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WASTE-HEAT DISPOSAL FROM U.S. GEOTHERMAL POWER PLANTS - A N  UPDATE;'( 

Roy C .  Robertson 
Energy Div is ion  

Oak Ridge Nat iona l  Laboratory 
Oak Ridge, Tennessee USA 

Summary 

D i s s i p a t i o n  of t he  h e a t  r e j e c t e d  from geothermal power p l a n t s  i s  
a major concern because t h e  i n h e r e n t l y  low e f f i c i e n c i e s  r e s u l t  i n  h e a t  
r e j e c t i o n  ra tes  t h a t  are t h r e e  t o  f o u r  t i m e s  g r e a t e r  p e r  k i l o w a t t  of in-  
s t a l l e d  c a p a c i t y  than i s  t y p i c a l  of f o s s i l -  o r  nuc lear - fue led  s t a t i o n s .  
The most c o s t - e f f e c t i v e  methods of w a s t e  hea t  d i s s i p a t i o n  involve  t h e  
evapora t ion  of water, ye t  most of t h e  important  hydrothermal r e sources  
of t h e  U.S. are loca ted  i n  areas where cool ing  tower makeup water f o r  
power p l a n t s  is  i n  s h o r t  supply.  Flashed-steam power c y c l e s  can use  
condensate  der ived  from t h e  geo f lu id  f o r  tower makeup u n l e s s  r e i n j e c t i o n  
is  necessa ry ,  as i s  a l r eady  r equ i r ed  a t  some sites. Condensate i s  n o t  
a v a i l a b l e  from b ina ry  cyc le s  because t h e  geo f lu id  is  r e i n j e c t e d .  Geo- 
therm 1 s t a t i o n  makeup water requirements  have been es t imated  a t  50 t o  
100 m /y r  per  k i l o w a t t  of electrical  capac i ty .  3 

Some of t h e  more i n t e r e s t i n g  and s i g n i f i c a n t  methods t h a t  a r e  
c u r r e n t l y  being s t u d i e d  i n  t h e  U.S. f o r  reducing waste hea t  d i s s i p a t i o n  
system c o s t s  and water consumption are (1) al lowing  p l a n t  power ou tpu t  

_. t o  v a r y  wi th  ambient cond i t ions ,  (2)  u se  of ammonia t o  t r a n s p o r t  waste 
h e a t  from t h e  t u r b i n e  condenser to a i r -cooled  c o i l s ,  ( 3 )  development of 
a plastic-membrane type  wet /dry tower,  (4) market ing of steam t u r b i n e s  
t h a t  can t o l e r a t e  a wider range  of back p res su res ,  (5) u s e  of c i r c u l a t i n g  
water s t o r a g e  t o  d e l a y  hea t  d i s s i p a t i o n  u n t i l  more f avorab le  ambient 
cond i t ions  e x i s t ,  (6)  development of t ubes  w i t h  enhanced hea t  t r a n s f e r  
s u r f a c e s  t o  reduce condenser c a p i t a l  c o s t s ,  and (7 )  use  of evapora t ive  
condensers  t o  reduce c o s t s  i n  b ina ry  cyc les .  Many of t h e s e  p r o j e c t s  
involve large-scale tes ts  t h a t  are now f u l l y  i n s t a l l e d  and producing 
some p re l imina ry  da t a .  
n o t  be a v a i l a b l e  u n t i l  mid-1982 o r  later.  

D e f i n i t i v e  r e s u l t s  from some of  t h e  tes ts  may 

1. INTRODUCTION 

Disposa l  of t h e  hea t  r e j e c t e d  from geothermal power plants  is  a 
major problem because t h e  low thermal  e f f i c i e n c i e s  (10-15%) caused by 
t h e  r e l a t i v e l y  low-temperature h e a t  sources  r e s u l t  i n  h e a t  r e j e c t i o n  
rates t h a t  are t h r e e  t o  fou r  t imes g r e a t e r  pe r  k i l o w a t t  of c a p a c i t y  than  
i s  t y p i c a l  of f o s s i l -  o r  nuclear-fueled 
methods of h e a t  d i s s i p a t i o n  involve  t h e  
major hydrothermal r e s e r v e s  i n  t h e  U.S. 

s t a t i o n s .  The most economical 
evapora t ion  of water, bu t  t h e  
are almost  a l l  l oca t ed  i n  r eg ions  
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, 
where water f o r  coo l ing  tower makeup i s  scarce. Geothermal p l a n t s  
u s i n g  t h e  flashed-steam c y c l e  produce enough condensate f o r  tower 
makeup, i f  r e i n j e c t i o n  is no t  r equ i r ed .  R e i n j e c t i o n  is  a l r e a d y  mandated 
i n  some re source  areas, however, and s ince  t h e  sub te r r anean  e f f e c t s  of 
g e o f l u i d  withdrawal are n o t  w e l l  known a t  many o t h e r s ,  i t  seems l i k e l y  
t h a t  r e i n j e c t i o n  r e g u l a t i o n s  w i l l  become more s t r i n g e n t .  
water is  needed f o r  binary-cycle  p l a n t s  because,  i n  t h i s  case, t h e  
geothermal f l u i d  is  r e i n j e c t e d .  

A source of 

The c o n d i t i o n s  of water a v a i l a b i l i t y ,  c o s t ,  and q u a l i t y  a t  p o t e n t i a l  
s i t e s  are so  d i v e r s e  t h a t  i t  i s  d i f f i c u l t  t o  g e n e r a l i z e .  I n  1980 Robertson 
e t  a l .  (Ref. 1) est imated geothe m a l  power p l a n t  coo l ing  tower r equ i r e -  
ments t o  b e  between 50 and 100 m /yr per  k i l o w a t t  of n e t  e l e c t r i c a l  
c a p a c i t y  (Fig.  1 ) .  D i f f e rences  i n  climate may a f f e c t  t h e  amount by up 
t o  20%, and b i n a r y  c y c l e s  may r e q u i r e  up t o  15  t o  20% more water than  
flashed-steam systems. The ORNL s t u d y  (Ref. 1) a l s o  roughly e s t ima ted  
t h e  amount of makeup water needed t o  develop t h e  f u l l  p o t e n t i a l  of t h e  
known hydrothermal reserves i n  t h e  western states of t h e  U.S., made a 
broad survey of t h e  amounts of w a t e r  p re sen t  i n  t h e  r e s o u r c e  areas, and 
reviewed t h e  l e g a l  aspects of making t h e  water a v a i l a b l e  f o r  consumptive 
u s e  by t h e  s t a t i o n s .  The s tudy  concluded t h a t  t h e  d i f f i c u l t y  of o b t a i n i n g  
coo l ing  tower makeup water may be one of t h e  most s e r i o u s  o b s t a c l e s  t o  
t h e  development of economical geothermal power from t h e  western hydro- 
thermal r e s e r v e s .  

5 

Many obse rve r s  b e l i e v e  t h a t  new thermal  power s t a t i o n s  i n  some 
r e g i o n s  of t h e  U.S. w i l l  have t o  r e l y  on d ry  and wet/dry methods f o r  
w a s t e  h e a t  d i s s i p a t i o n .  Many s t u d i e s  of t h e  economics and performances 
of d r y  and wet /dry coo l ing  methods have been made by t h e  Electr ic  Power 
Research I n s t i t u t e  (EPRI), Battelle,  P a c i f i c  Northwest Laboratcry (PNL), 
and o t h e r s .  S t u d i e s  have a l s o  been made of t h e  u s e  of less expensive 
materials of c o n s t r u c t i o n  and innova t ive  systems. However, i n  a 1979 
s tudy ,  Johnson (Ref. 2 )  found t h a t  e s t ima ted  c o s t s  f o r  d r y  coo l ing  were 
so  h i g h  t h a t  many U.S. power companies be l i eved  i t  more economical t o  
f i n d  coo l ing  tower makeup water by purchase of a g r i c u l t u r a l  l a n d  f o r  t h e  
water r i g h t s  o r  by use  of treatment p l a n t s  t o  recover  water from b r i n e s ,  
sewerage t r ea tmen t  p l a n t  e f f l u e n t s ,  and o t h e r  low-quality water. 

This  paper reviews some of t h e  waste h e a t  d i s s i p a t i o n  s t u d i e s  and 
tests i n i t i a t e d  i n  t h e  U.S. du r ing  t h e  p a s t  two o r  t h r e e  y e a r s  t h a t  seem 
t o  be of unusual i n t e r e s t  o r  s i g n i f i c a n c e .  Many of t h e  i n v e s t i g a t i o n s  
invo lve  l a r g e - s c a l e  p r o j e c t s  t h a t  are f u l l y  i n s t a l l e d  and producing 
p re l imina ry  i n d i c a t i o n s  of performance. Unfortunately f o r  t h i s  paper,  
however, f i n a l  r e p o r t s  and conclusions may n o t  b e  a v a i l a b l e  u n t i l  about 
mid-1982 o r  la ter .  It should be noted t h a t  some of t h e  p r o j e c t  schedules  
mentioned i n  t h i s  paper are s u b j e c t  t o  t h e  u n c e r t a i n t i e s  of U.S. Department 
of Energy (DOE) funding. 



2. VARIABLE-CAPACITY, OR "FLOATING POWER" OUTPUT 

Of a l l  t h e  methods suggested f o r  improving t h e  economics f o r  geothermal 
power p l a n t  waste hea t  d i s s i p a t i o n ,  va r i ab le -capac i ty ,  o r  so-ca l led  
" f l o a t i n g  power", appears  l i k e l y  t o  have t h e  p o t e n t i a l  f o r  most immediate 
acceptance.  The concept i s  one i n  which a power s t a t i o n  a l lows  t h e  n e t  
power output  of t h e  p l a n t  t o  va ry  i n  response t o  changes i n  t h e  ambient 
temperature .  Rather  than  des igning  f o r  a f i x e d  t u r b i n e  exhaust  p re s su re  
t h a t  can be  maintained year-round, t h e  back p res su re  i s  allowed t o  
dec rease  w i t h  lower ambient temperatures ,  such as occur  a t  n i g h t  o r  
du r ing  t h e  win te r  months. Unlike steam t u r b i n e s ,  t u r b i n e s  us ing  o t h e r  
working f l u i d s  can ope ra t e  w i t h  r e l a t i v e l y  wide-ranging back p res su res  
without  s e r i o u s  loss  of t u r b i n e  e f f i c i e n c y .  The va r i ab le -capac i ty  
concept i s  t h u s  p a r t i c u l a r l y  w e l l  s u i t e d  f o r  b i n a r y  geothermal power 
p l a n t s .  

One of t h e  major d i sadvantages  of t h e  " f l o a t i n g  power'' concept i s  
t h a t  wes t e rn - s t a t e  u t i l i t i e s  have connected l o a d s  t h a t  peak dur ing  t h e  
daytime hours  and during t h e  a i r  cond i t ion ing  season,  t i m e s  when t h e  
ou tpu t  of t h e  va r i ab le -capac i ty  geothermal p l a n t  would tend t o  be t h e  
least. Another disadvantage of t h e  concept is  t h a t  t h e  major equipment 
i s  n o t  f u l l y  loaded a s i g n i f i c a n t  p o r t i o n  of t h e  t i m e ,  which i n c r e a s e s  
cap i ta l  c o s t s .  

I n  1977  Sha f fe r  (Ref. 3)  made a thermodynamic s tudy  of t h e  performance 
of a dua l -bo i l ing ,  i sobutane  power c y c l e  us ing  t h e  var iab le-output  mode 
of  o p e r a t i o n  as app l i ed  t o  both w e t -  and dry-cooled sytems. H e  i n v e s t i g a t e d  
t h e  performance of a s t a t i o n  designed f o r  t h e  climate of  P o c a t e l l o ,  Idaho, and 
developed an  equat ion  f o r  r e l a t i n g  t h e  n e t  power output  of t h e  b ina ry  
c y c l e  t o  t h e  wet-bulb temperature  (Fig.  2 ) .  The Sha f fe r  s tudy  w a s  
extended by us ing  h i s  equat ion  t o  estimate t h e  performance of a p l a n t  
l o c a t e d  a t  Yuma, Arizona. The p e r t i n e n t  cl imatical  d a t a  of P o c a t e l l o  
and Yuma are compared i n  Table  1. On t h e  average,  t h e  d a i l y  v a r i a t i o n s  
i n  p lan t  energy output  on a g iven  day would be 20 t o  25%. The seasona l  
v a r i a t i o n s ,  shown i n  Fig.  3 ,  are l a r g e r  and can amount t o  a 40% increase 
i n  energy ou tpu t  dur ing  t h e  win te r  months. Over t h e  per iod  of a year  
the average output of a variable-capacity plant at Pocatello would be 
about  22% g r e a t e r  than  f o r  a f ixed-capac i ty  p l a n t ,  and a t  Yuma, would be 
about  28% g r e a t e r .  

The r e s u l t s  shown i n  Fig.  3 apply  t o  s t a t i o n s  us ing  w e t  coo l ing  
towers.  In d i r e c t  dry-cooled systems, t h e  t u r b i n e  back p r e s s u r e  i s  a 
func t ion  of t h e  dry-bulb r a t h e r  t han  t h e  wet-bulb temperature  and t h e  
system i s  less e f f i c i e n t  o v e r a l l .  The maximum d a i l y  v a r i a t i o n s  i n  t h e  
dry-bulb f o r  t h e  two l o c a t i o n s  s t u d i e d ,  shown i n  Table  1, are based on 
monthly averages  of hour ly  temperatures .  Dai ly  v a r i a t i o n s  are much 
g r e a t e r  and, a t  t i m e s ,  can b e  extreme. It i s  obvious t h a t  a dry-cooled 
f ixed-capac i ty  p l a n t  designed f o r  a g iven  dry-bulb temperature  would be  
pena l ized  seve re ly .  Whereas Sha f fe r  (Ref. 3 )  showed t h e  wet-cooled 
s t a t i o n  a t  P o c a t e l l o  t o  ga in  i n  energy output  by about  20% when v a r i a b l e -  
capac i ty  power w a s  used, a dry-cooled s t a t i o n  w a s  es t imated  t o  b e n e f i t  
about  150% from t h e  concept.  



A 1981 thermodynamic s tudy  made by Fluor  Power S e r v i c e s  (Ref. 4 )  
f o r  t h e  Geothermal Binary Demonstration P r o j e c t  a t  Heber, C a l i f o r n i a  d i d  
n o t  show as g r e a t  an i n c r e a s e  inaverage power ou tpu t  as t h a t  mentioned 
above; n e v e r t h e l e s s ,  t h e  improvement w a s  s u f f i c i e n t  t o  l e a d  t o  t h e  
recommendation t h a t  t h e  " f l o a t i n g  power" concept be adopted f o r  t h e  
p r o j e c t .  The s tudy  assumes t h e  use  of w e t  coo l ing  towers,  a working 
f l u i d  f o r  t h e  c y c l e  of a 10-90 mixture  of isopentane-isobutane,  and 
e i t h e r  axial-f low o r  radial-f low t u r b i n e s .  I n  both c a s e s  t h e  annual  
energy ou tpu t  w a s  improved by about 9.5 t o  12.6% by use  of t h e  concept.  

Although t h e  s t u d i e s  of t h e  thermodynamic a s p e c t s  of " f l o a t i n g  
power" make it  a p p e a r  a t t r a c t i v e ,  t h e  proof of t h e  concept is i n  t h e  
economic performance.. P ines  e t  al. ( R e f .  5) made a s tudy  i n  1978 of 

p l a n t  w i th  v a r i a b l e  c a p a c i t y  could produce e l e c t r i c i t y  a t  about 14% less 
c o s t  t han  a f ixed-capaci ty  p l a n t  a t  t h e  same l o c a t i o n .  More s i g n i f i c a n t l y ,  
he est imated t h a t  a dry-cooled va r i ab le -capac i ty  p l a n t  could produce 
power a t  about 35% less c o s t  t han  a f ixed -capac i ty  s t a t i o n .  

f l o a t i n g  power'' i n  which he est imated t h a t  a wet-cooled geothermal I' 

3 .  AMMONIA HEAT TRANSPORT FOR DRY-COOLED SYSTEMS 

Various methods have been proposed f o r  reducing t h e  c o s t  of dry- 
cooled h e a t  exchangers,  such as t h e  use  of p l a s t i c s  and new p rocesses  
f o r  producing f inned  s u r f a c e s ,  bu t  t o  d a t e ,  none are s t r i k i n g l y  c o s t -  
e f f e c t i v e .  Johnson (Ref. 6), however, p o i n t s  o u t  t h a t  t h e  h e a t  exchanger 
r e p r e s e n t s  b u t  on ly  about 30% of t h e  t o t a l  c o s t  of a dry-cooled system 
(Table 2).  H e  sugges t s  t h a t  a more promising method of reducing c o s t s  
i s  t o  use  a phase-change c i r c u l a t i n g  f l u i d  t o  t r a n s p o r t  w a s t e  h e a t  from 
t h e  steam t u r b i n e  condenser t o  t h e  air -cooled hea t  exchanger. Because 
of t h e  improved h e a t  t r a n s f e r ,  t h e  p ip ing  and t h e  h e a t  exchangers can be 
smaller, and i n  many p l a n t  l a y o u t s ,  t h e  c a p i t a l  c o s t s  can b e  s i g n i f i c a n t l y  
lower than f o r  systems i n  which s t e a m  is condensed d i r e c t l y  i n  a i r -  
cooled c o i l s .  

Of t h e  h e a t  t r a n s p o r t  f l u i d s  t h a t  can be considered,  such as ammonia, 
w a t e r ,  and v a r i o u s  r e f r i g e r a n t s  and hydrocarbons, Johnson (Ref. 6) 
showed t h a t  ammonia c l e a r l y  has  t h e  b e s t  h e a t  t r a n s f e r  and t r a n s p o r t  
p r o p e r t i e s .  It r e q u i r e s  s i g n i f i c a n t l y  less pumping power, and indeed,  
g r a v i t y  c i r c u l a t i o n  i s  f e a s i b l e .  Ammonia h a s  t h e  f u r t h e r  advantage t h a t  
i t  e l i m i n a t e s  freeze-up problems a s s o c i a t e d  wi th  a i r - coo led  c o i l s .  
Disadvantages of ammonia are that it is a t o x i c  subs t ance  and t h a t  t h e  
system must be l e a k - t i g h t  a t  test  p r e s s u r e s  of up t o  3 MPa. 
c o s t  s t u d i e s  have been publ ished which i n d i c a t e  c o s t  advantages f o r  t h e  
ammonia t r a n s p o r t  system, such as t h a t  by F a l e t t i  (Ref. 7 ) .  A more 
r e c e n t  s tudy  by Drost and Huber (Ref. 8) of b i n a r y  wetfdry systems 
concludes t h a t  i t  is  c o s t  e f f e c t i v e  t o  u s e  ammonia as t h e  working f l u i d  
i n  t h e  power c y c l e  as w e l l .  I n  t h i s  arrangement,  t h e  t u r b i n e  would 
exhaust d i r e c t l y  i n t o  t h e  we t id ry  air-cooled c o i l .  The r e s u l t i n g  power 
c o s t  i s  lower than  t h a t  of an  all-wet ammonia c y c l e ,  p r i m a r i l y  because 
of e l i m i n a t i o n  of t h e  c i r c u l a t i n g  water pumps, b u t  t h e  c o s t  i s  n o t  less 
than  t h a t  of an all-wet i sobu tane  power cyc le .  

Seve ra l  



EPRI and DOE have j o i n t l y  funded an Advanced Concepts Test (ACT) a t  
t h e  P a c i f i c  G a s  and Electric Company's Kern power s t a t i o n  i n  B a k e r s f i e l d ,  
C a l i f o r n i a ,  which uses  a phase-change, ammonia h e a t  t r a n s p o r t  system. A 
s i m p l i f i e d  flow diagram f o r  t h e  9-MWe (equ iva len t )  tes t  i s  shown i n  Fig.  4 .  
Johnson, of PNL, has  d i scussed  t h e  background and o v e r a l l  o b j e c t i v e s  of 
t h e  test  (Ref. 2)  and desc r ibed  t h e  equipment i n  a p re l imina ry  r e p o r t  
(Ref. 9 ) .  The steam condenser/ammonia b o i l e r ,  designed and cons t ruc t ed  
by t h e  Linde Div i s ion  of Union Carbide Corporat ion,  has  condensing steam 
on t h e  s h e l l  s i d e  of a h o r i z o n t a l  shell-and-tube exchanger and has  
fo rced  c i r c u l a t i o n  of ammonia through t h e  tubes.  Two sets of al.uminum 
air-cooled h e a t  exchangers w i l l  be t e s t e d :  ( a )  a finned-tube c o i l  supp l i ed  
by Trane Corporat ion and (b) a "skived-fin" exchanger manufactured by 
Curtis-Wright Corporat ion.  The c a p a c i t y  of t h e  Trane c o i l s  can be 
augmented by deluging them w i t h  a continuous f i l m  of water. Before 
shutdown of t h i s  deluge system, t h e  s u r f a c e s  of t h e  c o i l  w i l l  be r i n s e d  
wi th  water t r e a t e d  t o  have l e s s  than 5 ppm of s o l i d s  t o  l i m i t  d e p o s i t i o n  
of scale dur ing  dryout .  When t h e  Curtis-Wright c o i l s  are i n  s e r v i c e ,  
augmentation i s  provided by a commercially a v a i l a b l e ,  evaporat ive- type 
ammonia condenser. 

. 

Cons t ruc t ion  of t h e  ACT f a c i l i t y  w a s  completed i n  t h e  f a l l  of 1981. 
By t h e  s p r i n g  of 1982 it  i s  probable t h a t  t h e  r e s u l t s  of t h e  f i r s t  
performance t e s t i n g  w i l l  be  published. Long-range t e s t i n g  w i l l  con t inue ,  
however, and cover about a three-year period. A s  o u t l i n e d  by Zaloudek 
(Ref. l o ) ,  t h e  tes ts  w i l l  cover a broad range of o b j e c t i v e s ,  i nc lud ing  
e v a l u a t i n g  s t a b i l i t y ,  load-following c h a r a c t e r i s t i c s ,  maintenance re- 
quirements ,  and c o m p a t i b i l i t y  of materials i n  t h e  system. 

4 .  "BINARY" COOLING TOWER 

An innova t ive  method of w a s t e  h e a t  d i s p o s a l  developed i n  t h e  U.S. 
du r ing  t h e  p a s t  few yea r s  i s  t h e  so-cal led "binary" coo l ing  tower. A s  
desc r ibed  by Lancaster  and Sanderson (Ref. l l ) ,  t h e  tower c o n s i s t s  of 
s e p a r a t e  modules, each of which has  p a r a l l e l  frames on which ~0.1-mm 
p l a s t i c  s h e e t i n g  membranes are t i g h t l y  s t r e t c h e d .  The spacing between 
t h e  s h e e t s  i s  about 20 mm and t h e  membranes are t y p i c a l l y  about 2.5 m 
wide and 5 m high. The c i r c u l a t e d  w a t e r  t o  be cooled i s  introduced a t  

f a l l i n g  f i l m  on t h e  s u r f a c e s  of t h e  p l a s t i c  t o  t h e  bottom of t h e  module, 
where i t  is c o l l e c t e d  and r e c i r c u l a t e d  t o  t h e  t u r b i n e  condenser. This  
primary c i r c u l a t i n g  loop can be ope ra t ed  as e i t h e r  an open o r  c losed  
system. 
a i r  p l u s  a n  evaporat ing f a l l i n g  w a t e r  f i l m  on t h e  p l a s t i c  s u r f a c e s  
abso rbs  t h e  h e a t  conducted through t h e  p l a s t i c  f i l m ,  as schemat i ca l ly  
i n d i c a t e d  i n  Fig.  5. A tower can b e  arranged so t h a t  some modules 
o p e r a t e  d r y  and o t h e r s  w e t .  The a i r  flow passages between t h e  membranes 
are r e l a t i v e l y  l a r g e  and smooth, which r e s u l t s  i n  comparatively low f a n  
power requirements.  

I t h e  t o p  of t h e  space between two p l a s t i c  s h e e t s  and flows downward as a 

I n  t h e  spaces  on each s i d e ,  e i t h e r  a i r  i n  c ros s f low o r  c ros s f low 



The "binary" tower concept is  iinique i n  t h a t  i t  is  repor t ed  t o  be 
less s u s c e p t i b l e  than  convent ional  equipment t o  s c a l i n g ,  f o u l i n g ,  and 
co r ros ion ,  and t h a t  concen t r a t ions  of as high as 120,000 ppm t o t a l  
d i s so lved  s o l i d s  can be t o l e r a t e d  i n  t h e  secondary water c i r c u i t .  
Concentrat ion f a c t o r s  of over 100 can be considered.  This aspect a l lows  
u s e  of low-quality water f o r  makeup on t h e  secondary s i d e  and a l s o  makes 
t h e  tower w e l l  s u i t e d  t o  a p p l i c a t i o n s  where t h e  q u a n t i t y  of blowdown 
water m u s t  be kept  t o  a minimum. 

The a b i l i t y  of t h e  "binary" tower t o  o p e r a t e  wi th  low-quality water 
on t h e  secondary s i d e  l a r g e l y  depends upon t h e  water t r ea tmen t  system 
which is  an  i n t e g r a l  p a r t  of each tower i n s t a l l a t i o n :  
t r o l l e d  by t r ea tmen t  of t h e  makeup water t o  remove scale-causing agen t s .  
B i o l o g i c a l  f o u l i n g  i s  r e t a r d e d  by t h e  high s a l t  con ten t  i n  t h e  secondary 
system and by t h e  f a c t  t h a t  any b i o c i d e s  p re sen t  tend t o  become more 
concen t r a t ed .  S a l t  formations a t  we t ld ry  i n t e r f a c e s  are s a i d  t o  be 
e a s i l y  washed away. Corrosion is  n o t  a g r e a t  problem i n  t h e  secondary 
system because,  w i th  t h e  except ion of t h e  pumps, i t  is composed of non- 
m e t a l l i c  materials. S p e c i a l  a l l o y s  can be used i n  t h e  pump c o n s t r u c t i o n .  
Since t h e  secondary water moves through t h e  tower as a f a l l i n g  f i l m  
r a t h e r  than i n  t h e  convent ional  s p l a s h  arrangement,  d r i f t  from t h e  
"binary" tower i s  s a i d  t o  be n e g l i g i b l e .  

Sca l ing  is  con- 

Lancaster  and Sanderson (Ref. 11)  compared a "binary" coo l ing  tower 
w i t h  a conven t iona l  w e t  tower and wi th  a convent ional  wet/dxjy tower f o r  
d i spos ing  of about 29 MWt of h e a t  when coo l ing  about 0.63 m / s  of water 
through an l l ° C  range. The "binary" tower annua l ly  evaporated about 90% 
less water than  t h e  w e t  tower and about 15% less than  t h e  wet /dry tower. 
The combined cap i t a l  and o p e r a t i n g  c o s t s  of t h e  "binary" tower were 
greater than  t h a t  of t h e  w e t  tower bu t  s i g n i f i c a n t l y  less than t h a t  of 
t h e  we t ld ry  tower. I f  t h e  c o s t  of makeup water were ve ry  h igh ,  and i f  
t h e  water d i d  n o t  r e q u i r e  e x t e n s i v e  t r ea tmen t ,  t h e  t t b i n a r y t t  tower could 
a l s o  show a c o s t  advantage over  t h e  w e t  tower. I f  zero w a s t e w a t e r  
d i scha rge  i s  requ i r ed ,  t h e  s t u d y  shows t h a t  t h e  "binary" tower would 
c l e a r l y  be t h e  most c o s t - e f f e c t i v e  of t h e  t h r e e  systems considered if 
t h e  expense of t h e  evapora t ive  ponds is included i n  t h e  t o t a l  c o s t .  
F a l e t t i  (Ref. 7 )  made a s i m i l a r  study i n  1980 and a l s o  showed a n  economic 
advantage f o r  t h e  "binary" tower i f  t h e  evapora t ive  pond i s  included i n  
t h e  t o t a l  c o s t .  F a l e t t i  b e l i e v e s  t h a t  t h e  e s t ima ted  performance f a c t o r s  
are reasonably conse rva t ive ,  provided t h a t  t h e  f a l l i n g  water f i l m s  
adhere t o  t h e  p l a s t i c .  
tower has  been i n s t a l l e d  a t  t h e  C. B. MacIntosh Generating S t a t i o n  a t  
Lakeland, F l o r i d a ,  i n  series wi th  a convent ional  wet-cooling tower. The 
"binary" tower w i l l  be used t o  c o n c e n t r a t e  wastewater from t h e  a s h  pond 
p r i o r  t o  i t s  evaporat ion i n  a s o l a r  pond. The u n i t  w i l l  be  o p e r a t i o n a l  
i n  l a t e  1981 o r  e a r l y  1982. 

-.  

I n  t h e  f i r s t  commercial a p p l i c a t i o n ,  a "binary" 



5. STEAM TURBINE BLADING FOR DRY COOLING 

U s e  of dry c o i l s  f o r  h e a t  r e j e c t i o n  r e s u l t s  i n  h ighe r  and more widely 
v a r i a b l e  steam t u r b i n e  condensing p r e s s u r e s  than  those  a s s o c i a t e d  w i t h  
w e t  coo l ing  towers. These exhaust p r e s s u r e s  n o t  on ly  impose a p e n a l t y  
on t h e  c y c l e  e f f i c i e n c y  because of t h e  reduced range of t h e  expansion 
p rocess ,  bu t  a l s o  impair t h e  t u r b i n e  e f f i c i e n c y  due t o  i t  f r e q u e n t l y  
being operated o f f  t h e  des ign  p o i n t .  Westinghouse Electric Corporation 
is  s a i d  t o  have new des igns  f o r  l a s t - s t a g e  b l ad ing  t h a t  p e r m i t  a broader  
range of exhaust p r e s s u r e s  wi th  l i t t l e  o r  no l o s s  i n  t u r b i n e  e f f i c i e n c y  
wh i l e  s t i l l  maintaining t h e  b l a d e  v i b r a t i o n  w i t h i n  s a f e  l i m i t s .  
noted by S i l v e s t r i  (Ref. 1 2 ) ,  t h e  h ighe r  exhaust-end temperatures  a s s o c i a t e d  
wi th  h ighe r  exhaust p r e s s u r e s  must s t i l l  be considered i n  t h e  t u r b i n e  
des ign ,  b u t  t h i s  aspect i s  no t  as l i m i t i n g  and t h e  new b lad ing  des igns  
have permit ted t h e  wide-range t u r b i n e s  t o  be placed on t h e  market. 

A s  

6. PHASED COOLING 

There may be c o s t  and w a t e r  s av ings  inbusing ponds, t a n k s ,  o r  
a q u i f e r s  t o  s t o r e  heated condenser c i r c u l a t i n g  water u n t i l  t h e  n i g h t t i m e  
hours  when ambient c o n d i t i o n s  are more f avorab le  f o r  h e a t  r e j e c t i o n  t o  
t h e  atmosphere. Th i s  is  sometimes r e f e r r e d  t o  as "phased cool ing."  The 
f i r s t  l a r g e - s c a l e  t e s t i n g  of t h e  concept a t  a geothermal power p l a n t  is  
a t  t h e  Magma Corpora t ion ' s  10-MWe b ina ry  s t a t i o n  a t  East Mesa, C a l i f o r n i a .  
The p l a n t  has  t h r e e  plastic-membrane-lined ytorage ponds about 6 m deep, 
which cover a t o t a l  area of about  100,000 m , and has  two sp ray  areas 
t h a t  d r a i n  i n t o  t h e  ponds. It w a s  o r i g i n a l l y  thought t h a t  t h e  s p r a y  
areas would be less expensive than w e t  coo l ing  towers of t h e  same c a p a c i t y ,  
b u t  c o n s t r u c t i o n  experience has  r a i s e d  some doubts.  Reservat ions have 
a l s o  been expressed regarding t h e  amount of water t h a t  w i l l  be conserved 
by t h e  concept because of t h e  evaporat ion rates from t h e  pond s u r f a c e s .  
More d e f i n i t i v e  e v a l u a t i o n  of t h e  "phased coolYng" concept a t  East Mesa 
may be a v a i l a b l e  i n  1982. 

7.  ENHANCED CONDENSER HEAT TRANSFER SURFACES 

The c o s t s  of h e a t  d i s s i p a t i o n  could be lowered i f  t h e  t u r b i n e  
condenser s u r f a c e  area could be reduced. One p o s s i b l e  method of accom- 
p l i s h i n g  t h i s  is  t o  improve t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  
through use  of ver t ica l  tubes having f l u t e d  s u r f a c e s  (Fig.  6 ) .  I n  1978 
Combs e t  a l .  (Refs. 13, 1 4 )  i n v e s t i g a t e d  t h e  performance of ver t ica l  
tubes  wi th  v a r i o u s  f l u t i n g  c o n f i g u r a t i o n s  on t h e  o u t s i d e  s u r f a c e  on 
which f luo roca rbons ,  ammonia, and i sobu tane  were condensed. The o u t s i d e  
composite f i l m  c o e f f i c i e n t s  (which i n c l u d e  t h e  tube  w a l l  r e s i s t a n c e )  
were improved by f a c t o r s  of up t o  6 o r  7 t i m e s  over t h a t  of smooth 
tubes .  It w a s  a l s o  found t h a t  "d ra ino f f  s k i r t s "  l o c a t e d  about 60 cm 
a p a r t  t o  d i r e c t  t h e  condensate away from t h e  ve r t i ca l  tubes  were e f f e c t i v e .  
Cost estimates i n d i c a t e d  material c o s t s  for v e r t i c a l ,  f l u t ed - tube  
condensers w e r e  about 60% of t h o s e  f o r  h o r i z o n t a l  smooth-tube u n i t s  w i th  
t h e  same h e a t  t r a n s f e r  czpac i ty .  I n  1981 Domingo (Ref. 15 )  extended t h e  
tests t o  inc lude  t h e  e f f e c t s  of i n t e r n a l  as w e l l  as e x t e r n a l  f l u t i n g ,  
such as t h a t  shown i n  Fig.  6 ,  when condensing Refrigerant-11. The tests 
i n d i c a t e d  an  improvement of about 1 7 %  i n  t h e  o v e r a l l  c o e f f i c i e n t  over 
t h a t  which could be obtained wi th  e x t e r n a l  f l u t i n g  only.  



The encouraging r e s u l t s  ob ta ined  a t  ORNL l e d  t o  f i e l d  tests a t  
East Mesa, C a l i f o r n i a  and a t  Raf t  River ,  Idaho, as descr ibed  by Michel 
and Murphy (Ref. 16) .  I n  1979 tests w e r e  made a t  East Mesa of a 40-tube 
bundle w i t h  tubes  having e x t e r n a l  f l u t e s  on which i sobutane  w a s  condensed. 
The performance w a s  no t  as good as t h a t  p red ic t ed  by t h e  ear l ie r  l a b o r a t o r y  
tes ts  when t h e  i sobutane  suppl ied  t o  t h e  condenser w a s  evaporated i n  a 
d i r ec t - con tac t  type  b o i l e r .  This  w a s  a t t r i b u t e d  t o  noncondensable 
gases ,  water vapor ,  and fou l ing  of t h e  su r faces .  I n  l a t e  1981 tests 
were s t a r t e d  a t  Raf t  River  of a 104-tube, ver t ica l ,  f lu ted- tube  bundle  
of improved des ign .  Noncondensable gases  (p r imar i ly  n i t rogen)  are 
vented a t  t h e  top  of t h e  u n i t .  Pre l iminary  i n d i c a t i o n s  are t h a t  when t h e  
i sobu tane  is  suppl ied  by a surface- type b o i l e r ,  t h e  hea t  t r a n s f e r  pe r fo r -  
mances approach those  obta ined  i n  t h e  l a b o r a t o r y  tests. When t h e  i sobutane  
i s  vapor ized  i n  a d i r ec t - con tac t  b o i l e r ,  however, t h e  c o e f f i c i e n t s  may 
be  less than 20% of  those  p red ic t ed ,  aga in  i l l u s t r a t i n g  t h a t  condenser 
e f f e c t i v e n e s s  i s  a major cons ide ra t ion  when us ing  d i r ec t - con tac t  hea t  
exchangers.  D e f i n i t i v e  r e s u l t s  of t h e  Raf t  River tests w i l l  be  a v a i l a b l e  
by e a r l y  summer o r  l a t e  f a l l  of 1982. 

A pro to type  v e r t i c a l  condenser having 1150 carbon-s tee l  tubes  wi th  
60 f l u t e s  on t h e  o u t s i d e  s u r f a c e  w a s  i n s t a l l e d  a t  t h e  500 kWe binary-cycle  
demonstrat ion test a t  E a s t  Mesa. I n  a comprehensive des ign  r e p o r t ,  
Llewellyn (Ref. 1 7 )  explained how t h e  condenser w i l l  draw o f f  t h e  non- 
condensable gases  (p r imar i ly  carbon d iox ide ,  i n  t h i s  ca se )  a t  t h e  bottom 
i n  a n  e f f o r t  t o  s a t u r a t e  t h e  i sobutane  condensate  wi th  t h e  gases  so  t h a t  
t hey  can b e  vented a t  t h e  d i r ec t - con tac t  b o i l e r .  T e s t  r e s u l t s  are 
a n t i c i p a t e d  by mid-1982. 

8. ECONOMIC COMPARISON OF HEAT DISSIPATION SYSTEMS FOR RAFT RIVER -. 
I n  a 1981 s tudy  Bamberger (Ref. 18) compared t h e  c a p i t a l  and ope ra t ing  

c o s t s  of d i f f e r e n t  methods of d i spos ing  of about 36 MWt of w a s t e  hea t  
from t h e  5 MWe binary-cycle  geothermal test f a c i l i t y  a t  Raf t  R ive r ,  
Idaho. Condenser c i r c u l a t i n g  water and wet-cooling-tower makeup a t  t h i s  
p l a n t  are now obta ined  from cooled geothermal f l u i d ,  which is  t r e a t e d  t o  
c o n t r o l  s c a l i n g  and co r ros ion  problems due to  high concen t r a t ions  of 
s i l i c a  and ch lo r ides .  Four possible methods of h e a t  d i s s i p a t i o n  w e r e  
s tud ied :  (1) evapora t ive  condensers w i th  i sobutane  condensing i n  c o i l s  
cooled on t h e  o u t s i d e  by evapora t ion  of w a t e r ,  (2)  "binary" cool ing  
towers ,  as descr ibed  above, ( 3 )  a i r -cooled  c o i l s  having i sobutane  
condensing on t h e  i n s i d e  and wi th  t h e  h e a t  t r a n s f e r  augmented by de luging  
t h e  o u t s i d e  wi th  water when ambient dry-bulb temperatures  exceed about  
1 2 ' C ,  and ( 4 )  a system i n  which condenser c i r c u l a t i n g  water is cooled i n  
d r y  c o i l s  by a i r  which has  f i r s t  been lowered i n  temperature  by water 
sp rays .  

The s tudy  assumed a 30-year l i f e  f o r  t h e  major equipment and t h a t  
t h e  e x i s t i n g  water-cooled i sobutane  s u r f a c e  condenser a t  t h e  Raf t  River 
s i t e  would be  a v a i l a b l e  a t  no c o s t  f o r  t h e  two methods which use c i r c u l a t i n g  
water t o  t r a n s p o r t  t h e  waste hea t .  Operat ing c o s t s  were assumed t o  



c o n s i s t  only of t h e  a u x i l i a r y  power requi red  f o r  f a n s  and pumps, and 
t h a t  t h e s e  c o s t s  would escalate 8% pcr year.  I t  w a s  f u r t h e r  assumed 
t h a t  an evapora t ive  pond, c o s t i n g  about $15/m2, would be used a t  Raf t  River 
t o  d i spose  of blowdown water from t h e  w a t e r  t rea tment  systems and t h e  
coo l ing  towers.  The cyc le s  of concen t r a t ion  t h a t  can be t o l e r a t e d  i n  
each cool ing  system i s  t h e r e f o r e  an important  element i n  t h e  pond and 
t rea tment  c o s t s .  These two c o s t s  are c o n t r o l l i n g  i n  some cases as t o  
which of t h e  fou r  methods is  most cos t - e f f ec t ive .  

The r e s u l t s  of t h e  s tudy are summarized i n  Table 3 .  It should be  
noted t h a t  t h e  c o s t s  shown i n  t h e  t a b l e  serve t o  compare t h e  fou r  methods 
w i t h  each o t h e r ,  bu t  they are  n o t  r e p r e s e n t a t i v e  of a c t u a l  systems. I f  
t h e  c y c l e s  of concen t r a t ion  can be  kept  above about 5 i n  t h e  evapora t ive  
condenser system, i t  would c l e a r l y  show t h e  lowest  power product ion c o s t  
because of t h e  r e l a t i v e l y  low c a p i t a l  investment and w a t e r  t rea tment  
c o s t s .  I f  t h e  system w e r e  l i m i t e d  t o  about 3 c y c l e s  of concen t r a t ion ,  
and thus  r e q u i r e  a l a r g e  evapora t ion  pond, t h e  t o t a l  power product ion 
c o s t  would be about  t h e  same as t h a t  of t h e  "binaryt '  cool ing  tower 
method. The "binary" tower system, t h e  next  lowest  i n  product ion  c o s t s ,  
b e n e f i t s  from r e l a t i v e l y  low c a p i t a l  and ope ra t ing  c o s t s  and from being 
a b l e  t o  t o l e r a t e  h igh  l e v e l s  of concent ra t ion .  The water t rea tment  
c o s t s  are r e l a t i v e l y  high, however. The augmented a i r -cooled  c o i l s  have 
somewhat h ighe r  c a p i t a l  and ope ra t ing  c o s t s  because of t h e  h e a t  t r a n s f e r  
s u r f a c e  requi red  and because of t h e  water t rea tment  c o s t s  of provid ing  

cyc le s .  The cool ing  method us ing  d ry  c o i l s  provided wi th  precooled a i r  
i s  t h e  l eas t  economical of those  s tud ied  because of t h e  ex tens ive  h e a t  
t r a n s f e r  s u r f a c e  requi red .  Parametric s tudkes ,  made as an ex tens ion  of 

-.  t h e  Bamberger i n v e s t i g a t i o n ,  show t h a t  t h e  o rde r  o r  ranking as t o  power 
product ion c o s t s  (Table 3 ) ,  would n o t  change even though t h e  i n t e r e s t  
rate on investment ,  t h e  i n f l a t i o n  rate, assumed l i f e  of t h e  p l a n t ,  and 
c o s t  of a u x i l i a r y  power were a l l  changed w i t h i n  reasonable  l i m i t s .  

zero" hardness  w a t e r  f o r  f l u s h i n g  t h e  c o i l s  a t  t h e  end of de luging  I 1  

While t h e  Bamberger s tudy  is  perhaps too  p a r t i c u l a r i z e d  f o r  Raft  
River cond i t ions  t o  support  gene ra l  conclus ions ,  i t  does provide a b a s i s  
f o r  specu la t ion .  For example, i f  c r e d i t  were n o t  given f o r  t h e  e x i s t i n g  
water-cooled i sobutane  surface condenser,  t h e  evapora t ive  condensers and 
t h e  augmented c o i l  systems would c l e a r l y  s tand  o u t  as most economical. 
I f  z e r o  waste d i scha rge  is  n o t  r equ i r ed  o r  i f  t h e  blowdown could be 
r e i n j e c t e d ,  t h e  evapora t ive  condenser system would be  a t  an even b e t t e r  
advantage.  A t  sites where makeup water d i d  n o t  r e q u i r e  as ex tens ive  
treatment, t h e  augmented-coil method would be  more competi t ive.  The 
rankings  of t h e  systems wi th  regard  t o  water conserva t ion  are e s s e n t i a l l y  
t h e  r e v e r s e  of t h e  economic rankings :  t h a t  is ,  d ry  c o i l s  wi th  precooled 
a i r  r e q u i r e  t h e  least amount of  makeup water and t h e  evapora t ive  condensers  
r e q u i r e  t h e  most water. I f  t h e  c o s t  of makeup water w e r e  h igh ,  say  
$0.50/m , t h e  deluged-coi l  system would probably be  more economical t han  
t h e  o t h e r  t h r e e  systems. I n  summary, each of t h e  systems, wi th  t h e  
probable  except ion  of t h e  d ry  c o i l  us ing  precooled a i r ,  could have 
economic m e r i t  under t h e  p a r t i c u l a r  cond i t ions  a t  some geothermal power 
p l a n t  sites. 

3 



9. CONCLUSIONS 

Variable-capacity operation, ammonia heat transport systems, 
"binary" cooling towers, and enhanced heat transfer surfaces may help 
reduce geothermal power station costs and, by offsetting to some extent 
the expense of dry or wet/dry cooling, may also help conserve water. 
Other methods, such as use of evapoative condensers, may help a station 
be more cost-effective, but will not reduce water consumption. Thus, 
some of the methods have promise in mitigating the heat disposal problems, 
but when one considers the economic and thermodynamic realities, none of 
the concepts can be expected to produce a major breakthrough that will, 
in effect, be an all-purpose solution to the many site-specific diffi- 
culties regarding waste heat dissipation. 
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TABLE 1 . TEMPERATURE DATA. FOR POCATELLO, I D. AND YUMA, AZ  .a 

POCATELLO, I D . b  YUMA, AZ. '  

Des ign w e t - b u l  b ( 5 % )  16.1 25 .O 
Design d r y - b u l b  ( 5 % )  31 .1 , 41 .1 

Year ly -average w e t - b u l  b 3.4 13 .4  

Year ly -average d r y - b u l  b 8.4 23 .3  

Dry-bu l  b max. d a i  l y  v a r i a t i o n  17 .2  15.0 

D r y - b u l b  max. seasonal  v a r i a t i o n  26.7 22.2 

a .  A l l  tempera tures  i n  " C .  
b .  Based on average tempera tures  i n  1970. 
c .  Based on average tempera tures  i n  1966. 

TABLE 2. DISTRIBUTION OF DRY-COOLING SYSTEM COSTSa 

Heat  Exchanger 30% 

S t r u c t u r e s  1 5  

Fans 20 
P i p i n g  and Pumps 20 
Co ndens e r  1 5  

__ 
a .  From Johnson ( R e f .  6 )  

100% 



TABLE 3. COMPARISON OF WASTE HEAT SYSTEMS FOR RAFT RIVER,  IDAHO^ 

Cycles o f  c o n c e n t r a t i o n  

Pond s i z e ,  h e c t a r e s  

Makeup r a t e ,  1000 in / y r  

Capi t a l  c o s t s  

3 

b 

Heat  exchanger u n i t  

S t r u c t u r e s  , fans ,  pumps 

E l e c .  and i n s t r u .  

Water t r e a  tmen t 

Closed l o o p  

Open l o o p  

Zero hardness r i n s e  

E v a p o r a t i o n  pond 
-. 

T o t a l  c a p i t a l  c o s t  

O p e r a t i n g  cos ts '  

Annual 

30 -y r  p r e s e n t  w o r t h  

T o t a l  c a p i  t a l  i z e d  
c o s t  in $1000 

d 

Evap. " B i n a r y "  Augm. 
Cond. Tower Coi 1 

10-3 67-1 0 10-5 

9.7-44 0 .8 -5 .0  1 .9 -4 .3  

474 21 1 106 

233 607 1264 

1095 1378 1785 

344 182 62 

19 

57 280 31 1 

2 35 

582-2640 48-300 11 4-258 

231 1-4369 2514-2766 3771 -391 5 

2 39 294 31 0 

4669 5743 6056 

6980-9038 8257-8509 9827-9971 

L e v e l  i zed power p r o -  
d u c t i  on c o s t  , 
m i  11 s/kWhe 17.7-22.9 20.9-21.6 24.9-25.3 

Coi 1 /P re -  
coo led  A i r  

10-5 

1 .9-4.2 

105 

321 0 

2959 

4 34 

19  

57 

11 4-252 

6793-6931 

458 

8946 .~ 

15739-1 5877 

39.9-40.2 

a .  Adapted f r o m  Bamberger (Re f .  17 )  
b .  A l l  c o s t s  g i v e n  i n  $1000, excep t  as no ted .  
c .  

t o  e s c a l a t e  a t  8% p e r  y e a r .  
d .  
e .  

O p e r a t i n g  c o s t s  a r e  f o r  a u x i l i a r y  power o n l y ,  and a r e  assumed 

C a p i t a l  i zed a t  8% i n t e r e s t  r a t e  on onvestment .  
Based on 80% p l a n t  f a c t o r  and 5 MWe n e t  o u t p u t .  
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( A d a p t e d  f r o m  S h a f f e r ,  Ref .  3 )  
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F I G U R E  3.  MONTHLY V A R I A T I O N  O F  N E T  POCIER AS PERCENT O F  D E S I G N  

( A d a p t e d  f r o m  S h a f f e r ,  Ref .  3)  
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F I G U R E  5 .  SCHEMATIC REPRESENTATION OF P L A S T I C  MEFlBRANE, O R  
" B I N A R Y " ,  COOLING TOWER. 
( A d a p t e d  f rom __ L a n c a s t e r ,  R e f .  10)  
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F I G U R E  6 .  ENHANCED-SURFACE CONDENSER T U B E .  
(Source : D o n i i  ngo , R e f .  1 4 )  


