tment  p r o j e c t s .  Source:  ResidentiaZ Energy 
Conswnption, MuZtifamiZy Housing Data Acquisition, HUD-HAI-3, Hittman 
A s s o c i a t e s ,  Columbia, Md. (October .1972),  Fig .  41, p. 49. 



r .ow-ir~s~s (TABJ,E 
111) 2-13EDROOM, 1 2 1 7 ~ l ~ 7 0  5160 ,  
1140 F T ~  

RASE 
COOLING.. 
COOKING 
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HIGH-RISE (TABLE 
IV)  ' 1-BEDROOM, 
850 F T ~  

RASE 
COOLING 
COOKING 
WATE.R HEATING 
HEATING 
TOTAL 

HIGH-RISE (TABLE 
1V) 2-BEDRO,OM, 
950 F T ~  

WATER HEATING 
HEATING 
TOTAL 

BASE 
C001,ING 
COOKING 
WATER HEATING 
HEATING 
TOTAL 

I 

53lC 1 
14930 1 

30440 I 

ESTIMATED A N N U A L  ELECTR1CP.L ENERGY CONSUMF'TION, l o 3  KW-IIII 
; ...., ,.. 

Fig. 2.5. E s t i m t e d  annual  e l e c t z i c a l  energy consumption f o r  c h a r a c t e r i s t i c  low-rise  and h igh - r i s e  
apar tments ,  assuming a l l - e l e c t r i c  . Source : PeeidentiaZ Energy Conswnption, ~ u Z t i f a m i  Zy Housing Data 
Acquisition, HUD-HAI-3, Hit tnan  Assoc ia tes ,  Columbia, Md. (October 1972), F4g. 42, p. 51. 



t h e  fol lowing components a r e  i d e n t i f i e d :  base ,  space  cool ing,  cooking, 
water  hea t ing ,  and space  hea t ing .  These a r e  average va lues ;  h ighe r  
va lues  might b e  expected f o r  t h e  cool ing  and h e a t i n g  of end and top- 
f l o o r  apartments ,  whereas lower va lues  might be  expected f o r  i n t e r -  
mediate apartments .  The base consumption inc ludes  l i g h t s  and appl iances  
i n  t h e  apartments p3.us p ro  r a t a  common consumption such a s  h a l l  l i g h t s ,  
b u i l d i n g  maintenance, e l e v a t o r s ,  and c o r r i d o r  a i r  condi t ion ing .  

The Northern Natura l  Gas Company has metered t h e  e l e c t r i c a l  energy 
demand and consumption of commercial bu i ld ings  and c o r r e l a t e d  t h e  in fo r -  
mation on t h e  b a s i s  of bu i ld ing  type and square  f e e t  of b u i l d i n g  a r e a  i n  
a s p e c i a l  r e p o r t 5  t o  t h e  Group t o  Advance To ta l  Energy. The e l e c t r i c a l  
l oad  p r o f i l e  f o r  a t y p i c a l  ope ra t ing  day f o r  an  apartment bu i ld ing  i s  
presented  i n  Fig.  2.6. This p r o f i l e  shows t h a t  t h e  peak load  f o r  an 
apartment b u i l d i n g  occurs  between 6 PM and 9 PM. 

2 .3 Reference Ci ty  

The r e fe rence  c i t y  i s  conceived a s  a h y p o t h e t i c a l  new community of 
30,000 r e s i d e n t s  t h a t  conta ins  a v a r i e t y  of s ingle-family r e s i d e n t i a l  
u n i t s ,  apartment u n i t s ,  and a s soc i a t ed  commercial es tab l i shments .  Elec- 
t r i c a l  energy would be  d i s t r i b u t e d  t o  t h e  c i t y  from a s t r a t e g i c a l l y  
l oca t ed  s o l a r  energy cen te r .  The energy would be  generated by a type  of 
ground-based so lar - thermal  conversion system us ing  convent ional  col- 
l e c t o r s ,  and t h e  energy would be s t o r e d  i n  one of t h e  a v a i l a b l e  thermal 
energy s t o r a g e  media. Conventional e l e c t r i c  gene ra t ing  equipment would 
b e  used t o  produce t h e  e l e c t r i c a l  energy. 

From t h e  s t andpo in t  of s o l a r  energy s t o r a g e ,  t h e  r e l a t i o n s h i p  . 
between peak day load p a t t e r n s  and s o l a r  i n s o l a t i o n  must be  e s t a b l i s h e d  
f o r  t h e  r e f e rence  c i t y  s o l a r  energy cen te r .  The energy requirements 'for 
t h e  c e n t e r  can be  es t imated  from t h e  kilowatt-hour r e s i d e n t i a l  and . 
commercial consumption d a t a  i n  Table 2 .4  ( r e p r i n t e d  from r e f .  6 ) .  

\ 
The s o l a r  energy c e n t e r  f o r  t h e  r e f e rence  c i t y  should be designed 

t o  provide  a t  l e a s t  t h e  average amount of e l e c t r i c i t y  r equ i r ed  f o r  t h e  
r e s i d e n t i a l  and commercial s e c t o r s .  Table 2.4 shows t h a t  t h e  s a l e  of 
e l e c t r i c a l  energy t o  t h e s e  s e c t o r s  i n  1975 was 1003.2 x 10' kWhr. The 
popula t ion  of t h e  United S t a t e s  a t  midyear 1975 was es t imated  a t  213.5 
x l o 6  persons ; t h e r e f o r e ,  t he  average per  c a p i t a  consumption. of e lec-  
t r i c a l  energy by t h e  r e s i d e n t i a l  and commercial s e c t o r s  amounted t o  
4699 kWhr pe r  yea r  pe r  person. For a c i t y  wi th  a popula t ion  of 30,000, 
t h e  e l e c t r i c  energy requirements should,  ' t he re fo re ,  amount t o  a t  l e a s t  
1 4 1  x l o 6  kWhr p e r  year  o r  an average of 3.86 x 10' kWhr pe r  day. 

The demand of an i n s t a l l a t i o n  o r  system is t h e  load a t  t h e  r ece iv ing  
te rmina ls  averaged over  a s p e c i f i e d  i n t e r v a l  of time. The maximum 
demand is  t h e  g r e a t e s t  of a l l  demands t h a t  have occurred dur ing  t h e  

V' s p e c i f i e d  per iod  of time. The d i v e r s i f i e d  demand is the  demand of a 

composite group of loads  and i s  t h e  va lue  t h a t  must be considered i n  
s e l e c t i n g  t h e  genera tor  equipment f o r  t h e  r e f e rence  c i t y .  A t y p i c a l  
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Fig. 2.6. E l e c t r i c a l  load prnf i1 .e  f o r  a t y p i c a l  ope ra t i ng  day for 
apartment  bu i ld ings .  [Note: Peak ope ra t i ng  demand = 2.18 kW/1000 f t 2  
( e l e v a t o r  peaks n o t  inc luded) .  Average d a i l y  load  f a c t o r  = 48.1%.] 
Source: By permiss ion  from Group t o  Advance Tota l  Energy, E%~ntm:nn7. 
Load Profiles Project, Energy Information Center ,  I n s t i t u t e  of Gas 
Technology ( J u l y  1966) ,  Fig.  S-286, p. 8. 



Table 2.4. Populat ion,  new households,  and e l e c t r i c  u t i l i t y  s a l e s  i n  t h e  
contiguous United S t a t e s  through 1995 

New households 
E l e c t r i c  u t i l i t y  s a l e s ,  10' kWhr Popula t ion  a t  

Year ' Dwelling 
mid- yea r ,  

A t  

x l o 6  u n i t s ,  mid-year, R e s i d e n t i a l  I n d u s t r i a l  Commercial Other ~ o i a l  
x l o 3  x l o 6  

Forecas t  

586.9 
626.1 
662.5 
699.2 
734.2 
770.0 
806.0 
842.0 
877.7 
913.8 
950.5 

1151.2 

1507.1 

Source : By permission from "26th Annual E l e c t r i c a l  Indus t ry  Forecas t ,  I '  Electr. World, 184 (6) : 
35-50 (1976). 



weekday load  p a t t e r n  of a  me t ropo l i t an  d i s t r i c t  u t i l i t y  is  shown i n  Fig. 
2.7, which i l l u s t r a t e s  t h e  method of determining t h e  maximum demand of 
a d i v e r s i f i e d  group of l oads  such as would b e  c h a r a c t e r i s t i c  of t h e  
r e f e r e n c e  c i t y  having r e s i d e n t i a l ,  commercial, and some i n d u s t r i a l  
l oads .  
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Fig. 2.7. C h a r a c t e r i s t i c  met ropol i tan  weekday load p a t t e r n .  
Source: By permission from D. G. Fink ( ed . ) ,  S t m d n ~ d  Handbook for 
'~Zoo~rioaZ ~nginesrs, 1 0 t h  e d . ,  McGraw-Hill, New York, 1968. 

The d a i l y  l oad  curve. is  a composite of demands made by t h e  va r ious  
c a t e g o r i e s ' o f  consumers. I n d u s t r i a l  u s e r s  make t h e i r  heaviest demands 
i n  .the morning, and a cons ide rab le  p a r t  of t h e  l o a d  has  disappeared 
b e f o r e  demand f o r  l i g h t i n g  i n  t he  a f te rnoon nears  i ts  peak. Commercial 
u s e r s  make t h e i r  h e a v i e s t  demands i n  t h e  a f te rnoon and e a r l y  evening. 
The h i g h e s t  demand f o r  r e s i d e n t i a l  l i g h t i n g  occurs  from 9:00 t o  8:OU PM, 
when commercial demand has  receded from i ts peak and i s  r a p i d l y  d i s -  
s i p a t i n g .  A i r  cond i t i on ing  is  s h i f t i n g  these  curves f o r  some systems t o  
c r e a t e  daytime peaks dur ing  h o t  weather.  E l e c t r i c  house h e a t i n g  b u i l d s  
heavy evening and morning loads  dur ing  co ld  weather.  

F igu re  2.8 from The 1970 NationuZ Power survey2 shows peak day load 
p a t t e r n s  f o r  s e l e c t e d  systems by Federa l  Power .Commission region.  As 
shown i n  Fig. '  2.8, t h e  energy and demand p a t t e r n s  gene ra l ly  change from 
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Fig. 2.8. Peak day load patterns for selected systems (by FPC region). 
So11rr.e: The Technical Advisory Committee on Load Forecasting Methodology 
for the National Power Survey, "The Methodology of Load ForecasLiag," 
in f i e  1970 National Power Survey, Part I V ,  Federal Power Commission, 
Washington, D.C., 1970, p. IV-4-22. 



season  t o  season.  Most of t he  changes a r e  d i r e c t l y  r e l a t e d  t o  weather  
i n f l u e n c e s ,  such a s  temperature,  wind, and l i g h t  condi t ions .  In  t h e  
sou the rn  s t a t e s  an annual  system peak usua l ly  occurs  during per iods  of 
extremely h igh  tempera tures  and is genera l ly  a  daytime peak. I n  t h e  
r eg ions  where t h e  annual  system peak occurs  i n  t h e  win te r ,  i t  f r equen t ly  
occurs  i n  t h e  l a t e  a f t e rnoon  when darkness ,  low temperatures ,  and 
l i g h t i n g  combine t o  c r e a t e  a  peak demand. I n  systems wi th  hea t ing  
l o a d s ,  darkness  and low temperatures  have s u f f i c i e n t  e f f e c t  t o  cause the  
peak t o  occur  i n  January o r  February. However, i n  systems w i t h  an even 
g r e a t e r  amount of h e a t i n g  load ,  the peak may s h i f t  t o  a  morning hour. 
These k inds  of  e f f e c t s  of weather on system peak demand must b e  con- 
s i d e r e d  when ana lyz ing  t h e  requirements f o r  s o l a r  thermal energy s to rage .  
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3 .  SOLAR ENERGY CONVERSION SYSTEMS 

Four t ypes  of systems f o r  t h e  t h r e e  c a t e g o r i e s  of load types des- 
c r i b e d  i n  Sec t .  2 a r e  proposed f o r  t h e  d i r e c t  conversion of s o l a r  energy. 
These systems, l i s t e d  a s  fo l lows ,  a r e  considered t o  b e  w i t h i n  t h e  realm 
of eng inee r ing  f e a s i b i l i t y  and a r e  conjec tured  t o  u t i l i z e  s o l a r  energy 
a t  c a p i t a l  and o p e r a t i n g  c o s t s  t h a t  may be  reasonable  r e l a t i v e  t o  com- 
p a r a b l e  c o s t s  of o t h e r  energy systems: 

1. space and domestic water  h e a t i n g  systems,  
2. space  coo l ing  ( a i r  condi t ion ing)  systems, 
3 .  t o t a l  energy systems,  
4, s o l a r - e l e c t r i c  power genera t iou .  

3.1 Space and Domestic Water Heating Systems 

The s imp les t  s o l a r  energy conversion systems a r e  those  designed f o r  
space  and domestic water  hea t ing .  I n  such systems,  an i n c l i n e d ,  
s o u t h e r l y  f a c i n g ,  f l a t  c o l l e c t o r  is  coupled wi th  a h e a t  s t o r a g e  system 
from which h e a t  can b e  dra ined  when requi red .  A t y p i c a l  system f o r  
space  h e a t i n g  of b u i l d i n g s  by s o l a r  energy i s  shown i n  .Fig. 3.1.. This  
system con ta ins  fou r  h e a t  t r a n s f e r  loops:  

1. col lec tor - to- furnace  plenum, 
2.  c o l l e c t o r  t o  s t o r a g e ,  
3 .  storage-to-furnace plenum, 
4. furnace  plenum t o  condi t ioned  space.  

Thermal energy s t o r a g e  i n  t h i s  system can be  accomplished by us ing  
e i t h e r  s e n s i b l e  h e a t  o r  l a t e n t  h e a t  s t o r a g e  m a t e r i a l s .  La ten t  h e a t  
s t o r a g e  f o r  s o l a r  space  hea t ing  r equ i r e s  l e s s  volume' than s e n s i b l e  h e a t  
s t o r a g e ,  and t h e  h e a t  can be s t o r e d  a t  e s s e n t i a l l y  cons tan t  temperature.  
A disadvantage of l a t e n t  h e a t  s t o r a g e ,  however, is t h e  need f o r  a heat: 
exchanger between t h e  h e a t  t r a n s f e r  loop medium and t h e  s t o r a g e  medium; 
i n  s e n s i b l e  h e a t  s to rage ,  t h e  two media (water) can be  the  same, thus  
avoiding t h e  need f o r  a h e a t  exchanger. La ten t  h e a t  a n d  s e n s i b l e  hea t  
s t o r a g e  u n i t s  f o r  s o l a r  h e a t i n g  o f ' b u i l d i n g s  a r e  adequately descr ibed  
i n  r e f s .  1 and 2. The advantages vs t h ~ t  db,sadvantages of thcrmol energy 
s t o r a g e  i n  water  have been .analyzed i n  r e f .  3 .  

3 . 2  Solar Space Cooling (Air Condit ioning)  Systems 

An assessment of solar-powered cool ing  of bu i ld ings  us ing  Rankine- 
cyc l e  engines o r  absorpt ion-cycle  equipment i s  presented  i n  r e f .  4. I n  
t h e  c a s e  of t h e  Rankine engine,  t h e  thermal  energy is convereted t o  a 
mechanical ou tpu t  t h a t  is  used t o  d r i v e  a vapor compression r e f r i g e r a t i o n  
machine t o  coo l  t h e  bu i ld ing .  I n  t h e  case  of t h e  absorp t ion  equipment, 
t h e  thermal  energy i n p u t  d i r e c t l y  produces t h e  cool ing  func t ion .  



T c ' =  Collector temperature  

T i  = Room tempero tu re  

T a = T h a r m o i  energy r torogs tempero tu re  

Tth=Room thermor to t  ne t t ing  

Fan Control:  Some o r  tor Conventional Heot lng Syr tem 

p u m p  Control:  On: T r  Tth  and Tc > Tr 

or: Tr < T t h  and TI > Tr 

or:  Tc > T I  

Auaillory Hoote r :  On: Tr < T t h  ond Pumd ir o f f  

Fig. 3.1. Solar  h e a t i n g  and thermal energy s to rage '  system diagram. 
Source: M. Altman e t  a1 . , ~onservat ion "and Better: Uti l izat ion of Electric 
Power by Means of Thermal Energy Storage and Solar Heating, Fina1,Summary 
Report,  N S F / R A N N / S E / G I ~ ~ ~ ~ ~ / T R / ~ ~ / ~ ,  Univers i ty  of ~ e n n s ~ i v a n i a  Nat iona l  
Center f o r  Energy Management and Power, June 31, 1973, Fig.  3-17, . p . .  3-34. 

F igure  3.2 shows t h e  system conf , igurat ion f o r  t h e  concept us ing  t h e  
Rankine cyc le ,  and Fig.  3 .3 shows t h e  con f igu ra t ion  f o r  t h e  s o l a r  
absorp t ion  concept. These a r e  b a s i c a l l y  t h e  same, t h e  absorp t ion  
r e f r i g e r a t i o n  machine being thermodynamically equ iva l en t  t o  a Rankine 
cyc le  d r i v i n g  a vapor-compression r e f r i g e r a t i o n  cycle .  

The high-temperature thermal  s t o r a g e  provides a means of s t o r i n g  
energy c o l l e c t e d  dur ing  t h e  day f o r  use  a t  ni'ght. The low-temperature 
thermal s t o r a g e  provides a means of l e v e l i n g  th'e d i u r n a l  peaks i n  t h e  
cool ing  load. This  permi ts  t h e  use  of a sma l l e r  capac i ty  r e f r i g e r a t i o n  
machine than would be  necessary  without  s to rage .  
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Rankine cycle. Source : Assessment of solar-powered Cooling of Buildings, 
Final Report, NSF-RANN-75-012, Hittman Associates, Inc., Columbia, Md. 
(April 1375) . 
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3.2.1 So la r  Rankine coo l ing  

The Rankine cyc l e  i s  a c losed  s e q u e n t i a l  s e r i e s  of thermodynamic 
processes  t h a t  conver t s  h e a t  energy i n t o  mechanical energy. This  con- 
v e r s i o n  is  e f f e c t e d  by means of s e q u e n t i a l  changes of t h e  s t a t e  cond i t i ons  
of a c i r c u l a t i n g  working f l u i d .  I n  p a r t i c u l a r ,  t h e  f l u i d  undergoes 
changes i n  phase,  p r e s s u r e ,  and temperature .  

'd 

I n  common wi th  o t h e r  cyc l e s  f o r  t h e  conversion of h e a t  energy t o  
mechanical energy, t h e  Rankine cyc l e  r ece ives  h e a t  energy from a hea t  
source  a t  some temperature  h igher  than  t h e  ambient temperature ,  con- 
v e r t s  some of t h i s  hea t  energy t o  mechanical energy,  and r e j e c t s  t h e  
remaining hea t  energy t o  a hea t  s i n k  a t  o r  n e a r  t h e  ambient temperature .  

The b a s i c  components of a Rankine cyc l e  a r e  a b o i l e r ,  an expander,  a 
condenser,  and a pump. The working f l u i d  is evaporated i n  t h e  b o i l e r  by 
means of a h e a t  i n p u t ,  provided by s o l a r  energy i n  t h e  ca se  uf t h e  des ign  
mode of t h e  s o l a r  Rankine concept.  The vapor expands t o  a lower pres-  
s u r e  and a lower temperature  i n  t h e  expander,  thereby  provid ing  s h a f t  
power. The expander may t ake  t h e  form of a t u r b i n e ,  a p i s t o n  engine ,  o r  
a r o t a r y  engine. The vapor exhausted by t h e  expander is  converted back 
t o  t h e  l i q u i d  s t a t e  by g iv ing  up h e a t  t o  a cool ing  medium, such a s  water  
o r  a i r ,  i n  t h e  condenser.  The l i q u i d  is then pumped t o  a h ighe r  pres-  
s u r e  and r e tu rned  t o  t h e  b o i l e r  t o  complete t h e  cyc l e .  I n  t h e  s o l a r  
Rankine cool ing  concept ,  t h e  n e t  power ou tput  of t h e  cyc l e  is used t o  
d r i v e  a vapor-compression r e f r i g e r a t i o n  machine used f o r  space  cool ing .  v 

Water is  t h e  most common working f l u i d  f o r  Rankine cyc l e  engines  
ope ra t i ng  a t  h igh  temperatures .  However, f o r  !he low ope ra t i ng  tempera- 

% t u r e s  a t t a i n a b l e  wi th  f l a t - p l a t e  and medium-concentration s o l a r  col-  
l e c t o r s ,  t h e  t h e r m a 1 , e f f i c i e n c i e s  o b t a i n a b l e  w i th  water  a r e  t oo  low t o  
make i t  a p r a c t i c a l  f l u i d .  Numerous r e sea rch  s t u d i e s  have r e s u l t e d  i n  
t h e  i d e n t i f i c a t i o n  of many o rgan ic  f l u i d s  with thermodynamic p r o p e r t i e s  
s u i t a b l e  f o r  low-temperature Rankine cyc les .  Chemical s t a b i l i t y  con- 
s i d e r a t i o n s  gene ra l l y  l i m i t  maximum c y c l e  temperatures  f o r  o rgan ic  
f l u i d s  t o  approximately t h e  400 t o  800°F range,  depending on t h e  f l u i d .  

3.2.2 So la r  abso rp t ion  cool ing  

The abso rp t ion  r e f r i g e r a t i o n  cyc l e  d r iven  by s o l a r  energy i s  an 
a l t e r n a t i v e  t o  solar-powered cool ing  us ing  t h e  Rankine cyc le .  Although 
s i g n i f i c a n t l y  d i f f e r e n t  i n  t h e i r  p h y s i c a l  implementations,  t h e  absorp- 
t i o n  c y c l e  and t h e  vapor-compression c y c l e  d r iven  by a Rankine cyc l e  a r e  
thermodynamically equ iva l en t  i n  t h e  "black box" sense.  That i s ,  both 
a r e  thermal ly  d r iven  and perform t h e , f u n c t i o n  of pumping h e a t  o u t  of a 
cooled space i n t o  a h e a t  s i nk .  They d i f f e r  p r i m a r i l y  i n  t h e  manner i n  
which t h e  r e f r i g e r a n t  i s  compressed. I n  t h e  Rankine c y c l e ,  t h e  thermal  
i npu t  is converted t o  s h a f t  power, which d r i v e s  a vapor compressor ;  
whereas, i n  t h e  abso rp t ion  c y c l e ,  t h e  thermal  energy is  used t o  o b t a i n  a 
concent ra ted  absorbent  s o l u t i o n  by evapora t ion  of r e f r i g e r a n t .  This  
concent ra ted  s o l u t i o n  i s  then used t o  absorb r e f r i g e r a n t  vapor ,  thereby  



e f f e c t i n g  t h e  equ iva l en t  of compression because of t h e  l a r g e  r educ t ion  
i n  t h e  r e f r i g e r a n t  s p e c i f i c  volume a s  i t  passes  from t h e  vapor t o  t h e  
l i q u i d  s t a t e .  

Absorption r e f r i g e r a t i o n  systems ope ra t e  on t h e  b a s i s  of heat-  
d r iven ,  two-pressure cyc les .  . I n  such cyc le s  a  vapor i zab le  l i q u i d  is  
used a s  t h e  r e f r i g e r a n t  and a  second l i q u i d  a s  t h e  absorbent .  The 
abso rp t ion  c y c l e  c o n s i s t s  e s s e n t i a l l y  of fou r  b a s i c  components: 
abso rbe r ,  gene ra to r ,  condenser,  and evaporator .  

The c y c l e  con ta ins  two working f l u i d s ,  t h e  r e f r i g e r a n t  and t h e  
absorbent ,  t h e  l a t t e r  be ing  a  s o l u t i o n  conta in ing  both  r e f r i g e r a n t  and 
absorbent .  The ope ra t ion  may be  descr ibed  by s t a r t i n g  wi th  t h e  gene ra to r ,  
which is  on t h e  h igh  p re s su re  s i d e  of t h e  cyc le .  The genera tor   receive^ 
d i l u t e  absorbent  from t h e  pump. A s  t h i s  s o l u t i o n  pas ses  through t h e  
gene ra to r ,  t h e  thermal  energy inpu t  causes evaporat ion of some of t h e  
ce f r ige ra i i t ,  which is  much more v n l a t i l e  than  t h c  absorbent, ~ l ~ e r e b y  tori- 
c e n t r a t i n g  t h e  absorbent .  The r e f r i g e r a n t  vapor flows i n t o  t h e  condenser,  
where i t  is condensed by r e j e c t i o n  of h e a t  t o  a  h e a t  s ink .  The l i q u i d  
r e f r i g e r a n t  then  f lows through an  expansion va lve ,  wi th  p re s su re  reduc- 
t i o n ,  t o  t h e  evapora tor .  The evapora tor ,  hea t  from t h e  space  t o  be 
cooled causes b o i l i n g  and evapora t ion  of t h e  r e f r i g e r a n t  a t  low tempera- 
t u r e .  The r e f r i g e r a n t  vapor  then  flows from t h e  evapora tor  t o  t h e  
absorber .  

I n  t h e  abso rbe r ,  t h e  r e f r i g e r a n t  vapor i s  d i s so lved  i n  t h e  absorbent ,  
thereby  caus ing  a  l a r g e  decrease  i n  t h e  r e f r i g e r a n t  s p e c i f i c  volume, 
wh i l e  main ta in ing  t h e  low p res su re  on t h i s  s i d e  of t h e  cycle .  The d i l u t e  
s o l u t i o n  i s  then  pumped t o  ' t he  genera tor  t o  cont inue  t h e  process .  The 
abso rp t ion  p roces s  i s  exothermic, t h e  h e a t  of absorp t ion  being equal  t o  
t h e  sum of t h e  h e a t  of con.densation of t h e  vapor and t h e  h e a t  of d i l u -  
t i o n  of t h e  absorbent .  This  hea t  i s  discharged t o  a heat sink. 

For gene ra to r  t empera t~ i r e s  on t he  o r d e r  of 200°F, ouch as might be  
provided by a f l a t - p l a t e  c o l l e c t o r ,  t h e  gene ra to r  would be of t h e  s ing le -  
e f f e c t  type;  t h a t  i s ,  a l l  of t h e  r e f r i g e r a n t  evapora t ion  would occur  i n  
one v e s s e l .  I f  h ighe r  temperatures  a r e  a v a i l a b l e ,  such a s  from medium- 
concen t r a t ion  c o l l e c t o r s ,  more e f f i c i e n t  designs a r e  a t t a i n a b l e  a t  t h e  
expense of g r e a t e r  complexity by t h e  use o f  mul t ip l e -e f f ec t  genera tors .  
In  such des igns  t h e  gene ra to r  has  two o r  more s e c t i o n s ,  c a l l e d  e f f e c t s ,  
i n  which t h e  r e f r i g e r a n t  i s  evaporated a t  d i f f e r e n t  temperatures .  

To d a t e  t h e  most s a t i s f a c t o r y  absorbent-refr igerant 'pai r  has  been 
found t o  be l i t h i u m  brnmdde-water. 

The abso rp t ion  c y c l e  c h a r a c t e r i s t i c  of primary importance is t h e  
c o e f f i c i e n t  of performance, which is  def ined  a s  t h e  r a t i o  of . the cyc l e  
coo l ing  rate t o  t h e  thermal  energy inpu t  r a t e .  Various s t u d i e s  have 
demonstrated t h a t  t h e  coefficient of .  perfurmance is  r e l a t i v e l y  insen- 
s i t i v e  t o  gene ra to r  temperature,  s i n c e  changing t h i s  temperature changes 
t h e  capac i ty  r a t h e r  than  t h e  c o e f f i c i e n t .  For s i n g l e - e f f e c t ,  l i t h i u m  



bromide-water machines, t h e  c o e f f i c i e n t  of performance is  t y p i c a l l y  on 
t h e  o rde r  of 0.65 t o  0.70, and f o r  double-ef fec t  machines, i t  is  on t h e  
o rde r  of 1.10 t o  1.20. 

. Because of t h e i r  g r e a t e r  complexity,  double-ef fec t  machines c o s t  

approximately twice  a s  much a s  s i n g l e - e f f e c t  machines of equ iva l en t  
capac i ty .  Double-effect machines a r e  n o t  c u r r e n t l y  manufactured i n  
c a p a c i t i e s  l e s s  than 65 tons .  

I 

3.2.3.  Combined s o l a r  hea t ing  and cool ing  system 

The economic p rospec t s  of a  combination h e a t i n g  and coo l ing  s o l a r .  
system have been shown t o  be  more f avo rab l e5  than f o r  a  system t h a t  can 
perform only one of t h e  two func t ions .  F igure  3.4 is  a  schematic  
diagram of a conlbination h e a t i n g  and cool ing  s o l a r  system t h a t  i s  pro- 
posed t o  be  r e t r o f i t t e d  i n  t h e  Towns Elementary School b u i l d i n g  i n  
A t l an t a ,  Georgia. 

About 10,000 f t 2  of f l a t  p l a t e  s o l a r  c o l l e c t o r s  w i l l  be  l o c a t e d  oa 
t h e  roof of t h e  one-story school  bu i ld ing .  Sunl igh t  impinging on t h e  
c o l l e c t o r s  i s  es t imated  t o  h e a t  c i r c u l a t i n g  water  t o  a  temperature  between 
160 and 215"F, which is  then used t o  h e a t  t h e  s c h o o l ' s  domestic h o t  water  
supply and t o  power e i t h e r  t h e  school  h e a t i n g  system o r  a i r  cond i t i on ing  
system. Excess ho t  water  w i l l  be  s t o r e d  i n  f o u r  6000-gal t anks  and is 
es t imated  t o  be  adequate t o  power t h e  a i r  condi t ion ing  equipment f o r  

t 

s e v e r a l  hours  o r  t o  h e a t  t h e  b u i l d i n g  f o r  two days.  E x i s t i n g  hea t ing  
equipment w i l l  provide t h e  h o t  water  needed dur ing  prolonged pe r iods  of 
cloudy weather.  

A i r  cond i t i on ing  equipment w i l l  c o n s i s t  of a  nominal 100-ton, water- 
f i r e d ,  l i t h i u m  bromide abso rp t ion  c h i l l e r  t h a t  is  operab le  wi th  water  
i npu t  temperatures  of between 200 and 245°F. The maximum h e a t  i npu t  
r equ i r ed  by t h e  u n i t  i s  1 .7  m i l l i o n  Btu /hr ,  wi th  a  h o t  water  flow r a t e  
of 240 gpm. During a  3-hr pe r iod  around noon on a  c l e a r  day, t h e  col- 
l e c t o r  system i s  es t imated  t o  supply about 2  m i l l i o n  Btu /hr ,  which i s  
s l i g h t l y  more rhan t he  peak thermal  requirements of t h e  100-ton u.ni t .  

3.3 Solar - In tegra ted  U t i l i t y  Systems 

The e l e c t r i c a l - t h e r m a l  subsystem of an i n t e g r a t e d  u t i l i t y  system i s  
a  " t o t a l  energy system" i n  which t h e  normally wasted coo lan t  and 
exhaust  hea t  from engines  t h a t  d r i v e  e l e c t r i c  gene ra to r s  i s  recovered 
and used f o r  space hea t ing  and cool ing  and domestic water  hea t ing .  

The f e a s i b i l i t y  and b e n e f i t s  of s o l a r  energy u t i l i z a t i o n  i n  
Modular I n t e g r a t e d  U t i l i t y  Systems (MIUS) has  been analyzed by Arthur  
D.  L i t t l e ,  1nc. The e f f o r t  inc luded  t h e  i d e n t i f i c a t i o n  of p o t e n t i a l  

I 

system concepts ,  eva lua t ion  of hardware s t a t u s ,  and performance of 
weighted system eva lua t ions  t o  s e l e c t  promising system concepts  deserv ing  
f u r t h e r  s tudy.  



Fig. 3.4. Diagram of a solar heating and cooling system. Source: 
By permission from R. T. Duncan, "Solar Energy Will Cool. and Heat Atlanta 
School," ASHRAE J. 16(9): 47 (1974), Fig. 1. 

The solar concepts selected to receive a detai.1e.d r~virlr.r in ref. 7 
iacluded : 

Combined Solar and Waste-Heat Bottoming Rankine-Cycle Engine 
Posacr Ccncratisn 

Solar Domestic Hot Water Production and Solar Hnt Water.and Space 
Heating in the Single-Family Detached Residences, Including Heat 
Pump Utiiioation 



C e n t r a l  Combined Hea t ing  and Cool ing f o r  High-Density U n i t s  

S o l a r  Des iccan t  Dehumid i f i ca t ion  o f . I n d i v i d u a 1  B u i l d i n g s  Con- 
n e c t e d  t o  C e n t r a l  HVAC Subsystem. 

S o l a r  domes t ic  w a t e r  h e a t i n g  i n  t h e  s i n g l e - f a m i l y  d e t a c h e d  resi- 
dences  was judged t o  have t h e  h i g h e s t  economic p o t e n t i a l  of t h e  s o l a r  
concep t s  s t u d i e d .  The e f f i c i e n c y  of t h e  s o l a r  energy  c o l l e c t i o n  system 
is  h i g h  i n  t h i s  a p p l i c a t i o n  because :  

1. t h e  l o a d  h a s  f a v o r a b l e  c h a r a c t e r i s t i c s  ( s t e a d y ,  low i n  
t e m p e r a t u r e )  ; 

2.  c o n v e n t i o n a l  w a t e r  h e a t i n g  can account  f o r  approx imate ly  18% 
of t h e  a n n u a l  MIUS e l e c t r i c a l  l o a d ,  t h e r e b y  o f f e r i n g  t h e  
p o t e n t i a l  f o r  s i g n i f i c a n t  e l e c t r i c a l  energy s a v i n g s ;  

3 .  t h e  technology r e q u i r e d  f o r  s o l a r  w a t e r  h e a t i n g  is  l e s s  s o p l ~ i s t i -  
c a t e d  t h a n  t h a t  r e q u i r e d  f o r  o t h e r  s o l a r  a p p l i c a t i o n s .  

S o l a r  w a t e r  and s p a c e  h e a t i n g  i n  s i n g l e - f a m i l y  d e t a c h e d  r e s i d e n c e s  
was a l s o  found t o  b e  v e r y  promising.  Th is  judgment was h e a v i l y  weighted 
by t h e  c o n v e n t i o n a l  heat-pump s p a c e  h e a t i n g  system i n  t h e  s i n g l e - f a m i l y  
r e s i d e n c e s  and by t h e  a n n u a l  l o a d ,  which a c c o u n t s  f o r  abou t  15% of t h e  
MIUS annua l  e l e c t r i c a l  energy  (and abou t  58% of t h e  MIUS w i n t e r  e l e c -  
t r i c a l  energy) .  

S e v e r a l  s o l a r  heat-pump sys tem arrangements  were  examined, and t h e  
impact of d e s i g n  t r a d e - o f f s  on c o s t - e f f e c t i v e n e s s  ( t o  t h e  consumer) was 
ana lyzed .  It was found t h a t  a sys tem arrangement  w i t h  an  a i r - t o - a i r  
h e a t  pump o p e r a t i n g  a s  a n  independent  a u x i l i a r y  u n i t  t o  t h e  s o l a r  sys tem 
w i l l  y i e l d  a  lower n e t  o p e r a t i n g  c o s t  t h a n  can b e  ach ieved  by a  sys tem 
arrangement  w i t h  a  w a t e r - t o - a i r  h e a t  pump i n t e g r a t e d  w i t h . t h e  s o l a r  
s t o r a g e  t ank .  

The impact of s o l a r  heat-pump sys tems  on t h e  MIUS e l e c t r i c a l  l o a d  
p r o f i l e  was a l s o  i d e n t i f i e d .  I n  a d d i t i o n ,  heat-pump a r rangements  t h a t  
could  f a c i l i t a t e  l o a d  management were  d i s c u s s e d .  However, t h e  d e t e r -  
mina t ion  of t h e  optimum MIUS load-management heat-pump arrangement 
r e q u i r e d  a d d i t i o n a l  a n a l y s e s  beyond t h e  scope  of t h e  p r e s e n t  i n v e s t i g a t i o n .  

The c e n t r a l - s t a t i o n  s o l a r  c o l l e c t i o n  concept  f o r  h i g h - d e n s i t y  
applications was n o t  found t o  b e  a t t r a c t i v e  i n  t h e  n e a r  term. The major 
r e a s o n s  f o r  t h i s  c o n c l u s i o n  were  m a r g i n a l  economics f o r  c e n t r a l  absorp- 
t i .on c h i l l i n g  and a  requ i rement  f o r  a  d e f i c i t  i n  MIUS h igh- tempera tu re  
w a s t e  h e a t .  

3 . 3 . 1  The s o l a r  community concep t  

The f e a s i b i l i t y  of u s i n g  s o l a r  energy  t o  p r o v i d e  most of t h e  resi- 
d e n t i a l  energy needs  of a  s o l a r  community was a n a l y t i c a l l y  i n v e s t i g a t e d  
i n  r e f .  8. F ive  d i f f e r e n t  s o l a r  community concep t s  were ana lyzed  and 



eva lua t ed  i n  terms of  p r o j e c t e d  fund sav ings  and annual  t o t a l  energy c o s t s .  
The system t h a t  appeared most promising was a  cascaded system us ing  
focused c o l l e c t o r s ,  s t o r a g e ,  and a  d e r a t e d  t u r b i n e  where t h e  exhaust  
energy i s  "cascaded" i n t o  s e n s i b l e  h e a t  s t o r a g e  f o r  u s e  i n  comfort 
condi t ion ing .  

The system u s i n g  a  focused c o l l e c t o r  and a  d e r a t e d  t u r b i n e  is  shown 
schema t i ca l l y  i n  Fig.  3 .5 .  The components r equ i r ed  f o r  t h e  system 
inc lude :  s o l a r  c o l l e c t o r s  l oca t ed  a t  each r e s idence ;  c e n t r a l l y  l oca t ed  
i n t r i n s i c  h e a t  and/or  s e n s i b l e  h e a t  s t o r a g e  systems;  c e n t r a l  and/or  
s u b c e n t r a l  f l u i d  p roces s ing  and d i s t r i b u t i o n  systems;  c e n t r a l  e l e c t r i c  
power gene ra to r s ;  and c e n t r a l  space  h e a t i n g ,  a i r  cond i t i on ing ,  and ho t  
water  systems. 

High q u a l i t y  h e a t  s t o r a g e  i n  t h i s  system could h e  accomplished 
us ing  tllr la ten^: heat of f u s i o n  of an  inorganic-sa1.t: phase-change mate-. 
r i a l  (PCM) o r  one of t h e  o rgan ic  h e a t  t r a n s f e r  o i l s .  S torage  of low- 
q u a l i t y  hea t  would be  accomplished us ing  t h e  s e n s i b l e  hea t  of water .  

The p e r t i n e n t  conc lus ions  from t h i s  s t udy  * a r e  quoted as fo l lows  : 

Resu l t s  of t h e  p r e s e n t  s tudy  ind i ca t e  t h a t  e i t h c r  the  cascaded 
system o r  t h e  hyb r id  systems could provide  s i g n i f i c a n t  f u e l  
sav ings  and would have economj.c p a r i t y  w i th  today ' s  energy 
systems i f  f u e l  c o s t s  should double o r  t r i p l e .  S p e c i f i c a l l y ,  
depending upon t h e  system chosen, annual  f u e l  s av ings  of 45 t o  
65  pe rcen t  could be  ob ta ined  wi th  economic p a r i t y  occur r ing  
when f u e l  c o s t s  have increased  t n  ahou t  $0.90 pcr  m i l l i o n  D L U .  
Opt imiza t ion  of t h e  subsystems. reducing f11li.d t r a n s m i ~ c i o n  
c o s t  by p rov id ing  c e n t r a l  r a t h e r  than remote c o l l e c t i o n ,  and 
op t imiza t ion  on t h e  b a s i s  of community and system s i z e  should 
provide  an  even more promising out look.  

The s tudy  i n d i c a t e s  technology must be  emphasized i n  t h e  
g e n e r a l  a r e a s  of focused and f l a t  p l a t e  c o l l e c t o r s ,  thermal 
storage [emphasis added] (or o t h e r  a l t e r n a t i v e s ) ,  energy 
d i s t r i b u t i o n  systems,  Rankine t u r b i n e  cyc l e s  and working 
f l u i d s ,  and a b s o r p t i o n  a i r  cond i t i on ing  systems. Furthermore, 
c o l l e c t i o n  tempera tures  and c o l l e c t o r  e f f i c i e n c i e s ,  tiirh%nc 
ope ra t i ng  tempera tures  and e f f i c i e n c i e s ,  s t o r a g e  temperatures  
and s t o r a g e  media, and a b s o r p t i v e  a i r  cond i t i on ing  cyc l e s  
should be  t r a d e d  o f f  w i th  o v e r a l l  system e f f i c i e n c y  and 
t e c h n ~ l o g y  r e q ~ l i r ~ r n ~ n t s .  Thic could l e a d  L U  a Leclmologically 
and economically f e a s i b l e  system f o r  use i n  t h c  near ~ U L U L E .  

3.3.2 ORNL conceptua l  de s ign  s tudy  f o r  a  s o l a r  t o t a l  energy system 

A conceptua l  de s ign  s tudy  f o r  a  s t a t e -o f - the -a r t  s o l a r  ko t a l  energy 
system h a s  been prepared by t h e  Energy Div i s ion  of ORNL.9 

The t o t a l  energy system descr ibed  i n  r e f .  9 makes use of seven 
major components - t h e  s o l a r  energy c o l l e c t o r  a r r a y ,  t h e  thermal  energy 
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Fig. 3.5. Schematic of solar community using focused collection 
with derated turbine power generation, energy cascaded for space heating, 
etc. Source: By permission from R. B. Pope et al., "A Combination of 
Solar Energy and the Total Energy Concept - The Solar Community," Paper 
739084 in Proc. 8th IECEC Conf., American Institue of Aeronautics and. 
Astronautics, New York (August 13-17, 1973), Fig. 3, p. 306. 



s t o r a g e  tank ,  t h e  b u i l d i n g  hea t ing  system, t h e  domestic ho t  water  system, 
t h e  b u i l d i n g  a i r  cond i t i on ing  system, t h e  e l e c t r i c  power gene ra t i ng  
system, and an a u x i l i a r y  o i l - f i r e d  h o t  water  h e a t e r  t o  supplement t h e  
s o l a r  energy inpu t  du r ing  midwinter months when t h e  household energy 
demand exceeds t h e  c a p a c i t y  of t h e  s o l a r  energy c o l l e c t i o n  system. 

A flow s h e e t  showing t h e  r e l a t i o n  between t h e  energy c o l l e c t o r ,  
t h e  h e a t  s t o r a g e  t ank ,  and t h e  va r ious  energy-consuming elements i n  t h e  
r e s i d e n c e  is presen ted  i n  Fig.  3 . 6 .  The corresponding desi-gn d a t a  are 
p re sen t ed  i n  Table  3.1. Note t h a t  t h e  i n t e g r a t e d  system has been designed 
s o  t h a t  t h e  f l u i d  i n  t h e  s o l a r - c o l l e c t o r ,  hea t - s to rage ,  energy u t i l i z a -  
t i o n  systems i s  kept  i n  a c losed  c i r c u i t .  Thus, i t  becomes p o s s i b l e  
t o  employ a  20% glycol-water  s o l u t i o n  t h a t  w i l l  n o t  f r e e z e  i n  co ld  weather ,  
and t h i s  can i n c l u d e  an i n h i h i t m r  sn t h a t  co r ros ion  i n o i d c  t h e  system 
w i l l  nor be a  problem. This  f l u i d  system would a l s o  i nc lude  p rov i s ions  
f o r  d e a e r a t i o n  t o  assist f u r t h e r  i n  minimizing co r ros ion  i n s i d e  tlie 
C ~ Q S Q ~  syRtnm. 

A Rankine-cycle t u r b i n e  gene ra to r  system employing an o rgan ic  working 
f l u i d  o r  a  Freon could supply a  s u b s t a n t i a l  f r a c t i o n  of t h e  e l e c t r i c  
power requirements  of t h e  household. A system of t h i s  s o r t  has  been 
under development a t  ORNL f o r  u se  by the Navy i n  sma l l ,  undersea i so tope  
power p l a n t s  designed t o  produce a  few k i l o w a t t s  of e l e c t r i c i t y .  j 0  A 
boi le r -vapor  s e p a r a t o r  u n i t  s u i t a b l e  f o r  t h e  a p p l i c a t i o n  of t h i s  s tudy 
h a s  been developed, and a survey of t h e  s t a t e  of t h e  a r t  of t h e  type  of 
sma l l  t u r b i n e  o r  engine  gene ra to r  u n i t s  r equ i r ed  has  been conducted. l 1  
The survey i n d i c a t e s  t h a t  any one of s e v e r a l  u n i t s  under development 
might be  s u i t a b l e  f o r  this r e s i d e n t i a l  a p p l i c a t i o n .  The Rnnkine-cycle 
working f l u i d  would be  confined i n  a  hermetical.1.y seal.ed system s o  t h a t  
co r ros ion ,  bu i ldup  of d e p o s i t s ,  and d e t e r i o r a t i o n  of t h e  f l u i d  should 
n o t  be  problems i n  t h e  low-temperature system envis ioned.  

Thc c l c c t r i c  power requi reuml ts  f a r  a t y p i c a l  r e s idencc  were assume11 
t o  be  ROO0 kWhr/hr, which i s  equ iva l en t  t o  154 kWllr/week o r ,  i n  Btu 
e q u i v a l e n t ,  525,000 Btulweek. I f  one assumes an ove ra l l  thermal  4ffi- 
c iency  of 7% f o r  t h e  Rankine-cycle and t u r b i n e  gene ra to r  system,12 t h i s  
would impose a  h e a t  load  of 7500 ~ t u l w e e k - f t ~  of t h e  s o l a r  a r r ay .  Note 
t h a t  t h e  thermodynamic c y c l e  assumed would r e j e c t  i t s  hea t  a t  120°F; 
hence, t h e  h e a t  r e j e c t e d  could be used f o r  domestic water  o r  space 
h e a t i n g  . 

The most e f f e c t i v e  u se  of t h e  s o l a r  energy c o l l e c t e d  is  made by 
cascading  t h e  hea t  f low a s  i n d i c a t e d  i n  Fig.  3.6. For example, t he ,  
heat input  to hlzla evapornror  i n  t h e  r e f r i g e r a t i o n  system i s  a t  a  r e l a -  
t i v e l y  h igh  tempera ture  l e v e l ,  and t h e  water  supp l i ed  t o  t h i s  system 
a t  250°F would probably l e a v e  a t  a temperature  of about  200°F. Rather  
than  r e c i r c u l a t e  i t  t o  t h e  bottom .a£ t h e  s o l a r  energy s t o r a g e  tank  and 
d i s s i p a t e  t h i s  h e a t  a t  a  low temperature  l e v e l ,  dur ing  t h e  daytime, when 
t h e  load  011 t h e  a i r  cond i t i on ing  system is h igh ,  t h e  200°F water  can 
be  r e c i r c u l a t e d  d i r e c t l y  t o  t h e  s o l a r  energy c o l l e c t o r s  s o  t h a t  t h e  
amount of h e a t  added i n  t h i s  a r r a y  w i l l  n o t  have t o  be  a s  g r e a t .  Sim- 
i l a r l y ,  t h e  Rankine-cycle system f o r  e l e c t r i c  power gene ra t i on  would 
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Fig. 3.6. Schematic diagram showing the proposed solar total energy 
system for a residence. 



Table 3.1.  T o t a l  energy system wi th  p a r a b o l i c ,  c y l i n d r i c a l  
r e f l e c t o r s ;  a  hot-water s t o r a g e  system; an abso rp t ion  a i r  condi t ion ing  

system; and a  Rankine-cycle e l e c t r i c  gene ra to r  

C o l l e c t o r  

T o t a l  p r o j e c t e d  a r e a  of a r r a y ,  f t 2  
T i l t  ang le  of a r r a y ,  deg (from h o r i z o n t a l )  
C o l l e c t o r  e lement  s i z e ,  i n .  
C o l l e c t o r  water  e x i t  t empera ture ,  OF 

P a r a b o l i c  m i r r o r  azimuth ang le  
P a r a b o l i c  m i r r o r  m a t e r i a l  
Number of g l a s s  cover  p l a t e s  
C o l l e c t o r  t ube  OD, i n .  
Nuniber of c o l l e c t o r  t ube  a x i a l  f i n s  
Ax ia l  f i n  h e i g h t ,  i n .  
Frartinn oi day t h a t  a r r a y  is  eIIecclve, 7; 
R e f l e c t i v i t y  of m i r r o r  . 

A b s o r b t i v i t y  of c o l l e c t o r  tube  
T r a n s m i s s i b i l i t y  of g l a s s  cover 
Thermal convec t ion  l o s s  f a c t o r  a t  70°F 
Conduction and miscel.l.aneous l o s s  f a c t o r  a t  70°F 
T o t a l  hea t  c o l l e c t i o n  a t  250°F, Btu/yr  
T o t a l  hea t  c o l l e c t i o n  a t  210°F, Btu/yr  

1000 
'45 
20 x 72 
250 
Adjus tab le  ' 

Alzak A 1  
1 
0.50. 
2 
0.5 
25 
0.87 
0.95 
0.90 
.10 
.10 
149 x l o 6  
193 x l o 6  

Heat-Storage Tank 

Tank h e i g h t ,  f t  20 
Tank d iameter ,  f t  4 
Tank c a p a c i t y ,  f  t3  240 
Tank c a p a c i t y ,  g a l  2000 
Tank c a p a c i t y  a t  250°F, l b  16,000 
Tank c a p a c i t y  w i t h  130°F Lemperature drop,  Btu 2.08 x l o 6  

Reference D e s i g n e  (Knoxville.  l a t  = 3 6 " )  

Number of s t o r i e s  2  
F loor  a r e a  p e r  s t o r y ,  f t 2  l h n O  
Bui ld ing  hixr, L C  50 x 32 
Heat l o s s ,  Btu/hr-OF SO0 
Ileat requirements  f o r  space  hea t ing , a  R t ~ / ~ r  

b 
71 x l o 6  

Heat requi rements  f o r  abso rp t ion  a i r  cond i t i on ing ,  51  x l o 6  
B ~ u / y r  

.. ---- P 

'includes a l l  hours  p e r  yea r  i n  which t h e  temperature  is  less than 
65°F. 

'includes a l l  hours  p e r  y e a r  i n  which t h e  temperature  is  g r e e t e r  than 
65°F. 



employ a  b o i l e r  heated by high-temperature water  from t h e  s o l a r  energy 
s t o r a g e  system, b u t  t h i s  water  would l eave  t h e  Rankine-cycle b o i l e r  a t  
a  temperature near  200°F and, hence, dur ing  t h e  day could be  used b e s t  
by r e c i r c u l a t i n g  i t . t h r o u g h  t h e  s o l a r  energy c o l l e c t i o n  system. During 
t h e  n i g h t ,  t h e s e  200°F water  s t reams might be  r e tu rned  t o  a  p o i n t  near  
t h e  middle of t h e  h e a t  s t o r a g e  tank. 

A s  i nd i ca t ed  above, t h e  h e a t  r e j e c t e d  from t h e  Rankine cyc l e  ( i . e . ,  
most of t h e  h e a t  flowing i n t o  t h e  b o i l e r )  could b e  r e j e c t e d  a t  120°F, 
an i d e a l  temperature f o r  b u i l d i n g  hea t ing .  

A review of energy s t o r a g e  systems i n d i c a t e s  t h a t  t h e  l e a s t  expen- 
s i v e  and most f l e x i b l e  f o r  t h e  s o l a r  c o l l e c t o r  proposed he re  i s  a  hot- 
water  tank. Experience wi th  tanks of t h i s  s o r t ,  no tab ly  i n  Munich, 
Germany, i n d i c a t e s  t h a t  t he  hot- and cold-water reg ions  a r e  s t r a t i f i e d  
wi th  very l i t t l e  mixing o r  conduction of h e a t  between t h e  two reg ions .  
This ,  of course,  assumes a  c losed  hot-water system i n  which ho t  water  
is added a t  t h e  top of t h e  tank  a s  co ld  i s  withdrawn a t  t h e  bottom 
and v i c e  ve r sa ,  wi th  s u i t a b l e  b a f f l e s  t o  minimize t h e  turbulence  asso- 
c i a t e d  wi th  hot-water flow i n t o  t h e  s t o r a g e  tank.  A tank  of t h i s  s o r t  
has  t h e  important advantage t h a t  t h e  ho t  water  can be  s t o r e d  a t  any 
des i r ed  temperature over  q u i t e  a  wide r ange ,  s o  t h a t  one i s  dea l ing  wi th  
a  cons tan t  temperature i n  t h e  a v a i l a b l e  h e a t  supply a t  a  l e v e l  t h a t  may 
be changed wi th  seasonal  temperature demands. For example, i t  i s  
important t o  have the  h e a t  s t o r e d  a t  a  temperature of a t  l e a s t  200°F 
i n  t h e  summertime i n  o rde r  t o  d r i v e  an  abso rp t ion  a i r  condi t ion ing  system, 
and t h e  s o l a r  energy r equ i r ed  t o  accomplish t h i s  can be  r e a d i l y  obtained 
wi th  t h e  much h igher  s o l a r  energy inpu t  c h a r a c t e r i s t i c  of summer opera- 
t i on .  On t h e  o t h e r  hand, i n  t h e  win te r ,  when o u t s i d e  temperatures  a r e  
low and t h e  s o l a r  energy inpu t  i s  l i k e l y  t o  be l e s s  than t h e  space 
hea t ing  demand i n  t h e  house, advantage can be  taken of t h e  f a c t  t h a t  
t h e  s o l a r  energy c o l l e c t i o n  e f f i c i e n c y  can be  increased  by c o l l e c t i n g  
and s t o r i n g  t h e  h e a t  a t  a  lower temperature.  

The cumulative e f f e c t s  of t h e  numerous u n c e r t a i n t i e s  expressed i n  
r e f .  9 could make a  s u b s t a n t i a l  d i f f e r e n c e  i n  t h e  a t t r a c t i v e n e s s  of t h e  
system. However, even alter. cuus%dering: t h e s e  u n c e r t a i n t i c s  , t h e  
proposed system appears  t o  be s u f f i c i e n t l y  a t t r a c t i v e  t o  mer i t  a  
d e f i n i t i v e  t e s t .  Such a  t e s t  could be c a r r i e d  out  by b u i l d i n g  a  l a r g e  
s o l a r  energy c o l l e c t o r  a r r a y  of t h e  type  proposed and coupling t h i s  t o  
a  hot-water s t o r a g e  system. This  would permit  an e s s e n t i a l l y  f u l l - s c a l e  
t e s t  of t h e  two major components. By conducting t h e  t e s t  wi th  a  com- 
p l e t e  s e t  of ins t rumenta t ion ,  i nc lud ing  measurements of d i r e c t  and 
i n d i r e c t  s o l a r  r a d i a t i o n ,  d e f i n i t i v e  deduct ions could be  made from t h e  
t e s t  r e s u l t s  r e l a t i v e  t o  t h e  a p p l i c a b i l i t y  of t h e  system t o  t h e  Knoxville 
a r e a  and t o  o t h e r  l oca t ions .  These d a t a  would a l s o  permit  a  very  good 
approximation of t h e  e f f e c t  of changing from a s o l a r  energy c o l l e c t o r  of 
t h e  type  descr ibed  h e r e  t o  some o t h e r  type ,  such a s  a f l a t - p l a t e  col- 
l e c t o r  wi th  an e l e g a n t l y  t r e a t e d  s u r f a c e  t h a t  would permit  c o l l e c t i o n  of 
s o l a r  energy a t  temperatures  of about 250°F wi th  good e f f i c i e n c y .  The 
d a t a  would a l s o  be d i r e c t l y  a p p l i c a b l e  t o  t h e  design of town houses and 
garden apartments.  



No e f f o r t  was made i n  t h i s  s t udy  t o  e v a l u a t e  t h e  performance of 
t h e  Rankine-cycle e l e c t r i c  power gene ra t i on  system a s  a  f u n c t i o n  of such 
parameters  a s  t h e  peak tempera ture  employed i n  t h e  c y c l e ,  t h e  condenser 
tempera ture ,  o r  t h e  working f l u i d ,  because t h e  s c a l e  of such a  s tudy  
was much beyond t h e  scope of t h i s  e f f o r t .  However, such a  s tudy  would 
be  e s s e n t i a l  t o  a  d e f i n i t i v e  e v a l u a t i o n  of t h e  va lue  of an e l e c t r i c  
power gene ra t i on  system i n  a  s o l a r  t o t a l  energy system of t h e  t ype  
proposed h e r e i n .  Such a  s tudy  should begin  wi th  a survey of t u r b i n e  
and engine  g e n e r a t o r  u n i t s  a v a i l a b l e  from vendors s o  t h a t  t h e  a c t u a l  
performance c h a r a c t e r i s t i c s  of t h e s e  u n i t s  could be  used i n  eva lua t ing  
t h e  e f f e c t s  of o p e r a t i n g  cond i t i ons  and working f l u i d s .  

3.4 Base-Load Power Generation Systems 

F,figin~,e.rj.ng experience i n  t h e  geurraLlun of base-load e l e c t r i c i t y  
from s o l a r  energy is  q u i t e  l i m i t e d .  Howevcr, a few proposa ls  f o r  ground- 
based s o l a r - e l e c t r i c  conversion systems have been s t u d i e d ,  two of which 
are desc r ibed  i n  r e f s .  1 3  and 14. 

A t y p i c a l  s o l a r  conversion system employing a thermal  energy 
s t o r a g e  (TES) dev ice  is  i l l u s t r a t e d  i n  Fig.  3.7 wi th  p e r t i n e n t  s t a t e -  
p o i n t  cond i t i ons  i nd i ca t ed .13  For t h i s  system i t  W ~ E  aooumeel t h a t  L I I ~ !  
TES m a t e r i a l  could b e  maintained under thermocl ine cond i t i ons .  I n  r e f .  
13 ,  t h e  au tho r s  d i s cus sed  ~ h e  normal and rcduced operaLions of t h e  
system d e p i c t e d  i n  Fig.  3.7 f o r  an assumed 1340-MW(t) peak power f i e l d ,  
combined wi th  a  300-MW(e) power p3.ant. These d i s c u s s i o n s  a r e  quoted a s  
fo l l ows  : 

A normal daytime o p e r a t i o n a l  mode i s  depic ted  i n  Fig.  3.7a,  
i n  which excess  superhea ted  steam i s  shunt  fed t o  t h e  thcrmal  
s t o r a g e  h e a t e r .  A desuperhea te r  is  inr l l l r l izd  i n  t h i ~  con- 
f i g u r a t i o n  t o  p reven t  damage t o  t h e  h e a t  t r a n s f e r  f l u i d  a s  
a  r e s u l t  of exces s ive  charging temperature .  Assuming t h e  
1.340-MW(,t) peak povcr f i c l d  c o ~ ~ s i c l e ~ r d  earlieP, combined 
w i t h  a  300-MW(e) power p l a n t ,  t h i s  mode of ope ra t i on  would 
cont inue  u n t i l  t h e  thernial  power l e v e l  f e l l  t o  56 pe rcen t  of 
t h e  peak va lue .  A t  t h i s  p o i n t ,  t h e  shunt  f low wntilrl have Lvtln 
reduced t o  zero ,  w i t h  t h e  e n t i r e  steam flow be ing  d i r e c t e d  
t o  t h e  h igh-pressurc  t i ~ r h i n e .  

A s  rhe steam f low-ra te  i s  reduced f u r t h e r  due t o  a  r educ t ion  
i n  su la ' i  i u s o l a ~ i o n ,  t h e  low s o l a r  power mode shown i n  F ig .  
3 .7b  i c  uocd.  T u  ~ l ~ i b :  mode, t u r b i n e  e x t r a c t i o n  f o r  feed  
water  h e a t i n g  i s  s u c c e s s i v e l y  reduced s t a r t i n g  wi th  t h e  
h i g h e s t  p r e s s u r e  f eed  water  h e a t e r .  The a d d i t i o n a l  feed  
wa te r  h e a t i n g  i s  then  accomplished by t h e  thermal s t o r a g e  
u n i t  u s ing  t h e  a l t e r n a t e  feed water  h e a t e r .  Such a  mode 
would e x i s t  uuLi l  t h e  Steam r a t e  f e l l  t o  39 pe rcen t  of t h e  
peak va lue .  A t  t h i s  p o i n t ,  t h e  e l e c t r i c a l  gene ra t i ng  capa- 
b i l i t y  would be  reduced t o  approximately 88 pe rcen t  of t h e  
des ign  va lue .  It should be  no ted  t h a t  by adding a  bypass 
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Fig. 3.7. Schematic. flow diagram of a typical base-load, solar- 
electric power conversion system. Source: By permission from J. E. Raetz,. 
C. R. Easton, and R. J. Hall, "The Selection and Use of Energy Storage for 
Solar Thermal Electric Application," Paper 759088 in Rec. 10th Intersoc. 
Energy Convers. Eng. Conf., Institute of Electrical and Electronics Engineer-, 
Inc., New York (August 1975), Fig. 8, pp. 579-80. 



c. Night Operation 

d. Operation With Intermittent Clouds 

Fig .  3 . 7  (cont inued)  

THERMAL STORAGE HEATER 

- STEAM GENERATOR 
AtIXIL14RY FEEDWATER HEATER 

FWH - FEEDWATER HEATER 
D A H  * DEAERATOR HEATER - - - - INACTIVE LINE 
.--*----- THERMAL STORAGE FL 111O (ACTIVE C!Nc) - STEAM A N D  WATER (ACTIVE LINE1 

betweal Ll~e water arld steam l i n e s  upstream of t h e  t u r b i n e ,  
t h i s  mode could b e  used t o  provide  thermal  energy t o  t h e  
r e c e i v e r  dur ing  p e r i o d s  of n igh t t ime  shutdown. 

A s  t h e  s team r a t e  f a l l s  fur ther . ,  t h e  flow r a t e  t o  t h e  t u r b i n e  
i s  a l s o  rcduccd w i t h  a subseque11L loss i n  gene ra t i ng  capac i ty .  
When t h e  s team r a t e  f a l l s  t o  1 8  percent  of peak power, t h e  
power p l a n t  e f f i c i e n c y  has  been reduced t o  70 pe rcen t  of i t s  
des ign  va lue .  A t  t h i s  p o i n t ,  t h e  r e c e i v e r  loop is  shu t  down 
and t h e  t u rbogene ra to r  draws i t s  steam from t h e  steam gene ra to r  



which i s  powered by t h e  thermal  s t o r a g e  f l u i d .  Such a  n igh t -  
t ime o p e r a t i o n a l  mode is  dep ic t ed  i n  Fig.  3 . 7 ~ .  Due t o  t h e  
degraded steam cond i t i on  r e s u l t i n g  from t h e  two h e a t  t r a n s f e r  
ope ra t i ons  (charging and d i scha rg ing )  a s s o c i a t e d  wi th  t h e  
thermal  s t o r a g e  u n i t ,  t h e  steam i s  f ed  d i r e c t l y  i n t o  t h e  low- 
p r e s s u r e  s i d e  of t h e  t u r b i n e .  The r e s u l t i n g  gene ra t i ng  
capac i ty  i s  approximately 70 pe rcen t  of t h e  des ign  va lue .  

During daytime pe r iods  i n  which s e v e r e  t r a n s i e n t s  i n  s o l a r  
i n s o l a t i o n  occur  a s  t h e  r e s u l t  of f r equen t  cloud passage,  an 
a l t e r n a t e  mode of ope ra t i ng  (Fig.  3.7d) may be  r equ i r ed  t o  
p r o t e c t  t h e  t u r b i n e  from unacceptab le  t r a n s i e n t s .  I n  t h i s  
ca se ,  a l l  of t h e  c o l l e c t e d  energy i s  shunt  f ed  d i r e c t l y  i n t o  
t h e  theraml s t o r a g e  u n i t  wh i l e  t h e  tu rbogenera tor  i s  powered 
d i r e c t l y  from t h e  steam genera tor .  

Pre l iminary  des ign  con f igu ra t i on  f e a t u r e s  of a  100-MW(e), s o l a r  
energy conversion power system and u s e r  a p p l i c a t i o n s  f o r  t h e  d i r e c t  
s o l a r  i n s t a l l a t i o n  a r e  presen ted  i n  r e f .  14. The conversion system 
c o n s i s t s  of a  c e n t r a l  power s t a t i o n  surrounded by e i g h t  s o l a r  energy 
co l lec t ion-concent ra t ion-convers ion  f i e l d s ,  which supply t h e  r equ i r ed  
1250-psi, 950°F (510°C), superheated steam f o r  t u r b i n e  gene ra to r  opera- 
t i o n .  B o i l e r  and supe rhea t e r  assenibl ies  i n  each f i e l d  a r e  mounted on a  . 

400-ft-high (121.9-m) tower a t  t h e  c e n t e r  uf t h e  southern  border  of 
t h e  f i e l d .  I n  each f i e l d ,  1840 mi r ro r s  perform t h e  c o l l e c t i o n -  
concen t r a t i on  j unc t ion  wi th  a  s i n g l e  r e f l e c t i o n  of t h e  s o l a r  energy. 

A solar-energy conversion system has  r e c e n t l y  been proposed15 t o  
gene ra t e  e l e c t r i c a l  power and t o  provide temperature  c o n t r o l  f o r  l i f e -  
suppor t  systems. The system u t i l i z e s  a  Freon cyc l e  and inc ludes  a  
b o i l e r ,  a  tu rbogenera tor  w i th  h e a t  exchanger, a  r egene ra to r  and 
thermal-control  h e a t  exchangers ,  low-pressure and bo i l e r - f eed  pumps, 
and a  condenser. Although t h e  system does no t  i nc lude  t h e  use of 
a  s o l a r  hea t  s t o r a g e  subsystem, such a  device  could be  i nco rpo ra t ed  
i n  t h e  s o l a r  h e a t  i n p u t ,  and t h e  system could be  adapted f o r  t h e  genera- 
t i o n  of e l e c t r i c a l  power and f o r  space  and water  h e a t i n g  i n  a  s i n g l e  
de tached  resi.denr.e o r  i n  mult iapar tment  complexes i n  t h e  low- and/or  
intermediate- temperature  regime. 

Minto 's  Sun Power Systems, Inc . ,  i n  Sa ra so t a ,  F l o r i d a ,  ha s  developed 
and r e c e n t l y  announced t h e  a v a i l a b i l i t y  of an organic- f lu id-dr iven  
engine t h a t  can be  used t o  d r i v e  e i t h e r  an a i r  cond i t i one r  compressor 
o r  a  genera tor .  l 6  A system is  descr ibed  i n  r e f .  16 i n  which t h e  engine  
is  d r iven  by r e f r i g e r a n t  R-114 (Freon) .  I n  t h i s  system, water  i s  hea ted  
from 165°F t o  185°F i n  a  f l a t - p l a t e  c o l l e c t o r .  The Freon is  vapor ized  
i n  a  Freon b o i l e r  wi th  t h e  185°F wa te r ,  producing s a t u r a t e d  R-114 vapor 
a t  180°F and 141  p s i a .  This  vapor t hen  expands through t h e  engine  
and exhaus ts  a t  120°F, from which i t  is  condensed a t  80°F and r e tu rned  
t o  t h e  Freon b o i l e r .  The system i s  claimed t o  gene ra t e  15 kW(e) wi th  
180°F water  from t h e  c o l l e c t o r .  The system descr ibed  i n  r e f .  15  i s  q u i t e  
similar t o  t h e  system shown i n  Fig.  3.5,  except  t h a t  no thermal  energy 
s t o r a g e  f a c i l i t i e s  were s p e c i f i e d ,  and waste  h e a t  from t h e  Freon engine  
was n o t  u t i l i z e d .  
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4. CANDIDATE SOLAR THERMAL ENERGY STORAGE MATERIALS 

4.1 Classification of Thermal Energy Storage Media 

Thermal energy in the form of either "hotness" or "coldness" can be 
stored in a variety of media as sensible heat by virtue of a change.in 
temperature of the material or as latent heat of fusion in which the 
material changes from the liquid phase to the solid phase without an 
appreciable change in temperature. Both types of material have been 
used in thermal energy storage (TES) units. 

In hotness storage, thermal energy is added to the TES medium, 
which raises the temperature of sensible heat storage materials or melts 
the latent heat materials at constant temperature. In coldness storage, 
thermal energy is extracted from the medium, ~h.~,ch results in cl dccrcnse 
in temperature of sensible heat storage materials or constant-temperature 
freezing of latent heat materials. In both cases, a temperature dif- 
ference must exist between the thermal conveyance material and the TES 
medium to provide a driving force for heat transfer. 

In addition to sensible~heat and latent heat storage materials, 
several other media have been investigated as potential thermal energy 
storage materials, including the clathrate and semiclathrate hydrates, 
various metal hydrides, and heat storage based on inorganic chemical 
reactions. 

An O W L  report1 presents summaries of a considerable portion of 
published information on heat storage materials and devices, examines 
the technological aspects of their application in MIUS," provides some 
estimates of material and equipment costs, and prcocnts conelusio~is 
reached about the most applicable types of mcltcrials and devices cur- 
rently available for use in a MIUS. 

In an article to become part of a chapter to be published in the 
1974 applications volume of ASHRAE Handbook and Product Directory, 
yellut2 has discussed heat storage systems and requirements for the 
utilization of solar energy for heating and r.nnling of lulldingo. 

4.1.1 Sensible heat storage materials 

The sensible heat storage capacity o f  materials is given by the 
thermodynamic relation 

* 
Modular Integrated Utility Systems. 



where 

AQ = heat storage capacity (Btu), 
m = mass of materials (lb), 
tl = initial temperature (OF), 
t2 = final temperature (OF), 
C = specific heat at constant pressure (Btu lb-I  OF-^). 
P 

, 
The specific heat usually varies with the temperature level of the mate- 
rial. However, if the specific heat does not vary appreciably between 
the initial and final temperatures, an average value for C can be 
assigned, and the above expre.ssj.on becomes P 

Since m = pV, where p = density (lb/ft3) and V = volume (ft3), 

The specific heat of water, for example, is 0.999 Btu lb-I at 
140°F, and increases to only 1.004 Btu lb-I at 200°F for an average 
specific heat of 1.0015 Btu lb-I  OF-^ between these limits. 

The product pCp is called the volumetric heat capacity, for which 
no commonly used symbol has been adopted. The limitations of thermal 
energy storage as sensible heat are set by the fact that the specific 
heats of usable materials range only from about 0.20 Btu lb-l  OF-^, for 
rvcks and most other nonporous solid materials, to about 1.0 Btu lb-I 

for water. 

4.1.2 Latent heat phase-change materials 

Latent heat phase-change materials (PCMs) possess the unique ability 
to absorb and liberate large quantities of heat without appreciable 
temperature change. Over 500 PCMs are reported in the reviewed literature 
as potential TES candida~es.~ The 500 potential PCMs were selected 
exclusively on the basis of heat of fusion and melting temperature. 
Based on the selection criteria given in Sect. 5, however, this number 
of candidate materials can be considerably reduced. Phase-change mate- 
rials may be categortzed into the following general types: 

1. inorgaic salt hydrates and eutectics, 
2 .  organic compounds and el-I t E r  t i r.s, 
3 .  combined phase-change and sensible heat materials. 

4.1.2.1 Inorganic salt hydrates and eutectics. Inorganic salt 
hydrates are solid compounds of inorganic salts and water with a definite - 

number of moles of water forming crystalline solids of the general 
formula S*nH20, where S is an anhydrous salt [e.g., Na2S04 (Glauber's 
salt)], and n is the number of moles of water. At the phase-change 



temperature, the salt hydrate melts and dissolves in its water of h-ydra- 
tion. In congruent melting, the salt hydrate forms a clear melt, or 
liquid phase, above the melting point. However, some salt. hydrates are 
less soluable in their water of hydration and dissolve only partially, 
forming an incongruent melt. Since the solid phase is usually heavier 
than the liquid phase, it will settle to the bottom of the container. 

4.1.2.2 Organic cumpounds and eutectics. A number of organic 
materials that have properties suitable for solar heating TES have been 
investigated. Some properties of these materials which make them 
potentially attractive are the following: 

high heat of fusion per unit weight, 
wide range of melting points (23 to 15lUF), 
nontoxic, 
nonc~rros ive , 
chemically inert and stable below about 750°F (above this tem- 
perature, complex reactions such as dehydrogenation, cracking, 
and aromatization could occur), 

negligible supercooling behavior, 
low vapor pressure in the melt, 
density range from 43.7 to 48.1 lb'/ft3, 
commercially available at reasonable cost, 
high wetting ability, 
predictable and dependable. 

On the other hand, some organics (paraffins) are flammsblc and 
undergo a relatively large (%lo%) volume change upon m~.lting, which could 
introduce problems in heat transfer. The rhndce of co~.tainoro for 
paraffins requires care, because paraffin can cause stress cracking in 
some plastics; metals such as aluminium or steel would prnhahly be 
rcquircd. 

4 . 1 . 2 . 3  Combined phase-change and sensible heat TES materials. 
Several TES materials that can be used in systems emplnying solid-liquid 
phase change in addition to sensible heat storage are available. The 
heat storage capabflity of combined phase-change and sensible heat 
storage materials is given by the thermodynamic relation 

C (t)d~ + Ah .I 
PS P c, , P 1 c (L)J~ , 

PC 

where 

AQ = heat storage capacity, 
M = mass of material, 
tl = initial temperature, 



t = phase-change (melting) temperature, !: = final temperature, 
C = specific heat of the solid phase, 
cps = specific heat of the liquid phase, 
~h~~ = latent heat of fusion. 
PC 

4.1.3 Clathrate and semiclathrate hydrates 

Clathrate and semiclathrate hydrates with melting points in the 
desired range have been investigated as potential TES  material^.^ The 
two main cl~thrate structures, types I and 11, were defined as continuous 
solid-water structures containing closed cavities, within which are guest 
molecules that do not interact strongly with water. The semiclathrate 
structures were described as those in which the guest molecules directly 
participate in the water lattice. 

According to ref. 5, the clathrate materials melt congruently at 
temperatures ranging between 33 and 88"F, have heats of fusion in excess 
of 100 Btu/lb (7000 ~tu/ft~), and are low-cost. However, some of the 
available clathrates might be eliminated as potential TES materials 
because of excessive corrosion or chemical activity and/or excessive 

8' pressure that would complicate the mechanical design of the TES contain- 
ment device. No mention was made in ref. 5 of the applications of these 
materials; but because of their promising properties, further investiga- 
tion of the clathrates as TES materials was recommended. 

4.1.4 Metal hydrides 

Because of the ease of reversibility of metal-hydrogen reactions 
and the relatively high heats of formation of metal hydrides, they have 
heen proposed as possible TES materials in solar power applications. 6 
The concept proposed involves the use of solar heat to dissociate a 
hydride into a metal and hydrogen gas. The hydrogen gas would be stored, 
and the heat from the reaction would bc recovered by allowing the metal 
and hydrogen tn reCnmhi.ne according to the formula 

where the hydride, MHx, is a definite chemical compound, and the value 
of x depends on the particular metal or alloy, My that is used. 

'During periods of sunshine, the metal hydride would be heated to 
about 200°F, and the dl.sassnc.iated t~yilrogen gas would be stored in a 
suitable container, As the sun sets and the outside temperature decreases, 
the hydrogen would be bled into the metal, and the resulting heat could 
be used for hot water, space heating, or air conditioning. With this 

,r system, the heat may be recovered as required, and it can be stored 
indefinitely with no need for insulation. Metal-hydrogen systems are 



noncorros ive  and a r e  s a i d  t o  undergo i n d e f i n i t e  cyc l ing  wi th  no chemical 
degrada t ion ,  which i s  a problem w i t h  some phase-change m a t e r i a l s .  Also, 
t h e  h igh  thermal  conduc t iv i ty  of meta l  hydr ides  permi ts  e f f i c i e n t  h e a t  
t r a n s f e r  t o  t h e  working f l u i d .  An obvious disadvantage is t h e  need t o  
s t o r e  p re s su r i zed  hydrogen ad jacent  t o  l i v i n g  q u a r t e r s .  

4.1.5. Inorganic  chemical r e a c t i o n s  

A s o l a r  h e a t  s t o r a g e  concept based on t h e  h e a t  of hydra t ion  of 
c e r t a i n  i no rgan ic  oxides ,  p r i n c i p a l l y  MgO and CaO, which form t h e  
hydroxides Mg(OH)2 and Ca(OH)2, r e s p e c t i v e l y ,  as t h e  r e s u l t  of hydra t ion ,  
i s  descr ibed  i n  r e f .  7. The requirements and c a p a b i l i t i e s  of t h i s  method 
of energy s t o r a g e  a r e  summarized a s  fol lows:  

1. Principles : 

C o l l e c t i o n  and s t o r a g e  of hea t :  

Mg(OH)2 + h e a t  -t MgO + H20(at 375OC), o r  

Ca(OH)2 + h e a t ' +  CaO + H70(at  520°C). 

Recovery of s t o r e d  h e a t :  

MgO + H20 -t Mg(OH)2 + h e a t ,  o r  

CaO + H20 -t Ca(OH)? + hea t .  

2. PLgh gr~s~~gy density: 

'\.20,000 ~ t u / f t j  i n  a p ~ a c t i c a l  Eyotcm ( t h e o r e t i c a l  as hlgh as 
90,000 ~ t u / f e ~ ) .  

3 .  Need for high absorber temperatures: 

%400QC ard I ~ l g k ~ e r .  

Long-term s t o r a g e ,  no time l i m i t ;  t r anspor t ab le ;  s t o r c d  hea t  
may be d e l i v e r e d  a t  h igh  o r  low t e m p ~ r n t u r ~ s .  

The most v a l u a b l e  f e a t u r e  claimed f o r  t h i s  system7 i~ t h a t  t h e  
oxides  may be s t o r e d  f o r  i n d e f i n i t e  per iods  a t  ambient temperature,  and 
hca r  can 'be generaced from rhem a s  r equ i r ed  by simply adding water .  
Both oxides  (MgO and CaO) a r e  r e l a t i v e l y  inexpensive.  Calcium oxide 
was l i s t e d  i n  t h e  ChemicaZ Marketing Reporter f o r  A p r i l  14, 1975, a s  
low as one cen t  per  pound. The h e a t s  of hydra t ion  a r e  of t h e  o rde r  of 
600 Btu per  pound of hydroxide f o r  hydra t ion  wi th  water  va.por and about  . 
one-half t o  two-thirds  t h a t  w i th  l i q u i d  water .  Based on t h e  t h e o r e t i c a l  
d e n s i t y  of t h e  hydroxide, t h e  volumetr ic  h e a t  of hydra t ion  i s  90,000 ~ t u / f t ~ ,  
but  t h i s  va lue  would be  reduced t o  about  20,000 ~ t u / f t ~  i n  a  p r a c t i c a l  
system. 



4.2 Characteristics of Candidate TES Media 

4.2.1 Low-temperature TES materials .. ,- - -- - -- 

Thermal energy storage materials and devices that could be adopted 
to the storage of solar energy in the low-temperature regime (100 to 
250°F) have been adequately tabulated and described in refs. 1 through 
12. Temperatures in this range are applicable for space heating, 

4 domestic water heating, single-cycle air conditioning, and organic 
Rankine-cycle low-temperature turbines. In an ERDA report, * over 50 
substances were identified as promising phase-change solar heat storage 
candidate materials melting in the range 50 to 195OF, and about 20 of 
these materials exhibited little or no supercooling and were considered 
prime candidates for encapsulation studies. 

Some of the more promising low-temperature TES materials, other 
than water, that have properties consistent with the requirements of 
suitable solar TES media, are listed in Tables 4.1, 4.2, and 4.3. 

Table 4.1. Candidate thermal energy storage materials without phase change 

Sensible heat storage 
between 77 and 900°F 

r Density Price Output 
Material (lb /ft 3, Btullb ~ t u / f t ~  ($1100 lb) (Btu/$) 

Al . 'U2 (SOL+) 3 

*I203 
CaC12 
Mi30 
KC1 
K2 
Na2C03 
Mac1 
Na2S04 
Cast iron 
Rocks 

Source: M. Altman.et al., Conservation and Better Ut i l i za t ion  of Electric 
Power by Means of l%ermaZ Energy Storage and Solar Heating, Phase I 
Summary Report, ~ ~ ~ 1 ~ 1 2 7 9 7 6 ,  University of Pennsylvania National Center 

A for Energy Management and Power (Oct. 1, 1971), pp. 2-10,- 



Table 4.2.  Inarganic  s a l t  hydra te  TES m a t e r i a l s  w i th  mel t ing  p o i n t s  app rop r i a t e  
f c r  space hea t ing  a p p l i c a t i o n s  

S p e c i f i c  h e z t  
Melt ing (Btu lb - l  Densi ty  Heat of  fu s ion  

S a l t  hydra te  Ref. p o i n t  (OF) S o l i d  Liquid ( l b / f t 3 )  

a Estimated.  



Table 4.3. Calorimetric and financial data for organic TES materials for solar heating 

-- -- 

Tempera ture  a Heat  o f  f u s i o n  E s t i m a t e d  c o s t  Heat  s t o r a g e  
M a t e r i a l s  S u p p l i e r  range  ( O F )  c a l / g  B t u / l b  $ / l b  $ / I 0 0 0  Btu d e n s i t y  ( B c u / f t  3 ,  

A r t i f i c i a l  s p e r m a c e t i  L i p o  Chemicals  

A r t i f i c , i a l  s p e r m a c e t i  L ipo  Chemi-als  104-118 32 32 0 . 6 0  18 .80  3400 b 

P a r a f f i n  wax + 
25 wt X CC14 

P a r r a f f i n  wax + 
33 wt X CC14 

A r t h u r  H. l'homas 104-122 2 3  4 1  0 .085  2.07 2400 

A r t h u r  H.  Thomas 104-118 25 4  5  0 .095  2.11 

8116 P a r a f f i n  wax Sun O i l  Co. 114-116 5 0  90 0 .065  0 .72  4400 

' ~ n c l u d e s  s p e c i f i c  h e a t  c o n t r i b u t i o n  c v e r  t h e  i n d i c a t e d  t e m p e r a t u r e  r a n g e .  

b M a n u f a c t u r e r * s  e s t i m a t e d  p r i c e  i n  b u l k  q u a n t i t i e s  is  $ 0 . 3 0 / l b .  

Source: H. Lorsch et al., Conservation and Better UtiZ'izatCon of  E lec t r ic  Power by Means of  Themal 
Storage and Solar Heatin$, Final Summary Report, NSF/RANN/SE/GI27976/PR/73/5, University of Pennsyl- 
vania Nati,~nal Center for Enzrgy Management and Power, July.:31,.1973, Table 6-13, p. 6-45. 



Water as a sensible heat storage material. In the Proceedings of 
t h e  Workshop on Solar Energy Storage Subsystems for the Heating and 
Cooling of Buildings, it was concluded that, in comparison with the 
other alternatives currently available, water in the temperature range 
140 to 180°F for space heating and domestic water heating is probably 
the best and the least expensive mode of storage currently available. 

Water is available in practically unlimited quantities and possesses 
an extraordinary ability to collect and store large quantities of thermal 
energy. The high specific heat of water, combined with its relatively 
high density, results in the largest values of pCp (volumetric heat 
capacity) known in nature. The thermodynamic properties of water 
pertinent to use as a TES materials are shown in .Figs. 4.1 through 4.3. 
Figure 4.1 shnws the don~ity of water; al~d Figs. 4.2 and 4.3 show, 
respectively, the specific heat and the increased 11eut acctlmulat.ion 
capacity of water with increasing temperature. 

Freezing of water in TES units for solar heating systems is easily 
prevented by mixing with ethylene glycol. This material costs $0.78/gal 
in buJk--(I971 dollars). A 1:l mixture of water and ethylene glycol has 
9,freezing temperature of -35OF, which is safe for +lO°F ambient air 

/ temperature, assuming 25OF radiant cooling against a clear, cold, night 
sky, However, this reduces the specific heat of the medium from 1.0 to 

. - 0.81 Btu lb-I 

/ 

/ ' 
As the temperature increases above about 350°F, the vapor pressure 

of water increases rapidly; and the problems of structural integrity 
for processing equipment also become increasingly severe. 

Sensible heat storage materials other than water. Table 4.1 lists 
some candidate sensible heat TES materials other than water that arc 
co~llrnercially availa'ble in large quantities and are rel.atively inexpensive. 
The heat content of these materials. corresponds to a temperature farrge 
77 Cu 900'~. 

Phase-change materials properties. Properties of some alternative 
inorganic salt hydrate TES materials with melting points appropriate for 
space heating applications are given in Tahle 4 . 2 .  9 P l2 Table 4.3 
presents calorimetric and financial data for some organic TES material 
that could be used for solar heat otorago.5 

4.2.2 Intermediate-temperatu~e TES media . .- 

At processing temperatures above 350°F but less than 75O0F. the 
heat transfer a ents most commonly used are petroleum-derived heat 
transfer oils. l g  Some synthesized organic fluids can extend this range 
to well above the critical temperature of water (705,34OF), and silicon- 
containing compounds have been used up to a limit of about 800°F. l 4  

Certain of these heat transfer agents are proposed as thermal energy 
storage media to provide the intermediate temperature source for dual- 
cycle air conditioners and low-temperature turbines (in the temperature 



TEMPERATURE (a F) 

Fig. 4.1. Density of water vs temperature. Source: By permission 
from Van Nostrand Reinhold Company, New York. From P.  L .  Geiringer, 
Handbook of Heat T ~ m f e r  ~ e d i a ,  1962, Fig. L-1 .l, p .  105. 
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Fig. 4.2. Enthdlpy and spec i f i c  heat of water vs temperature. 
(Note: Enthalpy values assigned with respect to zero enthalpy for 
saturated water a t  32O~.) Source: By permission from Van Nostrand 
Reinhold Company, New York. From P .  L .  Geiringer, Handbook of Heat 
T r m f e r  Me&a, 1962, Fig. L-1.2, p. 106. 
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Fig. 4.3.  Change i n  enthalpy of water vs temperature. Source: 
By permission from Van Nostrand Reinhold Company, New York. From 
I?. L .  Geiringer, Hmzdbook of Heat Trmsfer Media, 1962, Fig. L-1 .3 ,  
p. 107, 



range 300 to 400°F) and for driving Rankine-cycle turbines using fluids 
from parabolic-trough collectors in the temperature range 400 to 600°F. 
In addition to the above organic agents, mixtures of inorganic salts 
in the melt state have demonstrated relatively high coefficients of heat 
transfer and good stability and have been used for heat transfer agents 
from about 500 to 750°F. Some of these inorganic salt mixtures are 
proposed as TES materials in the intermediate-temperature regime. 

The physical and thermal characteristics of some frequently used 
organic heat transfer agents being considered for thermal storage media 
in the intermediate-temperature regime are given in Table 4.4. These 
media could be used to store thermal energy as sensible heat in non- 
pressurized containers up to the maximum usable temperature range. 
However, the organic fluids are flammable, provided the fluid is at 
sufficiently high temperature and a Ftntircc o f  ign2t;inn io present. At 
the flash point, the fluids will momentarily igr~ l te  on application or a 
flame o r  spark; CLIICZ tlL L11e Llre point, vapor is emitted at a rate ade- 
quate to sustain combustion. At the autoignition temperature, no source 
of ignition is required, but typically this temperature is well above 
the fluid's recommended range. 

Table 4.j (from ref. 12) lists the physical properties of some 
inorganic salt mixtures that could be used as thermal energy storage 
media for intermediate-temperature-range applications. 

4.2.3 Representative high-temperature TES media 

Thermal energy storage temperatures in the range 800 to 1000°F are 
proposed for closed-cycle gas turbine and steam Rankine-cycle turbine 
applications using fluids from heliostats. At temperatures in excess of 
Llre upper lisnie o f  the organic heat transfer fluids (approximately 750°F), 
Lhrtrt? fluids tend to decompose; also, a hazardous condition ia presented 
by operatfdn approaching their flamability temperature, Therefore, for 
temperatures above the   pa rating limits of the organic heat trans1er ulls, 
mixtures of various inorganic salts are proposed for the solar thermal 
energy storage subsystems. Pertinent thermal properties of some re re- 
sentative inorganic salts and salt mixtures are given in Table 4.6. ! 6 

The materials listed in Table 4.6 hy nn means axhaunt the numBer 
of potential inorganic salts suitable for high-temperature application. 
They are, however, representative of this clam of material. A ourvey 
of high-temperature thermal energy storage techniques for solar-thermal 
applfcations is Lo be published by the Solar Energy Technology Division 
of Sandia Laboratories in the near future.15 These data, however, are 
not available for reference in this report. 

Table 4.7 (from ref. 12) lists several inexpensive relatively 
abundant thermal energy storage phase-change materials with melting 
points below 1000°F. 



Tablea4.a. Preauentlv used ornanic heat  t r ans fe r  anent8 

Uaable temperature range Auto- 
Thermal propert ies  a t  maximum uaable temperature 

Trade name Composition Producer ("P) ign i t ion  point temperature Specific Viscosi ty Thermal Comen;a 
L D ~  k i m m  ( ') ('PI 

heat  conduct ir i ty  
(Btu l b - ~  o p ~ )  ( lb  f t - I  h i 1 )  (Btu h r - ~  f t - ~  ( l b / f t r )  

Thernimol-55 Alkylated aromatic Monsanto a 600 410 6 70 0.72 1.1 0.065 45' Currently i n  use; 
requires  nonoxidizing 
cover gas 

Thetninol-66 HydrogenaPed 
terphenyla 

Oovt i emA Oiphenyl-diphenyl D w  Chemical 12 
' oxide eu tcc t i c  

0.655 0.649 0.0612 46.8 Currently i n  use; 
r5quirea nonaxidizing ul ul 
cover gas 

Currently in. use; 
requires  nomxidizing 
cover gas 

500 275 1,150 0.537 0.65 0.0645 53.0 Reqqirea pressurizat ion 
f o r  temperatures 
exceeding 50m0P 

Humblethem 500 Aliphat ic  p e t r o l e m  o i l  Humble Oi l  -5 600 475 NA 0.7165 1.01 0.0655 41.3 



Table 4.5. Thermal s to rage  m a t e r i a l s  with phase change 

Densi ty ( l b l f  t 3 )  Heat contenta Me1 t ing  
Material S o l i d  Liquid B tu l lb  ~ t u / f  t 3  

po in t  (OF) 

NaOH 134 111 510 56,500 608 

NaCl + MgC12 135 110 320 35,000 806 

th eat. content  i s  between 77 and 900°F o r  o t h e r  maximum ' a t t a inab le  
temperature. 

Source: M. Altman e t  a l .  , Corzservution and Better Ut.iZizat.iorz 01 
Elec t r i c  Power by Means of  Thermal Energy Storage and Solar Heating, 
Phase I Summary Report,  NSFlGI27976, Univers i ty  of Pennsylvania National  
Center f o r  Energy Management and Power, Oct. 1, 1971, Table 4 ,  p. 2-14. 

Tah le  b . 6 .  Thormal p r o p o r t i o o  of r o p r e o c n e a t i v a  inorga t l i c  aolL TES l u a L e ~ l a l s  

Mel t ing  B o i l i n g  S p e c i f i c  HeaC uf f u s i o n  Re lac ive  
M a t e r i a l  (% of mix ture )  p o i n t  (OF). p o i n t  

t12u3 842 4107 0.250 142 2.5 

L iF  1548 3207 0.373 449 20 

EIH 17711 lq?6 1.07 1110 loo  
LiOH 864 2278 0.356 378 7.5 

N?CL 1474 2575 0 . ~ 0 ~  ius I 

NaF 1810 3092 0,258 3/1/+ 7 . 5  

L i F  (57.8) / c ~ F ~  (42.2) 1418 0.305 328 

L i F  (42.5) /MgF2 (57.5) 1355 0.307 425 

L i F  (35.6) /MgF2 (40.6) /CaF2 (23.8) 1242 0.289 264 

L i F  (48)fNaF (52) 1206 0.313 405 

L i F  (37) INaF (C2)/CaF2 ( 7 1 )  1193 Oi2'Jl 767  

L i F  (2O)fLiOH (80) 799 0.360 500 

L i F  (46.5) /NaF (11.5) /KF (42) 849 0.45 ( l i q )  178 

Source: T. T. Bramle t t e  e t  a l . ,  Survey of ,Sigh T ~ m p ~ r a t u r s  Th~mnal Energy Storage Techniques for S o b  
ThemaZ Applications, SAND 75-8063, Sand ia  L a b o r a t o r i e s ,  Livermore, C a l i f .  (1976). 



Table 4.7. Thermal storage materials with phase change 
(Heat content is between 77" and 900°F or other 

maximum attainable temperature.) 

3 Heat content 
Density (lb/ft-) to 900°F 3 Me1 t ing Price 

Material Solid Licuid Btullb Btulft .point OF ($1100 lb) B~u/$ Remarks 

NaOH 134 111 5 10 56,500 60 8 7'. 00 7,300 Caustic 
soda 

14 1 119 310 37,000 590 2.60 - 12,000 Decomp. at 
700°F 
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5.  SELECTED CANDIDATE SOLAR ENERGY STORAGE SUBSYSTEMS 

5 . 1  Se lec t ion  C r i t e r i a  

Although t h e  s e l e c t i o n  of candida te  s o l a r  energy s t o r a g e  m a t e r i a l s  
w i l l  p r i m a r i l y  b e  based on the  m a t e r i a l s '  h e a t  s t o r a g e  c a p a b i l i t i e s  i n  
t h e  d e s i r e d  tempera ture  range, o t h e r  cons ide ra t ions  w i l l  cons iderably  
i n f l u e n c e  t h e  f i n a l  choice .  The engineer ing  f e a s i b i l i t y  of t he  candida te  
TES subsystem i n  t h e  nea r  f u t u r e  (1975 t o  1985) must be  considered,  a s  
w e l l  a s  t he  amount of d e t a i l  c u r r e n t l y  a v a i l a b l e  on t h e  c o s t  and per- 
formance c h a r a c t e r i s t i c s  of t h e  candida te  system. 

I n  o r d e r  t n  s e l e c t  app ropr i a t e  candida te  TES iiiaLerlals, rhe 
fo l lowing  c r i t e r i a  a r e  suggested:  

1. A melting point o f  PCM matarinl, il1i..t;h?:w the  closirod tompcrutww 
range. 

2, A high heat of fusion. This  proper ty  de f ines  t h e  a v a i l a b l e  s t o r e d  
energy and is  of importance on a  weight o r  volume b a s i s .  The h e a t  
of f u s i o n  of water (80 c a l / g  o r  144 Btu / lb)  probably c o n s t i t u t e s  
an  upper l i m i t  of a v a i l a b l e  TES m a t e r i a l s .  Other PCM's have h e a t s  
of f u s i o n  ranging  from 50 t o  75% of t h a t  of water .  

3 .  A congruent melting point.  Congruent and e u t e c t i c  s a l t  hydra tes  
a r e  s u i t a b l e  f o r  thermal  energy s t o r a g e  because they melt  com- 
p l e t e l y  a t  a f i x e d  temperature o r  w i t h i n  a  very narrow range of 
temperatures .  Otherwise, t h e  d i f f e r e n c e  i n  d e n s i t i e s  betwee.n 
s o l i d  arid l i q u i d  r e s u l t s  i n  s eg rega t ion  wi th  changes i n  chemical 
composition and a  reduct ion  i n  u sab le  l a t e n t  h e a t ,  

4. Dependability o f  freezing behavior. Upon cool ing ,  t h e  m e l t  s h o ~ l d  
s o l i d i f y  a t  the  thermndynami-r mel t ing  p o i n t  8 otherwise,  Ll~e l l q u i  d 
uiay supercool ,  u l t i m a t e l y  forming a g l a s s ,  and t h e  s t o r e d  energy 
w i l l  no t  be  r e l ea sed .  

5. Long- term r)e l i a b i l i t y  during repeated cyc Z ing . Mate r i a l s  should 
be  s t a b l e  and n o t  tend t o  decompose dur ing  t h e  expected l i f e t i m e  
of t h e  equipment (10 t o  20 y e a r s ) .  

6 .  L"ompatCbi2ity with the container. There is  a  s u f f i c i e n t l y  wide 
, choice  of p o t e n t i a l  con ta ine r  rna t~ r i a1 . s  avaiLablc,  ine luding  

p l a s t i c s ,  aluminum a l l o y s ,  and f e r r o u s  a l l o y s ,  t h a t  t h i s  require-  
ment should no t  c o n s t i t u t e  a  s e r i o u s  l j m i t a t i o n .  

7. Safetg f e n h ~ r w .  The TES rnatc~i8L. s h ~ u l d  be nonflammable i a  Lhe 
d e s i r e d  temperature range, nontoxic ,  and should n o t  have an 
o f f e n s i v e  odor ,  s i n c e  t h e  p o s s i b i l i t y  of a c c i d e n t a l  leakage always 
e x 1  s ts . 

8.  High thermal conductivity.  This  proper ty  i s  considered d e s i r a b l e  
eo prevent  thermal g r a d i e n t s  ( i n  PCMs). F i l l e r s  a r e  o f t e n  used t o  
improve sys t em performance. 



9 .  High spec i f i c  heat.and dens i t y .  These p r o p e r t i e s  a r e  e s p e c i a l l y  
important  i n  s e n s i b l e  h e a t  TES m a t e r i a l  and d e f i n e  t h e  m a t e r i a l s '  
h e a t  s t o r a g e  c a p a b i l i t y  i n  t h e  same manner a s  does a  h igh  l a t e n t  
h e a t  of fu s ion  f o r  PCMs. 

10.  SmaZZ voZwne change during phase t rans i t i on .  Most m a t e r i a l s  s h r i n k  
when they f r e e z e ,  and t h e  r e s u l t a n t  change i n  volume v a r i e s  g r e a t l y  
among PCMs. However, water ,  gal l ium, and ga l l ium a l l o y s  expand on 
f r eez ing .  

11. Low vapor pressure. Some m a t e r i a l s  have h igh  vapor p re s su re s  near  
t h e i r ' m e l t i n g  p o i n t s ,  thereby e x e r t i n g  exces s ive  s t r e s s  on t h e i r  
con ta ine r s .  

The s o l a r  t he rma l - e l ec t r i c  conversion systems needed t o  provide t h e  
domestic e l e c t r i c  l oad ,  domestic water  h e a t i n g  load ,  and t h e  space- 
h e a t i n g  and -cool ing load  f o r  t h e s e  c a t e g o r i e s  of load  types  i n  t h e  
p re sc r ibed  temperature  regimes w i l l  r e q u i r e  s o l a r  energy s t o r a g e  sub- 
systems c a  a b l e  of s t o r i n g  from 60 t o  36 x l o 5  kWhr (2.05 x 10' t o  
1 .23 x lo1: Btu) of thermal  energy .2  Some s p e c i f i c  s t o r a g e  subsystems 
proposed f o r  i n i t i a l  s e l e c t i o n  i n  t h e  va r ious  temperature  regimes a r e  
descr ibed  i n  t h e  fo l lowing  subsec t ions .  

5 .2  Low-Temperature TES Subsystems 

Water is  an obvious s e l e c t i o n  a s  a  h e a t  s t o r a g e  m a t e r i a l  i n  t h e  low- 
temperature  (100 t o  250°F) regime. A s  po in ted  ou t  i n  r e f .  3 ,  water  can 
be  s t o r e d  i n  a  va r i e ty  of tanks f a b r i c a t e d  from v a r i o u s  m a t e r i a l s ,  
inc lud ing  wood, conc re t e ,  f i b e r g l a s s ,  s t e e l ,  and o t h e r  meta l s .  However, 
some municipal  ordinances r e q u i r e  t h a t  water  h e a t i n g  and s t o r a g e  systems 
s h a l l  comply w i t h  t h e  ASME Low Pres su re  Heat ing B o i l e r  Code (Sec t .  I V )  i f  
any of  t h e  equipment meets any of t h e  fol lowing  condition^:^ 
1. ope ra t i ng  w i t h  s t o r a g e  temperatures  above 200°F, 
2. with water-containing capac i ty  i n  excess  of 120 g a l ,  
3. a  h e a t  i npu t  of 200,000 Btu o r  more. 

Seve ra l  h o t  water  s t o r a g e  s u b s y s t e m s ~ s u i t a b l e  f o r  r e s i d e n t i a l  s o l a r  
energy s t o r a g e  up t o  tempera'tures of 200°F a r e  descr ibed  i n  r e f .  5.' 
It w a s  implied i n  r e f .  5  t h a t  t h e  concept i l l u s t r a t e d  by Fig.  5 . 1  would 
probably prove t o  be  t h e  most economical f o r  e x t e r i o r  i n s t a l l a t i o n s .  
This  subsystem c o n s i s t s  of a  v e r t i c a l  t ank  t h a t  could be  f a b r i c a t e d  from 
s e v e r a l  a l t e r n a t e  m a t e r i a l s .  The tank would be  b u r i e d  underground t o  a  
depth of 10  t o  50 f t ,  depending on t h e  tank  capac i ty  and s i z e ,  and would 
be i n s u i a t e d  t o  i n h i b i t  l o s s  of heat eaergy. 

Aside from t h e  ques t i on  of s t r u c t u r a l  i n t e g r i t y  ( h o r i z o n t a l  t anks  
must be  designed t o  r e s i s t  beam bending and buckl ing  a c t i o n ) ,  v e r t i c a l  
t anks  a r e  considered more e f f i c i e n t  f o r  h o t  water  s t o r a g e  because of 
t h e  s t r a t i f i c a t i o n  t h a t  occurs  between l a y e r s  of h o t  and co ld  water .  6 3  
Thermal s t r a t i f i c a t i o n  improves system e f f i c i e n c y  by al lowing t h e  col-  
l e c t o r  t o  ope ra t e  a t  t h e  minimum temperature .  Resu l t s  of t e s t s  on a  p i l o t  
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Vent 

Typical Capaci t ies 

4 '  Oiameter x 10' Oepth - 940 Gallons 
6 '  Oiameter x 12' Depth - 2.518 Gallnns 
8 '  biarnerer x 16' Oeprh - 6.015 Gallons 

10' Diameter x IQ' O e ~ t h  - 17,674 Callnnc 

Fig .  5.1. V e r t i c a l  t ank  is  a d r i l l e d  ho l e  foamed-in-place i n su l a -  
t i o n  ( f o r  cohes ive  s o i l s  o n l y ) .  Source: E.  E.  P i cke r ing ,  "Res iden t i a l  
Hot Water So la r  Energy S torage ,"  pp. 24-37 i n  Proceedings of the W(>r.k.s?io~~ 
on Solar Enerm Storage S7h.5 y stems for t h . ~  Kecnti.ng and Coo Zing of Bwi Zd-inys, 
NSF-RANN-75-041, American Soc i e ty  of Heat ing,  R e f r i g e r a t i n g ,  and A i r  Condi- 
t i o n i n g  Engineers  (Apr i l  1975) . 

p l a n t  s o l a r  wa te r  h e a t e r  seal-ed t o  a ten-uni t  apartment. h i i i ld ing  i n d i -  
c a t e d  t h a t  i n t e r n a l  b a f f l i n g  of t h e  tank would n o t  be  necessary  t o  o b t a i n  
a h igh  degree of d e n s i t y  s t r a t i f i c a t i o n  f o r  c e r t a i n  s o l a r  water h e a t i n g  
systems,  

A s  an a l t e r n a t e  h e a t  st .orage m a t e r i a l  t o  wntcr  i n  t he  low-ternperaturc 
regime, one of t h e  a v a i l a b l e  PCMs could be  s e l e c t e d .  Seve ra l  i no rgan ic  
and o r g a n i c  s a l t s ,  s a l t  h y d r a t e s ,  and e u t e c t i c s  have been i n v e s t i g a t e d  
as p o t e n t i a l  h e a t  s t o r a g e  m a t e r i a l s  f o r  space  and domestic water  h e a t i n g  
(Sec t .  4.2.1). The mel t ing  p o i n t s  of t h e s e  m a t e r i a l s ,  however, are 
n e a r e r  t h e  bottom (<120°F) of t h e  low-temperature regime. For more 
e f f i c i e n t  ope ra t i on  of an o rgan ic  Rankine-cycle prime mover, a  PCM wi th  
a  me l t i ng  p o i n t  n e a r e r  t h e  upper l i m i t  of t h e  range should probably be  
s e l e c t e d .  Reference 8 l ists about 20 candida te  PCMs mel t ing  i n  t h e  range 
10 t o  90°C (50 t o  194°F) t h a t  e x h i b i t e d  l i t t l e  o r  no supercool ing .  Heat 
of f u s i o n  measurements have been made on most of t h e s e  20 m a t e r i a l s .  



The m a t e r i a l s  l i s t e d  i n  T a b l e s  I - I V  of r e f .  8  were c l a s s i f i e d  
accord ing  t o  t h e i r  a s s e s s e d  s u i t a b i l i t y  f o r  h e a t  s t o r a g e  i n t o  t h r e e  
groups:  I ,  "most promising";  11, "promising";  and 111, l e s s  promising."  
Assignment was based  on c o n s i d e r a t i o n  of t h e  f o l l o w i n g  c r i t e r i a :  

T t o x i c i t y ,  c o r r o s i v i t y ,  f l a m m a b i l i t y ,  o x i d i z i n g  c a p a b i l i t y ,  a v a i l a b i l i t y ,  
and c o s t .  The s u i t a b i l i t y  groups  were  t h e n  used t o  s e l e c t  m a t e r i a l  f o r  
f u r t h e r  c o n s i d e r a t i o n ,  which invo lved  l a b o r a t o r y  t e s t s  of f r e e z i n g  
b e h a v i o r .  Based on t h e s e  tests, t h e  s e l e c t e d  m a t e r i a l s  were  f u r t h e r  

c c a t e g o r i z e d  a s :  

G - good f o r  g e n e r a l  use ,  l i t t l e  o r  no s u p p e r c o o l i n g ;  
S  - good, b u t  s u p e r c o o l s ,  must b e  seeded ;  u s e f u l  i n  t a n k  system;  
N - n o t  good, n o t  u s a b l e .  

Tab le  5 . 1  l is ts  some m a t e r i a l s  from r e f .  8 t h a t  have m e l t i n g  p o i n t s  
( t r a n s i t i o n  t empera tu res )  above 75°C (167OF) and t h a t  a r e  r a t e d  a s  
e i t h e r  G o r  S  i n  groups  I o r  11. Of t h e  seven materi.al.s l i s t e d  i n  
Tab le  5 . 1 ,  t h e  h e a t s  of f u s i o n  of o n l y  f o u r  have been measured.  From 
t h e s e  f o u r ,  Ba(0H) 2 *8H20 appears  t o  have t h e  most d e s i r a b l e  c h a r a c t e r -  
i s t i c s  of t h e  PCMs i n  t h e  low-temperature regime. 

5 . 3  Intermediate-Temperature  TES Subsystems 

One of  t h e  commercially a v a i l a b l e  h e a t  t r a n s f e r  o i l s 3  l i s t e d  i n  
Tab le  4.4 o f  S e c t .  4  is  sugges ted  f o r  i n i t i a l  s e l e c t i o n  as a h e a t  

# s t o r a g e  m a t e r i a l  i n  t h e  i n t e r m e d i a t e - t e m p e r a t u r e  regime (300 t o  600°F).  
As can be  no ted  from Table  4 .4 ,  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e s e  f l u i d s  
a r e  s i m i l a r ,  b u t  none equals t h e  the rmal  h e a t  s t o r a g e  c a p a b i l i t y  o f  w a t e r .  
The h e a t  t r a n s f e r  o i l s ,  however, can b e  u t i l i z e d  a t  t empera tu res  
approach ing  t h e  upper  range  of t h e  i n t e r m e d i a t e - t e m p e r a t u r e  c l a s s  of 
m a t e r i a l s  w i t h o u t  r e s o r t i n g  t o  p r e s s u r i z e d  conta inment .  

HITEC, l o  a h e a t  t r a n s f e r  s a l t  developed by T)11 Pnnt  i n  t h e  1 9 3 0 1 s ,  . 
is  a l s o  sugges ted  f o r ' s e l e c t i o n  a s  a  p o t e n t i a l  m a t e r i a l  f o r  s o l a r  energy 
s t o r a g e  i n  t h e  in te rmedia te - t empera tu re  regime. HITEC is  a  w h i t e ,  
g r a n u l a r  s o l i d  e u t e c t i c  m i x t u r e  of i n o r g a n i c  salts which h a s  t h e  f o l -  
lowing composi t ion:  

potassi.um n i t r a t e ,  KN03 5 3% 
sodium n i t r i t e ,  NaN02 40% 
sodium n i t r a t e ,  NaN03 7%. 

The m e l t i n g  p o i n t  of f r e s h  HITEC is  28g0F ( 1 4 2 " ~ ) .  The d e n s i t y -  
t empera tu re  r e l a t i o n s h i p  f o r  mol ten HITEC is p r e s e n t e d  i n  t h e  a l ignment  
c h a r t  of F i g .  5 .2 .  The t o t a l  h e a t  c o n t e n t  o f  HITEC o v e r  t h e  t empera tu re  

a range  70 t o  1100°F i s  shown i n  F ig .  5.3.  The s l o p e s  of t h e  t o t a l  h e a t -  
t empera tu re  l i n e s  i n d i c a t e d  t h a t  t h e  s p e c i f i c  h e a t  of s o l i d  HITEC i s  
0.32 and t h a t  o f  t h e  m e l t  i s  0 .373 c a l  g-l OC-'  ( o r  Btu lb-'  OF-'). 
L a t e n t  h e a t  of f u s i o n  i s  approx imate ly  20 c a l / g  (35 B t u / l b ) .  Other  
p h y s i c a l  p r o p e r t i e s  o f  HITEC a r e  r e p o r t e d  by Bohlmann. ' O 



Table 5.1. Phase-change T3S m a t e r i a l s  i n  t h e  low-temperature regime wi th  
mel t ing  p o i n t s  abcve 75OC (157OF) 

TES m a t e r i a l  

Me1 t i n g  La t en t  h e a t  of 

Lab 
~ o i n t  phase change 

Class  t e s t  
C OF c a l / g  ~ t u / l b  

Inorganic  compound I I S 89 192.2 N A N A 

BA (OH) 2 8H20 - 
inorgznic  compound I I G 82 179.6 63.5 114.3 

NHt+Br (33.4%) /C0(1W2) 2 
- - n o r g ~ n i c  e u t e c t i c  I1 G 76 168.8 N A N A 

Acetamide (CH3CONB2) Organic compcund . I S 82 179.2 N A N A 

Naphthalene (C OH8) Organic compound I G 53 181.4 35.3 63.5 rn F- 

Propionamide (C2H5COI?H2) Organic compound I1 G 84 183.2 40.2 72.3 

Benzamido, 51.8% (Z6H5COPIH2) 
C r g ~ n i c  e u t e c t i c  II G 83 181.4 30.4 54.7 

Benzoic a c i d ,  48.2% (C6H ECC~CIH) 

NA - n o t  a v a i l a b l e .  
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NOTtt TO HND DENYn. DRAW A STUIGMT UNE FROM DESIRED POINT 

ON TEMWUTU~E X A L E  TntouGn m t  RtrERENCE POINT. 

Fig .  5.2. Dens i ty  of l i q u i d  HITEC.  Source:  E.  G .  Bohlmann, h'eat 
Trcznsfer ,Salt for liigh-Temperature Steam Generation, O R N L / T M - ~ ~ ~ ~ ,  Oak. 
Ridge N a t i o n a l  Labora to ry  (December 1 9 7 2 ) ,  F i g .  7 ,  p .  27. 
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Pig.  5.3. Heat capac i ty  of HITEC. Source: E.  G. Bohlmann, fieat 
Transfer S a l t  for h'igh-Temperature Steam Generation, O R N L / T M - ~ ~ ~ ~ ,  Oak 
Ridge Nat iona l  Laboratory (December 1972),  Fig.  8 ,  p.  30. 

An upper l i m i t  t o  t h e  useflll nperating t empera ture  of IIITEC a l ~ d  
o t h e r  n i t r a t e s  and n i t r i t e s  i s  imposed  hy thermal decompooitian. In 
g e n e r a l ,  t h i s  phenomenon i s  expected t o  occur over  t h e  temperature range 
454 t o  538OC (849 t o  1000°F). 

F igu re  5 .4  p r r s e ~ l l s  a comparison o t  es t imated  h e a t  s t .orage capab i l i -  
t ies of some s e l e c t e d  TES m a t e r i a l s  usable  i n  the intermediate- temperature 
regime up t o  6 0 0 6 ~ .  Of t h e  h e a t  transfer n i l s ,  Calor ic  HT-113 hao t h e  
h i g h e s t  ' h e a t  s t o r a g e  c a p a b i l i t y .  

' A  h e a t  t r a n s f e r  o i l  such a s  Ca lo r i c  HT-43 o r  a molten s a l t  such a s  
IIITEC call be used i n  conjunct ion  wi th  a packed bed of s o l i d  s e n s i b l e  
h e a t  s t o r a g e  m a t e r i a l  (Table 4.1) such a s  inexpensive rocks o r  o t h e r  
compatible  m a t e r i a l .  S ince  the  inexpensive s o l i d  m a t e r i a l  d i s p l a c e s  
much of t h e  more expensive f l u i d ,  such a subsystem i s  expected t n  
s i g u l 1 l c a n r l y  reduce t h e  c o s t  of an a l l - f l u i d  s e n s i b l e  h e a t  s t o r a g e  
oyotcm. Figure 5.5 t;howo CI prelimillary design* concept o t  a packed-bed 
h e a t - t r a n s f e r - f l u i d  thermal  energy s t o r a  e subsystem t h a t  is  proposed 
f o r  t h e  So la r  C e n t r a l  Receiver  Program. I f 

* 
P a t e n t  app l i ed  f o r  by the  McDonnell-Douglas Ast ronaut ics  Company 

and t h e  Rocketdyne Div i s ion  of Rockwell I n t e r n a t i o n a l .  
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Fig. 5 .4 .  Comparative h e a t  s t o r a g e  c a p a b i l i t i e s  o f  some s e l e c t e d  
TES m a t e r i a l s .  

5 .4  High-Temperature TES Subsystems 

For s o l a r  energy conversion a p p l i c a t i o n s  i n  t h e  high-temperature 
(800 t o  1000°F) reginle, a PCM u t i l i z i n g  t h e  h e a t  of f u s i o n  of an inor-  
gan i c  s a l t  is  recommended. A survey of high-temperature  thermal energy 
s t o r a g e  techniques f o r  s o l a r  thermal a p p l i c a t i o n s  has  been r e c e n t l y  
completed by personnel  of t h e  Sandia Labora to r i e s  i n  Livermore, Cal i -  
f o r n i a ,  and a r epo r t1 '  de sc r ib ing  t h e i r  work i s  under p repa ra t i on .  

The thermal  p r o p e r t i e s  of s e v e r a l  i no rgan ic  s a l t  mixtures,  t h a t  have 
mel t ing  p o i n t s  i n  o r  nea r  t h e  high-temperature range and t h a t  could be 
s e l e c t e d  f o r  t h e  f i r s t - round  i n v e s t i g a t i o n  of app rop r i a t e  s o l a r  energy 
subsystems a r e  given i n  Table  5.2.  The c h a r a c t e r i s t i c s  of t he se  m a t e r i a l s  
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Fig .  5.5.  Packed-bed h e a t - t r a n s f e r - f l u i d  thermal  energy s t o r a g e  
subsystem. Source: T.  T .  Rramlpttp e t  al., S~irvay of Iiiylz T~IIVUIYIL~UYJLI 
Thermal Energy ~ t & q e ,  SAND 75-8063, (Mar. 1976) .  

Table  5 .2 ,  Thermala prupvrt i ec  of w~rcral  lrlgll-tcmparaeurc 
i no rgan ic  salt mixtures  

- P 

Melt ing  Heat of Densi ty  ( l b / f  t 3 )  
M a t e r i a l  poi11 t S p e c i f i c  h e a t  

(Oh') 
Bol.(d 

(Btu / lb)  L lquid  (Btu l b - l  
-s- . 

NaOH 608 136.8 134 111 0.50 

NaN0 3 -509 73.8 141  119 0.44 

N n C 1  + bf6Cl2 506 138.5 135 110 0.26 

B2°3 84 2 142 115 10 2 0.43 

NaCl + CaC12 932 120.5 NG NG 0.25 

NG - Not g iven ,  



a r e  b a s i c a l l y  i n  compliance wi th  t h e  s e l e c t i o n  c r i t e r i a  given e a r l i e r  i n  
t h i s  r e p o r t .  

The h e a t  s t o r a g e  c a p a b i l i t i e s  of some s e l e c t e d  i no rgan ic  s a l t  
mixtures  u s e f u l  f o r  s o l a r  energy s t o r a g e  i n  t he  high-temperature  regime 
a r e  compared i n  Fig.  5.6.  S t r i c t l y  on t h e  b a s i s  of  h e a t  s t o r a g e  capa- 
b i l i t y ,  sodium hydroxide (NaOH) is  s u p e r i o r  t o  t h e  o t h e r s .  Sodium 
hydroxide i s  abundantly a v a i l a b l e  in '  l a r g e  q u a n t i t i e s  and is r e l a t i v e l y  - 

b inexpensive.  Seve ra l  p rogress  r e p o r t s  r e l a t i n g  t o  t h e  des ign  and app l i -  
c a t i o n  of systems us ing  NaOH have been i s sued .  12-15 Because of t h e  com- 
p a r a t i v e l y  l a r g e  amount of exper ience  gained wi th  NaOH systems t o  d a t e ,  
t h i s  system i s  proposed f o r  i n i t i a l  s e l e c t i o n  a s  a  means of s t o r i n g  
s o l a r  energy a t  h igh  temperatures .  

0 200 400 600 800 4 000 
TEMPERATURE (OF 

F i g .  5.6, Heat s t o r a g e  c a p a b i l i t y  of sel .ected i no rgan ic  s a l t  
mixtures  i n  t h e  high-temperature (800 t o  1000°F) s t o r a g e  regime. 



The des ign  of a  space  h e a t e r  u t i l i z i n g  NaOH a s  t h e  h e a t  s t o r a g e  
medium is shown i n  F ig .  5 .7 .  This u n i t  cons i s t ed  of s i x  modules con- 
t a i n i n g  NaOH capable  of s t o r i n g  up t o  400,000 Btu (117 kWhr) a t  950°P. 
The modules w e r e  h e a t e d  w i th  e l e c t r i c  r e s i s t a n c e  h e a t e r s  and were cooled 
w i t h  a i r  a s  t h e  modules were d ischarged .  The u n i t  was l a t e r  redesigned,  
u s ing  s t e e l  p i p e s  f i l l e d  w i t h  NaOH r a t h e r  than t h e  welded pane ls .  

For t h e  second-round i n v e s t i g a t i o n  of s o l a r  energy s t o r a g e  i n  t h e  
high-temperature  regime, one of t h e  more e x o t i c  s a l t  mixtures  l i s t e d  i n  
Table  4.6 could be  s e l e c t e d .  

A combination of  a  S t i r l i n g  engine  wi th  a  remotely p laced  h e a t  
sou rce  has  been i n v e s t i g a t e d  by t h e  P h i l i p s  Phys i ca l  Research Labora to r i e s .  
The S t i r l i n g  engine  i s  an  e x t e r n a l l y  hea ted  engine i n  which thermal  
energy can b e  converted from an a r b i t r a r y  o r i g i n ,  i nc lud ing  s o l a r  h e a t ,  
i n t o  mechanical energy w1.t.h an e f f i c i e n c y  of 35 t o  40%. One. of t he  h e a t  
sou rces  i n v e s t i g a t e d  c o n s i s t e d  of a h e a t  storage Eyctem from wt1icl.1 h e a t  
was t r a n s p o r t e d  t o  t h e  engine  by means of  a  h e a t  p ipe .  l 6  

One of t h e  h e a t  s t o r a g e  media c o n s i s t e d  of a  mix of l i t h i u m  and 
magnesium f l u o r i d e s  ( L ~ F / M ~ F ? )  , The mix T,iF (42.5X) /MgF2 (57.5%) l?as a 
me l t i ng  o i n t  of 1355"F, a  l iquid-phase s p e c i f i c  h e a t  of 0.307 Btu 
lb- '  OF-', and a h e a t  of f u s i o n  of 425 B tu / lb  (Table 4 .6 ) .  While l i t h i u m  
i s  a r e l a t i v e l y  r a r e  and expensive element ,  i t s  con ten t  i n  t h e  mix can 
be  l i m i t e d  t o  about  10% by weight  t o  minimize t h e  c o s t .  

The des ign  of  a  l a b o r a t o r y  model h e a t  s t o r a g e  subsystem designed t o  
c o n t a i n  high-temperature  l i t h i u m  s a l t s  is shown i n  F ig .  5. 816 The 
s t o r a g e  m a t e r i a l  is  conta ined  i n  a Dewar v e s s e l ,  which has  s e v e r a l  I.ayers 
of me ta l  f o i l  in the evacuated space ,  r e . su l t i ng  i n  o h e a t  s t o r a g e  u n i t  
w i t h  a  very  low h e a t  l o s s .  Heat d i s s i p a t i o n  is  achieved by i n t roduc ing  
hydrogen gas  t o  t h e  evacuated i.n.terspace, caus ing  a rise of p re s su re  and 
thereby  i n c r e a s i n g  t h e  cond~lc,ti.on. from t h e  o to rage  mate . r ia l .  The 
hydrogen is produced by h e a t i n g  a smal.1, quant i . ty  of n ~ e c a l  hydri.de (such 
a s  zirconium hydr ide)  w i t h  an e l e c t r i c  h e a t e r .  When t h e  e l e c t r i c  h e a t e r  
i s  d e a c t i v a t e d ,  t h e  temperature  of t h e  hyd r ide  dec reases ,  t h e  hydrogen 
is recombined, and t h e  p r e s s u r e  i n  t h e  i n t e r s p a c e  decreases ,  thereby 
reduc ing  conduct ion from t h e  s t o r a g e  m a t e r i a l .  

5 .5  Thermal Energy S torage  E f f i c i ency  

The f i n a l  s e l e c t i o n  of  a  thermal  s t o r a g e  subsystem should be based 
on a  d e t a i l e d  t o t a l  syst.e.m a n a l y s i c ,  whi ch inc lu r l cu  c o n s i d e r a t i u l ~  of rhe 
performance c h a r a c t e r i s t i c s  of n o t  on ly  t h e  s t o r a g e  subsystem b u t  a l s o  
t h e  energy supply  and conversion subsystems. However, t h e r e  i s  a not icc-  
a b l e  l a c k  of expe r i ence  i n  des ign ,  construct i .on,  and ope ra t i on  of l a r g e  
[0 .5  MWhr(t) o r  g r e a t e r ]  thermal  energy s t o r a g e  systems. I n  a d d i t i o n ,  
much of t h e  m a t e r i a l  p rope r ty  d a t a  needell' I n  des lgn  c a l c u l a t i o n s  i s  -not 
a v a i l a b l e ,  and t h e  va r ious  m a t e r i a l  s t a b i l i t y  and c o m p a t i b i l i t y  problems 
a r e  n o t  well-understood. 
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Fig. 5 . 7 .  Design of "therm-bank" space heater. Sourc6: T .  T .  
Bramlette e t  a l . ,  Survey of K g h  Temperature TherrnaZ Energy Storage, 
SAND 75-8063, (Mar. 1 9 7 6 ) .  



A O ~ l t e ~  WIII; B met31 toll; C liquid fluoride; D Inner wall; 
E main heater; F metal hydride; G hydride heater 

Fig.  5 .8 .  Laboratory model of high-temperature heat storage unit .  
Source: "Heat Release Control," Engineering 214(4): 259 (April 1974). 



One of t h e  important  performance c h a r a c t e r i s t i c s  t h a t  needs t o  b e  
considered i s  concerned ,wi th  t h e  e f f i c i e n c y  a t  which t h e  s t o r e d  energy 
can be  recovered f o r  u s e f u l  purposes.  Seve ra l  d e f i n i t i o n s  a p p l i c a b l e  t o  
water  h e a t i n g  e f f i c i e n c i e s  a r e  def ined  i n  t h e  1973 Systems Volume of t h e  

C 

ASHRAE Handbook and Product Directory. By analogy,  t h e  e f f i c i e n c y  of 
a  thermal  energy s t o r a g e  device may be  def ined  a s  fo l lows:  

,, thermal  energy out  L E = 
e thermal  energy i n  . 

This  equa t ion  i s  e s s e n t i a l l y  an express ion  of t h e  energy l o s s e s  
r e s u l t i n g  from processes  r e l a t e d  t o  the s t o r a g e  of energy,  such a s  h e a t  
l o s s e s  from t h e  ex t ens ion  of t h e  u n i t ,  and e f f i c i e n c i e s  of t h e  i n t e r n a l  
h e a t  t r a n s f e r  processes .  De ta i l ed  thermodynamic a n a l y s i s  of represen ta -  
t i v e  h e a t  s t o r a g e  systems must be  accomplished t o  determine t h e i r  per-  
formance c h a r a c t e r i s t i c s  and r e s u l t a n t  h e a t  s t o r a g e  e f f i c i e n c i e s .  

The use fu lnes s  of t h i s  concept of s t o r a g e  e f f i c i e n c y ,  when app l i ed  
t o  Rankine-cycle o r  o t h e r  h e a t  power dev ices ,  is  l i m i t e d  by t h e  f a c t  t h a t  
i t  con ta in s  no i n £  ormat i o n  about t h e  a v a i l a b i l i t y  change t h a t  t h e  energy 
may undergo due t o  t h e  s t o r a g e  system. A s t o r a g e  system should be  
matched t o  t h e  thermal  c h a r a c t e r i s t i c s  of t h e  supply and conversion 
systems i n  such a way t h a t  t h e  a v a i l a b i l i t y  l o s s  from pass ing  t h e  energy 
through s t o r a g e  i s  minimized. I n  some systems,  s e n s i b l e  h e a t  s t o r a g e  
w i l l  be  most app rop r i a t e ;  whi le  i n  o t h e r s ,  l a t e n t  h e a t  o r  hea t -of - reac t ion  

4 s t o r a g e  w i l l  be  b e t t e r  s u i t e d .  This  process  of c h a r a c t e r i s t i c  matching 
and a v a i l a b i l i t y - l o s s  minimizat ion a l s o  may r e s u l t  i n  t h e  use of a  
combined-type o r  hybr id  s t o r a g e  system. 

q Since  t h e  a v a i l a b i l i t y  d e s c r i b e s  t h e  maximum amount of work obtain-  

a b l e  from a q u a n t i t y  of thermal  energy,  t h e  a v a i l a b l e  energy s t o r a g e  
e f f i c i e n c y  compares t h e  maximum work ob ta inab le  from t h e  energy taken  
from s t o r a g e  w i th  t h e  maximum work ob ta inab le  from t h e  energy o r i g i n a l l y  
supp l i ed  t o  s t o r a g e .  S p e c i f i c a l l y ,  t h e  d e f i n i t i o n  of a v a i l a b l e  energy 
s t o r a g e  e f f i c i e n c y  i s  t h e  r a t i o  of t h e  a v a i l a b i l i t i e s  of t h e  energy d is -  
charged t o  t h e  energy used t o  charge; t h a t  i s ,  

- - a v a i l a b i l i t y  of energy  e x t r a c t e d  
Ea a v a i l a b i l i t y  of energy i n p u t  

This  p a r t i c u l a r  exp re s s ion  f o r  e f f i c i e n c y  r e q u i r e s  r e a l  performance 
c h a r a c t e r i s t i c s  f o r  i t s  eva lua t ion .  Thus t h e  energy supply ,  s t o r a g e ,  and 
conversion systems should be  designed and analyzed i n  o r d e r  t o  o b t a i n  
t h e  needed c h a r a c t e r i s t i c s .  

b 
I n s u t t i c i e a r  da ta  are a v a i l a b l e  t o  l i s t  r e p r e s e n t a t i v e  o r  expected 

e f f i c i e n c i e s  f o r  in te rmedia te -  and high-temperature  TES subsystems. 
However, some i d e a  of t h e  maximum e f f i c i e n c y  t h a t  can be  expected of 

4 low-temperature water  TES subsystems can be  i n f e r r e d  from d a t a  g iven  i n  
r e f .  7. According t o  t h i s  r e f e r ence ,  t h e  maximum usab le  h o t  water  from 
an u n f i r e d  h o t  water  s t o r a g e  tank is  considered t o  be  60 t o  80% of t h e  



s t o r a g e  capac i ty  of t h e  tank under normal draw condi t ions  be fo re  d i lu -  
t i o n  by co lde r  wa te r  lowers t h e  temperature below an accep tab le  l e v e l ,  
assuming t h a t  t h e  i n l e t  and o u t l e t  connect ions have been proper ly  
designed.  The u s a b l e  h o t  water  from an un f i r ed  tank i n  ga l lons  p e r  
hour  f o r  peak draw can b e  c a l c u l a t e d  from t h e  fol lowing equat ion:  

where 

Qs = amount of wa te r  which may be dragn from t h e  s t o r a g e  tank,  
g a l / h r ,  

6 - capac i ry  of t h e  ves se l ,  ga l ,  
d  = d u r a t i o n  of peak ho t  water  draw, h r .  

The hot  wa te r  s t o r a g e  tank  should,  t h e r e f o r e ,  b e  s i z e d  t o  compensate 
f o r  any unusable  s t o r e d  energy. 
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6. SOLAR THERMAL ENERGY STORAGE COST CONSIDERATIONS 

The major new i t e m s  needed f o r  economical s o l a r  energy conversion 
a r e  an e f f i c i e n t  low-cost c o l l e c t o r  system and a  convenient ,  low-cost, 
e f f i c i e n t  method of s t o r i n g  s o l a r  energy a s  h e a t .  I n  o r d e r  t o  o b t a i n  
c a p i t a l  c o s t  comparisons of t h e  va r ious  thermal  energy s t o r a g e  (TES) 
concepts  a v a i l a b l e  f o r  s o l a r  energy conversion systems,  t h e  c o s t  pe r  
ki lowatt-hour  of thermal  energy s t o r e d  should be  es t imated  f o r  repre-  
s e n t a t i v e  s t o r a g e  subsystems over  t h e  f u l l  range of s t o r a g e  s i z e s  
r equ i r ed .  The c a p i t a l  c o s t s  a r e  d iv ided  i n t o  c o s t s  of major components, 
i nc lud ing  (1)  t h e  c o s t  of t h e  TES m a t e r i a l ,  (2) t h e  c o s t  of t h e  TES 
m a t e r i a l  containment u n i t ,  ( 3 )  t h e  c o s t  of thermal  i n s u l a t i o n ,  and (4) 
t h e  i n s t a l l a t i o n  and t r a n s p o r t a t i o n  c o s t s .  It is  important  t o  no t e  
t h a t  t h e s e  cons ide ra t i ons  i nc lude  only t h e  c a p i t a l  c o s t s .  The f i n a l  
c o s t  e f f e c t i v e n e s s  of a  p a r t i c u l a r  concept should b e  determined by a  
l i f e - c y c l e  c o s t  a n a l y s i s ,  and such an  a n a l y s i s  i s  beyond t h e  scope of 
t h i s  s tudy .  

6 .1  TES Mate r i a l  Costs 

The c o s t  and h e a t  s t o r a g e  c a p a b i l i t y  i n  t h e  d e s i r e d  temperature 
range of t h e  candida te  TES m a t e r i a l  a r e  important  c r i t e r i a  t h a t  must 
be  considered i n  t h e  s e l e c t i o n  of  an app rop r i a t e  s o l a r  energy s t o r a g e  
subsystem. One source  of c u r r e n t  market p r i c e s  f o r  chemicals t h a t  a r e  
considered f o r  use a s  thermal  energy s t o r a g e  media is t h e  Chemical 
Marketing Reporter. l Cost quo ta t i ons  i n  t h i s  r e f e r e n c e  a r e  l i s t e d  
weekly f o r  t echnica l -grade  m a t e r i a l s .  However, t h e  b u l k  m a t e r i a l s  a s  
rece ived  may n o t  be  of s u f f i c i e n t  p u r i t y  f o r  d i r e c t  use  f o r  a  thermal  
s t o r a g e  u n i t .  Since p u r i f i c a t i o n  techniques a r e  n o t  adequately de f ined  
nor  a r e  t h e i r  p r i c e s  e s t ima ted  a t  t h i s  t i m e ,  t h e  c o s t s  ob ta ined  from 
r o f .  1 r . r i J 1  r ep re sen t  minimum m a t e r i a l  p r i c e s  only.  The lowest-cost  
m a t e r i a l s  w i l l  probably c o n s i s t  of bu lk  q u a n t i t y  chemicals based on 
compounds of t h e  common elements  - sodium, potassium, calcium, magnesium, 
aluminum, and i r o n .  The types  of  low-cost s a l t s  wi3.1 probably be  
r e s t r i c t e d  t o  c h l o r i d r ? ~ ,  s ~ ~ l . f a t e s ,  n i t r a t e s ,  phosphates ,  o r  carbonates .  

Quoted market p r i c e s 1  of t h e  va r ious  c o n s t i t u e n t s  of i no rgan ic  s a l t  
hyd ra t e s  and e u t e c t i c s  proposed f o r  s o l a r  thermal  energy s t o r a g e  sub- 
systems a r e  l i s t e d  i n  Table 6.1. These p r i c e s  r e f l e c t  t h e  l i s t  p r i c e s  
p r e v a i l i n g  dur ing  t h e  e a r l y  months of 1976 f o r  l a r g e  l o t s  f .0 .b .  New 
York. The d i f f e r e n c e s  between h igh  and low p r i c e s  may be  accounted f o r  
Ly d i f f e r e n c e s  i n  q u a n t i t y ,  q u a l i t y ,  n r  l o c a l i t y ,  according t o  r e f .  1. 
The quo ta t i ons  given i n  r e f .  1 do n o t  n e c e s s a r i l y  r e f l e c t  p r i c e s  a t  
which t r a n c a c t i o n s  act1.1al.l y  may have occurred.  . 

Some of t h e s e  s a l t s  can h e  combined wi th  wa te r  t o  form hydra ted  
compounds, many of which have been proposed f o r  use a s  TES media, 
p a r t i c u l a r l y  i n  t h e  low-temperature regime (Table 4 .2) .  Others  can be  
used i n  va r ious  combinations t o  form e u t e c t i c s  f o r  higher- temperature  
TES appl i.c.ations (Table 4.6) . 



Table  6.1. Ea r ly  1976 market p r i c e s  of c o n s t i t u e n t s  
f o r  proposed ino rgan ic  s a l t  hyd ra t e  and 
e u t e c t i c  thermal energy s t o r a g e  media 

Cost ($1100 l b )  

TES m a t e r i a l  
Low High 

Chlor ides  

NaCl 1.99 2.23 
K C 1  2.00 2.75 
CaC12 3.55 3.98 
MgC12 6 .OO 12.75 

S u l f a t e s  . . - 

N R ? ~ J ~  2. ' / 5  3.25 
Na2S203 10.95 11.20 
K2 S04 2.13 2.81 
CaS04 1 . 8 1  N A 

- Al2(SOb) -J 9.55 7.00 

N i t r a t e s  

NaN0 5.90 6.95  
NaN02 7.00 9 .OO 
KN0 3 9.50 9.88 
Mg(N03) 2 32.00 N A 
Zn(N03) 34.00 36.00 

Carb0nate.s- .. - 

Na2C03 2.80 N A 
K2CQ3 1.0 . 30 11.00 
MgCO 22.00 2.l.00 
L i 2 C O 3  75.50 79.50 

F luo r ides  

NaF 31.60 32.10 
KF 62.00 71.00 
L iF 242.00 N A 
NaBF4 40.58 46.00 

Oxides, Ilydroxides, and Miscel laneous . . 

NaOH 7.00 9 , O O  
A I J O  3 16.60 18.00 
B2°3 16.00 (Estimated) 
LiOH 118.00 N A 
L i H  925.00 -' 

, Ba-(OH) 2 N A 34.25 

NA ' l " ' -Z  - 



6 .2  TES Containment Uni t  Cos t s  

The c o s t  of t h e  heat-exchanger-containment u n i t  i s  one of t h e  key 
f a c t o r s  t h a t  de te rmines  t h e  p r a c t i c a l i t y  of the rmal  energyY s t o r a g e  f o r  
s o l a r  power a p p l i c a t i o n s .  T h e r e f o r e ,  t h e  f i n a l  c o s t  comparisons s h o u l d  
b e  based on t h e  complete  " in-place"  i n s t a l l a t i o n ,  r a t h e r  t h a n  on t h e  
c o s t  of t h e  TES m a t e r i a l  only .  S e v e r a l  c r i t e r i a  must b e  c o n s i d e r e d  i n  
t h e  d e s i g n  and c o n s t r u c t i o n  of s u i t a b l e  conta inment  d e v i c e s  f o r  t h e r m a l  
energy s t o r a g e .  

1. The conta inment  v e s s e l  shou ld  b e  of h i g h  i n t e g r i t y  t o  p r e v e n t  
l o s s  of t h e  TES m a t e r i a l  and p r e v e n t  e v a p o r a t i o n  of t h e  w a t e r  of c r y s t a l -  
l i z a t i o n  i f  t h e  TES m a t e r i a l  is  a  s a l t  h y d r a t e .  

2. The c o n t a i n e r s  must b e  r e s i s t a n t  t o  c o r r o s i o n  by t h e  TES mate- 
r i a l  i n  e i t h e r  t h e  s o l i d  o r  l i q u i d  phase .  

3. The c o n t a i n e r  m a t e r i a l  must b e  a b l e  t o  w i t h s t a n d  r e p e a t e d  phase- 
change c y c l i n g  w i t h o u t  compromise. 

4 .  Adequate h e a t  exchange s u r f a c e s  m u s t ' b e  i n c o r p o r a t e d  t o  p e r m i t  
t r a n s f e r  of s t o r e d  h e a t  t o  and from t h e  s t o r a g e  m a t e r i a l .  The h e a t  
t r a n s f e r  s u r f a c e  may c o n s i s t  of t u b u l a r ,  s h o r t - c y l i n d r i c a l ,  f l a t - p l a t e ,  
o r  o t h e r  geomet r ies .  

5. The conta inment  shou ld  b e  of an  i n e x p e n s i v e  and r e a d i l y  
f  a b r i c a b l e  material. 

6 . 2 . 1  L a t e n t  h e a t  TES u n i t  c o s t s  

Thermal energy s t o r a g e  d e v i c e s  s u i t a b l e  f o r  s p a c e  h e a t i n g  th rough  
s o l a r  energy and u s i n g  l a t e n t  h e a t  o r  s e n s i b l e  h e a t  s t o r a g e  materials 
were  analyzed by ~ o r s c h ~  and a s s o c i a t e s  a t  t h e  U n i v e r s i t y  of Pennsy lvan ia  
under  N a t i o n a l  Sc ience  Foundat ion RANN Grant  GI-27976. Th i s  s t u d y  i n c l u d e d  
t h e  c o s t s  of heat-exchanger-containment d e v i c e s  f o r  l a t e n t  h e a t  s t o r a g e  
materials. The TES d e s i g n s  cons idered  a r e  shown i n  F i g s .  6 . 1  through 
6.3.  The e s t i m a t e d  c o s t s  of t h e s e  u n i t s  f o r  a  r a n g e - o f  TES m a t e r i a l  
c o s t s  a r e  g i v e n  i n  F ig .  6.4.  

To a c h i e v e  adequa te  h e a t  t r a n s f e r  area and s t o r a g e  c a p a b i l i t y ,  t h e  
TES material was assumed t o  b e  packaged i n  c o n t a i n e r  u n i t s  w i t h  a  h i g h  
r a t i o  of a r e a  t o  volume. These u n i t s  a r e  t h e n  s t a c k e d  i n  a module, a s  
shown i n  Fig .  6 .1 ,  and t h e  whole p l a c e d  i n s i d e  of a s t e e l  o r  o t h e r  con- 
t a inment  i n  a  c u b i c  a r r a y .  The u n i t  i s  t h e n  f i l l e d  w i t h  s u i t a b l e  h e a t  

t- t r a n s f e r  media t o  f u n c t i o n  a s  a complete  TES-heat-exchanger package.  
Th is  c o n f i g u r a t i o n  i s  on ly  one of many p o s s i b l e  t y p e s ,  b u t  i t  is t h e  one 
chosen by t h e  U n i v e r s i t y  of Pennsy lvan ia  group f o r  a n a l y s i s .  

3 
The containment u n i t  m a t e r i a l s  c o n s i d e r e d  i n  t h e  d e s i g n s  shown i n  

F i g s .  6 . 1  through , 6 . 3  i n c l u d e d  p l a s t i c ,  aluminum, and m i l d  s t e e l .  The 
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FOR DETAILS SEE 
6.2 AND 6.3 

Fig.  6.1. TES-heat exchanger u n i t  (500,000 B tu ) ,  us ing  sodium 
t h i o s u l f a t e  pentahydra te  (headers  a t  l e f t  f r o n t  and r i g h t  r e a r  no t  shown). 
Source: By permiss ion  from H. G. Lorsch, "Thermal Energy S torage  Devices 
S u i t a b l e  f o r  S o l a r  Heat ing,"  Paper 749083 i n  Proc. 9th Intersnc. Energ9 
Convers. Eng. Conf., The American Soc i e ty  of Mechanical Engineers ,  New 
York (August 1974) ,  Fig.  2 . ,  p. 574. 

ORhli-DWG 75-1 3260 
WATER/ETHYLENE GLYCOL 

Fig .  6.2. TES module f r  sodium t h i o s u l f a t e  pentahydrate .  Source: 
By permission from H. G. Lorsch, "Thermal Energy S torage  Devices 
S u i t a b l e  f o r  S o l a r  Heating," Paper 749083 i n  Proc. 9th Intersoc. Energy 
Convers. Eng. Conf., The American Soc i e ty  of Mechanical Engineers ,  New 
York (August 1974) ,  F ig .  3,  p. 574. 
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Fig.  6.3. TES module f o r  P116 p a r a f f i n  wax. Source: By permission 
from H. G. Lorsch, "Thermal Energy S torage  Devices S u i t a b l e  f o r  So la r  
Heating," Paper 749083 i n  Proc. 9th Intersoc. Energy Convers. Eng. Conf., 
The American Soc ie ty  of Mechanical Engineers ,  New York (August 1974) ,  
Fig.  4 ,  p. 575. 
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Fig .  6.4. Cost of l a t e n t  h e a t  s t o r a g e  v s  s t o r a g e  c a p a c i t y  ( f o r  
two d i f f e r e n t  m a t e r i a l s  and a range of m a t e r i a l  c o s t s ) .  Source: By 
permission from H. G. Lorsch, "Thermal Energy s t o r a g e  Devices S u i t a b l e  
f o r  So la r  Heat ing,"  Paper 749083 i n  Proc. 9th Intersoc. Energy Convers. 
Eng. Conf., The American Soc i e ty  of Mechanical Engineers ,  New York 
(August 1974) ,  Fig.  6 ,  p. 576. 



most r e l i a b l e  c o s t  in format ion  a v a i l a b l e  a t  t h e  t ime was used. The TES 
c o s t s  shown i n  Fig.  6.4 i nc lude  manufacture,  sh ipping ,  and i n s t a l l a t i o n .  
The l e a s t  expensive combination of m a t e r i a l s  was used, cons ider ing  com- 
p a t i b i l i t y  requi rements  between con ta ine r  m a t e r i a l s  and h e a t  s t o r a g e  
m a t e r i a l s .  

Two phase-change m a t e r i a l s ,  wi th  c h a r a c t e r i s t i c s  a s  fo l lows ,  were 
s e l e c t e d :  

TES m a t e r i a l  

C h a r a c t e r i s  t i c  
Sodium t h i o s u l f a t e  Sunoco P116 

pentahydrate  p a r a f f i n  wax 

Heat of f u s i o n ,  B t u l l b  90 90 
u t u / f t 3  9 3UU 4400 

C o e f f i c i e n t  of thermal  
conduc t iv i ty ,  Btu hr- l  ft 'l   OF-^ 

Volume of 500,000-Btu u n i t ,  f t 3  6 4 16 7 

Weight nf TES m a t e r i a l ,  l b  5560 5600 

Sodium t h i o s u l f a t e  pentahydra te  (STP) has  been found t o  have c e r t a i n  
p r o p e r t i e s  t h a t  may d e t r a c t  from i t s  d e s i r a b i l i t y  a s  a TES ma te r i a l . *  
However, t he  r e s u l t s  of t h e  ana lyses  i n  r e f .  2 a r e  considered t o  be  v a l i d  
f o r  any o t h e r  phase-change TES m a t e r i a l  having s i m i l a r  thermal p r o p e r t i e s .  

F igure  6.2 shows one design of a t r a y  u n i t  f o r  t h e  organic  TES 
m a t e r i a l  (Sunoco P116 p a r a f f i n  wax). B e c a ~ i s ~  ~f t h e  lowcr va lue  ul: h e a t  
conducLlviry, the h e a t  t r a n s f e r  through rh.e wax is  t h e  l iml t i i i g  f accor ;  
t l l r r e fo re ,  r i bbed  c o n t a i n e r s  were n o t  requi red .  

I n  both unit d ~ s i . g n s ,  3 one- t o  - one 'ulxture of water  and e thy lene  
g l y c o l  is  used a s  t h e  l i q u i d  h e a t  t r a n s f e r  medium from s o l a r  c o l l e c t o r  
t o  s to rage .  Rnth conrplcte modules are designed t o  s t o r e  500,000 Btu 
of h e a t .  The module con ta in ing  the  organic  wax (Sunnrn F116) oceupies  
~norc  than  two ~Lws che volume of t h e  STP. Although t h e  weights  of t h e  
TES m a t e r i a l  a r e  ahout t h e  oome, the t o t a l  weight of t h e  complete u n i t  
f o r  t h e  wax i s  cons iderably  g r e a t e r  because of t h e  l a r g e r  containment 
volume . 

6.2.2 Sens ib l e  h e a t  TES u n i t  c o s t s  

Because of i ts  unique p r o p e r t i e s ,  water  (o r  a mixture of water  and 
e t h y l e n e  g lyco l )  h a s  been and w i l l  cont inue  t o  b e  widely used a s  a 
s e n s i b l e  h e a t  s t o r a g e  medium. A major advantage of thermal  energy s t o r a g e  
i n  water i s  due t o  t h e  f a c t  t h a t  u sua l ly  no h e a t  exchanger s u r f a c e  i n  t h e  
containment v e s s e l  i s  r equ i r ed ,  s i n c e  t h e  thermal  conveyance f l u i d  can 



b e  i d e n t i c a l .  A v a r i e t y  of s t o r a g e  tanks f o r  water  a r e  r e a d i l y  a v a i l -  
a b l e ,  r e l a t i v e l y  inexpensive,  and r e l i a b l e .  

The q u a n t i t y  of water  i n  a  s e n s i b l e  h e a t  s t o r a g e  device  i s  a  
n e g l i g i b l e  c o s t  i t e m .  However, t h e  cos t  of a d d i t i v e s  t o  i n h i b i t  cor- 
r o s i o n  o r  p revent  f r e e z i n g  can r e p r e s e n t  a  s i g n i f i c a n t  expense. I f  t h e  
wa te r  i s  t o  be  provided from an e x i s t i n g  u t i l i t y  system, t h e r e  w i l l  be  a 
charge f o r  t h e  amount of water  provided. The c o s t  of supply ing  water  
from a  s u r f a c e  o r  ground source  is  l a r g e l y  a  ma t t e r  of pumping c o s t s .  
Two MIUS technology e v a l u a t i o n  r e p o r t s  i nc lude  cos t -es t imat ing  d a t a  f o r  
a  v a r i e t y  of water  s t o r a g e   tank^.^,^ 

The Working Group on Hot Water Storage ~ ~ s t e m s '  f e l t  t h a t ,  i n  com- 
p a r i s o n  wi th  t h e  o t h e r  a l t e r n a t i v e s  c u r r e n t l y  a v a i l a b l e ,  water  is 
probably t h e  b e s t  and l e a s t  expensive mode of thermal  energy s t o r a g e  i n  
t h e  low-temperature regime. 

6 . 3  Est imated Costs  of So la r  Energy S torage  Devices 

Est imated c o s t s  p e r  kWhr ( 1  kWhr = 3413 Btu) of l a t e n t  h e a t  TES 
dev ices  over  t h e  s p e c i f i e d  range of s t o r a g e  c a p a c i t i e s  up t o  36 x l o 5  kWhr 
a r e  shown i n  F ig .  6.5. These c o s t s  were e s t ima ted  from d a t a  given i n  
F ig .  6 .4 ,  us ing  a procedure descr ibed  i n  r e f .  6. This  procedure is  
based on t h e  assumption t h a t  c o s t  d a t a  can be  adequately r ep re sen t ed  by 
a  s t r a i g h t - l i n e  r e l a t i o n s h i p  between c o s t s  and capac i ty  f a c t o r  on log- 
l o g  coo rd ina t e s  over  a  reasonable  range of c a p a c i t i e s .  I n  a d d i t i o n ,  t he  
method descr ibed  i n  r e f .  6  i nc ludes  an e s c a l a t i o n  f a c t o r  t o  account f o r  
t ime. The fo l lowing  express ion  is  given t o  e s t i m a t e  t h e  c o s t  of a 
s p e c i f i c  i t em.o f  equipment from t h e  known cos t  of a  s i m i l a r  b u t  d i f -  
f e r e n t  capac i ty  i t e m :  

where 

CD = d e s i r e d  c o s t ,  $, 

C = known c o s t ,  $, 
K 

H = d e s i r e d  capac i ty ,  kWhr, 
D 

H = known capac i ty ,  kWhr, K 
I = presen t  c o s t  index,  
D 
IK = previous  c o s t  index, 

N = a  cons t an t  depending on s p e c i f i c  type of equipment. 
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Fig. 6.5. Estimated c o s t s  per  kWhr of s t o r a g e  capac i ty  f o r  s o l a r  
thermal  energy s t o r a g e  devices .  

The cons t an t  N is assumed t o  be approximately 0.6 f o r  e s t i ~ n a t i o n  
purposes.  The "Marshall  and Swift  (MfiS) Equipment Cost 1ndex7 is used 
t o  account  f o r  e s c a l a t e d  c o s t  due t o  time. 

F igure  6.5 i n d i c a t e s  t h a t  t h e  c o s t s  of TES devices  can range from 
about  $30 per  kWhr f o r  a  u n i t  t o  s t o r e  147 kWhr (500.01)1) Rtu) down to 
about  $1.50 per  lcF4'hr t o  sLore 3b x 105 kWhr (1.229 x 1 0 l 0  Btu) when 
employing STP as t h e  TES m a t e r i a l  a t  $0.40/ lb.  However, i f  t h e  cos t  of 
t h i s  m a t e r i a l  i s  s i g n i f i c a n t l y  l e s s  (q,$O. 1 0 / l b ) ,  the  c o s t  of t h e  s t o r a p  
device  would range f rnm about $15 pel. kWhr ea abaut  $1.00 per  kWhr. The 
e o s t a  of che u n i t s  u s ing  t h e  organic  m a t e r i a l  (Sunoco P116 p a r a f f i n  wax) 
a r e  i n t e rmed ia t e  w i t h i n  t h e s e  extremes. 

6.4 Thermal I n s u l a ~ l o n  Costs 

Numerous documents8- desc r ib ing  procedures  f o r  determining t h e  
optimum th i ckness  of i n s u l a t i o n  f o r  process  v e s s e l s  a r e  a v a i l a b l e .  An 
assessment  of t h e  s t a t u s  of cu r r en t  thermal i n s u l a t i o n  technology i s  
given i n  r e f .  12.  Tahles  I ,  11, 111, and I V  of r e f .  13  g ive  m a t e r i a l  
c o s t s  and i n s t a l l a t i o n  l a b o r  t o  permit e s t ima t ion  of t h e  c o s t s  r equ i r ed  
t o  i n s u l a t e  process  v e s s e l s .  Tables I and I1 of r e f .  1 3  g ive  c o s t s  per  
squa re  f o o t  f o r  h o t  and co ld  i n s u l a t i o n  blocks of vary ing  th i cknesses .  



D i r e c t  f i e l d  l a b o r  man-hours f o r  va r ious  v e s s e l  i n s u l a t i o n  ope ra t i ons  a r e  
shown i n  Table  I11 of r e f .  13. Table  I V  of  r e f .  1 3  is  an a t tempt  a t  
combining two "judgement" f a c t o r s  t o  a d j u s t  " idea l "  cond i t i ons  t o  a c t u a l  
job cond i t i ons  f o r  a r r i v i n g  a t  a  more r e a l i s t i c  c o s t  e s t i m a t e  f o r  an 

I i n s u l a t i n g  j ob . 
A l l  t h e  c o s t  d a t a  presen ted  i n  r e f .  1 3  were developed assuming 

good des ign  and i n s t a l l a t i o n  p r a c t i c e s .  I n  gene ra l ,  t h e s e  p r a c t i c e s  
f? i nc lude  s i n g l e  i n s u l a t i o n  below 800°F and. m u l t i p l e  l a y e r  f o r  800 t o  

1200°F. T h e . i n s u l a t i o n  is  assumed t o  be  always app l i ed  i n  s e c t i o n a l  
o r  segmented form, u s ing  t h e  "broken j o i n t "  technique,  and a l l  j o i n t s  
a r e  s e a l e d  w i th  a sbes to s  cement. A r l  c o s t s  given i n  r e f .  1 3  a r e  based 
on November 1962 p r i c e s  ; t h e r e f o r e ,  a n .  e s c a l a t i o n  f a c t o r 6  * must b e  
app l i ed  t o  a r r i v e  a t  c u r r e n t  c o s t s .  



REFERENCES FOR SECTION 6 

1. Chemical Marketing Reporter, Schne l l  Publ i sh ing  Co., New York 
(Mar. 1, 1976).  

2. H. G. Lorsch, "Thermal Energy Storage  Devices S u i t a b l e  f o r  Solar  
 eating , " Paper 749083 i n  Proc. 9th Intersoc. Energy Conuc?.?~. 
ha. Conf., The American Socie ty  of Mechsnical Engineers,  New York 
(August 19 74) . 

3. C. L. Segaser ,  MIUS Technology Evaluation -Thermal Energy Storage 
Materials and Devices, ORNL/HUD/MIUS-23 (August 19 75) . 

4. C. L. Segaser  and W. R. Mixon, MIUS Systems Analysis, the Effects 
of Thermal Energy Storage and Solid Waste Incineration Gpt?:on.s ovl 
JfIUG Cost and LJua Z Consw~iybiun, O F U ~ L / H U ~ J / N ' ~ U S - ~ ~ ~  ( 'July 151 76). 

5. G .  C. Szego, Chairman, "Hot Water S torage  Systems Group Report," 
p. 165 i n  Proceedings o f  the Workshop on Solar Energy Storage Sub- 
systems for the Heating and Cool.ing of Buildings, NSF-RANN-75-041, 
American Soc ie ty  of Heat ing,  Re.£r igerat ing,  and A i r  Conditioning 
Engineers (Apr i l  1975). 

6. G. M. Hoerner,  Jr., "Nomograph Updates Process  Equipment Costs," 
ChemicaZ Engineering 83(11): 141-43 (May 24, 1976). 

7. "M&S Equipment Cost Index, Economic I n d i c a t o r s , "  ChemicaZ 
Engineering 83(11):  7 (May 24 ,  1976). 

8. D.  J. Dickson, "Thermal I n s u l a t i o n  f o r  Energy Storage,"  Paper 6495P, 
Proceedings of t h e  I n s t i t u t i o n  of E l e c t r i c a l  Wginee r s ,  P m m ,  v o l ,  
118 (Jullt! 16 ,  1971) .  

9. William O' Keefe, "Thermal In su la t ion . "  P01,?er, 1 18 (8) : 71-44 (Augu~f 
19 74). 

- 
10. .York Research Corporat ion,  "How t o  Determine Economic Thickness of 

I n s u l a t i o n , "  WON-1, Thermal I n s u l a t i o n  Manufacturers Assoc ia t ion ,  
1973. 

11. W. C. Turner ,  " C r i t e r i a  f o r  I n s t a l l i n g  I n s u l a t i o n  Systems i n  Petro- 
chemical P l a n t s , "  Chem. Eng. Prog. 70 (8) : 41-59 (August 1974).  

12. R. G. Donnelly e t  a l .  , Industrial Thermal Insulation, an Assessment, 
0~~L/TM-5283,  Oak Ridge Nat iona l  Laboratory (March 1976). 

13. T. N. Dinning, "G~ride t o  I n s u l a t i o n  Costs  f o r  Vesse ls , "  pp. 155-56 
i n  Modem Cost-h'ngineering Techniques, Herbert  Popper e t  a l .  (eds . ) , 
McGraw-Hill , New York , 19 70. 



INTERNAL DISTRIBUTION 

T. D. Anderson 
S. E. Beall 
H. I. Bowers 
R. S. Carlsmith 
C. V. Chester . 

J. E. Christian 
D. M. Eissenberg 
W. Fulkerson 
H. W. Hoffman 
R. S. Holcomb 
S. I. Kaplan 
R. J. Kedl 
J. 0. Kolb 
C. G. Lawson 
R. E. MacPherson 

EXTERNAL DISTRIBUTION 

J. T. Meador 
J. W. Michel 
W. R. Mixon 
J. C. Moyers 
G. D. Pine 
G. Samuels 
C. L. Segaser 
M. J. Skinner 
I. Spiewak 
H. E. Trammel1 
Central Research Library 
Laboratory Records 
Laboratory Records, ORNL-RC 
Document Reference Section 
ORNL Patent Office 

52. T. J. Marciniak, Argonne National Laboratory, Energy Environmental 
Systems Division, 9700 Cass Avenue, Argonne, IL 60439 

53. J. ~rlando, Mathematica, Inc., Suite 2970, 475 L'enfant Plaza 
West, Washington, DC 20024 

54. C. W. Phillips, National Bureau of Standards, Room A146, 
Building 225, Washington, DC 20234 

55. J. H. Rothenberg, HUD-MIUS Program Manager, Department of 
Housing and Urban Development, 451 7th Street SW, Room 8158, 
Washington, DC 20410 

56. Research and Technical Support Division, Department of Energy, 
Oak Ridge Operations, Oak Ridge, TN 37830 

57-83. Technical Information Center, DOE, P.O. Box 62, Oak Ridge, TN 
37830 




