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PREFACE 

The work reported here is part of a REN research program on 
management of river salinity. A central objective of that pro- 
gram is to assess opportunities for reducing salinity by zero 
discharge uses of low quality water, such as industrial cooling. 
The concept of disposing of power plant cooling tower effluent 
in a salt gradient solar pond (which produces additional energy) 
emerged as a potentially significant component of the larger 
regional system being modeled. The sizing and timing of con- 
struction for such ponds presented a challenging systems problem 
by itself, and hence the need for the set of models reported. 

Funding for this work was provided in part by an ICSAR grant 
(International - Cooperation - for - Systems Analysis - - Research). 

Janusz Kindler 
Chairman 
Resources E Environment Area 



ABSTRACT 

A non-convective pond (NCP) a s  a  s o l a r  energy c o l l e c t o r  
can be an e f f e c t i v e  techno log ica l  a l t e r n a t i v e  i n  reg ions  where 
problems of t h e  d i s p o s a l  of  h igh l y  s a l i n e  water  p e r s i s t .  I n  
t h i s  paper,  t h e  use of NCP i s  s t u d i e d  a s  an a l t e r n a t i v e  f o r  t h e  
economical ly e f f e c t i v e  use o f  s a l i n e  blowdown from a  power p l a n t .  
The problem cons idered concerns t h e  determinat ion o f  a  r a t i o n a l  
schedul ing of  t h e  cons t ruc t i on  per iod  f o r  NCP and i s  analyzed 
us ing an i t e r a t i o n  procedure invo lv ing  LP-programming a s  an  
i t e r a t i o n  s t e p .  The r e s u l t s  ob ta ined  f o r  s p e c i f i c  l o c a t i o n s  
i n  t h e  Colorado r i v e r  b a s i n  a r e  d iscussed.  
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AN INVESTMENT T I M I N G  MODEL FOR SALINITY 
MANAGEMENT V I A  NON-CONVECTIVE PONDS 

Trevor  C. Hughes 
S e r g e i  Orlovsky 

INTRODUCTION AND SCOPE 

The concep t  o f  us ing  a  non-convect ive pond (NCP) a s  a  s o l a r  

energy c o l l e c t o r  i s  c u r r e n t l y  a t t r a c t i n g  t h e  a t t e n t i o n  of  re- 

s e a r c h e r s  i n  many r e g i o n s  of t h e  world.  The concep t  has  been 

s t u d i e d  f o r  more t h a n  2 5  y e a r s  i n  I s r a e l ,  where s e v e r a l  ponds 

have been c o n s t r u c t e d  and some a r e  now producing e l e c t r i c i t y .  

I n  a d d i t i o n  t o  t h e  work i n  I s r a e l ,  s e v e r a l  r e s e a r c h  o r g a n i z a t i o n s  

i n  t h e  US have a l r e a d y  produced models of t h e  thermodynamics of 

such ponds. These i n c l u d e  t h e  S o l a r  Research I n s t i t u t e ,  t h e  Je t  

Propu ls ion  Laboratory ,  Utah S t a t e  U n i v e r s i t y ,  and MIT. 

Very b r i e f l y ,  t h e  concep t  i nvo l ves  f l o a t i n g  a  t h i n  l a y e r  of 

f r e s h  wate r  ove r  a  few meters depth  of h i gh l y  s a l i n e  b r i n e .  The 

d e n s i t y  o f  t h e  b r i n e  i s  such t h a t  it can  approach 1 0 0 ~ ~  w i t h o u t  

mixing convec t i ve l y  w i t h  t h e  l i g h t e r  a l though  c o l d e r  s u r f a c e  

l a y e r .  S ince  t h e  c o o l i n g  e f f e c t  of  evapo ra t i on  i s  con f ined  t o  

t h e  s u r f a c e  l a y e r ,  t h e  b r i n e  becomes a  ve ry  e f f e c t i v e  h e a t  



s t o r a g e  r e s e r v o i r .  The h e a t  can be used d i r e c t l y  f o r  such pur- 

poses a s  p re -hea t ing  b o i l e r  wa te r  i n  f o s s i l  f u e l  p l a n t s  o r  it 

can be conver ted  t o  e l e c t r i c i t y  by us ing  low tempera tu re  tu rbo-  

g e n e r a t o r s .  

Two q u a l i t i e s  of makeup wate r  a r e  necessa ry  f o r  o p e r a t i o n  

of a NCP. Since  some s a l t  i s  l o s t  from t h e  b r i n e  l a y e r  by d i f -  

f u s i o n ,  a h i g h l y  s a l i n e  (approx imate ly  260,000 mg/l) sou rce  of 

b r i n e  i s  r e q u i r e d .  A much l a r g e r  source  of  h i ghe r  q u a l i t y  wa te r  

i s  r e q u i r e d  t o  r e p l a c e  evapo ra t i on  and s u r f a c e  f l u s h i n g  l o s s e s .  

However, t h e  q u a l i t y  of t h i s  water  can a l s o  be q u i t e  low s i n c e  

t h e  waste  s t ream from t h e  s u r f a c e  l a y e r  can  be  a t  approx imate ly  

50,000 mg/l t o t a l  d i s s o l v e d  s o l i d s  ( t d s ) .  I n  a d d i t i o n ,  i f  t h e  

h e a t  produced i s  t o  be  conver ted  i n t o  e l e c t r i c i t y ,  a d d i t i o n a l  

c o o l i n g  water  i s  needed f o r  t h e  convers ion p rocess  and w i t h  

a p p r o p r i a t e . c o o l i n g  tower techno logy,  t h i s  source  can a l s o  be 

very  low q u a l i t y  wa te r .  

W e  have then  a ve ry  i n t e r e s t i n g  a r r a y  o f  wa te r  and s a l t  

demands, p a r t i c u l a r l y  i n  a s e t t i n g  where s a l i n i t y  management i s  

a n  o b j e c t i v e .  The very  f a c t o r s  r e l a t e d  t o  NCP o p e r a t i o n  which 

m i t i g a t e  a g a i n s t  economic and env i ronmenta l  o b j e c t i v e s  i n  many 

l o c a t i o n s  emerge a s  v e r y  p o s i t i v e  f a c t o r s  when r e d u c t i o n  o f  

r i v e r  s a l i n i t y  i s  impor tan t .  For example, t h e  l a r g e  evapo ra t i on  

demands of N C P ' s  coupled w i t h  t h e  l a r g e  coo l i ng  tower demands 

f o r  conve r t i ng  t h e  h e a t  t o  e l e c t r i c i t y  a t  ex t remely  low e f f i -  

c iency  due t o  t h e  low tempera tu re  convers ion  p rocess  (Ba t t y  

e t  a l . ,  1 9 8 2 )  may tend  t o  make a NCP p r o j e c t  appear  t o  be eco- 

nomica l ly  and env i ronmenta l l y  i n f e a s i b l e  i f  f r e s h  wa te r  i s  used.  

However, i f  low q u a l i t y  wa te r  i s  used,  an o b j e c t i v e  may w e l l  be 



t o  evapo ra te  a s  much wa te r  a s  p o s s i b l e  i n  o r d e r  t o  keep t h e  s a l t  

l o a d  o u t  of  t h e  main r i v e r ,  t he reby  c r e a t i n g  bo th  economic and 

env i ronmenta l  n e t  b e n e f i t s .  

The o b j e c t i v e s  o f  t h i s  r e p o r t  i n c l u d e :  

( 1 )  Develop a  g e n e r a l i z e d  model which d e s c r i b e s  t h e  NCP system 

i n  a  s e t t i n g  where waste  wa te r  from a n  a d j a c e n t  i n d u s t r i a l  

c o o l i n g  o p e r a t i o n  i s  a v a i l a b l e .  Parameters  t o  be  q u a n t i -  

f i e d  i n c l u d e  pond a r e a s ,  wa te r  and s a l t  f l ows ,  h e a t  and/or  

e l e c t r i c i t y  produced,  c o s t s  i n c u r r e d ,  a l l  a s  f u n c t i o n s  o f  

t i m e  . 
( 2 )  Develop a  s o l u t i o n  procedure  f o r  t h e  NCP model problem 

i n c l u d i n g  inves tment  t im ing  o p t i m i z a t i o n .  

( 3 )  Apply t h e  model t o  s p e c i f i c  l o c a t i o n s  i n  t h e  Colorado 

River  Bas in  ( t h o s e  s i tes i d e n t i f i e d  by t h e  US Bureau of 

Reclamation a s  " l o c a l  o p t i o n "  s a l i n i t y  management p r o j e c t s  

[US Bureau o f  Reclamat ion,  19811).  

Th is  r e p o r t  w i l l  i n c l u d e  no d i s c u s s i o n  of  t h e  NCP thermo- 

dynamics b u t  r a t h e r  w i l l  s imply  a c c e p t  t h e  e s t i m a t e s  o f  h e a t  

produced p e r  u n i t  o f  pond a r e a  a t  v a r i o u s  s i tes produced by an  

e x i s t i n g  model (SOLPOND) developed by t h e  S o l a r  Energy Research 

I n s t i t u t e  i n  Golden, Colorado,  USA (Henderson and Leboeuf,  1980 ) ,  

and ope ra ted  f o r  t h e  si tes invo lved by personne l  of  t h e  USBR 

Colorado R ive r  Water Q u a l i t y  Improvement Program. 

.YATHEMATICAL DESCRIPTION OF THE NCP SYSTEM 

I f  s u f f i c i e n t  b r i n e  n e a r  s a t u r a t i o n  s a l i n i t y  i s  a v a i l a b l e ,  

o r  i f  s a l t  i s  t r a n s p o r t e d  t o  t h e  s i t e  f o r  r a p i d  p roduc t i on  of 

b r i n e ,  t h e  wa te r /sa l t /pond  a r e a  q u a n t i t i e s  f o r  a  non-convect ive 

s o l a r  pond (NCP) can be  determined by a  r e l a t i v e l y  s imp le  system 

of e q u i l i b r i u m  equa t i ons .  The system w i l l  i n c l u d e  wa te r  and 



sal t  mass-balance equat ions  f o r  t h e  NCP i t s e l f  and f o r  t h e  b r i n e  

makeup and poss ib l y  a  f r e s h  water makeup pond. Also requ i red  

is a  s a l t  d i f f u s i o n  func t i on  descr ib ing  t h e  l o s s  of s a l t  from 

t h e  non-convective l a y e r .  The water  mass-balance equat ions  

must of course i nc lude  es t ima tes  of evaporat ion a s  func t i ons  

of t h e  s a l i n i t i e s  i n  each type of pond. 

Th is  system can be descr ibed  r a t h e r  we l l  by l i n e a r  f unc t i ons .  

I f  c o s t s  of ponds and t h e  energy system revenues a r e  known, an 

economic a n a l y s i s  can be made by simply comparing annual  revenues 

t o  annual c o s t s .  A mathematical d e s c r i p t i o n  of such a  system 

i s  given by Bat ty ,  e t  a l . ,  ( 1 9 8 2 ) .  I f ,  however, a  NCP system 

i s  t o  be developed by concent ra t ing  b r i n e  which i s  i n i t i a l l y  

much l e s s  than s a t u r a t i o n ,  many yea rs  may be requ i red  be fo re  

u l t i m a t e  capac i t y  ( t h e  equ i l ib r ium s t a t e )  i s  achieved.  Th is  

imp l ies  i n v e s t i n g  c a p i t a l  many yea rs  be fo re  maximum r e t u r n  i s  

obta ined.  Fu r the r ,  it may n o t  be e f f i c i e n t  t o  simply produce 

b r i n e  f o r  many yea rs  i n  t h e  u l t ima te  s i z e d  makeup pond and then 

begin t o t a l  NCP opera t i on  a t  a  s i n g l e  f u t u r e  t ime. Rather,  con- 

s t r u c t i o n  of both makeup and NCP c e l l s  i n  s e v e r a l  increments 

may produce maximum n e t  r e t u r n .  Hence, t h e  non-equi l ibr ium 

problem i s  b a s i c a l l y  an investment t iming op t im iza t ion  problem 

which i s  non- l inear both i n  t h e  o b j e c t i v e  func t i on  (due t o  d i s -  

count ing c o s t s  and revenues over v a r i a b l e  t ime pe r iods )  and i n  

one type of c o n s t r a i n t .  

  he not ion  of us ing  blowdown from a  power p l a n t  f o r  b r i n e  

product ion i n  a  NCP and using o t h e r  low q u a l i t y  water f o r  

f reshen ing  of t h e  NCP su r face  l a y e r  and/or b r i n e  product ion 

r e q u i r e s  p r e c i s e l y  such a  system. A mathematical d e s c r i p t i o n  



of t h e  system fo l lows .  The assumed water f lows between compon- 

e n t s  of t h e  system a r e  shown i n  F igure  1 .  

Assumptions and Nota t ion  

w0 = annua l  blowdown from power p l a n t .  Th is  h i g h l y  s a l i n e  

f low must f low t o  t h e  b r i n e  makeup pond. 

w1 = annua l  amount of low q u a l i t y  wa te r  (LQW) a v a i l a b l e  a t  

t h e  s i te .  Th is  wa te r  can e i t h e r  be used by t h e  NCP 

system o r  r e t u r n e d  t o  t h e  r i v e r .  

SCO = s a l i n i t y  c o n c e n t r a t i o n  o f  W 0 . 
scl = s a l i n i t y  of  W 1 . 
T 
P 

= t i m e  e lapsed  from s t a r t i n g  t o  f i l l  t h e  p-th s e c t i o n  of 

pond 2 t o  t h e  t i m e  when p- th s e c t i o n  of pond 3  beg ins  

o p e r a t i o n .  

t = t i m e  ( y e a r )  a t  which t h e  p- th  increments  of ponds 2  
P 

and 3  w i l l  be inc luded  i n t o  o p e r a t i o n .  

w1 = annua l  f low from sou rce  1  t o  pond 2  ( t h e  b r i n e  produc- 
P 

t i o n  and makeup pond) dur ing  p e r i o d  T . 
P 

w1 = annual  f low from sou rce  1  t o  pond 3 ( t h e  NCP)  du r i ng  
P 

p e r i o d  T . Th is  i s  f r eshwa te r  makeup f o r  pond 3  
p+l 

increments  c o n s t r u c t e d  up t o  t h e  beg inn ing of pe r i od  

w~~ = annual  f low from pond 2  t o  pond 3  du r i ng  pe r i od  T 
P P+ 1 

( b r i n e  makeup f o r  pond 3  increments  c o n s t r u c t e d  up t o  

t h e  beg inn ing of  pe r i od  T ) .  
P+ 1  

w32 
P 

= amount of wa te r  f l u s h e d  annua l l y  from s u r f a c e  of pond 3  

du r i ng  p e r i o d  T 
P+ 1 

and rece i ved  by pond 2. 

= increment  of a r e a  of pond 2  completed a t  beg inn ing of 
P 

p-th p e r i o d  ( c o n s t r u c t i o n  is  assumed t o  r e q u i r e  one 

y e a r )  . 



v / 
- - 

/ 

Pond 3 (Non convective) 

I Excess to river 

Pond 2 A (Brine production & makeup) 

(Low quality source - but adequate 
for freshening surface layer of NCP.) 

w p  

Figure 1. Non-equilibrium system schematic. 
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= increment  o f  a r e a  of pond 3 which beg ins  o p e r a t i o n  a t  

end o f  p- th pe r i od .  Cons t ruc t i on  i s  assumed t o  r e q u i r e  - 

1  yea r .  Note t h a t  wh i l e  a l l  wa te r  f lows a r e  annua l  

3 t o t a l s  up t o  t h e  p- th  p e r i o d ,  a r e a s  A* and A a r e  on l y  
P  P  

inc rements  added a t  t h e  beg inn ing  and a t  t h e  end of  t h e  

p- th p e r i o d  r e s p e c t i v e l y .  

D F ~  = d i f f u s i o n  c o e f f i c i e n t  f o r  pond 3 (we igh t / un i t  a r e a ) .  

2 '  
ED I 

ED 3 

3 3 
R (Ap) ) = revenue and pond c o s t  f u n c t i o n s  r e s p e c t i v e l y .  R (Ap)  

= e s t i m a t e d  n e t  annua l  evapo ra t i on  from ponds 2  and 3 

(where n e t  = t o t a l  evapo ra t i on  minus p r e c i p i t a t i o n ) .  

i s  n e t  revenue p e r  yea r  ( g r o s s  revenue minus o p e r a t i n g  

c o s t )  w h i l e  t h e  o t h e r  two f u n c t i o n s  a r e  c o s t s  of t h e  

p- th a d d i t i o n s  t o  ponds 2  and 3. 

r = i n t e r e s t  r a t e .  

N = maximum number of  a r e a  inc rements  a l lowed (p=1,2 ,  ..., N ) .  

SAT = s a l i n i t y  o f  b r i n e  d e s i r e d  f o r  NCP. 

The p h y s i c a l  system can be  r e p r e s e n t e d  by t h e  fo l l ow ing  

c o n s t r a i n t s :  

( 1 )  I n  o r d e r  t o  have b r i n e  i n  pond 2  a t  a l l  t i m e s  a f t e r  t h e  

sp2  
P'  

i n i t i a l  summer season ,  t h e  a r e a  increments  must be l a r g e  

enough t o  evapo ra te  s u f f i c i e n t l y  t h a t :  

= amounts of  s a l t  p r e c i p i t a t i n g  annua l l y  i n  pond 2  du r i ng  
1 

d i s s o l v e d  s a l t  added du r i ng  p- th p e r i o d  
n e t  wa te r  added du r i ng  p- th p e r i o d  2 SAT 

sp3  ) p e r i o d  T P and i n  pond 3 du r i ng  p e r i o d  T P+I . 
P' 



or specifically: 

0 0  1 (SC *W +SC *wl2-SP,)T, 
I I I 2 SAT . 

(w0+\( 2 - ~ ~ 2 a ~ : ) ~ 1  

0 0 23 2 (SC O W  +Scl * w ~ ~ + s c ~ ~ * w ~ ~  -SAT*W - 1 + ~ ~ 2  -SP )T 
P p- 1 

2 
p-l 5 SAT (p=2,. . . ,N) 

0 12 (W +W + w ~ ~  - w ~ ~  -ED F AP) T~ 
P P-1 P-1 j=l 1 

Note that the time variables (T ) can be eliminated 
from (1) and (2). P (2) 

(2) Period T must be long enough to produce sufficient brine 
P 

in pond 2 during each p-th period to leave minimum depth 

in pond 2 after transferring d3*A3 to pond 3 at the period 
P 

end. Therefore we have: 

( 3 )  Water balance constraints are needed for pond 3 for all p, 

but only after the N-th period for pond 2 (since water 

volume in this pond is continually increasing or decreasing 

during the first N periods): therefore: 

(4) Upper limits on water consumptions from low quality sources 

are required: 



(5 )  S a l t  p r e c i p i t a t i o n  and re -so lu t i on  a r e  assumed t o  be pos- 

s i b l e  i n  both ponds dur ing t h e  expansion per iod  bu t  only 

i n  pond 2 dur ing equ i l ib r ium opera t i on  ( a f t e r  t h e  complet ion 

of a l l  c o n s t r u c t i o n ) .  Therefore,  s a l t  ba lance equat ions  

can be w r i t t e n  i n  t h e  form: 

( 6 )  The f i n a l  c o n s t r a i n t  t ype  c a l c u l a t e s  t h e  b r i n e  makeup r e -  

qu i red  t o  r e p l a c e  s a l t  l o s t  from t h e  non-convective l a y e r  

by d i f f u s i o n :  

Economic Re la t ionsh ips  

Most of t h e  c o s t s  r e l a t e d  t o  pond cons t ruc t i on  can be 

expressed a s  f u n c t i o n s  of a r e a  on ly ,  t h e  p r i n c i p a l  one being 

pond l i n i n g  t o  prevent  groundwater contaminat ion,  and o t h e r s  

inc lud ing  land purchase,  and s i t e  c l e a r i n g .  The volume of t h e  

d i k e  i s  r e l a t e d  t o  depth a s  we l l  a s  a r e a ,  bu t  f o r  normal 

dep ths  and l a r g e  pond a r e a s ,  d i ke  c o s t s  a r e  smal l  r e l a t i v e  



t o  o t h e r  c o s t s  and t h e r e f o r e ,  f o r  f i x e d  dep th  a n  assumpt ion t h a t  

pond c o n s t r u c t i o n  c o s t s  va ry  l i n e a r l y  w i t h  a r e a  i n t r o d u c e s  on ly  

i n s i g n i f i c a n t  e r r o r .  S ince  energy produced from NCP systems 

a l s o  v a r i e s  l i n e a r l y  w i t h  a r e a  ( f o r  f i x e d  dep th )  bo th  t h e  c o s t s  

o f  mechanical  equipment and revenue from energy a r e  a l s o  assumed 

t o  be l i n e a r  f u n c t i o n s  of t h e  pond 3 a r e a .  Economies of s c a l e  

probably e x i s t  i n  r ega rd  t o  mechanical  equipment,  b u t  f o r  t h e  

range s i z e s  expec ted ,  t h i s  e f f e c t  w a s i g n o r e d .  

These l i n e a r  c o s t / a r e a  r e l a t i o n s h i p s  produce a l i n e a r  ob jec-  

t i v e  f u n c t i o n  f o r  t h e  e q u i l i b r i u m  per iod .  However, t h e  expans ion 

pe r i od  o b j e c t i v e  f u n c t i o n  i s  h i g h l y  non- l i near  due t o  d i scoun t i ng  

over  v a r i a b l e  t i m e  pe r i ods .  The o b j e c t i v e  f u n c t i o n  (which i s  

d e f i n e d  as p r e s e n t  worth of revenue minus c o s t s )  can  be w r i t t e n  

a s :  

where: 

3 t h e  R ( A  c o e f f i c i e n t  i n  f u n c t i o n  (13)  was de r i ved  by d i s c o u n t i n g  
P 

t h e  f u t u r e  s t ream of  b e n e f i t s  from t h e  p-th a d d i t i o n  t o  i t s  t i m e  

of i n i t i a l  u s e ,  ( yea r  t ) ,  a s  a uniform series over  a long 

pe r i od  ( l / r ) ,  t h e n  reduc ing  t h i s  t o  worth a t  t i m e  = 9 by t h e  



t approp r ia te  f a c t o r  l / ( l + r )  . The c o s t  f unc t i ons  were s i m i l a r l y  

d iscounted from t h e  t ime of  beginning cons t ruc t i on  f o r  each 

increment. 

The problem of maximizing t h e  o b j e c t i v e  func t i on  (13) under 

c o n s t r a i n t s  ( 1  ) through ( 1  2 )  p l u s  ( 1  4 )  w i l l  be r e f e r r e d  t o  a s  

Problem 1 .  

Downstream Benef i t s  

The So lu t i on  t o  Problem 1 g ives  t h e  b e s t  investment t iming 

and u l t ima te  capac i t y  con f i gu ra t i on  f o r  a  NCP system from t h e  

pe rspec t i ve  of a  l o c a l  p r o f i t  maximizer whose o b j e c t i v e  ingnores 

poss ib le  b e n e f i t s  due t o  reduc t ion  of r i v e r  s a l i n i t y  below t h e  

s i t e .  I n  o rder  t o  d e f i n e  t h e  problem from t h e  pe rspec t i ve  of 

a  s a l i n i t y  management agency, t h e  fo l lowing a d d i t i o n s  t o  Problem 

1 a r e  requ i red :  

Notat ion and Assumptions 

BEN = annual  b e n e f i t  pe r  u n i t  of  s a l i n i t y  reduc t i on  

a t  a  p a r t i c u l a r  downstream l o c a t i o n  ( p o i n t  

d s )  . 
ds  ds  ds  wo I So I SCo = pro jec ted  f u t u r e  annual  average f low of ( 1 )  

water ;  ( 2 )  s a l t ;  and ( 3 )  s a l t  concen t ra t i on  

a t  po in t  ds  w i t h  no s a l i n i t y  management. 

wds, sds, scds = modeled annual  f low of  water ,  s a l t ,  and 
P P P 

concent ra t ion  a t  p o i n t  ds  a f t e r  complet ion 

of t he  p-th NCP u n i t .  

= reduc t ion  i n  s a l i n i t y  concent ra t ion  a t  p o i n t  

ds  due t o  p  NCP u n i t s .  



= t h e  t ime-lag a f t e r  which i n i t i a l  downstream 

b e n e f i t s  begin.  This i s  t h e  t ime de lay  i n  

yea rs  between d i ve rs ions  from t h e  r i v e r  and 

downstream response due t o  r e s e r v o i r s ,  e t c .  

wpP = power p l a n t  water  d i ve rs ion .  

The rev i sed  water  and s a l t  q u a n t i t i e s  a t  po in t  d s  can be c a l -  

c u l a t e d  a s :  

The change. ( reduc t i on )  i n  s a l i n i t y  concent ra t ion  i s :  

Equation (17) i s  non- l inear  wi th  r e s p e c t  t o  W; however, it can 

be  expressed i n  l i n e a r  form wi th  good accuracy f o r  smal l  changes 

i n  s a l i n i t y  by approximating t h e  d e r i v a t i v e  of s a l i n i t y  concen- 

t r a t i o n  a s  t h e  f i n i t e  change due t o  NCP u n i t s  a s  fo l lows:  



Objective Function Addition 

The objective function of Problem 1 expresses pond and 

energy production benefits and costs as present values. It is 

therefore necessary to discount the annual downstream benefits 

associated with p NCP units to time zero. This could be done 

either by considering the sum of future benefits due to each of 

p units (a horizontal decomposition of the total AscdS function 

over time) or by considering a vertical decomposition of the 

Ascds function as shown in Figure 2. The latter method will be 

used since it allows ASC~' to be used directly as defined by 
P 

( 1 7 )  

Time 

Figure 2. Change in downstream salinity over time. 



The o b j e c t i v e  f u n c t i o n  c o e f f i c i e n t s  can be q u a n t i f i e d  by 

us ing  a  uni form series p r e s e n t  worth f a c t o r :  

t o  d i s c o u n t  each r e c t a n g l e  i n  F igu re  2 t o  i t s  v a l u e  a t  i t s  t i m e  

of  beg inn ing and then  d i scoun t i ng  t o  t i m e  zero  by t h e  a p p r o p r i a t e  

1  / ( 1  + r ) "  f a c t o r .  Th i s  produces t h e  fo l low ing  f u n c t i o n :  
T 

where : 

and : 

I f  w e  t h e r e f o r e  add equa t i ons  (1 5)  , (1 6 )  and (1 8 )  t o  t h e  con- 

s t r a i n t  set of Problem 1 and t e r m s  g iven  by (19)  t o  t h e  o r i g i n a l  

o b j e c t i v e  f u n c t i o n  ( 1 3 ) ,  t h e  maximizat ion problem ob ta ined  w i l l  

t hen  i n c l u d e  downstream b e n e f i t s  due t o  s a l i n i t y  r educ t i on .  Th is  

w i l l  be r e f e r r e d  t o  a s  Problem 2 .  

Cool ing Water f o r  NCP Energy Product ion 

So f a r ,  w e  have NCP models which can be used e i t h e r  t o  

maximize p r o f i t  f o r  a  l o c a l  NCP en t rep reneu r  (Problem 1 )  o r  t o  

maximize n e t  r e g i o n a l  b e n e f i t s  i nc l ud ing  t hose  due t o  p reven t i ng  

downstream s a l i n i t y  damages (Problem 2 ) .  These models a r e  

adequate  i f  t h e  energy produced by t h e  NCP i s  used i n  t h e  form 



of h e a t .  Direct use  of h e a t  may w e l l  be  d e s i r a b l e ,  f o r  example, 

f o r  p rehea t i ng  t h e  p rocess  wa te r  i n  an a d j a c e n t  f o s s i l  f u e l  

power p l a n t .  However, i f  t h e  NCP h e a t  i s  t o  be  conver ted  t o  

e l e c t r i c i t y ,  c o o l i n g  wa te r  w i l l  be r e q u i r e d  f o r  t h e  h e a t  ex- 

change p rocess .  The wate r  demand f o r  t h i s  c o o l i n g  i s  i n  f a c t  

a lmos t  an  o r d e r  o f  magnitude h i g h e r  p e r  MW of  e l e c t r i c i t y  than  

f o r  a f o s s i l  f u e l  p l a n t ,  because of t h e  low e f f i c i e n c y  (abou t  

6 0 % )  of t h e  the rma l  t o  e l e c t r i c a l  convers ion  p rocess  (Ba t t y  

e t  a l . ,  1982) .  Th is  compares t o  abou t  38% e f f i c i e n c y  f o r  c o a l /  

e l e c t r i c i t y  convers ion .  The l a r g e  r e s u l t i n g  wa te r  demand would 

b e  a very  n e g a t i v e  a s p e c t  o f  NCP economics and env i ronmenta l  

impact  - i f  t h e  wa te r  sou rce  i s  t o  be h igh  q u a l i t y  wa te r .  However, 

from a s a l i n i t y  management p e r s p e c t i v e ,  a  demand f o r  l a r g e  

q u a n t i t i e s  of ( s a l i n e )  c o o l i n g  wa te r  i s  p r e c i s e l y  what w e  seek.  

A r e v i s e d  NCP schemat ic  i nc lud ing  t h e  coo l i ng  wa te r  com- 

ponent  a d d i t i o n  is shown i n  F igure  3. The changes t o  p rev ious  

models r e q u i r e d  t o  q u a n t i f y  t h e  new parameters  fo l l ow.  The 

r e v i s e d  model w i l l  be used t o  fo rmu la te  Problem 3. The n o t a t i o n  

i s  de f i ned  by F igure  3. The wa te r  ba lance  a t  t h e  NCP coo l i ng  

tower can  be expressed  a s :  

S ince  energy p roduc t ion  is assumed t o  be a  l i n e a r  f u n c t i o n  (k) 

of t h e  a r e a  of t h e  NCP (on an  annua l  average  b a s i s ,  w i t h  f i x e d  

use  f a c t o r )  wa te r  demand can be q u a n t i f i e d  a s :  

Also,  a  s a l t  ba lance  through t h e  coo l i ng  tower i s  r e q u i r e d  a s  

fo l lows  : 



(Non convective) 

(Brine production & makeup) 

1 Excess to river 

(Low quality source - but adequate 
for freshening surface layer of NCP.) 

Figure 3. NCP schematic including thermal/electric conversion 
water demand. 



The fo l l ow ing  a d d i t i o n a l  terms shou ld  a l s o  be  added t o  ( t h e  l e f t  

s i d e  o f )  p rev ious  equa t i ons  i n  o r d e r  t o  accoun t  f o r  wa te r  and 

s a l t  ba lance  changes:  

Ecruat i o n  New Term 

0. c2 SC W 
P-1 

(add t o  numerator )  

wC2 (add t o  denominator )  
P- 1 

No m o d i f i c a t i o n  of t h e  o b j e c t i v e  f u n c t i o n  is r e q u i r e d .  The r e -  

v i s e d  problem i n c l u d i n g  a l l  t h e  r e l a t i o n s h i p s  used i n  Problem 2 

p l u s  ( 2 2 ) ,  ( 2 3 ) ,  ( 2 4 ) ,  and changes t o  ( 2 )  th rough ( 6 )  g i ven  

above w i l l  be r e f e r r e d  t o  as Problem 3. 

S o l u t i o n  Approach 

Problems 1 ,  2 ,  and 3 are t h e  non - l i nea r  mathemat ica l  pro- 

gramming t y p e  and i n  p r i n c i p l e ,  non - l i nea r  computa t iona l  a lgo-  

r i t h m s  can  be a p p l i e d  f o r  o b t a i n i n g  t h e i r  s o l u t i o n s .  But a s  



i s  f r equen t l y  t h e  case ,  t h e  opt imal  s o l u t i o n  t o  a  mathemat ical ly  

formulated problem i s  no t  t h e  b e s t  f o r  a  corresponding r e a l  

system. Any mathematical model i s  always an approximation of 

t h e  r e a l i t y  and can n o t  i n  p r i n c i p l e  encompass a l l  t h e  aspec ts  

of t h e  r e a l  system under a n a l y s i s ,  t h e r e f o r e  t h e  t i m e  and e f f o r t  

spen t  on ob ta in ing  mathemat ical ly  p r e c i s e  opt imal  s o l u t i o n s  i s  

o f t e n  no t  j u s t i f i e d .  I n  t h i s  s tudy ,  r a t h e r  than  t r y i n g  t o  

o b t a i n  an opt imal  s o l u t i o n ,  w e  used a s i m p l i f i e d  h e u r i s t i c  pro- 

cedure prov id ing f o r  a  l o c a l  improvement of an i n i t i a l  s o l u t i o n .  

This procedure i s  based on t h e  fo l lowing p r o p e r t i e s  of a l l  

t h e  problems cons idered here.  I n  each problem, t h e  v a r i a b l e s  

can be d iv ided  i n t o  two c l a s s e s :  

( 1 )  An N-vector of t i m e  per iods  T = ( T 1 ,  ..., T N ) ;  

( 2 )  A vec to r  of a l l  o t h e r  v a r i a b l e s  ( incrementa l  a r e a s ,  water  

f lows,  e t c . )  . 
A common proper ty  of a l l  3 problems i s  t h a t  f o r  f i x e d  vec to r  T ,  

a l l  t h e  problems a r e  l i n e a r .  Based on t h i s  p roper ty ,  w e  used 

t h e  fo l lowing i t e r a t i o n  procedure: A t  each k-th i t e r a t i o n  w i th  

vec to r  T~ f i x e d  w e  so lve  t h e  corresponding LP problem (maximizing 

t h e  o b j e c t i v e  func t i on  w i th  r e s p e c t  t o  a l l  t h e  v a r i a b l e s  except  

T ) ,  then w e  a p p r o p r i a t e l y  change vec to r  T~ t o  ob ta in  a  new vec to r  

T ~ "  , so lve  t h e  new LP problem (wi th  T k+l  a s  t h e  va lue  of vec to r  

T i n  t h e  o b j e c t i v e  func t i on  and i n  t h e  c o n s t r a i n t s )  and s o  on. 

The procedure s t o p s  when t h e  c u r r e n t  va lue  of t h e  o b j e c t i v e  func- 

t i o n  i s  s a t i s f a c t o r y ,  s t a r t s  t o  decrease,  o r  when t h e  c u r r e n t  

LP problem has no s o l u t i o n .  C l e a r l y ,  t h e  e f f e c t i v e n e s s  of t h e  

procedure depends on t h e  method f o r  chosing t h e  d i r e c t i o n  of 

change f o r  vec to r  T ~ ,  and a l s o  t h e  l eng th  of t h e  s t e p  along 



t h i s  d i r e c t i o n .  I n  ou r  s t u d y ,  t h i s  d i r e c t i o n  was chosen by con- 

s i d e r i n g  t h e  g r a d i e n t  of  t h e  o b j e c t i v e  f u n c t i o n  w i t h  r e s p e c t  t o  

T a t  a c u r r e n t  p o i n t ,  and a l s o  s l a c k s  i n  t h e  c o n s t r a i n t s  of  t h e  

t ype  ( 3 ) - ( 4 )  c o n t a i n i n g  v a r i a b l e s  T . A s  can be  seen  from t h e  
P 

f o rmu la t i ons  of  ou r  problems,  a s o l u t i o n  produc ing s l a c k s  i n  

t h e s e  c o n s t r a i n t s  can  b e  improved by d e c r e a s i n g  t h e  v a l u e s  of 

t h e  cor respond ing v a r i a b l e s  T ~ .  

The b lock  d iagram of  t h e  procedure  i s  i l l u s t r a t e d  i n  F igu re  

4 .  I t  was implemented us ing  a U N I X  o p e r a t i n g  system on a VAX 

11/780 computer. The s o f t w a r e  package which h a s  been developed 

i s  a ve ry  u s e r - f r i e n d l y  i n t e r a c t i v e  system, which p rov ides  g r e a t  

f l e x i b i l i t y  i n  t h e  a n a l y s i s  and produces adequa te  s o l u t i o n s  w i t h  

r easonab le  computa t iona l  e f f o r t .  

App l i ca t i on  i n  Colorado River  Basin 

A US Bureau o f  Reclamat ion s p e c i a l  r e p o r t  on S a l i n e  Water 

U s e  and D isposa l  O p p o r t u n i t i e s  i n  t h e  Colorado Bas in  (USBR, 1981) 

i d e n t i f i e s  seven l o c a t i o n s  w i t h i n  t h e  upper b a s i n  (and o t h e r s  

i n  t h e  lower b a s i n )  where proposed c o a l - f i r e d  e l e c t r i c  gener-. 

a t i n g  p l a n t s  a r e  each  l o c a t e d  less t h a n  100 m i l e s  from a s i g n i f -  

i c a n t  sou rce  of  low q u a l i t y  wa te r .  Cos ts  of  c o l l e c t i n g  and 

t r a n s p o r t i n g  t h a t  f r a c t i o n  of t h e  LQW which can reasonab l y  be  

d i v e r t e d  a r e  shown i n  Tab le  1 .  Also i nc l uded  a r e  t h e  e s t i m a t e d  

power p l a n t  wa te r  demand and waste  q u a n t i t i e s  assuming t h a t  

on ly  low q u a l i t y  wa te r  i s  used f o r  c o o l i n g  tower makeup and t h a t  

a h i gh  s a l i n i t y  techno logy coo l i ng  tower i s  used which concen- 

t r a t e s  t h e  blowdown t o  120,000 mg/l t d s .  Other  assumpt ions a r e  

t h a t  bo th  inves tment  c o s t s  and f u t u r e  b e n e f i t  s t r eams  a r e  d i s -  

counted a t  7 i X  ( t h i s  w i l l  be  v a r i e d  l a t e r )  minimum b r i n e  dep th  
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Figure 4. Solution flow diagram. 
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2 in pond 3 is 2.0 meters; salt diffusion rate is .023 ton/m /yr, 

pond costs are $4.8/m2 and $10/m2 for ponds 2 and 3 respectively 

(the latter includes electric generating equipment); revenue 

from sale of electricity is $1 .5/m2 (area of pond 3) . The 

reference flow in the river downstream from the project locations 

(at Lee's Ferry) is 11 .1  million acre feed/yr and the pre- 

management salinity at this point is 581 mg/l. The downstream 

6 benefits for reducing salinity are $.27(10 ) per mg/l. Finally, 

the NCP cooling tower water demand is estimated at 0.5 m3 per 

m2 of pond 3 area. Justification of these coefficient values 

is discussed in Hughes, Orlovsky and Narayanan (1982), and will 

not be presented here. Two of the coefficients, revenue/m2 and 

NCP cooling tower water demand are varied from the values given 

above for two sites (Big Sandy and McElmo Creek) in proportion 

to the unit energy production given in Table 1 .  

Evaporation estimates at these sites are given in Table 2. 

These quantities are based upon lake evaporation estimates from 

Hughes, et al. (1974) as adjusted for both salinity and heat 

advection. 

Table 2. Evaporation depth (in inches) . 

Pond 2 Pond 3 

Site 

Total Evap. Evap . 
Elevation Annual Pond 2 Minus Minus 
(ft) Lake Evap. Evap. Precip. Precip. 

Big Sandy 6500 29.6 23.6 5.6 7.2 

Uintah B. 4800 37.5 30.0 17.0 22.0 

Price River 5400 36.5 29.2 17.2 22.0 

San Rafael 5500 36.7 29.4 17.4 22.2 

Grand Valley 5000 38.5 30.8 16.8 21.5 

Lower Gun. 5000 38.5 30.8 16.8 21.5 

IJIcElmo Cr. 5000 67.6 54.1 46.1 57.0 



Problem 1 Resu l ts  

This problem inc ludes  no water demand f o r  h e a t / e l e c t r i c i t y  

conversion and no c a l c u l a t i o n  of downstream b e n e f i t s .  The 

"opt imal  s o l u t i o n s "  i n  t h i s  mode a r e  i n t e r e s t i n g  i n  t h a t  t h e  

sequence of pond increments added over t ime n e i t h e r  i n c r e a s e  

nor decrease monotonical ly  b u t  r a t h e r  assume an a l t e r n a t i n g  

inc reas ing /decreas ing  p a t t e r n .  

For example, cons ider  t h e  Lower Gunnison s o l u t i o n  shown 

i n  Table 3 .  I n  genera l ,  t h e  "Low Q u a l i t y "  source i s  much too  

f r e s h  t o  produce b r i n e  i n  a reasonable t i m e  ( i n  a reasonably 

0 s i z e d  pond) t h e r e f o r e ,  on ly  t h e  very  s a l t y  blowdown ( W  ) from 

t h e  power p l a n t  coo l ing  tower (assumed t o  be a high s a l i n i t y  

type tower) i s  used t o  produce b r i n e  d i r e c t l y .  The LQW (w') i s  

used on ly  f o r  f r e s h  l a y e r  makeup i n  t h e  NCP and even tua l l y  f o r  

b r i n e  a f t e r  concen t ra t i on  t o  50,000 mg/l i n  t h e  NCP (F igure  5 ) .  

Table 3 .  Solu t ion  t o  Problem 1 .  

1 2 3 4 5 6 7 8 9 Totals 

Objective value = $478,000. 





Since pond 2 r e c e i v e s  t h e  same amount of W O  each y e a r ,  bu t  an 

i nc reas ing  amount of w~~ (dur ing P f o r  which an i n c r e a s e  i n  A 3 
P 

2 occurred dur ing p-1) t h e  A increments a r e  s i z e d  accord ing ly .  
P 

Also, s i n c e  A3 increments produce n e t  revenue b u t  A2 increments 

i ncu r  on ly  c o s t s ,  t h e  opt imal  s t r a t e g y  i s  t o  de lay  cons t ruc t i on  

of A2 a d d i t i o n s  b u t  exped i te  A3 add i t i ons .  This f a c t  coupled 

w i th  the  l a g  1 r e l a t i o n s h i p  between A2 and A3 ( t h e  f i r s t  p inc re -  

2 
ments of A3 produce r e t u r n  f low t o  p+l increments of  A ) produce 

a system where r a t i o n a l  s t r a t e g y  i s  t o  i t e r a t i v e l y  i n c r e a s e  and 

decrease both t h e  A2 and A3 a d d i t i o n s  a s  shown i n  F igure 6. The 

t o t a l  pond s i z e s  i n  ope ra t i on  however, grow a s  shown i n  F igure 7 .  

The s e l e c t i o n  of N=9  i s  a r b i t r a r y  s i n c e  t h e  8400 u n i t s  of  W 1 

a r e  n o t  used completely even a f t e r  60 yea rs  (on ly  5865 a r e  used) .  

I f  N were inc reased,  wA3 would cont inue t o  i nc rease  u n t i l  W 
1 

was exhausted.  This i s  so because both revenue and c o s t s  a r e  

d iscounted a t  equa l  r a t e s  and t h e r e f o r e ,  i f  t h e r e  i s  a n e t  pro- 

f i t  f o r  a p a r t i c u l a r  N ,  a n e t  p r o f i t  w i l l  occur a t  any N and 

T vec to r .  However, t h e  p r e s e n t  worth of any a d d i t i o n a l  bene- 
P 

f i t  a s  t o t a l  t ime exceeds 4 0  years  approaches zero.  Therefore,  

t h e  more i n t e r e s t i n g  ques t i ons  a r e  r e l a t e d  t o  pond a r e a s ,  water  

d i ve rs ions  and n e t  r e t u r n s  a f t e r  more reasonable planning pe r iods  

such a s  20-30 yea rs .  The 60-year du ra t i on  example i s  presented  

only t o  demonstrate t h e  p a t t e r n  T assumes over long per iods .  
P 

The water  q u a n t i t i e s  and pond a r e a  po r t i ons  of t h e  so lu-  

t i o n  d isp layed i n  Table 3 a r e  no t  s e n s i t i v e  t o  changes i n  c o s t s ,  

revenue, o r  i n t e r e s t  r a t e  so  long a s  a n e t  p o s i t i v e  revenue i s  

maintained. Th is  i s  s o  because t h e  b a s i c  s t r a t e g y  of making 



Figure 6. Area expansion per interval. 

Time (years) 

Figure 7. Total pond areas in use. 



1 
b r i n e  on ly  from WO and us ing  W f o r  pond 3  makeup i s  s t a b l e  

1  
ove r  a  wide range of W s a l i n i t y  concen t ra t i ons .  The v a l u e  of 

t h e  o b j e c t i v e  f u n c t i o n  however, i s  very  s e n s i t i v e  t o  changes 

i n  money-related c o e f f i c i e n t s .  

For Problem 1 ,  it i s  necessary  f o r  t h e  NCP t o  make a  n e t  

p r o f i t  i n  o r d e r  t o  produce a  s o l u t i o n  of i n t e r e s t  ( a  non-zero 

3  
A s o l u t i o n ) .  I n  t h e  c a s e  of Problem 2 and 3 ,  however, t h e  down- 

s t ream b e n e f i t  may produce a  non-zero s o l u t i o n  even w i t h  an on- 

s i t e  NCP n e t  l o s s .  

Problem 2 

Problem 2 r e p r e s e n t s  t h e  a d d i t i o n  of downstream s a l i n i t y  

b e n e f i t s  b u t  s t i l l  main ta ins  energy p roduc t ion  i n  t h e  form of 

h e a t .  I n  a  s a l i n i t y  management s e t t i n g  problem, 3  i s  a more 

i n t e r e s t i n g  model s i n c e  it has  a  s i g n i f i c a n t  a d d i t i o n a l  d i ve r -  

s i o n  o f  wa te r  f o r  c o o l i n g  o f  t h e  h e a t / e l e c t r i c i t y  convers ion  

p rocess .  There fo re ,  i n  t h e  i n t e r e s t  o f  l i m i t i n g  t h e  number of 

d e t a i l e d  a p p l i c a t i o n s ,  no Problem 2 examples w i l l  be  p resen ted  

here .  

Problem 3  R e s u l t s  

The model i n c l u d i n g  bo th  downstream b e n e f i t s  and NCP 

c o o l i n g  tower wa te r  demand was a p p l i e d  a t  each of t h e  seven 

upper b a s i n  l o c a t i o n s .  The assumed c o n f i g u r a t i o n  a t  each s i t e  

is  a s  shown i n  F igure  2 ,  which pre-supposes t h a t  a  LQW d i v e r -  

s i o n  and d e l i v e r y  system has been c o n s t r u c t e d  and t h a t  a  h igh 

s a l i n i t y  techno logy c o o l i n g  tower has  been provided a t  t h e  

a d j a c e n t  power p l a n t .  Cos ts  of t h e  d e l i v e r y  system and added 

c o s t s  due t o  us ing  LQW i n  t h e  f o s s i l  f u e l  p l a n t  a r e  n o t  con- 



s i d e r e d  i n  t h e  NCP model. The o b j e c t i v e  h e r e  i s  on ly  t o  answer 

t h e  quest ion- -g iven a  power p l a n t  w i t h  known h i g h l y  concen t ra ted  

blowdown and known l i m i t  on LQW, what s i z e s  ( i f  any)  and t im ing  

of NCP ponds shou ld  be cons t ruc ted?  A r e g i o n a l  model which 

does c o n s i d e r  a l l  c o s t s  r e l a t e d  t o  t h e  power p l a n t ,  NCP, LQW 

d e l i v e r y  system, and a l t e r n a t i v e s  o t h e r  t h a n  t h e  one assumed 

h e r e  a r e  r e p o r t e d  i n  a  s e p a r a t e  p u b l i c a t i o n  (Hughes, Orlovsky 

and Narayanan, 1982) .  NCP model a p p l i c a t i o n s  r e p o r t e d  he re  were 

used a s  i n p u t  d a t a  f o r  t h a t  more g l o b a l  model. 

The complete s o l u t i o n s  f o r  each s i t e  a r e  inc luded  i n  

Appendix A. and w i l l  on l y  be summarized h e r e .  The p a t t e r n  of 

investment  t im ing  i s  s i m i l a r  f o r  each l o c a t i o n  a t  which t h e  

pond concept  i s  f e a s i b l e .  The c l i m a t e  a t  t h e  Big Sandy s i te  

i s  such t h a t  low l e v e l s  o f  bo th  s o l a r  r a d i a t i o n  and evapo ra t i on  

make t h i s  l o c a t i o n  u n s u i t a b l e  f o r  development of a  NCP. F ive  

o f  t h e  o t h e r  s i x  s i tes have s i m i l a r  c h a r a c t e r i s t i c s  which 

appear  t o  make t h e  NCP concept  f e a s i b l e  a t  t h e  c o s t  and revenue 

l e v e l s  g iven  p r e v i o u s l y  wh i l e  t h e  o t h e r  s i te  (McElmo) is par -  

t i c u l a r l y  w e l l  s u i t e d  f o r  t h e  NCP concept .  

The op t ima l  t im ing  of pond expansion ( t h e  T v e c t o r )  f o l l ows  
P 

a  ve ry  s i m i l a r  p a t t e r n  f o r  a l l  si tes.  That  is ,  t o  beg in  w i t h  

r a t h e r  s h o r t  pe r i ods  and i n c r e a s e  them over  t i m e .  For example, 

t h e  fo l low ing  t i m i n g . v e c t o r s  ( yea rs  b e f o r e  c o n s t r u c t i n g  t h e  

nex t  pond increment )  occur :  



This  p a t t e r n  i s  d i f f e r e n t  f r o m t h a t  of t h e  Problem 1 

s o l u t i o n  which f o r  t h e  t y p i c a l  example (Lower Gunnison) was: 

3 ,  4 ,  3 ,  7 ,  7 ,  9 ,  9 ,  ... 
The s i z e  o f  ponds added a t  each of t h e s e  t i m e s  i s  a l s o  

somewhat d i f f e r e n t  t h a n  f o r  Problem 1 ,  b u t  s t i l l  f o l l o w s  an  

a l t e r n a t e l y  i n c r e a s i n g / d e c r e a s i n g  sequence.  For  example,  t h e  

i nc remen ta l  and accumu la t i ve  sequences f o r  Lower Gunnison a r e  

shown i n  F i g u r e s  8 and 9 ,  r e s p e c t i v e l y .  

The p r e v i o u s  d i s c u s s i o n  assumed t h a t  t h e  power p l a n t  c o o l i n g  

tower makeup was e n t i r e l y  from lower q u a l i t y  w a t e r  a v a i l a b l e  

a t  t h e  si te.  Using such w a t e r  adds  s i g n i f i c a n t  c o s t s  t o  c o o l i n g  

tower i nves tmen t  and/or o p e r a t i o n ;  t h e r e f o r e ,  a n o t h e r  mode o f  

o p e r a t i o n  which may b e  o f  i n t e r e s t  i s  u s i n g  h i g h  q u a l i t y  makeup 

w a t e r ,  but .  s t i l l  c o n c e n t r a t i n g  t h e  blowdown t o  a h i g h  s a l i n i t y  

f o r  d i s p o s a l  i n  a  NCP. U s e  of h i g h  q u a l i t y  power p l a n t  makeup 

produces less blowdown and t h e r e f o r e  less b r i n e  f o r  t h e  NCP 

b u t  s l i g h t l y  more LQW f o r  t h e  " f r e s h "  l a y e r  makeup and more 

i m p o r t a n t l y ,  lower  power p l a n t  c o s t s .  

S o l u t i o n s  a t  each  s i t e  f o r  t h i s  node o f  o p e r a t i o n  a r e  

g i v e n  i n  Appendix A. The r e v i s e d  makeup and blowdown q u a n t i t i e s  

a r e  g i ven  i n  Tab le  4 .  

Tab le  4 .  Water demand and supp ly  f o r  i i 3 W  u s e  by power p l a n t  
3  2 

(10 m ) .  

S i t e  

T o t a l  
Makeup Blowdown LQW 

LQW A v a i l a b l e  
A v a i l a b l e  ( wPp ) (w0 )  To NCP 

Big Sandy 17,900 5,520 120 17,300 

U in tah  16,780 12,510 274 16,780 

P r i c e  10,490 7,880 172 10,490 

San Ra fae l  8,390 6,300 137 8,390 

Grand Va l l ey  33,560 12,610 274 33,560 

Lower Gun. 21,220 12,610 274 21,220 

McElmo C r .  25,670 25,230 550 25,670 



2 3 4 5  6 7 

P 
F igure  8. Lower Gunnison a r e a  increments  i f  power p l a n t  uses  on l y  

LQW. 

I 
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Time (years) 

F igu re  9.  Lower Gunnison t o t a l  a r e a s  i f  power p l a n t  uses  on l y  LQW. 



CONCLUSIONS 

Conclusions which can be drawn from t h e  s o l u t i o n s  produced 

by t h e  NCP models i n c l u d e  t h e  fo l low ing :  

( 1 )  The amounts o f  wa te r  used and s i z e  o f  ponds r e q u i r e d  a r e  

n o t  s e n s i t i v e  t o  e s t i m a t e s  o f  c o s t ,  revenue o r  i n t e r e s t  

r a t e  excep t  i n  a  d i s c r e t e  way. That  i s ,  s i n c e  t h e  t o t a l  

s i z e s  of pond 2  and 3  converge toward a  reasonab ly  c o n s t a n t  

r a t i o  f o r  most Colorado Bas in  s i tes (see F igu re  10) and 

3 s i n c e  revenue i s  a  l i n e a r  f u n c t i o n  o f  a r e a  (A  ) ,  f o r  any 

g iven  r e l a t i v e  magnitude of u n i t  pond c o s t s  and energy 

revenue,  t h e  system t e n d s  t o  e i t h e r  make a  n e t  p r o f i t  o r  

a  n e t  l o s s  a s  wa te r  and s a l i n i t y  q u a n t i t i e s  va ry  ove r  a  

wide range.  I f  t h e  system makes a  n e t  p r o f i t ,  t h e  model 

s o l u t i o n  i s  t o  use  a l l  o f  t h e  power p l a n t  blowdown t o  pro- 

duce b r i n e  and t o  use  t h e  o t h e r  LQW a s  f r e s h  l a y e r  makeup. 

I f ,  however, a  n e t  l o s s  occu rs ,  t h e  s o l u t i o n  i s  t o  p rov ide  

on ly  pond 2 ( a s  a  conven t iona l  evapo ra t i on  pond) t o  d i spose  

3  of b r i n e  wh i le  A + 0. 

( 2 )  The n e t  p r o f i t  ( l o s s )  produced by a  NCP system i s  on t h e  

o t h e r  hand, ve ry  s e n s i t i v e  t o  c o s t ,  revenue,  and i n t e r e s t  

r a t e  l e v e l s .  The impact  of  v a r i o u s  i n t e r e s t  r a t e s  i s  shown 

i n  F igu re  1 1 .  

(3 )  G e n e r a l i z a t i o n s  abou t  t h e  s i z e  of NCP pond a r e a s  a s  a  

f u n c t i o n  of power p l a n t  s i z e  a r e  d i s p l a y e d  i n  F igu re  12. 

Those d a t a  p o i n t s  s u b s t a n t i a l l y  below t h e  upper l i n e  

(Price and San Ra fae l )  r e p r e s e n t  s i tes where t h e  supp ly  o f  

LQW i s  l i m i t i n g  when LQW i s  used by t h e  power p l a n t .  I f  

LQW supply  i s  n o t  l i m i t i n g ,  a r e a s  approx imate ly  on t h e  



Key 
= LQW source 

0 = HQW source 
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F i g u r e  10.  Compar i son  o f  pond 2 a n d  3  areas ( a f t e r  30 y e a r s ) .  



Power plant blowdown (lo3 M ~ )  

F igure  1 1 .  N e t  r e t u r n  s e n s i t i v i t y  t o  d i s c o u n t  r a t e .  

1 
I I I I 

0 500 1000 1500 2000 

Power plant MW 

F igure  1 2 .  NCP a r e a  - power p l a n t  c a p a c i t y  r e l a t i o n .  



upper l i n e  can be  expected a f t e r  30 yea rs  of o p e r a t i o n .  

S ince  t h e  HQW power p l a n t  makeup produces much s m a l l e r  

amounts o f  b r i n e ,  t h e  LQW supply  i s  n o t  l i m i t i n g  ( o r  o n l y  

b a r e l y  l i m i t i n g )  a t  a l l  s i tes and t h e  lower l i n e  r e p r e s e n t s  

expec ted  a r e a s  of NCP. A s i m i l a r  c o r r e l a t i o n  between NCP 

and power p l a n t  energy c a p a c i t y  i s  d i sp layed  i n  F igure  13. 

( 4 )  Since  t h e  s i z e  of NCP i s  h i g h l y  c o r r e l a t e d  w i t h  b r i n e  

a v a i l a b i l i t y  and t h e r e f o r e  w i t h  q u a n t i t y  of power p l a n t  

blowdown (assuming a f i x e d  s a l i n i t y  c o n c e n t r a t i o n  of blow- 

down) t h e  n e t  r e t u r n  from a NCP system can be  rough ly  p re -  

d i c t e d  a s  a f u n c t i o n  of hlowdown. Such a r e l a t i o n s h i p  i s  

d i sp layed  i n  F igu re  14. 

A f i n a l  c a v e a t  f o r  i n t e r p r e t i n g  t h e  fo rego ing  in fo rmat ion :  

i n  o r d e r  t o  judge whether  a NCP should  o r  shou ld  n o t  be con- 

s t r u c t e d ,  it i s  n o t  s u f f i c i e n t  t o  ana lyze  on ly  t h e  n e t  r e t u r n  

of t h e  NCP sub-system ( a s  was done i n  t h i s  paper . )  Ra ther ,  it 

i s  necessa ry  t o  expand t h e  system boundar ies  t o  i n c l u d e  o t h e r  

sub-systems such a s  energy and a g r i c u l t u r a l  p roduc t ion  which 

a r e  impacted by t h e  NCP water  demand (see Hughes and Narayanan 

f o r  such an  a n a l y s i s . )  The NCP system may f o r  i n s t a n c e  e i t h e r  

i n c r e a s e  o r  dec rease  t h e  n e t  c o s t  o f  t h e  r e l a t e d  power p l a n t .  

I f  LQW i s  used f o r  c o o l i n g ,  t h i s  obv ious ly  i n c r e a s e s  t h e  power 

p l a n t  p roducers '  c o s t s .  On t h e  o t h e r  hand, i f  t h e  NCP e l i m i n a t e s  

t h e  need f o r  a conven t i ona l  ze ro  d i scha rge  pond, t h i s  e l i m i n a t e s  

a major power p roduc t i on  c o s t .  P a r t i c u l a r l y ,  i f  HQW i s  used by 

t h e  power p l a n t ,  a NCP which a c c e p t s  i t s  blowdown w i l l  produce 

a n e t  dec rease  i n  power p l a n t  c o s t s .  The p o i n t  i s  t h a t  a NCP 

may by i t s e l f  show a n e t  l o s s  b u t  s t i l l  improve economic 
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Figure 13. Comparison of NCP and power plant energy production. 
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Figure 14. New profit of NCP systems. 



e f f i c i e n c y  o f  t h e  l a r g e r  system. Conversely,  t h e  NCP may by 

i t s e l f  show a  n e t  p r o f i t  b u t  s t i l l  cause  a  n e t  l o s s  i n  t h e  l a r g e r  

system. 



APPENDIX A: SOLUTIONS T O  PROBLEM 3 



Table A l .  Summary o f  Problem 3 So lu t i ons  wi th L Q W  used f o r  cool ing. 

P ( lo3$) 

1 3  ASC7 Objec. S i t e  Item 1 2 3 4 5 6 7 To ta l  W7 w:' 
( 

Funct ion 

Big Sandy 
3 

A~ 
0 408 257 3 50 437 540 749 2741 2806 1430 42 20,917 

P r i ce  3 
A~ 

80 295 320 434 3 18 9 1  0 1540 1577 803 37.5 23,105 

2 3 4 5 6 7 

San Rafael  3 
A~ 

63 227 246 3 29 344 67 0 1276 1267 658 34 17,720 

T~ 
2 3 4 5 6 7 

3 Grand Val ley Ap 58 298 659 489 64 2 8 24 1120 4144 4087 2130 58 32,216 

T~ 
2 3 4 5 6 7 9 

2 
Ap , 704 0 608 489 642 767 2565 5777 

Lower Gun 3 
A~ 

180 537 505 662 792 940 898 4517 4418 2314 6 1  30,661 

T~ 
2 3 4 5 6 7 8 

Mc Elmo 3 
A, 234 614 1283 1062 1330 1557 1906 7982 13,476 4397 87 54,755 

Creek 
2 3 4 5 6 7 9 



Table A2. Summary of Problem 3 s o l u t i o n s  wi th  HQW source f o r  power p l a n t .  
(Areas a r e  ~O'M*, f lows a r e  1 O'M', and T i n  years )  . 

P 

S i t e  

- 

P use o f  LQw (lo3$) 
Objec. 

I tem 1 2 3 4 5 6 7 T o t a l  w i 3  
=7 Funct ion 

A 
2 

1434 
P 

Big Sandy A 
3 

0 162 102 139 174 214 297 1089 1026 523 1 6  7,132 
P 

Uintah A 31  162 367 274 394 476 466 2170 2198 1387 38.7 12,343 
3 
P 

A 
2 

19 54 
P 

P r i c e  A 1 9  101 232 172 249 303 298 1376 1409 718 22.8 10,296 
3 
P 

San R a f a e l  A 
3 
P 

3 
Grand Va l ley  A 32 163 361 268 379 452 500 2156 2127 1108 30.7 15,624 ' 

P 

A 
2 293 5 
P 

Lower 
A 

3 
32 163 359 267 375 445 425 2067 2022 1059 29.2 15,444 

Gunnison P 

McElmo 
A 

3 
Creek 

130 340 712 590 739 862 1059 4434 7486 2221 43 27,852 
P 
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