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ABSTRACT 

Geothermal power systems u s i n g  a Biphase 
rotary-separator  t u r b i n e  (RST) are compared t o  
f l a s h  steam and b inary  systems. 
geothermal f l u i d s  having temperatures from 280 t o  
680°F i s  considered. Brine product ion c o s t s ,  
c a p i t a l  equipment c o s t s ,  and competing system ef -  
f i c i e n c i e s  were taken from publ ished s tudies .  
RST performance was ext rapola ted  from g i e l d - t e s t  
r e s u l t s .  

p ro jec ted  t o  produce power a t  a lower c o s t  than  
binary o r  flash-steam systems over  temperatures 
from 360 t o  680°F. Below 360°F t h e  binary sys- 
tem was cheaper than  t h e  Biphase but  by less 
than 10 percent,. 
k e t  p o t e n t i a l  f o r  t h e  Biphase RST was estimated 
at  18,600 MM compared t o  17,350 MW f o r  f lash-  
steam, and 11,550 f o r  binary.  

Applicat ion t o  

Systems incorporat ing t h e  Biphase RST are 

Based on economics, t h e  mar- 

INTRODUCTION 

This  r e p o r t  compares the engineer ing,  econo- 
m i c ,  and market p o t e n t i a l  of t h e  Biphase r o t a r y  
s e p a r a t o r  t u r b i n e  t o  o ther  technologies  f o r  geo- 
thermal power production. The eva lua t ion  consid- 
ers r e s e r v o i r  temperatures from 280 t o  680°F and 
d i f f e r e n t  levels of production c o s t s .  For t e m -  
pera tures  from 280 t o  490°F, t h e  Biphase system 
is  compared wi th  binary and f l a s h  technology. 
temperatures g r e a t e r  than 490°F, t h e  Biphase sys- 
t e m  i s  compared only with f l a s h  systems. 

For 

I n  conducting t h i s  s tudy,  t h e  performance of 
each technology was charac te r ized .  Energy- 
production c a p a b i l i t i e s  at  v a r i o u s  r e s e r v o i r  con- 
d i t i o n s  were determined. 
c o s t s  were then  ca lcu la ted .  For  each assumed set 
of condi t ions,  t h e  technology w i t h  t h e  lowest 
l e v e l i z e d  busbar c o s t  was taken  t o  be t h e  market 
choice. Where busbar c o s t s  f o r  two technologies  
were wi th in  1 0  percent ,  both were assumed t o  have 
t h e  same market po ten t ia l .  

C a p i t a l  and operat ing 

MARKET BASIS 

The Department of Energy (DOE) geothermal 
p r o j e c t i o n s  as repor ted  by Engingh (1979) were 
used as t h e  market bas i s .  
assume continued development of technology, 

These pro jec t ions  
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espec ia l ly  f o r  low-temperature and c u r r e n t l y  un- 
economical resources .  

Twenty-seven geothermal l o c a t i o n s  form the  
b a s i s  of t h i s  study. 
tics were assembled and repor ted  by Treham (1978). 
These r e s e r v o i r  temperature and s a l i n i t y  values  
were used i n  t h i s  s tudy t o  eva lua te  t h e  technolo- 
g i e s  a t  d i f f e r e n t  resource  condi t ions .  The theo- 
re t ical  power a v a i l a b l e  from v a r i o u s  temperature 
geothermal b r i n e s  (assuming a 122'F condenser 
temperature) w a s  der ived from thermodynamic da ta .  

"Typical" w e l l  charac te r i s -  

EVALUATED SYSTEMS 

Low-temperature resources ,  which represent  
t h e  major p o r t i o n  of known resources ,  are t h e  most 
d i f f i c u l t  t o  u t i l i z e  economically. P r i o r  s t u d i e s  
by Holt (EPRI 1976) and Bechtel  (DOE 1977) i l l u s -  
t r a t e d  t h e  economic advantages of high-eff ic iency 
binary technology f o r  low-temperature resources  
and low-capi ta l  f l a s h  systems on high-temperature 
resources. 

I n  t h i s  eva lua t ion  t h e  RST demonstrated 
higher e f f i c i e n c i e s  than  convent ional  f l a s h  tech- 
nology ( C e r i n i ,  1980) and the  p o t e n t i a l  f o r  lower 
investment c o s t s  than b inary  and f l a s h  systems. 
The Biphase technology was compared wi th  binary 
technology a t  temperatures  of 280 t o  49OoF and 
wi th  f l a s h  processes  at  280 t o  680°F. For low- 
temperature cases, both pumped and self-flowing 
w e l l  condi t ions  were evaluated f o r  t h e  RST. A l l  
b inary cases were evaluated us ing  down-hole pumps 
and a l l  f l a s h  c a s e s  assumed self-f lowing condi- 
t i o n s .  The e f f i c i e n c i e s  and economics of s ingle-  
and two-stage f l a s h  technology are r e p r e s e n t a t i v e  
of systems be ing  proposed or c u r r e n t l y  under con- 
s t r u c t i o n  (DiPippo, 1980, and Kes t in ,  1980) . 
SYSTEM PERFORMANCE 

System e f f i c i e n c y  vs .  r e s e r v o i r  temperature, 
cumes  were e s t a b l i s h e d  f o r  each process  and con- 
f i g u r a t i o n  s t u d i e d .  
nary system were obtained from publ ica t ions  by 
Battelle Northwest ( B a t t e l l e ) ,  Ben Holt Co. (EPRI 
1976), Bechte l  (DOE 1977), and M i t r e  (Gupta 19781, 
and d i s c u s s i o n s  with t h e s e  organiza t ions .  
gross  b i n a r y  e f f i c i e n c i e s  var ied  i n  these  s t u d i e s ,  
n e t  e f f i c i e n c i e s  a f t e r  consider ing p a r a s i t i c  10s- 
ses were s i m i l a r .  

Ef f ic iency  d a t a  f o r  t h e  bi-  

While 
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were based upon f l a s h  a t  t h e  a r i t h m e t i c  average of 
t h e  r e s e r v o i r  and condenser temperatures. 
optimum f o r  two-stage f l a s h  systems was s i m i l a r l y  
derived. 

from f i e l d  s t u d i e s  r e c e n t l y  completed f o r  EPRI 
(Cerini ,  1980). Data from E a s t  Mesa, Roosevelt 
Hot Springs,  and Brawley were extrapolated t o  al- 
low f o r  the h igher  t u r b i n e  e f f i c i e n c i e s  expected 
with l a r g e r - s i z e  RST's and t h e  higher  nozzle  e f f i -  
c ienc ies  expected with d i r e c t  wellhead flow. It 
is bel ieved t h a t  t h e  va lues  used are less optimis- 
t i c  than t h e  va lues  used f o r  t h e  o ther  technologies  

Single-s tage flash-system e f f i c i e n c y  values  

The 

RST e f f i c i e n c y  l e v e l s  were based upon r e s u l t s  

SINGLE- 
STAGE FLASH 

TWO-STAGE 
FLASH 

BINARY 
(PUMPED) 

RST 

RST 
[PUMPED) 

Net system e f f i c i e n c y  va lues  f o r  each techno- 
logy were developed by s u b t r a c t i n g  t h e  p a r a s i t i c  
power l o s s e s  from t h e  a v a i l a b l e  gross  work (theo- 
retical  work x gross  e f f i c i e n c y ) .  

1 
ROOSEVE LT 

HEBER HOT SPRINGS BR AW LE Y 
32WF 360OF 4500F 490OF 53WF WOOF 

243 3 6 6  7 3  987 126 290 

2 9 0  4 3 3  a47 113 1 4 1  2 9 7  

3 7 3  537 109 124 - - 

285 4 7 9  104 135 160 296 

324 4 7 9  

The major p a r a s i t i c  l o s s e s  are from: 

0 downwell pumps 
0 b r i n e - r e i n j  e c t i o n  pumps 
0 condenser-system pumps 
0 cooling-tower f a n s  
0 working-fluid c i r c u l a t i o n  pumps. 

Energy requirements were estimated from Ba- 
t e l le  ( B a t t e l l e ) ,  Mitre (Gupta, 1978), Bechtel  
(DOE, 1977), and Ben Holt (EPRI, 1976) d a t a .  The 
Biphase systems with high e f f i c i e n c y  and b u i l t - i n  
b r i n e  r e p r e s s u r i z a t i o n  c a p a b i l i t y  has  t h e  least 
p a r a s i t i c  l o s s e s  whi le  b inary  has  t h e  most. 

Table  1 summarizes system performance at 
var ious temperatures  i n  terms of Net Output per  
mi l l ion  pounds per  hour of b r i n e  ( u t i l i z a t i o n ) .  
The binary system claims t h e  h ighes t  u t i l i z a t i o n  
l e v e l s  f o r  low-temperature r e s e r v o i r s .  A t  about 
470°F t h e  RST and t h e  b i n a r y  e x h i b i t  t h e  same 
u t i l i z a t i o n  level. Above 470°F, binary u t i l i z a -  
t i o n  p la teaus  and t h i s  technology l o s e s  i ts  edge 
compared t o  t h e  RST and f l a s h  technologies .  

NET SYSTEM OUTPUT 
IMW1106 LBS BRINE/HR) 

f I RESERVOIR TEMPERATURE 1 

Table 1. N e t  system output  vs .  
r e s e r v o i r  temperature 

PRODUCTION AND REINJECTION WELLS 

I n  t h i s  s tudy ,  f o r  s i m p l i c i t y ,  w e  assumed a 
constant  well-production rate of 600,000 l b s  of 
b r i n e  per  hour  f o r  self-f lowing and pumped wells 

and well-production c o s t s  ranging from 1 / 2  t o  1-1/2 
m i l l i o n  d o l l a r s .  
of c o s t  curves  ($/lb. b r i n e / h r )  were generated,  
making it  p o s s i b l e  t o  eva lua te  t h e  economic sensi- 
t i v i t y  of t h e  technologies t o  b r i n e  c o s t  over a 
range of v a l u e s .  

By varying w e l l  c o s t ,  a family 

All c o s t  comparisons were based on a p l a n t  
of 50 MW n e t  generat ing capac i ty .  
product ion w e l l s  w a s  determined using 600,000 l b s .  
of b r i n e  p e r  hour per  w e l l  toge ther  wi th  appropri- 
ate n e t  system output va lues  (Table 1) f o r  each 
technology and r e s e r v o i r  temperature. 

The number of 

For every two product ion wells, one r e i n j e c -  
t i o n  w e l l  w a s  assumed. 
j e c t i o n  w e l l s  were assumed t o  have t h e  same c o s t s .  

The product ion and re in-  

The c a l c u l a t i o n s  show t h a t  a t  r e s e r v o i r  t e m -  
p e r a t u r e s  of 49OoF and below, t h e  pumped b inary  
and t h e  Biphase technology r e s u l t  i n  t h e  fewest 
w e l l s .  

INSTALLED CAPITAL AND OPERATION COSTS 

Cost curves  were developed f o r  the f l a s h ,  
b inary ,  and Biphase RST systems. These curves 
show t h e  i n s t a l l e d  cos t  i n  $/kW of gross-power 
product ion v s .  r e s e r v o i r  temperature. Flash and 
b inary  d a t a  were obtained from Battelle P a c i f i c  
Northwest Labora tor ies  (Battelle) us ing  t h e i r  
c a p i t a l  c o s t  models (Bloomster, 1976, and EPRI, 
1976). The same models were a l s o  used f o r  t h e  
Biphase RST. To do t h i s ,  flash-system c o s t s  were 
modified t o :  

0 exclude the  f l a s h  tanks 
0 s u b s t i t u t e  lower-head r e i n j e c t i o n  pumps 
0 a d j u s t  piping f o r  appropr ia te  flow a t  

d i f f e r i n g  e f f i c i e n c y  levels 
0 reduce t h e  cos t  of t h e  c e n t r a l  p l a n t  t o  

a l low f o r  power from t h e  Biphase u n i t s  
0 develop a c a p i t a l  c o s t  f o r  t h e  Biphase 

turbo-generator/RST s i n c e  t h e  Battelle 
model does not  inc lude  t h i s .  

F igure  1 i l l u s t r a t e s  t h e  r e l a t i o n s h i p  of 
i n s t a l l e d  c a p i t a l  cos t  i n  $/kW vs. r e s e r v o i r  
temperature  f o r  the  t h r e e  systems. The same an- 
c i l lar ies  and i n d i r e c t  c o s t  f a c t o r s  were used f o r  
a l l  t h r e e  systems. 

Product ion p lan t  c a p i t a l  c o s t  is dependent 
upon r e s e r v o i r  temperature, amount of b r i n e  pro- 
duced and br ine-del ivery method. The pumped op- 
t i o n  assumes a downhole pump c o s t  of $120,000 per  
w e l l .  The production p l a n t  c o s t s  used i n  t h i s  
s tudy  were est imated from empir ical  models a8 f o l -  
lows : 

Self-flowing: $ / l b .  b r i n e  product ion/hr .  
= 0.93 - 0.00085 (T) 

Pumped : $/ lb .  b r i n e  product ion/hr .  
= 1.18 - 0.00085 (T) 

where T = temperature of b r i n e  i n  OF. 

To estimate opera t ing  costs, l a b o r  and main- 
tenance were estimated as a percentage of i n i t i a l  
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Figure 1. Generat ing-plant- instal led c a p i t a l  
c o s t  vs. r e s e r v o i r  temperature .  

c a p i t a l  expendi tures .  Uniform percentages were 
used except for a higher  maintenance f a c t o r  on bi- 
nary t o  a l low f o r  heat-exchanger f o u l i n g  and down- 
hole-pump problems. 
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STUDY RESULTS 

Busbar c o s t s  f o r  each technology were calcula-  
t e d  over r e s e r v o i r  temperatures ranging from 320 
t o  680°F u s i n g  procedures from t h e  EPRI "Technical 
Assessment Guide" (EPRI, 1978). An examp1.e of t h e  
d e t a i l e d  c a l c u l a t i o n s  i s  shown i n  Table  2 .  All 
c o s t s  a r e  r e p o r t e d  i n  1977 d o l l a r s  regard less  of 
t h e  year  of s t a r t - u p .  
p lan t -cons t ruc t ion  c o s t s  have r i s e n  by over 50 per- 
cent. These are summarized i n  Table 3 for t h r e e  
d i f f e r e n t  v a l u e s  of brine-production c o s t .  They 
i n d i c a t e  t h a t  t h e  RST from an economic s tandpoint  
i s  competi t ive over  t h e  whole temperature range of 
c u r r e n t  geothermal a c t i v i t y .  I n  most i n s t a n c e s ,  
t h e  RST w a s  t h e  least expensive system. 

Between 1977 and 1981, 

ASSUMPTION RESERVOIR TEMPERATURE 445'F 
WELL COST $500,000 
WELL FLOWRATE 600 000 LBIHR 
PRODUCTION COST FACTOR $0 83lLB BRlNElHR 

PRODllNJ WELLS, # 

T q A L  BRINE FLOW, 
10 LBIHR 
GROSS CAPACITY, MW 
NET CAPACITY, MW 

CAPITAL COST, $MILLIONS 

WELLS 
PRODUCER PLANT 
REPLACEMENTS 

TOTAL PRO DUCT ION 
CAPITAL COSTS 

GENERATING PLANT 

TOTAL CAPITAL 

O&M COSTS. $ THOUSANDS 

PRODUCTION 
GENERATION 

BUSBAR COST, MILLS/kWhr 

LEVELIZED PRODUCTION 
BUSBAR COST 

LEVELIZED GENERATING 

TOTAL BUSBAR COSTS 

BRINE 
PRODUCTION FLASH 

fl ESERVOIR 
TEMPERATURE 

320'F 

- 
1 67 - 

1183 

78.5 

43 2 

33 9 

27 7 

15 9 - 

- 
FLASH 

1417 
- 
6 72 

56 6 
49 1 

12 77 

4 15 
5 75 

22 67 
- 

28 72 

51 39 

389 
590 

19 72 

1463 

34 35 - 

- 
'WO-STAGE 

FLASH 

1216 

5 76 

56 3 
48 8 

1095 

3 95 
4 93 

19 44 
- 

25 95 

45 39 

333 
533 

17 01 

13 29 

30 30 

31NARY 
PUMPED) 
~~ ~~ 

915 

4 32 

59 6 
47 1 

8 62 

3 83 
4 16 

15 61 
- 

30 96 

47 47 

710 
929 

16 47 

17 79 

34 36 

- 
RST 

1015 
4 80 

54 7 

49 9 

9 13 
2 97 
4 12 

16 22 

24 29 

40 51 

278 
499 

13 88 

12 17 

26 05 - 
Table 2. C a p i t a l  c o s t  c a l c u l a t i o n  (1977 d o l l a r s ) ,  

ASH - 
2 50 - 

158 1 

103.8 

56 1 

43 6 

35 5 

19.7 - 

- 
0 83 - 

77 2 

53 9 

34 2 

30 6 

- 
- - 

RST I 

Table 3. Geothermal power busbar  c o s t s  (mills/kWhr - 1977 d o l l a r s ) .  
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A s  was previously ind ica ted ,  a system was as- 
sumed t o  have an  economic advantage when its annual- 
ized  c o s t  was a t  least 10 percent  lower than 
competing systems. The a v a i l a b l e  market f o r  each 
system was determined by summing up t h e  megawatts 
f o r  each w e l l  condi t ion  where a given system demon- 
s t r a t e d  an economic advantage. 
market measures t h e  gross  market in which a given 
system has an  equivalent  o r  prefer red  p o s i t i o n  dev- 
eloped s o l e l y  on t h e  b a s i s  of economics. Table 4 
summarizes t h e s e  r e s u l t s .  It can b e  observed . tha t :  

The "poten t ia l"  

When a l l  t h r e e  systems compete, t h e  lower 
cos t /h igher -ef f ic iency  RST is  competi t ive 
Over t h e  complete temperature range. The 
binary system is  competi t ive a t  low tempe- 
r a t u r e s  but  l o s e s  its economic edge above 
425OF. On t h e  o ther  hand, t h e  s ing le-s tage  
f l a s h  system is competi t ive f o r  h igh  tempe- 
r a t u r e s  but has  d i f f i c u l t y  competing below 
500°F. Two-stage f l a s h  , however, cont inues 
t o  be competi t ive down t o  390°F. 

I n  a f lash/binary-only market, both systems 
can complete i n  t h e  420-445OF temperature  
range b u t  t h e  RST e x h i b i t s  lower c o s t s  than  
e i t h e r  and appears  t o  be t h e  b e t t e r  a l t e r n a -  
t i v e .  

Since most geothermal resources  are l e s s  
than 400°F (C10,OOO MW) t h e  RST and t h e  
Binary technologies  w i l l  be  competing f o r  
t h e  major geothermal market. 

TECHNOLOGY 
ECONOMIC 

COMPETITIVE RANGE 

284 - 680 500 - 680 380 - 680 284 - 488 I 1 1 1 1  CONSIDERING 
ALL THREE 
TECHNOLOGIES, OF 

CONSIDERING ONLY I NA I 420 - 680 I 380 - 680 I 284 - 445 I I FLASHIBINARY. OF 

MARKETPOTENTIAL, I 18,600 12600 I 17,350 I 1 1 " F l  
MW fBASE ON MITRE 
MARKET I PROJECTIONI I1 I 

Table 4. P o t e n t i a l  geothermal market based upon 
economic criteria. 
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