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:, . .' ..' :COMPARISON OF. SOLAR POND 
. CONCEP,TS FDR ELECTRICAL .POWER GENERATION 

- . . . .  . . 

1.0 INTRODUCTION 

The ob jec t i ves  o f  t h i s . s t u d y  a r e  t o :  
. .. 

1. I d e n t i f y  the  var ious  s o l a r  pond concepts f o r  e l e c t r i c  

power genera t i on ;  i n c l u d i n g  b u t  n o t  l i m i t e d  to :  . , 

a;. nonconvecti ve. s a l t  . g rad ien t  s o l a r .  pond, . . 
. . . .  . 

b .  . . ponds' w i t h  var ious  p l a s t i c . o r  o ther  meinbraries a t  
. :: . . 

s u i t a b l e '  l o c a t i o n s  t o  minimize o r  e l i m i n a t e  convection, 

c. ponds which are  t o t a l l y  o r  p a r t i a l l y  g e l l e d  t o  reduce 

, '  o r  e l  im i  n a t e  donvection, and . 

: . .. d. s h a l l  ow con.vecti ng. ponds; 
. . . . 

2 .  .' analyze and compare . the  pe,rformance o f  these .var ious 

concepts; and.' . 

3 .  est imate the  pond c o s t  and o v e r a l l  power p l d n t  system 

c o s t  f o r  each concept assuming the nonconvective grad ien t  

s a l t  pond as the  base case. 

So lar  ponds are  genera l l y  r e l a t i v e l y  low temperature systems so 

t h a t  the  conversion e f f i c i e n c y  f rom thermal energy s to red i n  the  pond t o  

e l e c t r i c  energy i s  smal l .  The energy i n  the pond may be more e f f i c i e n t l y  

used f o r  purposes o the r  than power generat ion. For  t h i s  reason, pond 

costs a re  r e l a t e d  t o  energy product ion  separate ly  as we l1 ,as  i n  the power, 

p l a n t  context .  

The approach inc ludes  a p r e l i m i n a r y  design o f  several power p l a n t  

systems based on s o l a r  pond concepts, and performance and economic evalua- 

t i o n  based on these p re l im ina ry  designs. 

B a t t e l  le-Northwest i s developing a computer program on geothermal 

power product ion(1)  f o r  ERDA which i s  app l i ed  t o  t h i s  study. The geo- 

thermal program (GEOCOST) considers the  geothermal f i e l d  and power p l  an t  



economics. For t h i s  study, t he  s o l a r  pond was s u b s t i t u t e d  f o r  the geo- 

thermal f i e l d .  P o w e r p l a n t  considerat ions a re  comparable. The u t i l i z a t i o n  

o f  t h i s  program thus prov ides an extensive ana lys i s  o f  economics f o r  

e l e c t r i c i t y  product ion.  

The G E O C ~ S T  program i n c l  udes f l  ashed steam, b inary ,  and hyb r id  cyc les  

f o r  low temperature operat ion.  Several man years o f  e f f o r t  have been spent 

i n  the  development o f  low temperature power c y c l e  cos ts .  

Because tempera tures~ invo lved i n  the  s o l a r  pond a r e  lower than those 

general l y  considered f o r  geothermal appl i cat ions,  GEOCOST i s n o t  d i  r e c t l y  

app l icab le .  Some co r rec t i ons  have been made and some operat ions have been 
, L  - 
performed by hand. 

I t  should be noted t h a t  the  t ime and d o l l a r s  f o r  t h i s  s o l a r  pond 

study were l i m i t e d .  The t ime f rom a u t h o r i z a t i o n  t o  complet ion o f  the 

o r i g i n a l  study was 5 weeks and the manpower a l l o c a t i o n  was approximately , . . 
14 man weeks. An a d d i t i o n a l  3 man weeks has s ince  been spent checking ' 

and e d i t i n g .  The general conclusions are  be l i eved  t o  be sound, b u t  s p e c i f i c  

de ta i  1 should be considered p re l im ina ry .  



2.0 SUMMARY 

Four s o l a r  pond concepts were reviewed: 1 ) nonconvecti ng s a l t  , 
2) nonconvecting " s a l t  with 'memgra'ne," 3)- 'gelle'd, and 4) shallow convecting 

A .  

p'ond. 

Because the re  a r e  many technical unknowns in the f i r s t  three ,  the  

resul t s  arr ived'  a t  a re  uncertain. Assuming t h a t  so l a r  ponds a r e  shown 

t o  be technical ly  p r ac t i c a l ,  the magnitude of pond cos t s  i l l u s t r a t e d  i s  

considered reasdnable. However, several f ac to rs  coul d chenge the costs  

up o r  down by '50% o r  more. A comparison of the ' three  concepts i s  hence 

not a t  a1 1 concJusive. 

In the  case of the shallow convecting pond, pond costs  a r e  based on 

Lawrence ~ ' i  vermore documents and demonstrated technol ogy . 
A 10 MWe plant  was used f o r  purposes of analys is .  This requires 

2 2 a pond w i t h  an area of approximately 16,000,000 f t  (1.49 km ) o r  4,000 

f t  (1.2 km) on a s ide .  Both f lash  +steam cycles and binary cycles using 

isobutane as  .the working f l u i d  were .evaluated. The binary c y c l e  i s  

considered more real i s t i c  a t  the present time because turbine technology 

f o r  steam' a t  the  l o w  temperatures cons'idered i s  not developed. 

The var ia t ion in power cos t  w i t h  pond cost  i s  i l l u s t r a t e d  in 

Figure 2.1. With a zero pond cost  and a binary cycle operating a t  90°C, 

the  cos t  of e l e c t r i c  power production would be approximately 45 mills/kW-hr. 

A t  a pond cos t  of $32,000,000 o r  above $2.00/ft2, the  cost  of power would be 

approximately 125 mills/kW-hr. These cos t s  a r e  based on f ixed charges of 

approximately 16% per year,  which i s  probably high. Flf teen percent i s  more 

frequently used today, and w i t h  present i n t e r e s t  r a t e s ,  13 - 14% could be 

reasonable. However, time- did not a1 low f o r  i t e r a t i ons .  

Assuming technical f eas ib i  1 i t y  wi t h i n  the economic framework developed 

here, s o l a r  ponds might possibly produce thermal energy in the  range of 

$2.00 - $4.00 per mil l ion B t u .  

General conclusions based on preliminary analys is  are :  

Elect r ica l  power production from s o l a r  ponds i s  not cos t  com- 

pe t i t i ve  with other systems, based on current  central  s t a t i on  

power produci ng technol ogy. 
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The cos t  o f  power product ion  w i t h  s o l a r  ponds i s  i n  a  range 

such t h a t  a d d i t i o n a l  eval u a t i o n  may .be warranted f o r  unique 

circumstances such as i s o l a t e d  s i t e s .  

Based on the  c o s t  o f  Otu 's  produced by s o l a r  ponds, i t  i s  q u i t e  

poss ib le  t h a t  they can be compet i t ive w i t h  o ther  energy systems 

i n  some circumstances, i f  they are t e c h n i c a l l y  p r a c t i c a l .  

The techn ica l  f e a s i b i l i t y  o f  nonconvecting s o l a r  ponds i s  no t  

es tab1 ished. 

There a re  a  number .o f  problems which cou ld  prevent them f rom 

being w ide l y  used. 

Resul ts  o f  t he  economic ana lys i s  a r e  summarized i n  Table 2.1. 



TABLE 2.1 . Ten Megawatt E lec t r i ca l  So la r  Pond Concepts Economic Summary: 

Nonconvecti ng Free* . . Geothermal 
Steam Binary Membrane Ge 1 'Sha l l  ow S a l t  Reference 

28.0 41.4 31.1 11.5 . .  Pond cog t  41.6 41.6 
( $  x 10 ) 

Plan t  capi tak 17.148 7.107 7.. 107 
c o s t  ( $  x 10 ) 

Net power 6.652 7.653 .7.653 7.653 7.653 7.653 6.240 
o u t p u t  (MW,) 

I n s t a l  1 ed c o s t  8,690 6,366 4,588 6,339 4,993 2,236 1,864 
($1 kWe ne t  ) 

Cost of  power 203.6 105.2 114.4 149.6 124.9 71.1 87.1 
(mil ls/kW-hr) 

*Free s a l t  i s  t h e  case  where t h e  s o l u t e  f o r  t h e  nonconvecting s a l t  g rad ien t  pond i s  
a v a i l a b l e  a t  no cos t .  



3.0 SOLAR POND TECHNOLOGY 

Solar  ponds, as p resen t l y  conceived, . fa l l '  i n t o  two categor ies:  non- 

convect ing ponds and s h a l l  ow convect ing ponds. Nonconvecting ponds inc lude 

convent ional ponds proposed by ~ a b o r  , ( 2 )  those w i t h  membrane b a r r i e r s  t o  

a i d  s t a b i  1 i t y  by Rabl and ~ i e l s e n ( ~ )  and ponds conta in ing  ge ls  
r .'. 

' (4 )  The cdnvect ing pond discussed here i s  the  shal low proposed by Shaf fer .  . 

pond developed by Clark,, Day, D ick insonand  Wouters e t  a l .  a t  the  Lawrence 

Livermore Laboratory. ( 5 )  .. , 

3.1 Nonconvecting S a l t  . Water Pond 

The more convent iona1,of  t he  nonconvecting s o l a r  ponds i s  the s a l t  

.water  pond w i thout  membrane b a r r i e r s ,  bu t  poss ib l y  w i t h  a  cover. This  pond 

type was the  f i r s t  of the  nonconvecting pond concepts and w i l l  be r e f e r r e d  

t o  throughout t h i s  r e p o r t  as the  convent ional nonconvecting pond. 

- :  3.1.1 Desc r ip t i on  

The nonconvecting s o l a r  pond i s  a  nonconvecting , transparent ,  1  i q u i d  

pool i n  which temperature increases w i t h  depth. I n  1948 D r .  Rudolph Bloch 

suggested t h a t  a  dens i t y  g rad ien t  cou ld  be formed by s t r a t i f y i n g  s a l t  so lu -  

t i o n s  o f  var ious d e n s i t i e s  such t h a t  t he  dens i t y  increases w i t h  increas ing  

. depth.(6) The s t a b i l i z i n g  concent ra t ion  grad ien t  can overcome the  e f f e c t  

: o f  a  d e s t a b i l i z i n g  temperature grad ien t .  This  p r i n c i p l e  i.s shown schemati- 
( 7 )  .:, ca l  l y  i n  F igure  3.1. 

So lar  energy, which impinges on the, pond ( c o l l e c t o r )  surface, i s  

p a r t i a l l y  r e f l e c t e d  and p a r t i a l l y  t ransmi t ted  and absorbed. Convection i s  

prevented by e s t a b l i s h i n g  an opposing dens i t y  g rad ien t  w i t h  a  so lu te .  

Since water i s  almost opaque t o  the  f a r  i n f r a r e d  on ly  t he  sho r t  wavelengths 

a re  reported!8) t o  penetrate up t o  100 m o f  water. Thermal energy near t he  

pdnd bottom w i l l  be trapped because o f  t h e  opaque nature  o f  water t o  f a r  

i n f r a r e d  r a d i a t i o n ,  t h e  r e l a t i v e l y  poor c o n d u c t i v i t y  o f  water, and t h e  

i n a b i l i t y  o f  t he  s a l t  s o l u t i o n  t o  convect. Energy e x t r a c t i o n  must be from 

t h i s  bottom laye r .  
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P h y s i c a l l y  t h e  pond absorbs s o l a r  energy throughout  i t s  b u l k  i n  a  

manner which depends on t he  l o c a l  i n s o l a t i o n .  Only  t h e  0.2 t o  0.9 pm wave- 

l eng ths  reach t h e  bottom o f  ponds 1 t o  10 m deep. The energy I ( x )  reach ing  

any depth x  below t h e  pond su r f ace  can be approximated by: 

where I. i s  t he  i nso la t i ' on  a t  t h e  sur face '  o f  t h e  pond, r = t ransmiss ion  

c o e f f i c i e n t ,  pi i s  t h e  abso rp t i on  c o e f f i c i e n t  f o r  a  g i ven  range of wave- 

lengths,  and qi a r e  cons tan ts  which can be ad jus ted  t o  f i t  the  measured 

energy d i s t r i b u t i o n  o f  s u n l i g h t  a t  va r i ous  depths.  x. Rabl and N ie l sen  have 

shown t h i s  t o  be good w i t h i n  3% o f  t h e  va lues quoted by ~ e f a n t ( ~ )  f o r  

seawater. L 

. -The genera l -  one-dimensional heat  conduct ion equat ion  has been so lved 

by  w;inberger(') us i ng  an i n s o l a t i o n  express ion s i m i l a r  t o  t h e  above., and 

express ing 1, as a sum o f  an average and p e r i o d i c  i n s o l a t i o n .  

From t h i s  s o l u t i o n  t h e  pord  temperature i s  shown t o  l a g  behind t h e  

i n s o l a t i o n  by about two months. Th i s  w i l l  v a r y  w i t h  t h e  e n e r g y . e x t r a c t i o n  

r a t e .  Assuming a cons tan t  work ing temperature o f  t he  h o t  f l u i d  a t  t he  

bottom o f  t h e  pond ( t h a t  i s  t o  say, once t h e  pond reaches temperature a1 1 

energy reach ing  t h e  pond bottom i s  e x t r a c t e d  a t  a cons tan t  temperature)  

and by o p t i m i z i n g  energy e x t r a c t i o n  by means o f  a  Carnot engine, t h e  mean 

energy, o v e r a l l  s o l a r  t o  mechanical o r  e l e c t r i c  convers ion e f f i c i e n c y ,  and 

optimum temperatures were det.ermined. These va lues a r e  reproduced as a 

f u n c t i o n  o f  pond dep th  i n  F i g u r e  3.2. 

The c o l l e c t i o n  e f f i c i e n c y  can be found by o p t i m i z i n g  t h e  thermal energy 

e x t r a c t i o n  r a t e  and comparing t h e  r e s u l t i n g  e x t r a c t i o n  r a t e  w i t h  t he  i n s o l a -  

t i o n .  I n  t h i s  m a n n e r ~ e i n b e r ~ e r  . , o b t a i n e d a n  e f f i c i e n c y  o f  c o l l e ' c t i o n  between 
2 2 5  and 30%, fo r  a  200 W/m i n s o l a t i o n  and a pond 1 m deep. 

. . .  

From t h e  above d iscuss ion ,  t h e  pond can be cha rac te r i zed  by i t s  

optimum work ing temperature, . i t s  phase l a g  r e l a t i v e  t o  i n s o l a t i o n ,  and 

i t s  c o l l e c t i o n  e f f i c i ency .  But  l e s s  obvious i n t r i n s i c  c h a r a c t e r i s t i c s  

a r e ' v i t a l l y  impo r tan t  t o  t h e  pond opera t ion .  For d i scuss ion  purposes, we 

ass ign  t h e  f o l l o w i n g  des igna t i ons  t o  these c h a r a c t e r i s t i c s :  i ) d i f f u s i o n  
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i s  t he  m i g r a t i o n  of s a l t  due t o , t h e  concent ra t ion  g rad ien t  necessary t o  make 

the  . . s a l t  water. pond nonconvective, i i )  storage i s  t h e  i n t r i n s i c  therma-l 

storage i n  t h e  nonconvecting pond and i i i )  s t a b i l i t y  r e f e r s  t o  t h e  a b i l i t y  

o f  t h e  pond t o  remain nonconvecting over a range o f  temperatures, con- 

c e n t r a t i o n  g rad ien ts ,  and ou ts ide  i n t  luences. 

3.1.1.1 D i f f u s i o n  . , 

'Any ti 'me the re  e x i s t s  a concent ra t ion  g rad ien t  i n  a ma te r i a l  and the re  

i s  ample thermal energy t o  a c t i v a t e  an atomic o r  molecular  m ig ra t i on ,  there  

w i l l -  e x i s t  d i f f u s i o n  o f  t he  s o l u t e  species f rom h i g h  concent ra t ion  regions 

t o  reg ions  o f  low concent ra t ion .  I t  i s  n o t  s u r p r i s i n g  then t h a t  t he  non- 

convect ing s a l t  water ponds e x h i b i t  considerable d i f f u s i o n  o f  s a l t  t o  t he  

sur face  o f  t h e  pond (0.063 kg/m2/day). (') The tendency i s  toward d e s t r u c t i o n  

o f  t h e  d e n s i t y  g rad ien t .  To keep t h e  pond func t i on ing ,  t h e  concent'ration 

g rad ien t  must be res to red  on a con t i nu ing  basis .  Two methods have been 

proposed f o r  doing t h i s .  One method suggests t h e  s a l t  which d i f f u s e s  t o  

t h e  sur face  be removed by washing a top  s a l i n e  l a y e r  away and rep lac ing  i t  

w i t h  water o f  a  lower s a l i n i t y ;  s a l t  must be res to red  t o  t he  bottom o f  t he  

pond: The o the r  method, proposed by Tabor and Matz ( l o )  e x t r a c t s  ho t  b r i n e  

f rom' the 'pond.  bottom a t  a r a t e  such t h a t  s a l t  which migra tes  upward i n  t he  

moving re fe rence frame o f  t h e  f a l l i n g  pond ( f a l l i n g ,  because water i s  

ex t rac ted  f rom t h e  lower reg ions  o n l y )  f i nds  i t s e l f  s t a t i o n a r y  w i t h  respec t  

t o  t h e  re fe rence frame f i x e d  i n  t h e  ear th .  Fresh water, o r  a  low s a l i n i t y  

so lu t i on ,  must be s imul taneously-  added t o  t he  top .  reg ions  o f  t he  pond t o  

keep t h e  pond depth constant.  Enough s a l t  o r  h i g h l y  concentrated b r i n e  

must be p u t  back i n t o  t h e  pond bottom reg ions  t o  ma in ta in  a s u i t a b l e  

d e n s i t y  g rad ien t .  

3.1.1.2 Storage 

Thermal convers ion o f  s o l a r  power t o  use fu l  e l e c t r i c a l  power i s  a con- 

cep t  t h a t  depends h e a v i l y  on energy storage. Whether t h e  system supp l ies  

power du r i ng  peak demand o r  cont inuous convers ion i t  i s  necessary t h a t  e i t h e r  

thermal, e l e c t r i c a l ,  o r  chemical energy s torage be inc luded i n  t h e  system 

design i f  f u l l  advantage o f  t h e  i n s o l a t i o n  i s  t o  be rea l i zed .  The nonconvect- 

i n g  s o l a r  pond concept does j u s t  t h i s ;  i t  s to res  the  s o l a r  energy c o l l e c t e d  



and re leases thermal energy on demand. This i s  analogous t o  t h e  hydroelec- 

t r i c  dam which i s  e s s e n t i a l l y  a p o t e n t i a l  energy c o l l e c t i o n  and storage 

device. 

Storage o f  thermal energy i s  inherent  i n  the nonconvecting systems. 

Energy i s .  t rapped i n  the  l i q u i d  near the  pond bottom and i s  l o s t  on l y  by 

slow thermal c o n d u c t i v i t y  t o  the  surface or  i t  i s  absorbed by t h e  sur- 

o ' rounding earthen containment; i t  i s  assumed t h a t  p a r a s i t i c  losses by ground 

water a re  n e g l i g i b l e .  It i s  assumed t h a t  the s ide  w a l l s  a re  i nsu la ted  so 

t h a t  a l l  e a r t h  storage w i l l  be beneath the  pond. Then the  e a r t h  tempera- 

t u r e  du r ing  warm-up i s  g iven by: 

where T (0) i s  the  i n i t i a l  sur face temperature of t he  e a r t h  and y and K 
9 9 

a r e  v e r t i c a l  d is tance below t h e  e a r t h  sur face and thermal d i f f u s i v i t y  o f  

t he  ear th,  respec t i ve l y ;  t ime i s  represented by  t. 

Th is  imp l i es  t h a t  the  approach t o  steady s t a t e  goes as I/$ Since . 

the  depth i n  t h e  e a r t h  f o r  temperature o s c i l l a t i o n s  o f  frequency w t o  be 
2 damped t o  l / e  of t h e i r ,  surface value i s  --, t h i s  can be taken t o  be the  depth 

o f  use fu l  storage i n  t he  ear th .  (3 )  F o r  s o i l  w i th  a 4.6 x rn2/sec d i f -  

f u s i v i t y ,  t h i s  amounts t o  about 2 m, Approximately 1 year i s  necessary f o r  

t he  e a r t h  a t  t h i s  temperature t o  reach l / e  of i t s  f i n a l  va lue.  Weinberger 

has shown t h a t  ground storage decreases the  maximum r a t e  a t  which energy 

can be withdrawn, and t h a t  t h i s  maximum energy removal r a t e  increases w i t h  

opera t ing  t ime. For example, a t  an operat ing temperature o f  98OC and an 

operat ing t ime  ~f 0.5 and 4 years t h e  optimum energy removal r a t e  changes 

from 80 t o  93%, respec t i ve l y ,  o f  t h a t  a t t a i n e d  a f t e r  an i n f i n i t e  t ime o f  

operat ion.  This  i s  due t o  t h e  r e l a t i v e l y  slow manner i n  which the  ground . 

approaches steady s ta te .  Some so la r  energy i s  being absorbed by the ground 

du r ing  t h i s  t ime, and u n t i l  steady s t a t e  i s  reached t h i s  absorp t ion  

decreases the  r a t e  o f  energy withdrawal i f  t h e  temperature o f  t he  ho t  b r i n e  

i s  t o  remain constant .  

Th is  energy absorpt ion i s  dependent on t h e  thermal d i f f u s i v i t y  o f  the 

e a r t h  and opera t ing  temperature o f  the  f l u i d .  Energy s to red i n  the ground 



can be recovered, b u t  o n l y  a t  t h e  expense o f  decreasing the  working tempera- 

t u r e  o f  t he  b r i n e  and t h e r e f o r e  decreasing ope ra t i ng  e f f i c i e n c y  o f  t he  power 

p lan t .  O f  course, i f  storage were n o t  a v a i l a b l e  t h e  b r i n e  would reach i t s  

peak f o r  energy withdrawal r a t e  sooner. But i n  t h e  advent o f  r e l a t i v e l y  l ong  

per iods o f  low i n s o l a t i o n  t h i s  withdrawal r a t e  wou'ld approach zero very qu i ck l y .  

~ r o b n d  storage, on t h e  o t h e r  hand, a1 lows f o r  energy withdrawal (a1 be i  t a t  a 

lower convers ion e f f i c i e n c y )  du r i ng  these low i n s o l  a t i o n  per iods.  I n  f a c t ,  
3  6 1 m o f  "average" s o i l  can s t o r e  about 2 x 10 Joules per  degree. The tem- 

pera tu re  o f  t h e  s o i l  a t  depth x, du r i ng  ' ne t  energy e x t r a c t i o n  from the  s o i l ,  

can be est imated by: 

This  assumes f o r  simp1 i c i t y  t h a t  s o i l  temperature i s  i n i t i a l l y  T ( 0 )  and i t  
9 

r a d i a t e s  i n t o  0" water. This  imp l i es  t h a t  s o i l  temperature a t  some aver- 

age depth, say 0.5 m y  decreases t o  85% o f  i t s  i n i t i a l  va lue i n  about 

1..5 days. I f  t h e  i n i t i a l  temperature o f  t h e  ground i s  95°C. t h i s  co r -  
2 responds t o  a 14" change and hence an average 122 W/m c o n t r i b u t i o n  from 

the  s o i l ;  Therefore, thermal energy s to red  i n  t he  s o i l  might  be used f o r  

a pe r i od  o f  a. few consecut ive days. I f  lower temperatures a re  use fu l  t h i s  

use pe r i od  can be extended considerably .  

3.1.1.3 S t a b i l i t y  

To o b t a i n  a nonconvecting s a l t  water pool w i t hou t  t h e  use o f  a r t i f i -  

c i a l  b a r r i e r s ,  t h e  decrease i n  d e n s i t y  w i t h  depth which would accompany 

t h e  inc rease i n  temperature i n  a uni form-concentrat ion s o l u t i o n  i s  can- 

c e l l e d  by a r rang ing  f o r  t he  s a l t  concent ra t ion  t o  increase w i t h  depth, 

so . tha t  the  n e t  e f f e c t  i s  an inc rease i n  d e n s i t y  w i t h  depth. 

where p, T, x and c a re  dens i t y ,  temperature, d i s tance  below the  sur face 

and concentrat ion, r e s p e c t i v e l y .  As an i n i t i a l  c o n d i t i o n  t o  be f u l f i l l e d  

i n  cons t ruc t i ng  a pond, such a concent ra t ion  g r a d i e n t  i s  r e a d i l y  obtained. 

Ma in ta in ing  it, however, appears t o  be another mat te r .  That i t  can be 

mainta ined i n d e f i n i t e l y  i s  y e t  t o  be es tab l i shed.  Na tu ra l l y -occu r r i ng  



s o l a r  pond e f f e c t s  have been observed (e.g., a t  Medve Lagoon, Lake Vanda, 

Los Roques), experimental s o l a r  ponds have been bu i  1 t , and approximate 

a n a l y t i c a l  models of r e l a t e d  s i t u a t i o n s  are being developed. 

Nie lsen (11) has been ab le  t o  c o n t r o l  convect ing l a y e r  growth i n  NaCl 

ponds by i n j e c t i n g  s a l i n e ~ s o l u t i o n s  o f  an appropr ia te  dens i t y  i n t o  the  

convect ing l a y e r  reg ion .  Th i s  technique has been used success fu l l y  by 

Nie lsen t o  a c t u a l l y  decrease t h e  th ickness o f  convect ive l aye rs  which form 

adjacent t o  t he  pond bottom. 

Several c r i t i c a l  quest ions remain t o  be answered, however, before the 

p o t e n t i a l  o f  t he  s o l a r  pond as an e f f e c t i v e  energy c o l  l e c t o r  can 'be pro-  

p e r l y  evaluated. ('') Most o f  these quest ions have t o  do w i t h  whether o r  

n o t  long-term s t a b i l i t y  i s  poss ib le  and what cond i t i ons  o r  arrangements a re  

necessary t o  ob ta in  it. I n  p a r t i c u l a r ,  what cond i t i ons  are  necessary t o  

avo id  the  i n s t a b i l i t i e s  associated wi th t h e  spontaneous occurrence and 

growth o f  convect ion c e l l s  which des t roy  the  dens i t y  g rad ien t?  

As discussed i n  the  preceding sec t ion ,  some means o f  ma in ta in ing  the  

concent ra t ion  f i e l d  i n  t he  pool aga ins t  the  e f f e c t s  o f  d i f f u s i o n  are  

necessary, b u t  there  are  s t i l l  o ther  d i f f i c u l t i e s .  Such a pool i s  j n  a 

s o r t  o f  me tas tab le . s ta te  i n  t h a t ,  i f  t h e  concent ra t ion  g rad ien t  were t o  be 

destroyed by s t i r r i n g  o r  mix ing  the  pond cou ld  nd t  spontaneously r e s t o r e  

it. Nor would j u s t  t he  heat ing o f  the  pond r e s t o r e  i t, since convect ion 

c e l l s  would develop f i r s t .  This  i s  important  because some evidence i s  

a v a i l a b l e  which suggests t h a t  n a t u r a l l y  occur r ing  mechanisms may, i n  the  

absence o f  c o r r e c t i v e  ac t i on ,  b r i n g  about t h e  occurrence and slow growth 

o f  a convect ing l a y e r  i n  the  i n i t i a l l y  g r a v i t a t i o n a l l y - s t a b l e  pond. Th is  

would lead even tua l l y  t o  the des t ruc t i on  o f  t h e  energy-stor ing c a p a b i l i t y  

o f  t h e  pond. weinberger(') develops a s t a b i  1 i t y  c r i t e r i o n  and suggests 
3 

t h a t  ma in ta in ing  an adequate dens i t y  d i f f e r e n c e  (340 kg/m ) a t  the bottom 

and top  o f  t h e  pond w i l l  prevent  an increase i n  o s c i l l a t o r y  motion w i t h  

t ime. However, there  appears t o  be more. A model by George Veronis (13,14) 

p r e d i c t s  t h ree  d i f f e r e n t  poss ib le  modes o f  convect ion f o r  a l i q u i d  l a y e r  

subjected t o  a d e s t a b i l i z i n g  temperature g rad ien t  which i s  i n i t i a l l y  



nonconvecting due t o  the  e f f e c t s  of a s t a b i l i z i n g  concentrat ion grad ien t :  

1 )  spontaneously-occurring steady convect ive motion, as i n  Benard c e l l  

format ion;  2 )  overs tab le  o s c i l l a t o r y  motion occur r ing  a t  a smal ler  Rayleigh 

number* (smal l e r  AT); and 3) a d is tu rbance- in i  t i a t e d  , f i n i t e  amp1 i tude 

steady motion, which would be sustained a t  a Rayle igh number which i s  s t i l l  

smal ler ,  i n  some cases almost neg l i g ib le . * *  

According t o  t h i s  model, an i n i t i a l l y  nonconvecting l a y e r  maintained 

a t  h igher  s a l i n i t y  a t  the  bottom than a t  the  top,  heated from below and 

cooled from above, if s u f f i c i e n t l y  d is turbed,  w i l l  develop and main ta in  

f in i te-amp1 i tude steady convect ion a t  extremely small Rayleigh, numbers. An 

adequate d is turbance would be one which mixes the  i n t e r i o r  t o  u n i f o r m i t y  

so t h a t  the  temperature and concent ra t ion  grad ien ts  a re  conf ined t o  the  

boundary regions. A f t e r  t he  cessat ion o f  such a distur'bance, t he  desta- 

b i  1  i z i n g  temperature grad ien t  would c rea te  convect ion c e l l s '  i n  the  i n t e r i o r  

before a s t a b i l i z i n g  d e n s i t y  g rad ien t  could e s t a b l i s h  i t s e l f .  This  imp l i es  

tha t ,  i n  cons t ruc t i ng  a ' s t a b l e  s o l a r  pond, t he  dens i t y  gradien' t  must.be 

es tab l ished before heat ing  takes place, . - .  o r  - .  i t  .. w i l l  no t  be establ ished.  
Th i s  appears t o  be conf irmed by the  experience t o  date. This  would 

AT * Rayle igh Number R, = 

g = l o c a l  acce le ra t i on  due t o  g r a v i t y  

u = - $($f)c, p = density;  c  = s o l u t e  concent ra t ion  

AT = temperature d i f f e r e n c e  over convect ion c e l l  he igh t  

h = convect ion c e l l  he igh t  (no t  pond depth) 

K = thermal d i f f u s i v f t y  

v = k inemat ic  v i s c o s i t y  

** I n  cons ider ing  these convect ive mode p o s s i b i l i t i e s ,  i t  i s  use fu l  t o  
keep i n  mind t h a t  t he  shape o f  t h e  temperature p r o f i l e  i n  a so la r  
pond v a r i e s  w ide l y  on a r e g u l a r  basis.  To r e l a t e  the  models which 

' speak o f  "heat ing from below" o r  "heat ing f rom above" t o  the  s o l a r  
pond i t  i s  necessary t o  do so on the  bas is  o f  t he  l o c a l  temperature 
grad ien t .  For a d iscuss ion  o f  t h e  temperature p r o f i l e  v a r i a t i o n  see 
E l  iseev, Usmanov and ~ e s l e n k o ( l 5 )  and Turner. (16) 



probably make pond c lean ing  by s t r a t i f i e d  e x t r a c t i o n  d i f f i c u l t  s ince the  

d i s tu rbed  reg ion  may n o t  be ab le  t o  r e e s t a b l i s h  ; i t s  dens i t y  g rad ien t .  

The overs tab le  osc i  1 l a t o r y  mode pred ic ted  by veron is (13)  has  been 

observed i n  l abo ra to ry  experiments by ~ h i r t c l  i f f e "  7, and by Turner and 

Stommel . (18) According t o  Schechter, Pr igogine,  and Hamm, (19)  t he  con- 

d i t i o n s  under which t h i s  mode can be expected a r e  r e l a t e d  t o  the Soret (20) 

effect.  Th i s  model i n d i c a t e s  t h a t ,  f o r  a l a y e r  subjected t o  a d e s t a b i l i z i n g  

temperature grad ien t ,  t h i s  mode can be expected w i t h  p o s i t i v e  Soret coef -  

f i c i e n t s ,  and t h a t  the  greater  t h e  Soret c o e f f i c i e n t ,  t he  smal ler  the 

Rayle igh number a t  which i t  can occur. Th is  i s  f u r t h e r  discussed and 

summarized by Velarde and Schechter (21 ) Bnd by Hur le  and Jakeman. (22) 

The s t a b i l i t y  d i f f i c u l t i e s  described by Tabor (23) and Tanner ('O) w i t h  NaCl 

s a l t  ponds (NaC1 has a p o s i t i v e  Soret c o e f f i c i e n t )  a re  n o t  i ncons i s ten t  

w i t h  t h i s  model. Nor js the growth o f  t he  convect ing l a y e r  i n  the upper 

p a r t  o f  t h e  MgC12 s a l t  pond constructed by Tabor, where i t  i s  noted t h a t  

, t h e  steepest d e s t a b i l i z i n g  temperature grad ien ts  may occur near t he  sur face 

and spread downward du r ing  t h e  cool i n g  p a r t  o f  the  d a i l y  c y c l e  as' t he  pond 

i s  being brought up t o  opera t ing  cond i t ions .  (15) Tanner ('O) repor ted  MgC12 

as one o f  a few s a l t s  which y i e l d e d  separat ions i n  Soret e f f e c t  t e s t s  which 

were too  small t o  be measured. Again, a very  smal l  MgC12 Soret  c o e f f i c i e n t  

i s  n o t  i ncons i s ten t  w i t h  t h e  slowness o f  t he  l a y e r  growth noted by Tabor. 

The t h i r d  mode i n d i c a t e d  as poss ib le  by Veronis '  model, spontaneous steady 

convection, would occur f o r  g rea te r  Rayle igh numbers than the  overs tab l  e 

o s c i l l a t o r y  mode, so t h e  l a t t e r  i s  t h e  mode p red i c ted  f o r  t he  onset o f  

convect ion. 

3.1.2 Uperat ion 

Pond opera t ion  requ i res  1 ) p reserva t ion  o f  t he  s a l t  g rad ien t ,  2)  main- 

tenance of pond transparency, and 3)  use o f  optimum energy e x t r a c t i o n  

techniques. 

3.1.2.1 preserva t ion  o f  t he  Densi ty  Gradient  

Since a concent ra t ion  g rad ien t  i s  necessary t o  overcome the  buoyant 

f o rces  due t o  thermal expansion i n  a s o l a r  pond, s a l t  d i f f u s i o n ' f r o m  bottom 



t o  su.rface w i l l  be con t i nua l .  As noted i n  t h e  d iscuss ion  i n  t h e  preceding 

sec t i on  on Weinberger's s t a b i l i t y  c r i t e r i o n  and h i s  c a l c u l a t i o n  o f  t h e  s a l t  
3  - g rad ien t  necessary f o r  s t a b i l i t y ,  f o r  a  pond us ing  MgC12, a  340 kg/m d ~ f -  

ference i n  d e n s i t y  must be rl laintained between the  z l l r face and bottom l a y c r .  

Weinberger a l s o  c a l c u l a t e s  t h a t  0.063 kg/m2 day o f  s a l t  must be removed 

each day and replaced i n  t he  1  ower l a y e r  o f  t h e  1  m deep pond. For a  1  km 2 

pond t h i s  means t h a t  63 tonnes o f  s a l t  must be c o n t r o l l e d  du r i ng  each day 

of operat ion.  

Tabor (23)  r e p o r t s  t h a t  washing t h e  surface w i t h  f resh  water o r  low 

concent ra t ion  s a l t  s o l u t i o n  w h i l e  ma in ta in ing  the  bottom concent ra t ion  

would p rov ide  a  s a t i s f a c t o r y  approach t o  t h i s  problem. As p r e v i o u s l y  d i s -  

cussed, Tabor and Matz suggest a  " f a l l i n g  pond" arrangement as an improved 

way o f  ma in ta in ing  t o p  and bottom concent ra t ions  when the  energy-ex t rac t ion  

process i nvo l ves  a  f l a s h  evaporat ion o f  t he  bottom b r i ne .  I n  t h i s  process, 

b r i n e  f rom t h e  h o t  bottom l a y e r  o f  t h e  pond f l ows  . i n t o  a  low pressure f l a s h  

evaporator where a  pressure drop i s  accompanied by a  small temperature drop 

and the  evaporat ion o f  some o f  the  water from t h e  b r i n e .  The vapor and 

(now more concentrated)  b r i n e  a re  separated and leave the  evaporator i n  

two separate streams. The vapor f l ows  on t o  d r i v e  a  t u r b i n e  and the  b r i n e  

i s  re tu rned  t o  t h e  bottom of t he  pond t o  be reheated. Water i s  added t o  

t he  top  o f  t he  pond t o  rep lace  t h e  water evaporated from the  sur face o f  t he  

pond as w e l l  as t h e  water removed from t h e  bottom l a y e r  b r i n e  i n  the  evapo- 

r a t o r .  The n e t  e f f e c t  i s  a  slow downward f l o w  o f  t h e  water i n  the  pond 

aga ins t  t he  upward d i f f u s i o n  of t he  s a l t s .  I f  t h e  two v e l o c i t i e s  a re  o f  

t h e  same magnitude, t he  s a l t s ,  and consequent ly the  s a l t  g rad ien t ,  a re  

s t a t i o n a r y .  

Tabor i n d i c a t e s  t h a t  the  downward water v e l o c i t y  requ i red  t o  balance 

the  d i f f u s i o n  o f  t h e  s a l t s  i s  l e s s  than 1 mm/day. Th is  would impose a  

minimum requirement on t h e  average evaporat ion r a t e  i n  t he  f l a s h  evapo- 

r a t o r .  Greater  f l a s h i n g  ra tes ,  i f  d i c t a t e d  by energy-ex t rac t ion  r a t e  

.requirements, cou ld  be accommodated by r e t u r n i n g  t o  t h e  b r i n e  as much o f  

t he  vapor ized water as necessary a f t e r  i t  has been through the  t u r b i n e  and 

condenser. I f a  weak s o l u t i o n  i s  added a t  the  surface ins tead o f  f r e s h  



water, the downward m~tion~of the pond water would result in a n e t  fjoy of 

salt to the bottom layer. Salt would have to be removed after'flash evapo- 
ration at the rate at which it is supplied to the surface. 

Another possibility might be a saturated-solution pond composed of a 
solution' in which the increase of solubility with temperature is sub- 
stantial enough to provide the density gradient necessary for stability. 
Potassium nitrate, ammonium nitrate and calcium chloridedihydrate are salts 
which fit this category. It appears that such a pond could automatically 
maintain the desired gradient, provided that convective stability require- 
ments could be met. A satisfactory energy extraction process for such a 
pond would probably be difficult , however. 

3.1.2.2 Pond Transparency 

Transmission properties of a solar pond can be seriously-altered by 
particulate debris. Particulate matter may be carried in the air and 
deposited in the pond, or may originate in the pond walls or bottom and 
migrate by currents and buoyancy forces into the interior. In either case, 

the particulates will seek a level identified by the localized pond density 

and the density of the particulates. 

Tabor and Matz report an exceptionally bad problem in one of their 
experimental ponds which has been built on a clay bed overlaying marshy 
ground. At start of operation, the lower layer of brine warmed from 20 to 
70°C and the earthen bottom temperature reached 41°C some 0.2 to 0.3 m into 
the earth. At these temperatures C02 and H2S gas bubbles were released 
from the bottom in sufficient quantities to seriously disturb density 
gradients, prevent settling of debris, and also transport debris up from 
the bottom into the fluid; evidently bacterial decomposition was occurring 

in the marshy bottom. Pond bottom materials are important--pollution caused 

by bacteri a1 decomposition must be avoided. 

Tabor and Matz have worked on an experimental pond with a butyl rubber 
lining designed to vent gas generated in the pond bottom. Results of this 

experiment have not been pub1 ished. Delyannis and Piperoglou ( 24 )  lined solar 

distillation basins in Greece with butyl rubber sheets and found that in 



(25)  repo r t s  t h e  sp r ing  ' w i l d  grass grew through the  rubber sheet ing. Lawand 

t h a t '  0.8 mm-thick b u t y l  rubber sheet has been successfu l ly  used t o  l i n e  

s o l a r  d i s t i l l a t i o n  bays i n  the  West Ind ies .  Morr ison, Dodge, Merriman, and . 

E l  1 sperman (26)  conducted a f i e l d  eva lua t ion  study of var ious  l i n i n g  mate- 

r i a l s  used i n  b r i n e  d isposal  ponds. For seepage c o n t r o l ,  the  f l e x i b l e  

mem'brane l i n i n g s  were most e f fec t i ve ;  s o i l  sealants were found t o  be l e a s t  

e f f e c t i v e .  

A pond need n o t  d i e  from p a r t i c u l a t e  p o l l u t i o n .  It may be t h a t  the 

p a r t i c u l a r  l a y e r  where deb r i s  has s e t t l e d  can be cleaned by .us ing  a selec- 

t i v e  s t r a t i f i e d  l a y e r  e x t r a c t i o n  process r e l a t i v e  t o  removal o f  the  heated 

bottom laye r .  Indeed, i t  has been proposed by Benton, e t  a l . ,  (27)  t h a t  

water r e s e r v o i r s  use t h i s  technique t o  c o n t r o l  water q u a l i t y  downstream. 

The ana lys i s  makes t h i s  method l ook  p a r t i c u l a r l y  s u i t a b l e  f o r  removing 

p o l l u t e d  l a y e r s  i n  a so la r  pond; t h e  l a y e r  cou ld  be f i l t e r e d  and i n j e c t e d  

back t o  i t s  appropr ia te  l e v e l .  A i r - t ranspor ted  p a r t i c u l a t e s  can be kept  

from the pond by p r o v i d i n g  a t ransparent  cover which i s  p e r i o d i c a l l y  washed. 

As mentioned prev ious ly ,  theory suggests t h i s  method w i l l  cause convect ion 

c e l l s  and des t roy  pond s t a b i l i t y .  However, t h e  r a t h e r  l i m i t e d  experience 

w i t h  ponds suggests t h i s  may n o t  be the  case. Fur ther  research i s  needed 

i n  t h i s  area. 

3.1.2.3 Energy E x t r a c t i o n  

The obvious techniques o f  e x t r a c t i n g  energy from l a r g e  ponds us ing  a 

separate working medium may be p r o h i b i t i v e l y  expensive. For example, one 

might  conceive o f  a network o f  h igh  thermal c o n d u c t i v i t y  pipes on the pond 

bottom, w i t h  a f l u i d  f l ow ing  through the  p ipes t o  e x t r a c t  energy from the  

pond. Because o f  low thermal c o n d u c t i v i t y  of s t a t i o n a r y  water i n  the pond 

t h i s  technique would be very i n e f f i c i e n t  i n  a nonconvecting layer.. For 

t h i s  reason, ~ a b o r ( ' )  proposed us ing  a s t r a t i f i e d  l a y e r  e x t r a c t i o n  tech-  

n ique whereby the  e n t i r e  bottom high-densi ty  l a y e r  i s  ext racted,  i t s  energy 

removed by passing through a heat exchanger, and the  b r i n e  re turned w i thout  

pond mix ing  t o  the  bottom. Such s e l e c t i v e  withdrawal techniques have been 

s tud ied  t h e o r e t i c a l l y  and experimental l y  (27,28) bu t  there  i s  l i t t l e  pub- 

l i s h e d  experimental  in fo rmat ion  on s t r a t i f i e d  e x t r a c t i o n  from thermohal ine 

ponds. 



( l o )  r e p o r t  t h a t  experiments a t  the  Technion i n  Ha i fa  ~ a b o r '  and Matz . 

show s t a b l e  h o r i z o n t a l  f l o w  o f  a l a y e r  a t  t he  bottom o f  a s o l a r  s a l t  pond 

can be achieved. The example s ta ted  i s  t h a t  over a l eng th  o f  500 m, w i t h  a 

v e r t i c a l  d e n s i t y  g rad ien t  o f  3.3 x 1 0 - ~ / c m ~ ,  a s t a b l e  l a y e r f l o w s  from the  

pond through a 0.15 m h igh  aper tu re  a t  a r a t e  o f  1.5 L lseclm width; d e t a i l s  
o f  these experiments were repor ted  by E la ta  and Levin. (29)  ~ a n i e l  s(30) has 

d e t a i l e d  some o f  t h e  r e s u l t s  o f  these experiments and compared r e s u l t s  w i t h  

experimental s t r a t i f i e d  withdrawal r e s u l t s  o f  Debler. (31 1 

E la ta  and ~ e v i n ' s  r e s u l t s  a re  dep ic ted  schemat ica l ly  i n  F igure  3.3. 

The bottom 1 ayer (cross hatched) was successful  l y  withdrawn . A secondary 

l a y e r  formed adjacent t o  the  withdrawal l aye r ;  the eddy r e s u l t i n g  from end 

e f f e c t s  o f  t h e  pond i s  respons ib le  f o r  t h i s  secondary l a y e r  and y i e l d e d  the  

dens i t y  and v e l o c i t y  p r o f i l e s  shown i n  F igure 3.3 (b and c).  ~ o t e  t h a t  

v e l o c i t y  goes t o  zero a t  a p o i n t  w i t h i n  t h i s  secondary l a y e r .  Tabor and 

Matz suggest t he  same technique be .used t o  remove deb r i s  which might  

accumulate a t  var ious depths. 

Weinberger inc luded the  e f f e c t  of withdrawal i n  h i s  ana lys i s  o f  tem- 

pera ture  v a r i a t i o n s  i n  t he  s o l a r  pond. It i s  assumed i n  t h i s  ana lys is  t h a t  

a convect ion zone o f  some depth forms a t  the  bottom o f  the  pond. The ca l - ,  

c u l a t i o n s  show t h a t  t h i s  zone w i l l  reduce the  hou r l y  va ' r ia t ions  about the  

mean temperature a t  the  bottom. I n  f a c t ,  by us ing  Carslaw and Jaeger 's  (32) 

equat ion f o r  a convect ive zone and the  d i f f u s i o n  equat ion, Weinberger shows 

the  maximum hour l y  temperature ' v a r i a t i o n  i s  reduced from 14°C w i thou t  con- 

vec t i on  t o  6°C w i t h  a convect ing . layer  0.2 m t h i c k .  Th is  v a r i a t i o n  i s  then 

used w i t h  an energy e x t r a c t i o n  r a t e  r e l a t i o n  (p ropo r t i ona l  t o  f l o w  r a t e  and 

temperature d i f f e r e n c e  t o  which the  working f l u i d  i s  subjected)  t o  c a l c u l a t e  

v a r i a t i o n  i n  convected energy due t o  temperature f l u c t u a t i o n s  o f  the pond. 

Resul ts  show t h a t  w i thou t  a convect ion l a y e r  a pond operat ing a t  98°C w i  11 

have an excurs ion i n  t h e  hou r l y  r a t e  o f  energy conversion which va r ies  by 

9.1% about t he  d a i l y  mean. On the o the r  hand, the maximum and minimum 

hour l y  r a t e s  w i t h  a 0.2 m deep convect ion l a y e r  a r e  3.4 and 3.2% g rea te r  

than and l e s s  than the  d a i l y  mean, respec t i ve l y .  



- -- 

EX PER I MENT DENSITY- VELOCITY + 
(a) (b) (c) 

a. EXPERIMENTAL PDND SHOWING THE w ITHDRAWN HOR IZONTAL LAYER (CROSS HATCHE~D) 
A N D  EDDY M O T I O N  

b: DENSITY PROFILE 

c. V E L O i l  T Y  PROF I LE 

FIGURE 3.3. Elata-Levin Experiment and Results (31 



Usmanov, E l  i seev, and Umar.ov (33) have shown experimental l y  t h a t  s t r a t i  - 
f i e d  l a y e r  withdrawal o f  t he  bottom l a y e r  i s  poss ib le  "w i thout  v i o l a t i n g  

s tab le  opera t ion"  of a 0.,23 m deep l abq ra to ry  model pond. I n  these expe r i -  

ments energy was ex t rac ted  a t  a r a t e  c lose  t o  the  r a t e  a t  which energy was 

absorbed i n  the  e x t r a c t i o n  l a y e r . .  These experimenters observed a l so  t h a t  

i f  t h e  bottom e x t r a c t i o n  l a y e r  ii separated from the  nonconvecting i nsu la -  

t i o n  l a y e r  by a t h i n  t ransparent  f i l m . t h e  temperature o f  t h i s  l aye r  

increases by about 8% and the  bottom l a y e r  i s  cooled a t  a slower r a t e  

than when the  f i l m . d i d  n o t  e x i s t .  This  i n d i c a t e s  some convect ion i n  the  

pond. 

There has been l i t t l e  e f f o r t  devoted t o  energy e x t r a c t i o n  from t h e  

removed layer .  One concept which should be considered i s  suggested by 

(34s35) t o  f l a s h  evaporate the  h o t  b r i n e  and use the  vapor t o  Hirschmann: 

d r i v e  a tu rb ine ,  The r e s u l t i n g  f r e s h  water cou ld  then be used t o  wash 

d i f f u s e d  s a l t  from the  pond surface; t he  concentrated b r i n e  cou ld  be 

i n j e c t e d  back i n t o  the  bottom l a y e r  of t he  pond. Hirschmann ca l cu la tes  
2 t h a t  w i t h  an average use fu l  power o f  104 W/m a v a i l a b l e  f o r  the  Claude pro-  

cess, (36) r e s u l t i n g  useful  mechanical energy would be about 3.4% o f  t o t a l  

heat received a t  the c o l l e c t o r .  It should be noted t h a t  subsequent analy-  

s i s  i n  t h i s  r e p o r t  i n d i c a t e s  lower o v e r a l l  e f f i c i e n c y .  . Bloemer, E i b l i n g ,  

I r w i n  and L o t  (37) d i i c u s s  use of f l a s h  evaporat ion i n  pond-type so la r  s t i l l s .  

Hirschmann (35) r e p o r t s  r e s u l t s  of a geothermal f 1 ash-evaporation p l a n t  which 

began opera t ion  i n  1953 w i t h  91°C water and produced 200 kWe. 

Magnitudes of energy e x t r a c t i o n  r a t e s  f o r  nonconvecting ponds have been 

ca lcu la ted ,  b u t  o n l y  f o r  operat ion a t  some optimum temperature. These c a l -  

c u l a t i o n s  have been discussed b r i e f l y ;  t he  r e s u l t s  appear i n  F igure  3.2. 

It i s  emphasized t h a t  t he  c a l c u l a t i o n s  were based on opera t ion  a t  a constant  

optimum 'pond temperature and a g iven mean power conversion. For example, 

t he  optimum opera t ing  temperature f o r  a 1 m deep pond i s  about 98°C and t h e  

o v e r a l l  conversion e f f i c i e n c y  ( i n c l u d i n g  co l  l e c t i o n  and conversion by a 

Carnot engine) i s  approximately 4%. The corresponding mean power dens i t y  
2 

o f  t h e  pond approaches 10 MW,/lon . Efficiencies a r r i v e d  a t  i n  p re l im ina ry  



p l a n t  design l a t e r  i n  t h i s  r e p o r t  a re  genera l l y  l e s s  than 3%, l a r g e l y  

because o f  h igher  p a r a s i t i c  losses associa,ted w i t h  the  l a r g e  q u a n t i t i e s  o f  

water which must be moved t o  o b t a i n  power from a low Carnot e f f i c i e n c y  

sys tern. 

3.2 . Nonconvecti tig Mernbr'ane Pond 

S t a b i l i t y  o f  nonconvecting ponds from which energy i s  ex t rac ted  i s  n o t  

we1 1 es tab l  i shed. The experimental e x t r a c t i o n  ' s tud ies  performed by Usmanov, 

El iseev and Umarov, discussed i n  the  preceding sect ion,  i n d i c a t e  t h a t  wh i l e  

e x t r a c t i o n  was accompl i shed. "w i thou t  v i o l a t i n g  stab1 e operat ion," cool i n g  

of the bottom l a y e r  was re tarded by i n s e r t i n g  a t ransparent  b a r r i e r  between 

the ex t rac ted  1 ayer and the nonconvecting i s o l a t i o n  l a y e r  ( i  .e., t he  b a r r i e r  

seenied t o  help r e t a i n  s t a b i l i t y ) .  This i s  the  nonconvecting pond w i t h  mem- 

brane concept, one which Rabl and N ie l  sen propose should be use fu l '  i n  main- 

t a i n i n g  - s t a b i l  i t y  i n  ponds used f o r  comfor t  heat ing  o f  bu i l d ings .  It i s  

t h i s  concept which w i l l  be addressed i n  t h i s  sec t ion .  

3.2.1 Desc r ip t i on  

A membrane-partit ioned s a l t  water pond i s  divided, i n t o  two components 

which a re  separated by a t ransparent  p a r t i  t i o n  (F igure 3.4). A nonconvec- 

t i v e  component above the  p a r t i t i o n  i s  created by producing a s a l t  g rad ien t  

which ac ts  t o  s t a b i l i z e  the f l u i d  i n  the  manner described prev ious ly .  This 

component i s  equ iva len t  t o  the convent ional nonconvective s a l t  water pond 

except i t  does n o t  con ta in  a bottom convect ive region.  The second component 

i s ,  on the  o ther  hand, the  h o t  convect ive reg ion  o f  the  pond from which 

energy i s  ex t rac ted .  It i s  loca ted  beneath the  t ransparent  p a r t i t i o n  and 

t h e  b lack  bottom foundat ion o f  t he  pond. The f l u i d  i n  t h i s  reg ion  can be 

moved f r e e l y  w i t h  minimum mix ing  i n  t he  upper ( i n s u l a t i n g )  component. This  

would e l i m i n a t e  some poss ib le .  i n s t a b i l i t y  due t o  energy e x t r a c t i o n  from 

conven ti ona 1 , nonconvecti ve ponds. 

The process o f  opera t ion  i s  i d e n t i c a l  t o  t h a t  o f  the  convent ional non- 

convect ing pond. Solar  energy i n c i d e n t  on the  pond.surface i s  p a r t i a l l y  

r e f r a c t e d  and absorbed i n  the  bulk.  The 0.2 t o  0.9 um wavelengths penetrate 

the t ransparent  ' p a r t i  t i o n  and reach the  pond bottom. The ' reg ion  beneath 
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the  p a r t i t i o n  i s  thermal ly  enekgized and reaches a  un i fo rm temperature by 

means o f  convect ion. The nonconvecting l a y e r  a l lows energy t o  escape p r i -  
2 m a r i l y  by thermal conduction, which i s  small (approximately 0.6 W/m /m). 

Consequently thermal energy i s  trapped i n  the  water and s o i l  beneath the 

p a r t i  t i o n .  

Since r i g i d  p a r t i t i o n  s t ruc tu res  would be c o s t l y ,  the  p a r t i t i o n  would 

l i k e l y  be a  f l e x i b l e  membrane. I f  t h i s  i s  t he  case, o v e r a l l  l oad ing  o f  

t h e  p a r t i t i o n  must be small t o  prevent  rupture.  This means t h a t  e i t h e r  the 

lower l a y e r  dens i ty  must be such t h a t  the convect ion reg ion  supports the  

i n s u l a t i o n  l aye r ,  o r  the convect ive reg ion  must be g iven a  pressure head t o  

balance g r a v i t a t i o n a l  forces on the  p a r t i t i o n .  This l a t t e r  method would 

a l l o w  use o f  f resh water f o r  the  convect ive f l u i d  and e l im ina te  co r ros ion  

problems otherwise associated w i t h  energy e x t r a c t i o n  from a  b r i ne .  Since 

s a l t  content  i s  p ropo r t i ona l  t o  the  square o f  the  depth ( w i t h  a  constant  

g rad ien t ) ,  t h e  membrane a l lows f o r  use o f  considerably l e s s  s a l t  and hence 

a  subs tan t i a l  reduc t i on  i n  pond cost .  It would requ i re ,  on t h e  o the r  hand, 

t h a t  t he  membrane be f i x e d  t o  the pond wa l l  s  by, a  1 eak - t i  gh t  seam. I f  

s a l t  water i s  used as the  convect ive l a y e r  t he  membrane attachment t o  the  

pond foundation may n o t  need such a  seam. N ie l  n  has observed the  con- 4 
vec t i ng  l a y e r  growth r a t e  t o  be smdfll i n  NaCl ponds so t h a t  i t  may be t h a t  

the  mere p o s i t i o n i n g  o f  a  membrane w i t h  crude ( loose)  support ( i .e., no 

, a t tempt t o  make the membrane leak- t i 'gh t  around i t s  per iphery)  w i l l  tend t o  

de te r  l a y e r  growth. This i s  con jec ture  only ;  f u r t h e r  experimentat ion i s  

necessary t o  subs tan t i a te  e f fec ts  o f  a  "1oose''membrane. 

3.2.1.1 D i f f u s i o n  

Problems associated w i t h  d i f f u s i o n  o f  s a l t  i n  the membrane pond a re  

i d e n t i c a l  t o  those posed by the  convent ional nonconvecting pond. S a l t  w i l l  

d i f f u s e  from the  bu l k  t o  the sur face a t  the  same r a t e s  w i t h  a  d e t e r i o r a t i o n  ' 

o f  t he  dens i t y  g rad ien t .  This  s a l t  w i l l  have t o  be washed from the  sur face 

and make-up s a l t  i n j e c t e d  i n t o  the lower reg ion  o f  the  i n s u l a t i n g  l a y e r .  



3.2.1.2 Storage 

Storage i n  membrane ponds i s  an i nhe ren t  f ea tu re  o f  these systems. 

Thermal energy i s  s to red  below the  membrane i n  the f l u i d  and i n  the  s o i l  

(assuming ground water cond i t ions  permi t  t h i s )  and remains there  u n t i l  

demand regu i  r e s  i t s  re1 ease f o r  conversion o r  heat ing  purposes. 

Ground storage t ime constants w i l l  be the  same as those discussed ear-  

l i e r  f o r  convent ional nonconvecting ponds. But  temperature o f  the  convec- 

t i n g  reg ion  w i  11 be more c o n t r o l  1 able; i .e., temperature w i l l  depend on 

th ickness o f  t h i  s reg ion  (depth below the  membrane). Ca lcu la t ions  performed 

by Rabl and ~ i e l  sen(3) show t h i s  temperature decreases w i t h  i ticreasing 

th ickness o f  t he  convect ing l a y e r .  The mean value o f  the  temperature i s  

independent o f  the th i ckness  o f  the  convect ing l aye r .  I f  the  pond area i s  

al lowed t o  become i n f i n i t e  t h i s  mean temperature i s  g iven by: 

where 5 i s  t h e  average ambient temperature, d i s  the  th ickness o f  the 

i n s u l a t i o n  reg ion ,  and K i s  the thermal c o n d u c t i v i t y  o f  the pond. 

These same i n v e s t i g a t o r s  show t h a t  v a r i a t i o n s  about the mean decrease 

w i t h  increas ing  thickness o f  the  convect ion reg ion  w h i l e  t he  phase l a g  

increases. For example, inc reas ing  the  convect ing l a y e r  thickness f rom 
2 1.8 t o  3 m i n  a 160 m pond w i t h  a 1.4 m t h i c k  i n s u l a t i n g  (nonconvecting) 

l a y e r  decreases v a r i a t i o n s  about the  mean from 29°C t o  21°C and increases 

the  phase l a g  r e l a t i v e  t o  i n s o l a t i o n  from 85 t o  92 days. The pond tempera- 

t u r e  peaks about October i f  i n s o l a t i o n  peaks i n  Ju ly .  This  phase r e l a t i o n  

i s  shown i n  F igure  3.5. 

However, i n  power producing ponds w i t h  r e l a t i v e l y  h igh  f l o w  r a t e s  and 

r e l a t i v e l y  low AT, the above phase r e l a t i o n s h i p s  are  o f  1 i ttl e s ign i f i cance .  

3.2.1.3 S t a b i l i t y  

The membrane pond w i l l  be more s t a b l e  du r ing  energy e x t r a c t i o n  than 

the convent ional nonconvecting pond. F l u i d  can be moved i.n the  convect ion 
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l ays r ,  on1 y per tu rb ing  the  i n s u l a t i n g  1 ayer by thermal energy exchanges 

through the  membrane. Since s i m i l a r  thermal i n t e r a c t i o n s  e x i s t  between 

convect ion and i n s u l a t i n g  l aye rs  i n  convent ional nonconvecting ponds, the  

pr imary d i f f e r e n c e  between these two pond concepts i s  i n  the mechanical 

coup1 i n g  and molecular  d i f f u s i o n  r a t e s  between the two 1 ayers. 

I n s t a b i  1 i t i e s  associated w i t h  the i n s u l a t i n g  l a y e r  a re  i d e n t i c a l  t o  

those i n  the i n s u l a t i n g  l a y e r  of the  convent ional pond. That i s  t o  say 

convect ion c e l l s  can occur a t  almost any depth and once i n i t i a t e d  they may 

spread unless precaut ions a r e  taken t o  quench them. The i n j e c t i o n  tech- 

niques developed and being tes ted  by N ie l  sen show promise o f  t h i s  c o n t r o l .  

It i s  impor tan t  t o  note t h a t  e f f e c t s  o f  membrane p a r t i t i o n s  have n o t  

been evaluated ex tens i ve l y  enough t o  draw prec ise  conclusions o f  t h e i r  

va lue i n  c o n t r o l  1 i n g  s t a b i  1 i t y .  The Russian experiments (Usmanov, e t  a1 . ) (24) 

i nd i ca ted  membranes increased pond e f f i c i e n c y ,  even though the  experimental 

ponds used were small and s ide  e f f e c t s  may have beensconsiderable. On the  

o the r  hand, these same i n v e s t i g a t o r s  conclude f r o m - r e s u l t s  o f  experiments 

on ponds w i thou t  membranes t h a t  the  bottom l a y e r  can be ex t rac ted  and 

r e i n j e c t e d  w i thou t  l o s s  o f  pond s t a b i l i t y .  I f  t h i s  can be shown on a much 

l a r g e r  scale there  w i l l  be no need f o r  a p a r t i  t i o n  t o  help assure s tab le  

operat ions.  Indeed, N ie l sen ' s  e x t r a c t i o n  and i n j e c t i o n  experiments on an 

outdoor NaCl pond i n d i c a t e  t h i s  might  be so. I t  should be rea l i zed ,  however, 

t h a t  the approximate temperature v a r i a t i o n  between sur face and bottom was 

from 20 t o  60°C i n  N ie l sen ' s  work. Ponds w i t h  l a r g e r  temperature grad ien ts  

may show i n s t a b i l i t i e s  n o t  present  w i t h  the smal ler  g rad ien t .  

3.2.2 Operat ian 

Pond opera t ion  can be described i n  terms o f  t he  same p rope r t i es  which 

descr ibe convent ional nonconvective ponds. These p rope r t i es  have been 

designated p rev ious l y  as s a l t  g rad ien t  preservat ion,  transparency mainte- 

nance and energy ex t rac t i on ;  t h e i r  r e l a t i o n s h i p s  t o  pond opera t ion  are  

discussed i n  the  f o l l o w i n g  pages. 



3.2.2.1 Pond Transparency 

Maintenance o f  pond transparency i s  as c r i t i c a l  t o  the membrane pond 

as i t  i s  t o  the  convent ional  pond. Layer e x t r a c t i o n  and f i l t e r i n g  might  be 

used t o  remove suspended deb r i s  b u t  removal o f  deb r i s -  and a1 gae accuniul a t i o n  

on t h e  p a r t i t i o n  cou ld  be d i f f i c u l t  if adhesive fo rces  a t  the  sur face o f  the  

p a r t i t i o n  prevent  f l u i d  f l o w  f rom sweeping the  membrane sur face c lean.  

3.2.2.2 Energy E x t r a c t i o n  

Membrane ponds look  most a t t r a c t i v e  i n  t he  area o f  thermal energy 

e x t r a c t i o n .  Th is  i s  because f r e s h  water migh t  be used i n  t he  convect ing 

reg ion  below the  membrane; as noted e a r l i e r  i n  t h i s  r e p o r t ,  t h i s  should be 

poss ib le  i f  t h e  convect ing r e g i o n  i s  p ressur ized  t o  e l i m i n a t e  l oad ing  o f  

the  membrane. The co r ros ion  problems associated w i t h  handl ing ho t  b r i n e  i n  

t he  thermal energy exchangers would be e l im ina ted  then. I n  a d d i t i o n  pond 

cos ts  would decrease by about 50% s ince  s a l t  ( t h e  most c o s t l y  i n g r e d i e n t  i n  

the  pond) would n o t  be used t o  b u i l d  up the d e n s i t y  o f  t h e  nonconvective 

reg ion .  

It should be noted a l so  t h a t  r a t e  o f  e x t r a c t i o n  o f  the  hot.' f l u i d  i s  

l e s s  dependent on s t a b i l i t y  o f  t he  i n s u l a t i n g  reg ion  than i n  the  conven- 

t i o n a l  pond where the  convect ive (mixed) reg ion  th ickness depends on r a t e  

o f  removal o f  t he  h o t  l aye r .  

Conversion t o  e l e c t r i c a l  power w i l l  be s i m i l a r  t o  t h a t  env is ioned f o r  

convent ional  nonconvecting ponds; i . e ,  thermal energy removed from the  ho t  

l a y e r  and converted t o  e l e c t r i c a l  energy by means o f  a  c losed o r  open cyc le .  

3.3 V i  scos i  t y  S tab i  1  i zed Pond 

The use o f  th ickeners  t o  s t a b i l i z e  a s o l a r  pond i s  a  r e l a t i v e l y  new 

concept. Ana lys is  has been completed o n l y  on a  p r e l i m i n a r y  bas is .  The 

d iscuss ion  below was prov ided by L. H. Shaf fe r .  

L i t t l e  i n fo rma t i on  i s  a v a i l a b l e  on the  spec t ra l  t ransmiss ion charac- 

t e r i s t i c s  o f  th ickened so lu t i ons .  It i s  expected t h a t  l i g h t  t ransmiss ion 

w i l l  be w i t h i n  1  o r  2% o f  t h a t  f o r  c l e a r  water. However, the  c o l l e c t i o n  o r  

development o f  r e a l  data i s  requ i red .  



The quest ion o f  v i s c o s i t y  versus convect ion i s  an exceedingly complex 

probl  em. I n  a  nonconvecting system w i t h  a  1  i nea r  temperatureldepth charac- 

t e r i s t i c ,  the f o u r t h  power o f  the maximum s t a b l e  depth should be d i r e c t l y  

p ropo r t i ona l  t o  the  v i s c o s i t y  and i n v e r s e l y  p ropo r t i ona l  t o  the  AT. 

Ponds t h a t a r e  1  m deep, w i t h  bottom temperatures o f  60 t o  90°C, can 

have v i s c o s i t i e s  as h igh  as 100',000 cps (about l i k e  mayonnaise - w i l l  n o t  

f l o w  r e a d i l y )  and s t i l l  n o t  guarantee . s t a b i l  i t y .  Smaller temperature gra-  

d ien ts ,  a  shal lower pond, lower temperatures, o r  perhaps o the r  measures may 

be necessary. I n  connect ion w i t h  the  v i s c o s i t i e s ,  there  i s  one favorab le  

f a c t o r .  A1 1  o f  the numbers repo r ted  here in  and most t h a t  a re  a v a i l a b l e  are 

f o r  a  f l o w i n g  system; however, polymer ge l s  a re  shear sens i t i ve ,  and gener- 

a l  l y  the  zero shear r a t e  v i  scosi ty- - the one t h a t  appl i e s  be fore  convect ion 

begins-- is  several t imes h igher  than the  value appropr ia te  t o  a  f l o w i n g  

f l u i d .  

I n  a  working pond, i t  may be d e s i r a b l e  t o  reduce the  water l o s s  asso- 

c i a t e d  w i t h  evaporat ion. It may be des' i rable t o  use a  ho r i zon ta l  t rans-  

parent  cover on the  pond. 

3.3.1 Thickeners f o r  V i s c o s i t y  S t a b i l  i z e d  So lar  Pond 

Natura l  Polymers ' 

A t r u l y  as ton i sh ing  number o f  na tu ra l  polymers are  a v a i l a b l e .  which 

might  be used t o  th i cken  water. Substances such as gum arabic,  l o c u s t  

bean gum, a l g i n ,  s tarch,  and g e l a t i n  a re  a l l  p o t e n t i a l l y  use fu l  f o r  t h e  

purpose i f  su f f i c i en t1 .y  r e f i n e d  and c l a r i f i e d .  The poss ib le  u t i l i t y  of 

these na tu ra l  m a t e r i a l s  has n o t  been pursued i n  any systematic manner f o r  

the  f o l l o w i n g  reasons: 1  ), the  supp l ies  o f  such ma te r ia l s  a re  uncer ta in,  

2) i t  would be, hard t o  guarantee the  c lean l i ness  and q u a l i t y  c o n t r o l  requ i red  

f o r  the  r o u t i n e  prepara t ion  o f  c l e a r  ge l s  from na tu ra l  ma te r i a l s ,  and 

3) m a t e r i a l s  such as s ta rch  and the  s ta rch  d e r i v a t i v e s  and animal products 

such as case in  and g e l a t i n ,  a re  n o t  expected t o  have the  requ i red  degree 

o f  s t a b i l i t y  i n  h o t  aqueous systems. However, i t  seems 1  i k e l y  t h a t  na tu ra l  

products such as the  p l a n t  gums and seaweed e x t r a c t s  should be examined 

when t ime permi ts .  



Semi synthetic Polymers 

In addit ion t o  the natu.ra1 products t ha t  a r e  normally water soluble 

(d i spe r s ib l e ) ,  there a r e  a large number of materials  based on cel lu lose .  

Cell u l o ~ e  i t s c l f  i s  insolublc,  but. soluble der. ivdl ives w i t h  a side var ie ty  

of charac te r i s t i cs  a r e  eas i ly  prepared. The monomer u n i t  of the cel lu lose  

chain may be taken to  be glucose minus one molecule of water. There a r e  

three react ive  OH groups per anhydroglucose residue. Variation i n  the num- 
ber and kind of subst i tuents  allows great  control over the propert ies of 

the derived p'olymer. 

The water soluble der ivat ives  of ce l lu lose  a r e  manufactured in large  

quanti ty.  They a r e  intended t o  compete with, or replace, the natural gums 

and thickeners. They a r e  inexpensive, of good qua l i ty ,  and seem inherently 

more s tab le  than s tarch (both starch and cel lu lose  a r e  polysaccharides b u t  

they a re  linked together in a s l i gh t l y  d i f f e r en t  spat ia l  arrangement). The 

principal water soluble ce l lu lose  der ivat ives  a re :  carboxymethyl ce l l  ul ose, 

hydroxyethl c e l l  ulose, methyl cel lu lose ,  and hydroxypropyl methylcel lulose.  

Prices range from mostly $1 .OO to  $1.2011 b t o  a high of $1.6011 b. The 

ce l lu lose  der ivat ives  a r e  e f f i c i e n t  thickeners: substantial  e f f ec t s  a r e  

produced a t  concentrations of 1 t o  3%. 

Synthetic Polymers 

The synthetic polymers which seem most l ' ikely to produce substantial  

e f f ec t s  when used alone or as  s a l t s  i n  aqueous systems a re :  polyacrylic 

acid ( s a l t s ) ,  polyacrylamide, a.carboxy vinyl polymer, and polymers of 

ethylene oxide. Prices here range from $1.25 t o  $2.9011 b ,  the most expen- 

s ive  being exceedingly e f f i c i e n t  a t  only 1% in  water. 

In addit ion t o  the materials  which provide a high degree of thickening 

by themselves, two water soluble synthetics o f f e r  outstanding. possi bi 1 i t i e s  

fo r  enhancing the performance obtained from other water soluble polymers. 

They a r e  polyvinyl alcohol ( P V A )  and polyvinyl pyrol idone (PVP)  . Considera- 

t ion of blends and mixtures i s  f a r  beyond the scope of the present repor t ,  



b u t  PVA a t  $0.57/lb, which i t s  known e x c e l l e n t  s t a b i l i t y  i n  h o t  aqueous 

so lu t i ons ,  and i t s  supe r io r  res i s tance  t o  sun l i gh t ,  i s  c e r t a i n l y  a prime 

candidate f o r  inc lus. ion i n  any fu r ther .  i n v e s t i g a t i o n .  

Special  Techniques 

Cross-1 inked polymer Gels. Several o f  the  polymers a1 ready mentioned 

can be cross-1 inked t o  form permanent gels :  1 ) 0.5% so lu t i ons  o f  CMC can 

be converted t o  s o f t  gel s  by adding on'ly 0.035% o f  basic  aluminum acetate 

t o  the r e s i n l w a t e r  m ix tu re ;  2 )  the American Cyanamid Company has developed 

a "chemical g rou t "  t h a t  i s  by adding c r o s s - l i n k i n g  agents and a 

c a t a l y s t  t o  aqueous so lu t i ons  o f  the  polyacrylamides; and 3 )  ma te r i a l s  such 

as PVP can be permanently g e l l e d  by heat ing  the  aqueous s o l u t i o n  w i t h  

a l k a l i .  Techniques such as. these o f f e r  g rea t  p o t e n t i a l  f o r  reducing the  

c o s t  o f  the polymer ge l  c o n t r o l l e d  so la r  pond. However, t o  g e t  good l i g h t  

t ransmiss ion we need a h i g h l y  homogeneous mixture,  and i t  i s  c l e a r  f rom 

the manufacturer 's  i n s t r u c t i o n s  t h a t  g rea t  care must be exerc ised t o  o b t a i n  

a un i fo rm ge l .  Research and development may be needed t o  l e a r n  how t o  make 

these ge l s  r e l i a b l y  on a l a r g e  scale. Fur ther ,  some method f o r  d isposing 

o f  the "permanent" ge l s  w i l l  even tua l l y  be needed. 

Detergent/Oi l /Water Gels. It i s  poss ib le  t o  make c l e a r  gel  -1 i ke 

composit ions w i thou t  us ing polymers a t  a l l .  Q u i t e  a v a r i e t y  o f  ethy lene 

ox ide  adducts o f  o i  1  so lub le  organics w i  11 , e i t h e r  by themselves o r  w i t h  

a c l e a r  o i l  i n  the  system, form c l e a r  gels .  The problem here i s  t h a t  most 

systems r e q u i r e  a minimum of 20% o f  the organic e thoxy la te  a t  p r i c e s  

i n  the  range o f  $0.50 t o  $l.OO/lb. This  appears u n a t t r a c t i v e  from an 

economic p n i n t  o f  view. Perhaps there  would be o ther  bene f i t s .  

3.3.2 S u i t a b i l i t y  of Various Polymers f o r  Prolonged Use i n  Hot Water 

The semisynthet ic  ( c e l l u l o s i c )  polymers may be heated i n  water t o  

near the  b o i l i n g  p o i n t  w i thou t  obvious v i s c o s i t y  degradation, b u t  they may 

n o t  have 1 ong-term s t a b i  1 i t y  a t  temperatures above 60°C. Methocel ge l  s  

come o u t  o f  s o l u t i o n  a t  t h i s  temperature o r  a b i t  above depending on the  

grade. This  phenomenon may serve t o  p r o t e c t  the  polymer. A t  the  same time, 



t he  p r e c i p i t a t i o n  o f  polymer w i l l  probably cause a  d r a s t i c  reduc t ion  i n  

1  i g h t  transmission. This  may prov ide  a  des i rab le  degree o f  se l f - regu la t i on .  

Some o f  the syn the t i c  polymers, polyacrylamide f o r  example, may be 

j u s t  as l i m i t e d  as the  c e l l u l o s i c s .  However, substances such as PVA and 

carboxy v i n y l  polymer a re  expected t o  have outstanding s t a b i l i t y  i n  aqueous 

so l  u t i o n .  The polymers o f  e thy lene ox ide p r e c i p i t a t e  r e v e r s i b l y  from aque- 

ous so lu t i ons  j u s t  below the  b o i l i n g  p o i n t .  They are expected t o  have 

adequate s t a b i l i t y .  

Stabi  1  i z a t i o n / A d d i t i  ves 

Preservat ives 

Any warm mois t  body o f f e r s  the  p o t e n t i a l  f o r  the incubat ion  of molds 

and b a c t e r i a  and i t  seems 1  i k e l y  t h a t  the  upper coo ler  l a y e r s  o f  t he  s o l a r  

pond w i l l  r e q u i r e  some defense. This  i s  p a r t i c u l a r l y  impor tan t  f o r  the 

c e l l u l o s i c  ma te r i a l s  as they are  sub jec t  t o  enzymatic degradat ion. A g rea t  

v a r i e t y  of s u i t a b l e  ma te r i a l s  a re  known and the  q u a n t i t i e s  needed a re  

exceedingly smal l .  For the  prepara t ion  o f  cos t  est imates, we should add 

1  t o  2% t o  the value o f  t he  polymer. 

Ant iox idants  

Many polymer degradat ion reac t i ons  i n v o l v e  oxygen, a1 kal  i , and poss ib l y  

l i g h t .  It i s  d e s i r a b l e  t o  exclude oxygen and some pond designs w i l l  i n c i -  

dental  l y  per form t h i s  f unc t i on .  Nevertheless, i t  i s  probably wise t o  p lan  

f o r  an oxygen scavenger. Inexpensive ma te r ia l s  a re  a v a i l a b l e  and they w i l l  

be used i n  small q u a n t i t i e s  i n  any case. The c o s t  w i l l  probably be 

n e g l i g i b l e .  

Sunscreens 

Most organic ma te r i a l s  a re  suscept ib le i n  one way o r  another t o  a t tack  

and degradat ion by u l t r a v i o l e t  1  i g h t .  For long-term s tab i  1  i t y  under the  

cond i t i ons  t h a t  w i l l  e x i s t  i n  the s o l a r  pond, ma te r i a l s  t h a t  c u t  ou t  o r  

absorb the  UV component o f  s u n l i g h t  w i l l  a lmost c e r t a i n l y  have t o  be 

added. Energy w i l l  n o t  necessar i l y  be l o s t ;  much o f  i t  may show up as 

heat  i n  t he  upper l aye rs  o f  the pond. Compounds t h a t  a r e  s u i t a b l e  f o r  the  



p r o t e c t i o n  of standard p l a s t i c s  are commercially ava i l ab le .  For cos t  e s t i -  
mating, 1  t o  2% should probably be added t o  the  value of the  polymer. 

3.3.4 L i g h t  Transmission and physical Charac te r i s t i cs  o f  So lu t i on  

C1 a r i  ty 

Some o f  the  polymers proposed are promoted on the  bas is  o f  the  excep- 

t i o n a l  c l a r i t y  o f  the  so lu t i ons  o r  ge l s  t h a t  they produce. However, there  

do n o t  seem t o  be any prec ise  data on the  l i g h t  transmission o f  l ong  columns 

o f  the  thickened f l u i d s .  Such data are  needed, p re fe rab ly  a t  several d i f -  

f e r e n t  wavelengths. I n  the  absence o f  any o ther  in format ion,  so lu t i ons  

which l ook  c lear ,  water white, and which have been p roper l y  mixed so t h a t  

there  a re  no obvious s t r i n g s  o r  cords should be assumed t o  have the same 

1  i g h t  t ransmission c h a r a c t e r i s t i c s  as water. 

Physical Proper t ies  

D i l u t e  (2%) so lu t i ons  o f  t he  polymeric th ickeners covered here w i l l  

n o t  d i f f e r  appreciably from water i n  many physical  p roper t ies .  The re f rac-  

t i v e  index may-be increased by as much as 1%. Dens i t ies  should be w i t h i n  

0.3% o f  the  value f o r  the solvent ,  and, f o v  es t imat ing  purposes, the  heat  

capac i t i es  may be taken  t o  be the  same a s  water. . . 



PRELIMINARY DESIGN 

Comparative eva- lua t ion  o f  t h e  va r i ous  s o l a r  pond concepts i s  accom- 

p l i s h e d  by no rma l i z i ng  a l l  concepts t o  t h e  same s e t  o f  ope ra t i ng  and env i -  

ronmental cond i t i ons .  T h e  p r imary  bas i s  f o r  comparison i s  a  10 MWe gross 

ou tpu t .  A  colnmorl gross 'power o u t p u t  was, se lec ted  t o  f a c i  'I i t a t e  use o f  

B a t t e l  l e -Nor thwes t '  s  computer codes ava i  l a b l e  f o r  power p l a n t s .  

The b a s e l i n e  s o l a r  pond power system was de l i nea ted  on t h e  bas i s  o f  

t e c h n i c a l  f e a s i b i l i t y  where p o s s i b l e  ( i , .  e., systems and equipment w i t h  

proven performance i n  o t h e r  a p p l i c a t i o n s ) .  The systems and equipment cho- . 

sen a r e  n o t  n e c e s s a r i l y  t h e  most economica l ly  v i a b l e .  Innova t ions ,  s i t u a -  

t i o n s  o f  oppo r tun i t y ,  o r  t echno log i ca l  improvements t h a t  cou ld  s u b s t a n t i a l l y  

improve performance o r  reduce cos t s  a r e  discussed i n  Sec t ion  8.0. 

Modern c e n t r a l  power p l a n t s  do n o t  operate over  t h e  range o f  f l u i d  

temperatures ava i  1  a b l e  f r om s o l a r  ponds. Thus, s tandard equipment w i t h  

h i g h l y  p r e d i c t a b l e  performance such as t u r b i n e s  and condensers a r e  gener- 

a l l y  n o t  app l i cab le .  The o n l y  power p l a n t  t h a t  cou ld  be found worldwide 

t h a t  operates over  a  s i m i l a r  range o f  f l u i d  temperatures i s  t h e  Paratunka , 

Geothermal E l e c t r i c  Power S t a t i o n  on t h e  Kamchatka Peninsula i n  Russia. (38)  

The p l a n t  operates on a  b i n a r y  f l u i d  (Freon-12) Rankine cyc le .  P e r t i n e n t  

d e t a i l s  o f  t h i s  p l a n t  a r e  o u t l i n e d  below: 

I n s t a l l e d  c a p a c i t y  - 750-1,000 kW (approx imate ly  1  MWe) 

Consumpt ion-of  e l e c t r i c  energy by power s t a t i o n  - 37% 

Cost o f  1  kW i n s t a l l e d  capac i t y  - 1600 r u b l e s  (1967) approx i -  

mate ly  $1600 U.S. (1967) 

Geothermal wa te r  temperature - approx imate ly  83°C (181 OF) 

Geothermal wa te r  f l o w  r a t e  - 1272 gpm (approx imate ly  17,000 gpm 

f o r  10 MWe) 

Cool ing water  temperature .- 15°C (59°F) 

Cool ing water f l o w  r a t e  - 6693 gpm (90,000 gpm f o r  10 MWe) 

AT between source and s i n k  - 68°C (122°F) . 



2 A s i n g l e  annual average va.lue (550 ly /day  - 0.26 kW/m ) f o r  i n s o l a t i o n  

was selected.  The l i m i t e d  t ime a v a i l a b l e  precluded eva lua t i on  over  a range 

o f  d a i l y  and, seasonal environmental f l u c t u a t i o n s .  S i m i l a r l y ,  c l i m a t o l o g i c a l  

f a c t o r s  such as temperature and humid i ty  were represented by s i n g l e  repre-  

s e n t a t i v e  v a l  ues , a1 though such values were n o t  necessar.i l y  mean annual 

averages. 

The f o l l o w i n g  assumptions o r  ground r u l e s  were se lected:  

The power p l a n t  has a gross ou tpu t  o f  10 MWe. 

The base l ine  power p l a n t  i s  a b ina ry  f l u i d  ( isobutane)  c losed 

Rankine cyc le  us ing  convent ional  tube-and-shel l  heat exchangers. 

A f l ashed  steam c y c l e  i s  inc luded f o r  comparative purposes. 

Storage of heat  i n  t h e  ground beneath the  pond o r  removal of 

heat by groundwater a r e  neglected w i t h  respec t  t o  power produc- 

t i o n .  This  i s  a conserva t ive  assumption, s ince  ground heat w i l l  

i n  f a c t  c o n t r i b u t e  t o  smoothing o u t  pond temperatures. 

A l l  c o o l i n g  water i s  prov ided by wet coo l i ng  towers. 

Evaporat ion r a t e s  a re  based on a r e l a t i v e  humid i ty  o f  40% and 

d r y  bu lb  temperature o f  21 "C (70°F). 

The s a l t  concent ra t ion  i s  25 w t %  and the  s a l t  used i s  magnesium 
3 c h l o r i d e .  (Note: 0.25 g/cm was used i n  thermodynamic ca l cu la t i ons ) , .  

Land cos ts  $500/acre w i t h  u t i l  i t i e s ,  access roads, and improvements. 

A l l  ponds are  l i n e d  on the  s ides and bottom t o  prevent  leakage, 

b u t  n o t  i nsu la ted .  

Nave suppressors a r e . r e q u i r e d  i n  open ponds. 

  he use fu l  1  i f e  o f  t h e  pond and power p l a n t  i s  30 years.  

The c o s t  ana l ys i s  i s  d i r e c t e d  toward two bas ic  i tems: 1 ) c a p i t a l  c o s t  

i n  $/kW us ing  1975 d o l l a r s  and no e s c a l a t i o n  and 2)  energy cos t  a t  t h e  bus 

bar a t  a  wholesale p r i c e  i n  m i l  1  s/kW-hr. The c a p i t a l  c o s t  i s  d i v i d e d  i n t o  

d i r e c t  and i n d i r e c t  cos ts .  D i r e c t  cos ts  i nc lude  equipment purchases, 



construction and i n s t a l l a t i on  costs .  Indirect  costs  include i n t e r e s t  on 
capi ta l  money, taxes,  insurance, engineering cos t s ,  qual i ty  assurance, e t c .  
The energy cost  i s  calculated from the to ta l  capi ta l  co s t  by summing fixed 
charges (insurance, i n t e r e s t ,  taxes,  e tc .  ) and operation and maintenance 

(O&M) cos ts  (personnel charges plus annual expendables) . 
4.1 Preliminary Design of Ponds 

For comparison purposes, i t  i s  assumed t h a t ,  except for  the shallow 

pond, the pond charac te r i s t i cs  a re  sim'ilar. Since there  a r e  no completely 

r e l i ab l e  engineering design data on any of the  systems, t h i s  seems a reason- 

able assumption. 

Each nonconvecting pond i s  assumed t o  be 6 f t  (1.83 m )  deep. All of 

the  ponds a r e  assumed t o  operate a t  90°C (194"~) .  Such an operating tempera- 

t u r e  throughout the year may .be optimist ic.  I f  t h i s  temperature i s  main- 

tained during periods of low insolation the energy extraction r a t e  will have 

t o  be lowered. This would have the  e f f ec t  of increasing power costs .  How- 

ever, e f f ec t s  wil l  be comparable f o r  each of the pond types. Hence, f o r  com- 

parati  ve purposes, t h i s  i s  considered an adequate as'sumpti on. 

For reference design purposes, an overall cycle eff ic iency of 2-112% 

(e l ec t r i c a l  energy a t  bus bar. versus mean so la r  insola t ion)  was assumed. 

Pond costs  were t o  be adjusted proportionally f o r  .variation from t h i s .  How- 

ever, cycle e f f i c ienc ies  obtained in subsequent analyses were close enough 

to  t h i s  value t h a t . t h e  estimated pond costs  were used with l i t t l e  

modification. 

Pond Size 

An average annual insolat ion,  of 550 lylday i s  used fo r  pond s iz ing.  
2 550 cal/cm - day = 

2 
550 cal/cm2 - day x 929 cm / f t  

x 11252 Btulcal = 2028 ~ t u l f t '  - day 

= 2028 ~ t u / f t '  - day x 365 dayslyr 



A t  550/ ly day and 2-1/2% o v e r a l l  e f f i c i e n c y  10MWe requ i res  a  pond s i ze  o f :  

MWe = 400 MW thermal 0.025 

1  kW-hr = 3412 Btu  

= 4000 f t  (1.22 m) on a  s ide  

4.1.2 Common Pond Chara rac te r i s t i cs  

The common design c h a r a c t e r i s t i c s  o f  each nonconvecting pond f o l l o w .  

Ear th cons t ruc t i on  

The pond i s  constructed on nea r l y  l e v e l  ground which requ i res  o n l y  a  

few passes w i t h  a  p a t r o l  grader f o r  l e v e l i n g .  The d i k e  i s  constructed by 

moving e a r t h  f rom d i r e c t l y  ou ts ide  the pond area, c r e a t i n g  a  shal low d i t c h .  

The d i k e  i s  12 ft across a t  the  top  t o  p rov ide  a  reasonable access road. 

Dike cons t ruc t i on  i s  i l l u s t r a t e d  i n ' f i g u r e  4.1. 

Pond L i n i n g  

The pond i s  1  ined w i t h '  hypalon. While extensive work might  i n d i c a t e  

t h a t  a  c l a y  l i n i n g  o r  b u i l d i n g  ponds on c l a y  mig'ht be adequate, the r e l a -  

t i v e l y  small c o s t  and the  ex t ra  degree o f  environmental p r o t e c t i o n  achieved 

w i t h  a  l i n e r  i n d i c a t e  t h i s  t o  be a  worthwhi le  step. The hypalon l i n e r  a l s o  

prov ides a  un i fo rm ly  b lack  surface and p ro tec ts  aga ins t  p l a n t  growth f rom 

the bottom o f  t he  pond. There i s  a  reasonable amount o f  experience w i t h  

l i n e d  ash ponds and o the r  la rge-sca le  app l i ca t i ons .  The ma te r ia l  can be 

guaranteed f o r  20 years. 

The bottom 1  i ner (and membranes where used) a re  r e t a i n e d  w i  t h  a  12 i n .  

wide by 24 i n .  deep concrete sec t i on  running the  f u l l  c ircumference o f  t he  

pond. 
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Heat E x t r a c t i o n  

For design purposes, i t  i s  assumed t h a t  a  layered  f l o w  can be achieved 

w i t h o u t  i n t roduc ing  pond i n s t a b i l i t i e s .  Flow i s  c a l c u l a t e d  as f o l l o w s  f o r  

t he  re fe rence pond. As w i t h  pond s ize ,  v a r i a t i o n s  a r r i v e d  a t  f rom power 

p l a n t  design were t o  be ad jus ted  p r o p o r t i o n a l l y .  However, t he  e f f e c t s  were 

small enough and t ime s h o r t  enough t h a t  these i t e r a t i o n s  were n o t  made. The 

design a r r i v e d  a t  below was used f o r  c o s t  purposes. 

Assume: 

Power = 10 MWe 

2  I n s o l a t i o n  = 550 cal/cm day average over year  

R = 10% c y c l e  e f f i c i e n c y  

p = dens i t y  = 1.2 g/cm5 

Cp = heat capac i t y  =, 0.86 ca l / g  "C 

3  3  3  F  = f low,  f t  /min (28,316 cm / f t  ) 

1  w a t t  = 14.3 c a l l m i n  

Then: 

Power = 10 MWe x l o 6  x  14.3 cal /rnin - wa t t  
MWe 

8  ca 1 1.43 x 10 c a l l m i n  = 1.50 F  3 
8  cm3 Flow = F  = 0.95 x 10 -- min . 

= 26,400 gpm 
3  

With a  pond w id th  o f  4,000 f t  and a  f l o w  o f  3300 f t  /min, t he  v e l o c i t y  

o f  a  1  ft t h i c k  l a y e r  would be: 



vo 1  ume1m.i n  
= cross sec t i on  

This  v e l o c i t y  i s  s u f f i c i e n t l y  low t h a t  layered  f l o w  seems a  p o s s i b i l i t y .  

With a  heated l a y e r  only  1  f t  deep and a  v e l o c i t y  o f  0.82 f t /m in ,  i t  i s  
4000 f t  i n t e r e s t i n g  t o  no te  t h a t  t he  l a y e r  would be completely changed i n  0.82 ft/min 

4900 = 82 hr ,  o r  about 3  1/2 days. = 4900 min o r  60 

Assuming a  5°C AT i s  a l lowab le  f o r  power p l a n t  operat ion,  t he  t ime 

requ i red  t o  r e s t o r e  a  meter o f  water from t h e  lowest  t o  t he  peak temperature 

(say f rom 87°C t o  92°C) i s  c a l c u l a t e d  below; 

2  2 A  1  m deep .by 1  cm column a t  5" AT requ i res  100 cm deep x  1  cm cross 

s e c t i o n  x  5" AT x  cal/cm3 - 'C AT = 500 c a l .  With 500 cal/cm2 - day and an 

i n s o l a t i o n  e f f i c i e n c y  o f  25%, t h e  t ime requ i red  t o  recover  i s  
3 

500 cal/cmL 
550 cal /cmz - day x  0.25 e f f i c i e n c y  

= 3.64 days 

A s l o t t e d  plenum f o r  water remova'l i s  p laced the  f u l l  l e n g t h  o f  t he  

pond and connected t o  t r a n s f e r  p i p i n g  by a  6- in .  diameter p l a s t i c  p ipe  

through the  d ike.  A comparable system i s  i n s t a l l e d  on the  oppos i te  s i de  

o f  t he  pond f o r  water  a d d i t i o n  (F igure  4.2). 

Whi le c o s t  est imates were based on t h i s  design, subsequent t h i n k i n g  

i s  t h a t  t he  c o l l e c t i o n  and d i s t r i b u t i o n  p ipes cou ld  be p laced d i r e c t l y  i n  

t h e  pond, e l i m i n a t i n g  the  need f o r  i n s u l a t i o n  and s i m p l i f y i n g  the  constru-  

t i o n  considerably .  However, f lows a r r i v e d  a t  subsequently were a c t u a l l y  i 

cons iderab ly  g rea te r  than those used f o r  c o s t  est imates, so the  est imates 

were n o t  changed. It i s  expected t h a t  t h i s  ana l ys i s  w i l l  be rev i sed  i n  

t h e  fu tu re ,  bu t  t he  t o t a l  present  est imate i s  o n l y  a  l i t t l e  over  $1,000,000 

so the  m o d i f i c a t i o n s  are  n o t  expected t o  be s i g n i f i c a n t .  



DIKE 

FIGURE 4.2. P lan View o f  Reference Nonconvecting Pond System 

POND 
ND) 



F a c i l i t i e s  f o r  d e s a l i n a t i o n  and makeup m a t e r i a l s  shown i n  F igure  4.2 

w i l l  be discussed l a t e r .  

As an a l t e rna te ,  a  separate i t em i s  i d e n t i f i e d  f o r  economic considera- 

t i ons .  This  assumes t h a t  laminar  flnw gcross the  f u l l  w id th  o f  t h e  pond 

cannot reasonably be ach'ieved. To compensate, 4  i n .  s l o t t e d  p ipes are  placed 

every 100 f t  on bo th  the  i n l e t  and o u t l e t  s ides, t he  f u l l  w id th  o f  t he  pond 

and water i s  t r ans fe r red  o n l y  50 ft. The 4  i n .  p ipes a re  p laced as shown 

i n  F igure  4.3, so f l o w  f rom incoming p ipes t r a v e l s  o n l y  50 f t  from each s ide  

t o  an e x i t  pipe. Flow i n  opposi te  d i r e c t i o n s  w i t h  such an arrangement cou ld  

he lp  t o  reduce o v e r a l l  drag on d i f f e r e n t  pond layers .  I t  should be noted 

t h a t  t h i s  i s  s imply a  concept and f a i r l y  ex tens ive  ana l ys i s  and experimenta- 

t i o n  i s  requ i red  t o  p rov ide  design i n fo rma t i on  s u i t a b l e  f o r  ac tua l  pond con- 

s t r u c t i o n .  This  a l t e r n a t e  arrangement requ i res  50 - 4000 ft lengths  o f  

4  i n .  s l o t t e d  p ipe  on each s ide,  a  t o t a l  o f  80 x 4000 = 320,000 f t  o f  p ipe.  

The p ipe  f rom the  plenum t o  t h e  power p l a n t  i s  p laced ou ts ide  the  d i k e  

and bu r i ed  w i t h  cured- in-p lace i n s u l a t i o n  6  i n .  t h i c k .  Expansion f i t t i n g s  

a re  prov ided every 200 ft (F igure  4.2). The p ipe  s i z e  i s  va r i ed  f rom 4  i n .  

diameter a t  t h e  f a r  end t o  36 i n .  diameter a t  t h e  power p l a n t .  Pipe i s  

s i zed  f o r  8  f p s  maximum v e l o c i t y  and the  s i z e  i s  increased i n  500- f t  i nc re -  

ments t o  accommodate added f l o w  a long the  leng th .  

3  Using a  f l o w  r a t e  o f  3,300 ft /min and a  maximum v e l o c i t y  o f  8  f t l s e c ,  

t h e  p ipe  diameter a t  e n t r y  t o  t h e  power system i s :  

= area o f  p ipe  x v e l o c i t y  

= A x  8  f p s  = A x . 8  f p s  x 60 sec lmin 

= 6.9 ft2 = 6.9 x 144 i n .  2 

= 1000 i n .  
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D = 35.6 i n .  

Using a  p i p e  l e n g t h  a f  4000 ft, 500 f t . i n c r e m e n t s  and a  minimum p ipe  

d iameter  o f  4  i n . ,  t he  p i p e  s i zes  would be: 

Area, i n .  2  Pipe, I . D .  i n .  

Subsequent a n a l y s i s  showed l a r g e r  f l o w  t o  be d e s i r a b l e  t o  op t im i ze  heat  

exchanger AT. However, an i t e r a t i o n  i n  p i p e  s i z e  was n o t  made. 

Pumping s t a t i o n s  a r e  p laced  1500 ft and 3000 f t  f rom t h e  power house 

end o f  t h e  pond o u t l e t  p ipe .  

Pump s i z e s  w i l l . v a r y  w i t h  power p l a n t  c h a r a c t e r i s t i c s .  

Reference pond c h a r a c t e r i s t i c s  s p e c i f i c  t o  pond t ype  a r e  discussed 

below. 

Nonconvecting S a l t  Pond 

A c ross  s e c t i o n  o f  t h e  nonconvect ing s a l t  pond i s  shown i n  F igu re  4.4. 

It i s  assumed t h a t  t h e  bottom f o o t  o f  t h e  pond i s  u n i f o r m l y  25 wt% MgC1. 

The t o p  5  f t  o f  t h e  pond v a r i e s  u n i f o r m l y  f rom 25 wt% t o  0  wt% MgC1. MgCl 

i s  used f o r  r e fe rence  purposes because i t  i s  p r e s e n t l y  b e l i e v e d  t o  o f f e r  

g r e a t e r  s t a b i l i t y  p o t e n t i a l .  NaCl o r  o t h e r  m a t e r i a l s  may be l e s s  expensive 

and may u l t i m a t e l y  be shown t o  be s a t i s f a c t o r y .  
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The dens i t y  g rad ien t  i s  maintained w i t h  recyc led  s a l t  and f r e s h  water 

f rom e i t h e r  a  f l a s h  evaporat ion c y c l e  o r  from d i s t i l l a t i o n  of a  p a r t  o f  the  

pond o u t l e t  stream (F igure  4.3). 

2  A t  0.063 kg/m -day d i f f u s i o n  r a t e ,  a pond 4000 f t  x  4000 f t  w i l l  

r equ i re :  

5  2 
0.63 kg/m2 - d a y x  1 4 . 4 ~  10 m 

A t  25 w t %  s a l t ,  t he  weight of water t o  be evaporated each day i s  thus: 

For  desa l i na t i on ,  a  vapor compression c y c l e  system was used f o r  e s t i -  

mat ing purposes because a  budget-type est imate cou ld  be obta ined from a  

manufacturer (39) very qu i ck l y .  For t h e  75,000 g a l l d a y  requirement,  t he  

est imated c o s t  was .$500,000. The vapor compression c y c l e  system requ i res  

power t o  operate - about 3% o f  t h e  p l a n t  output .  Th is  has no t  been inc luded 

separa te ly  i n  p a r a s i t i c  power l o s s  ca l cu la t i ons ,  b u t  i s  probably  w i t h i n  t he  

to le rance  of t h e  f i g u r e s  used f o r  such losses.  

Since we a re  us ing  t h e  sun and l o o k i n g  f o r  e l e c t r i c a l  power, a  s o l a r  

s t i l l  i s  probably  more l o g i c a l  and should be g iven  a  d e t a i l e d  look  i n  

f u t u r e  cons idera t ions .  

Makeup water t o  compensate f o r  evaporat ion i s  a l s o  added w i t h  the 

desal i n a t e d  water. 



.The s a l t  i s  i n j e c t e d  i n t o ,  the.pond i n l e t  l i n e  (F igure  4.2) and u n i -  

f o rm ly  .mixed. 'pr ior .  t o '  reach.ing. t h e  i n l e t :  plenum. The f resh  water. i s  added 

a t  t he  t o p . o f  t h e  pond, along w i t h . t h e  makeup water. The combination of 

supersaturated s o l u t i o n  a t  t he  i n l e t  a t  t he  bottom o f  t he  pond and f r e s h  

water f l o w i n g  across t h e  top  o f  t h e  pond w i l l  be designed t o  main ta in  the  

dens i t y  g rad ien t .  

A Tedlar  cover 4 m i l s  t h i c k  i s  prov ided f o r  t h i s  pond t o  reduce 

evaporat ion, minimize debr is ,  and prevent wave ac t i on .  The Tedlar  cover 

i s  provided w i t h  a i r  pockets f o r  buoyancy. 

4.1.4 Nonconvecting Membrane Pond 

I n  the  membrane pond (F igure 4.5), 'if membrane support were n o t  pro-  

v ided t h e  s a l t  concent ra t ion  wou ldhave t o  be the  same as i n  t he  non- 

membrane pond--25% i n  the  bottom ha l f  and 25 t o  0% i n  the  top h a l f .  There 

would thus be l i t t l e  d i f f e r e n c e  i n  ' the membrane pond and the  nonmembrane 

pond. An e x t r a  4-mil Tedlar  sheet  would be added and s t a b i l i t y  problems 

would be s i m p l i f i e d .  I n  p rac t ice ,  t h i s  pond might  r e q u i r e  more s a l t  than 

a nonmembrane pond. I n  the  l a t t e r  some g rad ien t  might  be poss ib le  from 

top  t o  bottom. I n  the  former, t h e  bottom ha l f  would have t o  be heavier,  

o r  a t  equal pressu're w i t h  the  .top ha l f .  

Thus, f o r  comparison purposes, a w a t e r - t i g h t  membrane w i t h  s u f f i c i e n t  

s t reng th  t o  support the  h ighe r .dens i t y  t o p  h a l f  wasconsidered.  

The d i f f e rence  in . .weight  of t h e  top ha l f ,  assuming a un i fo rm g rad ien t  

from 25% t o  0% i s :  

Th i s  i s . a  g r e a t e r ' l o a d i n g  than the  minimum l i v e  load (20 1 b / f t 2 )  i n  

t he  Uniform B u i l d i n g  Code. To support such a load I n  a f l ow ing  s a l t  

s o l u t i o n  appears a t  f i r s t  glance t o  be unreasonably c o s t l y .  

A simple design, shown i n  F igure  4.6, and c o s t  est imate appear t o  

support t h i s  conclusion. 
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~ e c a u s e  of t h e  above problems, a  concept based on a  rr~enibrane w i t h  

pressure equal ized on each s ide  was used. Th ts  concept i s  i l l u s t r a t e d  i n  

F igu re  4.5. By -p ressu r i z i ng  t h e  bottom h a l f  o f  t h e  pond w i t h  one o r  more 

standpipes, pressure i s  t h e  same on each s ide  of t h e  membrane and s t r u c t u r a l  

support  i s  n o t  requi red.  The membrane should be lenk- f ree .  However, s ince  

t h e  pressure i s  equal on each side, t r a n s f e r  f rom one s ide  t o  another would 

be by d i f f u s i o n  and convect ion and n o t  by a  pressure d i f f e rence .  Ma in ta in -  

i n g  a  leak- f ree,  o r  n e a r l y  so, membrane of a  s i z e  i n  t he  range o f  4,000 f t  

on a  s ide  seems d i f f i c u l t .  The use o f  a  s e r i e s  of smal le r  ponds might  be 

one approach t o  s i m p l i f i c a t i o n  o f  t h i s  problem. 

I n  order  t o  avo id  d ischarg ing  s a l t  water ou ts ide  of t h e  pond env i -  

ronment and min imize s a l t  costs ,  t he  reference pond withdraws from the  

bottom laye r ,  j u s t  above t h e  membrane, desa l i n i zes  t h i s ,  and r e t u r n s  f r e s h  

water and s a l t  t o  t h e  pond. Th i s  i s  i l l u s t r a t e d  i n  F igu re  4.5. 

I 4.1 .5 Nonconvecti ng Gel 1  ed Pond 

.. .. ,_ ..._._. ._.-+ Because o f  t he  r e l a t i v e l y  1  i m i  t e d  eval  ua t ton  of ge l  l e d  pond concepts, 

t h i s  type o f  pond i s  sub jec t  t o  more v a r i a t i o n  i n  approach. Thus, w h i l e  

t h e  f o l l o w i n g  reference design i s  spec i f i c ,  i t  should be noted t h a t  i t  may 

be even l ess  'firm than t h e  prev ious design. However, t h e  p o t e n t i a l  f o r  

success o f  g e l l e d  ponds appears t o  be a t  l e a s t  as g rea t  o r  perhaps g rea te r  

than t h a t  o f  s a l t  ponds. 
I 

I n  o rde r  t o  minimize p o t e n t i a l  problems i n  pumping a h igh  v i s c o s i t y  

s o l u t i o n  and t o  op t im ize  pond s t a b i l i t y ,  a  pond depth o f  6 f t  (1.83 m) i s  

assumed w i t h  t h e  bottom 3  ft being b r i n e  o r  water w i t h  s u f f i c i e n t  s a l t  

con ten t  t o  assure t h a t  t h e  ge l  w i l l  f l o a t .  (see F igu re  4.7.) 

The t o p  3  f t  a r e  water -ge l led  w i t h  a  s y n t h e t i c  polymer. 

A cover sheet of 4-mi l  Ted la r  i s  used t o  min imize evaporat ion and 

debr is .  A 4-mil Tedlar  sheet i s  , a l s o  p laced between the  top  l a y e r  and 

bottom l a y e r  t o  prevent  mix ing.  





4.1.6 Shallow Convecting Pond -. 

For the  shal low pond concept, design and cos t  data from a recent  LLL 

r e p o r t  a r e  used. (40) The c o l l e c t i o n  temperature i s  assumed t o  be 90°C 

and t h e  c o l l e c t i o n  e f f i c i ency  i s  a s s u m ~ r l  t o  be 25% o f  t h c  avcrage annual 

i n s o l a t i o n .  LLL c a l c u l a t i o n s  (40) a c t u a l l y  i n d i c a t e  e f f i c i e n c i e s  of 

32.9% t o  59.7% w i t h  an annual average o f  43.4%. However, these a re  based 

on a temperature increase du r ing  the  day w i t h  a f i n a l  pond water tem- 

pera ture  o f  29°C (85OF) t o  7g°C (175OF). I n  p rac t i ce ,  a power p l a n t  sys- 

tem would be designed t o  op t im ize  the  power p l a n t  e f f i c i e n c y  - c o l l e c t o r  

temperature - c o l l e c t o r  e f f i c i e n c y  r e l a t l o n s h l p .  

The c o l l e c t o r  design i s  a s i n g l e  p l a s t i c  g laz ing  over a water bag. 

Th i s  design i s  i l l u s t r a t e d  i n  F igure  4.8. 

I n  order  t o  p rov ide  comparable storage, a volume equ iva len t  t o  t he  

nonconvecting ponds i s  used. Th i s  volume i s  prov ided i n  a r e s e r v o i r  

45 ft (14 m) deep w i t h  a surface area 1/7 t h a t  o f  t h e  nonconvecting ponds. 

This  prov ides a l i q u i d  storage volume copparable t o  t h a t  o f  t he  con- 

vec t i ng  l a y e r  i n  the  nonconvecfing ponds. Storage from the  e a r t h  i s  

reduced. However, t h i s  i s  minimal f o r  t h e  assumptions used. I n  p rac t i ce ,  

because we a r e  working w i t h  a low AT and h igh  f low ra tes ,  t h e  storage i n  

t he  e a r t h  i s  probably of l i t t l e  s ign i f i cance  fo r  shor t - term - hours o r  

days - needs. 

The e a r t h  i s  used as i n s u l a t i o n  f o r  the  s ides and bottom o f  the  pond. 

The top  i s  i n s u l a t e d  w i t h  a 6 i n ,  l a y e r  of styrofoam f l o a t i n g  on the  sur-  

face  and a 4-mil Tedlar  cover t o  minimize evaporat ion and heat l oss  due 

t o  winds. 

The storage taqk  i s  i l l u s t r a t e d  i n  F igure  4.9. 

4.2 Power. P lan t  

Ca lcu la t i ons  were based 00 two p l a n t  types, a b ina ry  f l u i d  cyc le  

us ing isobutane and a f l ash  steam p l a n t .  A schematic o f  the  b ina ry  f l u i d  

p l a n t  i s  shown i n  F igure.  4.101 A f lashed steam p l a n t  is ,shown i n  F ig -  

u r e  4.11. Conventional she1 1 -and-tube heat exchangers, 1 ocated outs ide  
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o f  t he  pond, were selected. A b i n a r y  f l u l d  c y c l e  power p l a n t  i s  more 

r e a l i s t i c  than the  f l a s h  c y c l e  a t  present.  A t u r b i n e  t h a t  w i l l  operate 

i n  t he  f lashed steam' cyc le  cond i t i ons  i s  n o t  co~mmercially a v a i l a b l e  and 

may never be r e a d i l y  a v a i l a b l e  unless low temperature cyc les become more 

compet i t ive.  . , 

A wet. coo l i ng  tower was selected fo r  cool'ing t h e  working f l u i d  due 

t o  u n c e r t a i n t y  i n  the  ex is tence o r  use o f  n a t u r a l  features such as r i v e r s  

and lakes. Dry c o o l i n g  towers a re  more expensive and l e s s  e f f i c i e n t  f o r  

t h e  range o f  opera t ing  cond i t i ons  under cons idera t ion  and were no t  evalu-  

ated. . Evaporat ive ponds were r e j e c t e d  due t o  extremely l a r g e  requirements 

f o r  makeup water and land. Use o f  wet c o o l i n g  towers. can impose a l a r g e  

thermodynamic pena l t y  w i t h  t h e  r e s u l t a n t  lower ing  o f  c y c l e  e f f i c i e n c i e s  

as the  wet bu lb  temperature increases. Dry bu lb  temperatures o f  21°C 

(70°F) and a 40% r e l a t i v e  humid i ty  assumed f o r  t h e  base l ine  p l a n t  l i m i t  

the  condensing temperature. o f  the working f l u i d  t o  approximately 38°C 

(lOO°F). The s i n k  temperature o f  t he  Carnot c y c l e  i s  the  lowest  a v a i l a b l e  

cool  i n g  water temperature (wet bu lb  temperature).  A t  a  source temperature 

o f  90°C (1 94°F) t he  t h e o r e t i c a l  Carnot c y c l e  e f f i c i ency  there fore  i s  : 

4.2.1 B inary  F l u i d  Cycle 

The tu rb ines  associated w i t h  b ina ry  f l u i d  cyc les  a re  much smal ler  

than the corresponding tu rb ines  f o r  a f lashed steam p l a n t  because h igh  

molecular  weight f l u i d s  such as f reons,  ammonia o r  isobutane a r e  used. 

Problems w i t h  hand1 i n g  h igh  s a l i n i t y  so lu t i ons ,  noncondensible gases and 

so l  i d s  a re  r e s t r i c t e d  t o  t h e  heat exchanger and g r e a t l y  minimized. The 

base l ine  p l a n t  c a l c u l a t i o n s  a re  based on isobutane as a working f l u i d  

because the  B a t t e l  le-Northwest power p l a n t  computer code (GEOCOST) 

inc ludes isobutane and prev ious work i n d i c a t e d  t h a t  isobutane i s  an 

appropr ia te  working f l u i d  over t h e  temperature range a v a i l a b l e .  



Many ques t ions  concern ing p r a c t i c a l  a p p l i c a t i o n  of b i n a r y  f l u i d  cyc les  

f o r  ,low q u a l i t y  hea t  sources should be answered i n  a  few s h o r t  years  as 

p r o t o t y p e  p l a n t s  a r e  cons t ruc ted  f o r  geothermal development i n  t he  Impe r i a l  

V a l l e y  o f  C a l i f o r n i a  and o t h e r  l o c a t i o n s  w i t h i n  t he  I ln i ted S t a t e s .  Several 

i n s t i t u t i o n s  ( i n c l u d i n g  Ba t t e l l e -No r thwes t )  a r e  develop ing comprehensive 

power p l a n t  computer models t o  p e r m i t  a n a l y s i s  o f  b i n a r y  f l u i d  power p l a n t  

performance over  a  wide range o f  ope ra t i ng  c o n d i t i o n s .  

The comparat ive performance o f  t h e  va r i ous  s o l a r  pond concepts were 

eva lua ted  us ing  GEOCOST. The code covers geothermal f l u i d s  over  a  h i ghe r  

range o f  ava i  lab1  e  temperatures (up t o  severa l  hundred degrees Fahrenhe i t )  

than a v a i l a b l e  f rom s o l a r  ponds. Therefore, ope ra t i ng  ranges and assump- 

t i o n s  i n  t h e  GEOCOST code were m o d i f i e d  as a p p r o p r i a t e  t o  s u i t  s o l a r  pond 

systems. tjand c a l c u l a t i o n s  were a l s o  performed t o  v e r i f y  t h e  v a l i d i t y  of 

t h e  mod i f i ca t i ons .  The thermodynamic performance a f f e c t s  t h e  cos ts  o f  t h e  

system i n  many s u b t l e  ways. The GEOCOST code was r e l i e d  upon f o r  compara- 

' t i v e  e v a l u a t i o n  of t h e  va r i ous  concepts over a range of ope ra t i ng  tem- 

pera tu res .  The cos t s  assoc ia ted  w i t h  t h e  base l i ne  p l a n t  may n o t  be q u i t e  

c o r r e c t  due t o  d i f f e r e n c e s  between geothermal and s o l a r  pond systems. 

However, t h e  e r r o r  i n  us i ng  t h e  GEOCOST computer model f o r  s o l a r  pond 

power p l a n t s  i s  f e l t  t o  be l e s s  than  20%. The GEOCOST model i s  f e l t  t o  

be w i t h i n  30% o f  a c t u a l  geothermal power p l a n t  cos t s .  The cumula t i ve  

e r r o r  f o r  s o l a r  pond p l a n t s  m i g h t  be up t o  50%. 

The i n s t a l l e d  c o s t s  and bus bar  energy c o s t s  de r i ved  i n  t h i s  s tudy 

a r e  p robab ly  o p t i m i s t i c  from an o v e r a l l  system s tandpo in t  because o f  t h e  

n e a r l y  i d e a l  ope ra t i ng  c o n d i t i o n s  assumed. Coo l ing  water  temperatures 

a v a i l a b l e  have g r e a t  e f fec ts  on low AT heat  source power p l a n t  p e r f o r -  

mance. P a r a s i t i c  power losses  f o r  pumping i nc rease  s u b s t a n t i a l l y  as t he  

c o o l i n g  water  temperature o r  pond temperature change even a  few degrees. 

Use o f  ammonia o r  some r e f r i g e r a n t  o t h e r  than  isobutane as t h e  c y c l e  

work ing f l u i d  m i g h t  improve power p l a n t  performance i n  t he  low temperature 

ranges a v a i l a b l e .  The use o f  ammonia would be p a r t i c u l a r l y  appeal ing i f  

the,,pond c o u l d . n o t  be main ta ined  a t  90°C e i t h e r  con t i nuous l y  o r  on a  



seasonal basis .  The pr imary bene f i t  der ived from t h e  use o f  ammonia i s  

improved heat  t r a n s f e r  c h a r a c t e r i s t i c s  and correspondingly  m a 1  1 e r  heat  

exchangers. Cycle. pressures cou ld  a l s o  be higher.  

A recen t  study by TRW, Inc .  (41) assumes a value f o r  t h e  o v e r a l l  heat  

t r a n s f e r  c o e f f i c i e n t  (U) o f  approximately 420 Btu/hr  ft2 OF us ing  ammonia 

as a working f l u i d  i n  t i t a n i u m  heat exchangers. The source temperature i n  

t he  TRW study was below 27°C (80°F). The comparable U f o r  isobutane i n  the  

same temperature range i s  approximately 250 Btu/hr  ft2 OF. Reducing t h e  

heat exchanger area i n  a s o l a r  pond power p l a n t  p ropo r t i ona te  t o  the r a t i o s  

o f  t he  o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t s  f o r  ammonia and isobutane 

(250/420) r e s u l t s  i n  a 40% decrease. The decrease would reduce the heat  
2 exchanger area by approximately 66,000 f t  i n  the 90°C (194°F) non- 

convect ing s a l t  g rad ien t  pond w i t h  an isobutane working f l u i d .  The 

cos t  savings would be $790,000 o r  11% o f  t he  p l a n t  c a p i t a l  costs.  Cool- 

i n g  water requirements would s i m i l a r l y  be reduced. However, o ther  con- 

s ide ra t i ons  such as hazard t o  personnel and m a t e r i a l  compati b i  1 i t y  must 

be factored i n  f o r  ammonia cyc le;  the  s h o r t  t ime  a v a i l a b l e  f o r  the study 

d i d  n o t  permi t  d e t a i l e d  ana lys i s  o f  an ammonia cyc le .  

The assumed cyc le  opera t ing  cond i t ions  a re  as fo l lows:  

e I n l e t  water from s o l a r  pond: 9O0.C (194°F) . Condensing temperature f o r  working f l u i d :  36.1 "C (97°F) . Wet coo l i ng  tower environment (69°F and 40% r e l a t i v e  humid i ty )  : 55°F 

wet bu lb  

Turbogenerator e f f i c i e n c y :  75% 

A d e s c r i p t i o n  o f  t h e  power p l a n t  sec t i on  of t h e  GEOCOST computer 

model fo l lows below. Backup hand c a l c u l a t i o n s  are  a l s o  included. Thermo- 

dynamic p rope r t i es  o f  t h e  working f l u i d s  are ca l cu la ted  us ing  equat ions o f  

s t a t e  r a t h e r  than tabu la ted  data. The p e r t i n e n t  c y c l e . c a l c u l a t i o n s  from t h e  

GEOCOST program a r e  described below: 

Heat Exchangers 

The. preheater vapor izer  and superheaters a re  assumed t o  be s i n y l e -  

pass, counter-f low, shel l -and-tube type heat exchangers. The isobutane 



preheater,  vapor izer  and superheater equat ions below a r e  s e t  up t o  de te r -  

mine a  heat t r a n s f e r  area from which a  c o s t  i s  determined, based on a  r a t e  
2  o f  $ 1 2 / f t  o f  sur face  area requi red.  Heat t r a n s f e r  c o e f f i c i e n t s  are 

der ived  from ac tua l  working flllirl p r o p e r t i e s  determined f rom equat ions o r  

s ta te .  The heat t r ans fe r  area i n  square f e e t  i s  determined by the  f o l -  

lowing r e l a t i o n s h i p :  

Heat . t r a n s f e r  area = i ~ h  m 
where 

h = mass Plow r a t e . o f  isobutane ( I b / h r )  

Ah = change i n  isobutane en tha lpy  ( B t u / l  b )  

U = o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t  ( ~ t u l h r - f t ~ . ~ ~ )  

LMTD = Log Mean Temperature D i f f e rence  (OF) 

- - A t  i n l e t  - A t  o u t l e t  
A t  i n l e t  

' " ( ~ t  o u t l e t  1 

To determine the  o v e r a l l  heat  t r ans fe r  c o e f f i c i e n t  (U) = 

1  - 0 Do Do + ( f o u l i n g  f a c t o r )  H T C ~ ( D . ) + E ~ ~ T + -  1 HTCo 

where 

Do = ou ts ide  tube diameter ( f t )  

Di = i n s i d e  tube diameter 

HTCi = i n s i d e  heat  t r a n s f e r  c o e f f i c i e n t  (Btu/hr  ft2 OF) 

HTCo = ou ts ide  heat t r ans fe r  c o e f f i c i e n t  

K  = thermal c o n d u c t i v i t y  of heat  exchanger tube 

m a t e r i a l  (B tu /h r  ft2 O F )  

Fou l i ng  , 2  Fac tor  = 0.001 h r  O F  ft /Btu. 

The f o u l i n g  f a c t o r  i s  based on t y p i c a l  values f o r  concentrated br ines .  

The heat  t r a n s f e r  c o e f f i c i e n t  (HTC) i s  determined as fo l lows:  

0 . 3  (0.023)Kfl uid(Pr) ( ~ e ) " ~  
HTC = D 



where 

K f l u i d  = thermal c o n d u c t i v i t y  (Btu/hr  ft2 O F )  

P r  = Prandt l  number 

Re = Reynolds number 

D = tube diameter ( f t ) .  

The s o l a r  pond water runs through the  tube s ide  of t h e  preheater,  

vapor izer  and superheater. The number o f  tubes and l eng th  were der ived 

from convent ional  heat  exchanger design methods. Su f f i c i en t  heat i s  added 

i n  the  superheater t o  avo id  two-phase f low through the  tu rb ine .  The 

vapor izer  changes the  working f l u i d  from a sa tura ted  l i q u i d  t o  a satu- 

ra ted  vapor. The preheater heats the  working f l u i d  from the  condensing 

temperature t o  a saturated l i q u i d  s ta te .  

-Turbine Generator 

A convent ional  t u r b i n e  was assumed f o r  t he  power p l a n t .  Only one 

t u r b i n e  i s  known t o  have been manufactured i n  the  Un i ted  States s p e c i f i -  

c a l l y  f o r  b ina ry  f l u i d  cyc les.  The t u r b i n e  i s  a 9,000 kWe, three-stage, 

r a d i a l - f l o w  u n i t  designed fo r  isobutane and i s  manufactured b the  York 

D i v i s i o n  o f  Borg-Warner Corporat ion f o r  Magma Energy, I nc .  (427 

The t u r b i n e  exhaust cond i t i ons  a r e  es tab l ished by the condenser coo l -  

i n g  water temperature ava i l ab le .  I s e n t r o p l c  expansion i s  assumed through 

t h e  tu rb ine .  The t h e o r e t i c a l  steam r a t e  (TSR) i n  pounds o f  vapor per kWe 

i s  es tab l ished from t h e  fo l l ow ing  r e l a t i o n s h i p :  

TSR = 341 4 

h i n l e t  -hcond 

where 

h i n l e t  = enthalpy o f  t h e  vapor from the  

superheater (B tu / l  b )  

hcond = enthalpy o f  the  working f l u i d  

a t  condenser cond i t ions  

The ac tua l  steam ( o r  vapor) r a t e  i s  determined by d i v i d i n g  the  t h e o r e t i c a l  

steam (TSR) by t h e  t u r b i n e  e f f i c i ency  (i75%): 



Condenser 

The work ing f l u i d  condenser f o r  the .  b i n a r y  f l u i d  c y c l e  i,s assumed t o  

be a s ing le-pass,  counter- f low, shel l -and- tube t ype  s i m i l a r  t o  t h e  super- 

heater ,  vapo r i ze r  and p reheate r .  The equat ions a r e  the  same as those 

ta.bulated e a r l  i e r  f o r  t h e  heat  exchangers (superheater ,  vapo r i ze r  and 

preheater .  ) I npu t s  i n c l u d e  i n l e t  and ou t1  e t  coo l  i n g  water temperatures, 

work ing f l u i d  en tha lp i es ,  temperatures and pressures, work ing f l u i d  pro-  

p e r t i e s  and f l o w  r a t e  and tube  diameters.  The ou tpu t  i s  t h e  condensing 

water  f l o w  r a t e ,  eondenser area and leng th ,  and t h e  i n d i v i d u a l  heat  t r a n s -  

f e r  c o e f f i c i e n t s .  The condenser cos t s  a re  based on t he  same p r i c e  per  

square f oo t  ($12.00) as t h e  o t h e r  hea t  exchangers. 

Pumps 

A l l  system pumps a r e  s tandard c e n t r i f u g a l  u n i t s  d r i v e n  by an e l e c t r i c  

motor.  Power consumption f o r  pumping f l u i d s  i s  based on an 85% e f f i c i ency .  

A 90% e f f i c i e n c y  was assumed f o r  t h e  c o o l i n g  tower fan motor.  Discharge 

heads a r e  based on normal p ressure  drops th rough convent iona l  heat  

exchangers and t h e  e l e v a t i o n  r e q u i r e d  f o r  c o o l i n g  tower entrance. 

Cool i ng Tower 

The c o o l i n g  tower used i n  t h e  GEOCOST computer model i s  an induced- 

d r a f t  evapora t i ve  coo l  i n g  tower.  Operat ing c o n d i t i o n s  assumed were 

55°F wet  bu lb .  I n p u t s  t o  t h e  c o o l i n g  tower equat ions i n c l u d e  c o o l i n g  
- .  

water  f l o w  r a t e  and temperature a t  t h e  i n l e t ,  wet and d r y  b u l b  a i r  tem- 

peratures,  hum id i t y  r a t i o  and approach. Output va lues i n c l u d e  t he  c o o l i n g  

tower a i r  f l o w  r a t e ,  evapora t ion  r a t e  and o v e r a l l  heat  load.  Costs of  t he  

c o o l i n g  tower a r e  based on a f i x e d  c o s t  f o r  t h e  gross p l a n t  power o u t p u t  

($720,000 f o r  10 MWe p l a n t ) .  

The heat  l oad  t o  t h e  c o o l i n g  tower i n  B tu /h r  = 

where: 



'wi n  
= c o o l i n g  tower f l o w  r a t e  (1 b / h r )  

C p l  
= s p e c i f i c  heat  o f  water  a t  i n l e t  temperature 

= temperature o f  i n l e t  water  
Twi n  

T = temperature of o u t l e t  water 
wout  

QLA = evapora t ion  r a t e  

C = . s p e c i f i c  heat  o f  water  a t  evapora t ion  temperature 
P2 

T~~ = temperature o f  sa tu ra ted  a i r  a t  e x i t  o f  tower 

T~ I = c o o l i n g  water  i n l e t  temperature 

C a l c u l a t i o n  o f  Thermodynamic S t a t e  P o i n t s  

The s t a t e  p o i n t s  f o r  a  s u b - c r i t i c a l  b i n a r y  f l u i d  c y c l e  a r e  shown i n  

F igu re  4.12. 

I n  genera l ,  t h e  f i n a l  s t a t e  p o i n t s  a r e  e s t a b l i s h e d  by an i t e r a t i v e  

method based on coo l  i n g  water temperature,  hea t  exchanger approach, hea t  

exchanger p i n c h  p o i n t s  and , t he  f i n a l  temperature of t h e  s o l a r  pond f l u i d .  

The computer runs  f o r  severa l  b i n a r y  c y c l e  p l a n t s  over  a  range o f  i n l e t  

pond water  temperatures a r e  shown i n  Sec t ion  5. 

An approximate hand c a l c u l a t i o n  based on tex tbook  va lues '  of t h e .  base- 

l i n e  b i n a r y  f l u i d  c y c l e  power p l a n t  i s  i nc l uded  below f o r  t h e  noncin- 

v e c t i n g  s a l t  g r a d i e n t  pond. 

Hand C a l c u l a t i o n  o f  Power P l a n t  Operat ing Cond i t ions  and Costs 

The f o l l o w i n g  base l i ne  p l a n t  assumptions a r e  used f o r  t he  c y c l e  

c a l c u l a t i o n s :  

I n l e t  pond water :  25 wt% s a l t  a t  90°C (194°F) 

condensing temperature [based on wet c o o l i n g  tower a t  13°C (55°F) wet 

b u l b  ope ra t i ng  over  a  (25°F) range w i t h  a  (12°F) approach] : 32.1°C 

(97°F). 

Working f l u i d :  isobutane 
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FIGURE 4.12. Thermodynamic State Points for Binary Fluid Cycle 



Turbine e f f i c i e n c y :  75% . Pressure drop i n  heat exchangers: 10 pn l  each . Pumping head requ i red  f o r  coo l i ng  tower entrance: 45 ft . Pressure drop i n  condenser.: 10 p s i  

.Assuming a (10°F) p inch  p o i n t  i n  the  vapor izer  and no superheat, 

t h e  maximum temperature of t he  isobutane working f l u i d  i n  the  c y c l e  i s  

10" l e s s  than the  incoming pond water 90°C (194OF). Therefore, t h e  maxi- 

mum isobutane temperature i s  84°C (184°F) which corresponds t o  a maximum 

c y c l e  pressure o f  212.5 ps ia .  A maximum c y c l e  operat ing pressure o f  

185 p s i a  was se lec ted  t o  permi t  superheat o f  t h e  working f l u i d  (and thus 

avo id  two-phase f low) and a l s o  t o  accommodate a temperature approach 

greater  than 10°F i n  t he  superheater. The maximum cyc le  pressure o f  

185 p s i a  corresponds ,to a maximum temperature o f  79°C (174°F) ( i n c l u d i n g  

2°F superheat). F igure  4.13 shows the  s t a t e  p o i n t  values f o r  the  

isobutane cyc le .  

The i d e a l  Rankine e f f i c iency  f o r  the  isobutane c y c l e  i s :  

(qR) = h hl - h2 e s t  

1 - ' h 2  sa t  l i q  

- -627 + 644 = 10.8% ( i d e a l )  
OR - -627 + 784 

The f low r a t e  of t h e  isobutane working f l u i d  (Qwf) i s  determined 

from the  fo l l ow ing  r e l a t i o n s h i p :  

- 3414 x GRKW 
Q b , f - ( h  1 - h  est)vTURB , 

where 

1 = enthalpy a t  t u r b i n e  i n l e t  ( B t u l h r )  

h2 e s t  = exhaust enthalpy assuming i s e n t r o p i c  expansion 

v~~~~ = t u r b i n e  e f f i c i e n c y  (assumed t o  be 75%) 

GRKW = t u r b i n e  ou tput  i n  k i l o w a t t s  

Q w f  = 3414 x 10,000 
(-627 + 644)0.75 

6 
Q w t  = 2.68 x 10 l b  o f  isobutane per 'hour  
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FIGURE 4.13. S ta te  P o i n t  Values of Working F l u i d  



The f l o w  r a t e  o f  pond water (Q ) i s  determined by c a l c u l a t i n g  a heat balance 
P w 

on t h e  vapor izer  and superheater.  

Qpw Cp ( T i n l e t  - Tpp) = Qwf (hl - h4) 

where 

P 
= s p e c i f i c  heat o f  pond water a't cons tan t  pressure 

*I.O B t u / l b  

Ti n l  e t  
= i n l e t  pond water temperature = 90°C (194°F) 

T~~ 
= p inch  p o i n t  temperature = 83°C (182°F) (see explana- 

t i o n  d i r e c t l y  below) 

1 = enthalpy of working f l u i d  a t  o u t l e t  o f  super- 

heater  = -627 B t u / l b  

h4 = e n t h a l p y ' o f  work ing f l u i d  a t  i n l e t  t o  

vapor izer  = -736 B t u / l b  

The vapor izer  p inch  p o i n t  temperature i s  t h e  minimum temperature d i f f e r e n c e  

between the  pond water and the  working f l u i d  i n  t h e  vapor izer  as shown i n  

F igure  4.14. - 

adding 25% f o r  t h e  s a l t  concen t ra t i on  

7 
Q ~ w  

= 3.04 x 10 l b / h r  (49,000 gpm) 

To c a l c u l a t e  t he  e x i t  temperature o f  t he  pond water, a heat  balance i s  per-  

formed around t h e  preheater  us ing  t h e  same p inch  p o i n t  as above: 

Q w t  (h4 - h2 SATL = Qpw (Tpp = Texi )cp 



i / PINCH POINT 

I 

LENGTH - 
F I G U R E  4.14. Vaporizer Pinch Point Temperature 

Calculate heat ra te  ( q )  in heat exchangers (vaporizer, preheater and 

superheater) : 

= 2.68 x lo6 (-784 + 627) 
8 

= 4.21 x 10 Btu/hr 

To calculate surface areas of evaporator, preheater and superheater: 

A = q  
U x LMTD 

where 

q = heat ra te  = QwfAh 
. . 

U = overall heat t ransfer  coefficient,  Btu/hr f t 2  OF 



, LMTD = Log Mean Temperature D i f f e r e n c e  (OF) 

I The f o l l o w i n g  o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t s  were assumed: 

p reheate r  and superheater :  100 B t u l h r  ft2 OF 

vapo r i ze r :  250 B t u l h r  ft2 OF 

For t h e  vapo r i ze r  ( r e f e r  t o  F igu re  4.13): 

B t u  ( 1 9 3 - 1 7 2 )  - ( 1 8 2 - 1 7 2 )  
2 5 0  F ~ ~ ~ O F  2  1  

In i-6 
0 1 

For  t h e  preheater :  

I For  t h e  superheater:  

T o t a l  su r f ace  area f o r  superheater,  vapo r i ze r  and p reheate r  = 2,750 + 
38,000 + 77,400 = 118,000 ft2 



To c a l c u l a t e  sur face  a r e a . o f  t he  condenser: 

' Q w f  ( h2 ACT - h2 SAT LIQ) A = U x LMTD . 

' I n l e t  temperature o f  working f l u i d  = T2 = 49°C (121°F) 

: condensing temperature = 36°C ( 9 7 " ~ )  

I n l e t  water cond i t i ons  t o  condenser = 19°C (67°F) 

O u t l e t  water cond i t i ons  f rom condenser = 33°C (92°F) 

Assume U = 250 B t u l h r  ft2 O F  

Cool i ng tower f 1 ow (Qct) : 
. -  . .  

Q c t  C p  ( T o u t  - Tin) = Q w f  ( h 2  A C T  S A T  LIQ) 

- 2 .68  x l o 6  ( - 6 3 9 . 8  + 7 8 4 )  
Q c t  

- 
l ( 9 2 - 6 7 )  

Q c t  = 1 . 5 4  x 10 '  l b / h r  

Cool ing tower heat  load: 

hi n l  e t  = enthalpy o f  water a t  67°F = 35.05 B t u l l b  

h o u t l e t  = enthalpy of water a t  92OF = 61.98 B t u l l  b 

7 q = 1.54 x 10 (61.98-31.05) 

8 q = 4.76 x 10 B t u l h r  



4.2.2 Flash Steam Cycle 

A f lashed steam cyc le  i s  more s t ra igh t fo rward  than the  b ina ry  f l u i d  

cyc le.  A power p l a n t  diagram was shown i n  ~ i g u r e  4.11. The f lashed steam 

cyc le  has the  added advantage o f  p rov id ing  f resh water f o r  pond make-up and 

concent ra t ing  the  b r i n e  w i thou t  t he  ahxi  1  i a r y  equipment requ i red  f o r  the  

b ina ry  f l u i d  cyc le.  Standard tu rb ines  are  n o t  commercially a v a i l a b l e  f o r  

the  a v a i l a b l e  range o f  ~ ' ~ e r a t i n g  pressures. Turbine e f f i c i e n c y  cou ld  w e l l  

be so low (probably we1 1  under 50%) t h a t  p o t e n t i a l  b e n e f i t s  would be can- 

c e l l e d  by h.igh costs and poor performance. The sho r t  du ra t i on  o f  the study 

d i d  n o t  permi t  an eva lua t i on  o f  steam engines i n  l i e u  o f  tu rb ines .  However, 

steam engines should be examined i n  d e t a i l  before the concept of a  f lashed 

steam cyc le  i s  discarded. The performance data f o r  f lashed steam p l a n t s  

appear i n  the  t a b l e s  a t  the  end o f  Sect ion 5.0. 

The i d e a l  Rankine cyc le e f f i c i e n c y  f o r  a  f lashed steam p l a n t  over t he  

above range o f  cond i t ions ,  assuming a  p r a c t i c a l  exhaust pressure o f  2 p s i a  

and the  f lashed steam a t  71°C (160°F) i s :  

  ran kine = 
hl - h2 est imated 

hl - h2 .sat.  1  i q u i d  

where 

h  = enthalpy i n  Btu/ lb ,  sa t .  l i q u i d  = sa tura ted  l i q u i d  and 

h  est imated i s  based on i s e n t r o p i c  expansion through the  

tu rb ine .  

Subt rac t ing  the  losses due t o  pressure drops, t u r b i n e  e f f i c i e n c y ,  pump- 

i n g  losses, etc . ,  the  ac tua l  Rankine e f f i c i e n c y  i s  below t h i s  value. The 

ac tua l  Rankine cyc le  e f f i c i e n c y  i s  l e s s  than one - th i rd  o f  the  Carnot 

e f f i c i e n c y .  

The q u a n t i t y  o f  steam t h a t  w i l l  f l a s h  from s o l a r  pond f l u i d  i s  based 

on t h e  f o l l o w i n g  assumptions: 



Fresh water  a t  90°C (194°F) and one atmosphere (14.7 p s i a )  

To compensate f o r  s a l t ,  add 25% ( o r  percen t  concen t ra t i on )  

t o  r e q u i r e d  f l o w  o f  pond wate r  

Entha lpy o f  f r e s h  wate r  a t  50°C (194OF) = 162 B t u l l b  ( f rnm Cnmh~iqtion 

Engineer ing Steam Tables)  

The heat  c o n t r i b u t i o n  o f  t h e  s a l t  i n  s o l u t i o n  i s  n e g l i g i b l e  

Steam f r a c t i o n  recovered ( X )  i n  steam 1 b/water 1b i n  a  f l a s h  vessel : 

X = 
- hsa tu ra ted  l i q u i d  

hvapor ' hsa tu ra ted  1 i q u i d  

hi n = en tha lpy  o f  e n t e r i n g  wate r  f rom 

pond = 162 B t u / l b  a t  50°C (194°F) 

hsa tu ra ted  1 i q u i d  = en tha lpy  o f  pond water  l e a v i n g  

f l a s h  vessel 

hvapor = en tha lpy  o f  vapor a t  f l a s h  temperature 

The maximum steam f r a c t i o n  recoverab le  f r om f r e s h  water  i s  ob ta ined  

by evacua t ing  t o  near  abso lu te  zero  pressure:  

o r  15.1 1b o f  steam p e r  100 1b o f  f r e s h  water.  For 25% s a l t  s o l u t i o n s ,  an 

a d d i t i o n a l  25% f l o w  o f  water  would be requ i red .  The maximum steam f r a c t i o n  

recoverab le  f rom a 25% s a l t  s o l u t i o n  i s  t h e r e f o r e  15.1 lb /125 l b  water ,  

o r  12.1%. 

The p ressure  i n  t he  f l a s h  vessel  must be balanced a g a i n s t  t h e  lowes t  

p r a c t i c a l  condenser p ressure  (approx imate ly  2  p s i a )  and t h e  pressure drop 

across t h e  t u r b i n e .  Decreasing t he  pressure i n  t h e  f l a s h  vessel  t o  produce 

more steam r e s u l t s  i n  a  lower  pressure drop across t h e  t u r b i n e  and an 

i n c r e a s i n g l y . l a r g e r  t u r b i n e .  Time d i d  n o t  p e r m i t  o p t i m i z a t i o n  o f  t h e  pres-  

sure balance between t h e  f l a s h  vessel  t u r b i n e  and t he  condenser. A common 

method i s  t o  average t h e  temperatures as f o l l o w s :  



F = temperature of flashed steam 

= temperature of water from so la r  pond = 90°C (194°F) . 

= temperature of saturated l iqu id  a t  a practical  condenser Tcond. 
pressure (2 ps ia)  - 52°C (126°F) 

. . 

Figure 4.15 shows.the steam f rac t ion  recovered versus temperature fo r  

f resh water and' a 25% s a l t  solution.  For the  71 "C (160°F) average tempera- 

ture  se l  ected: 

162 - 127.87 steam f rac t ion  recovered (X) = 11 Z9,  - 27.87 
from fresh water 

steam f rac t ion  recovered ( X )  = 0.0341 (100) 
from pond solution 

X = 2.72% 

Steam Flash Vessel 

The flashed steam cycle begins i n  a f lashing vessel where the  pressure 

i s  reduced on the pond water entering a t  approximately one atmosphere 

(14.7 ps ia )  and 90°C (194°F). The f l ash  vessel would probably require steam 

e jec tors  t o  remove noncondensi ble gases i n  t he  pond water. The optimum tem- 

perature f o r  f lashing i s  a function of the cooling water temperature ava i l -  

able (or  condensing temperature), the  i n l e t  pond water enthalpy and the 

pumping power required t o  move the pond water t o  the  f l a sh  evaporator. The 

optimum f lash  conditions a r e  normally very nearly equal t o .  the  average of 

the incoming pond water and condensing temperatures. A diagram of steam 

f rac t ion  f l  ashed.versus temperature i s  shown i n  Figure 4.1 5. 
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The condensing temperature of 52°C (126OF) ( 2  psia pressure) i s  based 

upon experience with barometric condensers a t  the Geysers geothermal steam 
plant near San Francisco. The lower condenser pressures (2 -3  in. Hg abso- 
lu te )  attained in large central power plants are possible because highly 

purified and recycled water i s  being used. Solar pond water would 1 i kely 
not be treated to  remove dissolved gases and other impurities. 

Turbine 

The low molecul.ar weight and corresponding high specific volume of 

steam a t  pressures below one atmosphere require relat ively large turbines 

for  a fixed power output as compared to  high molecular weight vapors such 

as freons, propane or isobutane. used in binary f luid cycles. The current 

trend i n  conversion of other low quality heat .sources, such as geothermal 
and ocean thermal AT, to e l ec t r i c i ty  i s  to  employ binary f lu id  cycles pri- 

marily for  tha t  reason. The binary f lu id  cycle has other advantages in 

handling of s a l t  solutions and vapors where noncondensible gases exis t .  

The binary f lu id  cycle i s  f e l t  superior for  the power plant in nonconvect- 

ing s a l t  pond. However, other considerations such as  the need for  provid- 

ing fresh makeup water to  both the pond and cooling tower and the necessity 

of continuously concentrating the brine in the lower' portion of the pond 

make an open' flashed-steam cycle a t t rac t ive  for  the present application. 

However, the ava i lab i l i ty  of turbines to  operate a t  the available steam 
conditions i s  doubtful. The use of steam engines or other rotary expansion 

machines could not be investigated within the framework of the present 

study. 

The approximate steam flow ra te  to  the turbine (Qstm). i s  determined 

from the relationship below: 

Qstm = ( 3414 x GRKW 
1 hl  - h 2  e s t  T-I turb 

where 
GRKW i s  the gross turbine output in kilowatts (10,000 for  the 
baseline plant) 



h 1  = en tha lpy  of steam en te r i ng  t u r b i n e  f rom f l a s h  

vessel = 1129.9 B t u / l  b  
. , 

h2 Es t  = en tha lpy  o f  steam a t  t u r b i n e  exhaust pressure (2 p s i a )  

assuming i sen t rop i  c expansion (from stcam tab1 es)  

nTurb = t u r b i n e  e f f i c i e n c y  

For a  t u r b i n e  e f f i c i e n c y  o f  75%: 
I 

Qstm = 
3414 x  10,000 
(1129.9 - 1075) (0.75) = 8.29 x  l o 5  l b / h r  

Approximately 5% o f  t he  steam would be requ i red  t o  evacuate and remove 

noncondensible gases f rom the  f l ash  vessel and condenser based on experience 

a t  t he  Geysers geothermal power p l a n t .  

The steam f l o w  r a t e  i s  i n v e r s e l y  p ropo r t i ona l  t o  t u r b i n e  e f f i c i e n c y .  

A steam f l o w  r a t e  o f  approximately 1,500,000 1  b /h r  would be requ i red  f o r  a 

t u r b i n e  w i t h  40% e f f i c i e n c y .  

The f l o w  o f  pond water corresponding t o  t he  steam f l o w  r a t e  o f  
5  8.29 x  10 l b / h r  i s :  

Steam f low r a t e  l b  pond water /h r  = - Steam f r a c t i o n  

Adding 5% f o r  t h e  steam requ i red  f o r  e j e c t o r s  and conver t ing  t o  

gal  1  ons per  minute: 

3.0 x  l o 7  1b/hr  (1.05) 1  
10.43 l b / g a l / h r  60 min/hr  - 50,335 gpm 

A 40% e f f i c i e n t  t u r b i n e  would r e q u i r e  approx imate ly  100,000 gpm 

f l o w  f rom t h e  s o l a r  pond. 

The t u r b i n e  diameter can be rough ly  est imated by c a l c u l a t i n g  t h e  p i p e .  

diameter requ i red  f o r  a  f l o w  o f .s team a t  200 f t / s e c  a t  s p e c i f i c  volume o f  
(43) . t he  en te r i ng  steam. 



3 S p e c i f i c  volume o f  i n l e t  steam%77 ft / l b .  ' ~ s s u m i n ~  a  steam f l o w  r a t e  . . .  
o f . 8 .29  x. 1 0 , ~ 1 . b / h r  and us ing  t h e  r e l a t i o n s h i p  Q = pAv. 

. . 
where: 

, . 
! 

Q = f l o w  r a t e  

p  = dens i t y  

V = v e l o c i t y  

equ iva len t  diameter = 10162 f t  (3 .2  m) 
. . 

Turbines w i t h  a ' 1 0  f t  diameter woql'd be very  expensive and a re  no t  

manufactured f o r  t h e  range of pressure a v a i l a b l e  f rom s o l a r  pond steam. 

Two steam tu rb ines  purchased i n  1964 f o r  t h e  N-Reactor a t  Hanford were 

among t h e  l a r g e s t  t u rb ines  s p e c i f i c a l l y  b u i l t  f o r  low temperature app l i ca-  

t i o n .  Each cos t  $9,100,000. These t u r b i n e s  have a  r a t e d  ou tpu t  o f  440 MWe 

and t h e  longes t  blades a re .41  i n ,  The c o s t  o f  s i m i l a r  t u r b i n e s  today i s  

.est imated t o  be $20,000,000.' An est imate o f  .$10,000,000 f o r  t h e  t u r b i n e  was 

used f o r  t he  f l ashed  steam p l a n t  c a l c u l a t i o n s  summarized i n  Tables 5.4 and 

5.5, t h i s  may be 'below the  eventual cost .  

Flashed steam p lan ts .wou ld  be more s e n s i t i v e  t o  seasonal f l u c t u a t i o n s  

i n  the  s o l a r  pond than b i n a r y  f l u i d  cyc les .  ,The s e n s i t i v i t y  i s  due t o  t h e  

narrow range o f  pressure a v a i l a b l e  between the  incoming pond water and t h e  

condensing pressure. 

Condenser 

Barometr ic condensers a re  p r e s e n t l y  being used f o r  geothermal steam 

a p p l i c a t i o n s  where the  p u r i t y  o f  t he  incoming f l u i d  cannot be c o n t r o l l e d .  

I t  i s  f e l t  t h a t  t he  s o l a r  pond water w i l l  s i m i l a r l y  r e q u i r e  barometr ic  con- 

densers opera t ing  a t  condenser pressures o f  approx imate ly  2  ps ia .  The con- 

denser and f l a s h  vessel a re  evacuated by steam e j e c t o r s  which r e q u i r e  

approx imate ly  5% o f  t he  t o t a l  f l o w  t o  t h e  tu rb ines .  



Coo l ing  Tower 

Wet c o o l i n g  towers w i t h  induced d r a f t  ( c ross  f l o w )  were se lec ted  t o  

p rov ide  c o o l i n g  water  f o r  t he  condenser. Dry c o o l i n g  towers and n a t u r a l  

d r a f t  wa te r  c o o l i n g  towers would bo th  be more e x p e n s i v ~  and l e s s  efficient. 

R ivers  and c o o l i n g  lakes  o r  ponds were r e j e c t e d  because comparat ive data 

i s  l a c k i n g  and t h e  makeup water  requirements a r e  very  h igh .  A condenser 

pressure o f  4  i n .  Hg abso lu te  (approx imate ly  2  p s i a )  was se lec ted  as the  

minimum p r a c t i c a l  condenser p ressure  based on t h e  exper ience w i t h  baromet- 

r i c  condensers a t  t h e  Geysers geothermal p l a n t  i n  C a l i f o r n i a .  (44)  The 

environmental  c o n d i t i o n s  se lec ted  f o r  t he  s i n g l e  s e t  of c o o l i n g  tower 

ope ra t i ng  c o n d i t i o n s  a r e  shown below. One cannot use t h e  annual average 

temperature f o r  s i z i n g  c o o l i n g  towers due t o  r e s t r i c t i o n s  on power p l a n t  

performance a t  warmer temperatures. 

Average a i r  temperature - 21°C (70°F) 

R e l a t i v e  hum id i t y  - 40% 

Corresponding wet b u l b  - 13°C (55°F) 

The 2 p s i a  baromet r i c  condenser pressure lower  l i m i t  s e t s  t he  tempera- 

t u r e  o f  t h e  condensing steam a t  52°C (126°F) i n  a f l a s h e d  steam cyc le .  The 

condensing temperature o f  t h e  work ing f l u i d  i n  a  b i n a r y  f l u i d  c y c l e  depends 

on c o o l i n g  tower c o n d i t i o n s  and w i l l  t y p i c a l l y  be 40-50°F above t h e  ambient 

wet b u l b  temperature.  . A  steam condenser-cool ing tower heat  t r a n s f e r  d i a -  

gram (45') i s  shown i n  F igu re  4.16. 



4 
-I CONDENS l NG TEMPERATURE 

TERMINAL AT > 5 ' ~  , 

LEAVI NG CONDENSER 

40 - 50 '~  

APPROACH 
TO WET BULB 

HEAT S l NK TEMPERATURE 

WET BULB TEMPERATURE - 554 
NOTE: HEAT EXCHANGER AREA DECREASES WITH INCREASING RANGE. PUMPING AND 

P I P I N G  COSTS INCREASE WITH INCREASING RANGE. 

FIGURE 4 .16 .  S t e a m  C o n d e n s e r - C o o l i n g  T o w e r  
H e a t  T r a n s f e r  D i a g r a m  



5.9 COST ESTIMATES 

5.1 Pond Cost Est imates 

. 5.1 .1 Nonconvecting Pond Cost Estimates 

Cap i ta l  c o s t  est imates f o r  nonconvecting ponds a r e  summarized i n  

Table 5.1. The c o s t  est imate f o r  t he  shal low pond 3s summarized i n  

Table 5.2. 

The bases f o r  these est imates are  discussed below: 

Land A c q u i s i t i o n  

One square mi le ,  i n c l u d i n g  600 f t  a t  each s ide  o f  pond. , 

1 mi2 = 640 acres 

640 x $500/acre = $320,000 

Pond Ear th  Const ruc t ion  

Level i ng 

P a t r o l  - 10 f t / pass  - 10 mi /h r  
4,000 10 mi/day - 60 passes a t  10 ft = 600 f t / d a y  - 

= 7 days x 3 = 21 d a y s  a t  200' = $4,000 

Dike - 
3 y d  h igh  x 6 y d  wide 

x 1,400 y d  x 4 lengths.  = 100,800 yd  

a t  $0.50/yd = $50,000 

Hypal on L i n e r  

4,000 ft p lus  20 ft on each s ide  

4,040 x 4,040 = 16.3 x l o 6  ft2 

Procurement 

6 16.3 x 10 x 0.27 = 4,401,000 

I n s t a l  1 a t i o n  

16.3 x l o b  x 0.08 = 1,304,000 

( i n c l  udes concrete o r  o t h e r  r e t a i n e r )  



TABLE 3.1 Cap i ta l  Cost ~ s t i m a t e s ,  10 MWe   on convecting So lar  Ponds 

Sal t Membrane Gel 1  ed .- -. 

Proc. I n s t .  Tota l  Proc. I n s t .  To ta l  Proc. I n s t .  To ta l  -- 
Des i gn 

Land A c q u i s i t i o n  

S i t e  Preparat ion 

Move i n  and o u t  
General s i t e  prep 

Pond Ear th Constructio.n 

bevel i n g  
Dike .cons t ruc t ion  

Hypalon L i n e r  

Center Membrane 
cn 

IU Cover 
P ip ing  

Plenum 
4 i n .  Connectors 

36 i n .  Power P lan t  
36 i n .  Poly 48.60 
33 i n .  
30 i n .  
27 in .  
24 i n .  23.50 
20 i n .  
14 i n .  
12 i n .  5.85 

6 i n .  1.85 
4  i n .  . C.90 

Exp. J o i n t s  



I nsu l  a t i o n  

TABLE 5.1. (con td)  

Sal t Membrane Gel l e d  
Proc. I n s t .  To ta l  Proc. I n s t .  To ta l  Proc. I n s t .  Tota l  

I . Pump S ta t i ons  . + 

( I n  GEOCOST) 

Fresh Water Pip ing,  A l low 

Gel Reprocessing, AI low 

Desal i n a t i o n  Equi'pment 500 5 00 

.' S a l t  ~ n ' j e c t i o n  Equipment, A1 low 100 100 

Sal t, MgCl 30,100 50 30,150 12,900 50 12,950 

Gel 1 i n g  Agents 

Tota l  



TABLE 5.2. cap i t a l  Cost Estimate f o r  Shallocv Solar  Pond 

$ 1,000 

Design 100 

Land Acquisi t ion 320 

Pond 

Col 1 e c t o r s  29,120 

Reservoir 1,620 

$31 , I  60 

Center Membrane 

Procurement 
6 16.3 x 10 x 0.15 = 2,445,000 

Floatation-A1 1 owance 500,000 

2,945,000 
Ins t a l  l a t i o n  

Piping 

Plenum 

8,.000 f t  a.t $8.00 

(based on $5.85/ft  f o r  12 i n .  p ipe)  

4 in .  connectors  50 f t  oc 

2 0 ' f t  x 80 x 2 = 3200 f t  a t  $0.90 . 
Dist .  Pipe 

4 in .  1;000 x 0.90 

14 in .  1,000 x 8.79 

20 in .  1,000 x 17.61 

24 i n .  1,000 x 23.50 

27 in.  1,000 x 29.77 

30 in.  1,000 x 36.04 

33 in .  1,000 x 42.31 

36 in.  1,000 x 48.60 

36 in.  5,000 x 48.'60 

(5,000 i s  f o r  power house connect ions)  
Exp J o i n t s  20 x 2 = 40 x 500 



S a l t  - 
$1 1 .OO/ton fo r  MgC1 i n  28% so1ut;ion i n  100,000 t o n  q u a n t i t y  

FOB Great S a l t  Lake - inc lude  sh ipp ing  allowance and use 

$1 5.00 per  ton. 

S a l t  pond ' 
. .  . .  

Use 25% i n  b o t t o r K f t  and 25 - 0% i n  t o p  5 f t  

'Equiva lent  s a l t  volume = 1 + 2.5 = 3.5 f t  deep . 

3.5 x 4,000 x 4,000, = 56 x l o 6  ft3 a t  

80 l b / f t 3  w t  = 4.5 x l o 9  l b  

- - 6 4 * 5  = 2.25 x 10 tons 2 x 10 

6 Cost = 2.25 x 10 x $15.00 = 33,750,000 . 

25 f o r  25% x x  33.75 = 30.1 m i l l i o n  

S a l t  - membrane pond 

Use $15.00 per t on  f o r  28% 

Use 25% - 0% i n  t op  3 ft 

Equiva lent ,  1 1/2 f t  a t  25% 

1 . 5 ~  4,000 x 4,000 ft3 

= 24 x l o 6  ft3 

9 
- 6 - log2 i0 = 0.96 x 10 tons 2 x 10 

a t  $15.00/T = $14.4 m i l l i o n  

f o r  25% - 2 5 1 2 8 ' ~  14.4 = $12.9 m i l l i o n  

G e l l i n g  Agent 

Use, f o r  reference pond, a syn the t i c  polymer a t  $1.00/1 b and 1% 

concentrat ion.  



3 f t  t h i c k  

0.01 3 l o 9  = 3 x ~ ~ 7 =  
. . 

$30,000,000 

5.1.2 Shallow Pond Cost Est imate 

Pond ( f rom UCRL-51783) w i t h  a- l o n g  1 i f e  design; est imated component 
2 cos ts  per f t . 

S i t e  p repa ra t i on  $0.10 

Moisture b a r r i e r  0.04 

Bottom i n s u l a t i o n  0.37 

Water bag ' 0.25 

Acry.1 i c panel s 0.52 

Curbing and mounts 0.33 

Assembly hardware. and i n s t a l l a t i o n  0.05 

P ip ing  and f i t t i n g s  0.05 

Pumps and motors 
. . 

0.06 

Instruments and c o n t r o l s  0.05 

$1.82 
6 2 For a 16 x 10 ft pond, t h i s  c o s t  i s :  

6 1.82 x 16 x 10 =,$29.12 m i l l i o n  

For t h e  r e s e r v o i r  cost ,  use the  same volume as the  storage 

ha1 f o f  t he  nonconvect ing pond. 

3 f t  x 16 x l o 6  = 48 x l o 6  ft3 

For a pond 48 f t  deep, t h e  sur face  area i s :  

The pond i s  thus 1,000 f t  on a side. 

The c o n s t r u c t i o n  cos ts  a re  esti 'mated a t :  



Dike 

4,000 ft = 1,333 y d  

. . x 20 y d  h i g h . x  30 y d  wide equ iva len t  = 799,800 y d  

a t  $l.OO/yd - = $ 800,000 

L i n e r  

Procurement: . , 

6 
. . : 10 f t  x 0.27 = 270,000 

I n s u l a t i o n :  

106 ft2 x 0.37 370,000 

Cover: 

To ta l  r e s e r v o i r c o s t  $1,620,000 

5.2 Pond Operat ing Cost Estimates 

5.2.1 Pond Operat ing Costs 

'\ Annual Cost 

Operat ion l abo r ,  ,l m a n l s h i f t  $ 40,000 

L i n e r  maintenance\ and rep1 acement a1 lowance 500,000 

General maintenance allowance 40,000 

Sal t r e p l  acemen t .a1 lowance 

5.2.2 Operat ing Cost Est imate - Shallow So lar  Pond 

Use 3 years f o r  1 i f e  o f  water bag - a t  $0.25/ft, replacement c o s t  = 

6 16 x 10 x 0.25 = $4,000,000 every 3 years 

Assuming a continuous, s t a b l e  l e v e l  o f  replacement, t h i s  cos t  i s  

$1,333,000/yr; Est imated ope ra t i ng  cos ts  are: 

Labor $ 40,000) 

Maintenance 40,000 

Rep1 acement p a r t s  1,400,000 

$1,480,000/yr 



I 
5.3 Power Plant Costs 

Power plant  costs  and'power costs  were estimated with GEOCOST and hand 

calculations.  Resul t s . ' a re  summarized i n  Tables 5.3 and 5.'4 and Figure 5.1. 

In the  costs  given below, there' i s  enough variat ion i n  each system tha t  

posit ions .could be reversed. 

The estimated cost  of power ranges from 114.4 mills/kW-hr fo r  .the mem- 

brane pond to  203.6 mills/kW-hr fo r  .the nonconvecting s a l t  pond on a f lash 

steam cycle. If s a l t  were f ree ,  a cos t  of 64.6 mills/kW-hr.might be achieved. 

Power costs  a r e  based on a duty cycle of 0.85. 

The GEOCOST model was developed a t  Battelle-Northwest t o  comput,e the  

costs  associated w i t h  ext ract ing geothermal resources from the  ear th  and 

then using them t o  produce e l e c t r i c i t y .  . I t  has the  capabi l i ty  of simulating 

the production of e l e c t r i c i t y  from nearly any combination of resource type.  

and qua1 i t y  and plant  design. I t  i s  pa r t i cu la r ly  we1 1 sui ted f o r  compara- 

t ive  analyses. This model has been adapted fo r  t h i s  study t o  allow subst i -  

tut ion of a so l a r  pond fo r  the geothermal reservoir .  The costs  of the 
reservoir  were changed to  allow f o r  the  d i f f e r en t  resource. The cost  a t  

the plant  and other  economic assumptions a r e  unchanged. The plant  i s  

assumed t o  be operating with an 85% load factor .  

Geothermal reservoir  cos.ts a r e  separated,  in to  three  categories:  

exploration, development and operation. The exploration costs  include 

a l l  those incurred searching fo r  and securing a geothermal, s i t e .  .These 

a re  s e t  t o  zero f o r  the  so l a r  pond case. The development costs  a r e  the 

well d r i l l i n g  costs  plus the  transmission and disposal systems construc- 

t i o n  costs .  For  t h i s  anal-$si.s t he  ezpense gf the so la r  pond i s  subst i -  

tuted fo r  t h a t  of a.producing well and the  f l u id  transmission costs  a r e  

the  same. as  f o r  a geothermal f i e l d  w i t h  one wel.1. Operation costs  fo r  

the so la r  pond begin t he  f i r s t  year of power.plant operation and are.  a 

constant annual expense f o r  the  30-year l i f e  of the  project .  Included in  
. . 

t h i s  expense i s  an annual charge fo r  replacing the  pond cover every 7 years 

and. the  cost  of makeup water. 



I 

I, TABLE5.3. 10 MNe So la r  Pond Concepts - Economic Summary 

Nonconvect i  ng Fre?* Geothermal 
Steam B i n a r y  Membrane Gel S h a l l  ow S a l t  Reference 

Pond c o z t  41.6 41.6 28.0 41.4 31.1 11.5 
( $  x 10 ) 

4.5 

P l a n t  c a p i t a  b 17.148 7.107 7.107 
c o s t  ( $  x 10 ) 

ID 
- --- 

I n s t a l l e d  c o s t  8,590 6,366 4,588 6,339 4,993 2,236, 1,864 
($/kW n e t )  

Cost o f  power 
( i n i  11 s/kW-hr) 

*Free s a l t  i s  t h e  case where t he  s o l u t e  f o r  t h e  nonconvect ing s a l t  g r a d i e n t  pond i s  
a v a i l z b l e  a t  no cos t .  



TABLE 5.4. 10 MWe So la r  Pond Concepts -Thermodynamic Sumnary 

p l a n t  Type Steam P l a n t  B i  nary/Isobutane P lan t  
Pond Operat ing Temp. 90°C 80" C 90" C 80°C 70°C 

Pond Flow Rate 28.1 54.5 23.6 33.1 50.3 
(106 1  b /h r )  

,Make-up Water Rate 0.794 1.130 0.326 0.403 0.555 
(106 I b / h r )  . . 

Net H a t  Rate 8 0.1429 0.2337 0.3490 0.4305 0.5776 
(10 Btu/kW-hr) ' , .  

Net Power ou tpu t  6.652 4.882 7.653 7.151 6.143 
(MW) 

P l a n t c a p i t a l c o s t .  17.148 21.478 . 7.107 8.109 10.039 
(106 $1 

I n s t a l l e d c o s t  ' 8 , 6 9 0 '  12,348 6,366 6,866 8,404 
($/kW Net )  

I n  t reatment  .of t h e  above ' r e s e r v o i r  cos ts  two account ing methods were 

used which warrant  d iscussion.  I n  t he  geothermal case they  are  assumed t o  

be reasonable as t a x  i ncen t i ves  t o  p o t e n t i a l  i nves to rs .  Th is  may no t  be 

an appropr ia te  assumption i n  t h e  s o l a r  pond system. 

The f i r s t  o f  these i s  d i v i d i n g  t h e  producing w e l l  cos t s  (here the  

s o l a r  pond c o s t )  i n t o  t a n g i b l e  and i n t a n g i b l e  par ts .  The t a n g i b l e  p o r t i o n  

i s  c a p i t a l i z e d  and recovered through a  dep rec ia t i on  account. The i n t a n g i -  

b l e  p o r t i o n  i s  t r e a t e d  as a  t a x  deduc t i b le  expense du r i ng  the  year  

incur red .  Th is  i s  pa t te rned a f t e r  t h e  o i l  i n d u s t r y  where t h e  t a x  law 

a l l ows  a  company t o  d i f f e r e n t i a t e  between t h a t  p o r t i o n  o f  w e l l  cos t  which 

i s  a c t u a l l y  deprec iab le  c a p i t a l  ( t a n g i b l e  assets)  and the  o the r  expenses 

associated w i t h  d r i l l i n g  o f  a  w e l l .  

The second i s  t h e  use of sum-of-the-year ' s - d i g i  t s  dep rec ia t i on .  Th is  

method, which i s  more acce le ra ted '  than s t r a i g h t - 1  i n e  deprec ia t ion ,  can 

bes t  be exp la ined through the  use o f  an example. I f  t h e  deprec iab le  l i f e  

o f  an asset  i s  4  years, then t h e  dep rec ia t i on  r a t e  f o r  those years w i l l  be 

as fo l l ows :  . . 
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FIGURE 5.1. So la r  Pond E l e c t r i c a l  Power Generat ion - Cost o f  Power Versus Pond 
Cost (based on 10 MW,gross power p l a n t  b inary / i sobu tane  power c y c l e )  



4 + 3 + 2 + 1 = 10 (Sum-of-the-Year's-Digits) 

1 s t  year  dep rec ia t i on  r a t e  = 4/10 

2nd year dep rec ia t i on  r a t e  = 3/10 

3 rd  year dep rec ia t i on  r a t e  = 2/10 

4 t h  year  dep rec ia t i on  r a t e  = 1/10 
10/10 

The c a p i t a l  equipment a t  the  power p1an.t i ,s depreciated us ing  the  

same method. The c o s t  ,of  t h e  equipment and of operat ing t h e  p l a n t  were 

obtained f rom both  i n d u s t r y  vendor data and u t i  1  i ty  operators. Annual 

p l a n t  expenses a r e  comprised of four  elements: opera t ing  costs = $1,455 

( p l a n t  s i z e  i n  M W , ) ~ ' ~ ;  maintenance = 0.004 ( p l a n t  c a p l t a l  i n  $) ;  i n t e r i m  

p l a n t  c a p i t a l  replacement = 0.035 ( p l a n t  c a p i t a l  i n  $); and proper ty  

insurance and taxes and o ther  taxes. The insurance and t a x  r a t e s  are 

shown below along w i t h  those f o r  t h e  r e s e r v o i r .  

Financing and Tax Assumptions 

Reservoi r  Power P l a n t  
(%) (%)  

C a p i t a l i z a t i o n  

Debt 

Equi ty 

Bond I n t e r e s t  Rate 
Return on Equ i t y  

. Federal Income Tax 

State Income Tax 

Property Tax Rates 

S t a t e  ~ e v c n u c  Tax 

Property Insurance 

I n  general, t h e  GEOCOST program solves f o r  t h e  u n i t  cos t  o f  energy 

by  equat ing the  present  worth o f  revenues and expenses over t he  use fu l  

l i f e  o f  t h e  power p lan t .  The program provides f o r  i n c u r r i n g  debt  and 

e q u i t y  a t  a spec i f ied  r a t i o  when expenses exceed revenues and repaying 

debt  and e q u i t y  i n  t h e  same r a t i o  when revenues exceed expenses. A t  the  



end o f  t h e  p r o j e c t ,  deb t  and e q u i t y  a r e  e x a c t l y  r e p a i d  and t h e  p r o j e c t  

e x a c t l y  earns t h e  s p e c i f i e d  r a t e  o f  r e t u r n .  Assumptions about t ax ,  deb t -  

t o - e q u i t y  r a t i o s  and t a x  d e d u c t i b l e  expenses were made assuming a  l a r g e  

o i l  company ope ra t i ng  t h e  r e s e r v o i r  and an investor-owned u t i l i t y  ope ra t i ng  
-- 

t h e  power p l a n t .  Ihe  t a x  r a t e s  a r c  a  composite, t y p i c a l  o f  t h e  Western 

States.  

The GEOCOST model does n o t  app l y  a  f i x e d  charge r a t e  t o  c a p i t a l  t o  

determine t h e  annual expenses assoc ia ted  w i t h  t h a t  c a p i t a l .  Ins tead  i t  

c a l c u l a t e s  each component separa te ly .  A f i x e d  charge r a t e  equ i va len t  t o  

t h e  sum o f  t h e  charges used i n  GEOCOST can be de r i ved  f o r  comparison. 

Th i s  i s  done below. The annual r a t e s  which went i n t o  t h e  components o f  

t h i s  f i x e d  charge r a t e  a r e  g i ven  above i n  t h e  l i s t  o f  f i n a n c i n g  and t a x  

assumptions. 

To ta l  r e t u r n  on c a p i t a l  p l u s .  a m o r t i z a t i o n  10.01% 

I n t e r i m  c a p i t a l  replacements 0.35 

Federal  and s t a t e  taxes 2.95 

P rope r t y  taxes  and insurance 2.61 
. . 15.92% 

T o t a l  r e t u r n  on c a p i t a l  p l u s  a m o r t i z a t i o n  i nc l udes  t h e  a f t e r - t a x  r e t u r n  on 

e q u i t y  and bond in te res t . . ,  The a m o r t i z a t i o n  p o r t i o n  of t h i s  f i g u r e  i s  t h a t  

smal l  f r a c t i o n  of p l a n t  c a p i t a l  which, when 'set  as i de  each year  a t  a  r a t e  

equal t o  t h e  r e t u r n  on c a p i t a l ,  w i l l  y i e l d  a  fund equal t o  t h e  i n i t i a l  

p l a n t  c a p i t a l  a t  t h e  end o f  t h e  p r o j e c t .  I n t e r i m  p l a n t  c a p i t a l  rep lace-  

ments a r e  those which g e n e r a l l y  have t o  be made d u r i n g  each year  o f  normal 

ope ra t i on .  S ta te  taxes i n c l u d e  income and revenue taxes.  The o n l y  f ed -  

e r a l  t a x  i nc l uded  i s  income tax .  

The t o t a l  o f  15.92% f o r  f i x e d  charges . i s  h i ghe r  than  would tje used i n  

subsequent i t e r a t i o n s .  F i f t e e n  percen t  i s  commonly used today and i n  some 

cases t h i s  m igh t  be as low as 12 t o  13%. Whi le t h e  use o f  a  h i ghe r  number 

tends t o .  inc.rease t h e  c a l c u l a t e d  c o s t  o f  power, i t  i s  a  m i l d  conservat ism 

i n  t h e  con tex t  o f  t h i s  r e p o r t .  



The c a l c u l a t j o n s  below show. t h e  apprqximate power p l a n t  cos t ,  based 

on the  hand c a l c u l a t i o n s  o f  p l a n t  operating conditions. The bases f o r  t h e  

cos ts  a re  somewhat d i f f e r e n t .  than those c a l c u l a t e d  by GEOCOST. 

Heat exchanger:. 

preheater  38,000 ft2 

vapor izer  77,400 

superheater 2,750 

main condenser 75,000 

,Tota l  area = 193,150 ft2 . , 

a t  $12.00/f t2 $2,317,000 

Turbogenerator @ $lOO/kWe i n s t a l  1 ed" 1,000,POO 

A u x i l i a r y  heat  exchangers f o r  t u r b i n e  

o i l  coolers,  e tc . ,  @ 10% o f  t o t a l  

HX area 200,000 

Cool ing tower @ $75/kWe I n s t a l l e d  750,000 

Support equipment (crane, e t c .  ) 500,000 

P ip ing  and pumps 200,000 

B u i l d i n g  and foundat ions 

E l e c t r i c a l  sw i tch  ya rd  

Design 

Admin i s t ra t i on  

P a r a s i t i c  pumping power 1 osses: 

Assume a pump e f f i c i ency  of 85% 

Pumping losses f o r  t h e  s o l a r  pond water were assumed t o  be 1 i m i t e d  

pr imari l ;  t o  pressure drops through heat  exchangers. The t o t a l  l eng th  o f  

t h e  preheater,  vapor jzer  and,superheater would be approx imate ly  300 ft. 

Head l o s s  due t o  p ipe  f r i c t i o n  i n  t h e  d i s t r i b u t i o n  system t o  and f rom t h e  

pond cou ld  be ve ry  smal l .  



For  c o o l i n g  water  t o  c o o l i n g  tower,  assume a head l o s s  of 45 ft. 

7 1b 1 b 1 l b  HP = 1 5 4  X 10 5 (19.51 7) 3600 
(62.4 ?) i n .  - 

h r 

144 i n .  

sec 

350.2 HP 0.746 kW , 307 kWe Power consumption = 0.85 H P 

Condenser c o o l i n g  water :  

Assume a pressure drop of 10 p s i  

HP = QCw (10 p s i )  

The pressure drop i s  approx imate ly  112 of t he  drop t o  t h e  c o o l i n g  

tower 

:. power consumption %150 kW 

Cool ing tower fan power requi rements a r e  t y p i c a l l y  500 kW f o r  t h e  

tower c o n d i t i o n s  assumed. 

Isobutane pump requi rements:  

HP = QWf  Ap = Qwf (pl - p2)  = Qwf (185-69) 

678 (0.746) = 595 kWe Power consumption = 0.85 

Sola r  pond water  pumping requirements:  

Assume a 30 p s i  t o t a l  pressure drop through vapo r i ze r ,  superheater 

and vapo r i ze r .  



: . 

Power consumption = 850 (0.746) = 746 kWe 

To ta l .  p a r a ' s i t i c  power' losses: 
I 

Cool ing tower f a n  

Condenser cool  i n g  pump 

Working f l u i d  pump 

Pond water pump 

Cool ing tower pump 

I n s t a l l e d  p l a n t  c o s t  based on n e t  output :  

= 2 $900 per k~ 10-2.3 x ',,  0 

The wet coo l i ng  tower operat fng cond i t i ons  shown I n  F igure  5.2 were 

assumed fo r  cos t  e,stimates. 

The summary data f o r  t h e  cyc le .  condl t i o n s  run  on the  computer a re  

shown i n  Tables 5.5 through 5.15. 

5.4 Thermal Energy Cost Est imate 

Using average U.S. i n s o l a t i o n  of 5 0 0 , 0 0 0 . ~ t u / f t ~ ,  w i t h  a pond cos t  

( i n c l  uding pumps, heat  exchangers, etc .  ) o f  $1.60 ft2, 15% f i x e d  charges, 

and a c o l l e c t i o n  and use e f f i c i e n c y  o f  25%, t h e  cos t  per  m i l l i o n  Btu i s :  

$1 . 5 0 / f t L  x 0.15/yr 
0.25 e f f  x 500,000 ~ t u / f t ~ / h r  = $1 .80/ lo6 Btu 

S a l t  replacement and o the r  opera t ing  cos ts  would add t o  t h i s .  
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FIGURE ' 5.2. Wet Cool ing Tower Operat ing Condi t i o n s  Assumed 



TABLE 5.5. Comparative Eva lua t i on  o f  So la r  Pond Concepts: 
Nonconvecting S a l t  @ 90°C - B inary  Cycle 

INITIAL SYSTEM CONDITIONS OPERATING CONDITIONS 

Pond Operat ing Temperature: 90°C (194°F) Pond Water Flow Rate ( l b / h r ) :  2.36 k l o 7  
Wet Bulb Temperature: 55°F Working F l u i d  Flow Rate ( l b / h r ) :  2.75 x l o 6  
Ove ra l l  Turb ine E f f i c i e n c y :  +73% Cool ing Water Flow Rate ( I b / h r ) :  1.65 x 10 

7 

Turb ine Exhaust Pressure: 69 p s i a  Make-up Water f o r  Cool ing.  Tower ( l b / h r ) :  3.2 x 10 
5 

Pressure Drop i n  Heat Exchangers: 10 p s i  Net Power Output (MW,): 7.6 MWe 

POWER PLANT THERMODYNAMIC PERFORMANCE 

A t  o f  Pond Water: 19°F Heat Exchanger Parameters: 

Cool i ng Water Temperature: 6 

Condensing Temperature: 97OF 

Net Heat Rate (Btu/kW-hr): 3 .49 l o 5  
P a r a s i t i c  Power Losses 

Coo l ing  water :  1.0 MWe 
- 

Working f l u i d :  0.5 MWe - 

Pond water :  0.8 MWe 

Areas Ove ra l l  U 

Main Condenser 50,500 ft2 264 ~ t u / h r / f t ' / " ~  

Prehea t e r  34,616 114 

Vapor izer  76,230 258 

Superheater 2,865 88 

Ac tua l  Rankine E f f i c i e n c y  (%) :  7.63% 

COST SUMMARY. 

Power P l a n t  Cap i t a l  Cost: $7,100,000 I n s t a l l e d  Cost Per Net kW Output:  $6,366/kwe 

Pond. Cost : $41 ,678,000 Energy Cost a t  Bus Bar:  150.2 mi ls/kW-hr 



TABLE .5.6. Comparative Eva1 u a t i o n  o f  Sol a r  Pond Concepts: 
Nonconvecting S a l t  @ 80°C - Binary Cycle . 

INITIAL SYSTEM CONDITIONS OPERATING CONDITIONS 

Pond Operat ing Temperature: 80°C (176°F) Pond Water Flow R a t e . ( l b / h r ) :  .3.31..x 10 7 

Wet .Bulb Temperature: 55°F Working F l u i d  Flow Rate ( I b / h r ) :  3.47 x l o 6  
Overa l l  Turbine Ef f i c iency :  %73% Cool ing Water Flow Rate ( I b / h r ) :  2.04 x 10 7 

Turb ine 'Exhaust Pressure: 69 p s i a  Make-up Water f o r  Cool ing Tower ( l b /h - ) :  4.03 x l o 5  
Pressure Drop i n  Heat Exchangers: 10 p s i  Net Power Output (MW,): 7.1 MWe 

. . 

POWER PLANT THERMODYNAMIC PERFORMANCE 

A t  of Pond Water: 17OF Heat Exchanger Parameters: 

Cool ing Water 'Temperature: 67°F Areas O9t,era1l U 

Condensing Temperature: 97OF Main Condenser 69,900 ft2 264 ~ t u / h r / f t ' / ' ~  
5 N e t H e a t   ate (Btu/kW-hr): 4 . 3 ~  10 Preheater 40,100 108 . .  

P a r a s i t i c  Power Losses Vaporizer 104,000 257 

Cool ing water: 1.3 MWe Superheater 3,060 81 . 

Working f l u i d :  0.5 MWe Actual  Rankine E f f i c i e n c y  (%)  : 6.26% 

Pond water:  1.1 MWe 

COST SUMMARY. 

Power P lan t  Cap i ta l  Cost: $8,109,000 I n s t a l l e d  Cost Per Net kW Output: $6,866/kWe 

Pond Cost: $41,678,000 Energy Cost a t  Bus Bar: 166.8 mils/kW-hr 



TABLZ 5.7. Comparative Eva lua t i on  o f  So la r  Pond Concepts: 
Nonconvecting S a l t  @ 70°C - B inary  Cycle 

INITIAL SYSTEM CONDITION' OPERATING CONDITIONS 

Pond Operat ing Temperature: 70°C (158°F) Pond Water Flow Rate ( l b / h r ) :  5.03 x 10 7 

Wet Bu lb  Temperature: 55°F Working F l u i d  Flow Rate ( l b / h r ) :  4.88 x 10 6 

O v e r a l l  Turb ine E f f i c i e n c y :  ~ 7 3 %  Coo l ing  Water Flow Rate ( l b / h r ) :  2.82 x l o 7  
Turb ine Exhaust Pressure: 69 p s i a  Make-up Water f o r  Cool ing Tower ( l b / h r ) :  5.6 x 10 5 

Pressure Drop i n  Heat Exchangers: 10 p s i  Net Power Output (MWe): 6.1 MWe 

. . 
POWER PLANT THERMODYNAMIC PERFORMANCE 

A t  o f  Pond Water: 15°F Heat Exchanger .Parameters: 

Coo l ing  Water Temperaturn: 67°F 
N 

Condensing Temperature: 97°F - 

Net Heat Rate (Btu/kW-hr): 5.8 x l o 5  
P a r a s i t i c  Power Losses 

Cool i n g  water:  1 - 7  MI;, 

Working f l u i d :  0.5 MHe 

Pond water :  1.6 MUe 

Areas Ove ra l l  U 

Main Condenser 110,000 ft2 264 ~ t u / h r / f t ' / " ~  

Preheater 48,200 104 

Vapor izer  - 154 3.300 259 

Superheater 3,800 7 6 

Ac tua l  Rankine E f f i c i e n c y  (%) : 4.6% 

COST SUMMARY 

Power P l a n t  Cap i t a l  Cost: $1 0,040,000 I n s t a l  l e d  Cost Per Net kV Output:  $8,404/kWe 

Pond Cost: $41,678,000 Energy Cost a t  Bus Bar:  206.5 mi ls/kW-hr 



TABLE 5.8. Comparative Eva1 u a t i o n  of So la r  Pond Concepts: 
Nonconvecting S a l t  @ 90°C - Flashed Steam Cycle 

INITIAL SYSTEM CONDITIONS OPERATING CONDITIONS 

Pond Operat ing Temperature: 90°C (194°F) Pond Water Flow Rate ( l b l h r ) :  2.81 x 10 7 

Wet Bulb Temperature: 55°F 5 Working F l u i d  Flow Rate ( l b l h r ) : .  9.'57 x 10 (steam) 

O v e r a l l  Turb ine E f f i c i e n c y :  %78%* Cool ing Water Flow ~ a t e ( I b / h r ) :  2.49 x l o 7  
Turb ine  Exhaust Pressure: ~2 p s i a  Make-up Water f o r  Cool i n g  Tower (1  b l h r )  : 7.. 9 x 1 o5 
Pressure Drop i n  Heat Exchangers: 10 p s i  Net Power Output (MWe): 6.6 MWe 

POWER PLANT THERMODYNAMIC PERFORMANCE 

A t  o f  Pond Water: 34°F Heat Exchanger Parameters: 

Coo l i ng  Water Temperature: 67°F Areas Ove ra l l  U 

Condensing Temperature: 97°F Main Condenser 

Net Heat Rate (BtuIkW-.hr): 1.42 x l o 5  Prehea t e r  

P a r a s i t i c  Power Losses Vapori  ze r  

Cool i ng water :  1 .38 MWe Superheater 

Working f l u i d :  % Ac tua l  Rankine E f f i c i e n c y  (%)  : 

Pond water :  0.92 MWe 

COST SUMMARY. 

Power P l a n t  Cap i t a l  Cost: $17,148,000 I n s t a l l e d  Cost Per Net kW Output:  $8,690/kWe 

Pond Cost : $41 ,678,000 Energy Cost a t  Bus Bar: 203..6 mils/kW-hi. 

* The t u r b i n e  e f f i c i e n c y  assumed i n  t h e  GEOCOST computer program i s  t y p i c a l  o f  
t u r b i n e s  ope ra t i ng  a t  pressures above those a v a i l a b l e  f rom s o l a r  pond steam. 



TABLE 5.9. Comparative Evaluat ion o f  Solar  Pond Concepts: 
Nonconvecting S a l t  @ 80°C - Flashed Steam Cycle 

INITIAL SYSTEM CONDITIONS . . OPERATING CONDITIONS 
7 Pond Operat ing Temperature: 80°C (1 76°F) Pond Water Flow Rate ( I b / h r ) :  5.4 x 10 

Wet Bulb Temperature: 55°F Working F l u i d  Flow Rate ( l b / h r ) :  1.4 x 10 6 

Overa l l  Turbine E f f i c i e n c y :  %78X* Cool ing Water Flow Rate ( lb / ,h r ) :  3;6 x 10 7 

Turbine Exhaust Pressure: ~2 ps ia  Make-up Water f o r  Cool ingTower (Jb/hr):  1.1.3 i l o 6  
Pressure Drop i n  Heat Exchangers: 10 p s i  Net Power Output (MW,): 4.9 MWe 

POWER PLANT THERMODYNAMIC PERFORMANCE 

A t  o f  Pond Water: 25°F Heat Exchanger Parameters: 

Cool i n g  Water Temperatur?: 67OF Areas o v e r a l l  U ' 

Condensing Temperature: 97OF Main Condenser 
5 Net Heat Rate (Btu/kW-hr): 2.3 x 10 Prehea t e r  

P a r a s i t i c  Power Losses Vaporizer 

Cool ing water: 3.4 MWe . . Superheater 

Working f l u i d :  Q, Actual  ,Rankine E f f i c i e n c y  (%):  

Pond water: 1.6 Mll, 

. . 
COST SUMMARY. 

Power P lan t  Cap i ta l  Cost: $21,478,000 I n s t a l l e d  Cost Per Net kW Output: $12,348/kWe 

Pond Cost: $41,678,000 Energy Cost a t  Bus Bar: 238.3 mils/kW-hr 

* The t u r b i n e  e f f i c i ency  assumed i n  the  GEOCOST computer program i s  t y p i c a l  o f  
tu rb ines  operat ing a t  pressures .above those a v a i l a b l e  from so la r  pond steam. 



TABLE 5.10. Comparative Eva1 u a t i o n  o f  So la r  Pond Concepts: 
Membrane 8 90°C - B inary  Cycle 

INITIAL SYSTEM CONDITIONS OPERATING CONDITIONS 

Pond Operat ing Temperature: 90°C (1 94°F) Pond Water Flow Rate ( l b l h r ) :  2.4 x 10  7 

Wet Bulb Temperature: 55°F Working F l u i d  Flow Rate ( l b l h r ) :  2.8 x 10 6 

Ove ra l l  Turb ine E f f i c i e n c y :  %73% Cool ing Water Flow Rate ( l b l h r ) :  1.7 x 10 7 

Turb ine  Exhaust Pressure: 69 p s i a  Make-up Water f o r  Cool ing Tower ( l b j h r ) :  3.3 x 10 5 

Pressure Drop i n  Heat Exchangers: 10 p s i  Net Power Output (MWe): 7.6 MWe 

POWER PLANT THERMODYNAMIC PERFORMANCE 

A t  o f  Pond Water: 29°F Heat Exchanger Parameters: 

Coo l ing  Water Temperature: 67°F 

Condensing Temperature: 97°F - 

Areas Ove ra l l  U 

Main Condenser 50.500 ft2 264 ~ t u l h r l f t ~ l " ~  

Net Heat Rate (Btu lkW-hr) :  3.5 x l o 5  Prehea t e r  34,600 114 

P a r a s i t i c  Power Losses Vapor ize r .  76,230 258 

Cool ing water:  1.0 MWe 

Working f l u i d :  0.6 MWe 

Pond water :  0.8 MWe 

Superheater  2,870 88 

Ac tua l  Rankine E f f i c i e n c y  (%)  : 7..6% 

COST SUMMARY. 

Power P l a n t  Cap i t a l  Cost: $7,107,000 I n s t a l l e d  Co'st Per Net kW Output:  $4,538/kWe 

Pond Cost: $28,013,000 Energy Cost a t  Bus Bar: 114.4 rnils1kW-7r 



TABiE 5.11. Comparative Eva lua t i on  o f  So la r  Pond Concepts: 
Gel @ 90°C - B ina ry  Cycle 

INITIAL SYSTEM CONDITION3 OPERATING CONDITIONS 

Pond Operat ing Temperature: 90°C (194OF) Pond Water Flow Rate ( l b / h r ) :  2.36 x l o 7  
Wet Bu lb  Temperature: 5S°F Working F l u i d  Flow Rate ( l b / h r ) :  2.75 x: 10  6 

o v e r a l l  Turb ine E f f i c i e n c y :  r~73% Cool i n g  Water Flow Rate (1  b / h r )  : 1.65 x 10' 

Turb ine  Exhaust Pressure: 69 p s i a  Make-up Water f o r  Cool ing Tower ( l b l h r ) :  3.2 x 10 5 

Pressure Drop i n  Heat Ex1:hangers: 10 p s i  Net Power Output (MWe): 7.6 MWe 

POWER PLANT THERMODYNAMIC PERFORMANCE 

A t  o f  Pond water :  lg°F Heat Exchanger Parameters: 

cn Coo l ing  Water Temperature: 67°F Areas Ove ra l l  U 
N 
P Condensing Temperature: 9 7 O F  - Main Condenser 50,500 f t2 264 ~ t u / h r / f t ' / ' ~  

Net Heat Rate (Btu/kW-hr l :  3.49 x l o 5  
P a r a s i t i c  Power Losses 

Cool ing water :  1.0 MWe 

Working f l u i d :  0.5 MWe 

Pond water:  0.8 MW, 

Prehea t e r  34,616 114 

Vapor izer  76,230 258 

Superheater 2,865 88 

Ac tua l  Rankine E f f i c i e n c y  (%)  : 7.63% 

COST SUMMARY 

Power P l a n t  Cap i t a l  Cost:  $7,100,000 I n s t a l l e d  Cost Per Net kW Output:  $6,339/kWe 

Pond Cost: $41,428,000 Energy Cost a t  Bus Bar:  149.6 m i l  s/kW-hr 



TABLE 5.12. Comparative Eva1 u a t i o n  o f  So la r  Pond Concepts: 
Shallow Pond @ 90°C - B ina ry  Cycle 

INITIAL SYSTEM CONDITIONS OPERATING CONDITIONS 

Pond Operat ing Temperature: 90°C (194°F) Pond Water Flow Rate ( l b / h r ) :  2.4 x 1 0  
7 

Wet Bu lb  Temperature: 55°F Working F l u i d  Flow Rate ( l b / h r ) :  2.3 x 10 
6 

Ove ra l l  Turb ine E f f i c i e n c y :  %73% Cool ing Water Flow Rate ( l b / h r ) :  1.7 x 10 
7 

Turb ine  Exhaust Pressure: 69 psis Make-up Water f o r  Cool ing Tower ( l b / h r ) :  3.3 x 10 
5 

Pressure Drop i n  Heat Exchangers: 10 p s i  Net Power Output (MWe) : 7.6 MWe 

POWER PLANT THERMODYNAMIC PERFORMANCE 

A t  o f  Pond Water: 29°F. Heat Exchanger Parameters: 

Coo l ing  Water Temperature: 67°F Areas Ove ra l l  U 
N 

Condensing Temperature : 97°F Main Condenser 50,500 ft2 264 ~ t u / h r / f t ~ / " ~  

Net Heat Rate ( ~ t u / k ~ - h r ) :  3.5 x l o 5  Preheater 34,600 114 

P a r a s i t i c  Power Losses Vapor izer  76,230 258 

Cool ing water:  1.0 MWe Superheater 2,870 88 

Working f l u i d :  0.6 MWe Ac tua l  Rankine E f f i c i e n c y  ( % )  : 7.6% 

Pond water :  0.8 MWe 

COST SUMMARY 

Power P l a n t  Cap i t a l  Cost: $7,107,000 I n s t a l l e d  Cost Per Net kW Output:  $J,933/kWe 

Pond Cost : $31 ,160,000 Energy Cost a t  Bus Bar: 124.9 mi ls/kW-nr 



TABLE 5.13. Comparative Eva1 u a t i o n  o f  So la r  Pond Concepts: 
Nonconvecting S a l t  (Free S a l t )  @ 90°C - Binary 
Cycl e 

INITIAL SYSTEM CONDITIONS OPERATING CONDITIONS 

bo'nd Operat ing Temperature: 90°C (1 9 4 " ~ )  Pond Water Flow Rate (1 b l h r )  : 2.4 x l o 7  
Wet Bul b Temperature: 55'"F Working F l u i d  Flow Rate ( l b l h r ) :  2.8 x 10 6 

Overa l l  Turbine E f f i c i e n c y :  %73% Cool ing Water Flow Rate ( I b l h r )  : 1.7 x 10 7 

Turb ine Exhaust, Pressure: 69 p s i a  Make-up Water f o r  Cool ing Tower ( l b l h r ) :  3.3 x l o 5  
Pressure Drop i n  Heat Exchangers: 10 p s i  Net Power Output (MWe): 7.6 MW, 

POWER PLANT THERMODYNAMIC PERFORMANCE 

A t  o f  Pond Water: 19°F Heat Exchanger Parameters: 

cn Cool ing Water Temperature: 67°F Areas Overa l l  U 
r u  
cn Condensing Temperature: '97°F - Main Condenser 50,500 ft2 264 ~ t u / h r / f t ~ / " ~  

Net Heat Rate (BtuIkW-hrj :  3.5 x 10" Preheater 34,600 , 114 

P a r a s i t i c  Power Losses 

Cool i ng water: 1.0 MW, 

Working f l u i d :  0.6 MW, 

Pond water:  0.8 MW, 

. . 

Power P lan t  Cap i ta l  Cost: $7 , I  00,000 

Pond Cost: $1 1,528,000 

Vaporizer 76,200 258 

Superheater 2,860 88 

Actual  Rankine E f f i c i e n c y  (%)  : 7.63% 

COST SUMMARY. 

I n s t a l l e d  Cost Per Net kW Output: $2,236/kWe 

Energy Cost a t  Bus Bar: 71.1 mils1kW-hr 



TABLE 5.14. Comparative E v a l u a t i o n  o f  S o l a r  Pond Concepts: 
Geothermal Reference P l a n t  O 177°C - B i n a r y  
Cyc 1 e 

IN IT IAL  SYSTEM CONDITIONS OPERATING CONDITIONS 

Pond Opera t ing  Temperature:. 177°C (350°F) Pond Water Flow Rate ( l b / h r ) :  3.6 x 10 
6 

Wet Bu lb  Temperature: 50°F 

O v e r a l l  Tu rb ine  E f f i c i e n c y :  %73% 

Working F l u i d  Flow Rate ( l b / h r ) :  3 . 2 ~ .  l o b  
Coo l ing  Water Flow Rate (1 b / h r ) :  2.4 x 10 

7 
c 

Turb ine  Exhaust Pressure:  G O  p s i a  Make-up Water f o r  Coo l ing  Tower ( I b / h r ) :  5.2 x l o 3  
p ressure  Drop i n  Heat Exchangers: 10 p s i  Net Power Output  (MW,): 6.3 MWe 

POWER PLANT THERMODYNAMIC PERFORMANCE 

nt  of Geoth. Water: 173°F Heat Exchanger Parameters : 

y C o o l i n g  Water Temperature: 67°F Areas O v e r a l l  U 
r- - Condensing Temperature: 97°F Main Condenser 250 ~ t u / h r / f t ~ / " ~  

Net  Heat Rate ( B t u / k ~ - h r ) :  1.6 x l o 5  Prehea t e r  250 

P a r a s i t i c  Power Losses: 3.7 MWe t o t a l *  Vapor i ze r  329 

Coo l ing  wa te r :  Superheater 245 

Working f l u i d :  Ac tua l  Rankine E f f i c i e n c y  ( % ) :  5.4% 

Pond wa te r :  

COST SUMMARY 

Power P l a n t  C a p i t a l  Cost :  $7,130,000 I n s t a l l e d  Cost Per Net kW Output :  8~,854/kWe 

Pond Cost:**  $4,5'00,000 Energy Cost a t  Bus Bar:  87 mi ls/kW-hr 

* The p a r a s i t i c  power l o s s e s  i n c l u d e  a deep-we1 1 pump. 
. . ...:. . . . .*% The p.ond i.n t h i  s case i s ge.otherma1 reser.voi  r deve1opmen.t. -..- ... ... ... . .- . - ,.-. . -  - 



TABLE 5.1 5. Comparative Eva1 u a t i o n  o f  Solar  Pond Concepts: 
Nonconvecting ' Sal t Q 90°C - Binary Cycl e - 
Hand Ca lcu la t ions  

INITIAL SYSTEM CONDITIONS, OPERATING CONDITIONS 

Pond Operat ing Temperature : 90" C (1 94°F) Pond Water Flow Rate ( l b / h r ) :  3.0 x 10  7 

Wet Bulb Temperature: 55°F Working F l u i d  Flow Rate ( l b / h r ) :  2.7 x l o 6  
Overa l l  Turb ine E f f i c i e n c , ~ :  ~ 7 5 %  Cool ing Water Flow Rate ( l b / h r ) :  1.5 x l o 7  
Turb ine Exhaust Pressure: 69 ps ia  Make-up Water f o r  Cool ing. Tower (1 b /h r ) :  

Pressure Drop i n  Heat Exdhangers: 10 p s i  Net Power Output (MUe): 7.7 MWe 

. - .  
POWER PLANT. THERMODYNAMIC PERFORMANCE 

a t  o f  Pond ~ a t b r ~ :  16°F Heat Exchanger Parameters: 

Cool i n g  Water ~emperd tu re :  67OF 
N 
co Condensing Temperature: 97OF 

~ e t  Heat Rate ( ~ t u / k ~ - h r ) :  

Areas Overa l l  U 

Main ~bndense r  7 5 , 0 0 0 f t 2  2 5 0 ~ t u / h r / f t ~ / ' ~  
, -. . 

.Preheater 38,000 ;1 00 

P a r a s i t i c  ' power Losses Vaporizer - . 77,400 250 
, - 

Cool ing water:  1.7 MW, superheater 2,750 100 

Working f l u i d :  0.6 MWe Actual  Rankine E f f i c i e n c y  (%):. 10.8% 

pond water:  " 0.7' MW, 

COST SUMMARY. * 
Power P lan t  Cap i ta l  Cost: $6,900,000 I n s t a l l e d  Cost per ~ e t  kW Output: ' $ 9 0 0 / k ~ ~  

Pond Cost: Energy Cost a t  Bus Bar: . . 
. . 

* Power p l a n t  only.  



6.0 POSSIBLE PROBLEMS 

A number o f  f a c t o r s  (some p r e v i o u s l y  mentioned) t h a t  cou ld  d e t r a c t  f rom 

the  d e s i r a b i l i t y  o f  s o l a r  ponds i nc l ude :  

B i o l o g i c a l  Degradat ion 

Th i s  s tudy has n o t  cons idered t h e  probable need t o  add chemicals o r  

o t h e r  means o f  p reven t i ng  t h e  growth of algae, p l an t s ,  e t c .  Th is  one prob- 

lem a lone cou ld  make s o l a r  ponds i m p r a c t i c a l .  

Debr is  

No mechanism i s  i nc l uded  i n  es t imates  f o r  removal o f  deb r i s  f rom ponds. 

One concept which evolved f rom t h i s  a n a l y s i s  i s  t h e  u t i l i z a t i o n  o f  a  moving 

wheel l i k e  t h e  ve ry  l a r g e  c i r c l e  i r r i g a t o r s .  A c i r c l e  i r r i g a t o r  can cur -  

r e n t l y  be . i n s t a l  l e d  f o r  $30,000 which w i l l  water  an area o f  130 acres.  Th is  
2 i s  l e s s  than $O.Ol / f t  . A s i m i l a r  mechanism, w i t h  screens at tached, which 

would move once a  week through t h e  pond removing p a r t i c u l a t e  deb r i s  m igh t  

be poss ib l e .  

Weather 

Th i s  s tudy does n o t  cons ider  p r o v i s i o n s  f o r  t h e  e f f e c t s  o f  wind and 

r a i n ,  o t h e r  than  t h e  i n c l u s i o n  o f  a  pond cover.  P r a c t i c a l  problems w i t h  a  

cover on a  pond o f  t h e  s i z e  discussed a re  unknown. It migh t  be d e s i r a b l e  

t o  break t h e  pond i n t o  a  number o f  smal l  ponds w i t h  d i kes  h i gh  enough t o  

min imize t h e  wind e f f e c t s .  

Secur i ty  Fence 

A fence t o  keep o u t  animals,  c h i l d r e n  and l a r g e  d e b r i s  m igh t  be 

des i r ab le .  

S a l t  Use 

A b r i e f  te lephone survey y i e l d e d  p o t e n t i a l  s u p p l i e r s  f o r  MgCl i n  so lu -  

t i o n  a t  a  c o s t  as low as $0.0211 b. However, r e a l  s a l t  cos t s  a r e  y e t  t o  be 

es tab l i shed .  Only a  nominal amount i s  i nc l uded  f o r  s a l t  replenishment,  

assuming t h a t  t he  s a l t  w i l l .  be desal  i n a t e d  and used i n  f r e s h  water.  How- 

ever,  some makeup a lmost  s u r e l y  w i l l  be requ i red .  



. . ,. . . .  , " ,  

Water Usage . . . , )  , . 

' L i t t l e  cons idera t ion  was g iven t o . t h e  amounts o f  water t h a t  wil.1 be 

requ i red  f o r  pond makeup and cool  ing-  towers.. This  could be'' a  ser ious 

drawback. r e  

. .- 

Constant Temperature Cycle.. . .  . . . . . . . 
' .  . ? '  

Assumptions on the  use o f  25% of the, avai'lable:.solar insolati.o'n a re  

probably o p t i m i s t i c .  To use t h e ' s o l a r  i n s o l a t i o n .  as. i t  i s  a v a i l a b l e  o r  t o  

main ta in  a  constant  pond temperature might  be q u i t e  d i f f i c u l t  i n  a r e a l i s t i c  

u t i l i t y  s i t u a t i o n .  
. . 

Energy Removal .When ,Power P lan t  . .  I s  Not . Working. . . .  . . . .  

A; concept..has. n o t  evolved f o r .  t he  p r o t e c t i o n  o f  , t he  pond when the  power 

p l a n t  i s  shut-down ...: Any power p l a n t  w i l l .  be . id le  ' du r i ng  some per iods.  ,Some 

p r o v i s i o n  must b e  made t o '  prevent ' .excessi ve heat ing o f  the  pond w i t h  subse- 

quen t ' 1oss :o f  s t a b i l i t y  when;the power p l a n t  is .down. .  ' 

Loss o f  S t a b i l i t y  

Many th ings  could lead t o  a complete l o s s  o f  s t a b i l i t y .  T h i s - c o u l d  

p u t  the pond o u t  of 'commission f o r  months and r e q u i r e  m i l l i o n s  o f  d o l l a r s  

f o r  re juvenat ion .  - Such' numbers a re  n o t  i r i c l  uded. ' 

L .  



7.0 ENVIRONMENTAL EFFECTS 

P o t e n t i a l  adverse environmental  e f f e c t s  f rom s o l a r  ponds i nc l ude :  

s a l t  d isposa l  e f f e c t s  on l a n d  o r  water;  

s a l t  e f f e c t s  on t h e  atmosphere, such as those encountered near a 

sea coast ;  

poss ib le , leakage o f  m i l l  i ons  o f  g a l l o n s  o f  s a l t  water;  and 

p o s s i b l e  decommissioning e f fec ts  of l a r g e  volumes of s a l t ,  g e l l e d  

water,  p l a s t i c  sheet,  e t c .  

The l a n d  area r e q u i r e d  f o r  s o l a r  systems i s  o f t e n  regarded as excessive. 

I n  f a c t  t h e  land  area r e q u i r e d  f o r  a  s o l a r  system i s  p robab ly  n o t  any g r e a t e r  

than  t h a t  r e q u i r e d  f o r  o t h e r  energy systems when a l l  f a c t o r s  such as mines, . 

e t c .  r e q u i r e d  f o r  conven t iona l  systems a r e  inc luded .  



.. . . . 

8.0 POSSIBLE IMPROVEMENTS . . .. . .  . 

While ge ls  seem expens ive ,  t he re  i s  a p o s s i b i l i t y  t h a t  layers o f  ge l  

o r  a nonconvecting s a l t  system w i t h  small amounts of ge l . cou ld ,  be used t o  

improve s t a b i l i t y .  

Reduced Depth o f  Nonconvecting Layer 

The depth o f  the  nonconvecting l a y e r  i n  e i t h e r  a s a l t  o r  a g e l l e d  pond 

can g r e a t l y  a f f e c t  the  cost .  I f  a l a y e r  1 f t  t h i c k  were adequate, t he  cos t  

o f  t he  membrane pond would drop by a f a c t o r  o f  three.  Some i n s u l a t i n g  value 

would be l o s t ,  b u t  an economic balance between s a l t '  cos t  and heat l o s s  cou ld  

probably be reached to'advantage if a th inne r  l a y e r  were p r a c t i c a l .  

Increased Depth o f  Convecting Layer 

I n  the  membrane pond w i t h  pressure balanced on each s ide  o f . t h e  membrane, 

o r  i n  the  g e l l e d  pond w i t h  l i t t l e  weight d i f f e r e n c e  between the  convect ing 

and nonconvecting layers ,  depth o f  the  convect ing l a y e r  can probably be s ig -  

n i f i c a n t l y  increased a t  l i t t l e  cost .  This  cou ld  g r e a t l y  increase the  storage 

c a p a b i l i t y  and hence the  value o f  the pond. 

Pond Heat Exchangers 

Our ana lys is  u t i l i z e d  water e x t r a c t i o n  from the  pond, passing i t  

through heat exchangers t o  e x t r a c t  the .heat .  The u t i l i z a t i o n  o f  heat 

exchangers i n  the  pond bottom has been considered f o r '  nonconvecti ng ponds. 

This i s  probably n o t  p r a c t i c a l  because o f  the  low c o n d u c t i v i t y  o f  the  

water. However, i n  g e l l e d  ponds o r  membrane ponds w i t h  a fresh-water bo t -  

tom laye r ,  the  use of an in-pond heat exchanger may be p r a c t i c a l .  

C i r c u l a r  Systcms 

The a p p l i c a t i o n  o f  c i r c u l a r  i r r i g a t i o n  technology t o  pond heat ex t rac-  

t i o n  and regenera t ion  may be a usefu l  concept. The use o f  wet coo l i ng  

towers appears undesi rable because o f  t he  low Carnot e f f i c i e n c y ;  a g rea t  

deal o f  heat must be re jec ted .  The use o f  coo l i ng  ponds o r  some na tu ra l  

f ea tu re  f o r  heat rejecti,on:may . .., improve p l a n t  economics. 



A1 te rna te  Energy Usage 

The use o f  s o l a r  ponds f o r  heat  pump.appl icat ion, i n d u s t r i a l  bottoming, 

and. power system preheat ing  lnay be more use fu l .  
I 

F i r s t - s t e p  feedwater o r  process hedt ing  i s  a  p o t e n t i a l  a p p l i c a t i o n  f o r  
2  s o l a r  ponds. 1n an area where the  i n s o l a t i o n  averages 2.3 MW-hr/m (cor -  

responding t o  550 l y /day  average i n s o l a t i o n ) ,  a  pond w i t h  a c o l l e c t i o n  e f f i -  
2  c iency o f  0.3 cou ld  de l  i v e r  0.7 MW-hr o f  80290°C thermal energy/m /yr. 

L A s o l a r  pond which can d e l i v e r  90°C thermal energy can be used iLn con- 
' 

j u n c t i o n  w i t h  a heat  pump t o  d e l i v e r  economical heat ing  f o r  comfor t  o r  pro-  

cess app l i ca t i ons .  For example, a  heat pump w i t h  a c o e f f i c i e n t  o f  performance 

of 1.8 (ha1 f the  thermodynamical l y - 1  i m i  t e d  maximum poss ib le )  would de l  i v e r  

2.8 kW-hr o f  227°C heat ing  f o r  each kW-hr o f  e l e c t r i c a l  power supp l ied  t o  

t he  heat pump; 1.8 kW-hr from the  pond i n  a d d i t i o n  t o  t h e  1 kW-hr suppl ied. 

To r a i s e  50°C thermal energy t o  60°C thermal energy s u i t a b l e  f o r  comfor t  
C .  

heat ing  a p p l i c a t i o n s  would r e q u i r e  an i n p u t  o f  1/16 kW-hr per  kW-hr o f  heat- 

i n g d e l i v e r e d , a g a i n w i t h a h e a t p u m p h a l f a s e f f i c i e n t a s  i s  t h e o r e t i c a l l y  

poss ib le .  

Ge l led  S a l t  Ponds 

A combinat ion o f  g e l l i n g ' a g e n t  and s a l t  i s  another p o s s i b i l i t y ;  the  

s a l t  t o  p rov ide  t h e  'des i red  dens i t y  g rad ien t  and the  ge l  1  i n g  agent t o  pro- 
I.. 

v ide  v i s c o s i t y .  A lso  t h e  produc t ion  o f  g e l l i n g  agents i n  very  l a r g e  quan- 

t i t i e s  migh t  r e s u l t  i n  very  l a r g e  cos t  reduct ions.  



9.0 CONCLUSIONS 

With respect to  the specific objectives of th i s  study, no unique concepts 
other than the s a l t ,  membrane,. and gelled pond concepts were found. There' 
appear t o  be agricultural applications fo r  convecting ponds. For example, in 
Japan ponds are  used to  preheat cold water before i t  i s  used for  i r r iga-  
tion. (46)  A knowledge of solar ponds could probably be applied to  such appl i -  

cations i n  the U.S. 

The analysis of performance of the various concepts d i d  not identify any 
clearnsuperibrit j .  The s t a t e  of the a r t  i s  such tha t  with e i ther  nonconvect- 
ing s a l t  ponds or  gel led ponds additional basic information i s  requi red  
before reasonable engineering decisions can be made. However, the potenti a1 
additional s t a b i l i t y  of the membrane -and gelled ponds could make them more 
a t t rac t ive .  The relat ively we1 1 -established technology of the shallow con- 
vecting pond offers  a considerable advantage in the 'near  term. 

As for  costs of the different  concep.ts, an economic advantage i s  not 
c lear  for  any specific concept., However, i f  s a l t  i s  not f ree ,  the membrane 

pond appears to  have a s ignif icant  potential advantage i n  that  s a l t  may not 
be required in the convecting region. 

A conclusion from t h i s  study i s  that  there i s  a possibi l i ty  that  solar  , 

ponds can be inexpensive energy producers. A solar  pond can be constructed 
a t  a minimum cost of $1.50/ft ( a n d  up)--less i f  s a l t  iP low cost.  This i s  
cheaper than some solar collectors.  Basically, water i s  used for  a trans- 
parent insulator;  i t  i s  probably one of the best transparent insulators i n  

existence. In addition, a solar pond has some built-in storage. This i s  
s ignif icant  for  power plant operation primarily for  storage of a few hours 
or  a few days. However, i t  can be s ignif icant  for  longer term storage in 
low-temperature thermal appl ications.  

I t  i s  unl i  kely that  solar  ponds will be competitive electr ical  energy 
producers i n  the foreseeabl e future,  except possibly in is01 ated locations 
with unique cl imatic and geological character is t ics .  

There -are s ignif icant  problems with solar pond operati.on, particularly 

large ponds such as might be used for  a 10 MWe power plant. There do not 



seem t o  be r e a d i l y  avai1aBl.e ansyef .~ .  . t o  . a l l  of  these problems, However, t h e  
na ture  of t he  answers which w i l l  evo lve f rom an R&D program cannot be s ta ted  

p o s i t i v e l y  today. 
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