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CHAPTER 1 

OVERPIEW AND CONCLUSIONS 

1.1 Background 

I n  response t o  t h e  n a t i o n ' s  need t o  conserve energy, a number of pro- 
grams have been d i r e c t e d  toward reducing our consumption of energy. 
An important  p a r t  of t h e s e  programs i s  t h e  improved use  of thermal 
energy s t o r a g e  (TES) systems. These systems can conserve energy i n  
t h r e e  ways : 

(1) by increas ' ing t h e  e f f i c i e n c y  of t h e  device  o r  process ;  

( 2 )  by recover ing  eIiergy.. that would, momal ly  be l o s t ,  and 

(3 )  by providing a means f o r  matching- v a r i a b l e  p a t t e r n s  of 
energy demand and a v a i l a b i l i t y ,  which a r e  p re sen t iy ' .  
o u t  of phase,. 

. . 

A number of pro'grams have been. devoted t o  'developing advanced TES sys tems'. 
. Some of t h i s - w o r k  has  been. sponso.red by t h e  Department of.  Energjr (DOE) . 
and some has  been 'conducted by indus t ry .  Because. o,f t h e  l a r g e  n'umber 
of programs and t h e  range  of possibl 'e uses  f a r  employing the rma l  s t o r -  - ' 

age t o  conserve energy,a  number of p o t e n t i a l l y  s u c c e s s f u l ~ a p p r o a c h e s  
a r e  open t o  t h e  DOE. However, t h e  f i e l d  i s  p r e s e n t l y  s o  crowded.with 
cand ida t e s ,  t h a t  it ' ' is d i f f i c u l t  . t o  i d e n t i f y  t h e  most promising sys  tems 
and app l i ca t . i ons .  Theref o r e ,  a method was needed f o r  eva lua t ing  t h e s e  
d i v e r s e  technologies  on a common.basis s o  t h a t  p r i o r i t i e s  could be 
e s t a b l i s h e d '  f o r  f u r t h e r  . . r e sea rch  and development. 

1 .2  Obiec t ives  of t h e  Studv 

The primary'  o b j e c t i v e  'of t h e  s tudy  was t o  .provide DOE wi th  a method' for: 
evaluat ing t h e  f i r s t  c o s t  of diverseadvanced TES concept's on a  common^ 
b a s i s .  For a t o t a l  sample of a t  l e a s t ' 2 0  b a s e l i n e  and advanced TES 
technologies ,  t h e  methodology deveLoped w a s - t o  b e  app l i ed  i n  t h e  ca lc ,ur  . 
l a t i o n  of a c t u a l  c o s t  and performance measures.. 

1 . 3  General Approach 

Se.l.ection of Reference Appli 'cations 

We .began , th t s  program by developing a c l a s s i f i c a t i o n  scheme.for  t h e  
d i f f e r e n - t ' u s e s  o f '  thermal 'energy s to rage .  This.scheme was develop'ed " 

by cdns ide r ing .  t h e  d i f f e r e n t  kinds of programs sponsored b y . ~ o E .  and - .  ' 

by eva lua t ing  t h e  va r ious  mechanisms o f  energy l o s s  thae  were amenable' 
t o  red.uct ion by use  of advanced TES corlceprs. 



Work on t h e  development 'of TES has  focused on f ive '  types  of a p p l i c a t i o n  
a r e a s  : 

(1) e l e c t r i c  power gene ra t ion ,  w i th  s o l a r  i npu t  i n  which TES 
i s  used t o  s t o r e  energy f o r  u se  dur ing  cloudy per iods  
o r  a t  n i g h t ;  

(2)  convent iona l  f u e l - f i r e d  e l e c t r i c  power gerierat ion,  i n  which 
TES i s  used t o  improve load f a c t o r s ;  

( 3 ) '  c y c l i c  l o s s e s ,  i n  which TES i s  used t o  reduce l o s s e s  t h a t  
occur  when devices  s t a r t  and s t o p ;  

(4 )  ba tch  l o s s e s ,  i n  which TES i s  used t o  recover  waste  h e a t ;  
and 

, . 

(5) sou rce l s ink   mismatch, i n  which TES is used t o  i n c r e a s e  t h e  
e f f i c i e n c y  of processes  t h a t  a r e  dependent 'upon ambient 
temperatures .  

These have been app l i ed  v a r i o u s l y  t o  commercial p rocesses ,  t r a n s p o r t a t i o n ,  
. space  h e a t i n g  and cool ing ,  water  h e a t i n g ,  and genera t ion  of e l e c t r i c i t y .  
From t h e  a r r a y  of p o s s i b l e  a p p l i c a t i o n s  of TES and uses  f o r  t h e  stored 
energy,  t h e  r e s i d e n t i a l  and commercial .WAC a p p l i c a t i o n s  t h a t  consume 
s i g n i f i c a n t  amounts of energy were s e l e d t e d  f o r  d e t a i l e d  considerat ions, .  . 

Applicat ions,  t o r  which advanced TES systems were cos ted  a r e :  

(1) s o l a r  ho t  a i r  o r  hydronic space  h e a t i n g  of r e s idences  
us ing  d i u r n a l  s t o r a g e ;  

( 2 )  s o l a r  space hea t ing ,  cool ing ,  and water  h e a t i n g  of r e s idences  
and sma l l  apartment bu i ld ings  us ing  d i u r n a l  and seasona l  
s t o r a g e ;  

(3) , s o l a r  cool ing  of r e s idences  wi th  absorp t ion  a5.r r.ondi t i m e r s  
us ing  d i u r n a l  s t o r a g e ;  

( 4 )  off-peak e l e c t r i c  space  h e a t i n g  of. r e s idences ;  

(5) off-pcalc c l c c t r i c  coo l ing  of re.si.dr.nr.es; 

'(6) pas s ive  s o l a r  h e a t i n g  of r e s idences ;  and . 

1 

(7)  connnunity'sized s t o r a g e  f o r  cool ing .  

Bbse l ine  systems f o r  t h e s e  a p p l i c a t i o n s  were a l s o  c o s t e d . .  I n  a d d i t i o n ,  
f o r  some b a s e l i n e  systems, r e l a t i o n s h i p s  between s t o r a g e  capac i ty  and . 
c o s t :  were developed. 



These a p p l i c a t i o n s  i n  r e s i d e n t i a l  hea t ing  and cool ing  were s e l e c t e d  
because DOE i s  .sponsoring o the r  programs t o  ana lyze  t h e  c o s t s  of TES 
technologies  app l i ed  t o  power genera t ion  and i n d u s t r i a l  energy cpnser- 
va t ion .  . 

~ ~ e c i ' f i c a t i o n  of ope ra t ing  C h a r a c t e r i s t i c s  and Base l ine  Systems 

Before t h e  performance of var.ious advanced TES concepts -could be  com- 
pared,  t h e s e  technologies  would have t o  be incorporated.  i n t o  'systems 
designed t o  meet s p e c i f i c  ope ra t ing  c h a r a c t e r i s t i c s .  Thus, f o r  each 
r e fe rence  a p p l i c a t i o n ,  . s p e c i f i c a t i o n s  were developed f o r  s t o r a g e  capac- 
i t y ,  ou tput  r a t e ,  and output  temperatures .  

For each o f . t h e  n i n e  . reference a p p l i c a t i o n s ,  b a s e l i n e  systems were de- 
f h e d  inco rpora t ing  cu r r en t  technology and p r a c t i c e .  These provided 
t h e  bas is  f o r  comparison wi th  th,e advanced T.ES technqlogies .  

' 

. . 

Advanced TES Technolog5es 

The advanced TES technologies  c u r r e n t l y  being developed can be c l a s s i f i e d  
under t h r e e  conceptual  approaches t o  thermal energy s to rage .  Within 
these  approaches, twelve s p e c i f i c  TES technologies  were considered.  

- Chemical Heat Pump TES 

Chemical hea t  pump TES systems s t o r e  energy by us ing  vapor-pressure 
. d i f f e r ences  t o  d r i v e  chemical r e a c t i o n s  ' i n  d i f f e r e n t  d i r e c t i o n s  wi th  
t h e  absorbing o r  r e l e a s i n g  of h e a t .  This  i s  done b-y ~ a i u t a i a i n g  two 
r e s e r v o i r s , e a c h  conta in ing  one of t h e  s t o r a g e  system chemicals a t  d i f f e r -  
en t  temperatures  by adding o r  -removing h e a t .  Typ ica l ly ,  dur ing  charg ing ,  
hea t  is added t o  a high-temperature r e a c t o r  s epa ra t ing  t h e  two s t o r a g e  

. media wh i l e  hea t  is  r e j e c t e d  from a low-t.einperatur.e..reacror whi'le condens- 
i ng  one of t h e  medi'a. The energy r e l eased  dur ing  charging can be  used: 
f o r  space o r  water  hea t tng .  Discharging t h e  system i s  accomplished .by 
cool fng  t h e  high-temperature r e a c t o r  whfle  hea t ing  t h e  low~tempera tu re  
r e a c t o r  u n t i l  t h e  vapor p re s su re  of t h e .  condensed medium i s  g r e a f e r  t han  

. t h e  vapor.  p re s su re  of t h e  combined media i n  t h e  high-temperature reac.t.or . 
The condensed media then  evapora tes  and t h e  vapor  recombines ~ 5 t h  t h e  
h igher  temperature medium giv ing  0f.f heat.. The energy removed from S h e  
hzgh-temperature s i d e  i s  used f o r  space o r  water hea t ing .  The energy 
added on t h e  low-temperature s i d e  w i l l  come e i t h e r  from outdoors ,  i n  
which .case  t h e  system a c t s  l i k e  a convent iona l  hea t  pump,.or from coo l ing  
'bu i ld ing  . a i r ,  t herehy provid ing  a i r  cond i t i on ing  . 'l'hese spsrefns a,re 
a p p l i c a b l e  t o  a range of a p p l i c a t i o n s  f r o m . r e s i d e n t i a 1  t o  commercia\l. 

Three advanced TES concepts  based on chemical h e a t  ,pumps were corisidered:: 

. a  EIC Corporat ion:  Methanolated dalcium c h l o r i d e  i s  heated t o  
d r i v e  o f f  methanol, which i s  condensed t o  s t o r e  energy. 



Rocket Research: S u l f u r i c  a c i d  is  concentrated by 
b o i l i n g  o f f  water  which is -condensed to. s t o r e  ' energy. 

Mart in  Mariet ta : .  A p r o p r i e t a r y  amm'niated s a l t  s l u r r y  
i s . h e a t e d  t o  d r i v e  o f f  ammonia, which i s  condensed t o ,  
s t o r e  energy. 

- Phase Change TES 

Phase change systems a r e  designed t o  s t o r e  a major p a r t  of t h e i r  e.nergy 
con ten t  a t  a cons t an t  temperature.  Th i s  i s  done by us ing  m a t e r i a l s  t h a t  
have a phase change temperature a t  a s u i t a b l e .  l e v e l  (e .g . ,  space 'hea t ing :  
8 0 ' ~  - 150°F o r  space c o o l i n g :  32OF - 50°F). This  is  d e s i r a b l e  f o r  . . 

two major reasons .  F i r s t ,  t h e  volumetr ic  energy s t o r a g e  capac i ty  i s  
l i k e l y  t o  be b e t t e r  t h a n  s e n s i b l e  hea t  s t o r a g e  systems. Second, system 
e f f i c i e n c y  i s  improved by minimizing t h e  upper o r  lower t .emperature r e -  
qu i red  f o r  charging.  The'se systemi a r e  p r imar i ly  s u i t e d  f o r  r e s i d ' e n t i a l  
o r  smal l  commercial a p p l i c a t i o n s .  

Seven advanced TES concepts  based on t h i s  system were considered:  

'Dow: - S a l t s  wcich change phase a t  vari0u.s tempcrcltures a r e  
encapsulated i n  ae roso l  t y p e ' c o n t a i n e r s .  

, , 

,Franklfri I n s t i t u t e :  A s a l t  ( t r i m e t h y i a i i n e )  i n  a l i q u i d  i s  
. d i s so lved  o r  c r y s t a l l i z e d  by c i r c u l a t i n g  an  immiscible f l u i d .  

Un ive r s i t y  nf nebsware: Glsuber 'o o a l t  mi~r turco  a r c  
encapsulated i n  long sausage-l ike p l a s t i c  c y l i n d e r s .  

.. Clemson u n i v e r s i t y :  A s a l t  (sodium th io , su lpha te)  i n  a l i q u i d  . . 

i s  d i s so lved  o r  c r y s t a l l i z e d  by c i r c u l a t i n g  an immiscible f l u i d .  

Monsanto Research: c ross - l inked  polye thylene  undergoes a 
s o l i d  phase change. 

Suntek: Calcium c h l o r i d e  is  encapsulated i n  bu i ld ing  blocks 
wi th  a n  epoxy coa t ing .  

Brookhaven: Phase change m a t e r i a l s  a r e  micro-encapsulated 
and mixed wi th  conc re t e  t o  make bui ld ing  blocks.  . . . 

. . 

- Aquifer  TES 

Thi s  system involves  pumping l a r g e  amounts of heated o r  cooled water  i n t o  
a q u i f e r s  . ( l a r g e  a r e a s  of porous media underground) t o  s t o r e  energy on 

, . a seasonal  b a s i s .  Energy i s  removed by pumping t h e  w a t e r . o u t  of t h e  
a q u i f e r  and pass ing  .it through Heat exchangers. The energy t o  hea t  o r  
coo l  t h e  water  comes from s0urce.s such a s  i n d u s t r i a l  o r  e l e c t r i c  power 



p l a n t  w a s t e . h e a t ,  s o l a r  i n p u t s ,  o r  from normal seasonal  changes. These 
systems a r e  s u i t a b l g  p r imar i ly  f o r  large- .scale  f n s t a l l a t i o n s .  

Two systems based on t h i s  concept were considered:  . . 

D R I :  Water cooled by hea t  exchangers i n  Jamaica Bay o f f  
Long I s l and  i s  s t o r e d  i n  w in te r  t o  cool  JFK A i r p o r t - i n  
t h e  summer. 

Texas A&M: Water c h i l l e d  by evapora t ive  coo l ing  i s  s t o r e d  
underground i n  t h e  win te r  t o  provide cool ing  t o  a,community 

. i n  t h e  summer. 

I n  many cases  t h e s e  systems were only i n  t h e  l abo ra to ry  s t a g e  of develop- 
ment. Therefore ,  i t  was necessary  t o  t a k e  l abo ra to ry  systems and p r o j e c t  
them t o  complete systems incorpora ted  i n t o  an  HVAC i n s t a l l a t i o n  s u i t a b l e  
f o r  t h e  ref e r e m e  app1.i r a t i o n s .  With t h e  coopera t ion  o f  a1 1 t h e  
c o n t r a c t o r s  involved,  we were a b l e  t o  develop schematics  t h a t  contained 
s i z e  and ope ra t ing  c h a r a c t e r i s t i c s  f o r  t h e  major elements of each system 
f o r  each a p p l i c a b l e  r e f e rence  a p p l i c a t i o n .  

e D e f i n i t i o n  of TES Module 

I n  o rde r  t o  provide an a n a l y t i c a l  framework f o r  t h e  c o s t  and performance 
comparisons, t h r e e  components of a  TES system were de f ined :  

(I) t h e  inpu t  s e c t i o n  c o n s i s r i n g  of cumpu~iellLs that c o l l c c t  
energy and t r a n s f e r  i t  t o  t h e  s t o r a g e  module; 

( 2 )  t h e  s t o r a g e  module, inc luding  a l l  components r equ i r ed  
t o  r e c e i v e ,  s t o r e ,  and t r ansmi t  t h e  energy f o r  u se ;  and . 

(3 )  t h e  a p p l i c a t i o n  s e c t i o n  c o n s i s t i n g  of a l l  po r t i ons  of 
t h e  system requ i r ed  t o  e x t r a c t  energy from t h e  s t o r a g e  
module and pass  i t  t o  t h e  po in t  of f i n a l  use .  

When t h e  s t o r a g e  module i s  def ined  i n  t h i s  way, a l l  c i r c u l a t i o n  pumps 
and p ip ing  e x t e r n a l  t o  t h e  b a s i c  s t o r a g e  system a r e  considered p a r t  
of t h e  input  o r  a p p l i c a t i o n  s e c t i o n .  Reference a p p l i c a t i o n s  a r e  def ined  
s o  t h a t  both t.he b a s e l i n e  systems and t h e  advanced TES technologies  a r e  
based on t h e  same hea t - t r ans fe r  methods. This  means, f o r  example t h a t  
TES systems based on hydronic o r  l i q u i d  input  and output  a r e  compared 
w i t h  a  b a s e l i n e  system based on t h e  same h e a t - t r a n s f e r  methods. Since 
the major d i f f e r e n c e s  among t h e s e  systems a r e  i s o l a t e d  i n  t h e  s t o r a g e  
module, *a v a l i d  comparison can be  made cons ider ing  only t h a t  po r t ion  of 
t h e  system. 

Although t h e  primary a n a l y s i s  was concentrated on t h e  r e l a t i v e  c o s t  of 
- t h e  TES module per  106 Btu energy produced, some e x t e r n a l  hardware and 

o p e r a t i o n a l  parameters a r e  a f f e c t e d  by c h a r a c t e r i s t i c s  of t h e  TES. I n  
o r d e r  t o  r e f l e c t  t h e  a t t endan t  c o s t  d i f f e r e n c e s ,  a d d i t i o n a l  a n a l y s i s  was 
requi red  concerning : 



(1) t h e  e f f e c t  of high s t o r a g e  temperatures  on s o l a r  c o l l e c t o r  
c o s t s ;  

(2) t h e  e f f e c t  of low s t o r a g e  temperatures  on compressor f i r s t  
c o s t  and ope ra t ing  c o s t s ;  and 

(3) .  t h e  e f f e c t  of chemical hea t  pump C.O.P. and c o l l e c t o r  
temperature on s t o r a g e  s i z e  and c o l l e c t o r  a r ea .  

For each of t h e s e  a reas ,  cos t  d i f f e r e n t i a l s  were developed f o r  incorpora- 
. t i o n  i n  t h e  c o s t i n g  of t h e  systems involv ing  s o l a r  input  o r  use  of a  

compressor run  off-peak t o  gene ra t e  coolness  f o r  a i r  condi t ion ing .  

Es t imat ion  of Costs  . 

The e s t ima te s  i n  t h i s  r e p o r t  a r e  gene ra l ly  equiva len t  t o  ex-factory 
c o s t s .  They inc lude  burdenon l abo r  bu t  do not inc lude  manufac turersy-  
margin on mater ia l s ,which  could add between 15% and 25% t o  t h e  c o s t  de- 
pending on t h e  a p p l i c a t i o n .  I n  a d d i t i o n ,  items. which pass  through a  
d i s t r i b u t o r  and i n s t a l l e r '  could add an  a d d i t i o n a l  4 0 % ' t o  60% t o  t h e  p r i c e  
paid by t h e  end u s e r .  This  comparison is  clouded, somewhat, by t h e  
f a c t  t h a t  some systems a r e  s i t e - e r e c t e d  wh i l e  o t h e r s  a r e  fac tory-  
assembled. However, when comparin,g c o s t s  w i t h i n  an a p p l i c a t i o n ,  t h i s  
d i f f e r e n c e  can  be ignored.  The methodology f o r  making t h e s e  c o s t  
e s t i m a t e s  i s  descr ibed  'below. 

Cost e s t ima te s  were der ived  f o r  each TES system a p p l i c a t i o n  and b a s e l i n e  
c a s e  t o  r e f l e c t  t h e  c o s t s  of manufacture,  tra.nspcrrtat.ion. i n s t a l l a t i o n ,  
and maintenance. They do not i nc lude  mark-up from. ' intermediar ies  such 
a s  d i s t r i b u t o r s  o r  i n s t a l l e r s  and hence a re  c.ost e s t ima te s  rather than  
end p r i c e s  charged t o  t h e  consumer. A l l  c o s t s  a r e  expressed i n  1978 
d o l l a r s .  

M a t e r i a l s  c o s t s  were est imated i n  t h r e e  ways: 

(1) P a r t s  such a s  pumps and motors were assumed t o  be obtained 
from manufacturers  o f '  t h e s e  i tems f o r  a  r a n g e  of quant i . t ' i es  
so  t h a t  c o s t  s e n s i t i v i t y  t o  product ion volume could be  assessed .  

(2) For i tems  such a s  motor controls ,  s enso r s  a d  r e l a y s  t h a t  , 

a r e  used i n  a  wide v a r i e t y  of a p p l i c a t i o n s ,  c a t a l o g  p r i c e s  
were used;  

. . 
(3) Some items a r e  not  c u r r e n t l y  manufactured. Proc.ess s t e p s  

f o r  f a h r i  ca t  i o n  and assembly wcrc def ined  and l a b o r ,  i ~ i v e s L -  
ment and raw m a t e r i a l s  c o s t s  est imated f o r  commercial pro- 
duc t ion  volumes. 

Labor c o s t s  f o r  f a b r i c a t i o n  and assembly were d i r e c t  Labor c o s t s  p lus  
burden. For assembly of purchased p a r t s ,  a  burden of 100% was added to ,  
d i r e c t  l abo r  c o s t s .  For convent ional  f a b r i c a t i o n  and assembly,a:  



. . 
.burden of 150% was app l i ed .  Some cases  involved advanced o r  even 
p r e s e n t l y  unava i l ab l e  f a b r i c a t i o n  technology; i n  t h e s e  in s t ances  t h e  
burden o n . d i r e c t  l a b o r  c o s t  was 200%. I n  a l l  c a s e s ,  ex-factory c o s t s  
f o r  l abo r  i nc lude  a  pre- tax p r o f i t  of 12-18% a s  would l i k e l y  be t h e  
goa l  of mature bus inesses .  

I n  some cases  where quotes  f o r  product ion i tems such a s  Megatherm were 
o b t a i n e d d i r e c t l y  from a  c o n t r a c t o r ,  t h e  markups used may be i n c o n s i s t e n t  
w i th  t h e  a n a l y s i s  descr ibed  above i n  t h a t  t h e  i n i t i a l  s e l l i n g  p r i c e  of 
t h e s e  systems appears  t o  i nc lude  a  s u b s t a n t i a l  p r o f i t  t h a t  is  c o n s i s t e n t  . . '  

wi th  a  f l edg ing  i n d u s t r y  t h a t  has  made a  s u b s t a n t i a l  investment i n  t h e  . 

development of a  product .  Thus, i t  i s  l i k e l y  t h a t  t h e  b a s e l i n e  c o s t s  
w i l l  drop f o r  some of t h e s e  systems a s  product ion r a t e s  i n c r e a s e  and 
compet i t ion  i s  introduced from o t h e r . p r o d u c t s .  This  . i s  e s p e c i a l l y  
t r u e  f o r  t h e  Megatherm u n i t s  and f o r  t h e  u n i t s  employin; ceramic. b r i c k s  

.-f.or off-peak e l e c t r i c  hea t ing .  The ceramic b r i c k  system co ,s t ,  however; 
'may not  dec rease  s i g n i f i c a n t l y  due t o  t h e  f a c t  , t h a t  these'  u n i t s  have 
been manufactured f o r  some yea r s  i n  Europe. With Megatherm cos t s ,  
es t imates . .based  on t h e  .system .components i n d i c a t e  t h a t  a  cos t .  r educ t ion  
of from 10% t o  25% of t h e  quoted pr ices .may be p o s s i b l e  a s  product ion ,  - q u a n t i t i e s  a r e  increased .  

I n  a d d i t i o n  t o  e s t ima t ing  t h e  a c t u a l  c o s t  t o  manufacture t h e  u n f t s ,  
e s t ima te s  were made of t h e  c o s t  of t r a n s p o r t a t i o n  of t h e  system t o  t h e  : 
s i t e  and i n s t a l l a t i o n  a t  t h e  s i t e .  . I n  some c a s e s  t h e s e  systems a r e  f a c t o r y  
assembled and sh ipped  a s  complete u n i t s ,  needing only  t o  be charged wi th  
hea t  s t o r a g e  m a t e r i a l  a t  t h e  s i t e ;  whi le ,  i n  o t h e r  ca ses  t h e  systems a r e  
e s s e n t i a l l y  b u i l t  from s c r a t c h  a t  t h e  s i t e  u s ing  one f a b r i c a t e d  element. 

.F ina l ly  f o r  each system appl ica t ' ion  and b a s e l i n e  r a s e ,  we attempted t o  
e s t ima te  t h e  type  of maintenance charges t h a t  would be  associ.ated wi th  
t h e  system dur ing  a  20-year l i f e .  These c o s t  e s t ima te s  were made by 
comparing t h e  equipment wi th  s i m i l a r  equipment used i n  o the r  a p p l i c a t i o n s .  
The system complexity,  t h e  number of elements of d i f f e r e n t  types  such a s  
pumps and c o n t r o l s ,  and f a c t o r s  such a s  t h e  l i ke l ihood  of co r ros ion  weye 
considered i n  making t h e s e  f i n a l  e s t ima te s .  

Af t e r  completing t h e  a n a l y s i s  of each system, t h e  c o s t  d a t a  c o l l e c t e d w e r e  
g e n e r a l i z e d ' i n  o rde r  t o  develop c o s t  e s t ima t ing  t o o l s  t h a t  could be 
applied. t o  o t h e r  systems. Th i s  was done by p l o t t i i l g  t h e  cos t  of d i f f e r e n t  
components ve r sus  s i z e  o r  by developing r u l e s  of thumb based on d i f f e r e n t  
a s p e c t s  of t h e  systemh s i z e  and r e l a t i n g  them t o  c o s t .  

These c o s t  e s t ima te s  considered only  f i r s t  c o s t .  Operat ing c o s t s  (except 
f o r  maintenance) ,  l i f e  c y c l e  c o s t s ,  e t c .  we're no t  w i t h i n  t h e  scope o f '  
t h i s  p r o j e c t .  The i n c l u s i o n  of a  system a s  a  b a s e l i n e  does not  imply ' 

t h a t  i t  i s  economically v i a b l e .  I n  a d d i t i o n ,  c o s t s  a s soc i a t ed  w i t h  land 
use ,  c e r t i f i c a t i o n ,  insurance  requirements ,  e t c . ,  were not  in'cluded bu t  
s'hould be eva lua ted  f o r  t hose  systems considered t o  m e r i t ' f u t u r e  develop- 
ment e f f o r t s .  



1 . 4  Summary.of Resu l t s  

On t h e  fol lowing pages, a  number of t a b l e s  a r e  presented t h a t  g ive  
t o t a l  es t imated c o s t s  f b r  thermal  energy s t o r a g e  modules compared wi th  
a  b a s e l i n e  system f o r  d i f f e r e n t  a p p l i c a t i o n s .  I n  a d d i t i o n ,  f o r  t h e  
impact on c o s t  due t o  d i f f e r e n t  mean c o l l e c t o r  temperatures  and t o  
chemical hea t  pump C.O.P. a r e  presented .  

Within each " ~ ~ ~ l i c a t i o n "  ca tegory ,  t h e  c o s t  of t h e  b a s e l i n e  system can 
be compared wi th  t.he c o s t  of t h e  advanced technologies .  It is  not mean- 
i n g f u l  t o  compare, d i r e c t l y ,  c o s t s  f o r  systems s i zed  f o r  d i f f e r e n t  app l i ca -  
t i o n s  b e c a u s e . t h e  systems a r e  d i f f e r e n t  i n  many o p e r a t i o n a l  respec ts , .  , 
Thus, s i n c e  t h e  economic v i a b i l i t y  of a  p a r t i c u l a r  system must r e a l l y  
be  considered only  i n  terms of t h e  c o s t  of t h e  b a s e l i n e  sys tem,wi th  

' 

which i t  is compet i t ive ,  no a t tempt  has  been made t o  provide a n  o v e r a l l  
ranking.  'In a d d i t i o n ,  new developments may r,educe t h e  c o s t  of a n  
advanced system t o  t h e  po in t  t h a t  i t  w i l l  be  compet i t ive .  

I n a l l  ca ses ,  t h e . c o s t  e s t i m a t e s ' a r e  based on t h e  assumption t h a t  t h e  
products  a r e  be ing . . so ld  i n  a  mature.  market s t r u c t u r e .  The p r i c e  
e s t i m a t e s  were made assuming t h a t  t h e  product had been f u l l y  developed 
and manufactured i n  q u a n t i t y  f o r  a  per iod of t ime.  , Thi s  assumes t h a t  
normal compet i t ive  f o r c e s  a r e , a t  work i n  t h e  market p l ace  so  t h a t  i tems 
a r e  pr iced  compet i t ive ly .  S ta r t -up  bus ines s  o p p o r t u n i t i e s  a r e  not  t ak ing  
a ' h i g h e r  t han  normal p r o f i t  t o  o f f s e t  i n i t i a l  development c o s t s  o r  t o  
s a t i s f y  requirements  of ven tu re  c a p i t a l i s t s  f o r  a  h i g h ' r a t e  of r e t u r n  
on i n v e s t m e n t : d o l l a r s  i n  t h e  e a r l y  s t a g e  of product s a l e s .  

K e s i d e n t i a l  So l a r  Heating . . . 

. Cost e s t ima te s  f o r  s t o r a g e  f o r  r e s i d e n t i a l  s o l a r  h e a t i n g  a r e    resented i n  
Table  1-1. Three d i f f e r e n t .  phase-change systems were costed f o r  , t h i s  
a p p l i c a t i o n  and compared wi th  t h e . a p p r o p r i a t e  b a s e l i n e  systems. For hot  

a i r . s y s t e m s ,  a rock bed st0rag.e system based on Solaron s p e c i f i c a t i o n s  
was used,  and f o r  hydronic systems, atmospheric p r e s s u r e  water  s t o r a g e '  
was s e l e c t e d .  

The Un ive r s i t y  of Delaware system was t h e  only system wi th  a  c o s t  lower 
, - t h a n . t h a t  of t h e  b a s e l i n e  system. However;it has  t h e  dis.advantage t h a t  

t h e  output t empera ture  (around 85OF) i o  o i g n i f i k a n t l y  below t h e  n o ~ m a l  
s tandard  of 100°Fto 1 2 0 ' ~  and, t h e r e f o r e ,  would r e q u i r e  a  much'higher 
'flow r a t e  of a i r  than  normal i n  o rde r  t o  main ta in  a n  accep tab le  d ischarge  
rate. '  This  involves  h ighe r  blower c o s t ,  l a r g e r  a i r  d u c t s  and h igher  
power consumption f o r  blowers.  

8 

The Dow system h a s ' a  d e l i v e r y  r a t e  t h a t  is  below t h e  r a t e  s p e c i f i e d .  It 
would be  p o s s i b l e  t o  r edes ign  t h e  system by inc reas ing  t h e  surface-to-' 

, volume r a t i o  of t h e  cans  t h a t  a r e  used t o  con ta in  t h e  h e a t , s t o r a g e  m a t e r i a l .  
However, t h i s  would invo lve  a  c o s t  pena l ty  f o r  t h e  system. 



STORAGE FOR RESII~ENTIAL SOLAR HEATING 

A) HOE A i r  
EXCEPTIONS TO 

CODE # CONTRACTOR TYPE OF SYSTEM ESTIMATED COST* ($) COST ($1 / lo6Btu SPECIFICATIONS . ' 

B3 Base l ine  Solaron Rockbed 1,268 3170. .None 
. . 

. - 
11 Dow Chemical, ~ a c r o e n c a ~ s u l a t  ed PCM Del ivery  r a t e  

2,512 . ' . . Mg (NO31 2 .6. H20 + NH4' NO3 . . 6280 . 30,000 Btu/hr  

1 3  Un ive r s i t y  P l a s t i c  Encapsulated PCM 
of Delaware Na2S04 . 10  Hz0 822 

Storage .Capaci ty :  400,000 Btu 

2055 Output tempera ture  
=: 85°F 

a .Discharge Rate: 50,000 Btu1h.r 

a Output Temperature 100°F ' 

e Diurna l  Cycle 

B) 3ydronic 

B 2 Base l ine  Atmospheric P re s su re  1,743 
Water Storage 

12  C lemson Immiscible f l u i d  2;684 
u n i v e r s i t y  . Na2 S203 & Marcol: 

4358 None 

6710 None 

* Cost t o  u s e r  inc luding  i n s t a l l a t i o n .  



The Clemson system i s  more expensive than  t h e  b a s e l i n e  hydronic system. 
Th i s  d i f f e r e n t i a l  would be reduced i f  an  in t e rmed ia t e  hea t  exchanger . i s  
no t  r equ i r ed ,  bu t  t h e  c o s t  of a d d i t i o n a l  hea t  t r a n s f e r  f l u i d  p l u s  l a r g e r  
h e a t  exchanger s u r f a c e  a r e a s  i n  t h e  house due t o  t h e  poorer  hea t  t r a n s f e r  
p r o p e r t i e s  of o i l s  would tend t o  o f f s e t  t h i s  gain.  

Chemical Heat Pump Systems 

Table 1-2 compares t h e  c o s t  of t h e  t h r e e  d i f f e r e n t  chemical hea t  pump 
systems c o s t e d . w i t h  a  b a s e l i n e  system f o r  each of fou r  HVAC app l i ca t ions .*  

. The b a s e l i n e  system used f o r  t h i s  comparison was hot  water  s t o r a g e  coupled 
w i t h  a n  Arkla abso rp t ion  a i r  condi t ion ing  system. 

For t h e  d i u r n a l  a p p l i c a t i o n s ,  bo th  r e s i d e n t i a l  and commercial, t h e  systems 
were s i z e d  t o  provide  approximately 50% of t h e  HVAE l oads  wi th  s o l a r  input .  
I n  a d d i t i o n  tu developing c o s t  e s t ima te s  f o r  the.therma1. energy s t o r a g e  
modules themselves,  e s t ima te s  were made of t h e  s o l a r  c o l l e c t o r  a r e a  
r equ i r ed  f o r  t h e  d i f f e r e n t  a p p l i c a t i o n s  i n  t h r e e  d i f f e r e n t  geographic 
r eg ions  (Boston, Albuquerque, and F o r t  Worth). For t h e  chemi-cal hea t  
pump systems, two d i f f e r e n t  mean annual  c o l l e c t o r  temperatures  were 
assumed.. For t h e  b a s e l i n e  water  s t o r a g e  systems, a  mean c o l l e c t o r  
temperature of  100°F dur ing  t h e  h e a t i n g  season and 200°F dur ing  t h e  
coo l ing  season was used. A s  can be  seen  from t h e  r e s u l t s  summarized i n  
Table 1-3, t h e  c o s t  d i f f e r e n t i a l  between t h e  b a s e l i n e  case  and t h e  chemical 
h e a t  pump system w i l l  no t  be o f f s e t  by sav ings  i n  co3,lector a r ea .  For 
t h e  commercial system, s i m i l a r  r e s u l t s  can be expected. Other f a c t o r s ,  
such a s  maintenance and s a f e t y  cons ide ra t ions ,  may suggest  t h a t  t h e  
b a s e l i n e  system would be more a t t r a c t i v e  f o r  t h i s  a p p l i c a t i o n .  

I n  one conf igu ra t ion  t h e  chemical hea t  pump could be dr iven  wi th  an a u x i l i a r y  
f u e l - f i r e d  system when s o l a r  i n p u t s  were not  a v a i l a b l e .  Th i s  would reduce 
t h e  c o s t  of o p e r a t i o n  when compared wi th  t h e  b a s e l i n e  system and would he lp  
t o  pay back t h e  f i r s t  c o s t  d i f f e r e n t i a l .  A more d e t a i l e d  s tudy  is  requi red  
t o  e v a l u a t e  t h e s e  o p e r a t i o n a l  cons ide ra t ions .  

A s i m i l a r  a n a l y s i s  t o  e s t ima te  t h e  impact of hea t ,  pump COP and c o l l e c t o r  
temperature w a s  c a r r i e d  ou t  f o r  t h e  seasona l  s t o r a g e  case ;  The c o l l e c t o r  
a r e a s  and s t o r a g e  requirements  f o r  t h e s e . c a s e s  a r e ' a l s o  summarized i n  
Table  1-3. I n  t h i s  a p p l i c a t i o n ,  t h e  chemical h e a t  'pump a,ppears t o  have 
an  advantage both i n  s t o r a g e  capac i ty  and s o l a r  c o l l e c t o r  a r eas .  This  
i s  a l s o  evidenced by the cost. e s t ima te s  shown i n  Tablc 1-2, whieh r e f l e c t  
t h e  c o s t  f o r  thermal  energy s t o r a g e  modules alone, '  p l u s  cos t  e s t ima te s  w i th  
s o l a r  c o l l e c t o r s  added. It should be  noted t h a t  t h e  Rocket Research . 

* These a r e  comparisons of f i r s t  cosL unly. Because one system is  l e s s  
expensive than  another  should no t  be  i n t e r p r e t e d  a s  meaning t h a t  e i t h e r  
i s  c o s t  e f f e c t i v e  f o r  t h e  a p p l i c a t i o n .  No a n a l y s i s  of ope ra t ing  b e n e f i t s  
was included i n  t h i s  s tudy .  



B a s e l i n e  ( w a t e r  
s t o r a g e  plus 
a b s o r p t i o n  A. C. 

Martin Marietta 

R o c k e t  R e s e a r c h  

. . 
' TABLE 1-2 SOLAR SPACE HEA. TING, COOLING, AND WATER HEATING ' 

APPLICATIONS USING CHE;" I ICAL.HEAT'P~S 
. . . . 

DIURNAL 

C O ~ M E R C  IAL RESIDENTIAL 
S T O ~ G E  STORAGE' 
MODULE($) .. MODULE($) 

. , 

7 7 , 6 0 0 .  

' 7 i , g o o  

6 9 , 7 0 0  
. 

. .  . 
' 94;7'0;0 

. . 

1 2 , 3 0 0  

. - 

- 
. 

1 9 , 8 0 0  
\ 

. SEASONAL 

.. . 

C O ~ E R C I A L  . .. 
STORAGE . . .MODULE. PLUS 

. MODULE($).  '.COLLECTOR ( $ ) 

. . 

, . . 'RESIDENTIAL . . 

STORAGE MODULE PLUS 
MODULE ($ ) COLLECTOR ($ 

2 2 4 , 6 0 0  , 

. . 

- 
. . 

- 
.. . 

. .107, ,200 

'36 ,500 '  

. . 4 6 , 2 0 0  
. . 

- 
. . 

2 5 , 0 0 0  

. . 

. 3 1 7 , 4 0 0  
. . 

- 

. . - 

. ' 1 7 3 , 5 0 0  

. . 

. 4 4 , 5 0 0 .  

5 3 , 7 0 0  

. . 

- 

. . 

3 2 , 5 0 0  



* C o l l e c t o r  @ 100°F win te r  and 200°F i n  summer 

- 
, '  

BOSTON 

ALBUQUERQUE 

FORT WORTH 

A. ' ~ d l l e c t o r  Area 'for 50% S o l a r  R e s i d e n t i a l  Diurnal  S to rage  System 

BASELINE 
(WATER STORAGE) ' ' C H ~ C A L  .HEAT PUMP . 

COLLECTOR AREA ( F T ~ )  ' 

BASELINE* CHEMICAL HEAT PUMP 

(WATER STORAGE) . COLLECTOR @ 3 0 0 0 ~  COLLECTOR @ 200°F 

STORAGE 
( lo6  Btu) 

I 

BOSTON 
Res ide l l t i a l  1 28.1 
Commercial ,159.6 

185 

, '  . 

74 

115. - 

185 

. . 
9 0  . 

. . 

. . 

125 

ALBUQUERQUE 
R e s i d e n t i a l '  I 1,'l .9  
Commercial 312.3 

270 

. . 
' . 102 

158 

FORT. WORTH 
R e s i d c n t i a l  . 15.4 
Commercial ,368.3 

- COLLECTOR STORAGE 
(106~t.11) . 

COLLECTOR 
Area @ t 2 )  Area ( F L ~ )  

. . 580 . 9.1  590 
5560 : ' 36.0 3910 

B. c o l l e c t o r  Area f o r  100% S o l a r  seasona l  S to rage  System 

TABLE 1-3 SOLAR COLLECTOR ARM ESTIhlATES F'OR VARIOUS SYSTEM CONFIGURATIONS 



P 

conf igu ra t ion  t h a t  was a c t u a l l y  cos ted  u t i l i z e d  low c o s t  s t o r a g e  tanks  
f o r  t h e  su l f in- ic  ac id .  I'f t h e  tanks  a r e  found t o  be i n s u f f i c i e n t  due t o  
cor ros ion  c o n s t r a i n t s ,  t h e  c o s t  of t h e  system could be  increased  s ig -  
n i f i c a n t l y .  However, a  s u b s t a n t i a l  m a r g i n . s t i l 1  e x i s t s  between t h e  cos t .  
of t h e  GaseLine system and t h e  chemical hea t  pump system. 

I n  o rde r  t o  e s t ima te  t h e  c o l l e c t o r  a r e a  and s t o r a g e  s i z e ,  t h e  performance 
'of t h e  systems was modelled. For each system t h e  conf igu ra t ion  which met 

. . - 
t h e  s easona l  Ioads wi th  t h e  minimum c o l l e c t o r  a r e a  was s e l e c t e d .  Rocket 
~ e s e a r c h *  . i nd ica t e s  ' t ha t  t h e r e  is  a minimum c o s t  con f igu ra t ion  which . u ses  
more a r e a  and l e s s  s to rage .  Our model u s ing  monthly average weather d a t a  
shbws a  minimum c o s t  wi th  zero  s to rage .  A more d e t a i l e d .  a n a l y s i s  us ing  
hour ly  weather d a t a  is  needed t o  r e s o l v e  t h e  d i f f e r e n c e .  .We e s t ima te  
t h a t  t he  r educ t ion  i n  c o s t  w i l l  be l e s s  than  20% of t h e  e s t ima te s  given. 
A s i m i l a r  r educ t ion  should r e s u l t  f o r  bo th  t h e  b a s e l i n e  and t h e  chemical 
h e a t  pump system. 

R e s i d e n t i a l  So la r  Cooling wi th  Absorption A i r  Condit ioner  

Table  1-4 compares t h e  c o s t  of t h e  Monsanto system and a  b a s e l i n e  system 
us ing  pressur ized  hot  water  f o r  r e s i d e n t i a l  s o l a r  coo l ing  coupled wi th  
a n  abso rp t ion  a i r  cond i t i one r .  The c o s t  pro jec ted  f o r  t h e  Monsanto 
system i s  below t h a t  of t h e  b a s e l i n e  system shown. However, t h e  cos t  
per  m i l l i o n  B tu ' s  of both systems a r e  much h igher  t han  t h e  $4000 t o  $6000 
gu ide l ines  t y p i c a l l y  used,  e s p e c i a l l y  when i t  i s  considered t h a t  t h e  s t o r a g e  
capac i ty  i s  not  a l l  converted t o  u s e f u l  a i r  cond i t i on ing  due t o  t h e  f a c t  t h a t  
t h a t  t h e  COP f o r  t y p i c a l  abso rp t ion  a i r  cond i t i one r s  i s  i n  t h e  range of 
0.6 t o  0.7.  

R e s i d e n t i a l  Off -Peak E l e c t r i c  Space Heating 

~ ~ b l e '  1-5 compares a  r e s i d e n t i a l - s i z e d  u n i t  u t i l i z i n g  a l l  .off-peak e l e c t r i c  
energy f o r ' s p a c e  hea t ing .  The b a s e l i n e  i n . t h i s  ca se  .is t h e  TPI ceramic 
b r i c k  u n i t , .  which is p r e s e n t l y  a v a i l a b l e  cnmrnercially i n  t h e  United s t a t e s  
i n  a  s i z e  .somewhat l a r g e r  t han  t h e  s i z e  shown he re .  .TPI i n t ends  t o  make 
a  u n i t  of t h e  s p e c i f i e d  capac i ty  a v a i l a b l e  i n  t h e  near  f u t u r e  and t h e  
'p r ic ing  is  based. on t h e i r  e s t ima te s  f o r  a  u n i t ' o f  t h i s  s i z e .  ' ' 

* E. C .  Clark  e t  a l .  , ~ u 1 f u r i c " ~ c i d  and Water Chemical' Heat Pump, 
Chemical Energy Storage  Program, Contract  18-495 B ,  Sandia Corporat ion,  
19  7 8... 



TABLE 1-4 

STORAGE F3R RESIDENTIAL SOLAR COOLING WITH ABSORPTION 'AIR 'CONDITIONERS . 

B4 Baseline Presscrized Hot 5,940 ' 23760 
Water (Xegathern), 

Phase Change 
Cross-Linked 
Polyethylene 

Thermal Storage Capacity: 250,000 Btu (Hot) 

Discharge W e :  35,000 ~tu!hr 

. Output Temperature: 20O0? 

Diurnal Cycls 

-EXCEPTIONS TO 
SPECIFICATIONS 

None 

None 

* 
Cost to user including ir-stallation. 



TABLE 1-5 

. . . . 

. .  . . . EXCEPTIONS TO 

COST# ^ c i j r r ~ R k c ~ o ~  . .. . TYPE OF ' SYSTEM ESTIMATED COST* ($1 d o $ ~ ( $ ~  / 1 0 6 ~ t u  SPECIF.ICAT.IONS . . - 

-' 1;090 2725 ~ 7 '  Base l ine  ~ e = t e d  Ceramic Del ivers '  @ 140°F 
Bricks (TPI) . , , Inc ludes  blower 

. . 
Dow Phase Change 
Chemical - Macroencapsulated 

M ~ , & O  j)2 . 6 H20 . . 

Del ivery  . r a t e  
30,000 Btu lhr  

. . 
+ 
I 1 3  Un ive r s i t y  of P l a s t i c  Encapsulated -822. . , 2050 Output temperature 
P Delaware Phase Change Mate r i a l  .. . . Z 85°F 
Cn 

Na2 SO4 '10 Hz0 

. .. 
a S to rage  Capacity: 400,000 ~ t u  

e Discharge Rate: 50,000 Btu/hr  

. > 
*i 

Cost t o  u s e r  inc luding  i n s t a l l a t i o n .  
' 



. The Dow system cos ted  had a p r i c e  higher  than  t h e  b a s e l i n e  system and, 
i n  a d d i t i o n ,  w i l l  d e l z v e r  a t  a r a t e  l e s s  t han  t h a t  s p e c i f i e d .  A s  no t ed .  
above, t o  i n c r e a s e  t h i s  d e l i v e r y  r a t e  would r e s u l t  i n  a  h igher  c o s t  system.' 
With t h e  Dow system, t h e r e  do not  seem t o  be o p p o r t u n i t i e s  f o r  s i g n i f i c a n t  
c o s t ,  r educ t ions  un le s s  o t h e r  c o n t a i n e r s  can be found. The Un ive r s i t y  of 
~ e i a w a r e  system h a s  a  compet i t ive  f i r s t  c o s t ,  bu t  t h i s  w i l l  be  o f f s e t  
p a r t i a l l y  by t h e  Earger a i r  d u c t s  and a i r  handl ing  equipment requi red  
due t o  t h e  lower supply temperature.  

R e s i d e n t i a l  Off-Peak E l e c t r i c  Cooling 

, Table 1-6 shows es t imated  c o s t s  f o r  coolness  s t o r a g e  us ing  off-peak 
e l e c t r i c i t y .  The b a s e l i n e  f o r  t h i s  a p p l i c a t i o n  i s  an  i c e  system pa t te rned  
a f t e r  a n  A. 0 .  Smith u n i t .  It c o n s i s t s  of a  tank  ~ o r ~ t a i n i n g  a  long c o i l  
on which i c e  i s  'formed dur ing  charging of t h e  sys  tem. The c o s t  e s t ima te  f o r  
t h e  Univers i ty  of Delaware system i s  lower than  t h e  b a s e l i n e  system. The 
e u t e c t i c  m a t e r i a l  used' me l t s  i n  t h e  t 'emperature range  between 50°F and 
55"F, and w i l l  d e l i v e r '  a i r  a t  about 58OF. du r ing  most of a .  cyc l e .  The 
system a t  t h a t  tempera ture  does not  provide  f o r  dehumidi f ica t ion  of t h e  
a i r .  However, U n i v e r s i t y  of Delaware pe r sonne1 , ind ica t e  t h a t  t h e  de- 
humid i f i ca t ion  t h a t  occurs  a t  n i g h t  dur ing  charging provides  adequate .  
daytime humidity l e v e l s .  

The F rank l in  I n s t i t u t e  system, al though it  i s  somewhat more expensive 
t h a n  t h e  b a s e l i n e  system, does provide a n  ope ra t ing  advantage i n  t h a t  
t h e  phase change occurs  a t  42OF. This  means t h a t  t h e  temperature of t h e  
f l u i d  introduced i n t o  t h e  coo l ing  c o i l  i n  an  a i r  ducr will be  between 
45OF and 50°F. Th i s  i s  a va lue  t h a t  matches c u r r e n t  HVAC p r a c t i c e .  Because 
t h e  system i s  charged a t  a  temperature h igher  t han  t h e  b a s e l i n e  system, 
t h c  ope ra t ing  e f f i c i e n c y  of t h e  system is  higher .  Th i s  t r a n s l a t e s  
in50 two coc t  d i f f e r e n c e s .  

F i r s t ,  a  system charg ing  a n  i c e  u n i t  muet u se  a  l a r g e r  compressor w i th  
a  h ighe r  f i r s t  c o s t .  O f f s e t t i n g  t h i s  hsrdware cos t  d i f f e r e n t i a l  p a r t i a l l y  
is  t h e  f a c t  t h a t  t h e  F rank l in  I n s t i t u t e  system w i l l  r e q u i r e  a  l a r g e r  hea t  
exchanger i n  t h e  a i r  duc t  c o i l  because t h e  temperature d i f f e r e n t i a l  be- 
tween t h e  f l u i d  and t h e  a i r  being cooled i s  sma l l e r  t han  wi th  t h e  i c e  
system However, a  n e t  d i f f e r e n c e  of  $100 t o  $200 i n  favor  of t h e  

\' Frank l in  I n s t i t u t e  system w i l l  s t i l l  r e s u l t .  Thus, t h e  t o t a l  i n s t a l l e d  
c o s t  of t h e  two systems w i l l  b e  reasonably c l o s e .  I n  a d d i t i o n ,  t h e  F rank l in  
I n s t i t u t e  system may b e  expected t o  y i e l d  a  c o s t  sav ings  on t h e  o rde r  
of $50 per  year  f o r  a  t y p i c a l  i n s t a l l a t i o n  based on an a n a l y s i s  of the 
compressor requirements  and u t i l i z i n g  t h e  ORNL* arlnual average energy 
consumption f o r  a i r  condi t ion ing  of 4,400 k i lowa t t  hours  per  year  and an " 

e l e c t r i c i t y  c o s t  of $.04 per  k i l o w a t t  hour.  Thus t h e  F rank l in  I n s t i t u t e  
approa'ch us ing  immiscible f l u i d s  appears  t o  o f f e r  advantages over t h e  
b a s e l i n e  case .  

* E r i c  H i r s t ,  Oak Ridge Nat iona l  Laboratory,  personal  communication, 1978- 



STORAGE FOR RESIDENTIAL C0'3LING USING OFF-PEAK ELECTRICITY 

6 EXCEPTIONS TO 
CODE# CONTRACTOR TYPE OF SYSTEM ESTIMATED COST* ($) COST ($) 110 Btu SPECIFICATIONS 

B8 Baseline. Ice 6025 ~em~erature to 
air duct: 32OF 

8 University of Phase Change 642 3210 Delivered air @ 
Delaware Na SO4 . 10 H20 60°F minimum 

(P&S Choride Salts) 
1 Franklin Immiscible fluids 1,487 7435 None 

Institute Trimethylamine - 
Dowtherm J 

Storage Capacity: 200,000 Btu 

Discharge Rate: 35,000 Btulhr 

. + Output Temperature: 60°F maximum 

0 Diurnal Cycle 

4 
Cost to user including installat.ion., 



Pass ive  R e s i d e n t i a l  Space Heating 

* 
Two pass ive  s t o r a g e  systems a r e  compared i n  Table 1-7. These systems 
bo th  employ b u i l d i n g  m a t e r i a l s  impregnated wi th  a  phase change m a t e r i a l  
t o  i n c r e a s e  t h e i r  thermal  s t o r a g e  capac i ty .  The phase change m a t e r i a l s  ' 

t y p i c a l l y  mel t  a t  room temperature t o  provide a  s u b s t a n t i a l  amount of 
energy s t o r a g e  c a p a b i l i t y  i n  t h e  comfort range. I n  t h i s  ca se ,  t h e  c o s t  
pe r  m i l l i o n  Btu 's  was obta ined  by o f f s e t t i n g  t h e  c o s t  of t h e  block wi th  
s t o r a g e  m a t e r i a l  by t h e  c o s t  of t h e  block without  s t o r a g e  m a t e r i a l .  ' 

The Suntek system has  a  s i g n i f i c a n t l y  lower cos t  p e r , B t u l s  than  does t h e  
Brookhaven system. However, . t h e  u s e f u l  s t o r a g e  capac i ty  of t h e  Suntek 
b lock  may be  l e s s  than  t h e  ind ica t ed  energy s t o r a g e  capac i ty  because of 
l i m i t a t i o n s  on t h e  r a t e  a t  which energy can he  removed from t h e  block.  
We es t ima te  t h a t  a  reasonable  va lue  f o r  energy t r a n s f e r  from t h e  block 
(based on n a t u r a l  convec,ti.on and a  - r a . d i a t i o n ' l o s s  t o  t h e  r e s t  of t h e  room 
wl th  a  cemperacure d i f f e r e n c e  of IO°F) is  approximately 10 R t u l s  per  hour 
assuming d i scha rge  from one f a c e  only.  This  would mean t h a t  a  b lock  would 
t a k e  a  week t o  g ive  up i t s  t o t a l  hea t  capac i ty .  I f  t h e  s t o r a g e  capac i ty  of 
t h e  Brookhaven b locks  more c l o s e l y  matchkg the  u s e f u l  capac i ty  of a block,  
t h e  c o s t  of t h i s  t ype  of s t o r a g e  system per  m i l l i o n  Btu 's  is  h igher  than  

. .  t h e  normal $1000 - $2000 t a r g e t  f o r  ho t  thermal  s t o r a g e  devices .  The major 
c o s t  i n  t h e s e  systems i s  t h e  c o s t  of con ta in ing  t h e  hea t  s t o r a g e  m a t e r i a l  
i n  t h e  block.  The more reasonable  approach t o  c r e a t i n g  a  bu i ld ing  block 
w i t h  s t o r a g e  would appear t o  be  t o  u se  a  smal le r  amount of m a t e r i a l ,  perhaps 
4 t o  6 pound of phase change m a t e r i a l i n c o r p o r a t e d  d i r e c t l y  i n  t h e  block with- 
out  any form of encapsula t ion .  

~ ~ u i f e r  S torage  f o r  Space Cooling 

Table  1-8 summarizes t h r e e  d i f f e r e n t  c a s e s  us ing  a q u i f e r  s t o r a g e  f o r  
s easona l  cool ing  a p p l i c a t i o n s  .*k The c o s t  per  m i l l i o n  Btu 's  f o r  t h e s e  
systems i s  a  f r a c t i o n  of t h e  c o s t  f o r  t h e  system considered before .  The 

' d i f f e r e n c e s  between systems /I18 and ill9 a r e  p r imar i ly  due t o  t h e  f a c t  
t h a t  t h e  Desert  ~ i c l a n l a t i o n  Indus t ry  system u t i l i z e d  deep w e l l s  wi th  a  
l a r g e r  diameter  t han  t h e  Texas A&M i n s t a l l a t i o n .  Th i s  depends on t h e  
c h a r a c t e r i s t i c s  of t h e  a q u i f e r  being u t i l i z e d  f o r  s to rage .  

. . 

---.. * Since  t h e  completion of t h e  f i r s t  phase of t h i s  program, t h e  Suntek 
approach a s  cos ted  has  encountered t e c h n i c a l  d i f f i c u l i t i e s  and t h e  

. Brookhaven program has concluded without  i d e n t i f y i n g  promising micro- 
encapsulated systems. These r e s u l t s  a r e  included t o  provide r e fe rence  
po in t s  f o r  f u t u r e  worlc, 

** These c o s t s  a r e  dependent on a  number of f a c t o r s  and a r e  included 
t o  i n d i c a t e  t h e  apparent  promise of t h i s  type  of s to rage .  However, 
t o  adequately a s s e s s  t h e  r e a l  c o s t ,  a  number of socio-economic and 
e n v i r o p i e n t a l  ques t ions  beyond t h e  scope of t h i s  p r o j e c t  need t o  
be  addressed.  Such s t u d i e s  a r e  c u r r e n t l y  i n  progress  under DOE 
sponsorship.  



. . CODE# CONTRACTOR 

B1 Baseline 

. 
15 Sun t ek 

TABLE 1-7 

PASSIVE STORAGE FOR RESIDENTIAL SPACE HEATING 

TYPE' OF SYSTEM 

.Concrete Block 

Phase Change 
CaC12'. 6 .H20 
impregnated 
blocks 

Phase Change 
Microencapsulated 
CaC12 6 H20 

. . 

ESTIMATED COST*($) . 
PER BLOCK * 6 ; * *  COST ($) 110 Btu COMMENTS, 

60 Btu/block 
with 10°F cycle 

1450 ~tu/block, 
no insulation 

400 Btu/block, 
no insulation 

* 
Cost to user including installation,. . . 

** 
Offset by baseline (See Figure 5-1). 



TABLE 1- 8 

STORAGE USING AQUIFERS FOR COOLING 

SYSTM SIZE (Btu) 

Desert Reclamation d' 200x10~ 
Industries . 

Texas A&M 4x1 0 9 

19 ' Desert ' Reclamation 
9 

4x10 . 
Industries 

ESTIMATED COST* ($1 

* 
Cost to user including installation. 



Suniniary 'Resu l t s  

Table 1-9 summarizes t h e  r e s u l t s  f o r  t h e  systems cos ted .  I n  t h i s  t a b l e  
a r e  shown n o t  on ly  ' the  t o t a l s  f o r  each system, bu t  a l s o  a  breakdown by 
major system elements s o  t h a t  each system element can be compared d i -  
r e c t l y  with t h e  o the r s .  The number i n  t h e  upper le f t -hand  corner  of 
each b lock  i n d i c a t e s  t h e  pe rcen t  of system i n s t a l l e d  c o s t  r ep re sen t ed  
by each' element. Also shown a r e  e s t ima te s  of t h e  maintenance c o s t  re-  
qu i r ed  f o r  t h e  d i f f e r e n t  systems. These a r e  based on an a n a l y s i s  of 
t h e  d i f f e r e n t  system elements  and. a comparison of  t h e  maintenance typ i -  
c a l l y  r equ i r ed  by s i m i l a r  dev i ce s  i n  o t h e r  a p p l i c a t i o n s .  

. The chemical hea t  pump systems can be charged wi th  a  f u e l - f i r e d  u n i t  
l e ad ing  t o  a  lower ope ra t i ng  c o s t  f o r  systems which w e r e  less than 100% 
s o l a r .  These s av ings  were n o t  considered i n  t h e  p r o j e c t .  

1.5 Report Organiza t ion  

The fo l lowing  c h a p t e r s  and two appendices  d e s c r i b e  i n  more d e t a i l  the  
r e s u l t s  d i scussed  i n  gene ra l  here .  

Chapter 2 d i s c u s s e s  . the  d e r i v a t i o n  of t h e  c l a s s i f i c a t i o n  scheme u s e d . t o  
d e f i n e  t h e  range of TES technologies  and a p p l i c a t i o n s ,  i l l u s t r a t e s  ' the  
s p e c i f i c a t i o n .  of t y p i c a l  ope ra t i ng  c h a r a c t e r i s t i c s  t h a t  enab le  a  com- 
pa r i son  of  competing technologies ,  and d i scus se s  t h e  r a t i o n a l e  f o r  t h e  
s e l e c t i o n  of r e f e r e n c e  a p p l i c a t i o n s  f o r , d e t a i l e d  a n a l y s i s .  

I n  Chapter 3,  t h e  g e n e r a l  c o s t i n g  methodology is  explained.  Chapter 4 
d e s c ~ i b e s  t h e  TES module t h a t  provided t h e  a n a l y t i c a l  framework Tor 
c o s t  comparisons and summarizes system c h a r a c t e r i s t i c s ,  o p e r a t i o n a l  
parameters  and c o s t s  of each a p p l i c a t i o n  of t h e  advanced TES concepts.  
I n  Chapter 5, s i m i l a r  information i s  given f o r  t h e  b a s e l i n e  systems. 

Chapter 6 ana lyzes  t h e  e f f e c t  of i n p u t  s t o r a g e  temperature  requirements  
on s o l a r  c o l l e c t o r  hardware c o s t s  and t h e  i n p u t  temperature  r equ i r e -  
ments of off-peak e l e c t r i c  s t o r a g e  systems on compressor ope ra t i ng  
c o s t s .  

I n  Chapter 7 ,  t h e  e f f e c t s  of chemical h e a t  pump COP and c o l l e c t o r  
temperature  on s t o r a g e  s i z e  and c o l l e c t o r  a r e a  a r e  considered.  

Following Chapter 7 a r e  two appendices  con ta in ing  back-up da ta .  on c o s t s  
of  system elements  (Appendix I )  and gene ra l i zed  c o s t  d a t a  f o r  u s e  i n  
e s t ima t ing  c o s t s  of o t h e r  TES systems.(Appendlx 11) .  

' .  



TYPE C H E M I C A L  H . E A T  P I J M P S  

CONTRACTOR i_ E T ~  -- I ,I, 13. i~ - ' - I  4. IIIIC I -  
INFUT - 
CYCLE' . 

SIZE 

OUTPUT Space Hea t ing ,  Cool ing ,  and Water Hiiating 
____C_ 

STORAGE 
MEDIUM 

S o l a r  

- - 526 

Diu rna l  

Large  

CONTAINER . 
7 . 1 /  4 2 . 1 /  2 9 . 4 ;  

2 0 7  1 , 2 2 7  1y 2 / 1 9 4 5 4  1 A 4 6 4  - A 4 9 0  21497 . 4598 21320 2008' 
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D i u r n a l  . Seasonal  

.. 

46182 

3657 

69720' 
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. .---~ 

.-.. 

107178 

7025 
. . 

- 

25014 . 

1'431 ' 

9k690 ,. 

6717 ' 

19831 
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TYPE 

CONTFACTOR 

INPUT 

CYCLE 

SIZE 

OUTPWr 

STORAGE 
MEDIUM 

CONTAINER 

INSUIATION 

HEAT 
EXCHANGER 

H 
E FLUID 
A 
T 

PIPING T 
R 
A BLOWERS L 
N UOTORS 
s 
F PUMPS 
E UOTORS 

P H A S E  C H A N G E  M A T E R I A L S .  

A 

B 

D 

E 

F 

G 

H 

B U . o f D .  9. F . 1 . -  

E l e c t r i c a l  

10. DOW 11. DOW ! - 1 2 . W .  I l l U . o f D l l 4 . M . R .  (15. SUN. 

S o l a r  

I 
( -  

- 

3630 

176 

A Q U I F E R  

[ I ~ . B . N . L . ] I ~ . D . R . I . [ L B .  xWs 119.D.R.I. 

Environmental  
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190 

2x 
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INSTALLATION 
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CHAPTER 2 

!DEFINITION .OF .REFERENCE OPERATING CHARACTERISTICS 
/ 

I n  :order . to  c.ompare t h e  , c o s t s  ,.of dif . feren-t  ,:systems i t  .is f i r s ' t  necessary  . 

: to  s i z e  tho.se  sys.tems t o  meet t.,he ope ra t ing  ~ h a r a c t e r i s t i c s  of spec i ' f ic  
app1' icat io .n~.  Only .then can .a .dt-rect comparison of . s to rage  c a p a c i t i e s  
be .made on .a :meaning'f,ul . ba s i s .  'The ..therma'l energy s t o r a g e  module must 
inc lude  a l l  :featu.r.es necessary  t o  make .it a s  : required.  .Thus, 
f o r  .example,, i t  is  no t  .meaniqgful ; to compare t h e  c o s t  of t h e  st orage 
media on a :$/miZlion 'B.tu capac..icy :bas.is .b.ecause of t 'he ' : total  thermal  
.eneagy s t o r a g e  cost.. .This .program began wi th  t h e  deve'lopment of . a  c::lass- 
i f i c a t i o n  :matr ix f o r  d c f f e r e n t  TES a p p ~ l i c a t i o n s  .and . the .sp-eci:fYcation .of 
\ t y p i c a l  ope ra t ing  requireme6E.s Tor . t he  :more Zmportant uses  of thermal  
energy ..s.torage .within .each klass.: .The .majar .pr.ogram .emphasis was .on 
r e ~ ' i d e n t ' ~ a 1  .and commerc.ia'1 :app'liczit:ions .o:f TES ,where s i g n i f i c a n t  energy 
.can be saved .i.n t h e  near iterm. C0,tiher programs :a re  anzkpzing ..cost.s .of 
TES when used f o r  .power :gen-&ratii.on .and ::industri.al .energy . .conservation 
and, .theref.or.e., t h e s e  . a p p l i c a t i o n s  .wer.e considerea . to  be o.uts.ide t h e  
,scope of  ,t.h.i.s program. 

,The remainder of .thi.s . chapter  desc r tbes  :the c l a s s l f i c a f i o n  mat.rlix, t h e  
t y p i c a l  ope.rat lng .ch.aracter.is:ti.cs ..r.equined 't-o determine system conf'2g- 
wra t ions  ..fo.r .cos.t:ing on ,a common :ba.s.is,,, ,and . the . r a t i o n a l e  f o r  canceti.t.ra't- 
i n g  on f h e . a p p l i c e t i o n s  s e l e c t e d .  



2 . 2  Der iva t ion  of ' C l a s s i f i c a t i o n  Matr ix  

I n  o r d e r  t o  develop a  c l a s s i f i c a t i o n  mat r ix ,  we f i r s t  conducted a  l i t e r a t u r e  
survey ,  c o l l e c t i n g  many r e f e r e n c e s  i n  t he  a r e a  of thermal  energy s t o r a g e ,  
and,  i n  a d d i t i o n ,  reviewed t h e  p r e s e n t a t i o n s  made by c o n t r a c t o r s a t  . the  
f i r s t  annual  meeting of TES c o n t r a c t o r s  i n  Cleveland i n  1976. based on 
t h i s  survey ,  w e  i d e n t i f i e d  s i x  genera l '  a r e a s  of work i n  t he  development 
of TES a p p l i c a t i o n s .  (These a r e  summarized i n  F igure  2-1.) The c a t e g o r i e s  
a r e  : 

Theory: Th i s  r e f e r s  t o  those  e f f o r t s  t h a t  a r e  involved wi th  t h e  
t h e o r e t i c a l  a n a l y s i s  of t h e  va r ious  a s p e c t s  of us ing  thermal  
s to rage .  These s t u d i e s  i nc lude  b a s i c  h e a t  t r a n s f e r  c a l c u l a t i o n s ,  
work on d e f i n i n g  the  p e r t i n e n t  t h~ rmo-phys i ca l  p r o p e r t i c o  of h c a t  
s t u r a g e  m a t e r i a l s ,  development of s t anda rds  t o  be app l i ed  t o  t e s t i n g  

. of thermal  s t o r a g e  dev ices ,  and gene ra l  planning s t u d i e s  t o ' i d e n t i f y  
and ana lyze  s p e c i f i c  a p p l i c a t i o n s  f o r  thermal  s to rage . .  

So la r :  Thermal s t o r a g e  i s  used t o  make i t  f e a s i b l e  t o  u t i l i z e  t h e  
I t  f r e e "  energy provided by t h e . s u n .  S ince  t h e  sun s h i n e s  only 
p e r i o d i c a l l y ,  i t  i s  d e s i r a b l e  t o  provide  a  means f o r  s t o r i n g  i t s  
energy f o r  use  dur ing  cloudy pe r iods  o r  a t  n i g h t .  

E l e c t r i c  Power Generat ion:  This  r e l a t e s  t o  t h e  use  of s t o r a g e  t o  
a s s i s t  t h e . u t i l i t i e s  i n  improving t h e i r  load  f a c t o r s  by d i s p l a c i n g  , 

peak demands t o  off-peak time. .This  can be  done e i t h e r  by employing 
thermal  s t o r a g e  a t  u t i l i t y  s i t e s .  t o  gene ra t e  e l e c t r i c i t y  o r  t o  s t o r e  
e l ~ ~ t r i c  power i n  t h e  form of h e a t  an the cus~ulwrrs  s i d e  of rhe  
meter .  This  may p r  may n o t  .save energy,  b u t  i t  w i l l  make t h e  
o p e r a t i o n  of t h e  u t i l i t i e s  more c o s t  e f f e c t i v e .  

Cyc l i c  Losses:  This  r e f e r s  t o  t h e  use of s t o r a g e  t o  red11r.e t h ~  
l o s s e s  which occur  when dev ices  s t a r t  and s top .  Typ ica l ly  t h e s e  
l o s s e s  occur  because of t h e  f a c t  t h a t  i t  is  necessary  f o r  a device  
t o  "ge t  up t o  speed" b e f o r e  i t  reaches  peak e f f i c i e n c y ,  o r  because 
l o s s e s  occur  a t  t h e  end of a  cyc l e  due t o  t he  wast ing of energy t h a t  
is  p u t  i n t o  t h c  system t o  b r i n g  i r  tu i t s  normal ope ra t i ng  cond i t i ons .  
Some of t h e s e  l o s s e s  can be  avoided by us ing  s t o r a g e  s o  t h a t  energy 
can be  added t o  t h e  system us ing  a  sma l l e r  capac i ty  device  and longer  
on c y c l e s  and e x t r a c t e d  on an i n t e r m i t t e n t  b a s i s  a s  r equ i r ed .  

Batch Losses: This  r e f e r s  t o  t h e  use  of s t o r a g e  t o  make i t  p o s s i b l e  
t o  recover  waste  h e a t .  I n  an i n d u s t r i a l  a p p l i c a t i o n ,  t h i s  may 
occur when a  fu rnace  i s  hea ted  up t o  d ry  o r  cu re  a  m a t e r i a l  be ing  
processed and then cooled down t o  e x t r a c t  t h e  m a t e r i a l .  The h e a t  
normally l o s t  during t h e  coo l  down pe r iod  can be  s t o r e d  and recyc led  
t o  save  energy. I n  a s i m i l a r  a p p l i c a t i o n ,  h e a t  dumped by a  gcnc ra t i ng  
process  can be  recovered and s t o r e d  s o  t h a t  i t  w i l l  be  a v a i l a b l e  a s  
r equ i r ed  f o r  o t h e r  a p p l i c a t i o n s  such a s  space h e a t i n g  o r  water  
h e a t i n g  of r e s idences .  
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a ' Source/Sink Mismatch: Th i s  covers  s i t u a t i o n s  i n  which s t o r a g e  i s  
used t o  improve t h e  e f f i c i e n c y  of processes  which a r e  dependent 
on ambient temperatures .  For example, an a i r  cond i t i one r  w i l l  run  
more e f f i c i e n t l y  when i t s  condensor temperature  i s  lower.  Therefore ,  . 
by running t h e  a i r  cond i t i one r  a t  n i g h t  and charging a  coo l  s t o r a g e  
c o n t a i n e r ,  a  h ighe r  ope ra t i ng  e f f i c i e n c y  can b.e obtained.  I n  
ano the r  example, water  can be  cooled i n  t he  win te r t ime and s t o r e d  
t o  s e r v e  a s  a  source  of space  cool ing  i n  t he  summertime. 

. . 
Figure  2-2 p r e s e n t s  a  func t ion  mat r ix  which p rov ides  a . b a s i s  f o r  ca te -  
g o r i z i n g  t h e  va r ious  thermal energy s t o r a g e  technologies  based 'on  t h e  
u se s  f o r  s t o r a g e  a s  .def ined  i n  F igure  .2-1. On one a x i s  of t h i s  ma t r ix  
a r e  t h e  f i v e  ' c a t ego r i e s .  The o t h e r  a x i s  con ta in s  s p e c i f i c  end uses  
employing s t o r a g e .  The category " u t i l i t y "  r e f e r s  t o  t h e  gene ra t i on  of 
e l e c t r i c i t y .  "Space hea t ing , "  "water hea t ing"  and "space cool ing" a r e  
t h e  primary u s e r s  of energy i n  the r e s i d e n t i a l  and commercial s e c t o r .  
A s  shown i n  Table 2-1;35% of t h e  t o t a l  energy use  i n  1970 was consumed 
by t h e  r e s i d e n t i a l  and commercial s ec to r . ,  22% of t h e  t o t a l  energy was 
used f o r  space.  hea t ing ,  water  h e a t i n g  and space  cool ing .  T ranspo r t a t i on  
i s  another  major. .energy use r .  152 of t o t a l  energy use i n  1970 went t o  , 

. p r o p e l l i n g ' c a r s .  F i n a l l y ,  va r ious  commercial p rocesses  consumed roughly 
40% of our  . na t i ona l  energy. These a r e  broken down i n  Table 2-1 i n t o  
s i x  major categor,ies,which'  accounted f o r  19% of t h e  t o t a l .  Many of t h e s e  
commercial p roces se s  a r e . con t inuous  r a t h e r  than ba tch  type and a s  such 
do n o t  lend themselves t o  t h e  use  of energy s t o r a g e .  However, b e c a k e  
of t h e  l a r g e  amount of energy t h a t  may be  used i n  a  s i n g l e  ope ra t i on ,  
s t o r a g e  t a r g e t s  do e x i s t  which can r e s u l t  in. .savi.ng subs t an t i sk . amoun t s  
of energy.  

The breakdown of f u n c t i o n s  shown i n  F igu re ' 2 -2  encompasses t h e  TES programs 
r . u r r ea t l y  underway. For  i l l u a ~ r a t l n n  a nuinber of t h e s e ,  a r e  shown i n  t h e  
proper  ca t ego r i e s .  I n  Ltle f u t u r e  a d d i t i o n a l  uses  f o r  s t o r a g e  may be  . 

i d e n t i f i e d  and t h e  end use  a x i s  can be extende'd. The gene ra l  breakdown 
a long  t h e  her-izontal a x i s  should i nc lude  any t y p e .  of s t o r a g e  system. 

,Fo r .  eac-h ca tegory  o f  t h e  functivrz ma t r ix ,  a v a r i e t y  of  d i f f e r e n t  s i z e s ,  
of a p p l i c a t i o i ~ s  e x i s t s .  For example, s o l a r  space he-at ing may be  used i n  
systems ranging from t h e  , sma l l  ' s i n g l e  family dwell ing t o  a  l a r g e  community 
systeni. The economics of t h e . a p p r o p r i a t e  choice  of a  thermal s t o r a g e  
technology f o r  t h e s e  ranges of a p p l i c a t i o n s  w i l l  va ry .  I n  a d d i t t o n  t o  
s i z e ,  t h e  l e n g t h  of t ime t h e  energy i s  s t o r e d .  a l s o  w i l l  a f f  e c t  t h e  choice  
of t h e  a .pprnpr ia te  technology.,  Thc re fu i e ,  i t  i s  necessary  t o r  each 
ca tegory  of t h e  ma t r ix  t o  i d e n t i f y  a  range of a p p l i c a t i o n s  which w i l l  

. i n c l u d e  t h e  d i f f e r e n t  TES technologies .  The d e f i n i t i o n  of t h e s e  performance 
c h a r a c t e r i s t i c s  is  p a r t  of Task B. 
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% o f  
1 9 7 0  U.S.  

SECTOR E n e r q y  Use* 

Residential and Commercial 35 

ubtotal 

. . % o f  
1 9 7 0  U,S. 

SEGMENT E n e r q ~  Use*  

Space Heating 14 

r 

- I 

Manufacturing 40 Chemicals 5 I 

Water Heating 4 

A/C 3 

. . 
. I Primary Metals 5 

.I Petroleum' Products 3 

Paper 2 

Stone, Clay ,Products 2 
. . 

Transportation 2 5 I Cars 15 

. . 
--- . - 

Food 2 - 
Subtutal . I 9  

* 
Based on 1970 Primary Energy IJse of Approxinlrrttly 70 quads. 

. .I,- 

TOTAL 100 

TABLE 2-1 MAJOR ENERGY STORAGE TARGETS 
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2 . 3  Cost. Performance Measures 
. . 

I n  o r d e r  to..'compare t h e  'of. v a r i o u s  TES. t echnolog ies  on a  
common c o s t  basis . ,  i t  i.s necessary  t o  . i n c o r p o r a t e  t h e s e  technolog.ies i n  . ' 

systems, de.si.g,ned, t o  meet t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of s p e c i f i c  
a p p l i c a t i o n s ~ .  .D.ue to.. t h e  economy of s c a l e .  which u s u a l l y .  r e s u l t s  i n  . , 

propo.r t ionately .  lower .cos.ts f o r  l a r g e r  systems ,. .measures  such a s  $./kw o r  
.$/.kwh fo r . ' , d$ f f e r en t  systems cannot  .be d i r e c t l y  compared. u n l e s ~  t h e  systems 

. , ' have  approxi,mately t h e  same p.e.rformance c h a r a c t e r i s t i c s  .. Therefore ,  
f o r  t h i s  a n a l y s i s , .  r e f e r e n c e  a p p l i c a t i o n s  and ou tpu t  performance require-.  
merits: hake.  been def ined .  f .or ' HVAC a p p l i c a t i o n s .  f o r  t.h.erma1 energy 
s t o r a g e  ( see .  Table.. 2-2 ).. These a p p l i c a t i o n s ,  cover  t h e  va r ious  s y s  t e m s  
c u r r e n t l y  under .  development. By. es.t.imating,' c o s t s  f b r  . sy s  tems i n c o r p o r a t i n g  
s p . e c i f i c  'TES te.chn'ologies., i t  is  p o s s i b l e  t o  r e a l i s t i c a l l y  compare th.e 
co.s ts  of dif-fer.e.nt t ypes  of TES systems s i n c e  they w i l l  b e  used i n  t h e  
same- appl i ' ca t ion  and: w i l l  b e  s i z e d  to .  prov-i.de the, 'same performance. 
Thus, t h e  v a l u e s  in:. t h i s  t ab l e :  can be. the .  bas.i.s f 0.r co ,~ . t~ / .~e r fo rmance  
measures.  . . 
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CHAPTER 3 

. . COSTING METHODOLOGY 

3.1 . Introduction 

The following chapter will cover the,methods.we have employed in deter- 
mining thecosts and prices of each of the energy storage systems' covered 
in this ptoject. To a:large extent, the costing of any complex- system 
involves the generation or collection of data on the elements of a system 

, and then the aggregation of this data into a cost. Th.is study posed one 
additional requirem&nt; the method of data generation or collection needed 
to be consistent between similar systems and allow comparison between the 
prices of all the systems. 

Due to the dissimilarities between the different energy storage systems, 
a variety-of separate c~st/~rice factors had to be -treated. Although 
most,of these factors apply to each of the storage systems, we found a 
number of instances where one or more of these factors did not apply and 
frequent instances where the relative importance of these.factors varied 
from system to system. The cost/price factors discussed in this chapter 
include : 

Purchased' Parts 
. . Factory Costs 

e ' Construction 
Factory vs. Field Labor 

e Transportation 
e Price. vs. Cost 

Quantities 
a Maintenance 

In discussi~ig each of these factors separately, the reader sh,ould recognize 
that they are highly interactive. 

3.2 Purchased Parts 

Almost all of the energy storage systems included in this study involve 
parts purchased from suppliers. An example, representative of.many of the 
systems, is pumps and motors. For the most part, no supplier of storage 
systems would consider fabricating these components from raw materials 
simply because Lhere io a well d~veloped industry in this country that can 
and will provide pumps and motors at costs lower than those at which 
storage system suppliers can fabricate them. Therefore we have assumed 
that in each instance where a component of one of the systems is a commod- 
ity item,' system suppliers will elect to purchase it rather than manu- 
facture it. 



In deriving costs for purchased parts, we employed three methods. The 
first of these involved obtaining from manufacturers of the 
item in question. For pumps and drives, we-specified to the manufacturers; 
the fluid to be pumped, flow rate, head, plus any other operating charac- 
teristics which are critical to the performance of each of the systems 
treated. In addition, we requested that they provide costs for a range of 

. quantities of these elements. Since different systems are expected to be 
emplaced at differing annual rates, we wished to obtain cost data which 
would permit us,to gauge the sensitivity of the overall system costs to 
variations in the costs of its elements and the volume of systems produced 
in a given period. In addition, since many of. the different energy storage 
systems contai.n.ecl pumpa and 'drives, we were able to collect from suppliers, . . 

. the cost of a range of pump sizes and types a t  a vari.ety of different quan- 
tity levels. T11is information is contained in the tables and gra.phs of the, 
appendix of this report. 

A second source of information on the costs of purcha,sed parts are catalogs 
available from a variety of industrial suppliers. A typical example of the 
types of commodity items that would have been costed from catalogs includes 

. motor controls, sensor relays and the like. For the most part, the types 
of items that we elected to cost'from catalogs are those that are used in 
a large variety of different situations and whose cost is relatively stan- 
dardized from one application to another a'nd one manufacturer to another. 

. . Motor starters in general are rated by their size and can be used in ally 
of the storage systems where their size is appropriate. Most manufacturers 
of these types of commodities are reluctant to provide quotations simply 
because such information is so readily available from c'atalogs. 

As a third source of cost information, we utilized a technique called 
simulation. Some elements of some of the systems are not currently manu- 
factured items. As a result, they cannot be costed on a .volume basis with 
traditional methods. In such instances, we presumed that the item in 
que.stion could be produced in commercial volumes and based our'cost analysis 
on existing products which are now produced in processes similar to those 
applicable to the item in question. As an example, the Martin Marietta 
system described in case number 3.consists of a steel tube heat exchanger 
in a pressure rated vessel. This construction is similar to conventional. 
heat exchangers and to tube bundle type boiler systems. In developing 
the cost to fabricate this system, we developed the process steps that 
would be required in.fabricating and assenbling such a unit and estimated 

. the labor, investment and raw material cootn e h a t  wuuld be necessary r6 . 
pfsduce   he adnual volumes required. 

The simulation method of determining costs was used in instances where .. 

elements of systems do not now exist commercially and in almost all field ' 

installation cases. Wherever it w s ~  practical to do so, we utilized 
supplier quotations and catalog data. 



In all of the larger energy storage systems covered by this project, as 
well as many of the smaller systems, some portion of the cost derives 
from work which must be performed on site. Cases 15 and 16 by Suntek 
and Brookhaven, for instance, are passive energy storage systems which 
utilize special filled blocks which are assembled as walls. The manufac- 
turing sequences for the individual blocks are performed in a factory but 
the installation sequence would replicate the construction of a block wall. 
To estimate the masonry work required to inseall these'walls, we used 
labor costs for ground face blocks. We selected ground face blocks because 
the special filled blocks must be handled in the same manner as the ground 
face blocks; e.g., damaged blocks cannot be used and care must be taken in 
handling blocks to insure that physical damage is avoided. 

Similarly, in any of the system installations which required plumbing, 
electrical connections, the installation of special structures, excavation 
and filling work or the 'application of field coverings, we utilized labor 
categories, labor rates and productivity rates common to the domestic 
construction industry. For the most part, these rates were obtained from 
the 1978 edition of the Robert Snow Means Company publica.tion, Building * 
Construction Cost Data. Coststhus derived were, where possible, checked 
'against similar cost in the Construction Publishing Company edition of 
Building Cost File - Eastern Edition. As an example of. th,is cross check, 
the labor cost to install these .special filled blocks using Means data 'is 
$1.40 per square foot and using the Construction Publishing Company data 
is $1.386 per square foot. 

3.4 Factory Costs 

There are three components generally included in factory or plant costs. 
These are material, labor and burden. The materiai element covers the costs 
of all components, raw materials and direct supplies that a firm must pur- 
chase in order to fabricate or asaemble a prnd11c.t. In.our analysis, we 
have listed the material costs for e&ch of the energy storage systems being 
evaluated. 

The labor costs for factory manufactured systems or subsystems have been 
treated in a different manner. For each system, we have posed a process 
which could be used to accomplish the fabrication and assembly tasks 
necessary to manufacture the coulponents of each system. We have based 
these processes on currently available technologies or on reasonable 
extrapolations of current tecl~nology, After developing each of the pro- 
cesses, we then estimated the manpower that would be required as direct 
labor to fabricate or assemble the system components at the volume levels 
anticipated for each of the systems. In most instances, we also assumed 
that more than one manufacturing facility would be responsible for satis- 
fying national demand. This was particularly the case with systems which 
would otherwise .have high transportat Inn costs. 

* Robert Snow Means Company, Inc., Building Construction Cost Data 1978. 
36th EdiriorqDuxbury, fijo.., 1978. 
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We t h e n  prepared p l a n t  and investment c o s t  ana lyses  f o r  t h r e e  d i f f e r e n t  
types  of manufactur ing s i t u a t i o n s .  I n  t h e  f i r s t  of t he se ,  we used those  

' 

systems which e s s e n t i a l l y  r equ i r ed  t h e  f a c t o r y  assembly of purchased p a r t s .  
I n  t h i s  a n a l y s i s ,  w e  d e t e r m i n e d . t h a t  a burden r a t e  on d i r e c t  l abo r  of 
100% y ie lded  ex-:factory c o s t s  which conta ined  p r o f i t  margins of from 
12 t o  18% b e f o r e  t a x e s . .  Since' t h i s  is  no t  an a t y p i c a l  p r o f i t  goa l  of 
mature  b u s i n e s s e s ,  w e  app l i ed  t h i s  r a t e  t o  a l l  of t h e  systems r e q u i r i n g  
only  assembly a c t i v i t i e s .  For products  r e q u i r i n g  convent iona l  f a b r i c a t i o n ,  
o r  f a b r i c a t i o n  and assembly, w e  found t h a t  a  burden r a t e  of 150% of d i r e c t  
l a b o r  was required- .  L a s t l y ,  i n  a  smal l  number of c a s e s  where t h e  techno].- 
ogy of f a b r i c a t i o n  was advanced o r  where i t  was no t  c l e a r  t h a t .  t h e  needed 
technology is  devp.l.oped'now, we used a burden r a t e , o f  200%. This  r a t e  
co r r e sponds .w i th  t hose  used by f i r m s  -whose products  require l a r g e  con- 
t ln t l lng  eng inee r ing  or  r e s e a r c h  and .development expendi tures .  

I n  each s i t u a t i o n ,  w e  a t tempted  t o  aim . t h e  ex-factory c o s t  so  t h a t  t h e  
p l a n t  y i e lded  a  p r o f i t  be fo re  t a x e s  i n  t h e  range  of 12  t o  18%. We recog- 
n i z e  t h a t  some of t h e  systems be ing  analyzed may, i n  t h e i r  e a r l y  market ing 
s t a g e s  be  a b l e  to. corrqnand h ighe r  p r o f i t  percentages  due t o  t h e  high market 
acceptance  t h a t  new, nove l ,  e f f i c i e n t  energy systems a r e  l i k e l y  t o  have i n  
a  per iod  of h igh  energy c o s t s .  W e  could n o t  r e a l i s t i c a l l y  determine what 
t h e s e  "ex t ra"  p r o f i t s  might be o r  how long  they might remain i n  f o r c e  
u n t i l  compet i t ion  from o the r  systems forced  them t o  more normal l e v e l s .  

. We a l s o  recognized t h e  p o s s i b i l i t y  t h a t  some of t h e  energy s t o r a g e  systems 
be ing  eva lua ted  might n o t  be  economically a t t r a c t i v e .  I n  such i n s t a n c e s ,  
u s ing  "ordinary" p l a n t  p r o f i t  s c e n a r i o s ,  t h e s e  systems would tend t o  be  
h i g h l i g h t e d  as uneconomi.~. Our a n a l y s i s  assumes r h a t  e'ach system i s  
be ing  f a b r i c a t e d  and i n s t a l l e d  i n  a  mature  market and t h a t  each system 
must compete w i t h  o t h e r  v i a b l e  mature  a l t e r n a t i v e s .  On t h i s  b a s i s ,  any 
system wliose economics a r e  f a v o r a b l e  is l i k e l y  t o  en joy  a high  markel: 
shape, a growing market s h a r e  o r  above o rd ina ry  p r o f i t s .  

Our r e s u l t s  do n o t  assume t h a t  each of t h e  energy s t o r a g e  systems being 
eva lua ted  w i l l  compete w i th  one another  a t  t h e  same time. Some of t h e  
more advanced systems could conccivably take many y e a r s  t o  p e r f e c t  wh i l e  
l e s s  s o p h i s t i c a t e d  systems might b e c o n s t r u & t e d l a t e r  t h i s  year. For 
e v e r y  system w e  have assumed t h a t  one o r  more product ion  and market ing 
o r g a n i z a t i o n s  w i l l  be s u f f i c i e n t l y  i n t e r e s t e d  i n  them t o  pu t  them i n t o  
product ion .  

3 .5  Bacbury Vcrouo F fe ld  Labor 

A l l  of t he  systems covered by t h i s  s tudy  inc lude  both f a c t o r y  and s i t e  
c o s t s .  In  g e n e r a l ;  t h c  smal le r  systems con ta in  a  h igh  propor t ion  of 

,, f a c t o r y  c o s t  and t h e  l a r g e r  system3 a h igh  va lue  f o r  E ie ld  l a b o r .  A s  a 
gene ra l  r b l e ,  we have tended to .maximize t h e  f a c t o r y  conten t  0.f any of  
t h e  systems where an op t ion  was a v a i l a b l e .  The r e a s o n s f o r  t h i s  a r e  a s  
fo l lows .  T r a d i t i o n a l l y ,  t h e  e f f i c i e n c y  of s i t e  l abo r  i s  lower than t h a t  
of  f a c t o r y  o p e r a t i o n s .  Various s t u d i e s  t h a t  have been performed c i t e  
wea ther ,  supe rv i s ion  and s t rong  un ion iza t ion  a s  be ing  key f a c t o r s  i n  t h e  



d i s p a r i t y .  I n  a d d i t i o n ,  where t a s k s  a r e  r e p e t i t i v e  o r  where t h e  accuracy 
of oper 'a t ions i s  an important  i s s u e ,  i t  i s  u s u a l l y  more c o s t  e f f e c t i v e  t o . ,  

, 
i n v e s t  i n  equipment which a i d s  an ope ra to r  i n  pe ' r fo rming ' r epe t i t i ve  o r  . 

accu ra t e  t a s k s .  

I n  a p l a n t ,  management can provide l abo r  sav ing  devices  t o  move,maneuver ' 

and ope ra t e  on the  m a t e r i a l s  and systems be ing  f a b r i c a t e d .  They can pro- 
v ide  q u a l i t y  c o n t r o l  measures a t  va r ious  s t a g e s  of t h e  ope ra t i on  t o  i n s u r e  
t h a t  t h e  product  i s  be ing  f a b r i c a t e d  i n  a  manner t h a t  w i l l  i n su re  i t s  
proper  ope ra t i on .  They can s imula te  ope ra t i ons  on p o r t i o n s  of t he  systems 
and c o r r e c t  d e f e c t s  be fo re  t he  u n i t s  a r e  shipped.  I n  s h o r t ,  they can 
manage t h e  products  t h a t  a r e  shipped from the  p l a n t .  

I n  a  system where f i e l d  e r e c t i o n  and f a b r i c a t i o n  a r e  a  s i g n i f i c a n t  p o r t i o n  
of t h e  c o s t ,  l abo r  sav ing  dev ices  except  f o r  m a t e r i a l  handl ing  a r e  l e s s  
i n  evidence.  Most t e s t i n g  i s  performed a t  t he  conclusion of a  p r o j e c t  
wi th  t h e  r e s u l t  t h a t  d e f e c t s ,  when they a r e  d i scovered ,  can be d i f f i c u l t  
t o  r e p a i r .  Usua l ly ,  t h e r e  i s  l i t t l e  oppor tun i ty  t o  r ep l ace  s i g n i f i c a n t  
p o r t i o n s  of a  system wi th  t he  r e s u l t  t h a t  f i e l d  " f i xe s"  must be made. 

Although e f f o r t s  a r e  made t o  c o n t r o l  t h e  q u a l i t y  of f i e l d  a c t i v i t i g s ,  
t he se  e f f o r t s  f r equen t ly  depend on t h e  exper ience  of t he  f i e l d  s u p e r v i s o r s .  
To a  l a r g e  e x t e n t , t h e  i n s p e c t i o n s  c o n s i s t  of v i s u a l  checksof work performed 
r a t h e r  than t h e  phys i ca l  t e s t i n g  t h a t  can and i s  performed i n  most manu- 
f a c t u r i n g  p l a n t s .  

Never the less ,  t h e r e  i s , f o r  each. system,, a t  l e a s t  a  minimum q u a n t i t y o f  
f i e l d  l abo r  t h a t  i s  requi red  t o  i n s t a l l  and connect t h e  systems.  I n  our  
a n a l y s i s  and gene ra t i on  of c o s t s ,  we have at tempted t o  i n t e g r a t e  t h e  u~aximum 
q u a n t i t y  of assembly and f a b r i c a t i o n  i n  a p l a n t  environment so  t h a t  f i e l d  
problems a r e . h e l d  t o  minimum q u a n t i f i e s .  

A l l  of  t h e  energy s to rage  systems inc luded  i n  t h i s  p r o j e c t  involve a  need t o  
t r a n s p o r t  m a t e r i a l s ,  components o r  packaged p o r t i o n s  of t h e  systems from one 
l o c a t i o n  t o  another .  I n  t he  f i r s t  i n s t a n c e ,  purchased components such a s  
pumps, motors ,  c o n t r o l  e lements ,  e t c . ,  a r e  shipped by t h e  va r ious  s u p p l i e r s  
t o  assumed assembly o r  f a b r i c a t i o n  p l a n t s .  To avoid t he  n e c e s s i t y  of 
c r e a t i n g  t r a n s p o r t a t i o n  e s t i m a t e s  a t  t h i s  s t e p ,  we reques ted  a l l  of t h e  + 

quo ta t i ons  wi th  d e l i v e r y  c o s t s  inc luded .  

' S i m i l a r l y ,  when an  i . n s t a l l a t i o n  c o n t r a c t o r  e i t h e r  p i cks  up m a t e r i a l  a t  h i s  
s u p p l i e r  o r  t r a n s p o r t s  a system from h i s  p l a c e  of business, a t r anopor t  
c o s t  i s  involved.  In t h i s  i n s t a n c e ,  we hav,e included such c o s t s  i n  t h e  
l a b o r  e lements  a s s o c i a t e d  wi th  each i n s t a l l a t i o n .  



The one a r e a  i n  which we had t o  prepare  a  s e t  of s e p a r a t e  es t i ina tes  f o r  
t r a n s p o r t . o f  each o f  t h e  systems involves  t h e  movement of a  system from 
t h e  f a b r i c a t i o n  o r  assembly f a c t o r y  t o  t he  d e a l e r s  o r  wholesa le rs  premises.  

' In . these i n s t a n c e s ,  we es t imated  t h e  q u a n t i t y  of m a t e r i a l  t o  be shipped 
and based on those  e s t i m a t e s  and o rd ina ry  I . C . C .  r a t e  schedules  a p p l i e d  
t h e  t r a n s p o r t a t i o n  c o s t s  a s  a  percentage of  t h e  ex- fac tory  c o s t .  

I n  a  small  number of t he  l a r g e r  systems, such a s  those  being proposed 
by t h e  Deser t  Research I n s t i t u t e ,  we have assumed t h a t  t h e  major components 
of t h e  system w i l l  be  t r a n s p o r t e d  d i r e c t l y  from t h e  f a b r i c a t i o n  p l a n t  t o  
. t h e  s i t e s .  I n  t h e s e  i n s t a n c e s ;  t h e  components.of concern w i l l  undoubtedly 
be  engineered f o r  a . s p e c i f i c  p r o j e c t  so  t h a t  i n t e rmed ia t e  p a r t i e s  and 
s t o r a g e  l o c a t i o n s  w i l l  n o t  be necessary .  

3 . 7  Ma i n t  enanc e 

I n  most mechanical ,  chemical and e l e c t r i c a l  systems,  o r  combinations of 
t h e s e ,  t he  c o s t s  neces sa ry  t o  main ta in  t he  components and system a s  a  
whole can be s t a t c d  a s  an annual  percentage of thes .ys temls  f i r s t  c o s t .  
T y p i c a l l y ,  t h e s e  percentages  range from a low of 2% f o r  e l e c t r i c a l  com- 
ponents  i n  t h e  power supply 1 o o p s . t o  a  high of  15% f o r  "disposable"  
components of c e r t a i n  types  of chemical-mechanical components. 

A s  examples, home h o t  water  h e a t i n g  systems, independent of o t h e r  appl iances  
and l o c a l l y  a v a i l a b l e  from many r e t a i l  o u t l e t s ,  have a  t y p i c a l  l i f e  of 
5  t o  15 y e a r s ,  wi th  t h e  n a t i o n a l  average being approximately 7% y e a r s .  
During t h e  span of  a  water  h e a t e r ' s  u s e f u l  l i f e ,  l i t t l e  i f  any maintenance 
i s  performed on i t  except  f o r  t h e  replacement of d e f e c t i v e  e lements .  Under 
t h e  l a r g e  ma jo r i t y  of  c i rcumstances ,  t he se  d e f e c t i v e  compollellts a r e  de t ec t ed  
d u r i n g  t h e  warran tee  pe r iod  and a r e  r e p a i r e d  a t  no c o s t  L u  t he  u s e r .  During 
~ L Y  l i f e , a  l a r g e  number o f  f a c t o r s  a f f e c t  i t s  u t i l i t y  and u l t i m a t e l y  i t s  
l i f e .  F i r s t ,  t h e  u n i t  i s  s u b j e c t  t o  thermal cyc l ing  which breaks  down t h c  
tank  l i n i n g .  Given t ime,  such breakdown w i l l  cause p e n e t r a t i o n  of t h e  l i n i n g  
and co r ros ion  o f  t h e  t ank .  . I f  no t  r e p a i r e d ,  t h e  tank w i l l  u1timatel.y l e a k .  
Second, d i s so lved  elements  i,n the supply water  w i l l  "coar ou t"  on t h e  e lec-  
t r o d e s  and t h e  l i n i n g .  Most t anks  provide f o r  such coa t ing  by o v e r s i z i n g  
t h e  e l e c t r o d e s  bu t  even wi th  t h i s  p rov i s ion ,  t ime w i l l  reduce t h e  e f f i c i e n c y  
of t h e  h e a t e r  system. Thi rd ,  t h e  e l e c t r o d e s  themselves ,  a f t e r  prolonged 
pe r iods  of  thermal  c y c l i n g  and coa t ing  bui ldup  w i l l  begin t o  harden and/or  
develop "hot  spo t s "  which i n  t ime l ead  t o  bro~kdown both mechauical ly  i n  t he  
e l e c t r u d e  and e l e c t r i c a l l y  i n  t h e  e l e c t r o d e ,  i t s  connec tors  and i n  t h e  insu-  
l a t i o n .  

S i m i l a r l y ,  o t h e r  environmental  f a c t o r s  a f f e c t  t h e  tank i n s u l a t i o n ,  t h e  o u t e r  
ca s ing ,  t h e  c o n t r o l  s e c t i o n  and i n  t h c  c a s e  of  gas  f i r e d  h e a t e r s ,  t h e  p ip ing  
c o n t r o l s  'and burner  s e c t i o n .  The r e s u l t  of t he se  g radua l ly  accumulating 
d e f e c t s . i s  t h a t  when one o f  t h e s e  d e f e c t s  reaches  a  c r i t i c a l  s t a g e  r e q u i r i n g  
s e r v i c e ,  i t  does n o t  pay t o  s e r v i c e  t h e  u n i t  ( i n  most c a s e s ?  s i n c e  o t h e r  
eleme'nts of  it w i l l  f a i l  i n  t h e  near  f u t u r e .  The most p r eva l en t  remedy i s  



to replace the unit with a new water heater. This effectively displaces 
the maintenance costs to one lump £igure which is the replacement cost. 
Using the 7% years as the average life, the replacement cost stated as 
an annual cost of maintenance is 13.3%. 

An alternate example displaying the other extreme of,maintenance cost 
would be analogous to power equipment and wiring in a home. Typically, 
main.tenance costs, tend to stabilize at approximately' 1 to 2% annually of 
the first cost of the system. Typically, the failures which occur in 

' 

these systems are. either the result of a'malfunction' in a connected unit 
such as a short,circuit in a washer, dryer or other appliance which burns 
out a fuse or circuit protector or a failure at an extremity of the system 
such as in a switch or receptacle. Very rarely does the power box con- 
nections or the wiring itself fail although such instances are included 
in the maintenance cost allowances. 

To establish realistic maintenance costs for the components of the Advaneed 
TES Systems, we must treat the different components that make up each of 
these systems and establish appropriate costs for each element. Based on 

. '  experience in other industries, we estimate these costs as follows: 

2 of ~irst Cost to 
Component Service Be Assigned for Upkeep 

Container - no liquid Heat Sink - solid material 1%* 
Container - treated water Heat Sink,- water based 4%*. , 

Container - untreated Heat Sink - water Eased 8 %* 
Container - liquid chemical Heat Slnk - chemical  based 8x8 

non caustic 
Container - liquid chemical Heat Sink - chemical based 12%" 

' caustic 

* These percentages are standard for operating temperatures. 
0 between 34'~ and 200'~. For each additional 50 F extension 

to either end of this range, add 1% to upkeep. 

~nsulation - unprotected Thermal barrier 4 % 
indoors 
protected Thermal barrier 2 % 
indoors 
protected Thermal barrier 4 % 
outdoors 
protected. Thermal barrier 3% 
in-gr ound 



Component Serv ice  

Heat Exchangers - a i r  t o  a i r  Entry o r  e x i t  t o  s ink  
Heat Exchangers - water t o  a i r  Ent ry  o r  e x i t  t o  s ink  
Heat Exchangers - water  t o  Entry o r  e x i t  t o  s ink  

water 
Heat Exchangers - a i r -  t o  Entry o r  e x i t  t o  s ink  

chemical 
Heat Exchangers - water  t o  Entry o r  e x i t  t o  s ink  

chemical ' . 
Heat Exchangers - chemical Entry o r  e x i t  t o  s ink  

Heat Transfer  
F l u i d  

Heat Transfer  
F l u i d  . 

Heat Transfer  
F l u i d  

Heat Transfer  
F l u i d .  

P ip ing  
Pip ing  

Pip ing  

' Piping  

l'ump/Blower 
Pump/Blower 

- a i r  (o the r )  Media 

- un t r ea t ed  Media 
water '  

- t r e a t e d  Media 
water 

- chemical Media 

- a i r  systems 
- un t r ea t ed  

water  
- t r e a t e d  
.wa t e r  

- chemical 

- a i r .  
- un t r ea t ed  

water  . 

- treated 
via ter 

- chemical 

Prime /Mover 
Pr i m e l ~ o v e r  

Motor - - 

% of F i r s t  Cost t o  
Be Assigned for, Upkeep 

. . Control  Elements -- 7 X 
. . -- Kesis tance  Heaters  15% 

Cabine t ry  -- 3% 

It should be noted t h a t  t h e  maintenance percentages descr ibed abnve inc lude  

. t h e  c l ean ing  .of the  components on a r e g u l a r  b a s i s  where r e q u i r e d ,  change 

o u t  (as ' in t h e  case  of media) on a r e g u l a r  b a s i s  and/or t he  replacement upon 

f a i l u r e  of elements ( a s  i n  the  case  of . r e s i s t a n c e  hea t e r s ) .  



CHAPTER 4 

DESCRIPTION.O% SYSTEMS 

In this chapter, each system is described and the assumptions made in 
estimating its costs such as method of assembly materials costs, operation 
characteristics, etc., are described. In Section 4.1, the definition of 
the "thermal energy storage module" as used in this study is presented. 
The individual modules are discussed in Section 4.2. 



. 4.1 Definition of TES Module Costed 

In order to develop cost estimates of various systems on a common basis, 
it is necessary to define a thermal energy storage'module so that similar 
input and outputs from a control volume around the module would be suit- 
able for the different advanced technologies being considered. .In general, 
a thermal energy storage system can be divided into three,par.ts as shown 
in Figure 4-1. The input section consists of those parts of the system 
which collect the energy to be stored and'.transfer it to the storage module. 
The storage module itself consists of all the components required to 
receive the energy. from the input section'and to transfer it to the appli- 
cation plus those components required to store the energy over the desired 
period of time. The control system components such as thermostats, con- 
tactors, etc., required for this process would be included as part of the 
storage module. The application section of the thermal energy storage sys- 
tem includes those portions of the system required to extract the energy 
from the heat storage system and pass it to the poin~ of final use. When 
the storage module is defined in this way, all circulation pumps and pipes 
external to the basic storage system fall either on the input or application 
side. Heat exchangers required to transfer energy from the input to the 
storage medium or from the storage medium to the heat transfer system for 
transmission to the application are considered to be part of the storage 
module itself. 

For heating and cooling applicationsfor most active systems, the storage 
module can be represented as shown in ~ i g u ~ e  4 ~ 2 ,  in this case., several 
different paths are provided for transferring energy from the input to the. 
load either to the TES module around it, or extracting heat or cnergy I ~ o m  
thc TEE module and transferring it to the luad. The external piping at 
ducts, the devices for circulating the energy frnm the input 'to the luad, 
thc collrclors 011 the input side, the heat exchangers on the load side, and 
the control system operating the various pumps, blowers, valves, etc. are 
common to all storage heating and cooling systems. However, for heat trans- 
fer loops which involve liquids for inputting and extracting energy from the 
TES module, pipes and pumps will be used with liquid pipe input devices such 
as a liquid solar collector or a Freon-to-liquid heat exchanger for inputting 
coolness and a liquid air type hcnt excl~auger on the load side. On the other 
hand, an air based heat trans£ er system would require blowers, ducts and 
motorized dampers, air-to-air hcat exchauge , air type' solar collectors or 
air-to-liquid heat exchangers nn the input ~ i r l e ,  Tllu coot of: these systems 
will be difterent and some will be better suited for new installation 
while others will be better suited for retrofit applications. For the 
purposes of this study, these portions of the systems are considered to 
he outside of the thermal energy storage module and the differences in .. 

cost of the input and load side heat cxchange, syslems wtll generally be 
neglected. However, the effect of input temperature requirements on the 
cost of the solar collector system and input temperature requirements on 
the hardware and operating cost of a compressor for applications involving 
coolness storage have been analyzed. 
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Neglecting these differences can be justified because systems requiring 
similar heat transfer methods will be compared with baseline systems .. 

utilizing similar transfer' systems. '.~hus, for example, a.heating system 
which utilizes .a hydronic or liquid input and'output, will be compared 
with' a 'baseline system utilizing water. as the 'storage medium, while .'a 
thermal energy storage system, using air as the heat transfer medium 
will be compared with a r'ock bed storage system which utilizes air as 
the heat transfer medium. Thus, similar systems can be compared against 
each other.'and an appropriate baseline case for each class can be used. 

There are basically four types of systems which have been considered for 
this study, they are: 

chemical heat pumps; 
e active phase change; 
e aquifer; 

passive phase change. 

: Each of these systems can be incorporated in a thermal &nergy storage' 
module, as described above. However, the degree of-complication~of this . 

system within that module'varies considerably, depending on the type of 
system. 

The chemical heat pump' systems require a low temperature source-sink for 
charging and discharging the system'. This source-sink must be available ' 

0 
at a temperature of approximately 50 F to put heat into the system when 
it .is being discharged and to provide a sink for heat when the system is 
being charged. This requires a completely separate heat transfer system 
from that which is used to input energy to the system and to extract 
energy from the system. It will include heat exchangers, piping and 
ducting; controls and circulating pumps.or blowers. Passive systems, 
on the other hand, consist of a building material impregnated with a 
phase change heat storage medium which requires no input or output devices 
other than those which occur naturally. There are no controls because 
the system charges or discharges depending on ambient.conditions and 
cannot be controlled. Despite their differences, all of Cllest systemo 
can be incorporated into a system which includes a thermal energy storage 
module as defined above. Neglecting the heat transfer loops for inputting 
and extracting energy, units sized for the same application can be costed 

' and costs compared on a.roughly equivalent basis. 

F n r  the purposes of this study, the' low temperature source-sink for chem- 
0 

ical heat pumps was assumed to be air at a temperature of 50 I' in clle 
0 

winter time and 80 F in the ,summer.time. The choice of temperatures are 
0 

somewhat arbitrary; however, the 50 F value is marginal in terms of opera- 
ting characteristic& for some sxstems whiie others Can operate with ambient 
temperatures much lower than 50 . The 80 value is a reasonable mean for 
summer type conditions. 



Choice.of a i r  as t h e  source-sink media, r a t h e r  than  water  was made because 
i t  is  c l e a r  t h a t  a i r  w i l l  always be  a v a i l a b l e  f o r  any i n s t a l l a t i o n  a s  t h e  
source-sink media; whereas, a p p l i c a t i o n s  where water  can be used f o r  t h i s  
purpose a r e  l i m i t e d .  S ince  t h e  o t h e r  systems be ing .cos ted  can a l l  be used 
i n  any l o c a t i o n ,  we s e l e c t e d  a  source  s i n k  media which meets t h e  same re-  
quirements  f o r  t h e  chemical hea t  pumps systems. 

The major impact of t h e  use  of a i r  r a t h e r  t han  groundwater f o r  t h e  p r o j e c t  
l i e s  i n  t h e  c o s t s  of t h e  a i r  t o  l i q u i d  hea t  exchangers and a i r  handl ing 
equipment a s  c o n t r a s t e d  t o  t h e  c o s t s  of w e l l s ,  p ip ing ,  pumps, and l i q u i d  t o  
l i q u i d  hea t  exchangers. Rough e s t ima te s  i n d i c a t e  t h a t  t h e  groundwater .  
hardware would be more expensive. - 
The u s e  of groundwater has  a n  o p e r a t i o n a l  b e n e f i t  i n  t h a t  i t  extends t h e  
u t i l i t y  of chemical h e a t  pumps t o . c o l d e r  r.lj.mates where t h c  n igh t  a i r  i s  
n o t  usable .  It a l s o  would improve t h e  s t o r a g e  d e n s i t y  f o r  systems l imi t ed  
by coo l ing  s t o r a g e  capac i ty .  I n  our  a n a l y s i s  we found t h a t  t h i s  cond i t i on  
occurred i n  Fo r th  Worth, b u t ' n o t  i n  Boston o r  ~ l b u q u e r ~ u e .  I f  groundwater 
were used wi th  t h e  b a s e l i n e  system, a  cool ing  tower would 'not  be needed 
and t h e  s t o r a g e  temperature could be reduced saving  ' co l l ec to r  a r e a  and, 
s t o r a g e  volume due t o ' t h e  reduced s tandby l o s s e s .  

I n  t h e  fol lowing s e c t i o n ,  each of . the systems cos ted  i s  descr ibed  i n  more 
d e t a i l .  The b a s e l i n e  systems a r e  descr ibed  i n  Chapter 5 i n  a  similar 

' fash ion .  



4.2 Desc r ip t ion  of A d v a n c e d ' ~ ~ S  Systems Costed 

4.2.1 .EIC Corporat ion (Configurat ion 1 )  

Appl ica t ion  . 

This  system ( see  F igure  4-3) is  designed t o  provide space hea t ing ,  space  
cool ing ,  and water  h e a t i n g  f o r  a  smal l  a'partment bu i ld ing .  It uses  a  
d i u r n a l  s t o r a g e  system and s o l a r  i npu t  t o  meet 50% of t h e  annual  t o t a l  

. . 
b u i l d i n g  load : 

e S y s t e ~  Desc r ip t ion  

The s t o r a g e  module c o n s i s t s  of two vacuum tanks  conta in ing  c2lcium c h l o r i d e  
r acks ,  which a l s o  s e r v e  a s  hea t  exchangers,  p l u s  a  tank  f o r  s t o r i n g  
condensed methanol. The p re s su re  i n  t h e  system w i l l  always be l e s s  t han  
atmosphcric a t  normal ope ra t ing  temperatures .  Two calcium c h l o r i d e  
t anks  a r e  used t o  permit swi tch ing  from one t o  t h e  o t h e r  so  t h a t  t h e  
u n i t  can be charged a t  t h e  same t ime t h a t  i t  i s  providing hea t ing  o r  
cool ing .  The hea t  exchangers con ta in ing  t h e  calcium c l o r i d e  a r e  f a b r i c a t -  
ed from convent iona l ,  f inned tub ing  used i n  convect ion r a d i a t o r  systems. 
The calcium c h l o r i d e  i s  packed i n  t h e  spaces between t h e  f i n s  and held 
i n  p l a c e  w i t h  a  l ight-weight  meta l  box. Four passes  of hea t  exchanger 
t ube  a r e  used per  module. These a r e  manifolded toge the r  w i t h i n  t h e  
vacuum t ank  con ta ine r  and a  s i n g l e  i n l e t  and o u t l e t  provided. The 
con ta ine r  i s  a  l a r g e  h o r i z o n t a l  t ank  w i t h  a  f langed end t o  permit acces s  
t o  t h e  c a l c i u ~ n  c h l o r i d e  modulcc. The s t o r a g e  con ta ine r  f o r  t h e  methanol 
i s  a  2,660-gallon ASME vacuum tank  mounted h o r i z o n t a l l y .  Th i s  tank, 
i s  6.5 feeL i n  diameter and 10.7 f e e t  long. A system of d u c t s  and 
motorized dampers p lus  so lenoid  va lues  i s  provided t o  permit  v a r i o u s  
modes of opera t ion .  The duct  work i n  t h i s  system is a n  add-on t o  a  
b a s i c  h e a t i n g  system requi red  f o r  charging and d i scha rg ing  t h i s  system 
dur ing  t h e s e  d i f f e r e n t  o p e r a t i o n a l  modes. Therefore ,  i t  is included a s  
p a r t  of TES module. The a i r  t o  methanol hea t  exchangers a r e  pos i t i oned  
d i r e c t l y  i n  t h e  a i r  duc t s .  No secondary hea t  t r a n s f e r  loops were used 
i n  t h i s  case.  Methanol i s  not  c l a s s i f i e d  as a r e f r i g e r a n t  according t o  
t h e  e x i s t i n g  s t anda rds .  I f  i t  were determined t h a t  a  secondary hea t  
t r a n s f e r  loop i s  r equ i r ed ,  t h e  a d d i t i o n  would have a  s i g n i f i c a n t  impact 
on t h e  c o s t  of t h e  system. 

I n s t a l l a t i o n  

It was assumed t h a t  t h i s  u n i t  would be i n s t a l l e d  indoors .  The calcium 
c h l o r i d e  hea t  exchanger moduJ.es would be  shipped t o  t h e  s % t e  and i n s t a l l e d  
i n  t h e  tanks .  An allowance was made f o r  hooking up t h e  plumbing and 
e l e c t r i c a l s  a s , n e c e s s a r y  a t  t h e  s i t e .  The methanol con ta ine r  would , '  

a l s o  be i n s t a l l e d  a t  t h e  s i t e ,  bu t  would come a s  a  package, w i th  s add le s  
f o r  suppor t ,  i n s u l a t i o n  and pumps and some c o n t r o l s  mounted on t h e  u n i t .  
Cost e s t ima te s  f o r  t h i s  system a r e  presented i n  Table 4-1. 
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FIGURE 4-3 EIC CORP. (CONFIGURATION #1) 



T Y P E  : CHEMICAL HEAT PUMP 

CONTRACTOR : E I C  C o r p o r a t i o n  ( C o d e  #1) ..'": 

I N P U T  : - .  S o l a r  . . 

. . .  . . .  CYCLE:  . -.Diurnal - 
, .  ( : i . , . . 
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. . 
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T a b l e  4-1 

C O S T  SUMMARY - E I C . C O R P O R A T I O N  (CONFIGURATION 1) 

I 
.... . 

I 

3686 

C O S T  OF MAINTENANCE 
'PER YEAR 

NO. OF SYSTEMS 
P E R  YEAR 

5.1 

7345 

71868 . 

4501 

6QO.Q 

10.2 

100% 



o Operat ing C h a r a c t e r i s t i c s  

Th i s  system w i l l  ope ra t e  over a. range  of ambient tempera tures  without  
any s i g n i f i c a n t  e f f e c t  on t h e  d e l i v e r y  o r  ou tput  of t h e  sys't'em. 
~ e c a u s e  t h e  p r o c e s s i n v o l v e s  t h e  condensat ion of methanol r a t h e r  t han  
t h e  chemical cap tu r ing  of methanol by another  s a l t ,  t h e  lower t h e  
ambient tempera ture  t h e  more r a p i d l y  t h e  methanol can be  condensed. 
However, lower tempera tures  l i m i t  t h e  s t o r a g e  con ten t .  Since methanol 
w i l l  not f r e e z e  over t h e  normal ope ra t ing  temperature range  t h i s  i s  ' 

no t  a cons ide ra t ion .  .However, a s  noted above, should a secondary hea t  
t r a n s f e r  loop be r equ i r ed ,  t h e  e f f e c t i v e . s t o r a g e  capac i ty  of t h e  u n i t  
as w e l l  i t s  c o s t  would change. 



4 . 2 . 2  EIC Corporat ion ( conf igu ra t ion  2 )  

. Appl ica t ion  '. , 

  his conf igu ra t ion  ( s e e ' F i g u r e  . 4 - 4 )  of t h e  EIC Corporat ion system 
is  a p p l i c a b l e  t o  a  r e s idence  w i t h  seasona l  s t o r a g e  us ing  s o l a r  i npu t .  
The system is  designed t o  meet 100% of t h e  space  h e a t i n g ,  space  coo l ing ,  
and water  hea t ing  loads .  . , 

System Desc r ip t ion  

Th i s  system i s  q u i t e  s i m i l a r  t o  t h e  system cos ted  as Conf igura t ion  1 %  
I n  t h i s  c a s e  t h e  s t o r a g e  module i s  e s s e n t i a l l y  t h e  same, bu t  t h e  hea t  
exchange system has  been redesigned t o  d e l i v e r  energy a t  a  r a t e  
a p p r o p r i a t e  f o r  a  s i n g l e  family dwel l ing .  The tanks  were costed f o r  
outdoor  i n s t a l l a t i o n ,  u s ing  i n s u l a t i o n  covered wi th  a  waterproof cement i t ious  
coa t ing  . 

I n s t a l l a t  i on  

.. With t h e  except ion  of l o c a t i n g  t h e  t anks  outdoors ,  t h e  i n s t a l l a t i o n  of 
t h i s  system would be t h e  same as Conf igura t ion  1. Cost e s t ima te s  a r e .  
shown i n  Table 4 - 2 . .  

Operat ing Condit ions % - -. . . 
I : . .  . . 

Opera t ing  cond i t i ons  a r e  t h e  same a s  t hose  f o r  Configurati 'on 1. 



Collector . . 

14,000 Ibslunit 
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0.25 gpm 

Pressure 10-700 mm Hg Standard Construction 
Seasonal - Solar 

6 Positive Displacement 
Stoldye Capaclty - 8 x 10 Btu 
Discharge Rate - 50,000 BtuIHr 

FIGURE.4-4 .- EIC CORP. (CONFIGURATION #2) 



( C o d e  //2) 

T Y P E  : CHEMICAL HEAT PUMP 

CONTRACTOR : E I C  C o r p o r a t i o n  

I N P U T  : Solar  

CYCLE : S e a s o n a l  

STORAGE C A P A C I T Y :  8 X lo6 B t u  

DISCHARGE RATE:  50,000 ~ t u / h r  (2) 

T a b l e  4-2 
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The Martin-Marietta system, shown i n  F igure  4-5, i s  designed t o  provide 
space  hea t ing  'and cool ing ,  and water  hea t ing  f o r  a  smal l  apartment bui ld-  
i n g  us ing  d i u r n a l  s t o r a g e  and s o l a r  i npu t .  The system was s i z e d  t o  meet 
50% of t h e  y e a r l y  l oads  wi th  s o l a r .  

System Desc r ip t ion  

Th i s  system u t i l i z e s  two tanks  f i l l e d  wi th  a  p r o p r i e t a r y  l i q u i d  ammoniated 
s a l t  f o r  t h e  high temperature r e a c t o r s .  During charging,  t h e  s a l t  i n  
t h e s e  c 0 n t a i n e r s . i ~  hea ted ,  d r i v i n g  o f f  t h e  ammonia, which is  condensed 
a t  around 115°F and c o l l e c t e d  i n  a  s t e e l  p re s su re  v e s s e l .  The p re s su re  
i n  t h i s  c a s e  runs  s i g n i f i c a n t l y  above atmospheric.  A t  250°F, p re s su re  
i n  t h e  'high-temperature r e a c t o r s  is  200 PSI. This  i s  beyond t h e  normal 
r a t i n g  f o r  propane s tandard  tanks .  I n  a d d i t i o n ,  t h e  cons t ruc t ion  of 
t h i s  s t o r a g e  r e a c t o r  requi res .  t h e  i n s t a l l a t i o n  of a  l a r g e  t u b u l a r  hea t  
exchanger. I n  o rde r  t o  a l low f o r  i n s t a l l a t i o n  and s e r v i c i n g  of t h i s  hea t  
exchanger,  we assumed a f langed connect ion on one end of t h e  tank.  Th i s  
r equ i r ed  a  custom.tank,  and t h e r e f o r e ,  t h e  c o s t s  were based on t h e  pressur-  
i zed  tank  curves shown i n  Appendix m:., 

The h e a t  t r a n s f e r  system used i n  t h i s  case involves  a secondary hea t  t r ans -  
f e r  loop t o  c a r r y  hea t  and coolness  from t h e  s t o r a g e  module t o  t h e  HVAC 
system. We have assumed t h a t  t h e  hea t  s t o r a g e  modulc and a l l  po r t i ons  of 
t h e  s y ~ t c m  crsl~Lalning alumonia must be  loca ted  o u t s i d c  t h e  dwel l ing  a s  
rpqui rcd  by e x i s t i n g  ASHRAE codes f o r  ammnnta-bascd c o a l i l ~ g  sysrems. 

The tanks  w e r e  i n s u l a t e d  and covered wi th  .a cement i t ious  waterproof coa t ing  
f o r  outdoor i n s t a l l a t i o n .  

I n s t a l l a t i o n  

I n , e s t i m a t i n g  t h e  c o s t . o f  i n s t a l l i n g  t h e  system, we assumed t h a t  t h e  tanks  
would be  shipped t o  . t h e  s i te  empty and f i l l e d  wi th  h e a t  s t o r a g e  medium 
a f t e r  being i n s t a l l e d .  An.allowance was made f o r  hooking up d u c t s ,  hea t  
exchangers,  p ip ing  and e l e c t r i c a l s .  It was ass~imecl t h a t  much 01 Lhe 
va lv tng  wuo moun~ell and prewired a t  t h e  f a c t o r y  and thus  t h a t  minimal 
f i e l d  work would be  requi red .  The i n s t a l l a t i o n  c o s t s  i nc lude  both f a c t o r y  
and f i e l d  c o s t s .  Cost c s t ima te s  are given i n  Table 4-3. 

o Operat ing Condit ions u - 

The system a s  shown should provide space  hea t ing  and cool ing  a t  a  reason- 
a b l e  temperature and r a t e  f o r  t y p i c a l  HVAC systems. However, i n  o rde r  t o  
avoid exces s ive  p re s su res  and temperatures  wh i l e  charging i n  t h e  summer 
time: i t  may b e  necessary  t o  provide a  cool ing  tower t o  keep t h e  condensing 
tempera ture  low enough t o  co,mpletely charge t h e  system under t h e s e  cond i t i ons*  
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TYPE : CHEMICAL HEAT PUMP 

CONTRACTOR : Martin M a r i e t t a  ( C o d e  13) 

INPUT : S o l a r  

CYCLE : D i u r n a l  

STORAGE CAPACITY: 8 X lo6 

DISCHARGE RATE: 1 X lo6 ~ t u / h r  

T a b l e  4-3 

STORAGE MEDIUM A 

CONTAINER B 

INSULATION C 

HEAT EXCHANGERS D 

FLUID E 

P I P I N G  AND DUCTING F 

BLOWER & MOTOR C 

PUMP & MOTOR H 

CONTROLS I 

INSTALLATION COST J 

SYSTEM COST 

COST OF MAINTENANCE 
'PER YEAK 

NO. OF SYSTEMS 
PER YEAR 

COST SUhMARY - MARTIN MARIETTA 

$ 6700 

20490 

3215 

12000 

940 

4802 

8550 - 
1297 

4167 

7559 

69720 

3798 

6000 

9.6 

29.4 

4.6 

17.2 

1.3 

6.9 

12.3 

1.9 

6 

10.8 

100% 

--. - 



4.2.4 Rocket Research Corporation (Configuration 1 )  

Application 

I n  t h i s  conf igura t ion (shown i n  Figure 4-6) s o l a r  input  i s  used t o  brovide 
heat ing,  cooling,  and water heat ing t o  a small apartment bui ld ing using 
a seasonal  s to rage  system. The system i s  designed t o  meet 100% of t h e  
WAC loads. 

8 System Descript ion 

This system uses two l a r g e  tanks t o  s t o r e  concentrated s u l f u r i c  ac id  
and water. Both of t h e s e  tanks a r e  a t  atmospheric pressure ,  although 
t h e  reac t ion  t h a t  s t o r e s  o r  l i b e r a t e s  heat  takes  p lace  under vacuum 
conditions. I n  order t o  charge o r  discharge t h i s  system, pumps are used 
t o  pump f l u i d  back i n t o  t h e  tanks aga ins t  a pressure  regula tor .  This 
arrangement s i g n i f i c a n t l y  reduces t h e  cos t  of t h e  s to rage  system. I n  
t h e  des ign of t h e  seasonal  system, it w a s  assumed t h a t  t h e  use  of l a r g e  
tanks,  which are i n s t a l l e d  outdoors without insu la t ion ,  assures  t h a t  t h e  
temperature of t h e  ac id  i n  t h e  s to rage  tank w i l l  s t a y  below 120' o r  130°F. 
This is  accomplished i n  p a r t  by using a heat  exchanger t o  recover some of 
t h e  heat  being returned t o  t h e  tank during t h e  charging p e r i o d .  Although 
not  required by code, secondary heat  exchanger loops a r e  u t i l i z e d  i n  t h i s  
design i n  order  t o  make i t  poss ib le  t o  heat  t h e  bui ld ing e i t h e r  d i r e c t l y  
from t h e  s o l a r  c o l l e c t o r  or  from discharging storage.  This does remove 
t h e  possibly undesi rable  requirement f o r  c i r c u l a t i n g  concentrated s u l f u r i c  
ac id  through t h e  heat ing ducts .  Cost es t imates  a r e  given i n  Table 4-4. 

I n s t a l l a t i o n  

A s  with o the r  large-scale i n s t a l l a t i o n s ,  most assembly of t h i s  system is 
done on-site. It was assumed t h a t  l a r g e  tanks and o the r  components were 
shipped t o  t h e  s i t e  and mounted on appropr ia te  foundations. The i n s t a l l a -  
t i o n  w a s  completed by hooking-up t h e  e l e c t r i c a l s ,  plumbing, and ducting 
as required alld charging t h e  system with  ac id  and water  shipped t o  t h e  
s i te i n  t rucks .  -I? 

.,I '. * - 
e Operating Conditions 

Storage capaci ty  of t h e  system is dependent on t h e  temperature of t h e  
source and sink.  The opera t ing condit ions assumed should be conservative 
i n  terms of t h e  s i z i n g  s f  t h e  var ious  s to rage  components. However, t h e  
cos t  of t h e  system is dramat ica l ly  a f fec ted  by t h e  u s e  of atmospheric 
s to rage  vessels lor thc water and p a r t i c u l a r l y  f o r  t h e a c i d .  I f  it  is 
found necessary t o  rep lace  t h e  inexpensive tank used wi th  a more expensive 
corros ion r e s i s t a n t  tank due t o  higher than an t i c ipa ted  temperatures i n  
t h i s  tank,  t h e  cos t  of t h e  system w i l l  increase  dramatical ly.  

. . I  
m 



Shell and Tube 

s, - 
Tube G ass Hx 

rmrrrnrm - 
--+ 

131,625 Ibs 

Absorber Glass- Lined 

119 gpm 
Small Apartment Building Trays of 
(20 Units) Storage 
Solar - Seasonal 65,700 Ibs 
Storage Capacity - 0 

65 x lo6 Btu 
- - 

Discharge Rate - 
1 x la6 Btulhr 

36,870 CFM 

T30 gpm -, Outside 
(2-spe?d) 

House House I-o ' 1 (Coo Air) 

Outside 

150 gprn 
FIGURE 4-6 RESEARCH (CONFIGURATION #I) 



TYPE : CHEMICAL HEAT PUMP 

CONTRACTOR : Rocket Research Corporat ion (Code 114) 

o t  - 
INPUT : Sola r  

CYCLE : Seaso-nal 

STORAGE CAPACITY: 65 lo6 Btu 

6 
DISCHARGERATE: 1 x 1 0  Btu/hr 

Table 4-4 

STORAGE MEDIUM A 

CONTAINER B 

INSULATION C 

HEAT EXCHANGERS I) 

FLUID E 
- 

PIPING AND DUCTING F 

BLOWER 61 MOTOR G 

PUMP & MOTOR H 

CONTROLS I 

INSTALLATION COST J 

SYSTEM COST 

COST OF MAINTENANCE 
'PER YEAR 

NO. OF SYSTEMS 
PER YEAR 

COST SUMMARY - ROCKET RESEARCH (CONFIGURATION 1) 

$ 4277 

21497 

50 

46820 

250 

5040 

5642 

5520 

6421 

11,661 

107,178 

7025 

1000 

4.0 

20.0 

.05 

43.7 

0.2 

4 . 1  

5.3 

5.2 

G.0 

10.9 

100% 

- 

* - 



4.2.5 Rocket Research (Configuration 2) 

Application 

This system (see Figure 4-7) is sized t o  meet 100% of r e s iden t i a l  
heating, cooling and water heating loads using so la r  inputs and seasonal 
storage. 

8 System Description 

This system is s imi la r  t o  t ha t  described i n  Section 4.2.4 except t h a t  the  
HVAC system has been resized t o  provide heating and cooling a t  a r a t e  
consistent with r e s iden t i a l  use and the amount of storage is  less .  Cost 
estimates a r e  given i n  Table 4-5. 

In s t a l l a t i on  

W e  assumed tha t  these systems would be ins ta l led  indoors. 

Operating Conditions 

Storage capacity of t he  system is dependent on the  temperature of the  
source and sink. The operating conditions assumed should be conservative 
i n  terms of the  s iz ing  of t he  various storage components. However, the  
cost  of t he  system i s  dramatically affected by the use of atmospheric 
storage vessels  fo r  t he  water and particl l larly fo r  t he  acid. I f  i L  1s 
found necessary t o  replace .the inexpensive tank used with a more expensive 
corrosion r e s i s t a n t  tank due t o  higher than anticipated temperatures i n  
t h i s  tank, the  cost of the system w i l l  increase dramatically. 



'C, . 
Shell and Tube I . ,  

% - 

1,536 CFM 

16,200 Ibs 

Absorber Glass- Lined 

6.9 gpm 
Residential Trays of + ,  
Solar - Seasonal Storage 
Storage Capcity - Rings - 
8 x lo6 ~ t u  

8,085 Ibs 

Discharge Rate - 
50.000 Btulhr 

- # 
2,150 CFM 

T = 5 0 ' ~  
6.5 gpm -, Outside 

I S I ~  (2-speed) 

House House 
(Cool Air) 

8.7 gpm 

FIGURE 4-7 ROCKET RESEARCH (CONFIGURATION #2) = 

Outside 



TYPE : 

CONTRACTOR: 

INPUT: 

CYCLE : 

CHEMICAL HEAT PUMP 

R o c k e t  R e s e a r c h  { C o d e  #5) 

Solar 

Seasonal 

6 STORAGE CAPACITY: 8 x 10 ~ t u  

CONTAINER B I 4598 I 18.4 

DISCHARGE RATE: 50,000 Btu/hr H e a t i n g  and C o o l i n g  (%> 

STORAGE MEDIUM A 

INSULATION C 

HEAT EXCHANGERS D 

F L U I D  E 

P I P I N G  AND DUCTING F 

$ 526 

BLbWER & MOTOR G 

PUMP & MOTOR H 

2.1 

3 6 

4249 

34 

1165 

2715 10.9 

CONTROLS I 

SYSTEM COST 

0.1 

17.0 

0.1 
+ I 

4.7 

5098 

1NSTALLATION COST J 5369 1 - 

- .  -- _ = + =  -= 
-- 
A e- - 

COST O F  MAINTENANCE 
' P E R  YEAR 

T a b l e  4-5 

1431 

NO. OF SYSTEMS 
PER YEAR 

COST SUMMARY - ROCKET RESEARCH (CONFIGURATION 2) 

1000 



4 . 2 . 6  Rocket Research (Configuration 3) 

Applicat ion 

This system (see Figure 4-8)  was s ized t o  provide d i u r n a l  space heat ing 
and cooling p lus  water heat ing f o r  a small apartment bui ld ing us ing s o l a r  
input .  The capaci ty  shown should be appropr ia te  f o r  meeting 50% of t h e  
load. 

- U  

IB System Descript ion 

This system is func t iona l ly  s imi la r  t o  t h e  system described i n  Section 
4 . 2 . 4 .  

I n  t h i s  case,  because t h e  system opera tes  with d i u r n a l  s torage,  w e  
assurped t h a t  t h e  s to rage  tanks would cycle ' through a high temperature and 
thus  t h a t  more expensive g l a s s  l ined  tanks  would be required.  Cost 
es t imates  f o r  t h e  system are given i n  Table 4-6 .  

I n s  tallat  i o n  : 

It w a s  assumed t h a t  t h i s  system would be i n s t a l l e d  indoors. 

Operating Conditions: 

Storage capaci ty  of t h e  system is dependent on t h e  temperature of t h e  
source and sink.  The opera t ing condi t ions  assumed should be conservative 
i n  terms of t h e  s i z i n g  of t h e  var luus  s to rage  components. IIowever, t h e  
cos t  of t h e  system is dramat ica l ly  a f fec ted  by t h e  use  of atmospheric 
s to rage  vessels f o r  t h e  water and p a r t i c u l a r l y  f o r  t h e  ac id .  I f  i t  i s  
found necessary t o  rep lace  t h e  inexpensive tank used wi th  a more expensive 
corrosion r e s i s t a n t  tank due t o  higher than an t i c ipa ted  temperatures i n  
t h i s  tank,  t h e  cos t  of t h e  system w i l l  increase  dramatical ly.  



Shell and Tube 

Ow - * Domestic 
Water 

Condens~ng 
@ 130°F 

30,720 CFN 

Absorber Glass- Lined 

Small Apartment 
Building (20 units) Storage 
Solar - Diurnal 

Discharge Rate - 
1 x 1 o6 Btu/hr 

-, Outride 

House House T = 5 5 0 ~  
.(Cool Air) 

150 gpm 

FIGURE 4-8 ROCKET RESEARCH (CONFIGURAT ON #3) 
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Outside 



TYPE : CHEMICAL HEAT PUMP 

CONTRACTOR : R o c k e t  R e s e a r c h  (Code #6) 

INPUT : Solar 

CYCLE : Diurnal 

6 
STORAGE CAPACITY: 8 x 10 B t u  

DISCHARGE RATE: 
6 1 x 10 ~ t u f h r  H e a t i n g  

T a b l e  4-6 

COST SUkMARY - ROCKET RESEARCH 
( C o n f i g u r a t i o n  3) 

0 .6  

22.5 

0.2 

46.0 

0 . 3  

4 . 8  - 

6 .0  

5 .8  

6 . 8  

7 .1  

100% 

STORAGE MEDIUM A 

CONTAINER B 

INSULATION C 
- 

HEAT EXCHANGERS D 

FLUID E 

PIPING AND DUCTING F 

BLOWER 61 MOTOR C 

PUMP & MOTOR H 

CONTROLS I 

INSTALLATION COST J 

SYSTEM COST 

I 

COST OF M A I N ~ N A N C E  
'PER YEAR 

NO. OF SYSTEMS 
PER YEAR 

$ 526 

21320 

2 32 

43554 

250 

4540 

5642 

5520 

6421 

6685 

94690 

6717 

. 6000 



4.2.7 Rocket Research (Configuration 4) 

a Applicat ion 

The system (see Figure 4-9) i s  s ized  t o  provide 50% of r e s i d e n t i a l  space 
heat ing,  cooling,  and water heat ing loads using s o l a r  input  with d i u r n a l  
s torage .  

a System Descr ip t ion 

This system i s  funct ional ly  similar t o  the system described i n  Section 
4.2.6. A s  wi th  t h e  commercial d iu rna l  s to rage  system w e  assumed t h a t  
t h e  s to rage  tanks would cyc le  t o  a temperature of 400° and thus  t h a t  a 
g l a s s  l i n e d  tank would be required.  The HVAC system is s i z e d  f o r  a resi- 
dence. Cost estimates are presented i n  Table 4-7. 

I n g a l l a t i o n  

W e  assumed t h a t  t h i s  system would be i n s t a l l e d  indoors, 

e Operating Conditions 

See Section 4.2.4. 
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TYPE : 

CONTRACTOR: 

CHEMICAL )IEAT PUMP 

R o c k e t  R e s e a r c h  ( C o d e  //7) 

INPUT: S o l a r  

CYCLE : D i u r n a l  

STORAGE CAPACITY: 400,000 B t u  

DISCHARGE RATE : 50,000 B t u / h r  

- T a b l e  4-7 

COST SUMMARY - ROCKET RESEARCH 
( C o n f i g u r a t i o n  4) 

0.1 

10.1 

0.2 

18.4 

0.2 

5.9 

6.2 

1 3 . 7  

25.7 

19.5 

1 0 0 %  

STORAGE MEDIUM A 

CONTAINER B 

INSULATION C 

HEAT EXCHANGERS D 

F L U I D  E 

P I P I N G  AND DUCTING F 

B L O ~ R  61 MOTOR G 

PUMP & MOMR H 

CONTROLS I 

I N  STALLATION COST J 

SYSTEM COST 

COST O F  MAINTENANCE 
' P E R  YEAR 

NO. O F  SYSTES 
P E R  YEAR 

I 
$ 2 6 

2008 

4 7 

3655 

34 

1165 

1224 

2 7 1 5  

5098 

3859 

19831 

- .  
Y 

1090 

36000 

-A - -d 



4.2.8 Universi ty of Delaware (Configuration 1 )  

This system s t o r e s  coolness developed from e l e c t r i c a l  inpu t  during a 
d iu rna l  cycle  (see  Figure 4-10). The system i s  s i z e d  f o r  s m a l l  bui ld ings  
o r  residences. I n  t h i s  app l i ca t ion ,  off-peak e l e c t r i c i t y  i s  used t o  
cool  down a s to rage  device a t  night .  During t h e  day, coolness could be 
ext rac ted  from s torage  t o  provide a i r  conditioning. 

System Descript ion 

A e u t e c t i c  mixture which conta ins  sodium sulphate  decahydrate modified 
by t h e  add i t ion  of sodium chlor ide  and potassium ch lo r ide  s o  t h a t  i t  

- W E  
m e l t s  at 55OF is used a s  t h e  s to rage  medium. This i s  cycled through 
a temperature range from 40 t o  60°F t o  provide t h e  required coolness 

i s torage .  
I 

I1 
J The mixture is  packaged i n  long c y l i n d r i c a l  p l a s t i c  chubs 2" i n  diame- 
. ter and 22" long. These chubs are supported i n  s e l f  s tacking racks which 
it contain 11 chubs per  u n i t .  A i r  passes over t h e  surface  of t h e  p l a s t i c  

mate r i a l  which serves  both t o  conta in  t h e  heat  s torage  mate r i a l  and t o  
provide hea t  exchange contact  between t h e  heat  s to rage  mate r i a l  and a i r  

BF JI - which i s  used a s  the  heat  t r a n s f e r  f l u i d .  Cost es t imates  f o r  t h i s  

d- 
system a r e  given i n  Table 4-8. 

I n s t a l l a t i o n  
Ro 

- This system i s  assembled a t  t h e  site, u t i l i z i n g  p l a s n c  cnuDs which have 
been f i l l e d  with s to rage  mate r i a l  a t  t h e  fac to ry  and put  i n t o  t h e  s e l f  
s tacking p l a s t i c  racks f o r  shipment. Each rack containing 11 chubs 
weighs approximately 40 lbs .  During t h e  assembly process t h e  con t rac to r  
takes  t h e  chubs and racks which have been purchased a s  a s e p a r a t e  i t e m ,  
s t acks  t h e  racks  t o  obta in  t h e  appropr ia te  shape, f a b r i c a t e s  a plywood 
enclosure using plywood purchased l o c a l l y ,  i n s u l a t e s  t h e  enclosure using 
l o c a l l y  purchased insu la t ion ,  i n s t a l l s  i n l e t  and o u t l e t  a ir  ducts  and 
temperature con t ro l  devices,  and encloses t h e  complete package wi th  a 
second l a y e r  of plywood t o  cover t h e  insu la t ion .  I n  some cases,  a sepa- 

%id r a t e  foundation must be provided t o  support t h e  hea t  s to rage  un i t .  

The su r face  a r e a  of t h e  chubs gives  adequate heat  t r a n s r e r  t o  cool  a t  
an acceptable r a t e .  However, t h e  melt ing po in t  a t  55OF i s  higher than 
s u i t a b l e  f o r  providing dehumidification of conditioned a i r .  Universi ty 
of Delaware personnel be l i eve  t h a t  t h e  dehumidification which occurs a t  
n igh t  during charging of t h e  system provides adequate daytime humidity 
levels .*  Typical HVAC p r a c t i c e  requ i res  a 45' c o i l  i n  contact  with t h e  

s t o r a g e - ~ s s i s t e d  A i r  Conditioning Using Phase Change Mater ia ls ,  I' ASHRAE, r .  b l ~  

Winter Meeting, 1979. =='"'W I;~F 11 Lnl- , , 



"Chubs" -3.8 Iba Medium in , .W Plank Film 
2" Oh. x 22" Long. 

Plywood Enclosure 
75 Stacking Plastic 
Racks. 11 Chubs Per (6' x 2' x 5.5' High) 
825 Chubs Per Module. 
3000 Ib. 
Na2m4*1 0H20 
Eutectic Fiberglass tnwlation 

l nput 

Residence 
Storage Capacity: 200,000 Btu 
Uischarge Rate; 35,000 Btu/hr 

* Off-Peak Electric Coolinn 

FIGURE 4-10 ' UNIVERSITY OF DELAWARE (CONFIGURATION # 1) I (CODE # 18) 
I 



a i r  be ing  cooled i n  o rde r  t o  provide  f o r  dehumidi f ica t ion .  I f  a eutec-  
t i c  wi th  a  lower mel t ing  p o i n t  were used i n  t h e  p r e s e n t  con f igu ra t ion  
so  t h a t  humid i f i ca t ion  d i d  occur ,  t h e  system would have t o  be redesigned 
i n  o rde r  t o  provide  a  mechanism f o r  removing t h e  condensat ion a s  it 
c o l l e c t e d  on t h e  hea t  t r a n s f e r  s u r f a c e s .  I n  a d d i t i o n ,  t h e  bui ldup of 
condensat ion might r e q u i r e  a d d i t i o n a l  h e a t  t r a n s f e r  s u r f a c e ,  due t o  t h e  
l i m i t i n g  e f f e c t  of t h e  mois ture  on t h e  su r f ace .  



TYPE : PHASE CHANGE' MATERIAL 

CONTRACTOR : U n i v e r s i t y  o f .  D e l a w a r e  ( C o d e  i l 8 )  

I N P U T  : E l e c t r i c  

CYCLE : D i u r n a l  . 

STORAGE CAPACITY : 200 9 000 B t u  

T a b l e  4-8 

COST SUMMARY - ,  UNIVERSITY O F  DELAWARF, (CONFIGURATION 1) 

. 9.3 . 
. , 

37.7 

, . 2.3 

- 

- 

- 

- 
. . 

- 
.. .- .. . .. .*-... . - 

11 ---- 

39,7 

100% 

STORAGE MEDIUM A $ 60 

CONTAINER B 242 

INSULATION C 15 

HEAT EXCHANGERS - D 

F L U I D  E 

P I P I N G  AND DUCTING F 

BLOWER & MOTOR C 

PUMP & MOTOR H 

CONTROLS I 

LN S 'IIALLATION COST. J 

SYSTEM COST 

COST O F  MAINTENANCE 
P E R  YEAR 

NO. O F  SYSTEMS 
P E R  YEAR 

- 

- 

- 

- 

- 
7 0 

255 

642 

. . 

33.30 

90,000 . 



4.2.9. F rank l in  I n s t i t u t e - S y s t e m  
. . 

The F rank l in  I n s t i t u t e  System u t i l i z e s  o f G p e a k  e l e c t r i c a l  energy '  t o  
gene ra t e  coolness  which i s  s t o r e d  f o r  r e s idences  on' a  d i u r n a l  b a s i s .  

System Descr ip t ion  

This  method ( see  F igure  4-11) employs & y s t a l l i z i n g  and d i s s o l v i n g  
phase change media i n  water ,  u s ing  m a t e r i a l s  which d i s s o l v e  endothermally 
and have l a r g e  c o e f f i c i e n t s  of s o l u b i l i t y  w i t h  temperature.  Energy t r a n s -  
f e r  occurs  by c i r c u l a t i n g  o i l  which i s  cooled through t h i s  water-based 
s t o r a g e  medium. The o i l  i n  t h i s  c a s e  i s  immiscible  and d r o p l e t s  which 
a r e  formed f l o a t  through t h e  h e a t  s t o r a g e  s o l u t i o n  and r e t u r n  t o  t h e  top  
of t h e  tank  where they a r e  s epa ra t ed  and r e c i r c u l a t e d .  A coo l ing  c o i l  
i n  t h e  t o p  of t h e  tank coo l s  t h e  o i l  t o  charge t h e  system. The system 
is  d ischarged  by c i r c u l a t i n g  t h e  o i l  through a  h e a t  exchanger e x t e r n a l  
t o  t h e  thermal  energy s t o r a g e  module where it i s  heated and r e tu rned  
through t h e  h e a t  s t o r a g e  medium t o  be  cooled again.  

The system c o n s i s t s  of a  350 ga l lon  mild s t e e l  t ank  which has been insu- 
l a t e d .  Because t h e  system ope ra t e s  a t  a tmospheric  p re s su re  and t h e  tank  
does n o t  r e q u i r e  a  coa t ing ,  a  t h i n  gauge s t e e l  t ank  can be used. A s t an -  
dard evapora tor  c o i l  w i th  a  t h r e e  t o n  c a p a c i t y  i s  pos i t i oned  i n  t h e  top  
of t h e  tank.  During charg ing  t h i s  c o i l  i s  used t o  coo l  t h e  Dowtherm 
which c o l l e c t s  a t  t h e  t op  of t h e  tank.  A c i r c u l a t i n g  pump f o r c e s  t h e  
Dowtherm i n t o  t h e  bottom of t h e  tank  where i t  passes  through a  nozz le  
which gene ra t e s  a  l a r g e  number of smal l  d r o p l e t s .  These d r o p l e t s  pas s  
through a  d i f f u s e r  and t l o a t  through t h e  h e a t  s t o r a g e  m a t e r i a l ,  t r imethyl -  
amine, t o  t h e  top  of t h e  tank ,  thereby  coo l ing  t h e  hea t  s t o r a g e  m a t e r i a l .  
Cosr e s t i m a t e s  a r e  given i n  Table 4-9. 

I n s t a l l a t i o n  

This  system was cos ted  assuming t h a t  t h e  complete u n i t  charged wi th  hea t  
s t o r a g e  m a t e r i a l  wi th  app ropr i a t e  c o n t r o l s  and c i r c u l a t i n g  pump was fac-  
t o r y  assembled and shipped t o  t h e  s i t e .  Thus, t h e  only f i e l d  i n s t a l l a -  
t i o n  r equ i r ed  was a  hook-up of l i n e s  t o  t h e  compressor and t o  t h e  duc t  
h e a t  exchanger p l u s  normal wir ing  which would be similar t o  t h a t  involved 
i n  i n s t a l l i n g  a n  a i r  cond i t i on ing  system. 

' Operat ing cond i t i ons  

During ope ra t ion ,  t h i s  device  should provide  adequate  coo l ing ,  both i n  . 

terms of t h e  temperature of t h e  coo l ing  media i n  t h e , a i r  duc t  c o i l  and i n  
terms of  d e l i v e r y  r a t e s .  The major o p e r a t i n g  ques t ion  r e l a t e s  t o  whether 
t h e  formation of an emulsion between t h e  o i l '  and t h e  s t o r a g e  s o l u t i o n  can 
be avoided by t h e  use  of a  s t a i n l e s s  s t e e l  mesh s e p a r a t i n g  t h e  two mate- 
rials. Should an  emulsion form which l i m i t s  t h e  performance of  t h e  system, 
i t  w i l l  be necessary  t o  p r 0 v i d e . a  mechanism f o r  recharg ing  t h e  system 
p e r i o d i c a l l y  wi th  f r e s h  m a t e r i a l .  This  c o s t  would have t o  b e  considered 
as. p a r t  of t h e  maintenance of t h e  system. Since t r imethylamine s o l u t i o n s  
a r e .  t o x i c  and v o l a t i l e ,  o u t s i d e  l o c a t i o n  is  p re fe r r ed .  ~ l s o ,  t h e  melted 
medium cannot be used d i r e c t l y  i n  a  f a n  c o i l .  



. . compressor 

Evaporator 3 Ton Aluminum 

. . 

' ' ' 210 Gallons. . '  

Trimethylainine , 

' (TMA) (1835 Ibs 
Sol 400 lbs TMA 

L : . 
. . 

4 3 ' ~  m.p.1 , , 

. , 

. . 
. . 

Residence . . 
. . Storage Capacity: 200,000 Btu 

. ' Discharge Rate: 35,000 Btulhr . 
' Off-Peak, Electric Space Cooling ' ' 

. . 



TYPE : PHASE CHANGE MATERIALS 

CONTRACTOR: F r a n k l i n  I n s t i t u t e  ( C o d e ,  #9)  

INPUT: ' E l e c t r i c  

CYCLE : D i u r n a l  

STORAGE CAPACITY : 2 0 0 , 0 0 0  B t u  

D I S C ~ G E  RATE: 3 5 , 0 0 0  Btu/hr C o o l i n g  (%) 
. . . , 

STORAGE MEDIUM . ; A 1 2 8  

1 6 . 5  

I 

INSULATION . . , . . C 

HEAT EXCHANGERS , D 
. . . . 
FLUID . . .  . . E 

CONTAINER . B 

PIPING AND DUCTING F .  ' 

BLOWER & MOTOR. C 

PUMP & MOTOR H 

2 4 6  

I I 
- 

l1 . 
--..-= -- 

1 0 0  

9 8 

CONTROLS I 

. . 

INSTALLATION COST J 
, . 

SYSTEM COST 

NO. OF SYSTEMS 
PER YEAR 

. 7  - , 

, 6 . 7  

6 . 6  

6 

- 

3 8 6  

. . 

COST OF MAINTENANCE 
'PER YEAR . , 

. .. 

T a b l e  4-9 

. 4  

- 

. . 
2 6 

. ' 1 9 0  

3 2 2  

1 , 4 8 7  . . 

1 0 9  

COST SUMMARY - FRANKLIN INSTITUTE 

1 2  .,8 

2 1 . 7  . . 

. . 1.00% 



4.2.10 Dow Chemical (Conf igura t ion  1 )  

Shown i n  F igu re  4-12, t h i s  system u t i l i z e s  a  phase change m a t e r i a l '  t o  
. s t o r e  .off-peak e l e c t r i c i t y  i n  t h e  form of  h e a t . f o r  u s e  i n  space  h e a t i n g  
of r e s idences .  

System Desc r ip t ion  

Th i s  system u t i l i z e s  a  mixture  of magnesium n i t r a t e . h e x a h y d r a t e  as t h e  5 
h e a t  s t o r a g e  medium. ' T h i s  medium i s  contained i n  s e l f  s t a c k i n g  a e r o s o l  
cans ,  approximately 2-314" i n  diameter  by 7-1/2" t a l l .  3,600 of t h e s e  
cans a r e , r e q u i r e d  f o r  t h e  system s t o r a g e  ca.paci.ty s p e c i f i e d  f o r  r e s i -  
d e n t i a l  hea t ing .  These cans a r e  s tacked  7 rows h igh  wi th  a b a f f l e  a s  
r equ i r ed  . t o  provide  a  mult i -pass  a i r  flow through t h e  u n i t .  , A s h e e t  
meta l  housing enc loses  t h e  cans and provides  f o r  suppor t '  of t h e  system. 
It was assumed i n  t h e  des ign  t h a t  t h e  b a f f l e s  were a t t ached  t o  t h e  ex t e r -  
n a l  housing and t h e  hous.ing was supported r i g i d l y  s o  t h a t  by s t a c k i n g  t h e  
cans  on t'op of t h e  b a f f l e  and 06 t o p  of e a c h . o t h e r ,  t h e  system would b e  ' 

s t r o n g  enough t o  main ta in  t h e  spac ing  once t h e  cans had been placed prop- 
e r l y .  The system was i n s u l a t e d  and surrounded wi th  a  second shee t  meta l  
housing. I n  ope ra t ion ,  ho t  a i r ' i s  blown through t h e  system t o  charge' 
i t  and room a i r  i s  passed through , t he  system, a s  r equ i r ed ,  f o r  space 
hea t ing .  Cost e s t i m a t e s  a r e  g iven  i n  Table 4-10. 

I n s t a l l a t i o n  

I n  t h e  c o s t i n g  of t h e  system i t  was assumed t h a t  i t  would be assembled 
on s i t e ,  r a t h e r  than  assembled a t  t h e '  f a c t o r y  and .sh ipped  a s  a u n i t .  
. . 
'I'his assumption w a s  made because t h e  assembled.weight of t h e  u n i t  i s  s o  
l a r g e  t h a t  it could only be handled by r i g g e r s  i f  i t  was shipped a s  a . 
s i n g l e  unit ' .  I n  a d d i t i o n ,  t h e  r e i n f o r c i n g  necessary  t o  make i t  s t r u c -  
t u r a l l y  s t r o n g  enough t o  be shipped assembled would have added s i g n i -  
f i c a n t l y  t o  t h e  c o s t  of t h e  system. The conf igu ra t ion  descr ibed  above 
assumes t h a t  .as t h e  u n i t  is  b u i l t  a t  t h e  s i t e  t h e  r e i n f o r c i n g  of  t h e  shee t  
meta l  housing w i l l  be  s u f f i c i e n t  t o  ho ld  t h e  cans  i n  p l ace  since the only  
f o r c e  on them w i l l  be a i r  f lowing through t h e  system. D u r i n g  t h e  i n s t a l -  
1ation;the base  of t h e  system w i l l  be  p u t  i n  posi t ion ' .  Next, columns 
two cans  h igh  w i l l  be placed a t  a p p r o p r i a t e  i n t e r v a l s  on t h e  base ,  and 
a  b a f f l e  would be p laced  on top  of  t h e  cans  and a t t ached  t o  one s i d e  of 
t h e  suppor t ing  s t r u c t u r e .  Three more l a y e r s  of cans w i l l  be  s tacked  up, 
a second b a f f i e  pu t  i n  p l ace ,  and f i n a l l y  two more rows of cans  added 
t o  t h e  top.  The system w i l l  t hen  be- screwed t o g e t h e r ' w i t h  s h e e t  meta l  
screws and b o l t s  as r equ i r ed  t o  assemble t h e  support  ang le s  t o  t h e  s h e e t  
meta l  housing. Next; t h e  i n s u l a t i o n  w i l l  be  app l i ed  t o  t h e  o u t s i d e  and ' 

a s h e e t  met.al housing i n s t a l l e d .  



Shell : 
4.8"~ 2.8' x 7' High 

Aerosol Cans, Self Stacking 

/ .224' Dia. x .63' High 
1800 CansIUnit 

/ 
Diffuser Heat Storage Material 

Mg EH20 ,3276 Ibs 

Insulation 

Residence 
Storage Capacil y: 400,000 Btu 

* Discharge Rate; 30,000 Btufhr 
Off-Peak. Electric Space Heating (Diurnal) . 

FIGURE 4-12 DOW CHEMICAL (CONFIGURATION # I~.(CODE # 10) : 



TYPE : PHASE CHANGE MATERIALS 

CONTRACTOR: Dow C h e m i c a l  (Code #lo)  

I N P U T  : E l e c t r i c  

CYCLE : D i u r n a l  

S T O M G E  CAPACITY: 400,000 B t u  

D I  S CHARGE RATE : 30,000 B t u l h r  H e a t i n g .  

  able 4-10 

. COST SUMMARY - TIOW CHEMICAL (CONFIGUFZATION 1) 

STORAGE MEDIUM A 

CUNTAINER B 

INSULATION C 

HEAT EXCHANGERS D 

F L U I D  E 

P I P I N G  AND DUCTING F 

BLOWER L MOTOR C 

PUMP & MOTOR H 

CONTROLS I 

INSTALLATION COST J 

SYSTEM COST . 

COST O F  MAINTENANCE 
'PER YEAR 

NO; O F  SYSTEMS 
P E R  YEAR 

- .  

$ 5 2 4  

683 

40 

- 

- 

- 

- 

- 

7 0  

2bb 

1583 

5 4 

4 0 , 0 0 0  

33.1 

43.1 

2 . 5  

- 

- 

- 

- 

- 

4.4 

16 .8  

100% 



Operat ing Condit ions . 
- .  . . . 3 .  . . . 

Output curves  f o r  t h i s  system i n d i c a t e  t h a t  t h e  c a p a c i t y  i nd ica t ed  f o r  
t h e  amount of s t o r a g e  m a t e r i a l  shown is a c c u r a t e  and t h a t  the.  d e l i v e r y  
. temperature i s  accep tab le  f o r  s tandard  space h e a t i n g  syStems. The only 
. b s e r a t i n g  l i m i t a t  i & n  appears t o  be ' t h e  de l ive ry '  r a t e .  We f e e l '  t h a t '  
t o  provide  adequate  system response f o r  a  t y p i c a l  space  hea t ing ' sys t em,  

" a d e l i v e r y  r a t e  of 50,000 Btu 's  p e r . h o u r  f 0 r . a  t y p i c a l  r e s idence  
' r e q u i r i n g  t h i s  kind of a  device  i s  minimal. The c o s t . o f  the'DOW System 
.would be increased, ,  i f  i t  were necessary  t o . p r o v i d e  s u r f a c e  a r e a  t o  

, d e l i v e r  energ$ a t  t h i s  i nc reased ,  rate, a s  t h e  system wi th  t h e  g iven  
sur£&e t o  voiume r a t i b  w i l i  bnly d e l i v e r  a t  a  r a t e  o r  30,,000 ~ t u " s ' p e r  
hour. . . 

.. ,. . d . . . . .  



i 

4.2.11 Dow' Chemical ( ~ o n f  i g u r a t  ioi 2.) . 

. . 
@ Applicat ion.  . . 

I n  t h i s  system s o l a r  energy is  s tored '  f o r  h e a t i n g  of r e s idences  us ing  a  
d i u r n a l  cyc l e .  ' . . 

o Storage  Mechanism 
I 

The system i n  t h i s  ' c a s e  ( s ee  ~ i ~ u r e  4-13 j i s  s i m i l a r  t o  t h a t  
. descr ibed  i n  Sec t ion  4.2.10.  he-only d i f f e r e n c e ' i s  t h a t  more cans  are 
' r e q u i r e d  and a d i f  f erant h a t  s to rage  matirial i e  u t i l i z e d .  I n  t h i s  
ca se ,  t h e  h e a t  s t o r a g e  m a t e r i a l  (magnesium n i t r a t e  hyd'rate p l u s  

' ammonia n i t r a t e )  m e l t s  a t  a t empera tu re  of 126OF. Cost ' . .estimateg ' a r e  ' . . 
given  i n  Table 4-11.' 

e System.Descr ip t ion  

.(See s e c t i o n  4.2.10) 

. . 

o I n s t a l l a t i o n  

( see  , Secr ion  4.2.10) 

e Operat ing C h a r a c t e r i s t i c s  

(See Sec t ion  4.2.10) 



. . . . 

Shell . . Aerosol Cans, self Stacking 
' . . . 10.3'.x 3:0' x.7' High 

. . . . .224' Dia. x .63' High ' 

I . - 3600 CanslUnit .. 

. . 
. . 

. . 

Residence . . . . . Storage Capacity: 400,000'~tu ~. . .  . 
Discharp Rate: 30,000 Btulhr 

e. Solar Space Heating (Diurnal) . ' . . .. . . . . 

. . . :  
. . . . 

FIGURE 4-13 DOW CHEMICAL (CONFIGURATION # 2) (CODE # 11) 
. . 

. .  . 



TYPE : PHASE CHrANGE MATERIAL 

CCIN'I'RACTOR: Dow Chemica l  (Code #11) 

. INPUT: S o l a r  

CYCLE : ~ i u r n a l  

STORAGE CAPACITY : 400,000 B t u  

"DI S CHARGE . . . RATE : 3 0 , 0 0 0 '  ~ t u / . h r  , H e a t i n g  . ' . . .(%I 

I FLUID . . . , E  . -  . . . . 

I 
STORAGE MEDIUM A . i  , $  720 , i 

CONTAINER . B  

INSULATION c- 
, , 

: HEAT. EXCHANGERS . D .. . 

.28 .7  
. . . .. 

1307,  . 

. 50 

- . . 

. . . . 

' PIPING AND DUCTING. F 
. ,  . . 

BLOWER P MOTOR c . . 

PUMP & MOTOR ' ' . . '  H . .  
-- 

. . 
52 .0  

2 . 0  

. . 

. . - 

- 

. . 
. - .  

. . . . . . / - ... .. . 
. . 
. . 

. - . . 
--.. - _ _--.- . . -. .. 

CONTROLS I 

. . . 
. . 

T a b l e  4-11 

70  

SYSTEM COST 

COST. OF' MAINTENANCE 
'PER YEAR 

, . 

.NO. OF SYSTEMS. . -  

PER' YEAR 

. .  . . :  2512 ' . ' . 
. . 

. . 

, 7 7  . . 

. 3 6 , 0 0 0  

---- 
. . 

. . .' 100% . . 



4.2.12 Clemson Un ive r s i t y  

e Appl ica t ion  

This  s y s t e m  i s  designed t o  provide  space hea t ing  t o  r e s idences  us ing  
s o l a r  i npu t  on a' d i u r n a l  b a s i s .  The system could a l s o  be  designed f o r  
u s e  a s  a n  off-peak e l e c t r i c  storage. system us ing  e i t h e r  r e s i s t a n c e  o r  
h e a t  pump inpu t .  

System D e s c r i p t i o n .  

. I n  t h e  system shown i n  F igure  4-14 t h e  hea t  t r a n s f e r  f l u i d  is  c i r c u l a t e d  
through t h e  thermal  s t o r a g e  medium as d i spe r sed  d r o p l e t s d u e  t o  a  
d i f f u s e r  f i t t e d  i n t o  t h e  base of t h e  s t o r a g e  tank.  Heat i s  added t o  o r  
removed from t h e  system by d i r e c t  con tac t  of two immiscible f l u i d s .  The 
h e a t  s t o r a g e  material ( s o d i u m t h i o s u l f a t e )  i s  an  aqueous s o l u t i o n  
which has  a  s u b s t a n t i a l  h e a t  of c r y s t a l l i z a t i o n - t h a t  occurs  at 118OF. 
An e x t e r n a l  pump c i r c u l a t e s  Exxon Marc01 72 through a n  e x t e r n a l  hea t  
exchanger and then  through t h e  h e a t  s t o r a g e  t ank  e i t h e r  h e a t i n g  t h e  
h e a t  s t o r a g e  m a t e r i a l  o r  e x t r a c t i n g  h e a t  from t h e  h e a t  s t o r a g e  m a t e r i a l  
depending on t h e  o p e r a t i n g  mode. 

The system c o n s i s t s  of a 355 g a l l o n  g l a s s  l i n e d  s t e e l  t ank  which con ta ins  
t h e  hea t  s to rage . . so lu t ion .  Heat exchanger and pump a r e  mounted wi th  t h e  
t ank  a n d . t h e  u n i t  i s  shipped a s  a s i n g l e  device .  Costs  e s t i m a t e s  a r e  
presented i n  Table 4-12. 

. e . I n s t a l l a t i o n  

I n s t a l l a t i o l ~  i n  t h i s  c a s e  involves  simply a t t a c h i n g  t h g  hea t '  t r a n s f e r  
systems from t h e  load .and  input. t o  t h e  hea t  exchanger-which i s  e x t e r n a l  t o  
t h e  system and b r ing ing  power t o  a c o n t r o l  box mount.ed on t h e  device .  

. .  . 

e Operat ing c h a r a c t e r i s t i c s  

This  system d e l i v e r s  energy at' a s u f f i c i e n t  r a t e . a n d  t ' empera tu re ' fo r  
normal WAC system c n n d i t i o n s , '  The major ques t ion  concerning i t s  long 
t e r m  o p e r a t i o n . a s  w i t h  t h e  F rank l in  I n s t i t u t e  System is whether mixing 

' between t h e  two f l u i d s  w i l l  event ,ual ly  form an  emu1sio.n. I f  t h e  
u n i t  has  a  l i m i t e d  ope ra t ing  l i f e  d.be t o  a. break-down o r  a mixing of t h e  
.two f l u i d s  which r e q u i r e  t h a t  they  be  ,changed pe r iod ica l ly , .  t h i s  must be  
accounted f o r  i n  t h e  r o u t l n e  maintenance of t h e  system and must be 
allowed f o r  i n  the,  des ign  of t h e  hardware. 

. . 
. . . . 



TD = Temperatures During Discharging 
Tc = Temperatures During Charging 

Residence 
Storage Capacity 400,000 Btu 

6 Discharge capacity 50,000 Btulhr 
Solar Space Heating (Diurnal) 

FIGURE 4-14 CLEMSON UNIVERSITY (CODE # 12) 



" TYPE: PHASE CHANGEMATERIALS 

Clemson  U n i v e r s i t y  (Code t 1 2 )  

INPUT : S o l a r  

CYCLE : D i u r n a l  

STORAGE CAPACITY: 4 0 0 , 0 0 0  ~ t u  

DISCHARGE RATE : 5 0 , 0 0 0  B t u l h r  Heat ing (%) 

INSULATION C I 1 4  I 0.5 

. !  

STORAGE MEDIUM A 1 $ . 5 3 3  
1 

CONTAINER B 

19-. 9 

3 63 

HEAT EXCHANGERS D 

E FLUID 

13.5 

. P I ~ I N G  AND DUCTING F 

BLOWER & MOTOR C 

TNSTALLATION COST J 

8 4 0  

4 4 

PUMP&MOTOR H 

CON TF.OL S I 

31..3 

1 . 6 .  

2 

- 

COST OF MAINTENANCE 
'PER YEAR 

. . 
- 

- 

386 

1 8 0  .. 

SYSTEM COST 

NO. OF SYSTEMS 
PER YEAR 

1 4 . 4  

6.7 

T a b l e  4-12 

COST SUIWARY - CLEMSON UNIVERSITY 

2684  
. . 

1 0 0 %  



. . 

4.2.13 u n i v e r s i t y  of Delaware (Configurat ion 2) 

I n  t h i s  a p p l i c a t i o n  hea t ing  of -a r e s idence  i s  provided on a d i u r n a l  
b a s i s  by s o l a r  i npu t  t o  a s t o r a g e  system. 

o System ~ e s c r i ~ t i o n :  , 

 h his system u t i l i z e s  t h e  con f igu ra t ion  descr ibed  in ,  Sec t ion  4.2.8 ( see  
F igure  4-15). I n  t h i s  ca se ,  sodium s u l f a t e  decahydrate  i s  used without  
.mel t ing  p o i n t  d e p r e s s a n t s  t o  provide space hea t ing  r a t h e r  than  space  
cool ing.  The h e a t  s t o r a g e  m a t e r i a l  m e l t s  a t  a temperature of approximately 
88OF. The system u t i l i z e s  3,700 l b s  of sodium su1phat.e decahydrate  mix tu re .  
contained i n  l., 100 chubs mounted i n  r a c k s  and s tacked a s  descr ibed  
e a r l i e r .  Cost ,estimates a r e  given i n  Table'4-13. 

I 

e I n s t a l l a t i o n :  

The' i n s t a l l a t i o n  of t h e  system is the , same a s  descr ibed  i n  Sec t ion  4.2.8. 

e Operat ing c h a r a c t e r i s t i c s  : 

The low mel t ing  p o i n t  of t h e  h e a t  s t o r a g e  m a t e r i a l  i n  t h i s  ca se  w i l l  
on ly  provide d e l i v e r e d  a ir  a t  .a temperature of between 80 and 85OF 
depending on t h e  s t a t e  of t h e  charge of t h e  system. It w i l l ,  however, 
d e l i v e r  a t  a rate s u f f i c i e n t  t o  h e a t a  normal dwel l ing .  However, 
t h e  a i r  f l o w . r a t e  r equ i r ed  t o  d e l i v e r . t h e  energy a t  a s u f f i c i e n t  ~ t u / h r  
r a t e  i s  too  h igh  f o r  a normal dwell ing.  Larger blowers and duc t s  would 
b e  r equ i r ed  than  i n  a normal i n s t a l l a t i o n  and a i r  c u r r e n t s  th r0ugh.a  
room mf ght  b e .  ob j  ec t ionab ly  h igh  .due t o  t he '  c i r c u l a t i o n  r a t e .  



"Chubs" z 3 . 6  Ibs Medium in 
.003" Plastic Film 

100 Stacking ~lasGc Plywood Enclosure 
Racks. 1 1 Chubs Per (X4' x 6' x 4' High) 

4000 Ibs 
Na2S04. 1 0  H 2 0  Mixture 

Eutectic 
Fiberglass Insulation 

I I 

Residence 
' Storage Capacity: 400,000 Btu 

Delivery Rate: 60,000 Btulhr 
Solar Space Heating (Diurnal) 

FIGURE 4-15 UNIVERSITY OF DE,LAWARE (CONFIGURATION # 2) 
(CODE#13) 



TYPE: PHASE CHANGE MATERIALS 

CONTRACTOR: U n i v e r s i t y o f  D e l a w a r e  ( C o d e  #13) 

INPUT: { S o l a r  

CYCLE : D i u r n a l  

STORAGE C A P A C I T J  : 4 0 0 , 0 0 0  B t u  
.. . 

DISCHARGE RATE : 50,000 - . . . . . . 

STORAGE ' ~ D I U M  '. A 
. . 

I .  ' 

CONTAINER . . B 
. .. 

INSULATION' c' 

HEAT EXCHANGERS " D  : 

F L U I D  E .  

P I P I N G  AND DUCTING F 

BLOWER & MOTOR , C 

. ' PUMP & M O T O R .  H ' . 
CONTROLS I 

IN s'LALLA'I'IUN CUST J 

SYSTEM COST 

. . 

COST OF MAINTENANCE 
'PER YEAR 

NO. OF SYSTEMS 
P E R  YEAR 

T a b l e  4-13 

B t u l h r  H e a t i n ' g  

81 

3 1 9  

2 2 .  . 

- 

- 

- 

' +. - 
--.-.. 

- 

7 0 

3 3U 
I 

8 2 2  , 

t 

4 3 

3 6 , 0 0 . 0  ., 

(%> 

, 9 . 9  
-- - 

38.8 

2 . 7  

- 

- 

- 

- -" -.---. 
-. 

8.. 5 . 

40.1 . 

100% 

-- 



4.2.14 '  Monsanto Research.System 

e Appl ica t ion  

This  system provides f o r  h e a t i n g  and coo l ing  of ' a  r e s idence ,  u s ing  
s o l a r . , i n p u ~ t  on a  d i u r n a l  b a s i s .  The system i s  designed t o  o p e r a t e  . ' '  

a t  s t o r a g e  temperatures  between 250 and 285OF." Cooling of t h e  b u i l d i n g  
w i l l  be  done u t i l i z i n g  an abso rp t ion  a i r  cond i t i one r .  Heating w i l l b e  

, provided d i r e c t l y  us ing  a  l i qu id - to -a i r  type  hea t  exchanger. . 

e System Desc r ip t ion  

Form-stable polyethylene '  p e l l e t s  which m e l t .  a t  appro.xihately 265OF a r e  
u t i l i z e d  t o  s t o r e  t h e  energy i n  t h i s  c a s e  ( s ee  F igure  4-16).  Heat i s  
t r a n s f e r r e d  i n t o  . the system and out  of t h e  system us ing  an  e thy lene  g l y c o l  
s o l u t i o n .  Flow is  downward through t h e  system dur ing  charging and i s  : 
reversed  d11rin.g dj-scharging t o  main ta in  a thermal  s t r a t i f  i ca ' t ion  i n .  t h e  
polye thylene  p e l l e t s .  The. tank i n . t h e  system i s  a  p re s su r i zed  ASME 
.p re s su re  r a t e d  s t e e l  t ank  wi th  t h e  capac i ty  of 450 ga l lons .  An 

. expansion t ank  i s  provided t o  a l low f o r  t h e  expansion and c o n t r a c t i o n  
of t h e  e thy lene  g lyco l  and pplye thylene  du r ing  t h e  hea t ing  and cool ing  
cyc le .  Cost e s t ima te s  a r e  presented  i n  Table 4-14. 

B '  I n s t a l l a t i o n  

In  c o s t i n g  t h i s  system i t  was assumed t h a t  t h e  con ta ine r  would be 
shipped t o  t h e  si te,  i n s t a l l e d ,  and then  charged wi th  hea t  s t o r a g e  
ma te r i a l .  

Operating c h a r a c t e r i s t i c s  

This  system should provide ou tpu t s  f o r  both h e a t i n g  and cool ing  a t  
reasonable  temperatures  and r a t e s .  

* "Form-Stable C r y s t a l l i n e  Polymer P e l l e t s  f o r  Thermal Energy Storage,". ' 

0R0/5159-10 prepared by Monsanto Research. Corporat ion f o r  t h e  U.S.  
Energy Rese,arch and Development Adminis t ra t ion ,  J u l y ,  1977. 



45 Gallons Steel 

Insulation T = 3 0 0 ' ~  
Steel Pipe X" Dia. x 20 ft - Expansion Tank 

Residence 
storage Capacity . ,  

'   eat in^: 400,000 Btu 
Cooling: 250,000 Btu (I lot ~ i j u ) ,  ' 

Discharge Rate 
Heating: 50,000 Btu/hr 
Cooling: 50,000 &/hr 

'to Absorbtion Air Coriditioner. 

Steel Tank @ 30  psi 
450 Gallons 

/ 3.6' Dia x 6' High 
. . 

Internal Baffles (7 Concentric) . 

/: 
Insulation @ 3 0 0 ° ~ ,  90  f t  2 

/ 

/ 
2210 Ibs Form Stable 

Polyethylene 

1590 Ibs (200 Gallons) 
Ethylene Glycol 

FIGURE 4-16 MONSANTO RESEARCH (CODE # 14) 



TYPE: PHASE CHANGE MATERIALS 

CONTRACTOR: Monsanto ~ e s e a r c h  (code #14) 

INPUT : So l 'ar 

CYCLE: .. Diurna l  . . 

STORAGE CAPACITY: 400,000 Btu 
. . 

Absorpt ion 'Cooling 

(%) 
28.6 

62.3 

1 . 0  

- 
- 

- 

.. 1 

- 

- .  
- -. 

1 . 0  - -.- .. - . .- - 

7.0 

100% 

D I  S CHARGE RATE : . 50,000 ~ t u / h r  Heat ing and 

Table  4-14. 

STORAGE MEDIUM A 

CONTAINER , B 

INSULATION ' C ' 

HEAT EXCHANGERS . D 

FLUID E 

PIPING AND DUCTING F 

BLOWER & MOTOR c 

PUMP & MOTOR : H . .  , 

. - . . 

$ 1,039 

2,261 

. 35 

- 

- 

. 6 .  

- 

- -- - . . . 

CONTROLS I 

INSTALLATION COST J 

. SYSTEM COST 

COST OF MAINTENANCE 
PER YEAR 

NO. OF SYSTEMS 
PER YEAR 

j5  

, 
,254 

3,630 

176 

1,000 



4.2.15 Suntek'  System 

a Appl ica t ion :  

Th i s  system provides  h e a t i n g  f o r  r e s idences  us ing  s o l a r  i npu t  on a d i u r n a l  
b a s i s .  Energy is  picked up from t h e  sun as. i t  i s  a v a i l a b l e  and r e l e a s e d  

' 

without  c o n t r o 1 , t o  t h e  dwel l ing  ( see  F igure  4-17). 

System Desc r ip t ion :  

The, ~ u n t e k  b lqcks  a r e  f a b r i c a t e d  us ing  pumide b locks  o r  low d.ensity 
foamed conc re t e  b locks .  F i r s t ,  t h e s e  b locks  a r e  f i t t e d  wi th  a tube  and 
are coated w i t h  a u re thane  tar s e a l a n t  or' f i l l e d  epoxy. Next, a f t e r  
t h e  c 0 a t i n g . i ~  cured,  t h e  b lock  i s  evacuated,  and hea t  s t o r a g e  niater ial '  
is  i n j e c t e d  back i n t o  t h e  evacuated .b lock  u t i l i z i n g  t h e  same tube.  
F i n a l l y ,  t h e  t ube  i s  c u t  of£  and t h e  ho le  s ea l ed  wi th  a p l a s t i c  plug. 
Each 8X8X16 conc re t e "  b lock  s t o r e s  approximately 1,45.0 ~ t u ' s  which. 
are l i b e r a t e d  du r ing  t h e  phase change between 74-and 7g°F. Thus, f o r  s 

' s t o r a g e  c a p a c i t y  of 400,000 ~ t u ' s , a  w a l l  w i th  276 .b locks  would. be r equ i r ed .  
' A  beadwall is  used f o r  i n s u l a t i n g  t h e  system a g a i n s t  n ight t ime l o s s e s .  
Cos ts  f o r  t h i s  system a r e  es t imated  as shown i n  Table 4-15. 

'e I n s t a l l a t  ion :  

I n  c o s t i n g  t h e  i n s t a l l a t i o n  of t h i s  system we assumed t h a t  t h e  b locks  
would be i n s t a l l e d  us ing  b u t y l  rubber compound app l i ed  i n  a bead on 
two s u r f a c e s  of t h e  block.  Labor rates were based on t h e  i n s t a l l a t i o n  
of f a c e  b r i c k  which cannot be chipped as opposed t o  concre te  b locks  which 
can  be handled more roughly. 

ope ra t ing  _ C o n d i t i ~ . ~ , ~ . :  

When used i n ' a  Trombe w a l l  con f igu ra t ion  where s o l a r  energy f a l l s  
d i r e c t l y  on t h e  b locks  and h e a t s  them t o  a temperature g r e a t e r  t han  t h e  
phase change t e m p e r a t ~ r e ~ t h i s  system w i l l  p rovide  p a s s i v e  h e a t i n g  t o  t h e  
dwel l ing  as t h e  temperature of t h e  dwel l ing  f a l l s  below t h e  phase change 
temperature.  However, t h e  r a t e  a t  which h e a t  i s  conducted through tl~t: 
b locks  and t r a n s f e r r e d  t o  t h e  dwel l ing  i s  comparat ively low, s o  t h a t  t h e  
h e a t  s t o r a g e  c a p a c i t y  of t h e  system can only  r e a l l y  be u t i l i z e d  over  a 

. pe r iod  of sever ' a l  days. Therefore,  on a d a i l y  b a s i s ,  t h e  e f f e c t i v e  s t o r a g e  
c a p a c i t y  is  less than  t h e  i d e a l  capac i ty .  'A l so ,  a t  n i g h t  when h e a t i n g  
i s  requ i r ed ,  a back-up hea t  source  may be rlecessary fn orde r  t o  main ta in  
t h e  dwell ing a t  a n  accep tab le  temperature l e b e l .  



Blocks, 12 Ibs CaCI2 6 

Each Block: 4" x 8" x 1 6 ,  Stores 600 Btu in Phase Change 
At  74--7g0~, . .. Weights 3 0  Ibs. 

Wall: 10' x 60' Contains 667 Blocks 
. Heat Transfer by Natural Convention and Radiation 

. . Residence 
- .  . ' Storage Capacity: 400,000 Btu 

Discharge Rate: Variable % 10,000 Btulhr or Less 
Solar Heating (~iurr' lal)  



T Y P E  : PHASE CHANGE MATERIALS 

CONTRACTOR : Suntek ( C o d e  

INPUT : Solar (Passive) 

CYCLE : D i u r n a l  

DIS.CHARGE RATE : , 

T a b l e  4-15 

STORAGE MEDIUM , A 

CONTAINER B 

I N S U L A T I O N '  C 

HEAT EXCHAIVGERS D 

FLUID ' . E 

P I P I N G  AND DUCTING . F ; 

BL0,WER & MOTOR C 
- .  

P W  & MOTOR ' H 

CONTROLS I 

INSTALLATION COST , . J' 
. . 

. . 

. . 

SYSTEM COST 

I 

COST O F  MAINTENANCE . 
' P E R  YEAR 

NO. OF SYSTEMS 
P E R  YEAR . 

COST SUMMARY .- SUNTEK 

$ 6 2 1  

- . .  . 

, 1 4 7 2 -  
-.- , 

. - 
. . .  

- 
- 

- 
. . 

- 

- 

625 

- 

2 7 1 8  

. . 

60 

: 30x10~ blocks 

I 2 i, ;'a. 

- 

54.2 

- 

- 

- 

- 

- .  

- 

2 3 

100% . .  , 
. . 

. . 



4.2.16 - Brookhaven System 

e Appl ica t ion :  

The system showh i n  Figure 4-18 is  designed t o  provide p,assive h e a t i n g  
f o r  a s i n g l e  family res idence  us ing  s o l a r  i npu t  on a d i u r n a l  b a s i s .  

e System Descr ip t ion :  

This  system u t i l i z e s  concre te  blocks f a b r i c a t e d )  us ing  microencapsulated 
h e a t  s t o r a g e  m a t e r i a l  t o  rep1ac.e some of t h e  .aggregate.  Calcium c h l o r i d e  
hydra t e  w a s  used a s  t h e  media f o r  t h e  system cos ted .  Since each block 

. . has  a capac i ty  of approximately 400 B tu ' s ,  1,000 blocks a r e  r equ i r ed  f o r  
a s t o r a g e  capac i ty  of 400,000 Btu ' s .  I n  t h i s  case ,  t h e  system is charged 

' 

from t h e ' i n s i d e ,  u t i l i z i n g  warm a i r  i n  t h e  bu i ld ing ,  r a t h e r  than  charged 
by t h e  sun f a l l i n g  d i r e c t l y  on t h e  e x t e r n a l  s u r f a c e s  of t h e  block a s  i n  
t h e  Suntek System. This  r e q u i r e s  t h a t  t h e  ambient a i r  temperature on t h e  
i n s i d e  of t h e  b u i l d i n g  reach  a temperature of 80' o r  more i n  o r d e r  t o  
provide .adequate  h e a t  t r a n s f e r  t o  t h e  b locks .  The system is  discharged 
au toma t i ca l ly  when t h e  temperature of t h e  bu i ld ing  f a l l s  below t h e  phase 
change temperature of approximately 75OF. An es t ima te  of t h e  c o s t  of 
t h i s  system i s  .given i n  Table 4-16. 

e I n s t a l l a t i o n :  

For c o s t i n g  purposes,  i t  was assumed t h a t  t h e s e  blocks could be  i n t a l l e d  
us ing  techniques  s u i t a b l e  f o r  s tandard  conc re t e  blocks.  I n s t a l l a t i o n  
c o s t s  i nc lude  mortar  and l abo r .  

e. Operat ing Condit ions : 

I f  th . i s  i s  used as a completely pas s ive  system, t h e  temperature 
d i f f e r e n t i a l  r equ i r ed  f o r  charging and d i scha rg ing  of t h i s  system implaes 
t h a t  p o r t i o n s  of t h e  bu i ld ing  a r e  overheated dur ing  t h e  day. A s  w i th  
t h e  Suntek System, t h e  d e l i v e r y  r a t e  i s  low compared t o  t h e  h e a t  s t o r a g e  
capac i ty  of t h e  b locks ,  s o  t h a t  i t  may no t  be  p o s s i b l e  t o  u t i l i z e  t h e  

' 

complete s t o r a g e  capac i ty  over a s i n g l e  d i u r n a l  cyc le .  



. . 

TW = 78OF 
Tair = 6 8 ' ~  

. . 

8"  x 8" Concrete Blocks, 25  Ibs Each 
o Filled with 6.25 Ibs Microencapsulated 

CaCI2. 6 H 2 0  
Each Block Holds 400  .Btu 
1000  locks for 400,000 Btu 
Delivery Rate Depends on Temperature 

Difference Between Room and Wall. 

Insulation (not ' 

Included in Cost) 

- -  . . . .  . .  

Residence 
Storage Capaclry: 400,000 Bru 
Discharge Rate: Variable Btulhr Probably Less Than i0,000 
Space Heating, Fossil Fuel Input (Diurnal) 

FIGURE 4-18 BROOKHAVEN (CODE # 16) 



TYPE : 

CONTRACTOR : 

PHASE CHANGE MATERIALS . 

B r o o k h a v e n  N a t i o n a l  L a b o r a t o r y  (Code il16): 

INPUT : F u r n a c e  ( P a s s i v e )  

CYCLE : D i u r n a l  

STORAGE CAPACITY : 4 0 0 , 0 0 0  B t u  

DI S CHARGE RATE : 
- (%I 

T a b l e  4-16 

COST SUMMARY - BROOKHAVEN NATIONAL LABORATORY 

STORAGE MEDIUM A 

CONTAINER B 

INSULATION C 

HEAT EXCHANGERS D 

FLUID E 

PIPING AND DUCTING F 

BLOLTER & MOTOR C 

PUMP & MOTOR H 

CONTROLS I 
--.-- .-- 

I N  STALLATION COST J 

SYSTEM COST 

COST OF MAINTENANCE 
'PER YEAR 

NO. OF SYSTEMS 
PER YEAR 

$ 4 9 8 1  

- 

- 

- 

- 

- 

- 

- 
...-- 

- 

2 0 7 4  

7 0 5 5  

0 

30x10~ b l o c k s  

7 0 . 6  

- 

- 

- 

- 

- 

- 

- 

- 

2 9 . 4  

100%' 



4.2.17 Desert Reclamation (Conffgura t ion .1)  

e . Appl ica t ion :  . - 

This  system provides  coo l ing  on a s easona l  b a s i s  
i n s t a l l a t i o n  us ing  inpu t  from t h e  environment. 

f o r  a community s i z e  

e System Desc r ip t ion :  

F igure  4-19 shows a system s i z e d  t o  meet t h e  requirements of a te rmina l  
of  JFK A i r p o r t . '  It u t i l i z e s  a f i e l d  of  40 w e l l s  t'o s t o r e  c h i l l e d  water  
t o  provide  coo l ing  dur ing  t h e  summer t ime. ,  I n  t h e  win te r  t ime,  t h e  
water  i s  c h i l l e d  u t i l i z i n g  e i t h e r  coo l  water  from Jamaica Bay o r  water  
supp l i ed  from coo l ing  towers a l r eady  i n  p l a c e . a t  t h e  a i r p o r t  and pumped 
i n t o  20 c h i l l e d  water  w e l l s .  During t h e  summer,, t h i s  c h i l l e d  water  is  
pumped through a h e a t  exchanger t o  provide  cool ing  t o  t h e  b u i l d i n g  .and' . 

then  passed i n t o  ano the r  group o£ w e l l s  where i t  can be s t o r e d  u n t i l  i t  
can be cooled aga in  t h e  fol lowing winter .  Table 4-17 p.resents cos t  
e s t i m a t e s  f o r  t h e  system shown. . 

. . 

e I n s t a l l a t i o n :  

The major i n s t a l l a t i o n  requirements  f o r  t h e  system a r e  t h e  d r i l l i n g  of 
t h e  40 w e l l s  which a r e  36" i n  diameter  and t h e  i n s t a l l a t i o n  of t h e  
p ip ing  connect ing t h e  w e l l  f i e l d  wi th  t h e  coo l ing  system of t h e  bui ld ing .  
This  work is a l l  done a t  t h e  s i t e  i nc lud ing  wi r ing  of a l l  c o n t r o l s  
u s ing  techniques t h a t  a r e  s tandard  f o r  t h i s  type  o f . f a b r i c a t i o n .  

. . 
o Operat ing Condit ions:  

This  system as o r i g i n a l l y  propnsed u t i l i z e d  c h i l l e d  water  s t o r e d  aL 35°F 
t o  provide  t h e  cool ing.  n~is  t n  the,  r ~ q u i r e m e n t s  f o r  a occondary h e a ~  
exchanger between t h e  w e l l  water  and t h e  cool ing  f l u i d  i n  t h e  a ir  
cond i t i on ing  system, . t h e  de l ive red  temperature of t h e  cool ing  water  t o  
t h e  a f r  cond i t i on ing  system w i l l  be  5 0 0 ~ ;  i f  a reasonably s i z e d  h e a t  
exchanger i s  used. Decreasing t h i s  temperature t o  t h e  4 5 ' ~  l e v e l  w i t h  
t h e  secondary h e a t  exchanger w i l l  add t o  t h e  cos t  of t h e  system, however, 
as i n d i c a t e d  i n  e a r l i e r  s e c t i o n s ,  45OF i s  t h e  maximum accep tab le  tempera- 
t u r e  f o r  dehumidi f ica t ion  of a i r  accord ing  t o  s tandard  HVAC system des ign  
p r a c t i c e .  If t h e  w e l l  water  can be pumped d i r e c t l y  t o  t h e  a i r  condi t ion ing  
system, then  t h e r e  is no problem wi th  t h e  d e l i v e r y  r a t e  c a p a b i l i t y  of t h e  
system o r  the temperature of t h e  coo l ing  f l u i d .  



A: Charge 
B: Discharge 

Community Sized System 
Storage Capacity: 200 x 10' Btu 

'Discharge Rate: 288 x lo6 Btufhr 

i ~nlironinental lnpu; Space 
cooling (Seasonal) 

FIGURE 4-19 DESERT HtCiAMATlON IND. (CONPIGURATION # I-) 
.. (CODE # 17) 



TYPE : AQUIFER 
, . 

I 

CONTRACTOR : D e s e r t  R e c l a m a t i o n  I n d u s t r i e s  (Code #17) 

INPUT : 

CYCLE: . . . . 

STORAGE CAPACI~Y': 

DI  S CHARGE RATE : 

E n v i r o n m e n t a l  

. S e a s o n a l  
9' 

, 2 0 0  x 10 B t u  

T a b l e  4-17 

COST SUMMARY - 'DESERT, RECLAMATION INDUSTRIES CCOWIGURATION 1) 

STORAGE MEDIUM' A 

CONTAINER B 

INSULATION C 

HEAT EXCHANGERS D 

FLUID E 

PIPING AND DUCTING F 

BLOWER & MOTOR C 

PUMP 6 MOTOR H 

CON TCOL S I 

. 
INSTALLATION CUS'l' J 

f 

SYSTEM COST 

COST OF MAINTENANCE 
'PER YEAR 

NO. OF SYSTEMS 
PEK Y E A R  

$ - 
- 

- 

3 5 0 , 0 0 0  

- 

1 1 2 , 3 6 0  

- 

3 5 9 , 6 0 0  

2 8 0 , 2 0 0  - 

3 ,15 t i ,S43  

4 , 2 5 8 , 5 0 3  

I 

7 5 , 0 0 0  

- 

1 

- 

- 

- 

8 . 2  

- 

2 . 6  
- 

- 

8 . 4  

6 . 6  

7 4 . 2  

- - -- 

100% 



4.2.18 Texas A&M System 

Appl ica t ion :  

The Texas A&M.System is s i z e d  t o  provide coo l ing  f o r  a l a r g e  apartment 
complex on a  seasonal  b a s i s  us ing  environmental i npu t .  

System Descript ion:  

This  system u t i l i z e s . . t h r . e e  w e l l s  (see' F igure  4-20). Two w e l l s  s t o r e  
coo l  water  and one w e l l  s t o r e s  warm water a f t e r  i t  h a s  been used t o  
cool  bu i ld ings .  cool ing  of t h e  water  i s  done us ing  a  spray  pond during . 
t h e  w in te r .  Whenever ambient temperatures  a r e  such t h a t  water  a t  a  coo l  
enough: temperature can be  produced, i t  i s  c i r c u l a t e d  ' through t h e  spray 
pond from the  warm water  s t o r a g e  w e l l ,  c o o l e d . a t  t h e  sp ray  pond, and then  
i n j e c t e d  i n t o  t h e  c h i l l e d  water s t o r a g e  we l l s .  During t h e  summer time 
when coo l ing  is  r equ i r ed ,  water  is  pumped from t h e  w e l l s  d i r e c t l y  t o  
t h e  cool ing  system of t h e  complex. Cost e s t ima te s  f o r  t h i s  system a r e  
given i n  Table 4-18. 

I n s t a l l a t i o n :  

The major i n s t a l l a t i o n  requirements  f o r  t h e  system a r e  t h c  d r i l l i n g  of 
t h e  t h r e e  we l l s  and t h e  i n s t a l l a t i o n  of t h e  p ip ing  r equ i r ed  t o  connect 
t h e  w e l l s  ;o each o t h e r  and t o  t h e  load.  Standard i n s t a l l a t i o n  tech- 
n iques  f o r  t h i s  type  of appara tus  were used i n  c o s t i n g  t h e  system. 

'e Operating Conditions: 

The maj.or l i m i t a t i o n  on t h i s  system i s  t h e  a b i l i t y  t o  produce coo l  water  
i n . t h e  win te r  time. The system p r e s e n t l y  being developed by Texas A&M 
i s  designed t o  provide  50°F water  t o  t h e . l o a d .  This  is s l i g h t l y  warmer. , 

than normally acceptab le  i n  a i r  condi t ion ing  a p p l i c a t i o n s . .  I f  t h e  system 
were u t i l i z e d  i n ,  an a r e a  where t h e  weather w a s  coo le r  i n  t h e  win te r  t ime, 
coo le r  ..water. could be produced and t h e  output  temperatures  from t h e  w e l l  
would be acceptab le .  



Valves' 

PVC 

I , ~ ~ ~ ~ O O ~ - I  I ea. 150' Deep With 650 gpm 

1 ' I Well .Pumps 

I \  
( (  

1300' -. 

. . 
8" Dia. PVC 

3.2 x 1o7.~allons Used For Storage 
* .  

A - Filling Pond From Production Well Large Apartment Building . . 

B - Ckilling Water storage Capacity: 4 x 1 o9 Btu 
C - Filling Injection Wells With Chilled Wa~er Discharge Rate: 10 x lo6 Btulhr 
D - Chilled Water to Load Environmental Input, space Cooling 
E - Pond to Production, wel l  

. FIGURE'4-20 TEXAS A&M (CODE # 18) 



TYPE : . AQUIFER 

CONTRACTOR : Texas AbM U n i v e r s i t y  (Code f 1 8 )  
. . 

INPUT : Environmental  

CYCLE : Seasona l  

STORAGE CAPACITY : 4 x 1 0 ~  Btu 

D I  S CHARGE RATE : 1 0 x 1 0 ~  ~ t u / h r  Cool ing (%) 

Table  4-18 

STORAGE. MEDIUM . A 

CONTAINER B .  

INSULATION C 

HEAT EXCHANGERS D 

FLUID E 

PIPING AND DUCTING F 

G BLOWER & MOTOR 

PUMP & MOTOR H 

CONTROLS I 
-.* ...... - 

INSTALLATION COST J 

SYSTEM COST 

COST OF MAINTENANCE 
'PER YEAR . 

NO. OF SYSTEMS 
PER YEAR 

COST SUMMARY - TEXAS A&M UNIVERSITY 

. $  - 

- 

- 

- 

- 

2 2 , 3 6 3  

- 

' 27,163 

11 ,291  

. , 66,139 

126,956 , 

. . 

4,082 
I 

1 

- 

- 

- 

- 

- 

1 7 . 6  

- 
. . 

21.4 

8.9 

52 .1  

100% 



4.2.19 Desert  Reclamation (Configurat ion 2 )  

Apvl ica t ion : .  
. . 

This  DRI System was s i z e d  t o  provide  cool ing  on a seasona l  b a s i s  f o r  a  
' 

l a r g e  apartment complex u t i l i z i n g  environmental i npu t s .  

8 System Desc r ip t ion :  

This  system u t i l i z e s  two w e l l s  ( s ee  F igure  4-21). Ch i l l ed  water  is  
supp l i ed  by an e x t e r n a l  source ,  e i t h e r  from a cool ing  tower o r  from a 
body of c h i l l e d  coo l  water  such as t h e  ocean. A s  much cool  water  as 
p o s s i b l e  is s t o r e d  dur ing  t h e  w i n t e r  time. ~ u r i n g  t h e  summer t ime,  t h i s  
c h i l l e d  water  i s  pumped through a  hea t  exchanger.and used t o  coo l  t h e  
load .  The warmed water  i s . s t o r e d  i n  t h e  second w e l l  u n t i l  t h e  fol lowing 
season  when i t  i s  withdrawn and cooled ~ h e n e v e ~ r  ambient cond i t i ons  permi,t. 
Costs  a r e  e s t ima ted  a s  shown. i n  Table 4-19. . . 

. . 

e I n s t a l l a t i o n :  

This  system is i n s t a l l e d  us ing  procedures  s i m i l a r  t o  t hose  descr ibed  i n  
Sect , ion 4.2.17. , 

e ' Operat ing Condit ions : 

The, same cons ide ra t ions  i n  t h e  o p e n t i o n  of  t h i ~  system apply as. those  
descr ibed  i n  Sec t ion  4.2.17. 



A: Charge 
B: Discharge 

e Large Apartment Buildin d Storage Capacity: 4 x 10 Btu 
a Discharge Rate: 10 x lo6 Btulhr 
a Environmental Input 

. .Space Cooling (Seasonal) 

FIGURE 4-21 DESERT RECLAMATION IND. (CONFIGURATION 2) 
(CODE # 19) 



T Y P E  : , . 

. .CONTRACTOR: 

AQUIFER.  

L ~ e s e r t  R e c l a m a t i o n  I n d u s t r i e s  ( C o d e .  # l 9 )  ' . 

I N P U T  : E n v i r o n m e n t  a1 
. :  

CYCLE : Seasonal 

STORAGE CAPACITY : 4x10' B t u  

.. ,DISCHARGE RATE : 1 0 x 1 0 ~  B t u / h r  C o o l i n g  (%I 

T a b l e  4-19 

. . . 
STORAGE MEDIUM A 

. . 

CONTAINER B. 
,. . 

INSULATION' c 

HEAT EXCHANGERS , ' D 
,. ' 

F L U I D  E 

P I P I N G  AND DUCTING F 

BLOWER ti 'MOTOR c 

PUMP & MOTOR H 

CONTROLS 
. . 

I 
,- . -.. ..:.. .-.- 

INSTALLATION COST ;T 
. . 

SYSTEM COST 

COST OF. MAINTENANCE 
' , P E R  YEAR . . 

. . . . 

NO 1 OF SYSTEMS 
.PER YEAR . . 

COST SUMMARY - DESERT RECLAMATION I N D U S T R I E S  (CONFIGURATION 2) , 

. $ - 

- . . .  

- 

25000 

- 

7665 

- 

, 12680 

7440 

1 8 0 4 7 5  , . 

-. 

233,260 

3 ,265 

. . 

1 

- , . 

. - 

- 

1 0 . 7  
+- 

- . . 

3 . 3  

- 
. . 

5.4 
-- 

3 , 2  

7 7 . 4  . 

1002 



CHAPTER 5 

BASELINE SYSTEMS 

5.1 In t roduc t ion  

I n  o r d e r  t o  .provide a  b a s i s  f o r  eva lua t ing  t h e  d i f f e r e n t  advanc'ed TES 
s?stems, a  b a s e l i n e  system has been i d e n t i f i e d  f o r  each of t h e  app i i ca -  
t i o n s  descr ibed  i n  Chapter 4. The b a s e l i n e s  have been s i zed  s o  t h a t  

, each b a s e l i n e  matches one o r  more of t h e  appl i ' ca t ions  f o r  which t h e  
advanced technologies  have been s i z e d  and cos ted .  I n  t h i s  .Chapter,  . 

- t h e s e  b a s e l i n e  systems a r e  descr ibed  i n  d e t a i l  and cos t  e s t ima te s  a r e  
summarized. 



5.2.1 Pass ive  S torage  Systems (code #B1) 

Pass ive  s t o r a g e  systems u t i l i z e  a phase change m a t e r i a l  encapsulated i n  ' 

a  s tandard  b u i l d i n g  m a t e r i a l  such a s  a conc re t e ' b lock  o r  c e i l i n g  t i l e .  
' 

The b a s e l i n e  f o r  t h i s  ca se  i s  'an e q u i v a l e n t  b u i l d i n g  mater ia l ,  without  
. t h e  PCM s t o r a g e  c a p a b i l i t y .  1 n . o r d e r  t o  c a l c u l a t e  t h e  c o s t  of adding t h e  

s to rage ,  t he  s t o r a g e  capac i ty  of t h e  PCM-impregnated b u i l d i n g - m a t e r i a l  
i s  o f f s e t  by t h e  s t o r a g e  capac i ty  of t h e  b u i l d i n g  m a t e r i a l  Without PCM 
and t h e  co,st of t h e  block w i t h  s t o r a g e  capacf ty  i s  o f f s e t  by t h e  c o s t  
of t he :  m a t e r i a l  :wi thout  s to rage  capac i ty .  This  can ' then be used . t o  
c a l c u l a t e  t h e ' c o s e  o f  s t o r a g e  f o r  a p a r t i c u l a r  i n s t a l l a t i o n .  F igure  
5-1 .shows t h e  .method appl ied  t o  t h e  Suntek and Brookhaven '.systems as . 
cos ted  duri'ng t h i s  program. It should be noted t h a t  t h e  c o s t s  used. a r e  
t h e  i n s t a l l e d  c o s t s  of  t h e  d i f f e r e n t  systems. 

. . 

. . 



Block With Block Without 

, < 

Cost = $p cm 
c o s t  = SB 

Storage Capacity = Qpcm Storage Capaci ty =' QB 

'Suntek Suntek Mookhaven3 Base l ine  

Price/Block 
( i n s t a l l e d )  ($) 9.86 4.53 7.05 1.72 

Storage Capaci LY (Dtu) 1'1 50 1 4  5n 400 604 

Cost ($ ) / l o6  Btu o f f s e t  
by b a s e l i n e  5860 2020 15,680 ' 0 

1 
Trombe w a l l  wi th  Beadwall i n s u l a t i o n .  

Z 
Without i n s u l a t i o n ,  

3 ~ n t e r i o r  un insula ted  wall. 

4Based on 30 l b  block cyc l ing  through 10 '0~ d i f f e r e n t i a l .  

FIGURE 5-1 'PASSIVE SYSTEM BASELINE 



5.2.2' Diurnal  So la r  Storage f o r  Space Heating - ~ e s i d e n t i a l  I n s t a l l a t i o n ,  
wi th  Hydronic System (Code f l ~ 2 )  

The system c'hosen a s t h e  b a s e l i n e  i n  t h i s  case ,  c o n s i s t s  simply of a 
. l a r g e  s t e e l  t ank  con ta in ing  ho t  water .    his system, shown i n  F igure  

5-2 f o r  a 400,, '000-~tu capac i ty ,  cons i s t s .  of .  a  803-gallon tank. l i n e d  wi th  
a  coa t ing  t o  prevent  cor ros ion .  It con ta ins  water ,which.- is  cycled through 
a  temperature range of , l b o O ~  t o  160°F. The ' tank i s  i n s u l a t e d  and covered. . 

. . 
wit,h a  s h e e t  meta l  j a c k e t . '  A c o s t  e s t ima te  f o r  t h i s  system i s  shown i n  
Table 5-1. . 



Insulation 

Area = 129 f t  2 .  803 Gallons 

Foundation 

~esidencc 
Storage Capacity, 400,000 Btu 
Discharge Rate, 50,000 Btultlr 
Solar Hydronic Space Heating (Diurnal) 

FIGURE 5-2 SOLAR HYDRONIC SPACE HEATING WITH DIURNAL STORAGE 



STORAGE MEDIUM: . 

' 

Water 

Item Cost 

. . 
($1 

CONTAINER: . 803 ga l lon  'tank with supports  . 1,051 
. and t r a n s p o r t a t i o n  . . 

a Lining 129 f t 2  @ $2.50/ft2 323 
2 2 

. a ' Jacket  129 f t  @ $. 37,ft . 4 8 

INSULATION : 129 fc2  @ 1 6 0 ' ~  ($ .20/ f t2)  ' 26 

HEAT EXCHANGER : 0 
. . 

HEAT TRANSFER. SYSTEM : 0 

CONTROLS : 1-nlermdstat 35' 

TOTAL COMPONENT COST : 1,483 

. . INSTALLATION: Labor - 8 h r  @ $20 ' 160 

.a Foundation 100 ~ 

. TOTAL 

TABU 5-1 HYDRONIC SOLAR SPACE HEATING BASELINE COSTS' 



Diurna l  So la r  Space Heating f o r  Residences Using Hot A i r  (Code #B3) 

The system chosen f o r  t h i s  a p p l i c a t i o n  i s  t h e  Solaron rockbed h e a t  s t o r a g e  
system. Costs  were der ived  based on des ign  i n p u t s  from Solaron an'd 
quotes  obta ined  from l o c a l  vendors p l u s  Means Data Book f o r  1978.* 

The gene ra l  des ign  of t h e  system cos t ed  i s  shown Iln F igure  5-3. This  
system i s  f a b r i c a t e d  on s i t e  us ing  r e a d i l y  a v a i l a b l e  cons t ruc t ion  
m a t e r i a l s .  The b a s i c  con ta ine r  i s  an 8" t h i c k  r e in fo rced  concre te  waL1. 
Near t h e  bottom, for& a r e  used t o  make a i r  passages.  S imi la r  passages . 
a r e  made a t  t h e  top  of t h e  con ta ine r .  The i n s i d e  s u r f a c e s  and t h e  f l o o r .  
of t h e  conc re t e  conta iner  a r e  l i n e d  wi th  r i g i d  f i b e r g l a s s  i n s u l a t i o n .  
The i n s u l a t i o n  recommended is 5" t h i c k  f o r  indoor a p p l i c a t i o n s ,  and 
8" t h i c k  f o r  outdoor a p p l i c a t i o n s .  Sheet rock is  placed over t h e  bottom 
t o  d i s t r i b u t e  t h e  load  of t h e  rock. 8" X 8" X 16" concre te  beam blocks  
a r e  spaced a c r o s s  t h e  bottom of  t h e  con ta ine r  on top  of t h e  s h e e t  rock.  
These b locks  a r e  "u" shaped and 'permi t  t h e  a i r  t o  c i r c u l a t e  throughout 
t h e  bottom of t h e  conta iner .  Metal p l a s t e r  l a t h  i s  placed on t o p  of t h e  
beam blocks t o  support  t h e  rock,which s e r v e s  a s  t h e  primary h e a t  s t o r a g e  

, 
medium. The rocks a r e  112" t o  1-112" pebbles,which can be' purchased 
l o c a l l y .  The conta iner  is  f i l l e d  wi th  t h i s  m a t e r i a l  t o  w i t h i n  a few 
inches of t h e  top  and is  covered wi th  a plywood and 2" X 4" pane1,which 
con ta ins  f i b e r g l a s s  i n s u l a t i o n .  The lower p o r t i o n  of t h i s  cover is  
sheathed wi th  s h e e t  rock t o  i n s u r e  t h a t  no materials t h a t  may.give o f f  
r e s i n  come i n  con tac t  wi th  t h e  a i r .  

During use,  c o o l . a i r  is always in t roduced  a t  t h e  bottom of t h e  con ta ine r  
and hot  a i r  a t  t h e  top. Thus, du r ing  t h e  charging cyc le ,  .hot a i r  comes 
i n  a t  t h e  top  and cooler  a i r  i s  removed,from t h e  bottom. During d i scha rge ,  
coo l  a i r  i s  introduced a t  t h e  bottom and hot  a i r  removed a t  t h e  top .  
According t o  t h e  manufacturer,  e x c e l l e n t  s t r a t i f i c a t i o n  is  obta ined  i n  
t h e  s t o r a g e  m a t e r i a l  i n  t h i s  fash ion .  The average temperature of t h e  
device  i s  s a i d  t o  go from t h e  top  s:orage input  temperature t o  ambient 
temperature dur ing  a normal use  cyc le .  However, i n  p r a c t i c e ,  a somewhat 
s m a l l e r  temperature d i f f e r e n t i a l  is  l i k e l y .  Therefore,  we have u t i l i z e d  
a f i g u r e  of 85OF t o  140°F i n  c a l c u l a t i n g  t h e  s t o r a g e  capac i ty  r equ i r ed .  
Based on t h e  bulk  dens i ty  o£ t h i s  type'  o f . m a t e r i a 1 ,  approximately 20 , 

Btu/OF.ft3 cdn be obtained from t h i s  s t o r a g e  system. 

Cost e s t ima te s  were developed f o r  t h r e e  d i f f e r e n t  system s i z e s .  #The 
system s p e c i f i c a t i o n s  are summarized i n  Table 5-2 and t h e  c o s t s  a r e  given 
i n  Table 5-3. Table 5-4 g ives  a d e t a i l e d  breakdown of t h e  c o s t s  f o r  
one sma l l e r  system a s  an i l l u s t r a t i o n  of t h e  c o s t i n g  procedure used. 
Using these  f i g u r e s ,  a curve which r e l a t e s  s t o r a g e  capac i ty  t o  c o s t  f o r  
rockbed s t o r a g e  systems was developed. This  i s  shown i n ' F i g u r e  5-4. 
The cos t  ranges from $3.40 per  cub ic  f o o t  f o r  a r e s i d e n t i a l  s i z e  system 
t o  $1.80 pe r  cubic f o o t  f o r  a system s i z e d  f o r  a l a r g e  apartment.  These 
a r e  i n s t a l l e d  c o s t s  i nc lud ing  normal overhead and p r o f i t . w h i c h  would be  
charged by .a con t r ac to r  t o  f a b r i c a t e  t h e  device.  This  f i g i r e  compares 
w i th  a va lue  of $3.00 t o  $4.00 per  cubic  f o o t  given by t h e  Solaron. 

* Robert Snow Means Company, Inc . ,  Bui ld ing  Cons t ruc t ion  Cost Data 
1978.36th E d i t i o n  Duxbury, Mass. , 19.78. 



Fiberglass Batten . . _  

0.5" Plywood . 

0.5" Sheet Rock 

0.5" - l55",PebbIes 

'"Rigid Fiberglass Insulation 
5" Indoor ' 

8" Ourdoor 

\ 

8" x 8" x 16" Concret . Metal Lath 
Beam Blocks U.S,.G., Junior Diamond Mesh- 

(3.4 I blyd2) 

FIGURE 5-3 SOLARON ROCKBED STORAGE SYSTEM 



STORAGE MEDIUM . 1 8  tons  45.5 t o n s  . 365 t o n s  

CONTAINER: 

2  
Plywood ( f t  ) 
Sheet  rock ( f t  ) 
2" x 4" ( f t )  
Metal l a t h  ( f t  ) 
Bond beam blocks  

7.2' X 1 0 '  X 5' 1 3 ' X 1 4 '  X5'  
h igh  h igh  ( i nc ludes  

cover suppor t s )  

INSULATION : 

2 
5" u re thane  ( f t  ) 2 

244 
' . 3-1L2" f i b e r g l a s s  ( f t  ) 72 . . 

30' X49' X5'  . ,  

( i nc ludes  
cover  suppor t s )  

NOTE: F a b r i c a t i o n  and installation labor: inc luded  i n  c o s t s .  

TABLE 5-2 ROCKBED STORAGE SYSTEM GENERAL SPECIFICATIONS 



TABLE 5-3 COSTS. OF SOLARON. ROCKBED ST0,RAGE SYSTEM 

r 

Element 

Storage Medium 

Container  

Covcr 

I n s u l a t i o n  

Cont ro ls  

TOTAL 

Cost ($) f o r  System S ize  Indica ted  

6 
8 X 10 Btu 

1,825 

5,935 

2,017 

3,306 

140 

13,223 

400,000 Btu 

9 0 

692 

116 

335 . 

3 5 

1,268 

6 
1 X 10 Btu 

228 

1,340 

245 

633 

70 

2,516 



. TABLE 5-4 

400,000 BTU ROCKBED STORAGE COST DETAILS 

cost*($) T o t a l  ($) 
Breakdown f o r  Element 

S to rage  Medium: 18  tons  @ $5.00/ton 90 

7.2' x 10 '  x 5" h igh ,  Container  :, 555 
8" r e in fo rced  concre te .  
Assumed c o s t  of two 
w a l l s  p a r t i a l l y  o f f s e t  
by c o s t  of concre te  . . 
biock .wal1  arid 4" of 
a d d i t i o n a l  concre te  . 
requi red  f o r  f l o o r .  

Top (excluding .. 

insu la t ion) :  
plywood 6 s h e e t s  4'x8'  
@ $11.50 e a  ' 6 9 
Sheet  rock 3 s h e e t s  
4'x8' @ $352 e a  11 
2"x4" *,50 ' *@ $. 22/f t 11 
Labor $. 3 5 / f t .  2 5 

Bold Beam Blocks 
60 @ $ . h 6  ea. 
Metal Lath 3.4 l b /yds  
(black) ( i n s t a l l e d )  
Sheet  rock: 3 s h e e t s  
4'x8' @ $3.52 e a  

S ides  a d Bottom, I n s u l a t i o n :  
244 f t . ?  @ $ 1 . 3 0 / f t . ~ '  
i n s t a l l e d  32 7 
topZ 72 f ~ . ~  @ $.251 
f t .  18 . 335 

. . 

Contro ls  : 1-Thermos t a  t 3 5 

L n s t a l l a t i o n :  I n s t a l l a t i o n  of Blocks 
& Gravel ** 

. 1 d r i v e r  wf th  t r u c k  
p l u s  2 l a b o r e r s  
1 hr. @ $62/hr.  6 2 

1 

T o t a l  Cost ..f268 

* A l l  l i b o r  i nc ludes  overhead & p r o f i t ,  m a t e r i a l s  a r e  de l ive red  p i i c e s .  
** ' Assumes crew on site f o r  o t h e r  work. 



. . 
1 . -  2 3 4 . 5  . . ' 6 7 8 9 10 

Storage Capacity ( lo6 Btu) 
Bared on: 

. 1100 13tu/ft3 ' 

Temperature range: 85°~-14?0~ 

FIGURE 5-4 Ra3,CKBED STORAGE COSTS 



5.2..4 Pressur ' ized Hot water  S torage  f o r  So la r  Space cooling'  (Code # ~ 4 ) ,  

The Megatherm p re s su r i zed  h o t  water  s t o r a g e  system was s e l e c t e d  as t h e  
b a s e l i n e  s t o r a g e  system f o r  a p p l i c a t i o n s  u t i l i z i n g  s t o r e d  s o l a r  energy 
t o  run  abso rp t ion  a i r  c o n d i t i o n e r s  f o r  space  cool ing .  The Megatherm 
system a s  shown i n  F igu re  5-5 c o n s i s t s  of a  l a r g e  s teel  t ank  equipped 
w i t h  two hea t  exchangers.  The h e a t  exchanger pos i t i oned  nea r  t h e  bottom 
of t h e  t ank  i n p u t s  energy from t h e  s o l a r  c o l l e c t o r .  The temperature  on 
t h e  i n p u t  s i d e  is 300'~. The top  h e a t  exchanger i n p u t s  energy t o  t h e  
abso rp t ion  a i r  cond i t i one r  a s  r equ i r ed  a t  a  temperature  of 200'~.  The 
output  h e a t  exchanger is equipped w i t h  a  tempering valve,which mixes 
outgoing h o t  water  w i th  incoming c o o l  water  t o  main ta in  a  cons t an t  tem-  
p e r a t u r e  on t h e  o u t l e t  s i d e .  Th i s  system i s  s u i t a b l y  i n s u l a t e d  f o r  
t empera tures  of t h i s  s i z e  and i s  surrounded by a  s h e e t  me ta l  enc losure .  
Cont ro l  of t h e  i npu t  i s  done by a  p r e s s u r e  switch,which mechanical ly  
s enses  t h e  p r e s s u r e  i n  t h e  t ank  and s h u t s  o f f  t h e  i npu t  when t h e  temper- 
a t u r e  a s  i nd i ca t ed  by t h e  p re s su re  swi tch  r eaches  a  predetermined l e v e l .  

Cost e s t i m a t e s  were ob ta ined  from Megatherm f o r  t h r e e  d i f f e r e n t  system 
s i z e s .  The system shown i n  F igure  5-5 is  s i z e d  f o r  a  r e s i d e n t i a l  cool- 
i ng  a p p l i c a t i o n .  Two o t h e r  systems: one s i z e d  f o r  a  smal l  apar tment  
b u i l d i n g  and t h e  o t h e r  s i z e d  f o r  a l a r g e  apartment  b u i l d i n g  were a l s o  
cos t ed .  The s p e c i f i c a t i o n s  and c o s t s  f o r  t h e s e  systems a r e  shown i n  
Table  5-5. A graph r e l a t i n g  t h e  c o s t  of t h i s  s o l a r  energy s t o r a g e  system 
u t i l i z i n g  p re s su r i zed  h o t  water  v e r s u s  c a p a c i t y  i s  shown i n  F igu re  5-6. 



Heat Exchanger . . . 

Tempering Valve 

Residence 
Storage Capacity: 250,000 Btu 
Discharge Rate: 50,000 Btulhr 
Solar Space Cooling (Diurnal) 

FIGURE 6-5 BASELINE SOLAR COOLING 



Size. Storage Capacity "Input/Output . Input/Output 
(~allons ) (Btu) 

. , 

Rate (Btulhr) Temperature (9) Cost 

.. Two Tanks @ 
12,465 each 

TABLE 5-5 MEGATHERM COSTS FOR PRESSURIZED HOT WATER 
STORAGE FOR SOLAR SPACE COOLING 

NOTE: Add 10% to cost shown to allow for transportation 
and installat ion. . . 



. . . . 
5 ' 10 

. . 

Storsge Capacity (lo6 Btu) . . 

Note: . Add 10% to cost shown to allow for t-ansportation and installation. 
. . 

. . .  

.FIGURE 5-6 COST OF MECATHERM SYSTEM VS SIZE FOR USE WITH . 

SOLA! INPUTS FOR ABSORPTION AIR-CONDITIONING 



.5.2.5 So la r  Heating and Cooling System f o r  Diurna l  and .seasonal 
Storage App3.ications (Code # ~ 5 )  

The system used a s  t h e  b a s e l i n e  f o r  t h i s  a p p l i c a t i o n  is  shown schemat- 
i c a l l y  i n  Figure 5-7. The b a s i c  s t o r a g e  element i s  a l a r g e  tank  con- 
t a i n i n g  water .  The type  of tank  chosen and t h e  p l ace  where i t ' i s  in-  
s t a l l e d ,  depend on t h e  type  of a p p l i c a t i o n .  The follow5ng tank  types  
and l o c a t i o n s  were used i n  t h i s  s tudy:  

r e s i d e n t i a l  d i u r n a l  '- unpressur ized  s t e l l  tank  loca t ed  
indoors ;  ' 

. . . . 

o commercial , d iu rna l  - .unpressurized s t :ee l  t ank  - l oca t ed  
out.doors;,  , . . 

r e s i d e n t i a l  season - unpsessurized steel tank bu r i ed ;  
- .  

e commercial s easona l  - p r e s t r e s s e d  conc re t e  tank  loca t ed  
m - 

above ground. I 

For t h e  seasona l  s t o r a g e  a p p l i c a t i o n ,  a c y l i n d r i c a l  polyethylene l i n e r  
was used t o  s e p a r a t e  t h e  ho t  s t o r a g e  f o r  s o l a r  a i r  condi t ion ing  from 
t h e  warm s t o r a g e  used f o r  space hea t ing  and water  hea'ting. Thjs  would 
be f a b r i c a t e d  a s  a l a r g e  cy l inde r ,  which could be suspended from t h e  
inne r  w a l l s  of t h e  o u t e r  con ta ine r .  It was assumed t h a t  t h i s  s e p a r a t o r  
would be p a r t i a l l y  f a b r i c a t e d  i n  a f a c t o r y  from 5-foot *wide, cont inuously 
c~r t rudod p o l y e t h y l e n ~  s h e e t s .  Final assembly a t  t h e  s i t e w o u l d  involve  
snapping Lugether t h e  f i n a l  seam t o  make a .cy l i .nder  and suspending i t  
from the  w a l l s  of t h e  o u t e r  tank. 

For t h e  d i b r n a l  s t o r a g e  a p p l i c a t i o n ,  t h e  tank  d a s  s i z e d  based on t h e  
requirement f b r  coo l ing ,  using 25" temperature d i f f e r e n t i a l  from 205" 
t o  180°F. For t h e  seasona l  s t o r a g e  case ,  t h e  model descr ibed  i n  Chapter 
6 was used t o  e s t i m a t e  t h e  amount of s t o r a g e  r equ i r ed .  I n  t h i s  cage t h e  
inne r  con ta ine r  was ass~tmed t o  c y c l e  between 180' and 200°F and t h e  

\ o u t e r  con ta ine r  from 200°F t o  ambient temperature.  The tank i s  i n s u l a t e d  
i n  t h e  seasonal  ca se  t o  achieve  an  average s tandby l o s s  of less than  2 
~ t u / h r / f t 2  us ing  5 inches  of polyurethane foam. I n  t h e  d i u r n a l  s t o r a g e  
case ,  s tandard  f i b e r g l a s s  i n s u l a t i o n  was used. For outdoor i n s t a l l a t P o n s  
a waterproof cement i t ious  coa t ing  was assumed, 

The hot  water  supp l i ed  by t h e  s t o r a g e  system is used e i t h e r  t o  provide  
space and water  hea t ing  d i r e c t l y ,  o r  t o  d r i v e  an  Arkla absorp t ion  a i r  
cond i t i one r .  Cooling was provided t o  t h e  Arkla  u n i t  by a convent ional  
cool ing  tower. 

. The system configured i n  t h i s  way provides  performance equiva len t  t o  t h a t  
of t.he chemical h e a t  pump systems analyzed i n  e a r l i e r  s e c t i o n s .  The 
d e t a i l s  of t h e  elements  chosen f o r  e s t ima t ing  t h e  c o s t  of s p e c i f i c  sys- 
tems, which can be  compared d i r e c t l y  w i th  chemical h e a t  pump systems, a r e  
shown i n  Tables  5-6 through 5-11. 
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I T = .70°~ 

. . 

i 

T = 4 5 ' ~  -* 
: . I ;  

GT = 5 5 ' ~  
. . 

, . Domestic 4 

--- 
Hot Water 

, . 

. , - 
' ,  

Water 
Storage 

. (unpres- 
surized) 

b ' 

/ .  
For Seasonal Storage, a Arkla ~bscrption' ' 

Concentric Polyethylene Air Conditioner 
.' Cylinder is bsed'to Separ- 

ate Two Zones. The Outer . . 

. Zone is Maintained Between . . . . 
. . Ambient and 200'~ and the 

Inner Zone ~.et&en 180 . 

and 200'~. 

FIGURE 5-7 BASELINE SYSTEM FOR COMPARISON WITH CHEMICAL HEAT PUMPS 



cost ($1 

Storage Medium: Water 

Container . . 1660-~allon steel tank, . 

unpressurized . . 
e .'~emperature differentials . . 

- summer:' 205-18D°F* 
- winter:' 130-100~F.- . 

~ . ,  . 
4 ~nstalled indoors: . . 

Lining. 207 ft2 at $2 .50/ft2 ' 
a Jacket . . 207 ft2 at $10.37/ft2 

. . 
207 ft2 at $0.27/ft 2 : . ., Insulation 

Installat ion e Foundation 
- Labor 2 men/crane 

4 hours at $lOO/hr- 

subtotal 

Residential HVAC 'system Cost 

Total 

*Used for sizing tank. 
. . . - . . . . . . .  : .  . , . A  

TABLE 5-6 RESIDENTIAL SIZED DIURNAL SOLAR SPACE . . .  . . . . .  ' HEATING: AND"COOL1NG - .BASELINE' COSTS.. 



* .  

Tanks - 2 t anks  i n s t a l l e d  outdoors  
- ~ e r n p e r a t u r e  d i f f e r e n t i a l s *  

e summer - 205-180,"~** 
e win te r  '- 130-100°F 

- Capaci ty.16,700 ga l lons  each 
- Cost . ( t o t a l )  

e Tanks ( s t e e l ,  unpressu.rized) . , 12,970 
I n s u l a t i o n  a t  $1.85(ft2 3,8410 

o ZRC coa t ing  a t  $2 .50/ f t2  5 ,,I80 
e I n s t a l l a t i o n  , 4,000 

Sub to t a l  25,990 

Conhercia1 HVAC System Costs  

.. T o t a l  $77,580 

*These a r e  working tank  temperature d i f f e r e n t i a l s .  .Assuming a  w e l l  
s t r a t i f i e d  s t o r a g e  tank  and temperature drops of 3 0 ' ~  through t h e  
hea t ing  system and 25°F through the c h i l l e r ,  i n l e t  temp.eratures t o  
t h e  c o l l e c t o r  w i l l  average below 100°F i n  t h e  winter :and 200°F i n  
t h e  summer, 

**Summer d i f f e r e n t i a l  used f o r  s i z i n g  tank. , 

TABLE 5-7 .COMMERCIAL SIZE DIURNAL SOLAR SPACE HEATING 
AND COOLING - BASELINE COSTS 



Storage  Container  

Tank (36,900 ga l lons )  13,400 
e Unpressurized s t e e l  
e Buried 

Tank ~ n s t a l l a t  i on  3,000 

Polye thylene  Separa t ion  ' Sleeve 
Mate r i a l  650 f t 2  x 118" a t  $ l / l b  

e Factory assembly 
Transpor t a t ion  

e S i t e  e r e c t i o n  

2 I n s u l a t i o n  (1595 f t  ) 
e 5 inch ure thane  
e Cementitious coa t ing  
e $3.56/ f t2  

, ZRC Coating (Rust ,Proof) . 

e 1330 f t 2  a t  $2 .50/ f t  

. . . , S u b t o t a l  

~ e s i d e n t i a l  s i z e d  HVAC System (Arkla) '  
a 3 t ons  cool ing  p l u s  cool ing  tower 
e Pumps;blower, hea t  exchanger 

p ip ing ,  c o n t r o l s ,  and i n s t a l l a t i o n  

To ta l  

. . , :, ,. ' . .  . . .  . 
TABLE 5-8 ,RESIDENTIAL'SIZE 'SEASONAL STORAGE :SOLAR SPACE 

HEATING AND COOLING - BASELINE SYSTEM COST 



Storage container . ' 

. . . . .  

, Tank (342,000 gallons) 
. . e Prestressed concrete 

. . . .  6:. Installed 
. . 

' . qolyethylene Separation Sleeve 
e Material: 2400 ft2 x 118" at $l/lb 

, . .  . e Factbry. :assembly 
a   ran sport at ion 

' .  
. e Site Erection (crane plus crew) 

. . 
2 

~nsulatlon ' (5831 ft . )  
. . . 5 inch urethane 

. .  . , Cementitious.coating 
e $3.56/ft2. 

. \ 

2 
Waterproofing at $0.57/ft 

sub tot a1 173,000 

Co~erclal Sized HVAC , System (~rkla) 51;600 , . . 
a . 50 tons cooling plus cooling tower 

. . , . 
s Pumps ,' blower., -he'ot cxchang&, piping 

.controls, and installation 

.TABLE 5-9 COMMERCIAL SIZE SEASONAT, STORAGE 'SOLAR SPACE 
. HEATING ST ID COOLING - BASELINE SYSTEM COST 



Arkla Absorption Cooler Model ~ ~ 3 6  

. a . . 

Cooling Tower' (10 ton)  ' 

Heat Exchangers 350 f t 2  ( f inned  tube) .  

P ip ing  . 

Blower (2 speed: 2212.- 1536 CFM) 

. . . . . .. . . . .. 
Pumps (3) 11, 1 2 ,  and 7.2 gpm 874 

Cont ro ls  

I n s t a l l a t i o n  

TABLE 5-10 BASELINE COSTS FOR RESII~ENTTAT~ . . . .  SOLAR w 

'HVAC SYSTEM 



Commercial HVAC System Costs 

Arkla Absorption Cooler (25 .ton. units) 
. . 

Coo1,ing Tower 

Heat Exchangers 6767 ft2, f inncd tube , ' ' , . 

Piping 

  lower 2 speed .(36,870 - 30,720 cfm) 

Pumps , 2 at 180 gmp .$1168. 
1 at I20 gmp $480 . . . 

L .  

Controls 

Insf allation 

. . . . 
TABLE 5-11 . ' BASELINE COSTS FOR. COMMERCIAL SOLAR' HVAC 

SYSTEM 



5.2.6 S torage  of Off-peak E l e c t r i c  Energy f o r  Hydronic Space Heating(Code # ~ 6 )  

A p re s su r i zed  water  system was chosen a s  t h e b a s e l i n e  f o r  t h i s  case.  A 
t y p i c a l  u n i t  is shown i n  F igure  5-8. T h i s  u n i t  is based on Megatherm 
s t o r a g e  h e a t e r s .  It uses  a n  e l e c t r i c  h e a t e r  pos i t i oned  near  t h e  bottom 
of t h e  tank t o  charge t h e  system and a water-to-water h e a t  exchanger nea r  
t h e  top  of t h e  tank  t o  e x t r a c t  energy. The e x t r a c t i o n  s i d e  i s  f i t t e d  
wi th  a tempering v a l v e  t o  main ta in  a uniform o u t l e t  temperature.  The 
temperature from t h e  system is regu la t ed  t o  provide  water  a t  a minimum " 

va lue  of 1 0 0 ~ ~ .  The temperature i n  t h e  tank  reaches. a maximum of 280°F 
and i s  c o n t r o l l e d  w i t h  a p r e s s u r e  switch,which is  ad jus t ed  s o  t h a t  i t  
s h u t s  t h e  system of f  a t  280'~. 

h. \ 

Cost e s t i m a t e s  obta ined  from Megatherm f o r  t h i s  system a r e  shown i n  
' 

Table 5-12. A range of va lues  was cos ted  and, u s ing  t h e  d a t a  provided, 
a curve r e l a t i n g  cos t  t o  s i z e  was developed. This  i s  shown i n  F igure  
5-9. 



. . .  : '  . . . . .  . Ouiput ' :. . . 
, . . Pressure Switch . . . . .  Heat Exchanger 

< .,. " . . 
' I . . "  8 ,  ., 

. . .  ,. , >  . . . . .  . . 
. . 

A ,  

. . . . .  
Tempering Valve / / . . 1 

ASME Pressure 
Vessel .. 

Electric Heater 

4 

Assumptions - Temperature Range: 280 - 1 2 0 ' ~  
Minimum Temperature Difference Across Heat 

Exchanger is 20°F 
Minimum Output Tcmperaturu is 1 0 0 ' ~  

I 

FIGURE 5-8 MEGATHERM OFF-PEAK ELECTRIC SPACE HEATER 'FOR 
HYDRONIC APPLICATIONS 



5 . . \ ' 
10 .' 

, Storage Capacity (lo6 Btu) 

Note: Add 10% to cost shown to allov for transportation and installation. 

FIGURE 5-9 COST OF.MEGATHERMOFFPEAK STORAGE SYSTEM VS. SIZE 
FOR HYDRONIC SPACE HEATING 

. . ' . 



Storage 
Size Capacity 

'(Gallons) (Btu),.. ' 

36 3 400,000 

Input Rate 
(kw) 

. - .  Minimum 

Output Rate ~em~erature 
(Btulhrj ' OF 

cost 
($1 

TABLE 5-12 COST OF PRESSURIZED WATER STORAGE FOR OFF-PEAK ELECTXIC 
' 

' HEATING USING HYDRONIC ,SYSTEM (MEGATHERM) 

NOTE: Add 10% to cost shown to allow for transportation 
and'installation. 



5.2.7 Of £-peak S torage  of ~ l e b t r i c i t y  f o r  Forced A i r  Space Hea t ing  (Code # ~ 7 )  

T h e b a s e l i n e  system .used i n  t h i s  c a s e  i . s ' ba sed  on t h e  u n i t s  so ld  by .TPI 
Corporation' .  .- T h i s  , u n i t  is. a mod i f i ca t i on  of t h e  Creda u n i t  which is . , 

manufactured i n  England. A schematic  showing . the important  f e a t u r e s  
o f .  t h i s  sytem i s  shown ' i n  F igu re  5 4 0 .  The system u t i l i z e s  ceramic . 

b r i c k s : c a s t  i n  a s p e c i a l  shape t h a t  makes a i r  passages and provides  h o l e s  
f o r  hea t ing  elements  and temperature  c o n t r o l l e r s  when t h e  brick's a re . .  , . 

" s tacked  up. , F o r  a s t o r a g e  c a p a c i t y  of 400,000 B tu ' s ,  approximate,ly ,. 
. . 

' 1400 pounds of. b r i c k s  a r e  r equ i r ed .  These b.r icks  ' a r e  cycled through a .  
' ' temperature  range of approximately 2 0 0 ' ~  t o  1380'~.  ' The system is e q u i p p d  

wi th  a double  motor-operated bypass damper,which ' in  i n i t i a l  o p e r a t i o n  , 

i s  s e t  s o  t h a t  t h e  . a i r  blown through t h e  u n i t  passes  s t r a f g h t  through ,' 
. . 

without  going through. t h e  h o t  b r i c k s .  . A temperature  c o n t r o l l e r  on t h e  . . 
o u t l e t  s i d e  s enses  t h e  a i r  t empera ture .and  s lowly opens t h e  bypass  damper 

. ' l e t t i n g , a  small .amount of a i r  pa s s  through t h e  br icks . .  Th i s  a i r  ' then 
r e j o i n s  t h e  main a i r  s t ream and h e i t s  i t  t o  t h e  d e s i r e d  o u t l e t  temper- 
' a t u r e  of 140°$. A s  t h e  u n i t  is  d i scha rged ,  t h e  bypass  dampers open 
more .'aiid more; pass ing  more a i r  through t h e ' b r i c k s  and less through 
t h e  s t r a i g h t ,  pa th s .  T h i s  'vary ing .  a i r  pa th  provides  a , cons t an t  o u t l e t ,  
temperature , :  , A l s o  shown.in t h e  f i g u r e  i s  a e s t i m a t e . o f  . the  i n s t a l l e d  

.'. c o s t  of a system based on t h e  p r i c e  t o  t h e  i n s t a l l e r  quoted by TPI: 

. . 

. . 
. . 



Air Passages Formed in Bricks . . 

Resistance Heaters 

in Bricks in Preformed 

1100cfm 

Residence 
Storage Capacity: 400,000 Btu 
Discharge Rate: 85,000 Btulhr 
Off-Peak Electric Heating (Diurnal) . . . 

Costi . . 

'. To Installer $800 

. . To Customer $960 ' 
Installation (4 hr @ $20/hr) $ 8 0  
Shippiny $ 50 
Total $1 090 

FIGURE 5-10 REPRESENTATIVE CERAMIC BRICK HEAT STORAGE UNIT FOR 
OFF-PEAK RESIDENTIAL SPACE HEATING 



. . . . 
. . .  . . 

. . .  . . .  . . 
. . .  . . . . 

. . . . 

5.2.8 o f f  -peak: coo lnes s  s t o r a g e  us ing  I c e  f o r  R e s i d e n t i a l  Space c o a i i n g  (&de I B ~ )  ,, 
. . . . .  . . . . . .  , 

. . . .  
:The. system picked as '  .the b a s e l i n e .  is  based ,on a ' u n i t  c u r r e n t l y  be fng ' .  . . . . . . . .  . . 

. . . . 
,developed by: A. 0 . .  smi th  Corporat'lon.  hi& u n i t ,  s h o p  schemat icaI ly  

. iri ~ i g u r ' e  5-11:, u t i l i z e s  a ,  s t a n d a r d .  uripressurized l i n e d  s teel .  tank con- .. 

tai"ng.'a. l a r g e  copper c o i l ,  which i s .  connected t o  t h e  a i r  c ,ondi t ioning 
. . .  

. .  compressor. I n  o r d e r .  t o  charge t h i s  sytem, t h e  c o i l  is  used a s  . a n  . , 
' 

evapora tor .  and t h e .  compressor runs  t o  b u i l d  up ice' on t h e  co i l , .  ' An i c e  
bank c o n t r o l  made by Ranco senses  t h e . t h i c k n e s s  of t h e  i c e  and s h u t s  o f f  . ' . 

t h e  system when t h e  u n i t  i s  f u l l y  .charged. . I n  t h e  f u l l y  charged s t a t e ,  
t h e r e  i s  s t i l l  a  c e r t a i n  percentage  of water  surrounding t h e  i c e .  1n . . 

. . 
. o rde r  vo d ischarge .  t h i s '  system, a - c i r c u l a t i n g  puinp t akes  t h e  c h i l l e d .  .. 
water  which i s  , i n  con tac t .  w i t h  t h e  i c e  and c i r c u l a t e s  it .through -a c o i l  
mounted i n  t h e ' c o o l i n g  duc t .  ' Thi s  provides's c 0 n s t a n t . 3 2 ~ F  temperature 

> 

to ,  t h e  a i r  cond i t i on ing  duc t .  ' C 0 s . t  e s t i m a t e s  f o r  t h i s  system a r e .  g iven  
. . ' - .  . i n .  Table 5-13. . . .  . . 

. . 

. . .  
. . 

. .: . . . 



. . . . Compressor 

, . . . . . 

. , 
. . . . 

. . a Hesidence 
Storage Capacity: .25U;000 Btu , . 

. .. . . . o'  Delivery Rate: 35,000 BtuIhC . . . 
. . .  . . , . 

- . . . Off-Peak ~ l . e ~ t r i k ' ~ o o l ' i n ~  (~ iu rna l )  . ' 

, . 
. . . . . . .  

. . FIGUR 5-11 . . RESIDENTIALSIZED OFF-PEAK SPACE COOLING STORAGE' 
USING ICE 

. . 
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. ,. TABLE 5-13 ' 

, . " .  . . . .  . . . . .  
COST. OF RESIDENTIAL. SIZED. OFF-PEAK COOLNESS. . -. . ..... 

. . .  STORAGE USING ICE .. , . .  . . *. . 

. . .  . -  . . . . .  
, '  , . s t o r a g e  Medium . . . . . . . .  

( I c e )  - 0  . . , . 

Container  
. . 

300..kallon : i ined t ank  un . re .ssurized '  . 880 . . 5 ' j a cke t  68 f t 2  - @  $.37./ft . . . .  . . '  ' 25 .. 
. . .  , . . . . . . . . .  

, . . . 
, c . . . . 

I n s u l a t i o n .  ' . . .  . . .  ,'68 f t 2  @ -.'12'/ft2 ' '- ' . . :  8 , 
. . .  . . . . . . 

. . . . . . . . 
' Heat Exchanger ' 

h a t e r i a l s  318" tub ing  x '488' copper 
. . - . .  

.@. .$.'14./ft . . . . . . 
. .Labor.- ;5 h r  @ $30/hr.  

. . , .  . . 

p i p i n g .  1 0 ' ~ 1 / 2 "  Copper @ . $. 42/f t . -  , .. ' ; . . . . 

. - . c i r cu l a t ing  -pump 6 gpm . . ' 

' .  . : - .  ,. . Control  . . . , , .  . . . . . .  I c e  Bank Coritrol , , '.. -, . I 

. . .  ', . . . . . I 

. . I . . . . .  . .  



' .  
. 5.2.9 Qff-~eakElectric ~ooiness Storape Using Chilled Water for Small 

Apartment Buildings (.Code # ~ g )  

The system chosen in this case utilizes a buried tank to store chilled 
water for space cooling (Figure 5-12).   he tank was sized assuming that 
the water could usefully cycle through a temperature range of 38-50'. 
Since this was a diurnal application, an insulation with a R factor of 4 
was used. This insulation was assumed to be coated with a cementitious 
covering and water proofed. 80,000 gallons are required for this appli- 
cation. The tank is quite similar to that used for space heating using 
seasonal hydronic storage except that the insulation value is smaller due 
to the diurnal application. Cost estimates for the installed tanks are 
given in Table 5-14. 

During this analysis, a comparison was made between using chilled water 
storage and ice storage for larger applications because the size of the 
ice tank required would be significantly smaller than that required for 
chilled water. The calculations indicated that a tank size of 10,000 
gallons would be adequate for ice storage based on a storage capacity of 
6,000 Btulcubic foot of storage capacity, while 80,000 gallons would be 
required using chilled water. The installed cost of the storage modules 
for the two systems differs by a factor of six, with the chilled water 
system costing approximately $42,000 and the ice system, also based on 
a buried tank, costing approximately $8,000. However, data on the cost 
of the compressors and ice-making heat pump required to charge these 
systems at a charging rate of 750,000 Btu/hr indicated that the chilled 
water equipment was much less expensive than the ice-making equipment. 
Data from Turbo Refrigeration for an ice-making unit sized to this 
specification gave a cost of $55,000 for the cooling equipment, while 
a Carrier quote for the same size installation based upon chilled water 
indicated an equipment cost of $16.000. T h ~ i s ,  the t o t a l  installed aoot 
for the chilled water system ($58,000) would be slightly less than that 
for the ice-making system. It is possible for larger installations that 
this trend would be reversed ($63,000). In addition, the ice-making 
equipment is still in the developmental stages, whereas the standard 
chilled-water compressors have been used for a long time. Therefore, 
it is possible that the slight cost advantage of the chilled water sys- 
tem will be lost in the future. 



. . Ground Level . ' .  ' . 
. . . . 

. . . . 
. .  . 

. . . . ' .  . . 

'. . insulation . , 

. . 
. . . . .  

. 
R4 Urethane 

~ementious coating , . . 
Waterproofing 

' A r e a = 2 l l l  f t2  ' . . . . . .  . . .  

. . 
. . . . . . 

. . 

. . 
. . . . . . 

. . . . i Small  ~ p a r t m e n t .  Bui ldin 8 . . ' Storage capaci ty :  8 x 10 B t u  

'%$charge Rate:  j1 i lo6 ,BtuIhr '. 
. . 

Off-Peak Cbnling (Diurnal )  
. . . . 

. . 
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. . 

. . .  . . . . . . 
., . Cost ($) 

CONTAINER: 

Steel unpressurized tank . . . . . . 

17 ft high. X 28 ft diameter 
80,000. gallons . . 

. . . . .2'.' . .  

Lining @ $2.50/ftfor 2,111 ft 

Cementitious coating 
Waterproofing 2 
Sides and top 2,111 ft . @  $1.67 . . 

. . . . 
INSTALLATION: , . 

. .  . 

including excavation and back'filling'assuming 
no blasting'necessary 

TOTAL : 

TABLE 5-14, . COST OF 'DIURNAL COOLNESS STORAGE FUK UPP- . , 

. . PEAK ELECTRICITY FOR SMALL APARTMENT 
' 

. BUILDINGS. USING CHILLED WATER .. 
. . . . 

I ,  



. .  . CHAPTER 6 . . 
, . 

, .': EFFECTS OF STORAGE TEMPERATURES. ON HARDWARE AND 
OPERATING. COSTS OF ELEMENTS OUTSIDE THERMAL STORAGE MODULE 

. . . . . . 
.6.1. Introduction 

. . . . . . . . ' .  

The primary analysis done during this program has concentrated on the 
cost of the thermal energy storage module-.itself . Actually, however, . 
some hardware costs and operating costs are affected by characteristics 
of the thermal energy storage. system. Three specific cases are.treated 
in this study: 

i 
. + 

e Effect 'of .high storage temperatures on collector cost: For . . . 
. . solar .systems the storage temperature affects the .co$t of the 

~ollectohs'requirecl. due to the reduced solar collector effi- 
.ciency translates to.a requirement for a larger solar collector 

. .  . - area . . and higher priced collectors. This is a hardware cost. 
It does not relate to operating characteristics of the system 
once the initial. hardware has been purchased. 

. . 
E f  fect oi low storage temperatures on compressor cbsts: . Low . . 

temperature storage devices for storing~coolness using off- ' . 

, : 

peak electricity .cost more to operate, when the storage temper-. 
, . ature is lower due to the reduced air conditioner'eff iciency. -' . . 

. . 

e , , ~ f  fect' of chemical he it^ pump c . ~ . P .  an'd collector temperature. 
on storage size and collector. area. , .  , . 

.'I* this ~hapter the first. two areas'are considered and an analysis 'pre- 
sented for evaluating,the.effect of thes'e differences on the cost of 
the total stirage system including'input and output characteristics. 
phapter 7 deals specifically with the third area for chemical heat 
Pumps 



6.2 Ef fec t  of Solar  Temperature on So la r  Co l l ec to r  c o s t s  

I n  o rde r  t o  e s t i m a t e  t h e  s o l a r  c o l l e c t o r  c o s t s  f o r . s t o r a g e  temperatures,  
we f i r s t  developed a  r e l a f i o n s h i p  between t h e  c o l l e c t o r  c o s t  p e r '  ' 

. 

m i l l i o n / B t u l s  per  year  c o l l e c t e d  ve r sus  s t o r a g e  temperature averaged . . 

i n  such a way as t o ' p r o v i d e  an  e s t ima te  of t h e  c o s t  d i f f e r e n t i a l  f o r  
an  average U.  S. i n s t a l l a t i o n  on a  r e l a t i v e  b a s i s .  C lea r ly  i n  some 
c l ima te s  and a p p l i c a t i o n s  . t h e  a c t u a l  impac t .on  c o s t s  w i l l  be 1es s ;wh i l e  
i n  o t h e r s  i t  w i l l  b e . g r e a t e r  depending on t h e  a c t u a l  c l i m a t i c  v a r i a t i o n s . .  
This  a n a l y s i s . w a s  c a r r i e d  out  u t i l i z i n g  an  ADL computer s imula t ion  which 
generates '  annual  c o l l e c t o r  e f f i c i e n c i e s  us ing  a c t u a l  weather t a p e s  f o r  
d i f f e r e n t  a r e a s  . i n  t h e  country.  

For t h i s  a n a l y s i s  t h r e e  d i f f e r e n t  c o l l e c t o r  types  were u t i l i z e d .  
F igure  6-1 shows t h e  ins tan taneous  e f f i c i e n c y  curves f o r  t h e s e  t h r e e  
c o l l e c t o r s .  . T h e  b a s e l i n e ,  two pane, f l a t  b lack  c o l l e c t o r  i s  represerita- 
t l v e  of today ' s  low-temperature. c o l l e c t o r s .  The one pane, s e l e c t i v e ,  . . . . 

evacuated c o l l e c t o r  is  a c o l l e c t o r  which  i s  not  a c t u a l l y  marketed today. 
Its c h a r a c t . e r i s t i c s ,  however, match. c l o s e l y  those  of t h e  Corning . ' 

evacuated tube  c o l l e c t o r .  It .is, i n  e f f e c t ,  a  continuous model .of .an . '  ' .  

evacuated tube  c o l l e c t o r  which has  d i s c r e t e  tubes .  . A  t h i r d ' c o l l e c t o r ,  
t h e  concen t r a t ing  c o l l e c t o r ,  i s  based on Suntec' s SLATS col lec tor . .  Using 
t h e s e  c o l l e c t o r ' e f f i c i e n c y  curves ,  t h e  ADL computer s imula t ion 'was  run  
f o r  Albuquerque and Boston f o r  t h e  months of De=ember and ~ u n e  and 
d i f f e r e n t  o u t l e t  temperatures  and average c o l l e c t o r  e f f i c t e n c i e s  on a  
monthly b a s i s  were obtained.  'These. r e s u 1 . t ~  a r e .  p l o t t e d  . i n  .Figure' 6-2.. 
It can be s e e n  t h a t  t h e  d a t a  f o r  . the d i f f e r e n t  months f a l l  on approximately 

. . t h e  sanie ' l i n e .  We, therefore; .  assumed t h a t  t h e s e  curves f o r  t h e  .two 

months shown a r e  r e p r e s e n t a t i v e  of t h e  o t h e r  months of t h e  year .  I n  . 
order  t o  s i m p l i f y  t h e  a n a l y s i s ,  t h e  curves £.or Bos.ton and Albuquerque 
were averaged.producing a . s i n g l e  curve. The average annual  i n s o l a t i o n  
on a s u r f a c e  a t  'an .angle eclual t o  t h e . l a t i t u d e '  is"750,OOO.Btu's per  year  ; 
Per square f o o t  f o r  Albuquerque and 500,OCIO Btu ' s  per  squa re  f o o t  per  year  , ' 

. . .  f o r  Boston. W e  t h e r e f o r e  used an average i n s o l a t i o n  . f i g u r e  of 625,000 
B t u ' s  per  . squa re  ' foo t  per  year  t o  match t h e '  averaged c o l l e c t o r  curves 
obta ined  f rom'Figure .6-2 .  These average curves  a r e  shown i n  Figure. 6-3.' 
F i n a l l y ,  u s ing  a p r i c e  of $lO./square foo t  f o r . t h e  b a s e l i n e  c o l l e c t o r  
and $20 p e r  square  f o o t  f o r  t h e  evacuated and concent ra t ing  c o l 1 e c t o . r ~  we .. 

obtained '  t h e  curves  shown i n  F igure  6-4,which r e l a t e  t h e  c o s t  t o  c o l l e c t  
.one m i l l i o n  I3tu1s p e r . y e a r  t o  t h e  s t o r a g e  tempe.rature. We then  used 
t h i s  curve t o  e s t i m a t e  t h e  c o s t . o f  a c o l l e d t o r  s y s t e m . f o r  d i f f e r e n t  
s t o r a g e  systems r e q u i r i n g  d i f f e r e n t  s t o r a g e  temperatures .  



FIGURE 6-1 INSTANTANEOUS COLLECTOR EFFICIENCIES . ' 

. . Storage Temperature (OF) 

FIGURE 6-2 , MONTHLY COLLECTOR EFFICIENCIES,FROM ADL COMPUTER SIMULATION 
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Note: Curves represent mean of Boston and Albuquerque using ADL model. 
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FIGURE 6-3 AVERAGE ANNUAL COLLECTOR EFFICIENCY 
AS A FUNCTION OF COLLECTOR OUTPUT 

. . TEMPERATURE 

. . 

. . 



Storage Temperature (OF) 

Assumes 625,000 Btulyr. ft 2 - 
. . 

FIGURE 8-4 COST OF COLLECTOR TO CAPTURE lo6 Btulyr 
FOR DIFFERENT STORAGE TEMPERATURES 



Table 6-1 summarizes t h e  c o l l e c t o r  c o s t s  f o r  s o l a r  input  ~ ' ~ s t e h s  o t h e r  
than  chemical h e a t  pumps which were costed.  The f i r s t  s e c t i o n  con ta ins  
r e s i d e n t i a l  s i z e d  s t o r a g e  systems. I n  gene ra l ,  t h e  c o s t  f o r  s o l a r  col-  
l e c t o r s ,  except  f o r  t h e  Un ive r s i t y  of Delaware, a r e  a l l  equa l  t o  o r .  
g r e a t e r  than  t h e  b a s e l i n e  case .  A s  t h e s e  s t o r a g e  systems a l l  had i n i -  
t i a l  c o s t s  (except  f o r  t h e  Un ive r s i t y  of Delaware) g r e a t e r  than  t h e  
c o s t  o f . t h e  b a s e l i n e  system, t h e  s o l a r  c o l l e c t o r  c o s t s  tend t o  i nc rease  
. t h e  c o s t  d i f f ' e r e n t i a l .  I n  a d d i t i o n ,  t h e  c o l l e c t o r  .costs  a r e .  fou r  t o  
t e n  t imes g r e a t e r - t h a n  t h e  cos t  of t h e  b a s e l i n e  system. Thus, t h i s  
d i f f e r e n t i a l  s o l a r  c o l l e c t o r  c o s t  i n  many cases  overwhelms any sma l l e r  
d i f f e r e n c e s  i n  c o s t s  between t h e  s t o r a g e  systems themselves.  

The other group of s t o r a g e  systems inc ludes  only t h e  Monsanta System 
f o r  s t o r i n g  h igh ' t empera tu re  h e a t  f o r  abso rp t ion  a i r  cond i t i one r s .  I n  
t h i s  case  t h e  b a s e l i n e  c o l l e c t o r  and t h e  Monsanto c o l l e c t o r  c o s t s  a r e  . 
t h e  same s o  t h a t  t h e  o r ig ina l . compar i son  of c o s t  i s  unaf fec ted  by t h e  
c o l l e c t o r  c o s t .  . 

' .  . .  . 

It should be  noted t h a t  t h e s e  numbers were based on ' ave rage  va lues  and 
may u n f a i r l y  p e n a l i z e  a p p l i c a t i o n s  i n  a r e a s  where the ' annua l  c o l l e c t o r  -,". 

e f f i c i e n c y  is  h ighe r  than  the: average. However , ' the gene ra l  t ' rend of 
cos t  i n c r e a s e s  due t o  t h e  u s e  of h igher  c o l l e c t i o n  temperatures  w i l l ,  . 

, .apply r e g a r d l e s s  of t h e  c o l l e c t o r  e f f i c i e n c y  used 'and,  because of t h e  
magnitude of t he  c o s t  d i f f e r e n c e s ,  even a  s u b s t a n t i a l  improvement i n  
average c o l l e c t o r  e f f i c i e n c y  would s t i l l  involve  a  s u b s t a n t i a l  c o l l e c t o r  
c o s t  pena l ty  f o r  t he .  h igher -  temperature s t o r a g e  systems. 



TABLE 6-1 

.-CODE # CONTRACTOR : . TEMP . (OF) . . STORAGE : . - $ / l ~ ~ ~ t u / ~ r  ' COLLECTOR 
CAPACITY ( B ~ u )  . . - @ STORAGE TEMP. .COST* ($) 

- 
Resident ia'l Sized Systems fo.r Space Heat ing . . 

.. . 

B Basel ine 160 400,000 , 5.7 .. 8320 
. . 

.I1 DOW 170 5 9 8610 . . 11 

11  12 Clemsan 160 57 . ,  . 8320 
. . 

1 3  U of D 110 42 6130 11 

I 
4 R e s i d e n t i a l  Sized .Systems f o r  Space Cooling . : . . 

* .  

300 , B Base l ine  250,000 ( H o t  s i d e )  . .75 , , . 5475 

* To f i l l  s t o r a g e  i n  one day i f  d a i l y  c o l l e c t i o n  equal  t o  annual r a t e  + 365 days. 



6.3 Effect of External Costs on Coolness Storage for Off-Peak Use 
, 

The baseline system for coolness storage o£ off-peak electricity utilizes 
ice melting at 32OF, while the advanced system proposed utilizes an 
immiscible fluid system which has a melting point of 43OF. . This . . 

diff.erentia1 in melting point has two different'influences on the 
cost external to the storage module. First, there is an initial 
hardware cost differentia1,which results from the requirement for a 
compressor with a.higher horse power rating to deliver the same cooling . . 

capability and second there is an of£-setting cost,advantage to the 
ice system since it can use a smaller heat exchanger in the cooling duct . 

due to its lower storage temperature. Utilizing the procedure for 
estimating heat exchanger cost, described. in Appendix B, we projected 
a cost differential of $42 dollars for the system costed during this 
program. For a compressor sized to meet these requirements, we 
estimate that the cost differential for the compressor operating at the 

. . 
.colder temperatures will be about $200. . This gives a net differential . '  

in favor of the Franklin Institute System of .$P50. in hardware costs. 

In addition to this differential, there will be .an on-going cost savings - 

resulting from the use of the warmer,storage temperature. This can be 
estimated as follows. Figure 6-5' presents 'a curve relating EER to 
evaporator temperature for the Westinghouse PD05A model conipressors.. 
We have used this model as the .basis for operating cost comparisons. 
The suction temperature (Freon.temperature in the, evaporator) for'the 
ice storage is approximately 20'~ while the suction temperature for the 
Franklin Institute case is estimated. to be 35OF.with .an 8' differential 
between the suction temperature and the melting temperature of. the storage 
material. From the curve for the westinghouse model, shown,' the EER is 8.5 
for the lower suction temperature and 10.6 for,the higher temperature. 
This is equivalent to an operating difference of 8.6 watts input. In 
order to estimate the value of this energy input differential, we.have 
used data from OKNL*, which projects energy use for central air 
conditioners. This data projects a value of 4,390 kilowatt hours per . . 
year usage for an average residential air conditioner in the year 1985. 
Since the 45' operating temperature for the Franklin Institute System 
is representative of a typical compressor system,witho.ut storage, its 
hourly consumption can be used to calculate operating time of 1330 
hours per year. This gives a kilowatt' hourlyear differentia1,of 
1,085. Using a cost for electricity of 4 c  per .kilowatt hour gives a 
cost savings o f  a.pproximately $43. a year. . Based on the cost differential 
between . . . - the - two systems as summarized in Table 6.2, this operating savings ' .  

will yfeld a payback perfod for the addttional costs of the energy 
conserving Franklin Institute module oE.4 years. This isa reasonable 
value to promote commercialization of the system and future cost reductions 
could make the design even mare attractive. 

* Eric Hirst, Oak Ridge National Laboratory, personal comkunication, 
1978. 
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CHAPTER 7 

CHEMICAL HEAT ' PUMP ANALYSIS 

7 . 1  ~ n t r o d u c t i o n  

I n  o r d e r  t o  provide  a v a l i d  b a s i s  f o r  comparing t h e  c o s t  o f  a chemical 
hea t  pump system wi th  an  equ iva l en t  b a s e l i n e  system, an  a n a l y s i s  was 
c a r r i e d  out  t o  determine t h e  c h a r a c t e r i p t i c s  of a b a s e l i n e  and chemical 
h e a t  pump system t h a t  would meet t h e  same des ign  requirements .  Both 
systems were designed t o  handle  heating\,  cool ing ,  and water  h e a t i n g  loads  
f o r  a r e s i d e n t i a l  and commercial case .  I n  one case ,  d i u r n a l  s t o r a g e  systems, 
which would b e  capable  of meeting 50% of t h e  system loads  us ing  s o l a r  i n p u t s ,  
were used. I n  t h e  second case ,  a 100% seasonal  s t o r a g e  system capable  of 
meeting a l l  system loads  wi th  s o l a r  i n p u t s  was used. The a n a l y s i s  consid- 
ered 3 d i f f e r e n t  geographic a r e a s  represented  by Boston, Albuquerque, and 
For th  Worth. The fo l lowing  s e c t i o n s  d e s c r i b e s i n  more d e t a i l  t h e  approach, 
t h e  b a s i s  f o r  t h e  va r ious  assumptions, and t h e  r e s u l t s .  

7.2 Diurnal  S torage  Case 

7.2.1 Descr ip t ion  .-- of Base l ine  System 

The b a s e l i n e  system cons i s t ed  of an atmospheric water  s t o r a g e  system used 
t o  provide ho t  water  and space  hea t ing  d i r e c t l y  and a n  abso rp t ion  a i r  
cond i t i on ing  u n i t  d r iven  by t h e  ho t  water  t o  provide  space  cool ing.  The 
c h a r a c t e r i s t i c s  of t h e  Arkla  u n i t  used a r e  shown i n  F igure  7-1. An average 
cool ing  COP o f 0 . 7  was used i n  t h e  a n a l y s i s .  It was~assumed t h a t  t h e  tank  
was i n s u l a t e d  s u t t i c i e n t l y  s o  thae  srandby lusses w e r e  11rglig1Lle: The 
system is  shown schemat ica l ly  i n  F igu re  7-2. 

I n  t h e  a n a l y s i s  of t h e  d i u r n a l  s t o r a g e  case  s i n c e  a r e l a t i v e l y  sma l l  
volume of water  was used, it was assumed t h a t  t h e  mean c o l l e c t o r  tempera- 
t u r e  was 100°F i n - t h e  win te r  and 200°F i n  t h e  summer. These temperatures  
were u t i l i z e d  wi th  t h e  c o l l e c t o r  performance curves shown i n  Sec t ion  7.4 
t o  obtain,  t h e  month input  f o r  t h e  d i f f e r e n t  geographic reg ions .  I n  
p r a c t i c e  t h e  thermal s t o r a g e  system w i l l  cyc l e  through a temperature 
range and t h e  water  r e t u r n i n g  from t h e  hea t ing  o r  cool ing  system w i l l  
be  a t  a temperature 25-30°F below t h e  peak s t o r a g e  temperature.  Main- 
t a i n i n g  s t r a t i f i e d  s t o r a g e  and pumping coo le r  water  from t h e  bottom of 
the s t o r a g e  tank  t o  t h e  c o l l e c t o r ,  r e s u l t s  i n  mean col . lector  temperatures  
equal  t o  o r  l e s s  than  t h e s e  va lves .  The approach used t o  o b t a i n  t h e  
c o l l e c t o r  a r e a  requi red  f o r  a 50% s o l a r  system i s  shown i n  Table 7-1. 

7.2.2 Descr ip t ion  of Chemical Heat Pump System 

The Rocket Research su lphur i c  a c i d  s t o r a g e  sys'tem w a s  used as t h e  b a s i s  
f o r  t h e  a n a l y s i s  of chemica'l h e a t  pumps. The system.used is shown 
s c h e m a ~ i c a l l y  i n  Fi,gure 7-3. During ope ra t ion  t h e  system is charged by 
b o i l i n g  su lphur l c  a c i d  t o  i n c r e a s e  i t s  concen t r a t ion ;  . .Space and water  
h e a t i n g  a r e  accomplish,ed e i t h e r  by t h e  h e a t  ' r e j e c t e d  dur ing  charg ing  
o r  by discharging.  " ,  

. . 

7-1 



Inlet.Temp (OF) . . 
. . 

FIGURE 7-1 PERFORMANCE OF ARKLA UNIT,MODEL ~ ~ 3 6  ' . . . . , . .  

. -  . I .  . . . . 
* . .  

. . 
' , . ., . . 
. . 

. . .  
. . 

. I  . . . . 
.. . . 

. . ,. . - .  . .  . . , I .  
. . 

. . 
. .  . . . .., . , . 

" . . . . . 
. , , . . . 

. . 

. . 
. . /  . . 

- 9 -  

. . 

, .  . 
. ,  - . ~tandard'Machine.(V\iF 36) . . . . . . 

. . 
. . . . .  

"~ri&ked'! Machine'(50F reduction ' - --- in cooling water allows lo°F reduction. . .  . .  . 
. . . . 

, inlet temperature) , . 

, 8 0 ' ~  

. . 

, . . . .  . . 

. . 

. . 

. . 

. . 
. . 

. . .  

. . 

. . 

Rating Point.- 
. . 

. , 

170 180 190 200 . ,210 . . 

. . 

. .5 

, . . .  . . . . 
. . . . - . . . . 

. . 

1 I I 1 



Heating 

0, = Cooling 

* Seasonal storage only; single ta"k for diurnal. 

.Q,,,, . = Water Heating 

FIGURE 7-2 SCHEMATIC OF BASELINE SYSTEM USING WATER STORAGE 



. . " For each .  
. :  . 

city.:  

Assume c o l l e c t o r  a r ea .  
. . . . 

. . . . 
. . 

Assuming ,cool ing 6 . 0 . ~ .  of 0 . ' ~  c a l c u l a t e  t o t a l  monthly 
loads  .from Sect'ion 7 . 4 .  
. . . , 

Using. c o l l e c t o r  e f f i c i e n c i e s  and t n s o l a t i o n  d a t a  from' 
S e c t i o n ,  7.4., . c a l c u l a t e  annual.  eriergy co1 lec t ed" fo t .  
mean c o l l e c t o r  tempera tures '  o f :  

. . .  
. . . . 

. . .  Bos t on : June through September " 2 0 0 ' ~  
. . . . 

October ,  through Mciy . 100°F . . 

Albuquerque: May through September , . 2 0 9 0 ~  ' ,  . ,. . ' . . . . . 
October through A p r i l  iOO°F: . . 

. . . . 
. . .  

. . F'ort Worth: , March through November. 200°F . . . 
. . 

. . December through February.  100°F . . . 

Calcu la t e  percent  of load  met 'by  s o l a r .  
. . . . 

. . 
Repeat, u 's ing. 'dif£erent  a r e a  t o  f i nd . ' pe rcen t  of . . ' . . . 

load  inet' by : so l a r '  a s  a  func t ion  of a r e a .  . ' 

. . 
, . 

0 '  .Es t imate  a r e a  r equ i r ed  for '50% solar s y s t ~ i n .  
. . . . 

. . . . 

TABLE ..7- 1 . SUMMARY OF METHODOLOGY FOR 'ESTIMATING . . . . 
. . . . 

.. . .DTWAL PERFORMANCE OF WATER STORAGE SYSTEM 



FIGURE 7-3 CHEMICAL HEAT PUMP SYSTEM 



The percent  of col 
s t a t e  of charge ... 
used a  mean va lue  

. l ec t ed  energy which goes t o  t h e  condenser v a r i e s  w i t h  
I n  t h e  a n a l y s i s  of t h e  d i u r n a l  s t o r a g e  case ,  we have 
of .45 a s  suggested by Rocket Research. * 

The charg ing  t e m p e r a t u r e . a l s o  v a r i e s  w i th  s t a t e  of charge.  For t h e  d i u r n a l  
c a s e ,  mean tempera tures  of 2 0 0 " ~  a n d . 3 0 0 " ~  were used t o  bound t h e  probable  
range of temperatures .  

A s  i n  t h e  water  s t o r a g e  case ,  a n  e s t i m a t e  was made of t h e  c o l l e c t o r  a r e a  
r equ i r ed  t o  meet d i f f e r e n t  percentages  of t h e  r e s i d e n t i a l  load w i t h  s o l a r  
f o r  each c i t y .  The approach used is  shown i n  Table 7-2. 

7 .2 .3  R e s u l t s  f o r  Diurna l  S torage  Case 

Using t h e  method descr ibed  above,. percent  s o l a r  was est imated f o r  s e v e r a l  
a r e a s .  The r e s u l t s  a r e  shown i n  F igu re  7-4 and Table 7-3. I n  some cases  
a t  t h e  200°F mean temperature,  t h e  chemical h e a t  pump system r e q u i r e s  
l e s s  c o l l e c t o r  a r e a .  However, t h e  d i f f e r e n c e s  a r e  not  s i g n i f i c a n t  when 
compared t o  t h e  c v s t  o f  t h e  s t o r a g e  module. A t  'high tempera tures ,  t h e  
d i r e c t  s o l a r  system r e q u i r e s  l e s s  c o l l e c t o r  a r e a .  due ' t o  t h e  reduced 
c o l l e c t o r  e f f i c i e n c i e s .  

For t h e  commercial c a s e ,  s i m i l a r  r e s u l t s  would occur .  Although t h e  coo l ing  
load i s  a  h ighe r  percentage  of t h e  t o t a l  load than  t h e  r e s i d e n t i a l  c a s e ,  
t h e  poorer  coo l ing  COP of t h e  CHP system w i l l  o f f s e t  any ga in  from t h e  
s l i g h t l y  reduced c o l l e c t o r  e f f i c i e n c y  of t h e  water  s t o r a g e  system. 

7.3 Seasonal  S torage  Case 

7.3.1 Desc r ip t ion  of Base l ine  System 

For t h e  seasona l  s t o r a g e  system t w o  t anks  were assumed. One tank  was 
maintained between a  temperature of 180 and 2 0 0 " ~  and t h e  o t h e r  tank  
w a s  maintained a t  a temperature of l e s s  t han  2 0 0 " ~ .  The hot  t a n k  was 
u s e d . f o r  provid ing  cool ing .  Space h e a t i n g  and water  h e a t i n g  were taken  
from e i t h e r  tank  depending on t h e  appropriate .  temperatures .  Two t anks  

.were used i n  t h i s  c a s e ,  because of t h e  d i f f i c u l t y  of r a i s i n g  a l a r g e  
t a n k  t o  t h e  tempera ture  r equ i r ed  f o r  a i r  cond i t i on ing  on a  short- term 
b a s i s .  It was assumed t h a t  t h e  hot  t ank  was pos i t i oned  i n s i d e  t h e  
c o o l e r  tank  s o  t h a t  s tandby l o s s e s  were dependent only on t h e  t empera tu re s .  
of t h e  oullside tank.  The system was i n s u l a t e d  t o  g ive  a  hea t  l o s s  of 
l e s s  than 2 J3tu/hr /f t2  on a n  annual  basis. Thi s  i s  achieved us ing  5 
inches  of u re thane  foam i n s u l a t i o n .  Again, coo l ing  was accom6lished by 
u s i n g  an  Arkla  a b s o r t i o n  u n i t  wi th  a  COP of 0.7. The r e s i d e n t i a l  and 
commercial l oads  and t h e  collector.ef'€.i.ciencies used a r e . d i s c u s ~ e d  i n  
Sec t ion  7.4.  

* E. C .  C l a r k e t a l . ,  S u l f u r i c  Acid and Water Chemical Heat PumpIChemical 
Energy. S torage  Program. Contract  18-495 B/Sandia Corporat ion 1978. . 



For each c i t y :  

e Assume c o l l e c t o r  a r ea .  

. o .  Use mean v a l u e  of 55% of c o l l e c t e d  energy t o  s t o r a g e  
and 45% t o  low temperature  s ink .  

e For each month assume a s  much a s  1.45 t i m e s  c o l l e c t e d  
energy can be  used f o r  space  and water  h e a t i n g  i f  
requi red .  

For each  month assume 'as much a s  0.45 t i m e s  c o l l e c t e d  
energy-can  be  used f o r  coo l ing  i f  r equ i r ed .  

e C a l c u l a t e  annual  energy c o l l e c t e d  u s i n g  monthly c o l l e c t o r  
e f f i c i e n c i e s  and i n s o l a t i o n  d a t a  from Sec t ion  7 . 4  and 
mean c o l l e c t o r  t empera tures  of 200°F and 300°F t o  
bound probable  range. 

C a l c u l a t e  pe rcen t  of  load  m e t  by s o l a r .  

e Repeat u s ing  d i f f e r e n t  a r e a  t o  f i n d  percent  of  load m e t  
a s  a  func t ion  of a r e a .  

9 E s t i m a . t e  ? ~ P R  r ~ q i i i r e d  f o r  50% s ~ l a r  system. 

TABLE 7-2 SUMMARY OF METHODOLOGY FOR ESTIMATING DIURNAL 
PERFORMANCE OF CHEMICAL HEAT PUMP SYSTEM 
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FIGURE 7-4 COLLECTOR AREA AS A FUNCTION OF PERCENT SOLAR 
FOR RESIDENTIAL CASE WITH DIURNAL STORAGE 



TABLE 7-3 RESULTS.FOR RESIDENTIAL APPLICATION 
IJSING DIURNAL STORAGE 

. . 

. . 
. . . 

. . 

Boston 

Albuquerque 

. . 
Por t  Worth 

Area 

( r e 2 )  

200 

300 

100 
. . 

200 

100 

200 

Calcu la ted  Z So la r  

D i r ec t  
S o l a r  

.54 

.72 

.56 

.92 

.40 

.78 

2 
Area ( f t  ) f o r  
50% S o l a r  from 
Figure  7-6 . 

CHP 

.40 

.51  

.48 

- .73 

$37  

.56 

D i r ec t  
s o l a r  

185 

.9 0 

125 

CHp 
T=300°F 

270 

102 

158 

CHP 
T=200°F 

185 

7 4 

115 



The approach used t o  e s t i m a t e  r equ i r ed  a r e a  and s t o r a g e  c a p a c i t y  is  
shown i n  Figure,7-5 . .  The methods begin by guessing c o l l e c t o r '  a r e a ,  
s t o r a g e  volumes, and s t o r a g e  i n i t i a l  t empera ture  f o r  a  s t a r t i n g  month. 
A t  l e a s t  1 weers s t o r a g e  f o r  t h e  worst  coo l ing  month is  r equ i r ed .  Next, 
u s ing  t h e  c o l l e c t o r  e f f i c i e n c y  f o r  t h e  i n i t i a l  temperature ,  t h e  energy 
c o l l e c t e d  i n  t h e  next  month i s  c a l c u l a t e d .  The loads  i nc lud ing  s tandby 
l o s s e s  a r e  s u b t r a c t e d  from t h e  c o l l e c t e d  energy and new tempera tures  a r e  
c a l c u l a t e d .  These tempera tures  a r e  used t o  e s t i m a t e  t h e  c o l l e c t o r  e f f i c i e n c y  
f o r  t h e  next  month and t h e  process  above i s  repea ted .  A l l  months a r e  
t r e a t e d  i n  t h i s  way. F i n a l l y  t h e  i n i t i a l  temperatures  a r e  compared wi th  
t h e  f i n a l  v a l u e s  and t h e  tempera ture  excurs ion  of t h e  two s t o r a g e  c o n t a i n e r s  
du r ing  t h e  y e a r :  i s  examined. I f  t h e  temperatures  a r e  t h e  same and t h e  

' w a t e r  s t o r a g e  temperature  has  cycled between t h e  l i m i t s  g iven 'above, t h e  
s o l u t i o n  h a s  been found. I f  n o t ,  new guesses  a r e  made and t h e  process  
r epea t ed .  

7.3.2 Desc r ip t i on  of Chemical Heat Pump System 

The chemical hea t  pump system used i s  s i m i l a r  t o  t h a t  shown i n  F igure  7-3. 
I n  t h e  s ea sona l  s t o r a g e  c a s e ,  however, t h e  system inc ludes  a  hea t  exchanger 
t o  recover  some of  t h e  energy which would o r d i n a r i l y  be  l o s t  i n  t h e  charg- 
i n g  of  t h e  system, due t o  t h e a f a c t  t h a t  a  l a r g e  s t o r a g e  t ank  is  used. I n  
a d d i t i o n ,  because of t h e  requirement  f o r  meeting 100% of t h e  l o a d s ,  a  
h e a t  exchanger f o r  h e a t i n g  h o t  water  running d i r e c t l y  o f f  t h e  s o l a r  c o l l e c t o r  
i s  u t i l i z e d .  Th i s  a l s o  r e q u i r e s  t h e  u se  of a  l a r g e r  water  s t o r a g e  t ank  
than  would be  used i n  t h e  d i u r n a l  system. I n  o r d e r  t o  c a r r y  ou t  t h e  a n a l y s i s ,  
t h e  c h a r a c t e r i s t i c s  of t h e  chemical hea t  pump system w e r e  represen ted  
by t h e  curves  shown i n  F igures  7-6 and  7-7 and the a p p u p r i a e e  va lue  
s e l e c r e d  t o r  each month depending on t h e  s t a t e  of charge.  These assuned 
a  minimum condensing tempera ture  of 130°F t o  provide  domest ic  h n t  water .  

The method o f  s o l u t i o n  i s  show11 i n  F igu re  7-8. An i n i t i a l  guess of t h e  
r equ i r ed  s ro sage ,  t h e  co l l ecLor  area and t h e  pe rcen t  of  charge  on t h e  
f i r s t  month is,made. Then t h e  program s t e p s  through on a month-by-mo11Lh 
b a s i s  u s ing  t h e  pe rcen t  of charge  t o  o b t a i n  t h e  c o l l e c t o r  temperature  and 
corresponding e f f i c i e n c y .  A unique s o l u t i o n  i s  found when t h e  s t o r a g e  
u n i t  cyc l e s  from ze ro  t o  100 percent  c.harged and t h e  fi1.ta.1 percent  
cha,t:..ged is  t h e  same a s  t h e  i n i t i a l  guess.  

, 7 . 3 . 3  Seasonal  S torage  Resu l t s  

The two seasona l  s t o r a g e  models descr ibed  .above were computerized and 
s o l u t i o n s  found . f o r  t h e  r c ~ i d e n t i a l  and commercial l oads  shown i n  
S e c t i o n  7.4. The r e s u l t s  a r e  shown i n  Table  7-'4. I n  a l l  c a s e s  but .Boston-  
r e s i d e n t i a l ,  l e s s  c o l l e c t o r  a r e a  was r equ i r ed  by t h e  CHP system. Boston 
wafer  s t o r a g e  was b e t t e r ,  because of t h e  extremely poor c o l l e c t o r  per- 
formance a t  e l e v a t e d  tempera tures  du r ing  t h e  w in t e r  months when t h e  
r e s i d e n t i a l  load (space h e a t i n g )  peaks.  

For t h e  c o s t i n g  p o r t i o n  of t h i s  p r o j e c t  " r ep re sen t a t i ve"  va lues  were ob- 
t a i n e d  b y . a r i t h m e t i c a l l y  averag ing  t h e  t h r e e  c i t i e s .  These va lues  a r e  
a l s o  shown i n  Table  7-4: 



lnpua 

. Monthly  pace heating, cooling 
m d  walor heating loads 

Cooling C.O.P. 

Standby loss coeflicient 

Cnllactur elficicncy vs temperature 
on mdnthly basil 

Collector Area 

Storage Voluma 

Initial S t o r a ~  
Temp. TI and T2 

V, il high temperature storage 
1 8 0 ~ ~  < T1 C 200UF: must meet 
a t  least 1 week of worst month 
load 

V2 is low temperature storage 
T2 <ZOOOF 

Ambient (for losrer) = SOOF 

year rwnd (buried rank1 

All cooling from Vl 

Spaca Heating from V2 unlcss 
T2 < 1 1 0 ~ ~  

Water heating from V2 unless 
r2 < IWOF 

Loads Include: 

Space and water heating if 
T2 high enough 

Loses 

Finisher1 if: 

Initial and final values of 
TI and T2 are equal 

V1 tempclature cycled ! c twce~~  
180 and 2w°F 

V2 temperatura cycled to 20Oni 

FIGURE 7-5 FLOW CHART OF SEASONAL STORAGE ANALYSIS METHODOLOGY 
FOR BASELINE CASE 



Percent Charged (%) 

Source: ADL estimates based on E.C.  lark et al. Sulfuric Acid and Water ~1;ernical Heat Pump/ 
Chemical Energy Storage Program. Contract 18-4958, S'andia Corporation, 1978. 

FIGURE 7- 6 FRACTION OF SOLAR ENERGY 'COLLECTED 
WHICH GOES.TO STORAGE AS A FUNCTION 
OF PERCENT OF STORAGE AVAILABLE 

" . . 

0 . 2 0  40 60 80 100 
Percent Charged (%) 

Source: Arthur D. Little, Inc., estimates based on E.C. Clark et al. Sulfuric Acidand Water 
. Chemical Heat Pump/Chemical Energy Storage Program. Contract 18-4958, 

Sandia Corporation, 1978. 

FIGURE 7-7 MEAN COLLECTOR TEMPERATURE AS A FUNCTION 
OF PERCENT OF STORAGE AVAILABLE , 



I n p u t s  

Monthly Space Heat ing,  Water ' 

Heat ing and Cool ing Loads 
(Sec t ion  7.4) 

C o l l e c t o r  E f f i c i e n c y  vs .  
Temperature (Mean) on Monthly 
Bas i s  (Sec t ion  7.4) 

Mean Col l ec to r .Tempera tu re  vs .  
Pe rcen t  S to rage  A v a i l a b l e  
(See F i g u r e  7.7) 

Program S teps  

Guess T o t a l  S to rage  Content  Re- 
qu i red  (BTU's) 

Guess P e r c e n t  of s t o r a g e  Ava i l ab le  
f o r  S t a r t i n g  Month 

Guess C o l l e c t o r  Area 

Comments 

C a l c u l a t e  C o l l e ~ t o r  ~ e m ~ e ; a t u r e  Assumes S t a t e  of Change a t  
Beginning o f  Month Appl i e s  
f o r  Whole ~ o n t h  

C a l c u l a t e  C o l l e c t e d  S o l a r  from 
Corresponding E f f i c i e n c y  

I n s t a n t a n e o u s  COP v s .  Pe rcen t  , I f  S t a t e  o f  Charge is  such t h a t  
Storage.  Ava i l ab le  (See F igure  Condensing Temperature i s  Less  
7.6) t h a n  15ODF (Percent  Charge Less  

than 22)  and t h e  Hea t ing  Load 
Standby Loss a s  Pe rcen t  of Energy i s  G r e a t e r  than  Zero,  t a k e  Water 
t o  S t o r a g c  (10%) Hea te r  from D i r e c t  S o l a r  

Montllly I n s o l a t i o n  (Ser.t ion 7.4) , 

I f  Condensing Temperature i s  When H = 0 Assume i t  i s  Summer 
G r e a t e r  t h a n  150°F o r  H = 0 and Water Heated While Supply- 
use  a s  much of Condenser Heat i n g  A i r  Cond i t ion ing  
a s  P o s s i b l e  f o r  Space and /o r  
Water Heat ing , 

Take Balance p l u s  ~ o o i i n ~  Load 
. from S to rage  

C a l c u l a t e  PerceriL Charge a t  End 
of Month 

Repeat f o r  A l l  Months 

b I f  F i n a l  % Charge Same a s  I n i t i a l  
Guess 

and - 
Storage  Cycled from.O t o  100% 
Charged During Year S o l u t i o n  
F in i shed  

o the rwise  

Make New Guesses and Repeat 

F I G U R E  7-8 CHEMICAL HEAT PUMP SEASONAL STORAGE A N A L Y S I S  METHODOLOGY 



TABLE 7-4" ESTIMATES OF STDR4GE SIZE" $?ND COLLECTOR AREAS FOR BASELINE. ' 
. . AND CHEMICAk aEAT PUMP SEASONAL STORAGE SYSTEMS 

Boston ' 

Baseline : 

Collector 
Area (ft2) 

Chemical 

Collector 
Area (ft2) 

590 

3,910 

202 

2,280 

. . 

334 

3,755 

375 

3,318 
. . 

Residential 576 ' 

Commercial 5,563 . ,  

Heat Pump 

C.O.P. 

Water Storage 

3 Stor~ge (dt ) 

1,160 

22,100 

i,780 

.81,500. 

Albuquerque 

Residential 

Comercial 

Fort Worth 

Residential 

Comer cia1 

Value Used in Costing 

~ e s  ident ial 

Commercial 

Storage 
(lo6 Btu) 

' 1.14' 

1.56 

1.21 

1.. 25 

0.90 

1.16 

- 
- 

b t  

4,775 

. .23,500 

2,250 

3?, 500 

257 

3,025 

365 

5,334 

4 00 

4,641 
. . 

9.05 

36.00 

5.60 , 

.65.50 

9.00 . 

98.8 

.. 8.0 ' 

.65.0 

Warm 

2,630 2,170 

65,600 . , 51,000 

'1,850 

56 ,.4Cl(3 

. 3,048 - 

37,300 



3 .4  Desc r ip t ion  of Load Data Used 

I n  o r d e r  t o  e s t i m a t e  t h e  performance of t h e  two d i f f e r e n t  types  of  s t o r a g e  
systems i n  r e a l  a p p l i c a t i o n s  i t  is  necessary  t o  make e s t ima te s  of t y p i c a l  
r e s i d e n t i a l  and commercial loads  f o r  t h e  t h r e e  d i f f e r e n t .  reg ions .  For 
t h e  r e s i d e n t i a l . c a s e ,  t h e  s p a c e h e a t i n g  and coo l ing  loads  were es t imated  
assuming a ' h e a t i n g  load  of 10,000 Btu ls /"day  and coo l ing  loads  of 15,000 
Btuts/Oday f o r  a  t y p i c a l  res idence .  Using degree days hea t ing  and degree  
days cool ing  d a t a , f r o m  published r e fe rences  f o r  Boston, Albuquerque and . 
For t  . W o r t h , . t y p i c a l  h e a t i n g  and cool ing  loads  were p ro j ec t ed .  . The water  
h e a t i n g  load  was c a l c u l a t e d  based on HUD recommendations f o r  s o l a r  water  
h e a t i n g  systems. These c r i t e r i a  a r e  summarized , i n  Table 7-5 and t h e  a c t u a l  
d a t a  is  shown i n  Table 7-6 f o r  t h e  t h r e e  c i t i e s  considered.  

Commercial l oads  were . e s t ima ted 'by  s c a l i n g  t h e  r e s i d e n t i a 1 . l o a d  curves 
t o  i nc lude  p r o p o r t i o n a l l y  h igher  a i r  condi t ion ing  loads  based on t h e  
r a t i o  of a i r  cond i t i on ing  and space hea t ing  loads  t o  t o t a l  l oads  f o r  
t y p i c a l  r e s i d e n t i a l  and apartment bu i ld ings  drawing on Arthur  D.  L i t t l e ,  
I n c . ,  p r 0 p r i e t a . r ~  d a t a .  The water  h e a t i n g  load  was es t imated  a t  20 
t imes t h e  r e s i d e n t i a l  use.  This  is  c o n s i s t e n t  wi th  t h e  HUD* des ign  
requirements  f o r  a  20-unit apartment b u i l d i n g .  The f i n a l  l oad  curves 
used f o r  t h i s  a n a l y s i s  a r e  shown i n  F igures  7-9, 7-10, and 7-11. 

I n  o r d e r  t o  e s t i m a t e  t h e  a c t u a l  energy c o l l e c t e d  i n  t h e s e  d i f f e r e n t  r eg ions ,  
a  t y p i c a l  s o l a r  c o l l e c t o r  was s e l e c t e d  and t h e  c o l l e c t o r  e f f i c i e n c y  
es t imated  a s  a  func t ion  of c o l l e c t o r  temperature f o r  d i f f e r e n t  months f o r  
t h e  d i f f e r e n t  c i t i e s .  The a c t u a l  method used  i .n  making t h e s e  e s t i m a t e s  was , 

t h e  $ method; which has  been descr ibed  by IUein.** The s o l a r  c o l l e c t o r  used was 
an-Owens I l l i n o i s  Sunpac concen t r a t ing  co ' l l .ector  w i th  c h a r a c t e r i s t i c s  shown 

' i n  F igure  7-12. U t i l i z i n g  t h i s  i n s t an t aneous  c o l l e c t o r  e f f i c i e n c y  curve  . 

and t h e  s o l a r  inc idence  va lue  shobn i n  Table  7-6, t h e  data '  shown i n  F i g u r e  
7-13 was obta ined  f o r  t h e  d i f f e r e n t  c i t i e s .  These were used t o  c a l c u l a t e  
t h e  t o t a l  energy c o l l e c t e d  i n  any month du r ing  t h e  a n a l y s i s  descr ibed  
above. *** 

* Sheet  Metal and A i r  cond i t i on ing  Manufacturers. '  Assoc ia t ion .  Funda- 
mentals  of So la r  Heating. Correspondence 'course prepared f o r  t h e  
Department of Energy under c o n t r a c t  EG-77-C-01-4038. Reprinted August 
1978. 

** Klein ,  S.A., " ~ a l c u l a t i o n  of F l a t  P l a t e  C o l l e c t o r  U t i l i z a b i l i t y , "  
So la r  Energy 21(5):  - 393-402, 1378. 

A** 
The F m e t h o d  i s  most a c c u r a t e  when c o l l 6 c t o r  i n l e t  temperatures  a r e  
reasonably cons t an t .  Wi'de swings about mean temperatures  may.give 
a c t u a l  e f f i c i e n c y  va lues  which a r e  lower than  t h o s e  shown. Therefore ,  
t h e  s easona l  e s t i m a t e s  a r e  more a c c u r a t e  t han  t h e  d i u r n a l .  



Residential (Single Family Dwelling) 

Heating 

Heat-ing Degree D E I ~ ~ ( ~ )  /Month. x 10,000 Btu 
Degree Day 

' .  
cooling . 

Cooling Degree ~a~s(~)/Month x 15,000 Btu 
Degree Day 

water Heating ( 3 )  

70 gallons/ through 90°F rise 
day 

Commercial (20 Unit Apartment Building) 
. . 

.e Heating and Cooling 

ADL Estimates based on proprietary data 

Water Heating 

( 3). 20 Tilurs Residential Use 

(l)~. s . Department of Commerce, Environmental Sciences Service 
~dministration, Environmental Data Service. Climatic   ti as of 
the United States. ~un'e 1968. 

(2)~onway Research, Inc., 1972 Site Selection Handbook, Vo;. 2, 
Industry Guide to ~nvironmental Planning. Pages 231-284, 1972. 

(3) sheet Metal and Air Conditioning Contractors ' Association. Funda- 
mentals of Solar.Heating. Correspondence course prepared for the 
Department of Energy under Contract EG-7 7-C-01-4038. . ~eprinted 
August 1978. 

TABLE 7-5 BASIS OF ESTIMATED BUILDING LOADS 



TABLE 7-6 BOSTON CLIMATIC. & LOAD DATA (Res iden t ia l )  

. . 

NOTES : 

(1) sol as^^ Corporation.  Appl ica t ion  Engineering Manual. E d i t i o n  No. 3,  
. October 1978, pp. 110.23-110;64., 

I 

?IONTH 

Jan 

Feb 

.% r 

Rpr 

yay 

Jun 
. , 

J ul 

hug 

Sep 
. . 

3 c t  

3ec 

rOTAL 

. (2) US S. Department of Commerce, ~ n v i r o n m e n t a l  Sciences  Serv ice  ~ d m i n i s t r a t i o n ,  
' ~ n v i r o i i i u e ~ t n l  Data Service .  of l a s o f . .  June ,1968. 

SOLAR . . 

. INCIDENCE 
1 0 3  ~ t u / ~ t ~  

. . 

. 23.74 

27.69 

.. ,37.16. : . . 

39.90" .  

45 ;27 

46.72 

.47.53 

44:21 . 

42.57 

. 37.66 

. 22.88 

20.74 

436.07. 

DEGREE(2) 
DAYS 

COOLING . 

1088 . . 

972 , 

846 

513 

208 

36 

-0- 

g . .. 

6 0 

. . 316 

603 

983.  

5634 

(3) conway, R&earch, '1nc. 1972 S i t e  S e l e c t i o n   andb book, V.01.. 2 ,  Indus t ry  
Guide t o  ~ n v i r o n m e n t a l  Planning.  19 72, pp . 231-284. 

(4) Heating Load =.  (10,000) (DDH) 
, . 

(5) Cooling Load = (15,000) (DDC) , 

DEGREE 
' ' 

. . . DAYS' 
. . COOLING 

-0- 

-0- 

-0- 

-0 - 

6 

155 

269 

2 71 . 
. . 

132 
. . 

15 

1 
. . 

.-0- 
. 

849 

. (6 )  Hot Water Load = (70,000) 8.35) (30) 6 = 1.58 x 10 Btu/Mo. 
= 18.9 x 106 Btu/Yr. 

(4) HEATING 
L O ~  . 

lo6  Btu 

' 10.88 

9.72 

8 .46  

. ' 5 . 1 3  

2.08 

" 0.36 

-0- 

. 0.09 

0.60 
P 

3.16 

6.03 

9.83 
. 

, 56.34 

COOLING ( 5 ) .  ' 
LOAD (COLD B ~ U )  

l o6  Btu 

-0- 

. -0- 

. ,  -0- 

-0- 

. 0.09. 

2.33 

4.035 

4.065 

1.98 

0.23 

. .  . 0.02 , 

-0- 

. . 

12.75 



TABLE 7-5 CContinued) . . 

ALBUQUERQUE CLIMATIC & LOAD DATA ( ~ e s i d e n t i a l )  

NOTES : 
. . .  

(1) Solaron Corporation.  - i4JPiicatidn E n g i n e r i n g  - Manual., E d i t h i  No. 3, . . 

.0ctobcr 1970, pp. 110.23-110.64. . . . . 
7 .  

. . (2) U. S. , Department of ~omrnetce, ~ n v i r o m e n t n l  ~ c i e n c e s  ~ e i - v i c e  . ~ d m i n i s t r a t  ion. . .  . 
~nvi ronmer i t a l  Data Serv ice .  . A t l a s  .of the United s t a t e s .  June 1968. 

(3)  Conway ~ e s e a r c h ,  Inc.  ' 1972 S i t e  ~ e l . e c t . i o n ' ~ a n d b o o k ,  Vol. 2 ,  I n d i i s t r r  
Cuide t o  E~~vi ro i lmenta l  Planning.  1972, pp. 231-284. . - .  ' 

. . , . . 
. .  . (4)  Heating Load = (10,000) (DDH) 

. .  . 
.,% . . .  

(.5) Cooling Load = (15,000) (DDC) . . -. . 
, .  . . 

( 6 )  Hot Water Load, = '(70,000) 8.95) (30) , 6 = .1.58 x 10. B ~ U / M O .  

= 18.9 x 106 Btu/Yr. 
/ 



TABLE 7- 6 (~ont inued) 

FORT WORTH CLIMATIC & LOAD DATA ( lesdent ial) 

HEATIND(~) 
LOAD 

lo6 Btu 

6.14 

4.48 

3.19 

0.99 

-0- 

-0- 

-0- 

COOLING (5) 
LOAD (COLD B~U) 

lo6 Btu 

-0- 

0.09 

0.315 

1.065 

2.925 

8.19 

9.09- 

6.84 

5.73 

2.565 

0.54 

0.015 

NOTES : 

(1) :Solaron Corporation. Applicetiqn Engineering Manual. Edition No. 3, 
October 1978, pp. 110.23-110.64. 

(2) U.S. Department of Commerce, Environmental Sciences Service Administration, 
Environmental Data Service. -tic A t w  of the United States. June 1968. 

(3) Corny Research, Inc. 1972 Site Selection Handbook, - Vol. 2, Industry 
- Guide to" Environmental Blarming. 1972, pp. 231-284. 

( 4 )   eating Load = (10,000) (DDH) 

(5) Cooling Load = (15,000) (DW) 
(6) Hot Water Load = (70,000) 8.35) (30) i 1.58 x 10 Btu/No. 

= 18.9 x 106 Btu/Yr. 



J J 

(a) Residential 



(a) RafLUdentia1 

0 
J F M A M J J A S 0 N D 

(b) Commercial 

I FIGURE 7-10 MONTHLY SPACE HEATW, COOLING, AND WATER HEATING LOADS FOR ALBUQUERQUE 



(a) Residential 

0 
J F M, A M J J A S 0 N D 

(b) Commercial 

FIGURE 7-11 MONTHLY SPACE HEATING, COOLING, AND WATER HEATING LOADS FOR FORT WORTH 



Source: Owens-Illinois Sales Literature 



Boston - 

innn ,, June 
- 
- 

\ ,  - 
December 

I I I 

100 200 300 
Mean Collector Temperature (OF) 

- Albuquerque 

Annual June 

- 

I 1 I 

100 200 300 

Mean Collector ~emperature (OF) 

- 

, ~ n k ~ o r t h  
-- - 

Annual 1 - r r  / 

\ - December 

- 

I I I 

100 200 300 
Mean Collector Temperature (OF) . 

- 
Source: ~ r t h u r  D. ~ i t t l e ,  Inc. Estimates based on 4 method. 

FIGURE 7-13 COLLECTOR EFFICIENCY AS A FUNCTION OF TEMPERATURE 





. . AP?,END.IX 1 . A ;  

. STtIRAGE MEDIA 

. . 

SYSTEM . . ,.MATERIAL ' ' 

. . 
QUANEITY. '(lbs) 

, . 

. . 
. . 

17,500 
. . E I C  Corp. . . CH30H. 

EIC Corp: , . CH30H 
I 

. .  . 
Martin ~ a r i ' e t t a  . h - o n i a  7854 gal lons  , 

~ o c k e t  Research 

* P r i c e  suppli'ed by Martin Mar ie t ta  



. . 
. . . . . . 

. . . . 
. . 

. . . . 

. . . . . . 

:SYSTEM . . 
. . , . MATERIAL 

. . 
. . . . .  

A5. - . . 
. . 

. . ' .~;cket, R e s e a r c h  ' ' . H2S04  '(93Z)' 
. .  . 

- H2s04 (10%) 

A6 

R o c k e t  R e s e a r c h  

A7 
. . 

R o c k e t  R e s e a r c h  

APPENDIX I. A ( ~ o n t  i n u e d )  
-- 
STORAGE MEDIA . . 

QUANTITY ( l b s )  . ' COST BASIS C/LB COST ($) 
. . 

. . 
. . . . 

SYSTEM TOTAL ($) 



SYSTEM 

. . 

A8 - 
University of Delaware 

. : 

. .  A9; .. - 
Franklin Institute 

.A10 . - 
Dow :Chemical Co. 

All. ; - .  - 
Dow Chemical Co. 

APPENDx 1.A (Cont.inued) . . . 

STORAGE MEDIA 

. . . . . . 

MATERIAL Q U A N T ~  (1bS) ' 'COST BASIS .E/LB ' COST ($) . SYSTEM TOTAL ($) . 

. . 

Borax. . 90 

Thickener 



. . 
. . . . . . . 

. . MPENDIX 1 . A  (Continued) . . 

. . STORAGE MEDIA. . . 
. . 

SYSTEM : 
. . 

MATERIAL' - .QUmITY (Ibs) .COST BASIS C/LB , : COST ($) SYSTm TOTAL ( $ 1  

A12. - . . 

Clemson Un ive r s i t y  Na2S203.5H20. 4440 . 
. . . . 

, ., 12' 

,A13 '  ' . . - 
Unive r s i ty  of Delaxare Na2S04 ,10H20 , ' 35.20 

. . 

. . 2 0  2 4 Borax .  - : 120 G .  - 

814 - 
Monsanto Research Polyethylene 

b. : 

Ethylene Glycol! ' ,1590 2 5 398 . 1039 

A15 - 
Suntek Block 

Nuclea t ingAgent  .6 

F a b r i c a t i o n .  inc luding  . ' 

f i l l i n g  block b ' a e a l i x g  

: T o t a l  f o r  .27'6 b ~ o z k s '  



SYSTEM. . . 

' A16 - 
Brookhaven ~ a t i o n a l  Lab. 

'APPENDIX I .A (Continued). . ,  . .  

' STOUGE MEDIA . ' . . 
. . . .  . . 

Block " . .  ' 2 5  

CaC12.* 6H2O :6.25 . .  

Microencap'su- . :. 

l a t  ion 6 . 2 5  ' .  

, . ~ o t a l / ~ l o c k  

Total for i, 000 :bl.=cks 



APPENDIX 1 . B  
CONTAINER . . . . 

Key 
Code Descript ion . . 

. . 

a )  CaC12 s a l t  conta iner .  (tank only) 
' 

. 2 vacuum tanks a t  3200 gbllons, 
each with f lang@d.ends fo r '  s a l t  . 

' 

bed "access. 'i2 @ . $6850 . . 
. . 

. . 
b ~ e t h a i b l  'container.  2660 . 

. . s t e e l  vacuum tank 
.. ( insula ted)  $5764 

. a) CaC12 s a l t  container.  ( tank only) 
2 vacuum, tanks. a t  3200 gal lons  
each . k i t h  flanged ends for:  s a l t  
bed. access.. . .. '2 @ $6850 

b)' . ~ e t h a n b l  .conta iner  2660 gal lon . '  

- .  ' s t e e l  vacuum tank,'$5764 . 

Cost'p'er System 

. . . . . . 

. . .. B 3  a High temperature reac to r s  $20,!190' 
.2. t anks .  @ ,4400' ga l lons ,  I . . 

. . 

a (from'Append-ix II) . .$4780.each '. . . . 

. . . . . . 
. . . . 

' .  , b) Hx 4800 f t  s t e e l  tubing 1" , . , . . . 

plus '  f a b r i c a t i o n '  2 @ $2760 ' . . . . . .  . 
. . . . . . 

. . c ). ~mmonia ,condensate receiver,  . .  . . . . . 
' . , ,5280 gal lons  . . 

(,from Appendix 11) $54.10 . , , ' 

, . 

. . $21,497 .' ;B4 . a )  .8125 ga l lon  water s to rage  tank:  
,: unpressurized s t e e l  with ZRC l i n i n g  

$4073 ' . . 
- .  

. . 
b) , 15,440 ga l lon  unpressurized . . . .  . . . . . 

steel tank with l i n e r  $9024 . . . 
. ,  . 

. . . . 
. . c)  lass-lined Pfaudler tanks f o r  

absorber. and separa tor  2 @ .  $4200 , 



Key 
Code 

APPENDIX I. B (Continued) 

. . CONTAINER , 

:. . . 

Descr ip t ion  Cost per  System 

a )  1000 g a l l o n  Nalgene $4,598 
pole thylene  t ank  wi th  cover 
and support  - $1150 

b) 1900 ga l lon  unpressur ized  s t e e l  
t ank  wi th  l i n e r  $2438 

c )  Glass l i n e d  tanks  (Pfaudler )  ' f o r  
absorber  and s e p a r a t o r ,  50 g a l l d n s  
2  @ $500 

a)  1000 g a l l o n  Nalgene 
polye thylene  t ank  wi th  cover 
and suppor ts  $1160 

b) 1900 g a l l o n  (Pfaudler )  g l a s s  l i n e d  
s t e e l  t ank  $11760 . 

c )  Glass  l i n e d  (Pfaud1er) tanks f o r  
absorber  and s e p a r a t o r  
320 ga l lons  2  @ $4200 

I 

B7 a )  50 g a l l o n  Nalgene $ 2,008 
polye thylene  t ank  w i t h  cover 
and support  $58 

b )  95 g a l l o n  (Pfaudler )  g l a s s  l i ned  
t ank  $950 

c )  50 ga l lon  g l a s s  l i n e d  (Pfaudler )  t anks  
f o r  absorber  and s e p a r a t o r  $500 each. 



APPENDIX I. B (Continued) 

Key 
Code Desc r ip t ion  

CONTAINER 

Cost per  System 

B 8  a ) ~ l a s t i c  s t ack ing  racks  - $75 24 2  
b ) P l a s t i c  f i l m  f o r  chubs - $15 
c)Plywood enc lose r  - $38 
d)Ducting - $28 
e)Cost  of making chubs - $86 

B9 a1350 g a l l o n  mi ld  s t e e l  tank wi th  welded i n  s t e e l  . 246 
mesh and a jacke t  t o  p r o t e c t  i n s u l a t i o n  

B10 a)3800 .224' d i a .  x -63 '  h igh  a e r o s o l  cans  and . 683 
c o n t r a c t  f i l l i n g  of . t h e s e  cans  .- $450 

b)22 gauge galvanized s t e e l  s h e e t s  f o r  ou te r  
s h e l l  - $200 . 

c ) D i f f u s e r s  and spacers  - $14 
d)2  u n i t s  of duc t ing  lZ 'x12 '  of 1'. l eng th  - $19 

B 1 1  a)3h00 -2i4' d i a .  x 1.63' l ~ l ~ h ' a e r o s o l  cans  and c o n t r a c t  1,307 
f i l l i n g  of t h e s e  cans'  - $900 

b)22 gauge galvanized s t ee l  s h e e t s  f o r  ou te r  sh6l l .s  - . 
' $372 . 

c ) D i f f u s e r s  and spacers  - $16 , . 

d)2 u n i t s  of duc t ing  12"x12" of 1' l eng th  , -  $19 

a )  ~ n ~ r e k i s u r i z e d  .st e e l  tank  363 
350 ga l lons  w i t h  l i n i n g  

b )Di f fuse r  - $3 " ,  . .  . , 

a ) ~ l a s t i c  s t ack ing  rack? . -  $100 
b )P la s t i c .  f i l m  f o r  chubs - $20 ' 

c).~lywood enc losu re  - $56 
c1Ducting - $28 
e)Cost  of .making chubs - $115 

B14 a1450 g a l l o n '  30 p s i  s t e e l  tank wi th  7 concen t r i c  
i n t e r n a l  s t e e l  b a f f l e s .  Cost inc ludes  o u t e r  
j acke t  t o  p r o t e c t  i n s u l a t i o n .  



APPENDIX 1 . C  . 

INSULATION , 

REFERENCE # 
AND L. 

VENDOR . 

C 1  - 
EIC Corporat ion 

C 2 
' EC Corporat ion.  I 

\D 

C3 
Mart in Mar i e t t a  

c 4  - 
Rocket, Research 

WHERE 
INSULATION' 

USED . . TEMP (OF) 

cac12 Container  270aF 

Methanol tank  
( i w l u d e d  w i t h  tdnk)  

I . .  

Methanol tank  
(inc1uded:'wit h . tank) .  . . . 

2 tanks  outdoors  300°F 

1 tank  outdocrs  12C°F 

~ b s o r b e r  & sepa ra to r  400°F 

Glass  Heat Ef changer 400°F 



REFERENCE C 
AND 

VENDOR 
. . 

C5 - 
Rocket ~ e s e a r c h :  

C 7 - 
Rocket Research 

. . . . 

APPEFDIX 1'. c '(Continued) . , ' . . . . . 

. . . . 
.- WHERE . . . . 

. . .  
. . .  . . 

~ S U L A T I O N  . '. . 

:  USE^^.. " T I P !  ( O F )  AREA ( F T ~ )  , PRICE ( S I f t . 2 )  COST~SYSTEM ($) , 

. . 

~ b s o r b e r  6. Separa tor  4 0 0 0 ~  3 5 :60 $2 i  

Glass  Heat Exchanger 4 0 0 " ~  ' 25' :. .:50 I 5  

. . 

Absorber , &  s e p a r a t o r  -400°F : . . . .  
. . . 

Glass Heat Exchanger . ,400°F . '. . .' 

.Acid S torage  Tank 4 0 0 " ~  
. . 

Water S torage  Tank 130,"F 

. . 

.Acid S torage  Tank'  .400°F 

Water S torage  .Tank . , 1 3 0 ' ~  



APPENDIX I. C (continued) 
INSU-ATION 

H 
I 

I-' 
I-' 

REFERENCE // 
AND 

VENDOR 

C 8 - 
Univers i ty  of 
Delaware . 

C9 - 
Frankl in  I n s t i t u t e  

C10 - 
Dow Chemical 

C 1 1  - 
Dow Chemical 

C12 - 
Clemson Univers i ty  

C13 . - 
Univers i ty  of 
Delaware 

C14 . - 
Monsanto Research 

C15 - 
Suntek 

. . . . 

' WHERE 
INSULATION 
; USED TEIP.(OF) . A R E A . ( F T ~ )  

Plywood Enclosure 40 108 

Tank 3 5 7 5 

Sheet Metal ~ n c l o s u r e .  25 0 134 

Sheet Metal ~ n c l o ' s u r e  h70 250 

Tank 135 80 

Plywood ~ n c l o s u r e  . . 110: 16 0 

. .  . 
S t e e l  Tank, & Expansion 
Tank 300 . '  9 9 

Readwall N.A.. 245. 



CONTRACTOR' 
CODE M E  

D 1 EIC Corporartion 

APPENDIX 1.E 

HEAT E X C ~ N G E R S  

ESTIMATED 
DESCRIPTION AREA 

Finned Tube: Condensing Methanol 3100 
t o  a i r  - Methanol condenses @ 1 1 3 ' ~ .  
A i r  i n  @ 80°F, out  a t  105OF 22,200 CFM 
6 X 1s ~ t u / h r  

Finned Tube: 'Ethylene Glycol t o  a i r  1125 .' 

Ethylene Glycol in . !?  14O0F, out  @ '160°F 
A i r  i n  @ 70°F, cu t  @ 100°F ., 1 X l o 6  Btu/hr .  ' ' 

33700 CFM ' 
e 15.8 gpm . . 

Finned Tube: A i r  t o  evaporat ing 1725 
methanol. A i r  i n  @ 50°F, out  @ 30°P 
methanol .evaporating @. 20°F 

6 X lo5, ~ t u , h r  
g 2:650 CFM 

Heat Exchanger i.n CaC12 t anks  - 
'9200 ft finned tub ing  + . . 

suppor ts ,  boxes, & assembly 

,She l l  and Tube: Methanql vapor t o  . ' 400 
Ethylene Glycol methanol i n  @ 180°F, - 
out  @ 160°F Ethylene Glycol i n  @ 
100°F, ou t  @ 140°F 

.200,000. ~ t u / h r  

DELIVERED 
COST / 

SYSTEM 



. . . .  . 
APPENDI$I I :D ( ~ o n t  inued) , . 

. .. . 
HEAT MC'HANGERS . . 

CODE 
CONTRACTOR 

N A M E .  . ,  
. . .  

EIC Corporat ion 

- . , ESTIMATED ' .  ; 
- I~ESCRIPTION . AREA - .. . . 

Finned' Tube:. Condensing methanol . . . .  181 
. t o  .air .  m e t h a ~ o l  cdndenses @ . . 113°F . . ,:' . .. 
A i t  i n  @ 80°F out @ 1 0 5 " ~  . . . 

' ' a .35,000 3 t u / h r  
1290 C . 3 . M .  . . . . .  

. . . . 
. .. . . 

Finned Tube: Ethylene Glycol t o  . 56 
air :  Ethylene, g lyco l  i n  @ 140°F out  ' 

@ 16OoF ' a i r  I n  @ 7 0 " ~  out @ 1 0 0 " ~  
o 50',000 : ~ t u / h r  ' . . '  

. . 
. a 1536. C.F.M. 

: 0 7.4 gpm 
. . 

Finned Tube: A i r  t o  evaporat ing 101  
methanol. A i r  i n  @ 50eF, out @ 3 0 " ~  
methanol evaporat ing @ 20°F 

6 35,000 Btu/hr.  
1,613 CFM 

Heat Exchanger i n  CaC12 t anks  - 
1840 f t  f inned tubing  + 
suppor ts ,  boxes, and assembly 

S h e l l  and Tube: .Methanol .vapor t o  20 
Ethylene Glycol.   ethanol vapor i n  . . , 

@ 180°F, .out .@ 1 6 0 " ~ .  ~ t h ~ l e n e  Glycol 
i n  @ 150°F: o u t  @ 170°F 

. . 

e 10,000':..~fu/hr. 

. . 

. .  * 

DELIVERED 
COST/. 

- .  
SYSTEM. 

$274. : ' .. 



CODE 

D 3 

CONI;RACTOR' 
NAME 

. . 

Martin Mar i e t t a  

. . HEAT EXCHANGERS 
. . 

. . 
. . 

DESCRIPTION 

. ~ o t  e exchanger .' i n  HTR included . 
. . w f t h  tank  '. 

. . - Condenser: Armnonia t o  .Glycol  .' 
. .  . Ammo'nia condensing 

@ '115OF '-Glycol i n  
@ 85OF, out  @.. l lO°F 
49 gpm 

 eat Exchange Rate: 
6 X 105 Btu lhr .  

. .  . 

ESTIMATED 
A R E A  

DELIVERED 
COST/ 

..'sY STEM 

~ v a ~ o r a t o r  : . ~ l ' y c o l  t o  '~mmonia' 255 : ,  . 

Ammonia evapora t ing  
; , @  2 0 " ~  - ~ l y c ' o l  i n  9 ' . 

45OF,. out  @ 25,OF ' . ' . . 
. . .  62 gpm . .  . .  

Heat Exchange 'Rate 
.. . 

' :6 X 105 ~ t u / h r .  : 
. . 

.Heating Coi l : .  Glycol t o  a i r  2090 . . 

' . ' ~ l y c o l  i n  '@ 125OF, 
out  @ ~ O O O F  118 gpm ,. 

. .  . 

A i r  i n  @ 70°F, ou t  .@ 

100°F 31400 C R I  ' . 

1 X 106.BtuIhr .  
. - .  

. . 
' .  .Condensing ~ e j e d t  Heat Coi l :  , . . 

. . 
Glycol t o  a i r -  Glycol in 
@ 110°F out  . @  85OF 57 gpm 
A i r  i n  @ 8 0 ° ~ ,  out  @ 95OF 
37,000. CFM . 6  X l o 6  Btu/hr  . . , 

. .  . . .  
. . 

. .  . 



APPENDIX 1'. D ( ~ o n t  inued) 

KEAT EXCHANGERS 
DELIVERED - 

'CONTRACTOR EST IMAT'ED COST/ 
CODE " NAME . DESCRIPTION AREA ' SYSTEM 

' .  D3 (Cont.) Mart i n  Mar ie t ta  . Cooling Coil: .  A i r  t o  Glycol. A i r  933' $ 683 
' i n  @ 7 0 ° ~ ,  out @ 55OF 
3700 CFM 
Glycol i n  @ <5OF,' out  
@ 45°F 62 gpm 1 ' 

.6  X.  106 Btu/hr.  
. . 

Water Heating Unit: Ammonia vapor: 450 
~ l ~ c o l .  (assume . -  

' .  . 
U = 5 Btu/hr f t20F)  

: Ammonia in ,@ 200°F, 
'out @170°F 

Glycol i n  @ 150°F,. .out  . . 

a t  1 9 0 ' ~  
' - Heat 'Exchange r a t e  = '. . 

100,000 ~ t u j h r .  

To ta l  " .$12,000 



APPENDIX.1.D (Continued) 

CODE 

D 4 

CONTRACTOR 
NAME 

Rocket Research 

IllUT EXCHANGERS 

ESTIMATED 
DESCRIPTION AREA 

S h e l l  and Tube (Glass: 
Ethylene Glycol- Sulphuric  
Acid 

Ethylene Glycol: I n  @ 105OF, 
out  @ 115OF 

300 gpm 

Sulphuzic Acid: I n  @ 130QF, 
out  @ llO°F. 
Area '=  650 f t 2  .@ 4 4 / f t 2  $28,600 

@ 130 gpm . 

S h e l l  and Tube Evaporator Water: 812 
Boi l ing  @ .  350°F. . . 

.Eythylene Glycol: I n  @ 50°F, out 
a t  3 8 P ~  

. 6 X lo5  Btu/hr .  
e 150 gpm 

S h e l l  and Tube ' Condenser Water: ' 250 
Condensing @ 130°F 
Ethylene Glycol:  I n  @ 10S°F, 
out  @ 115OF 

6 X l o 5  Btu/hr.  
' 119 gpm 

S h e l l  and Tube (Glass). Recuperator 74 
Sulphuric  Acid t o  Sulphuric  Acid 
~ u l ~ h u r ' i c  Acid, i n  @ 70°F, out  @ 155OF 
Sulphuric  Acid, i n  @ 215OF, out  @ 130°F 

DELIVERED 
COST/ 

SYSTEM 



APFE~DIX I.  D (Continued) 

HEAT EXCHANGERS 
. . DELIVERED , . . 

. . CONTRACTOR. - ESTIMATED COST/ 
CODE NAME DESCRIPTION AREA SYSTEM 

D4 (Cont. ) , Rocket Research S h e l l  and Tube Water Heater 400 
vapor t o  Ethylene Glycol . . 
Vapor i n  @ 1.80°F, out  @ 160°F . 

Ethylene Glycol i n  @ 100°F, 
.out  @ 140°F.  . 

e 200,000 Btulhr .  

She l l .  and. Tube Water Heater 12.5 
Ethylene Glycol t o  Ethylene 'Glycol  . . 

~ t h ~ l e n e  Glycol,  i n  @ 22OPF, out  
@ 180°F . '  . 
Ethylene Glycol i n  @ , 1 0 0 ° ~ , ' - o u t  
@ 140°F . . 

9 200;000' Rtu/hr.. 
a ' 1 5  gpm . . 

. . 
.. Finned Tube: . Ethylene Glycol.  t o  A i r '  6333 

Ethylene 'Glyzol  i n  @ 120°F, out  @ 
105°F . 
A i r ,  i n  a t . 8 0 a F ,  out @ l lO°F 

1 X 106 Btu'/hr. . 
' e  119 gpm ' 

e 30,720CFM ' .  ' ' 

Finned Tube: I%thylene Glycol t o  A i r  3200 
Ethylene Glycol., i n  @ 50°F, out  @ 
80°F, A i r , ,  i n  .@'70°F, out  @ . ' 

5'5°F. 
', . e 6 X l o 5  S t u l h r .  

o 150 gpn 
e 36,870 CE'M. 

. '  . ~ I .  . . . _ ._. , L. :  . T o t a l  



CODE 

D5 

CONTRACTOR 
NAME 

Rocket. Research 

APPENDIX.1.D (Continued) 

HEAT EXCHANGERS . 

DESCRIPTION 

S h e l l  and. Tube (Glass) : ~ t h ~ l . e n e  
Glyro i  - Sulphuric  ' Acid 
Ethylene Glycol: I n  @ 105OF, ou t  
@ 125°F 
Sulphuric  Acid :' I n .  @. 130°F, ou t  
@ llO°F. 

e 50,000 Btu/hr  
Ethylene Glycol  15  gpm 

4 H2S04 6.5 gpm 

S h e l l  and Tnbe Evaporator 
Water: Boi l fng  @ 35OF 
EthyLene Glycol:  I n  @ 50°F, , 
out @ 38OF 

a 35,000 ~ t u / h r  
8.7 gpm 

ESTIMATED 
AREA 

DELIVERED . 

COST/ 
SYSTEM 

S h e l l  and Tube (Glass) : Recuperator . 13.5 
S u l f u r i c  Acid, - Sulphuric  Acid 
SulEuric  Acid, -in @ 70°F, out @ 
155'F S u l f u r i c .  Acid, i n  @ 215OF 
@ 215=F, out  @ 130°F . 

S h e l l -  and Tube Condenser: .. 14.6 
Water condensing @ 130°F 
Ethylene Glycol ,  i n  @ 1 0 5 ~ ~ ~  out  @ 1 1 5 ' ~  

35,000 3 tu /h r .  
o B.9'gpm 



, . APPENDIX I. D (Continued) 

HEAT EXCHANGERS 
DELIVERED 

CONTRACTOR - ESTIMATED COST/ 
CODE NAME . DESCRIPTION AREA SYSTEM 

D5 (Cont. ) Rocket Research S h e l l  and Tube Water Heater  20 $343 
Vapor t o  Zthylene ,Glycol  

. vapor' i n  13 1 8 0 " ~ ~  out @ 
160°F 
Ethylene Glycol i n  @ 100°F, ou t  

. @ 140°F 

S h e l l  and Tube Water Heater  
Ethylene Glycol t o  ~ t h ~ l e n e  Glycol 
Ethylene Glycol:  i n  @ 220°17, out  @, 
180°F 
~ t h ~ l e k e  Glycol.: i n  @ 1 ' 0 0 " ~ ~  out  @ : 

140°F. 
8 ~ i 0 , o o o .  Btu/hr .  
e 'I gpm 

Finned Tube: Ethylene Glycol t o  a i r  317 
Ethylene Glycol , .  i n  @ 120°F, ou t  @ 
105°F. 
A i r  i n  @ 80°F, out  @ 110°F 

e 50,000 Btu/hr . . 6.9 gpm 
e 1536 CFM 

Finned lube.: ~ t h ~ l e n ~  Glycol  t o  a i r  187 . $277 
Ethylene Glycol ,  i n  @ 120°F, out 105°F 
A i r  i n  @ 80°F, out  @ 110°F 

i 35,000 Btu/hr .  
o 818 . 

e '2150 

, $4249 



APPENDIX I .D 

HEA'T EXCHANGERS 

DELIVERED 
COST/ 

SYSTEM CODE 
CONTRACTOR 
NAME 

ESTIMATED 
DESCRIPTION AREA 

D6 Rocket Research S h e l l  and Tu5e (Glass) :  Ethylene 650 
. Glycol- Gulphuric Acid 

Ethylene Glycol:  I n  @ 105'F, - 
. cu t  @ 115OF. 

a 30C gpm . . 

Sulphuric  Ac id : . In  @ 13O0I?, out  . . 

@ LIO°F. . . 
Area = 6,50 f t 2  @ $44 / f t2  $.28,600 . . .  . 

130 gpm 

S h e l l  and Tube Evaporator Water: 812 
Boi l ing  35OF 
Ethylene Glycol: I n  .@ 50.'FF, out  @ 
38OF. 1 

e 6 X l o5  Btu/hr.  
+ 150 gpm 

S h e l l  an? Tube Condenser Water: 250 
(Condensir-g @ 130°.F 
Ethylene Glycol,: I n  @ 1 0 5 ° ~ ,  out 
@ 1153F. 

4 6 X l o 5  Btu/hr .  
e8 119 gpm 

. . 
Shs-11 ' and Tabe Water. ~ e a t ' e r  : . .  

400 
Va2or t o  Ethylene Glycol 
Vapor i n  @ 1 8 0 ~ ~ ~ '  ou t  @ 160'F 
Ethylene Glycol i n  @ 1 0 0 ° ~ ,  out @ 
i4Q°F. 

200,000 ~ t u / h r .  
1 5 .  gpm 



CODE 
CONTRACTOR 
NAME 

D6 Rocket Research 

AFP3NDIX 1 . D  (Continued) 

HEAT EXCHAGNERS 

. DESCRIPTION 

S h e l l  and Tube Water Heater :  
Ethylene Glycol t o  Ethylene Glycol 
Ethylene Glycol i n  @ 220°F ou t  @ 
180°F. Ethylene Glycol i n  @ 100°F 
ou t  a t  140°F. 

Finned Tube: Ethylene Glycol t o  A i r  
Ethylens Glpcol ,  i n  13 120°F, ou t  @ 
105OF a i r ;  i n  a t  8 0 ° ~ ,  out  @ 110°F. . 

e 30720 CFM 
. 

Finned Tube: Ethylene Glycol t o  
air:Ethylene Glycol:  In @ 50°F, 
ou t  @ 38OF. A i r ,  i n  @.70°F,  ou t  
@ 55°F. . 

e 6 X 1(15 Btu/hr .  
0. 150 gl?m 
0 36,870 CFM 

DELIVERED 
ESTIMATED . COST / 

AREA SYSTEM 

TOTAL $43,554 



APPENDIX 1 . D  

CONTRACTOR 
NAME 

D 7 Rocket Reseazch 

HEAT EXCHANGERS 

S h e l l  and Tube (Glass ) :  Ethylene 
Glycol - Sulphur ic  Acid. 
3 t 3 y l e n ~  Glycol:  I n  @ 1 0 5 " ~ ,  ou t  
@ 115°F. 
Sulphur ic  Acid: I n  @ 130'3, ou t  9 
LIO°F. 

50,000 Btu/hr.  
e Ethylene Glycol 15  gpm 

H2SO4 6.5 gpm 

DELIVERED 
ESTIMATED COST/ 

AREA SYSTEM 

S h e l l  and Tube Evaporator 
Water: Eo i l i ng  @ 35°F. 

. Ethylene Glycol:  I n  @ 50°F, out  
@ 38°F. 
e 35,'000 "Btu/hr.  
e 8.7 gpm 

. . 

S h e l l  and Tube Condenser 
Bater  c o d e n s i n g  @ 130°F 
3 thy lene , ;~ ly ' cc l ,  i n  @ 1 0 5 " ~ ,  
ou t  '3 115'F. 

.35,300 .Btu/hr . 
e ' 6.9 gpm 



APPEYDIX I. D (Continued) 

HEAT EXCHANGERS 

CONTRACTOR ESTIMATED 
CODE NAME DESCRIPTION AREA 

D 7 Rocket Research 
. . S h e l l  and Tube Water Heater '20 

Vapor t o  Ethylene Glycol  . 

Vapor i n  (3 180°F, .out @ 
160°F. 
Ethylene Glycol i n  @ 100°F, 
ou t  @ 140°F. 

10,000 Btu/hr.  

S h e l l  and Tube Water Heater 
Ethylens Glycol t o  Ethylene 
Glycol '  
Ethylene Glycol:  i n  @ 220°F, 
ou t  @ 180°F 
Ethylene Glycol:  i n  @ 100°F, 
ou t  @ .140°F. 

10,000 Btu /hr . .  
1 gpm 

Finned Tube: Ethylene Glycol  t o  317 
a i r -  Ethylene Glycol ,  i n  @ 120°F, 

.ou t  @ 1 0 5 ' ~ .  
A i r  i n  @ 80°F, out  @ 110°F. 

e 50,000 Btu/hr 

DELIVERED . 

COST / 
SYSTEM 

o 6.9 gpm 
1536 CFM , 



CODE 

D7 (Cont . ) 

AFPENDIX 1.D (Continued) 

. . 
CONTRACTOR EST IMAT ED 
NAME DESCRIPTION . AREA 

Rocket Research Finned.Tube: Ethylene Glycol 
to air. 
Ethyleme Glycol, in @ 120°F, 
out 3 10'5°F. 
Air in @ 80°F, out @ 110°F. 

0 35,000 Btu/hr. 
8.8 gprn 
2150 CFI4 

TOTAL 

DELIVERED 
COST/ 

- SYSTEM 

D9 Franklin Institute . Freon evzporator - 3 ton 100 

Dl2 Clemson University Shell and tube - ethylene glycol-cherminol 60 111 , . 840 
Ethylene glycol: In 140°F; oht 130°F; 3.4 gprn 
Therminol: In 123°F; out 133"~; 32 gprn 
Young #3838--9R-1PY 50,000 Btu/hr - . . 

Dl 7 Desert Reclamation Shell and tube: water-water 150,000 350,000 
Water: In 35°F; out 60°F; 23,100 gprn 
Water: In 65°F; out 50°F; 38,600 gprn 
Patterson Kelly, 3 @ $116,500, 2.88 x 10*~tu/hr 

Dl 9 Desert Recl.ynation - Shell and tube: ~ater-water 5,192 25,000 
Water: In 35OF; out 6 0 " ~ ;  800 gprn 
Water: I~ 65°F; out 50°F; 1,340 gprn 
Young #3029-8R-lP, 10 x . 106~tu/hr 



APPENDIX 1.E 

HEAT TRANSFER FLUIDS 

Key 
Code 

Amount 

Contractor Description (gallons) 

EIC Corporation Ethylene glycol 256 

EIC ~or~bration Ethylene glycol 256 

Martin.Marietta Ethylene glycol 470 

Rocket Research Ethylene glycol 125 

~ocket Research . Ethylene g.l.yco1 17 

Rocket Research Ethylene glycol 125 

Rocket Research Ethylene glycol 17 

Franklin Institute Dowthem J 2 0 

Clemson University Exxon Marc01 172 3 5 



F 1 - 
EIC C o r p o r a t i o n  

F2 - 
7 EIC C o r p o r a t i o n  

F4 
Rocke t  RA ear ch 

-4PPENT)IX I .  F 

PI?IiK Am DUCTING 

PIPE (P) .OR DUCT (D) I 

AND SIZE LENGTH (FT) 

P ,  2 1/2",Co??er 200 
P ,  2", Aluminum . .  5 0 
P ,  112" 'Aluminum - 120 

: D ,  36" X 36" 40 
D ,  24" X 26" 50 

P,  314" Copper. 200 
P, 112" Aluminum 170 
D, . 12." X 12" 90 

P ,  1 112" d i a .  ' Cop?er 200 
300 P ,  2 112" d i a .  Cop?er 

P, 3" d i a .  S t e e l  100 
. P,. 1" d i a .  S t e e l  250 . . 

D ,  36" x 46" 40 
D ,  24" X 36" ' 50  

. . 

P ,  2'.' Dur i ron  200 
P ,  2 112" Copper . . 2130. 
P ,  2" Copper ,200 
D ,  36" X 44" 7 5 

TOTAL ($) 
CosT ($)  FOR SYSTEM 

TOTAL 3137 

TOTAL. 1030 ' 

TOTAL 4802 

TOTAL 5040 



APPEFDIX I. F (Continued) 

PIPING AND DUCTING ' 

CODE KEY AND ' PIPE ' (P) OR DUCT (D) 
CONTRACTOR AND SIZE LENGTH (FT) COST ($1 

F 5 - 
Rocket Research  P ,  1 112" Dur i ron  

P ,  314" Capper 
. D,  12" X 15" 

F6 , - 
Rocket Research P ,  2" Dur i ron  

P,  2 112" Copper 
P ,  2" Copper 
D ,  35" X 55" 

F 7 
Rocket Research  P ,  1 112" Dur i ron  

P ,  314" Copper 
D ,  12" X 15" 

TOTAL 

TOTAL ($) 
FOR SYSTEM 

TOTAL 4540 

TOTAL 1165  



APPENDIX 1 .F  (Con t inued)  - 

PIPING -4ND EUCTING 

PIPE (P) OR DVCT (D) 
AND SIZE LENGTH (FT) 

CODE KEY 'ND 
CONTRACTOR 

TOTAL ($) 
FOR SYSTEM 

F9 - 
F r a n k l i n  ' I n s t i t u t e  

F12 - 
Clemson U n i v e r s i t y  P,.  .1", PVC 

F14 - 
Monsanto R e s e a r c h  

h) F17 a3 - . . 
Desert ~ e c l k a t i o n  P ,  8", S t e e l  

P, 30", , S t ~ e l  

F18 
Texas  A&M P ,  6", PVC 

P ,  8", PVC 
P ,  lo" ,  PVG 

F19 - 
D e s e r t  'Re clamat i o n  P,  611, S t e e l  1500  



APPENDIX 1.G 

KEY I~ONTRACTOR 
CODE NAME 

G 1  . ' E I C  Corpora t ion  

E I C  Corporat ion 

BLOWERS AND MOTORS 

PRICE NUMBER OF DELIVERED 
DESCRIPTION PER UNIT UNITS PER SYSTEM COST PER SYSTEM 

a )  31,400 CFM ( a i r )  a t  2" $2753 
s t a t i c  p e e r l e s s  blower 
P402 DWDI 
1 5  HP motor & d r i v e  

b) 22,200 CFM ( a i r )  - 1935 
p r i c e  from curves  
Appendix I1 

c ) -  27,650 CFM ( a i r )  2289 
, . p r i c e  from curves ,  

Appendix I1 

a )  1536 CFM ( a i r )  
p r i c e  from Appendix I1 ,592 

b)  1290 CFM ( a i r ) ,  57 6 
p r i c e  from Appendix I1 

c) ,1610 CFM ( a i r )  . 
. . p r i c e  from Appendix I1 597 



APPENDIX I. G (Continued) 

E,LOWEF.S AND MOTORS 
I 

KEY CONTRACTOR PRICE NUMBER OF 
CODE NAME DESCRIPTIOX PER UNIT UNITS PER SYSTEM 

G3 M a r t i n  Mari2tta a )  31,400 CFM. ( a i r )  a t  $2753 
2" s t a t i c  P z e r l e s s  
Blower #F'H@2 DWDI ,  1 5  
HIP. n o t c r  

b )  37,000 CFM ( a i r )  (3 5800 
2" s t a t i c  p r e s s u r e  ' . 

f r ~ m  c o s t  c l r v e s  

G 4 Rocket R e s e a r c h .  a )  30 ,720  CFN 1 5  hp 27 53 
motor & d r i v e  
P e e r l e s s  Elower 
P4C2 DWDI 

b )  36,870 CFM 20 hp  '2889 
n o t z ~ r  & d r i v e  . 

[ p r i c e  from 
Appmdix 1 1 )  

G 5 Rocket Research a ) ,  1536 CR4 314 hp ,592 
. ~ o t c r  & . d r i v e  

( p r i c e  from 
Appendix 1 1 )  

' b )  2150 CFM 1 hp . 642 
. . motor & d r i v e  

( p r i c e f r o m  . 
Appendix 1 1 )  

DELIVERED " 
COST PER SYSTEM 



APPENDIX I. G (Continued ) 

KEY CONTRACTOR 
CODE NAME 

G6 Rocket Research  

G7 Rocket Research 

I '  

BLOWRS AND MOTORS 

PRICE - NUMBEROF 
DESCRIPTION FER UNIT UNITS PER SYSTEM 

a )  30720 CFTYl $2753 
1 5  hp motor & 
d r i v e  P e e r l e s s  
Blower P402 DWDI 

b )  36,870 CFM 20 hp 2889 - 1 
motor & d r i v e  
( p r i c e  from 
Appendix 1 1 )  ' 

a )  1536 CFM 314 hp . 592 
motor & d r i v e  
( p r i c e  from . 
Appendix 1 1 )  

b )  . 2150 CFM 1 hp 632 
motor & d r i v e  
( p r i c e  from 
Appendix 1 1 )  . 

DELIVERED 
COST PER SYSTEM 



APPENDIX 1 . H  

PUMPS AND MOTORS 

KEY 
CODE - 

CONTRACTOR 
NAME . 

PRICE 
DESCRIPTION PER UNIT 

NUMBER OF 
UNITS PER SYSTEM 

. DELIVERED 
COST PER SYSTEM 

a )  5 GPM 51 methanol $277 
% (100%') a t  33' head 

( cons t an t  d i sp l acemen t )  
Burks close-coupled , 

s t a n d a r d  z o n s t  r u c t  i o n  

EIC Corpora t ion  

b)  150 gpn E c h ~ ~ l e n e  ~ l ~ c o l  532 
p r i c e  from Appendix I1 

TOTAL 

1 EIC Corpora t ion  a )  5 GPM of  ne thano l  277 
(100%) a t  30' head 
( cons t an t  d isp lacement)  
Burks close-coupled 

' s t a n d a r d  co r ! s t rue t ion  

b) 7.4 gpm e t k j l e n e  g l y c o l  260 
p r i c e  from Appendix I1 

1 .  

TOTAL 

a) 118 gpm E thy lene  Glycol  477 
(from Appendix 11 )  

M a r t i n  M a r i e t t a  

b) 7 1  gpm E thy lene  Glycol  
. ( f r o m A p p e n d i x I 1 )  . 396 

c )  87 gpm E thy lzne  Glycol  
(from. Appendix 11)  424 



KEY 
CODE, 

APPENDIX 1 . H  (Continued) " 

PUMPS AND MOTORS 

CONTFACTOR 
NAME DESCRIPTION 

PRICE NUMBER OF DELIVERED 
PER UNIT UNITS PER SYSTEE4 COST PER SYSTEM 

.- 

H4 Rocket ~ e s e a r c h  a )  130 gpm conc. . ,$175%:. 
S u l p h u r i c  Acid,  Gould 
Al loy  20 (2 speed)  
( b a s i c  p r i c e  + 10%) . . . 

b) . 300 gpm E t h y l e n e  ~ l ~ d o l  869 1 
(2 speed)  ( p r i c z  fr.om 
Appendix 11) 

c )  150 gpm E t h y l e n e  Glyco l  . 
( p r i c e  from Appendix 1 1 )  

d )  2 gpm condensa te  pump 
p o s i t i v e  d i sp lacement  

( e s  t i m a t  e )  

e )  119 gpm Ethg lene  Glyco l  
( p r i c e  from Appendix 11)  

TOTAL 



APPENDIX 1 . H  (Continued) 

KEY - CONTRACTOR 
CODE . NAME. 

H5 Rocket Research 

PUMP3 AND MOTORS . 

PRICE NUMBER OF 
PER UNIT UNITS PER SYSTEM 

a )  6 .5  gpm, conc. $855 
Sulphur ic  Acid, Gauld 
Alloy 20, (2  speed) 

b)  8 . 7  gpm, Echglene ,289 
Glycol ( p r i c e  From 
Appendix I:) 

c )  .I gpm, condensate  pump 100 
(p r i ce  e s t i m ~ t e d )  , 

d )  6 .9  gpm, Ethylene 
Glycol ( p r i c e  from 
Appendix 11) 

e )  1 5  gpm,. Ethylen? Glycol 330 1 
(2  speed).  ( p r i c e  from . 

Appendix 11: 

TOTAL 

DELIVERED 
COST PER SYSTEM 



APPENDIX I. H (Continued) 

PUMPS AND MOTORS 

KEY CONTRACTOR PIiICE NUMBER OF DELIVERED 
CODE NAME DESCRIPTION - . PER UNIT ' . UNITS PER SYSTEM ' COST PER SYSTEM 

H6 Rocket Research a )  ' 130 gpn c o x .  1733 L $346.6 C) 

S u l f u r i c  Acid ; , , . . 
Gould Al loy  20, - . 
( 2  speed)  (base  
p r i c e  + 10%) 

b)  300 gpm Ethy lene  -86.9 
Glyco l  (2. speed)  
( p r i c e  from ~ p p e n d i x  

11)  

. c )  150 g2m E t h y l e n e  532 
Glyco l  ( p r i c e  from 
Appendix 1 1 )  . .  e 

, d )  2  gpm Condensate 175 : 
. .  P u m p p o s i t i v e  

d i s p l a c e m e n t ( e s t i m a t e d )  

e )  119 gpm Ethy lene  479 
Glycol  ( p r i c e  from 
Appendix 1 1 )  

TOTAL $ 5521 



AP2ENDIX I. H (Continued) 

PUMPS AND MOTORS 

KEY CONTRACI'OR PRICE NUMBER OF DELIVERED 
CODE NAME .DESCRIPTION PER UNIT UNITS PER SYSTEM COST PER SYSTEM 

Rocket Resezrch a )  6 .5  gpm conc. . $855 
Sulphur ic  Ac'id 
Gould Alloy .20 
(2 speed-) ' 

.b)  8.7 gpm Ztiiylene 289 . 1  
. Glycol ( p r i c e  

from Appendix 11)  . . 

c )  .1 gpm condensate  
pump - (p r i ce  es t imated)  100 

d)  6.9 gpm Ettiylene 28 6 
Glycol ( p r i c e  from 
Appendix 11) 

e )  1 5  gpm Ethylene Glycol 330 1 
' (2 speed)  ( p r i c e  from 

Appendix 11) 
TOTAL 



. APPETDIX I. H (Continued) 

KEY 
CODE 

CONTRACTOR 
NAME 

F r a n k l i n  I n s t i t u t e  

C l e m s ~ n  Un ive r s i t y  

Desert Reclamation 
I n d u s t r i e s  

PUMPS AND ,MOTORS 

PRICE 
DESCRIPTION PER UNIT 

46.7 GPM of Dowtk.erm J ,  386 
a t  30'head Burks c lose-  - 
coupled c e n t r i f u g a l  
s tandard  c o n s t r u c t  i o n  
374G 6 - 1-112 pump 
314 pump HP,,17511 RPM 
motor 

46 ; 7 GPM of Exxon . ~ a r c o l  385 
at 30'head Burkes close-  
coupled c e n t r i f u g a l  
s tandard  :cons t ruc t ion  
3746 6 - 1-112 pump 
314 pump HP, 1750 RPM 
motor 

1500 GPM of wel:  wa te r  a t  8990 
100' head c r ane  Deming 
v e r t i c a l  turbin.2 pumping 
u n i t .  14" two-stage bore  
assembly. 100' ~f 10" 
column and 1-114" s h a f t .  
Sur face  d i s cha rge  head 
SD10-10-16 11 2 
50 HP, 1750 RPE motor w i th  
non reve r s ib l e  r ache t  

NUMBER OF DELIVERED 
UNITS 'PER SYSTEM COST PER SYSTEM 



APPENDIX I. 3 (Continued) 

KEY ' . 

C.ODE , ' 

CONTRACTOR 
' ' 'NAME 

Texas 
A & .M 
University 

Deserr . 
Reclamation 
Industries 

P W S  AND MOTOBS 
NUMBER OF DELIVERED 

DESCRIPTION PRICE .P.ER .UNIT . UNITS .PER'.SYSTEM- . .  , COST PER SYSTEM 

.a)6:33 GPM of  rater at 25" 779.00 1 779.00 . . 

head Paco end suction 
centrifugal type. L4070-5, 
bronze fitted with seal . : 

5 HP, 1750, &PM mtor close- - 
c~upled unitypa 

b)250 GPM of wstsr at 25' 544 .OO 1 
head Paco 2570-5,.bronze 
fitted with seal 

. 2 HP, 1750 RBM motor close- . . 

coupled unitype 

c)650 GPM of well water at 8610.00 3 
150' head crane Deming ver- 
tical turbine pumping unit. . 
10" 4-stage bore assembly. 
150' of 8" colunn with 1". 
sh2.f ting . Surf.sce discharge 
head SD88 - 16% 40 HP, 1750 RPM 
motor with non reversible rachet 

800 GPH of well water 6340 
at 100' head crzne 
Deming vertical turbine 
pumping unit. 10" 
3-stage bore assembly. 
100' of 8" column vith 
1" sheft ing 
Surface discharge head 
SD 88-12 
30 HP, 1750 RPM notor witk 
non reversible rachet 



CON'I ROLS 

KEY 
CODE CONTRACTOR DESCRIPXON 

I1 EIC Corporat ion 1-113 hp con tac to r  f o r  5 gpm methanol pump 
1-30, gpm con tac to r  f o r  150 gpm g lyco l  pump 
3-15 h p ' s t a r t e r s  f o r  bl2wers 
8-2 1/2" 'Solenoid va lves  
2- 112" motorized b a l l  va lves  
2- 112"' solenoid va lves  
6- motorized dampers . 

2- t,hermostats 
1- c o n t r o l l e r  (25 e l enen t s )  (5  i n  cab ine t )  

EIC Corporat ion 1-113 hp con tac to r  f o r  5  gpm methanol pump 
. 1-10 amp con tac to r  f c r  24 gpm g lyco l  pump 

3-113 11p con tac to r  . fo r  blowers . 

8-314" so lenoid  va lves  
2-112" motorized b a l l  va lves  
2-112" so lenoid  va lves  
6-motorized dampers 
2-thermostats . 
1-con t ro l l e r  (25 e l e n ~ n t s )  (5 i n  cab ine t ) .  

ITEM COST ($) 

4 0 
5 6 

116 
175 
200 

3 5 
110 
.81 

TOTAL ($) 
FOR SYSTEM 



APPENDIX I. I (Continued) 

KEY 
CODE CONTRACTOR 

I 3  Mar t in  M a r i e t t a  

TOTAL ($) 
ITEM COST ($1 FOR. SYSTEM 

3-20 amp c o a t a c t o r s  f o r  pumps 49 
3,-15 hp s t a r t e r a  f o r  blowers . . 116 

175.  8-2 112" so lenoid  va lves  
2- 3" motor<zed b a l l  va lves  400 
I-. expansion va lve  . 50 . 
6- motorizec campers 110 , 

81. . 2-,thermostats 
I - c o n t r o l l e r  (24 elements)  (6  i n  c a b i n e t s )  

I 4  Rocket Research 2-2 hp s t a r t , = r s  f o r  130 gpm H2S04 pump 
(2 speed) 

1-15 hp s t a r t e r s  f o r  30,770 CFM blower 
1-20 hp s t a r t e r  f o r  36870 CFM blower 
1-'5 hp s t a r t e r  f o r  300 gprn pump (2 speed) 
1-2 hp s t a r t e r  f o r  119 .gpm pump 
4-3 way 2" H;S04 valves,  
4-3 way. 2 1/2" e thy l ene  g l y c o l  v a l v e s  
1-2 way 2" H2SO4 v a l v e  
1-2 way l / 2 "  . e thy lene  g lyco l  v a l v e  
2-thermostats 
1-4 hp s t a r t e r  f o r  150 gpm pump 
1-10 amp c o n t a c t o r  
4-motorized dampers . 
1-con t ro l l e r  (25 s lements )  (8 t n  c a b i n e t )  



KEY 
CODE 

I 5  

APPENDIX I. I (Continued) 

C0~'rROL S 

CONTRACTOR DESCRIPTION ITEM COST ($) 

Rocket Research  2-112 hp starters fo r '  6 .5  gpm H2S04 
pump (2  speed)  

1-314 hp starter f o r  1536 CFM blower 
1-1 hp' starter fox  2150 CFM blower 
1-314 hp s t a r t e r  f o r  1 5  gprn pump (2 speed)  
1-112 hp s t a r t e r  f o r  8 .7  gprn pump 
1-1/2 hp s t a r t e r  f o r  6 .9  gpm pump 
1-10 amp c o n t a c t o r  
4-3 way 1 1/2" ~ 2 5 0 4  v a l v e s  600 
4-3 way 314" e t h y l e n e  g l y c o l  v a l v e s  110 
1-2 way 1. 112" Hz304 v a l v e  
1-2way 112" e t h y l 2 n e  g l y c o l  v a l v e  
4-motorized dampers 110 
2- thermosta ts  8 1 
1 - c o n t r o l l e r  (24 e l emen t s )  (8 i'n c a b i n e t ) .  

Rocket Research  2-2 hp s t a ' r t e r s  f o r  130 gprn H2S04 pump 
(2  speed)  

1-15 hp s t a r t e r  f o r  30,770 CFM blower 
1-20 hp starter f o r  36870 CFM blower 

' 1-5 hp s t a r t e r  f a r  300 gprn pump (2 speed)  
1-2 hp s t a r t e r  f o r  119 gprn pump 
4-3 way 2" H2SO4 v a l v e s  
4-3 way- 2 112" e t h y l e n e  g l y c o l  v a l v e s  
1-2 way 2" H2SO4 v a l v e  
1-2 way 112" e t h y l e n e  g l y c o l  v a l v e  
2-thermostats '  
1-4 hp starter f o r  150 gprn pump ' 

1-10 amp c o n t a c t o r  . - 

4-motorized dampers 
1 - c o n t r o l l e r  (24 e lements)  (8  i n  c a b i n e t )  

TOTAL ($)  
FOR SYSTEM 



. . 
APPENDIX 1. 1 ' (Cont inned) 

. . CONTROLS ' 

KEY ' TOTAL ($) 
CODE ' CONTRACTOR DESCRIPTION ZTEM COST ($) , 

. .. FOR SYSTEM 

Rocket R e s e ~ r c h  2-112 hp s t a r t e r s  f o r  '615 gpm 
Hz504 pump (2 speed) .  
,1-31.4 hp s t a r t e r  . fo r  1536 CFM blower . 

1-1 h p  s t a r t e r  f o r  2150 CFM blower. 
1-,314 hp s t a r t e r  f o r  15  gpm punp (2 speed) 
1-1/2 'hp s t a r t e r  f o r  8.7 gprn pump 
1-112 hp s t a r t e r  for .  6.9 gpm.pump 
1-20 amp contac tor  
4-3 way '1 112" H2S04 va lves  . . 600 
4'3 way 314" e thylene  g lycol  valves 110 
1-2 -way 1 ,112"  H2SO4 va lve ,  
1-2 way 1/2" e thylene  g lycol  va lve  
4-motorized 'dampers 110 
2-thermostats. 8 1  

-1 -con t ro l l e r  (24 elements) . 

(8 i n  cab ine t )  



APPENDIX I. I ' (continued) 

KEY 
COIjE CONTRACTOR 

I8 University of 2- thermostats @ $35 ez .  
Delaware 

ITEM COST ($) 
TOTAL ($) 
FOR SYSTEM 

I9 Franklin Institute 1-314 hp contactor for 46.7 gpm pump 40 - 
1-pressure switch 10 - 
1-thermostat 35 - 
1-controller (3 elements) . (1 in cabinet ) 90 17 5 

Dow Chemical 2- thermostats @ S35 ea 
. (no cabinet) 

Dow Chemical 2- thermostats @ $35 ea 7 0 
(no cabinet) 

Clemson University 1-1 hp contactor far 50 gpm pump 40 
1- thermostat 3 5 
1- controller (2 elements) 105 

(1 in cabinet) 
. . 

. . 
University of Delaware 2- thermostats 7 0 

(no cabinet) 

Monsanto Research 1- thermostat 
(no cabinet) 

Desert Reclamation . Inc. 40"-50 hp starters for 1500 gpm pumps @ 420 ea 16800 
160-8" motorized ball valves @ $1400ea 224000 
160**-10 amp contactors.@ 40 ea 6400 
'1- controller (360 elements) 33000 

(200 in cabinets) 
I 

*.in banks of 4- $16,60Oin controller cost 
** in 4- cabinets $6400 in controller cost 



KEY 
CODE CONTRACTOR 

r 

APPENDIX I .I (Continued) 

CONTROLS . , 

TOTAL ($) 
DESCRIPTION ITEM. COST ($) FOR SYSTEM 

I18 Texas A & M 1-5 hp starter for 600 gpm 'pumps . 

1-2 hp starter for 250 gpm pump 
3-40 hp starters 'for 650 gprn pumps @ 190 ea 
2-10" PVC gate valves, motorized @ 1700 ea 
2-8" PVC gate valves, motorized @ 1400 ea 
4-6" PVC gate valves, 'motorized @ 800 ea . 
8-10 amp contactors @ 40 ea 
.1- controller (21 elements) 

(13 in cabinets) 

I19 Desert .~eclwafidn Inc.2-30 hp starters for 800 gpm pumps @ 190 ea 
4-8" motorized gate valves @ 1400 ea 
4-10 amp contactors @ 40 ea 

- 1- controller (10 elements) 
(6 in cabinet) 



APPENDIX I.J. 

- INSTALLAT I O N  

COST PER SYSTEM 

$7345. 

KEY 
CODE DESCRIPTION 

b 

J1 Cost t o  i n s t a l l  system on s i t e .  Included 
func t ions  a r e :  
a )  Build foundat ions f o r  CaC12 tanks  and 

methanol tank. 
b) F i n a l  assembly of cac12 u n i t s  
c )  I n s t a l l  t h r e e  t anks ,  two pumps, t h r e e  

blowers,  t h r e e  h e a t  exchangers 
. d )  Erect  and hang a i r . d u c t s  
e )  Connect p ip ing  and e l e c t r i c a l s  
f )  Charge system 
g) T ranspor t a t ion  t o  s i t e  from c o n t r a c t o r ' s  p l a c e  

52 Cost t o  i n s t a l l  system on s i t e .  Included 6391 
func t ions  a r e :  
a )  Build f o u ~ ~ r l a t i o l ~ s  f o r  CaC12 tanks  and 

methanol tank.  
b) F i n a l  assembly of CaC12 u n i t s  

- c )  I n s t a l l  t h r e e  t anks ,  two pumps, t h r e e  
blowers,  t h r e e  hea t  exchangers 

d)  Erec t  and hang a i r  d u c t s  
) ~ i n n t c t  p i p i n g  and c l c o t r i c a l s  
f) Charge system 
g) T ranspor t a t ion  t o  s i t e  from c o n t r a c t o r ' s  p l ace  

53 Cost t o  i n s t a l l  system on s i t e .  Included 
func t ions  a r e :  
a )  Build foundat ions and i n s t a l l  s t o r a g e  

medium and ammonia tank  
b) I n s t a l l  t h r e e  hea t  exchangers,  t h r e e  pumps, 

t h r e e  blowers 
c )  Erect  and hang a i r  d u c t s  
d )  Connect p ip ing  and e l e c t r i c a l s  
e )  T ranspor t a t ion  from c o n t r a c t o r ' s  p l a c e  t o  s i t e  

54 Cost t o  i n s t a l l  system on s i t e .  Included func t ions  ' 

a r e  : 11,661 
a )  ~ u i l d  ' foundat ions f o r  conc . ~ 2 ~ 0 4 '  and 

' d i l u t e  H2S04 tanks  
b) I n s t a l l  H2SO4 t ank  
c)" I n s t a l l  water  t ank  
d)  I n s t a l l  hea t  exchangers,  pumps, and blowers 
e) Erec t  and hang duc t s  

. f )  Connect p ip ing  and e l e c t r i c a l s  
g) Charge system 
h )  T ranspor t a t ion  t o  s i t e  from c o n t r a c t o r ' s  p l a c e .  



, . 

APPENDIX I.; 
INSTALLATION 

COST PER SYSTEM 

5369 

KEY 
CODE DESCRIPTION 

55  Cost t o  i n s t a l l  system on si te.  Included 
func t ions  a r e :  
a )  Build foundat ions  f o r  conc. H2SO4 and 

d i l u t e  H2S04 tanks  
b)  I n s t a l l  H2S04 tank  
c )  ~ n s t a l l  water  t ank  
d )  I n s t a l l  hea t  exchangers,  pumps, and blowers 
e )  E rec t  and hang d u c t s  
f )  Connect p ip ing  and e l e c t r i c a l s  
g) Charge system 
h)  Transpor ta t ior l  tu s i t e  from c o n t r a c t o r ' s  p l ace  

56 Cost t o  i n s t a l l  system:on s i t e .  Included 6685 
func t ions  a r e  : 

' I  

a )  Build foundat ions f o r  conc. H2S04 and 
d i l u t e  H2SO4 tanks  

b) I n s t a l l  H2S04 tank  
c )  I n s t a l l  water  tank  
d )  , I n s t a l l  hea t  exchangers,  pumps, and blowers 
e )  Erecr arid hang d u c t s  
f )  Connect p ip ing  and e l e c t r i c a l s  
g) Charge system ' 

h) T ranspor t a t ion  t o  s i t e  from c o n t r a c t o r ' s  p l ace  

57 Cost t o  i n s t a l l  system on s i t e .  Included 3859 . 
fu11c c i ons  are : 
a )  Build foundat ions for- conc. H2S04 and 

d i l u t ' e  H2SO4 tanks  
b) I n s t a l l  H2SO4 tank  
c )  . I n s t a l l  water  tank  
d )  I n s t a l l  hea t  exchangers,  pumps, and blowers 
e )  E rec t  and hang d u c t s  
f )  Connect p ip ing  and e l e c t r i c a l s  ' 

g) Charge system 
h) T ranspor t a t ion  t o  s i t e  from c o n t r a c t o r ' s  p l a c e  



APPENDIX I. J (Continued) ' , 
. . 

KEY 
INSTALLATION' 

. . . . 

. . 

CODE. DESCRIPTION . . COST PER S Y S ~  
. , 

. . . . 

. . 
. . 

J 8 .Cost to install',system o.n site. ' :255 
a)~uild foundation support 

. b)Arrange chubs and racks . . . . 
. . c)Install plywood.enclosure (double wall) 

d ) ~ o ~ k  .up input and' output 'ducting , , ' . 

elconnect electricals 
. . 

f)~ransporta~ion to house' .from contractor's place' ' . 
. . 

. J 9  ' -1nclud.ed in the cost 'are:. . . . ' ' , 322 . ' :  

a)Cost . of assembling piping, evaporator. and pump' in shop. . 

b)~ork done .on. site such as build foundation, ins.tal.1 
unit, hook up pi.ping, charge system, connect .ele.ctricals 

c)l'ransPortation to house from cdntractor's place . . .  
. . 

. . 

J10 Cost 'to install system on'.site. ' . . 330 
. . a)Foundation' support , ' '  

I b) Install cans and the enclosure . . 

c )~ook up. inpGt and output duct ing 
. . d)Connect eiec t'ricals . . 

. , '  e)~ransportation .to'house and into the basement 

. . . . 
. . 

Jll ~ost"to instail system on si.ti.,: $ '  . 488 .  
a)Foundation support ' .  

b)Install cans and the enclosure 
. . c)Hook,up input and.output ducting . . . . . . . . 

d)Connect .electricals 
e)Transportation to house and.. into the basement 

. . . . . . 

J1 2 Cost includes: 322 
a)Assemblies:pump, heat exchanger, expansion tank 
b)Foundation for the unit 
c)~nstall tank 
d)Hook up piping 
elconnect electricals 
£)charge system 
g)Transportation from contractor's place 



. . 
APPENDIX I. J (Continued) .. 

. . . . INSTALLATION . . 

.:KEY : 
. . 

. . 

CODE . DESCRIPTION ' ' .- . . COST PER SYSTEM 

J 13  Cost t o  ins t ' a l .1  sy.stem on' site:,  
a ) ~ u i l d  foundat ion  suppor t  
b)Arrange chub and racks  
c )  I n s  t a l l  plywood enc losu re  (double  w a l l )  

. . 

d )Hook ,up ' Cnput and ou tpu t  duc t  i ng  
.e lconnec t  e l e c t r i c a l s  

,: ' f )T ranspo r t a t i on  to,  h d u ~ e  from c o n t r a c t o r ' s  p l a c e  
, 

. . .  514 Cost - t o  i n s t a l l  system i n  r e s idence :  - 
a )  E n s t a l l  . s . t e e l  .and expansion .tank' . . 

' b ) ~ o u n d a t , i o n  ' . .  . . .  
. . c)Cqnnect pip.ing and e l e c t r i c a l s  . 

. . 
. .. .. 
. . .  . . . . d)Charge ..system . 

e ) . ~ r a n s ~ o r t a  t i o n  'from c o n t r a c t  or's p l a c e  , t o  ' r e s idence  

. . . . 
: . 315 ; : ~ a , ~  b lock  h a l l  of 276 b l o c k s ,  . .  . . . . 625 

:. Apply b u t y l  . adhes ive  bonding agent.  . . .  . . . . . . . . 
. . . . 

. . 

' . 516 . : ' .  ' Lay block w a l l  o f  1000 b locks  . , ' . . . .  . 2.,074 . .  

, ~~~l~ type..N mor ta r  . . . . .  . .  . . . 

517' . . a . )Dr ' i l l . 40  w e l l s ,  400. f t .  deep 24" d i a .  . .  

b ) I n s t a l l ,  f i l t e r :  and t h r e e  pumps 
c)Machine t r e n c h i n g  and b a c k f i l l  . ' 

d ) ~ o n n e & t  e l e c t r f  ca l s .  . 

. ~ 1 8  a ) D r i l l  3 w e l l s  1 5 0  f t  ; deep 12" d i a .  
. . b ) ~ n s t a l l  f i l . t e r  and t h r e e  'pumps 

' . c)Machine t r ench ing  arid b a c k f i l l  . ' .  

- . d ) C o ? , n e c t . e l e c t r i c a l s -  . 

. . : , 

. . . . 

. . 
J19 ' . ' a ) ~ r i l l  2  ,wel l s . ,  400. f t .  deep 24'' d i a .  

. . . . 
. .  - b ) I n s t a l l  6i1e hea t  exchanger and two pump.s 

, . . c ) ~ a c h i l i e  t r ench ing  :and . b a c k f i l l  
. . ' d) Conqect , e l e c t r i c a l s .  . . . '  ' . 

. . . . . . 
. . 

. . . . 
, . 
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APPENDIX I1 

'GENERALIZED COST DATA 

APPENDIX 1 I . A  PRICE AND PROCUREMENT CONSIDERATIONS FOR CHEMICALS. USED 
I N  HEAT STORAGE SYSTEMS 

This  s e c t i o n  of t h e  r e p o r t  d e a l s  wi th  p r i c e  and procurement cons ide ra t ions  
f o r  t h e  va r ious  chemicals used i n  s e l e c t e d  hea t  s t o r a g e  systems. It begins 
wi th  a  gene ra l  d i scuss ion  of purchasing cons ide ra t ions  and inc ludes  comments 
on t h e  a v a i l a b i l i t y  of t h e  chemicals  under cons ide ra t ion .  F i n a l l y ,  a  
d e s c r i p t i o n  of t he  approach used i n  e s t ima t ing  de l ive red  c o s t s  f o r  t h e  
hea t  s t o r a g e  chemicals i s  presented ,  i n  conjunct ion  wi th  a  b r i e f  d i scuss ion  
of t h e  importance of t r a n s p o r t a t i o n  c o s t  t o  t h e  de l ive red  c o s t  f i g u r e s  f o r  
c e r t a i n  chemicals.  

1. General procurement 'Cons idera t ions  f o r  Heat Storage Chemicals 

The procurement proces's involves  a  s e r i e s  of decis iolss  which begin wi th  
t h e  choice  of m a t e r i a l  t o  be used i n  a  given p roces s .  Indeed, a  major 
element of t h i s  s tudy  i s  t h e  s e l e c t i o n  of a number of v i a b l e  hea t  s t o r a g e  
systems, based on t h e i r  r e l a t i v e  c o s t  e f f e c t i v e n e s s .  For many of t h e  systems 
t h e  chemical c o s t s  r ep re sen t  a  s i g n i f i c a n t  po r t ion  of t o t a l  c o s t  and, 
t h e r e f o r e ,  have a  marked impact on system v i a b i l i t y .  S e l e c t i o n  of an  
e f f e c t i v e  hea t  s t o r a g e  system based on chemical m a t e r i a l s  which a r e  r e a d i l y  
a v a i l a b l e  a t  low c o s t  is  an important  o b j e c t i v e .  

Once t h e  choice  of ' m a t e r i a l  is  made on t h e  b a s i s  of expected chemical 
a v a i l a b i l i t y  and hea t  s t o r a g e  c o s t  e f f e c t i v e n e s s ,  t he  next  d e c i s i o n  i s  
whether t o  make o r  buy t h e  m a t e r i a l .  F o r . n e a r l y  every system considered 
t h e  es t imated  chemical requirements  a r e  smal l  r e l a t i v e  t o  U.S. product ion  
of t h e s e  chemicals.  This  sugges ts  t h a t  manufacturing t h e  chemicals would 
not  be p r a c t i c a l ,  w i th  t h e  p o s s i b l e  except ion  of forming a  hydra t ed '  
s a l t  from anhydrous m a t e r i a l .  

Once t h e  d e c i s i o n . h a s  been made t o  purchase t h e  chemicals r equ i r ed ,  s e v e r a l  
a d d i t i o n a l  cons ide ra t ions  a r i s e  r e l a t i n g  t o  t h e  choice  of by-product o r  
v i r g i n  ma' ter ia l  and t o  t h e  choice  of i n d i v i d u a l  s u p p l i e r s .  The f i r s t  
choice  w i l l  be  made on the  b a s i s  of bo th  by-product a v a i l a b i l i t y  and t h e  

. p u r i t y  requirements  of t h e  hea t  s t o r a g e  system. The choice  of  s u p p l i e r  
may involve  a  number.of cons idera . t ions  inc luding  a )  t h e  p o s s i b i l i t y  of  
d e a l i n g  d i r e c t l y  w i th  t h e  producer raLhrr Lllan wi th  middlcmcn, b) .  t h e  
i s s u e  of having a l t e r n a t e  sources  of supply  and t h e r e f o r e ,  s p l i t t i n g  t h e  
o rde r  among s e v e r a l  purchasers  and, f i n a l l y ,  c )  geographic cons ide ra t ions  
i n  which p re fe rence  may be given t o  e i t h e r  a  l o c a l  s u p p l i e r  o r  t o  s u p p l i e r s  
whopare in.  a  p o s i t i o n  t o  minimize t r a n s p o r t a t i o n  c o s t s .  



To supnar ize ,  t h e r e  a r e  fou r  b a s i c  cons ide ra t ions  which should go i n t o  
t h e  purchasing dec i s ion :  

Current  and f u t u r e  a v a i l a b i l i t y  of t h e  chemical,  

P u r i t y  o r  q u a l i t y  requirements  f o r  t h e  intended use,  

Technica l  s e r v i c e  re.qlirement and a v a i l a b i l i t y ,  and 

Delivered p r i c e  of t he  chemical.  

Although t h e  d e l i v e r e d  p r i c e  of t h e  chemical has  a  s i g n i f i c a n t  impact on 
t h e  economic v i a b i l i t y  of t h e  hea t  s t o r a g e  system, cons ide ra t ion  of p r i c e  
a lone  assdmes t h a t  s u f f i c i e n t  q u a n t i t i e s  of t h e  c .h~mice1 w i l l  be available 
i n  t h e  r equ i r ed  p u r i t y  and t h a t  t h e  amounts r equ i r ed  w i l l  be  small  enough, 
compared tu t o t a l  demand, t o  have no e f f e c t  on p r i c e .  A s  w i l l  be d i scussed ,  
t h i s  is no t  always t h e  case .  

2. Product A v a i l a b i l i t y  

Based on es t imated  s a l e s  volumes f o r  t h e  i n d i v i d u a l  h e a t  s t o r a g e  systems 
a s  w e l l  a s  t h e  m a t e r i a l  requirements  f o r  t h e s e  systems, e s t ima te s  were 
prepared of t h e  p o t e n t i a l  annual  demand f o r  t h e  hea t  s t o r a g e  chemicals  
considered.  Where informat ion  on U.S. product ion of t h e  i n d i v i d u a l  
chemicals was a v a i l a b l e ,  hea t  s t o r a g e  demand was compared wi th  product ion 
t o  a r r i v e  a t  an  e s t i m a t e  of t h e  sha re  of U.S. ou tput  p o t e n t i a l l y  requi red  
f o r  hea t  s t o r a g e  a p p l i c a t i o n s .  The r e s u l t s  of t h i s  a n a l y s i s  are shown 
i n  Table 1 I . A - 1 .  For purposes of t h i s  a n a l y s i s ,  h e a t  s t o r a g e  demand l e v e l s  
of less than  5% of U.S. product ion were considered t o  be inconsequent ia l .  
This  e l imina ted  from cons ide ra t ion  a l l  chemicals  f o r  which information 
was a v a i l a b l e  except  f o r  sodium t h i o s u l f a t e ,  t r imethylamine,  and calcium 
ch lo r ide .  

Based on t h e  s a l e s  e s t ima te s  f o r  t he  Clemson Un ive r s i t y  and F rank l in  
I n s t i t u t e  systems, demand f o r  sodium t h i o s u l f a t e  and rrimethylamine w i l l  
exceed r e c e n t  product ion  f i g u r e s  f o r  t h e s e  chemicals by 219% and 29%, 
r e s p e c t i v e l y .  The r e l a t i v e l y  l i m i t e d  a v a i l a b i l i t y  of t,hese chemica1.s 

. . may thus  p re sen t  a. problem. 

Ia another  example, based on a  s:ales. es tzmate  of 4,000 uni'.ts per  yea r ,  
t h e  EIC'Corporat ion h e a t  s t o r a g e  'system'would r e q u i r e  160,000 tons  of 
anhydrous calciuni ch1.ori.d.e annual ly .  S a l e s  of t h e  system would a i s o  
t r a n s l a t e  t o  a n  annual requirement of about 100,000 tons  of methanol. 
~ h e s e  q u a n t i t i e s  r e p r e s e n t  13% and 3%, r e s p e c t i v e l y ,  of 1976 U.S. 
product ion of t h e s e  chemicals.  While t h e ' 3 %  f i g u r e  f o r  methanol may be 
worth no t ing ,  t h i s  l e v e l  of a d d i t i o n a l  demand would be u n l i k e l y  t o  
s i g n i f i c a n t l y  d i s r u p t  methanol markets.  On t h e  o t h e r  hand, i n  t h e  c a s e  
of calcium c h l o r i d e ,  incrementa l  demand amounting t o  a b o u t ' l 3 %  of c u r r e n t  
product ion  would be  l i k e l y  t o  f o r c e  supply  and demand out  of ba lance  and 
d r i v e  product  p r i c e s  h igher .  



TABLE 1I.A-1 

TOlTAL CHEMICAL DEK4ND FOR INDIVIDUAL' STORAGE SYSTEMS 

., . 
-Estimated 

System System Sales 
. . (vnitslyr. ) 

'EIC corporation 4, COO 

Martin Marietta 36, COO 

H 
H 
I 
2 

EIC Corporatior- 6,000 

Rocket Research Corp. 6,000 

Martin Marietta 6,000 

" Chemical Energy Specialists 36,000 

~ocket Research Corp. 1,000 

University of Delaware 90,000 

Chemicals 
Used . 

CaC12 

NH3 
. MgCI2. 4H20 

. H SO 
2 4 
Na SO .10H20 
2 4 

Borax 
Min-U-Gel 
NaC12 

kc1 

Estimated 19,76 
~sfimated Total Production 
Chemical Demand a 

Volume 
(1,000 tons) (1,000 tons)' 

23 .(I3 t.t. anhyd.) n.a. 

95 (42 t.t. anhyd.) 1,260 

Demand as, . 
a Percent 

of Production 



TAELE II.A-1 (Continued) 

TOTAL CHEMICA; DEMAND FOR INDIVIDUAL STORAGE SYSTEMS 

. .  . Estimated 1976 Demand a s  
Es t ima t,ed Chemicals Estimated To ta l  Product ion a  Percent  

a  
System . . System Sa le s  . Used Chemical Demand Volume of Product ion 

( u n i t s l y r . )  ', (1,000 - tons )  (1,000' t ons )  
,. . 6 

~ r o o k h a v &  National  Lab; 30 x 10  c a ~ l ' ~ . .  6H20 94 ,(47 t . t .  anhyd.) 1 ,200 4. . 
blocks  . 

. . 
Key 

a .  'p roduct ion  r epor t ed  on anhydrous b a s i s  un le s s  ptherwise ind ica t ed .  
b. 1974 product ion  e s t ima te .  ' 

. ' I = , .  1975 product ion e s t ima te .  
.. . L. Unknown; supply l i k e l y  t o  r ep re sen t  a  c o n s t r a i n t .  

M. Unknown; supply may r ep resen t  a  c o n s t r a i n t .  
U. Unknown; supply u n l i k e l y  t o  r e p r e s e n t  a  c o n s t r a i n t .  

Source: Arthur D. L i t t l e ,  Inc . ,  e s t ima te s  based on published d a t a .  



, ' 
T&3L3. 11. A-1 . (Continued) . . . 

Estimated 1976 -Demand a s  
Estimated . ' Chemicals Estimated T o t a l  Product i o n  a Pe rcen t  

System' . System Sa les  Used ' Chemical'  ema and volumea of Product ion 
( u n i t s / y r .  ) , (1,000 t o n s )  (1,000 .tons) . . 

Frank l in  . I n s t i t u t e  

Dow Chemical 

Dow Chemical 

I-I Clemson Univers i ty  
H 
I 
vl Univers i ty  of Delaware 

. . 
Monsanto Research Corp. 

Borax 

14' 

anhyd.) n ; a .  

anhyd.) n .a .  

.. 7 j 185 

anhyd.) 1 6 ~  

1,260 

900 

n .a .  

- 
1,560 

Ethylene g lyco l  1 : 1,680 .06 

30 x l o 6  Suntek Research Corp. 2umic.e Cement 240 - U 
blocks 

CaC1,. 6H20 180 (90 t . t .  anhyd.) 1,200 8 
L 

. BaC1,. 6H20 5 (3 t . t .  anhyd.) n .a .  L 
& 

. Urethane/CoalTar  6 - - U  . 



Although of  l e s s e r  consequence, the  a l t e r n a t i v e  EIC Corporat ion system 
f o r  which s a l e s  of 6,000 u n i t s  pe r  yea r  a r e  a n t i c i p a t e d  would have methanol 
and calc ium c h l o r i d e  requirements  r e p r e s e n t i n g  2%.and 7%, r e s p e c t i v e l y ,  
of 1976 U.S., product ion of t h e s e  chemicals.  Here a g a i n ,  t h e  2% is  hard ly  
worth no t ing  bu t  t h e  7% is  cause  f o r  some concern. 

' 

F i n a l l y ,  t h e r e . a r e  s e v e r a l  chemicals f o r  which product ion volume is  no t  
a v a i l a b l e  and where supply may be  a  c o n s t r a i n t :  magnesium n i t r a t e ,  
magnesium c h l o r i d e , . a n d  barium c h l o r i d e .  

I n  examining t h e  l i k e l y  longer-term a v a i l a b i l i t y  of t h e  v a r i o u s  hea t  . 

s t o r a g e  chemicals considered,  no s e v e r e  shor tages  (o the r  than those  noted 
above) a r e  expected i n . t h e  f o r e s e e a b l e  f u t u r e .  On t h e  o t h e r  hand,' s e v e r a l  
of t h e  chemicals ,  inc lud ing  calcium c h l o r i d e ,  sodium s u l f a t e ,  and sodium 
c h l o r i d e  may be produced a s  co-products o r  of o t h e r  o p e r a t i o n s  
and,  i f  q u a l i t y  is  a c c e p t a b l e ,  may be a v a i l a b l e  a t  p r i c e s  below those  f o r  
v i r g i n  m a t e r i a l .  A slower g e n e r a l  r a t e  of p r i c e  i n c r e a s e  f o r  t h e s e  chemicals 
is t h e  one d i s c e r n a b l e  p r i c e  t r e n d  one s e e s  he re .  

. .  . 
3. Estimated Delivered Cost f o r  Heat Storage Chemicals 

AS an important  inpu t  t o  t,he t o t a l  c o s t  of t h e  heat. s t o r a g e  systems under 
s tudy ,  e s t i m a t e s  of d e l i v e r e d  p r i c e s  f o r  t h e  chemical m a t e r i a l s  were 
prcpored ( s e e  Table 1I.A-2). I n  p repar ing  t h e s e  e s t i m a t e s ,  c e r t a i n  assumptions 
were made, inc lud ing  d e l i v e r y  of t h e  chemicals t o  a  Midwest U.S. l o c 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  nf 5~ p e r  g a l l o n  o r  1~ per  pound f u r  products  
s o l d  on an F.O.B. b a s i s  (which was t h e  c a s e  f o r  most of t h e  chemicals) .  
It was a l s o  assumed t h a t  hydrated s a l t s  of such chemicals a s  calcium c h l o r i d e  
and magnesium c h l o r i d e  were prepared o n - s i t e  i n  o r d e r  t o  r e a l i z e  s i g n i f i c a n t  
t r a n s p o r t a t i o n  c o s t  sav ings .  Although p r e p a r a t i o n  of t h e  d e s i r e d  hydrated 
form may be  d i f f i c u l t  i n  some c a s e s ,  i t  was assumed t h a t  t h i s  s t e p  could 

' b e  c a r r i e d  o u t  w i t h  r e l a t i v e l y  s imple  equipment f o r  a  f r a c t i o n  of a c e n t  
p e r  pound. ' . 

The d e l i v e r e d  c o s t  of t h e  chemicals v a r i e d  widely f rom'a  low of 1 . 3 ~  
p e r  pound f o r  sodium s u l f a t e  decahydrate  up t o  2 9 ~  pe r  pound f o r  high- 
d e n s i t y  po lye thy lene  r e s i n ,  and 8 0 ~  per  pound f o r  t h e '  u r e t h a n e l c o a l  t a r  
s e a l a n t  which i s  c a l l e d  f o r  i n  t h e  Suntek Research Corporat ion system. 

The.product  p r i c e s  were prepared on t h e  b a s i s  of  publ ished l i s t  - p r i c e s  
and d i r e c t  te lephone c o n t a c t  w i t h  producing companies. Companiec con tac ted  
included Ashland Chemical Co.,'. E . I .  Du Pont de  Nemours & Co. ( I n c . ) ,  
Tenneco, Hercules ,  and McKesson Chemical Co. 

Transpor ta t ion  c o s t s  become r e l a t i v e l y  s ign i f i can t  f o r  those  products  
w i t h  low v a l u e s  pe r  u n i t  weight .  Those chemi.,r.al,s £or which es t imated 
t r a n s p o r t a t i o n  c o s t s  account f o r  20% o r  more of d e l i v e r e d  c o s t  inc luded 
anhydrous ca lc ium c h l o r i d e  (20%),  s u l f u r i c  a c i d  (23%),  Min-U-Gel (33%) 
and sodium c h l o r i d e  (33%). 
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TABLE 11. A-2 

: ' SWY OF CHEMICAL PRICES USED IN .SYSTEM COST ESTIMATES 

(centsllb unless noted) 

Chemical 

Ammonia, Anhydrous 
Ammonium Chloride. . . 
Ammonium Nitrate 
Barium Chloride, Hexahydrate 

. -  Calcium Chlo'ride, Anhydrous 
Calcium Chloride, Hexahydrate 
Ethylene ~ l ~ c o l  
High-Density Polyethylene 
Magnesium Chloride, Anhydrous 
Magnesium Chloride,.Tetrahydrate 
Magnesium Nitrate, Hexahydrate 
Methanol 
Methanol 
Min-U-Gel 
Potassium Chloride 
Sodium Borate (Borax). ' 

Sodium Chloride 
S o d i u ~ .  Sill.  fat^., kr.a.hydrate 
Sodium..Thiosulfate, ' Pentahydrate 
Sulfuric Acid 
Sulfuric Acid 
Trimethylamine 
Uretha'ne/Coal Tar Sealant 
.Exxon Marc01 72 

Delivered 
Grade pricea 

- 
"fine" 
11 fertilizer ' - 
94-97% 

- 
"industrial" 

- 
92% 

- 
- 

99% 
91% 

' -  

"chemical" 
"technical" 
II chekicalW 

a. Assumes delivery to midwest location; hydrated salts 
on-site from anl-iydrous .material. . . - .  

Source: Arthur D. Little, Inc., estimates based on published data and 
industry contacts. 



. . 
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,Genera l ' sourcgs  .of information .on chemical s u p p l i e r s  and producers a r e  
t h e  "OPD Chemical ~ k ~ e r s '  Di rec tory ,"  the '  "Directory of Chemical . . 

. ~ r o d u ~ e r s  ;"' and t h e  "chemical Week Buyers ' Guide I ssue .  " These sources  
a r e  l i s t e d  i n  Table 11.~-3. Direc t  . c o n t a c t  wi th  major s ~ p p l i e r s  is. gene ra l ly  
t h e  b e s t  approach to  developing d a t a  on p r i c e  and a v a i l a b i l i t y .  ' 



TABLE 1I.A-3 

SOURCES OF INFORMATION CHEMICAL .SUPPLIERS 

. "OPD Chemical Buyers.' Directo.ry, '" .SchneZl Pub l i sh ing  Company, Inc  . ; 
100 Church S t r e e t ,  N e w  'York; ,New . . ,York 10007 

, . 
i I D i r ec to ry  of Chemical Producers'," S tanford  Research I n s t i t u t e ,  
Menlo Park,  C a l i f o r n i a  94025 . ' . . 

"Chemical Week, . Buyers ' Guide 1s sue  , " McGraw-Hill I ~ C  . , 
1221 Avenue of  t h e  Americas, New York, . . New York . 10020 
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APPENDIX 1 I . B  CONTAINERS 

1. Nonstandard. Items . 

Container  c o s t s  f o r  s p e c i a l  f a b r i c a t i o n s  must be obta ined  e i t h e r  by 
ge' t t ing quotes  from vendors o r  by making a d e t a i l e d  l i s t  of m a t e r i a l s  
and assembly o p e r a t i o n s ,  o b t a i n i n g  material p r i c e s  and e s t ima t ing  
assembly l a b o r  r equ i r ed .  The assembly labor  is  then  p r i ced  t o  i nc lude  
overhead and p r o f i t .  D i f f e r e n t  c o s t s l h r  a r e  used depending on t h e  
degree  of automation l i k e l y .  We have used s tandard  crews 
from t h e  "1978 Means Cost Data" handbook when a p p l i c a b l e  o r  t h e  
fo l lowing:  

$2O/hr Standard Fac tory  Labor . . 

e $25/hr ' In te rmedia te  volume product ion equipment 
, . 

e $30/hr Soph i s t i ca t ed  product ion equipment 

2. Tanks 

Many s y s t e m i  u t i l i - z e  var5ous types  of tanks .  . Figures .  11. B-1  through . . 

1 I . B - 7  p r e sen t  c o s t  d a t a  for. a range of s i z e s  and types .  
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FIGURe 1I.B-2 DELIVERED COST OF STEEL EXPANSION TANKS 
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FIGURE 1I.B-3 DELIVERED COST OF UNPRESSURIZED AND UNLINED 
S m E L  TANKS, 



FIGURE 1I.B-4 COST OF PRESSURIZED STEEL TANKS 



' ' 0 -  - Vertical Tanks 

...... Cost = 7769-1 + 2.12 Capacity 
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FIGURE 11.B-5 COST OF GLASS LINED TANKS 



Capacity (gallons) 

FIGURE 1 I . B - 6  COST OF A.O. SMITH GLASS LINED TANKS 
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4 3. Installation of Underground Tanks 
* 

Estimates of the installation costs of underground tanks were made for 
three different tank sizes. A graph showing the installed cost versus 
tank size is shown in Figures I1,B-8. These installation ~osts assume .: 
that a hole would be excavated for the tank, the bottom would be prepared) 
for the tank, the tank installed, and the hole back filled and compacted. 
The estimates were made using the Means Cost Data book to estimate the 
cost of excavating an amount of material based on the size of the tank 
for each tank utilizing trucks to carry the dirt and a clam shell to 
dig the holes. Standard labor rates were used which include typical 
contractor overhead and profit for an installation of this kind. 



Capacity (1000 ga l lons )  

Figure 1I.B-8 Cost t o  I n s t a l l  Tanks Under Ground 



I n  order t o  es t imate  t h e  cos t  of insu la t ion  i n  d i f f e r e n t  types of s torage  
devices,  r e l a t ionsh ips  have been developed between t h e  cos t  per square 
foot  of i n s u l a t i o n  and the  temperature of t h e  s torage  system. These 
re la t ionsh ips  a r e  based on-an  assumed standby l o s s  r a t e .  Figure 1 I . C - 1  s h ~ w s  
these  re la t ionsh ips  f o r  g iu rna l  s torage  systems. For t h i s  comparison a 
value of 14 ~ t u / h o u r  / f t  l o s s  was se lec ted  as a standard r a t e .  This 
value i s  t h e  l o s s  r a t e  suggested i n  t h e  new standard f o r  water heaters .  
Four d i f f e r e n t  curves a r e  presented i n  Figure 11-C.1 .  Non r i g i d  and r i g i d  
f i b e r g l a s s  have been se lec ted  a s  the  standard i n s u l a t i o n  on indoor 
appl ica t ions .  This insu la t ion  i s  good f o r  a temperature up t o  approximately 
4 0 0 ~ ~ .  Above t h i s  temperature composites must be used, and the  cos t  
per sq. f t .  would increase  somewhat more rapidly .  Insu la t ion  f o r  outdoor 
tanks i s  based on the  use  of r i g i d  polyurethane at tached t o  $he device 
and covered w i t h  a cementitious coating t o  provide seal ing.  The tanks t h a t  
a r e  below t h e  ground a r e  assumed t o  have a waterproof coating over t h e  
cementitious coating.  The values  of insu la t ion  c o s t  per sq. f t .  include 
not only t h e  mate r i a l s  but a l s o  t h e  tine tequired f o r  i n s t a l l a t i o n  and 
normal contrac tor  overhead and p r o f i t .  

I n  order t o  use t h i s  curve when cos t ing a s p e c i f i c  system, the  surface  
a rea  of t h e  conta iner  being insu la ted  i s  calcula ted  based on i ts  dimensions. 
Next, t h e  maximum temperature of the  srorage device is estimated. F ina l ly ,  
t h e  appropr ia te  curve i n  t h e  f i g u r e  is  se lec ted  i n  order t o  f ind  the  
-cost per  u n i t  a r e a  f o r  insu la t ion  which c n r r ~ s p o n d s  t o  t h e  s to ragc  
temperature. For indoor tanks the  su r face  a r e a  used should include t h e  I 

e n t i r e  tanks container surface  including top and bottom. For outdoor 4 
tanks above the  ground oaly t h e  surface  a rea  not i n  contact  with the  
ground should be used because during d i u r n a l  cycles ,  the  heat  l o s s  through - 
t h e  bottom is n e g l i g i b l e  compared t o  s tqrage  capaci ty  of the  device. 
Buried tanks do not need t o  be insula ted  f o r  d i u r n a l  s torage  unless p a r t  
of the  tank i s  a t  o r  very c l o s e  to. t h e  surface.  I n  t h i s  case  t h a t  
p o r t i o n  of t h e  tank wi th in  f i v e  f e e t  of t h e  surface  should be insula ted  
u t i l i z i n g  t h e  curve shown f o r  buried tanks. 

For seasonal  s tq rage  t h e  insu la t ion  cos t  depends on whether t h e  applica- 
t i o n  is  f o r  h e a t i n g - o r  cooling. I n  the  case of heating,  an insu la t ion  I 

value  of R-30 is used f o r  the  tank. For temperatures normally eqcountered I 

i n  t h i s  type of app l i ca t ion ,  hea t  losses  of 2 Bsu pe r  hr .  per  f t  f o r  I 
_I 

tank su r faces  above ground and 1 Btu per hr .  f t  f o r  tanks below ground 4 

represent  reasonable mean values.  I n  t r e a t i n g  seasonal  s to rage  t h e  . I 
a c t u a l  s i z e  of t h e  s to rage  tank should be scaled up t o  allow f o r  t h i s  
l o s s  r a t e  and t h e  period of t i m e  over which t h e  energy is t o  be stored.  
The cos tsassocia ted  wi th  above ground and below ground i n s t a l l a t i o n s  
on a p e r  square f t  b a s i s  a r e  shown i n  Table 1I.C-i. 



Temperature (OF) 

1 includes cementftious coating and waterproofing 

2 5ncludes cementitious coating 

2 
Notes: costs include installation based on 14 Btu/hr f t  loss  

system s i ze  may need to be scaled 5-10% larger to allow 
for losses 

Figure 1I.C-1 Insulation for Diurnal Storape 



Cooling applications for seasonal storage should use an insulation value 
of R-18 and tly system should be scaled to allow for heqt loss of .5 ~tu's 
per hr per ft for buried tanks and 1 Btu per hr per ft for tanks above 
groung. When utilizing ice as the storage medium, .2 and .4 Btu's per 
hr ft respectively should be used for chilled water systems. A different 
fact05 is utilized for this case because with an average ground temperature 
of 50 F, the temperature difference for ice systems is somewhat larger 
than che average temperature if a chilled water storage system is 
utilized'. , Storage temperature differences were neglected for heating 
systems because for this case the differentials betgeen typical 
storage temperatures and an earth temperature of 50 F are large compared 
to differences in maximum storage temperature likely to be encountered in 
practice. Table 1I.A-1 also presents cost factors to be utilized for 
insulation costs for seasonal storage cooling applications. 



. . .  
SEASONAL STORAGE 1NSULATI.ON DATA , . 

Above   round . ' Below Ground 
Loss Rate2 Cost .. ' Loss Rate  . 2  .Cost 

( ~ t u l h r  f t  j ( $ / i t 2 ) .  ( ~ t & / h r  .f t ) ( $ / f t 2 ) .  

Heating (R-30) , 2 3;56 1 .  '3.56 ; . . . . 

. . 

coo l ing  I ce ;  ' (R-18) . 1  2.75. . 5  . 2.7'5 

Cooling Ch i l l ed  
Water (R-18) . 4  2.75 . .2  2.75 

. ;. 
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APPENDIX 1I.D HEAT EXCHANGERS. ' . 
. . 

- ,  

A generalized method for estimating the cost of different types of heat 
exchangers has been developed, based on the NTU heat exchanger design 
method. This method utilizes the effectiveness of the heat exchanger 
to obtain an estimate of transfer units and from this to calculate the 
heat exchanger surface area for the particular application. The 
effectiveness is based on the temperature differences across the heat 
exchanger. Once the area has been obtained an equation is used to 
calculate the cost of the desired heat exchanger. These equations are 
summarized in Table 11. D-1. 

The step-by-step procedure for obtaining the estimated heat exchanger 
coat ,is as follows: ., 
. . 

e. Specify the heat exchanger by utilizing reasonable temperature'. 
drops across both fluid streams based on desired temperature . 

drops throughout the 'storage unit and balancing the heat flow 
. 

thermodynamically. This is,done by using the heat cgpacity of 
the two fluid- streams, their flow rates and the temperature 

. ditterences io obtali~ Llle desired hcdt exchange rate. 
, . . 

Calculate the required effectiveness by dividing . . the temperature 
4iff~renr.e of the stream having the maximum temperature  AT^^) 
change by the hverall temperature difference across the heat 

. . exchanger (AT,). The overall temperature difference is defined 
a's the difference between the two inlet temperatures as shown 
in Figure 11. D-1. yext 0 ' is' calculated by dividing the temperature 

' . drop across the stream having the minimum temperature drop 
(ATmin) by the'tem~erature drop across the stream ~ 5 t h  the ' . 

, . maximum temperature drop (ATmai). Using these two val.~ies, the 
.number of transfer units for the particular design is 'obtained 

. . from Figure I1 .D-2. 

s Cal.culate the area of the heat exchanger required to give the, 
, 

necessary heat transfer surface from the equation 

. . where Chin is equal to the heat flow rate divided by the maximum 
temperature differential and.U is the overall heat transfer 

. . coefficient which is obtained from Table 1I.D-2 for the a~pro~rlate 
case. 



HEAT EXCHANGE , COST' EQUATIONS 

TYPE. RANGE OF -AREA (Ft2) COST ($)* 

Standard Shell & Tube 0 < A 5 100 66A m55 

Standard Shell & Tube 100< A < 200,000 1 7 . ~ ~ ~ ~ 4  

Glass Shell & Tube A in jumps' of 135 ft2 5,500lunit 

Finned Tube 0 < A 2 1.0,000 175 + .545 A 

-* ~ote: Cost in ..19J8 .dollars accurate. to.! "10% for .OEM -purchases.'. 



v Twl Warmer T, 

*---- 
Tc 2 

1.2 
Fluid + 

Cooler 
.<-- Fluid 

Nomenclature': 

Tc1 Ill 
.c 

Tc., T,2: inlet and out temperatures 
of cooler fluid ' 

Twl, Tw2: inlet and .outlet temperatures 
of warmer fluid 

&: mass flow rate of cooler fluid 

&: mass flow rate 09 warluer fluid 

then ATmax = Tc2 - Tcl 

ATmi, = Tw1'- Tw2 

then ATmax = Twl - Tw2 

FIGURE 11-D-1 



1 . 2  3 

Number of Transfer Units, N = AU/Cmin 
tu 

FIGURE 11-D-2 TRANSFER UNITS AS A FUNCTION OF EFFECTIVENESS 



TABLE 1I:D-2 

CONDUCTANCE FOR VARIOUS HEAT EXCHANGER CONFIGURATIONS 

TYPE OF HEAT 
EXCHANGER FLUIDS 

I I 
Standard She l l  & Tube Water-Ethylene Glycol I I 200 

Standard S h e l l  & Tube 1 Water - Heat Transfer  I 

Glass She l l  & Tube Concentrated &SO4 
- Ethylene Glycol 

Standard S h e l l  & Tube 

Standard Finned Tube I A i r -  Ethylene Glycol I 10 

Ethylene Glycol 
Evaporated o r  Con- 
densed Fluid 

Standard S h e l l  & Tube 

Standard Finned Tube I A i r  - Condensing Fluid I 12 

Water Condensed Water 

Standard Finned Tube A i r  - Evaporating F l u i  20 

Standard She l l  & Tube Vapor - Liquid I 10 



Substi tute the  area calculated i n  t h i s  way i n t o  the appropriate 
equation from Table 11.11-1 t o  obtain t he  estimated heat exchanger 
cost. 

The re la t ionships  which r e l a t e  cost  t o  area  have been derived f o r  t h i s  
program by obtaining quotes fo r  heat exchangers which meet the  design 
requirements of the  d i f fe ren t  systems. These quotes were obtained 
from various sources. The f i t  of the  ac tua l  data for  heat exchangers 
t o  the  curves given i n  Table 1 I . D - 1  provides an accuracy of plus or minus 
10% of the  estimated cost. These pr ices  a r e  fo r  heat exchangers 
purchased only i n  large quant i t ies .  



, APPENDIX II-E 

HEAT TRANSFER FLUIDS 

The pricing used for heat transfer fluids is described in  Appendix 1I.A. 
Heat Storage Material. 



APPENDIX I1 .F 

PIPING AND DUCTING 

Cost curves r e l a t i n g  pipe c o s t / f t  t o  diameter f o r  d i f f e r e n t  materials 
a r e  presented i n  Figure ff,.F-1. These a r e  based on quotes from vendors 
f o r  OEM quan t i t i e s .  

For cos t ing  ducts  a f i g u r e  of $.20/circumference i n c h l l i n e a r  foo t  may be 
used t o  estimate t h e  cos t .  This value  was  derived as shown i n  Table 
IIdF-1 assuming 1 elbow every 25 f e e t .  U s e  a maximum v e l o c i t y  of 100 f e e t /  
sec i n  commercial i n s t a l l a t i o n s  and 50 f e e t l s e c  f o r  r e s i d e n t i a l  applicakions.  
A minimum duct  s i z e  of 12" X 12" i a  p r a c t i c a l .  

Table 11%-P-2 descr ibes  t h e  procedure f o r  s i z i n g  pipes. 



FIGURE II,,F-1 PIPE COSTS 

11-3 2 



SIZE - 
24x28 

12x12 

28x39 

42x60 

TABLE I1,F-1 

DUCTING COST ESTIMATE VALUE 

PERIMETER 

104 

48 

134 

204 



TABLE I1 ..FT 2 

DETERMINATION OF PIPE DIAMETERS 

In order to determine the correct pipe diameter', - one must specify - the - -m? following: 
flow rate 

total pressure drop 

total pipe length. 

Using this information, one can determine the necessary diameter using 
Figures B-F-2 or B-F-3 depending on the flow rates involved. An example 
of the procedure employed is given below. 

Problem: determine the required pipe diameter for the following 
set of conditions 

Ah = 30 ft of H20 (maximum) 

flow rate = 70 gpm 

pipe length = 90 ft 

Method of Solution: calculate ah11 = 30 ft H70 = .33 ft ~ ~ 0 / f t  pipe 
90 ft pipe 

on the abscissa of Figure 11, F-2, locate the flnw 
rate of 70 gpm; follow this line to the 
intersection of the calculated value of 
Ah11 on the ordinate read plpe diameter 
from daagonal line tu ~ 1 1 r  right of the given 
point 

Solution: 1 1/2" diameter pipe 

In sizing piping for these analyses, we have used a standard pressure 
drop of 30 ft of water in all piping. This value has then been used as 
the basis for calculating pump and motor sizes in costing these items. 
In some residential applications pipe sizes will be large enough using 
112" - 1" pipe to use 6 ft of water pressure drop. This will result in 
a lower pump cost. For larger systems with long pipe runs, the addition- 
al cost of the pipe o f f s ~ t s  the higher pump cost so the 30 I L  Ilgure 
is more appropriate. 



FLOW OF WATER IN GALLONS PER MINUTE 

FIGURE II..F-2 PRESSURE DROPS AND PIPE DIAMETWS FOR SMALLER 
FLOW RATES 



FIGURE II..F-3 PRESSURE DROPS AND PIPE D W T E R S  FOR LARGER 
FLOW RATES 



APPENDIX I1.G 

BLOWERS AND MOTORS -- 

We studied 'each storage module to determine the need for blowers and we 
defined blower specifications such as air or ammonia blower, single or 
variable speed blower, static pressure. Price quotations were obtained 
for blowers, motor and drive, OSHA belt guard, and vibration rail base. 
Prices obtained were in 1978 dollars and were based on forecasted units 
requirement per year.* Prices are delivered prices, and are F . O . B .  factory 
price plus, on average, 4% more to cover freight within a 600 mile radius 
area. Prices include blower, variable inlet vane control, if required, 
motor and drive, vibration rail base and OSHA belt guard, if required. 
The graph attached can be used to determine budget prices for different 
capacity (CFM) requirements: i.e., air blowers. 

*Discounts on prices run as follods: 

5% for, quantities 10 to 20 units 
10% for quantities 21 to 100.units 
15% fox 4uant.i.ties ,above 100 units. 



. . . . . . . 
, . . .  . . . !  . . .  i . . . . , . . .  . . .  . . . . . . ,  . . . .  , / . I . :  t . ,  

I ! 
' C S i n g l e  speed blower and s i n g l e  speed motor / 

' 4 
6 ! 

. . 9 / i ( j Cost a 492.18 + .0650 ~ a ? a c i t y  / 

i : '  / 

Capacity (cubic  f e e t  per minute) 



APPENDIX 1T.H - 
PUMPS AND MOTORS 

Having determined the  f l u i d  pumped, flow r a t e  and head req.uirement f o r  
each pump, we obtained quotes  f o r a t h e  pumps, motors ,  bases  and guards.  
The p r i c e s  obfained were i n  1978 do l l a r s ' . and  were based on f o r e c a s t - u n i t s  
per  year .*  P r i c e s  a r e  d e l i v e r e d  p r i c e s ,  and a r e  F.O.B. f a c t o r y  
p r i c e  p l u s ;  on average ,  4% more t o  cover f r e i g h t  w i th in  a  600 mile  r a d i u s  
a r e a .  P r i c e  inc ludes  pump,, motor;  base and guard i f  r e q u i r e d .  F igure  
1I.H-1. . can be used t o  determine budget p r i c e s  f o r  d i f f e r e n t  capad i ty  (GPM) 

. . 
requirements  1. e .  , methanol , .  ethy,lene g lyco l  and Dowtherm J. 

*Discounts on p r i c e s  run  a s  fo l lows:  
. .  . 

. 5 %  f o = ,  q ~ a , n < ~ t ~ ~ s  ' 10. t b  20: &its " .; 

10% f o r  q u a n t i t i e s  21 t o . 1 0 0  u n i t s  
' . . . , 

15% f o r  q u a n t i t i e s  above 100 u l i i t s .  

11--39 
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APPENDIX .II-I 
. . 

CONTROLS -- 

.I. Cont ro ls  

Est imating t h e  c o s t  of c o n t r o l s .  can only  be done a f t e r  a l l  o t h e r  systein 
elements have been de f ined . and  s i z e d .  The f i r s t , s t e p  i n  t h e  c o s t i n g  ' 

procedure i s  t o  i d e n t i f y  t h e  va r ious  c o n t r o l  e lements  i n  t h e  system. 
These f a l l  i n t o  four  b a s i c  c a t e g o r i e s  which a r e :  

. .  . 

a Sensors  

power ac tua t ed  va lves  and d u c t s  dampers 

Motor s t a r t e r s  

Each of t h e s e  elements  i s  d iscussed  below. 

Sensors: 

. T a b l e  11.1-1 shows t.he d i f f e r e n t  t ypes  of sensors .which  a r e  normally 
encountered i n  thermtll s t o r a g e  systems and a  c o s t  t o  be used w i t h  each 
type  of sensor .  These c o s t s  r ep re sen t  a n  average va lue  f o r  d i f f e r e n t  
k inds  of se ,nsors ,  based on c o s t  e s t i m a t e s  rece ived  from v a r i o u s  vendors. '  
Three d i f f e r e n t  k inds  of thermal  c o n t r o l s  a r e  shown. The s imp les t  i s  a  ., 

b ime ta l l i c swi t ch  normally used a s  a  s a f e t y  swi tch  r a t h e r  than  f o r  normal 
cyc l ing  switching.  The thermal  swi tches  can be u s e d ' a s  thermosta t  
c o n t r o l s .  Thermocoupl'e c o n t r o l l e r s  a r e  more expensive and a r e  t y p i c a l l y  

. used.when a  p r e c i s e  l e v e l  of c o n t r o l  i s  requi red .  For most thermal  
. s torage '  dev ices  t h i s  l e v e l  of c o n t r o l  complexity i s  not  necessary.  

Power Actuated Valves and Motorized Ducts: 

Table 11-1-2 p re sen t s  c o s t  of v a r i o u s  types  of motorized va lves  and d u c t s .  
The c o s t  of t h e  one most c l o s e l y  matching t h e  p a r t i c u l a r  a p p l i c a t i o n  o r  
an i n t e r p o l a t e d  va lue  between two,should be used f o r  c o s t  e s t ima t ing .  

a Contactors:  

' . ~ o n t a c t o r s  a r e  used t o  apply power t o  most dev ices  rcquir i .ng more than  
an  ampere t o  s t a r t  them. Typ ica l ly  t hey  would be ,used  f o r  l a r g e r  power 
ac tua t ed  va lves ,  hea t ing  elements  e t c .  The sma l l e s t  u n i t  i s  s u i t a b l e  
f o r  s t a r t i n g  a  1 112 ho r se  power motor o r ' l e s s ,  which can be  s t a r t e d  
wi th  a d i r e c t  con tac t .  Larger motors should be s t a r t e d  wi th  t h e  dev ices  

- shown below. Table I I . * I -3  c .ontains  con tac to r  c o s t s .  



. ,  TABLE I1 :I-1 

SENSORS . 

~ i m e t a l l i c  switch 

Thermal Switch (bellows. type)  

Thermocouple c o n t r o l l e r s  

Pressure  Switch 

Level Switch . 

Fusib le  Link 



TABLE 11.1-1 

. POWER ACTUATE VALVES & DUCTS 

~otorized Dampers 

. . 
: 16 lb-in (maximum duct area. 

12 ft.2) 

. .40 lb-in (maximum duct area 
30 ft,2) . . 

Ball Valves 

112" 

1 ,114" 
, . 

1 112" 

Gate Valves (Steel) 

6" 



Amperes 

10 ' ' 

. . 

$40 NEMA 00 

NEMA O 4 9 1 

NEMA 1 5 6 

NEMA 2 110 ' - 

NEMA 3 184 

NEMA 4 : 415 . . 



. . 
a Motor S t a r t e r s  

Table  11.1-4 p r e s e n t s  c o s t  f o r  one and two speed motor s t a r t e r s  i n  d c f f e r e n t  
s i z e  ranges.  Three speed s t a r t e r s  a r e  approximately tw ice  a s  expensive 
a s  two speed s t a r t e r s .  

Some systems may r e q u i r e  s p e c i a l  noncor ros ive  m a t e r i a l s  o r  o t h e r  re- 
s t r i c t i o n s  r e s u l t i n g  from t h e  t ype  of m a t e r i a l  used i n  t h e  s t o r a g e  system. 
I n  t h e s e  c a s e s ,  i t  i s  necessary  t o  g e t  s p e c i f i c  in format ion  from a s u p p l i e r  
of t h e  dev ice  r equ i r ed .  

e C o n t r o l l e r s  

C o n t r o l l e r s  were es t imated  a t  $10 per  element p l u s  $60 per  i t e m  mounted 
i n  a c a b i n e t .  
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