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PKEFACE 

Tnis  document con ta ins  new thermodynamic cr i ter ia  f o r  working f l u i d  

and t u r b i n e  state s e l e c t i o n s  f o r  geothermal b inary  Rankine cyc le  power 

p l an t s .  Th i s  in format ion  is  i n t e r e s t i n g  and p o t e n t i a l l y  general .  A d r a f t  

v e r s i o n  was r ev iewed  by o u t s i d e  e x p e r t s  who o n l y  p a r t i a l l y  s h a r e  o u r  

optimism -- p r e f e r r i n g  more "proof" be fo re  pub l i ca t ion .  

We p lan  t o  cont inue  t h i s  work when a more r e l i a b l e  equa t ion  of s ta te  

i s  a v a i l a b l e ,  but f e e l  t h e  r e s u l t s  h e r e i n  warrant broad d i s c l o s u r e  a t  t h e  

earliest  p o s s i b l e  t i m e .  

lndependent i n v e s t i g a t i o n s  l ead ing  t o  a t h e o r e t i c a l  explana t ion  of 

t h e  observed behavior would be a most va luab le  c o n t r i b u t i o n  t o  power p l a n t  

des ign  technology. 

Cons t ruc t ive  c r i t i c i s m  and sugges t ions  f o r  u s e f u l  f u t u r e  work are 

welcome. 

W i l l i a m  L. Pope 
S t a f f  S c i e n t i s t  
Lawrence Berkeley Laboratory 
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THE TRANSPOSED CKITICAL TEMPERATURE RANKINE THERMODYNAMIC CYCLE 

W i l l i a m  L. Pope 
and 

Padra ic  A. Doyle 

The transposed c r i t i c a l  temperature (TPCT)* i s  shown t o  be an  extremely 

important thermodynamic proper ty  i n  t h e  s e l e c t i o n  of t h e  working f l u i d  and 

t u r b i n e  s ta tes  f o r  optimized geothermal power p l a n t s  ope ra t ing  on a c losed  

organic  ( b i n a r y )  Rankine cycle.  

When t h e  optimum working f l u i d  composition and process  states are de te r -  

mined f o r  given source  and s i n k  cond i t ions  (7 parameter op t imiza t ion ) ,  t u r b i n e  

i n l e t  s ta tes  are found t o  be c o n s i s t e n t l y  ad jacen t  t o  t h e  low p r e s s u r e  s i d e  of 

t h e  working f l u i d s '  TPCT l i n e  on pressure-enthalpy coord ina tes .  

Although t h e  TPCT concepts  h e r e i n  may f i n d  numerous f u t u r e  a p p l i c a t i o n s  i n  

high tempera ture ,  advanced cyc le s  f o r  f o s s i l  o r  n u c l e a r  f i r e d  steam power p l a n t s  

and i n  s u p e r c r i t i c a l  o rganic  Rankine hea t  recovery bottoming c y c l e s  f o r  Diesel 

engines, t h i s  discussion is  l i m i t e d  t o  moderate temperature (15OoC t o  25OoC)  

closed simple organic  Rankine c y c l e  geothermal power p l a n t s .  

Conceptual des ign  c a l c u l a t i o n s  p e r t i n e n t  t o  t h e  f i r s t  geothermal b inary  

cycle Demonstration P l a n t  are included. 

11. INTKODUCTION 

Commercial e lectr ic  power product ion  accounts  f o r  about 30% of t h e  t o t a l  

U.S. f u e l  consumption. It has  been e s t ima ted  t h a t  by t h e  year  2000, t h e  e l e c t r i c  

"Sometimes c a l l e d  t h e  pseudo-c r i t i ca l  temperature 
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u t i l i t y  i ndus t ry  may be consuming 50% of a l l  U.S. primary energy resources .  

Most commercial e lec t r ic  power (about  82%) i s  c u r r e n t l y  produced i n  simple 

r ehea t  o r  combined steam Rankine thermodynamic cycles .  Only about 40% of t h e  

a v a i l a b l e  use fu l  work of t h e  f u e l  i s  converted i n t o  e l e c t r i c i t y  i n  e x i s t i n g  

Rankine cyc le  genera t ing  p l an t s .  

Key determinants  i n  Rankine cyc le  performance are i n  t h e  s e l e c t e d  working 

f l u i d  and t u r b i n e  states. Although the  steam Rankine cyc le  has  been app l i ed  

worldwide f o r  over 75  yea r s ,  l i t t l e  use fu l  information has developed from t h i s  

technology f o r  genera l  Rankine cyc le  working f l u i d  s e l e c t i o n s .  Thermodynamic 

cr i ter ia  have been lacking  f o r  s e l e c t i n g  t h e  working f l u i d  and t u r b i n e  states 

f o r  even t h e  simple c losed  organic  Rankine cyc le  f o r  a given set of source  and 

s ink  condi t ions .  

The o b j e c t i v e  of t h i s  r e p o r t  i s  t o  provide new i n s i g h t  f o r  working f l u i d  

and t u r b i n e  state s e l e c t i o n  f o r  t h e  geothermal organic  (b ina ry )  Rankine power 

c y c l e  based on our observa t ions  on a s i n g l e  hydrocarbon working f l 'u id  mixture  

system. 

111. EXECUTIVE SUMMARY 

0 A t  c u r r e n t  and p ro jec t ed  b r i n e  p r i c e s  and equipment c a p i t a l  c o s t s ,  
optimum g e o t h e r m a l  b i n a r y  Rankine  power c y c l e s  f o r  t h e  i s o b u t a n e /  
isopentane system between 17OOC and 200°C resource  temperatures  are 
s u p e r c r i t i c a l  c y c l e s  when t h e  b r i n e  i s  produced s i n g l e  phase. 

0 Turbine i n l e t  temperatures  f o r  t hese  optimum cyc le s  are c o n s i s t e n t l y  
w i t h i n  1% of t h e  Transposed Cri t ical  Temperature f o r  t h e  optimum working 
f l u i d  composition. 

Assuming t h e  S t a r l i n g  s p e c i f i c  MBWR equat ion  of state i s  v a l i d ,  i t  i s  
poss ib l e  t o  reduce t h e  busbar energy c o s t  of t h e  SDGSIE proposed b ina ry  
Demonstration P l a n t  by about  5% by simply changing t h e  working f l u i d  
mixture  near  mid-l i fe .  The annual savings would be about  $2 mil l ion .  
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IV. DISCUSSION 

( a )  LBL Bac..ground i n  Geothermal Power P lan t  S tud ie s  

Through funding from t h e  U.S. Department of Energy (DOE), Divis ion of 

Geothermal Energy (DGE)*, LBL has  been developing a r e l a t i v e l y  genera l  thermo- 

dynamic c y c l e  s i m u l a t o r ,  GEOTHM (Ref .  1 ,  2 ) .  The GEOTHM Code i s  c o u p l e d  

wi th  powerful non-linear mathematical op t imiza t ion  r o u t i n e s  (Ref. 3)  which 

p e r m i t  thermodynamic energy conversion systems of s p e c i f i e d  n e t  ou tput  power t o  

be optimized (Ref. 4 ,  5, 6 )  f o r  va r ious  des ign  o b j e c t i v e s  ( i . e .  minimum busbar 

energy c o s t ,  maximum u t i l i z a t i o n  e f f i c i e n c y ,  e t c . ) .  The GEOTHM code i s  modular 

i n  des ign  permi t t ing  va r ious  types** of thermodynamic cyc le s  and sub-systems 

t o  b e  design optimized (Ref. 7 ,  8, 9), and con ta ins  an  ex tens ive  s e p a r a t e  f l u i d  

p r o p e r t i e s  l i b r a r y  (Ref. 10). 

Because geothermal binary Rankine cyc le  economics have not  been commer- 

c i a l l y  demonstrated,  bu t  t h e  b inary  cycle i s  l i k e l y  t o  be t h e  b e s t  conversion 

system choice f o r  a l a r g e  f r a c t i o n  of t h e  moderate temperature i d e n t i f i e d  U.S. 

hydrothermal resource base,  t h e  LBL U t i l i z a t i o n  Technology Group has  d i r e c t e d  

much of i t s  r e sea rch  and development a c t i v i t i e s  toward t h e  understanding and 

t e c h n i c a l  demonstrat ion of b inary  Rankine cyc le  prototype systems (Ref. 11, 12) 

and sub-systems (Ref. 13, 14) .  A f a i r l y  up-to-date d e s c r i p t i o n  of LBL's system 

a n a l y s i s  c a p a b i l i t i e s  i s  contained i n  a forthcoming DOE/DGE Geothermal Sourcebook 

(Kef. 15). 

* U t i l i z a t i o n  Technology Branch ( M r .  C l i f t o n  B. McFarland, Chief )  

**With modest code changes -- use r  c o n s t r a i n t s ,  pena l ty  func t ions ,  etc. 
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( b j  khat  i s  t h e  S ign i f i cance  of t h e  Transposed Cr i t i ca l  Temperature? 

I n  t h e  c o u r s e  o f  d e v e l o p i n g  S e c t i o n  8.2 of R e f e r e n c e  1 5  f o r  D O E ,  w e  

noted t h a t  t he  Transposed Cri t ical  Temperature* of a b inary  Rankine cyc le s '  

secondary'  working f l u i d  might p lay  a key r o l e  i n  the  s e l e c t i o n  of optimum 

tu rb ine  opera t ing  states (Ref. 15, Sec t ion  8.2.9.5). S p e c i f i c a l l y  i t  w a s  noted 

t h a t  when f u e l  c o s t s  (of a pure f l u i d  geothermal binary Rankine c y c l e )  c l e a r l y  

dominated (over  p l an t  c a p i t a l  c o s t s ) ,  t h e  cyc les '  optimum t u r b i n e  i n l e t  s ta te  

approached the  Transposed Cri t ical  Temperature l i n e  of t h e  secondary working 

f l u i d .  

This  behavior was obtained even when the  assumed pure f l u i d  w a s  a n  obvi- 

ous ly  poor working f l u i d  choice  f o r  t h e  assumed resource temperature (i.e. 

T c r  (< Tres). 

It was f u r t h e r  suggested i n  Ref. 15, Sec t ion  8.2.9.6, t h a t  i f  t h e  secondary 

working f l u i d s '  composition (i.e. mole f r a c t i o n  of some assumed hydrocarbon 

mixture  system) w a s  s imultaneously optimized (for given  source and s i n k  

temperatures)  w i t h  t h e  s i x  independent thermodynamic s ta te  parameters of t h e  

geothermal b inary  Rankine cyc le ,  improved thermodynamic and economic performance 

u i g h t  be  obtained wi th  TPCT c y c l e s  when both p l a n t  and f u e l  c o s t s  were material, 

but n e i t h e r  dominated. 

Ccj Mixture Working F lu ids  - Previous Work 

The p o t e n t i a l  advantages of hydrocarbon mixtures  as secondary working 

f l u i d s  f o r  t h e  geothermal b inary  Rankine cyc le  have been emphasized by S t a r l i n g  

and o t h e r s  (Ref. 16, 17, 18, 19). A r e c e n t  document (Ref. 20) con ta ins  an  

informat ive  summary of t h e  p o t e n t i a l  advantages and disadvantages of mixtures  

and poss ib l e  working f l u i d  s e l e c t i o n  cri teria.  

*The Transposed Cri t ical  Temperature l i n e  i s  def ined  as t h e  locus  of p o i n t s  
i n  t h e  working f l u i d s '  s u p e r c r i t i c a l  vapor reg ion  where t h e  f l u i d s '  s p e c i f i c  
h e a t  i s  a maximum. 
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I n  Reference 20, pre l iminary  screening  c a l c u l a t i o n s  were performed on 

geothermal b inary  Rankine cyc le s  assuming var ious  candida te  working f l u i d s  

inc luding  a 50 /50  mix of i sobutane  and i sopentane  (iC4 and iC5) over 

a range of p o t e n t i a l l y  s u i t a b l e  r e source  temperatures. Various working f l u i d  

thermodynamic c h a r a c t e r i z a t i o n  parameters, inc luding  Kihara ' s  and Fukunaga's 
SA 

, "I - fac tor"  (Ref. 2 1 ) ,  were u t i l i z e d  f o r  s e l e c t i n g  tu rb ine  en t r ance  (and i n  

some cases e x i t )  states f o r  s p e c i f i c  i d e a l  ( r e v e r s i b l e )  c y c l e  c a l c u l a t i o n s .  

Subsequent c a l c u l a t i o n s  i n  Ref. 20 i d e n t i f i e d  Cis-2-Butene as a p o t e n t i a l l y  

a t  t r a c t i v e  working f l u i d  candida te  f o r  t h r e e  resource  temperatures (300"F, 

400"F, and 500°F).  

Our primary o b j e c t i v e  h e r e i n  i s  - no t  t o  compare o r  advocate va r ious  poten- 

t i a l  working f l u i d s  ( o r  mixture  systems), bu t  t o  simply determine whether o r  n o t  

busbar c o s t  optimized Rankine c y c l e s  wi th  a g iven  mixture system e x h i b i t  c e r t a i n  

gene ra l  thermodynamic c h a r a c t e r i s t i c s .  

We have  n o t  i n v e s t i g a t e d  t h e  many c o n f i g u r a t i o n  p o s s i b i l i t i e s  of  t h e  

b inary  Rankine geothermal cyc le  (i.e. m u l t i p l e  b o i l i n g  and condensing s t a g e s  

(Ref. 22 ) ) ,  but have l i m i t e d  our  s t u d i e s  t o  the  behavior of t h e  simple (non- 

r egene ra t ive )  b ina ry  Rankine cyc le  over s u b - c r i t i c a l  and s u p e r c r i t i c a l  ope ra t ing  

regimes assuming t h e  isobutane-isopentane system. 

The p o t e n t i a l  o v e r a l l  economic advantage ( re la t ive  busbar energy c o s t )  of 

mix tures  over pure f l u i d s  has  been implied but  no t  c l e a r l y  de f ined  -- 1) p a r t l y  

c because t h e  accuracy of P-V-T c o r r e l a t i o n s  f o r  mixtures  us ing  convent iona l  BWR 

type  equat ions  of s t a t e  i s  ques t ionable  (Ref. 10, 19);  2) p a r t l y  because t h e  

thermodynamic behavior of mixtures  i n  some subsystems ( i . e .  condensers) i s  

conplex and has only been approximated (Ref. 20); and 3) p a r t l y  because previous  
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s t u d i e s  (without multiparameter op t imiza t ion  c a p a b i l i t i e s )  have not  c l e a r l y  

i d e n t i f i e d  t h e  optimum thermodynamic c h a r a c t e r i s t i c s  (mixture composition, 

t u r b i n e  state cond i t ions ,  e t c . )  of mixture b ina ry  Rankine cyc les .  

(d) LM, I n v e s t i g a t i o n s  of Mixture Binary Kankine Cycles 

S i n c e  t h e  S p r i n g  o f  1979 ,  LBL h a s  been  i n v e s t i g a t i r r g  t h e  p e r f o r m a n c e  

c h a r a c t e r i s t i c s  of busbar c o s t  optimized hydrocarbon mixture b inary  Rankine 

geothermal energy conversion c y c l e s  assuming t h e  i sobutane / i sopentane  (iCq/iCg) 

hydrocarbon system over a range of p o t e n t i a l l y  a p p l i c a b l e  resource  temperatures.  

This  nydrocarbon mixture system has  a " re t rograde"  vapor s a t u r a t i o n  boundary on 

temperature-entropy coord ina te s  and a n  I - f ac to r  (Ref. 20, 21) less than  1.0, 

and t h e r e f o r e  may be regarded simply as a sub-set of a l l  p o t e n t i a l l y  a t t r a c t i v e  

candida te  working f l u i d s  f o r  t h i s  r e source  temperature range. 

- 
The S t a r l i n g  s p e c i f i c  MBWR (1975) equa t ion  of state (Ref. 23) has  been used 

by LBL f o r  t h i s  hydrocarbon system because i t  e x i s t e d  even though i t s  accuracy 

i s  ques t ionab le  (Kef. 10, 19, 24 ). Because of t h i s ,  t h e  f a c t  t h a t  b r i n e  p r i c e  

and equipment c a p i t a l  c o s t s  are r a p i d l y  e s c a l a t i n g ,  c u r r e n t  GEOTHM f i n a n c i a l  

r o u t i n e s  (Ref. 15, S e c t i o n  8.2.11.6) are n o t  general*,  and because 7 parameter - 
binary  c y c l e  mixture op t imiza t ions  are cons iderably  more complex and c o s t l y  than  

b parameter opt imiza t ions  wi th  a given working f l u i d ,  we have conducted our 

p re sen t  mixture  Rankine cyc le  s t u d i e s  on a simulated simple b ina ry  power p l a n t  

system w i t h  a mul t i t ude  of very p r a c t i c a l  s impl i fy ing  assumptions. 

Our goa l  i s  t o  g e t  t o  t h e  essence  of t h e  problem - a clear d e f i n i t i o n  

of p o t e n t i a l l y  g e n e r a l  thermodynamic f e a t u r e s  of optimized b inary  Rankine 

c y c l e s  - w i t h  t h e  s imples t  p o s s i b l e  l e v e l  of economic and thermodynamic system 

c h a r a c t e r i z a t i o n .  

* (New gene ra l i zed  economic r o u t i n e s  have been developed f o r  GEOTHM by t h e  
Mitre Corporation (Ref. 25) under c o n t r a c t  t o  LBL. These r o u t i n e s  are c u r r e n t l y  
being inco rpora t ed  and t e s t e d .  A new v e r s i o n  of GEOTHM w i l l  be a v a i l a b l e  i n  t h e  
l a t e  Summer of 1980). 
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V. STUDY SCOPE 

Although our mixture s t u d i e s  t o  d a t e  have been l i m i t e d  t o  t h e  iCq/iCg 

sys t em,  t h e  scope of t h i s  conceptual des ign  s tudy  i s  r e l a t i v e l y  broad and 

genera l .  F i r s t  of a l l  w e  r e p o r t  on ly  on optimized system des igns  wi th  as few 

as  poss ib l e  u s e r  input  biases (Ref. 15, Sec t ion  8.2). The Design Objec t ive  

f o r  most of t h e  ana lyses  h e r e i n  i s  minimum busbar cos t .  Constrained b r i n e  

"y ie ld"  op t imiza t ions  are a l s o  r epor t ed  i n  Sec t ion  V I  ( c ) ,  but not w i th  a rb i -  

t r a r i l y  s e l e c t e d  p i n c h  p o i n t s .  S e c o n d l y ,  w e  i n v e s t i g a t e  t h r e e  r e a l i s t i c  

c o n s t r a i n t  assumptions f o r  optimized systems, and f i n a l l y  we explore  a var- 

i e t y  of sub-system c o s t  condi t ions .  

(a) System Schematic Diagram 

Figure  1 i s  a schematic diagram of t h e  s i m p l e  (non-regenerative) geo- 

thermal b inary  Kankine cycle.  The "br ine"  (pure  H20) i s  assumed t o  be produced 

a t  t h e  wellhead as s i n g l e  phase ( s a t u r a t e d )  l i q u i d  us ing  s u i t a b l e  e lec t r ic  motor 

d r i v e n  downhole pumps i n  each production w e l l .  Heat e x t r a c t e d  from t h e  b r i n e  i s  

t r a n s f e r r e d  through a n  a r r a y  of convent iona l  shell-and-tube h e a t  exchangers t o  a 

secondary working f l u i d  (hydrocarbon mixture)  where it i s  vaporized on t h e  

shell-side at either sub-critical or supercritical pressures. Work extracted by 

t h e  t u r b i n e  d r i v e s  a gene ra to r  which s u p p l i e s  electric power t o  a l l  t h e  motor 

d r iven  equipment. Heat i s  r e j e c t e d  from t h e  c y c l e  v i a  an a r r a y  of convent iona l  

shell-and-tube condensers t o  a forced  d r a f t  w e t  cool ing  tower. All major 

p a r a s i t i c  l o s s e s  ( inc lud ing  production and i n j e c t i o n  pumping) are cha rac t e r i zed .  

The seven independent thermodynamic system parameters (opt imizable  parameters) 

are a l s o  shown i n  F igure  1. 
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(b )  Basel ine Input  Assumptions 

T a b l e  1 l i s t s  o t h e r  system input  assumptions of t h i s  s tudy f o r  t h e  Basel ine 

Case. In  o rde r  t o  determine conceptual  l e v e l  busbar c o s t s  of such a system, one 

must have reasonably accu ra t e  sub-system cos t s .  Sub-system c o s t s  were obtained 

by normal iza t ion  t o  va lues  repor ted  i n  Reference 17 as  descr ibed i n  Ref. 15, 

Sec t ion  8.2.11.6. The thermodynamic and economic performance of b ina ry  Rankine 

geothermal power p l a n t s  us ing  pure  working f l u i d s  f o r  the  same c y c l e  and inpu t  

assumptions (as Figure 1 and Table 1) are repor ted  i n  Ref. 15, Sec t ion  8.2. 

( c )  Overa l l  Study Scope - The Three Main Groups 

Because our  prel iminary r e s u l t s  suggested i n t e r e s t i n g  new, and potent-  

i a l l y  gene ra l  thermodynamic characteristics f o r  optimized mixture  cyc le s ,  i t  

became important t o  s tudy  the  cyc le s  under a broad v a r i e t y  of i npu t  assump- 

t ions .  Figure 2 l i s ts  t h e  o v e r a l l  range of c o s t ,  e f f i c i e n c y ,  and c o n s t r a i n t  

assuupt ions  adopted f o r  t h i s  study. 

The sys t em c o s t  o p t i m i z a t i o n s  h e r e i n  f a l l  l o g i c a l l y  i n t o  t h r e e  main 

groups (see Figure  2):  

Group A Un-cons t r a ined  o p t i m i z a t i o n s  - T u r b i n e  i n l e t  a l l o w e d  t o  b e  
anywhere o u t s i d e  t h e  two-phase vapor envelope. 

Group B ,  1) C o n s t r a i n e d  o p t i m i z a t i o n s  - T u r b i n e  i n l e t  e n t r o p y  - > maximum 
s a t u r a t e d  vapor entropy. 

Group B, 2 )  Constrained opt imiza t ions  - Brine r e t u r n  temperature  - > 344.26 K 
( 160OF). 

Each of t h e  above t h r e e  groups are used wi th  a v a r i e t y  of  c o s t  assump- 

t i o n s  t o  i l l u s t r a t e  t h e  f o l l o w i n g  s p e c i f i c  f e a t u r e s  o f  o p t i m i z e d  m i x t u r e  

b inary  Rankine geothermal power cyc le s :  
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1) Generally p re fe r r ed  t u r b i n e  en t rance  condi t ions .  

2) Affect  of resource  temperature,  c o s t ,  and c o n s t r a i n t s  on the  optimum 
mixture  c omposi t ion. 

3 )  The economic impact of moist  t u rb ine  expansion. 

4 )  
5 )  Affect  of b r i n e  r e t u r n  temperature c o n s t r a i n t s  on optimum t u r b i n e  

Optimum tu rb ine  s ta tes  as a f f e c t e d  by i n l e t  s ta te  c o n s t r a i n t s .  

states. 

6 )  Affec t  of r e l a t i v e  f u e l  p r i c e  t o  primary hea t  exchanger c a p i t a l  c o s t  
on the  optimum cyc le  type--i.e. s u b - c r i t i c a l  v s  s u p e r c r i t i c a l .  

(d)  Fea tures ,  Uses, and Limi ta t ions  of Each Group 

GROUP A o p t i m i z a t i o n s  were c o n f i g u r e d  t o  d e t e r m i n e  t h e  thermodynamic 

and  economic c h a r a c t e r i s t i c s  o f  b i n a r y  Rankine  c y c l e s  u n d e r  t h e  a b s o l u t e  

minimum busbar cos t  condi t ions  ( f o r  given inpu t  c o s t  assumptions) w i th  as few 

as poss ib l e  input  c o n s t r a i n t s .  This  group i s  a l s o  used t o  i l l u s t r a t e  t h e  

genera l  geothermal b inary  Rankine cyc le  busbar c o s t  Design Surface (Sec t ion  V I ,  

(b)) as a func t ion  of t u r b i n e  i n l e t  condi t ions ,  t h e  Global Minimum c o s t  a long 

the  TPCT l i n e ,  and t h e  extreme system economic p e n a l t i e s  a s soc ia t ed  wi th  moist  

expansion i n  t h e  turb ine .  To do t h i s  we simulated t h e  t u r b i n e  f o r  GROUP A 

s t u d i e s  as a mult i -s tage expansion engine wi th  a f i x e d  maximum s t a g e  p res su re  

r a t i o .  The d r y  s t a g e  e f f i c i e n c y  (85%) w a s  penal ized by one percent f o r  each 

percent  of s t a g e  exhaust moisture. 

It should be pointed ou t  t h a t  t h e  expander high p res su re  s t a g e  cond i t ions  

f o r  GROUP A have no b u i l t - i n  margin of s a f e t y  a g a i n s t  moist  expansion. I f  
D 

t h e  des ign  opt imiza t ion  pu t s  t he  exhaust of any s t a g e  a t  ( o r  nea r )  t he  vapor 

s a t u r a t i o n  boundary, expansion i n  t h e  nozze ls  of t h a t  s t a g e  would (could)  be 
-c 

i n  t h e  two-phase vapor region. 
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(;ROUP B, 1). The s e l e c t e d  mixture  system f o r t u n a t e l y  has  a p a r t i c u l a r  vapor 

i s en t rope  cond i t ion  t h a t  can be use fu l  f o r  des ign  purposes without imposing 

a r b i t r a r i l y  l a r g e  expander mid-stage superheat  margins -- t h e  i s e n t r o p e s  i n t e r -  

sect t h e  vapor s a t u r a t i o n  boundary twice. Because of t h i s ,  t h e  maximum vapor 

i s en t rope  can  be used t o  d e f i n e  expander i n l e t  condi t ions  which guarantee  d ry  

expansion ( i f  t he  equat ion  of s ta te  i s  adequate) .  The GROUP B, 1) cons t ra ined  

c o s t  op t imiza t ions  he re in ,  then ,  determine very near  abso lu t e  minimum busbar 

c o s t  cond i t ions  under pract ical  s t a g e  superheat  margins on a c o n s i s t e n t  bas i s .  

The GROUP B, 2)  cons t ra ined  c o s t  op t imiza t ions  a l low a f i r s t  o r d e r  access- 

ment of t h e  thermodynamic and economic performance of b inary  Rankine c y c l e s  wi th  

t h e  iCq/iCg hydrocarbon system a t  the  Heber geothermal resource.  Because of 

the inve r se  s o l u b i l i t y  of s i l i ca ,  b r i n e s  produced a t  t h e  Heber (and o t h e r )  

resource  could s e r i o u s l y  f o u l  t h e  primary exchanger and c log  i n j e c t i o n  w e l l s  i f  

cooled t o  too  low a temperature.  For t h e  GROUP B, 2 )  cons t ra ined  opt imiza t ions ,  

w e  have assumed a minimum primary h e a t  exchanger ex i t  temperature  ( b r i n e  r e t u r n  

temperature)  of 344.2b  K (160 F ) ,  c o n s i s t e n t  wi th  t h e  la tes t  publ ished s t u d i e s  

done by Fluor  (Ref. 19 )  f o r  t he  SDGdE proposed b inary  Demonstration P l a n t  a t  

Heber .  The " f u e l  c o s t  up by a f a c t o r  of 5" assumption (F igure  2 )  simply b r i n g s  

our c a l c u l a t e d  u n i t  b r i n e  c o s t s  c l o s e  t o  those s t a t e d  i n  Ref. 19 on both a 

mill/kwh b a s i s  and a $/MBtu bas i s .  A l l  t h e  o t h e r  sub-system base l ine  u n i t  c o s t  

f a c t o r  m u l t i p l i e r s  i n  F igure  2 were a r b i t r a r i l y  se l ec t ed .  

V I .  KESULTS 

Because our results depend somewhat upon f u e l  cos t  and c o n s t r a i n t  assump- 

t i o n s  (F igure  2 ) ,  we w i l l  p resent  a gene ra l ly  observed t r end  overview f i r s t .  This  

w i l l  be followed by a d e t a i l e d  d i s c u s s i o n  of t h e  observed behavior and t h e  d i f -  

f e r e n t  c h a r a c t e r i s t i c s  of des igns  i n  GROUP A ,  GROUP B, l ) ,  and GROUP B, 2 ) .  
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(a) General Thermodynamic C h a r a c t e r i s t i c s  of Optimized iCb/iCs Mixture 
Binary Ranking Cycles wi th  S ing le  Phase Brine Production 

(170 - < TRES 5 200 C) 

We have found that optimum system des igns  e x h i b i t  t h e  fo l lowing  
c h a r a c t e r i s t i c s :  

A. Working f l u i d  c y c l e s  are  gene ra l ly  s u p e r c r i t i c a l .  

B. The optimum mixture composition depends upon s e v e r a l  v a r i a b l e s  (and t h e  
des ign  approach). 

C.  Optimum t u r b i n e  i n l e t  s t a t e s  l i e  e x t r e m e l y  c l o s e  t o  t h e  working 
f l u i d s '  TPCT l i n e  wi th  a cons tan t  reduced P, T displacement which 
depends only  upon c o n s t r a i n t  assumptions. 

Optimum t u r b i n e  expansion i s  dry with a minimum* of exhaust superhea t  
( c o n s i s t e n t  wi th  t h e  I - f ac to r  of t h e  s e l e c t e d  mixture and t u r b i n e  
i n l e t  c o n s t r a i n t  assumptions). 

D. 

Because of t h e  r e l a t i v e l y  f i x e d  thermodynamic characterist ics of optim- 

i z e d  iCq/iCg mixture b ina ry  Rankine cyc le s ,  w e  f i n d  t h a t  much previous  confusion** 

surrounding t h e  "optimum" b ina ry  Rankine cyc le  a s  t h e  r e s u l t  of prev ious  s t u d i e s  

on pu re  working f l u i d s  p o t e n t i a l l y  goes away. A s  t h e  r e s u l t  of A ,  B ,  C, and D 

w e  f i nd  t h a t  c o s t  optimized i C 4 / i C 5  simple b inary  c y c l e  systems appear t o  

obey s i m i l i t u d e  r u l e s  on reduced thermodynamic coord ina te s  and c o r r e l a t e  very 

w e l l  over a range of resource  temperatures.  The reduced t u r b i n e  states of 

o p t i m u m  cyc le s  e x h i b i t  extremely s m a l l  s e n s i t i v i t i e s  t o  sub-system c o s t  and 

e f f i c i e n c y  inpu t  assumptions f o r  a g iven  set of c o n s t r a i n t  condi t ions .  

*There i s  a n  important except ion  t o  t h i s  noted on page 18. 

**Because d i f f e r e n c e s  i n  busbar c o s t  are o f t e n  impercept ib le ,  i t  i s  not  uncommon 
f o r  geothermal system des igne r s  t o  "over r ide"  t h e i r  s t a t e d  input  minimum c o s t  
Design Objec t ive  wi th  s u b j e c t i v e  input  l o g i c  ( i . e .  minimize superheat and/or  
avoid "high" working f l u i d  pump p a r a s i t i c  l o s s e s  i n  s u p e r c r i t i c a l  cyc le s )  
and, consequently,  adamently d i s a g r e e  w i t h  o t h e r s  on the n a t u r e  of t h e  "optimum" 
cyc le  ( i . e .  s u b - c r i t i c a l  o r  s u p e r c r i t i c a l ) .  The competit ion can lead  t o  even 
more complex cycles of ques t ionab le  economic merit when t h e  rea l  problem appears  
t o  b e  i n  t h e  s e l e c t e d  working f l u i d  and des ign  approach (Objec t ive) .  See a l s o  
Sec t ion  V I ,  ( c ) .  
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(1 )  General C h a r a c t e r i s t i c  A - S u p e r c r i t i c a l  Cycles 

Figure 3 i l l u s t r a t e s  t h e  computed optimum t u r b i n e  i n l e t  temperatures  and 

p res su res  f o r  isobutane/ isopentane mixture  b inary  Rankine geothermal power 

p l a n t s  over t h e  a r b i t r a r i l y  s e l e c t e d  resource  temperature range of 170°C - < 
TKes - < 200°C. These results are from GROUP A (Figure 2)  f o r  base l ine  c o s t  

and e f f i c i e n c y  assumptions,  Table 1. 

F i r s t  of a l l  it , c a n  be noted that a l l  t h e  GROUP A optimum binary  c y c l e s  

f o r  non-dilute f r a c t i o n s  of t h i s  mix ture  system (and equat ion  of state) are 

s l i g h t l y  s u p e r c r i t i c a l  (see a l s o  Table 2 f o r  non-baseline cond i t ions  w i t h i n  

GROUP A ) .  During t h e  course of t he  busbar cos t  minimization, t h e  working 

f l u i d  composition (mole f r a c t i o n  of i sobutane)  i s  s e l e c t e d  (along wi th  t h e  s i x  

o t h e r  independent state parameters)  f o r  each resource temperature t o  maintain 

t h e  s u p e r c r i t i c a l  cycle .  

Several  changes i n  f i x e d  input  assumptions were made t o  v e r i f y  t h e  cons is -  

t e n t l y  s u p e r c r i t i c a l  optimum cycle.  For example, i nc reas ing  t h e  f u e l  c o s t  

($/MBtu) by a f a c t o r  of 5 ( f o r  t h e  182°C resource  case - see Table 2)  has a 

minor e f f e c t  on the  t u r b i n e  i n l e t  temperature ,  bu t  t h e  optimum composition goes 

up (21%) t o  achieve  a reduced c r i t i c a l  temperature  and inc rease  t h e  energy 

removed pe r  pound of br ine .  The primary h e a t e r  pinch po in t  temperature  d i f f e r -  

ence goes down from about  5.31 C" t o  about 2.79 C " ,  and t h e  tu rb ine  i n l e t  

p re s su re  goes up about 2 1/4 bars  t o  main ta in  the  s u p e r c r i t i c a l  cycle .  This  

behavior  i s  expected. 

S imi l a r ly ,  i nc reas ing  t h e  primary h e a t e r  u n i t  c a p i t a l  c o s t  ($/m2) by a 

f a c t o r  of 2 ( f o r  t h e  182°C resource  case, see Table 2) has  a minor e f f e c t  on 

both  t h e  optimum composition and t h e  t u r b i n e  i n l e t  state. To accomodate t h e  

h igher  primary exchanger u n i t  c a p i t a l  c o s t ,  t h e  pinch po in t  d e l t a  T increased  

from about  5.31 C"  t o  10.7 C o  t o  i n c r e a s e  t h e  mean d e l t a  T,  and t h e  cyc le  
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remained s u p e r c r i t i c a l .  However, i t  i s  clear t h a t  i f  t h e  primary hea t  ex- 

changer u n i t  c a p i t a l  c o s t  were s i g n i f i c a n t l y  increased  f o r  t h e  low ( b a s e l i n e )  

br ine  c o s t s ,  a s u b - c r i t i c a l  cyc le  would be i n e v i t a b l e .  This  p o s s i b i l i t y  w a s  

i n v e s t i g a t e d  f o r  GROUP B,  1 )  cons t ra ined  c o s t  op t imiza t ions  (Table 3 )  f o r  

base l ine  b r ine  c o s t s  wi th  va r ious  primary exchanger u n i t  c a p i t a l  c o s t s .  We 

f i n d  t h a t  when t h e  exchanger u n i t  c a p i t a l  c o s t  i s  a f a c t o r  of 3 o r  more above 

Daseline cond i t ions  (Ref. 1 7 ) ,  a s u b - c r i t i c a l  cyc le  i s  optimum. Because b r i n e  

prices have inc reased  much more s i g n i f i c a n t l y  than  exchanger u n i t  c a p i t a l  c o s t s  

s i n c e  1976 ( s e e  lief. 1 7  and Ref. 1 9 ) ,  and t h i s  t r end  w i l l  probably cont inue ,  t h e  

l i k e l i h o o d  of a s u b - c r i t i c a l  optimum cyc le  f o r  t h e s e  cond i t ions  i s  very remote. 

We a l s o  t r i e d  o t h e r  i n t u i t i v e l y  obvious inpu t  assumptions t o  see i f  w e  

could g e t  t h e  182°C resource  temperature cyc le  t o  "go s u b - c r i t i c a l "  f o r  t h e  

minimum busbar c o s t  des ign  o b j e c t i v e  under GROUP A condi t ions .  For example, 

i n c r e a s i n g  t h e  u n i t  c o s t  ($/kW) of t h e  hydrocarbon c i r c u l a t i n g  pump and i t s  

e l e c t r i c  motor by a f a c t o r  of 5 a c t u a l l y  increased  t h e  optimum t u r b i n e  i n l e t  

p re s su re  ve ry  s l i g h t l y ,  and a l l  o t h e r  changes were t r i v i a l .  The optimum c y c l e  

remained s u p e r c r i t i c a l .  

Keep i n  mind, t h e  f o r g o i n g  "numbers" a r e  l i k e l y  t o  b e  s i g n i f i c a n t l y  

a f f e c t e d  by the assumed equa t ion  of states '  a b i l i t y  t o  c h a r a c t e r i z e  t h e  c r i t i c a l  

p r o p e r t i e s  of mixtures - t he  one used h e r e  could be apprec iab ly  i n  e r r o r  (Ref. 

10, L4).* 

t 

*The p o t e n t i a l  i n a b i l i t y  of BWR type equa t ions  (mixing r u l e s ? )  t o  p r e d i c t  t h e  
c r i t i c a l  l o c i  of hydrocarbon mixtures  has been poin ted  out  by S i l v e s t e r  (Ref. 
10). For example, t h e  S t a r l i n g  s p e c i f i c  MBWR p r e d i c t s  t h a t  p l o t s  of P c r i t i c a l  
arid T C r i t i c a l  a s  a f u n c t i o n  of mole f r a c t i o n  would be  concave  upward f o r  
n i x t u r e s  of n-butane and n-pentane, whereas c a r e f u l l y  measured d a t a  p l o t s  
concave downward. See a l s o  Ref. 24,  Chapter 3 f o r  o t h e r  systems. 
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F i n a l l y ,  i n  our  l a s t  a t tempt  t o  f o r c e  t h e  optimum 182OC resource  system t o  

go s u b - c r i t i c a l ,  we reduced the  input  a d i a b a t i c  e f f i c i e n c y  of t he  cyc le ' s  

hydrocarbon c i r c u l a t i n g  pump from 80% t o  60% and s e l e c t e d  s u b - c r i t i c a l  f i r s t  

guess va lues  of t u r b i n e  i n l e t  p re s su re  and temperature near  t h e  vapor s a t u r a t i o n  

boundary. After i n i t i a l l y  inconclus ive  runs which requi red  code changes t o  

better d i f f e r e n t i a t e  between s u b - c r i t i c a l  and s u p e r c r i t i c a l  cyc le s  very near  t h e  

c r i t i ca l  pressure ,  and incorpora t ing  d i f f e r e n t  u n i t  c o s t  f a c t o r s  ( $ / f t 2  of 

heat t r a n s f e r  su r f ace )  f o r  k e t t l e  b o i l e r s ,  w e  obtained the  result shown on t h e  

bottom l i n e  of T a b l e  2. 

We f e e l  the foregoing d i scuss ion  suppor ts  General  C h a r a c t e r i s t i c  A t h a t  a l l  

p r a c t i c a l  cyc le s  wi th  t h i s  mixture  system between 17OOC and 2OO0C resource  

temperatures  w i l l  be s u p e r c r i t i c a l  cyc le s  i f  t h e  b r ine  is produced s i n g l e  

pnase. 

( 2 )  General C h a r a c t e r i s t i c  B - The Optimum Mixture Composition Is a 
Function of Severa l  Var iab les  

F i g u r e  4 i l l u s t r a t e s  t h e  computed optimum m i x t u r e  c o m p o s i t i o n  (mole  

f r a c t i o n  of i sobutane)  as a func t ion  of resource  temperature  f o r  un-constrained 

des igns  (GROUP A) and f o r  four  resource  temperatures  wi th  a b r i n e  r e t u r n  tempera- 

t u r e  c o n s t r a i n t ,  GROUP B, 2) .  Also shown on the  p l o t  are Hol t ' s  conceptual  

des ign  recommendations (Ref. 1 7 ,  1976) f o r  i n i t i a l  Heber resource  temperature  

cond i t ions  (Holt  suggested a d i f f e r e n t  hydrocarbon system f o r  end-of- l i fe  

cond i t ions )  and F luo r ' s  (1979) recommendations f o r  t h e  Heber Demonstration 

P lan t .  

Our r e s u l t s  are not  very d i f f e r e n t  from Hol t s '  recommendations f o r  i n i t i a l  

condi t ions  e i t h e r  f o r  GROUP A o r  GROUP B, 2 assumptions,  bu t  are  dramat ica l ly  

d i f f e r e n t  from Fluor.  
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It should be poin ted  ou t  t h a t  fundamental des ign  "philosophy" d i f f e r e n c e s  

c h a r a c t e r i z e  t h e  c u r r e n t  Demo des ign  (Ref. 19) -- Fluor  appa ren t ly  concludes 

t h a t  acceptable economic cond i t ions  w i l l  be achieved over t h e  e n t i r e  p l a n t  

l i f e  wi th  no change i n  t h e  working f l u i d  composition. We w i l l  expand upon 

t h i s  l a t e r  i n  Sec t ion  V I ,  ( f ) .  

# 

0 

It i s  c l e a r  from Figure  4 t h a t  t h e  optimum composition depends a t  least  

upon the resource  temperature and b r i n e  r e t u r n  temperature c o n s t r a i n t s .  Inspec- 

t i o n  of Tables 2 and 3 d i s c l o s e s  t h a t  t h e  optimum composition i s  a l s o  a f u n c t i o n  

of t h e  u n i t  f u e l  c o s t ,  but i s  l i t t l e  a f f e c t e d  by o t h e r  sub-system u n i t  c a p i t a l  

c o s t  o r  e f f i c i e n c y  f a c t o r  assumptions -- see Table 5. 

It i s  apparent from t h e  foregoing t h a t  determining t h e  optimum mixture 

composition f o r  an assumed resource  temperature (even f o r  a given mixture 

system) can b e  - t h e  d i f f i c u l t  p a r t  of t h e  problem (multiparameter op t imiza t ion  

capabi l i t i es  are extremely v a l u a b l e ) ,  and t h e  computed optimum composition w i l l  

depend upon f u e l  c o s t s ,  c o n s t r a i n t  assumptions, and t h e  accuracy of t h e  assumed 

equat ion  of s ta te .  

We w i l l  a l s o  show l a t e r  i n  S e c t i o n  V I ,  ( c ) ,  t h a t  d i f f e r e n t  "OptimUN" 

compositions may be i n f e r r e d  depending upon t h e  method used i n  thermodynamic 

( b r i n e )  y i e l d  op t imiza t ions  making t h e  a n a l y s i s  approach, o r  Objec t ive ,  important.  

We f e e l  t h e  foregoing suppor ts  General C h a r a c t e r i s t i c  B t h a t  t h e  optimum 

mixture composition i s  a f u n c t i o n  of s e v e r a l  v a r i a b l e s .  r 
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( 3 )  General C h a r a c t e r i s t i c  C - Optimum Turbine I n l e t  S t a t e s  
and Thei r  Proximity t o  t h e  TPCT Line 

By f a r  t he  most i n t e r e s t i n g  a spec t  of t h i s  study of optimized geothermal 

b inary  Rankine c y c l e s  wi th  iCq/iCg mixture  working f l u i d s  i s  t h e  f a c t  t h a t  t h e  

t u r b i n e  i n l e t  states on reduced coord ina tes  l i e  extremely c l o s e  to ,  and a t  a 

r e l a t i v e l y  cons t an t  displacement firom,the f l u i d s '  Transposed C r i t i c a l  Temperature 

(TPCT) l i n e .  This  behavior  i s  i l l u s t r a t e d  f o r  busbar c o s t  optimized cyc le s  i n  

F igure  5 f o r  ( T T / T , , ) ~ ~ ~  and Figure 6 f o r  (PT/PCr)op~* 

In  F igure  5 i t  can be noted t h a t  t h e  reduced optimum t u r b i n e  i n l e t  temper- 

a t u r e ,  (TT/Tcr)OpT, f a l l s  c o n s i s t e n t l y  w i t h i n  about 0.8% above t h e  reduced t r ans -  

posed c r i t i c a l  temperature* (a t  the  optimum t u r b i n e  i n l e t  p ressure)  f o r  = 
resource temperatures (non-di lute  mixture  mole f r a c t i o n s ) ,  cos t  and e f f i c i -  

ency assumptions,  and - a l l  c o n s t r a i n t  cond i t ions  adopted f o r  t h i s  study. 

S imi la r  behavior  . for  t h e  optimum t u r b i n e  i n l e t  p re s su re  i s  i l l u s t r a t e d  i n  

F igure  6 .  Again t h e  displacement i s  r e l a t i v e l y  cons t an t  on reduced coord ina te s ,  

and l a r g e  changes i n  u n i t  c o s t  and e f f i c i e n c y  inpu t  assumptions have no s igni -  

f i c a n t  i n f luence  f o r  given c o n s t r a i n t  condi t ions .  

The obvious importance of t he  transposed c r i t i c a l  temperature on the  

selection of working f l u i d s  and state conditions for Rankine cycle energy 

conversion systems has never been previous1 y reported t o  our know1 edge. 

*The pressure  on the  TPCT l i n e  a t  t h e  optimum tu rb ine  i n l e t  temperature was 
found by sweeping over va r ious  d e n s i t i e s  on t h e  t u r b i n e  i n l e t  temperature  
isotherm ( i s o t h e r n a l  s ea rch )  u n t i l  t h e  maximum s p e c i f i c  h e a t  was found (from t h e  
equat ion  of s t a t e )  w i t h i n  one p a r t  i n  lolo.  The temperature  on t h e  TPCT l i n e  
a t  t h e  optimum t u r b i n e  inlet  p re s su re  w a s  found by sweeping over va r ious  temper- 
a t u r e s  (with t h e  foregoing i so thermal  s ea rch  as an inne r  loop)  u n t i l  t h e  pres- 
s u r e  a t  t h e  Cp maximum agreed wi th  t h e  tu rb ine  i n l e t  p re s su re  w i t h i n  one p a r t  
i n  lo7.  This  TPCT sea rch  i n  no way inf luenced  the  s e l e c t i o n  of e i t h e r  t he  
working f l u i d  o r  t h e  optimum s t a t e  cond i t ions  of t h e  cyc les .  
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We f e e l  t h a t  G e n e r a l  C h a r a c t e r i s t i c  C i s  q u i t e  a d e q u a t e l y  s u p p o r t e d  

by t h e  r e s u l t s  i n  F igure  5 and Figure  6. 

( 4 )  General C h a r a c t e r i s t i c  D - Dry Turbine Expansion 
wi th  a Minimum of Exhaust Superheat 

The hydrocarbon expander f o r  GROUP A d a t a  p o i n t s  of t h e s e  s t u d i e s  was 

simulated as a m u l t i s t a g e  engine wi th  a s p e c i f i e d  (0.85) d r y  s t a g e  a d i a b a t i c  

e f f i c i e n c y  , ( rl i)dry, and a s p e c i f i e d  m a x i m u m  per  s t a g e  p re s su re  r a t i o  (1.8). 

The input  expander u n i t  c o s t  ($/kW) w a s  cons t an t ,  independent of t h e  number of 

expansion s t a g e s  requi red .  I f  t h e  s e l e c t e d  l o c a l  s t a g e  exhaust cond i t ions  were 

i n  t h e  two-phase vapor reg ion ,  t h e  l o c a l  d r y  s t a g e  e f f i c i e n c y  w a s  a r b i t r a r i l y  

reduced 1% f o r  each percent  exhaust moisture (Ref. 26). The o v e r a l l  average 

expander a d i a b a t i c  e f f i c i e n c y  w a s  c a l c u l a t e d  from: 

where n i s  t h e  number of expansion s t a g e s  r equ i r ed  between P i n  and Pout, v i  
i s  t h e  a c t u a l ,  m o i s t u r e  p e n a l i z e d  a d i a b a t i c  e f f i c i e n c y  o f  s t a g e ,  i ,  a n d  

Ahi i s  t h e  actual en tha lpy  change i n  s t a g e ,  i. 

F i g u r e  7 i l l u s t r a t e s  t y p i c a l  c a l c u l a t e d  p r o c e s s  s t a t e  p o i n t s  f o r  a l l  

t h e  c o s t  optimized GROUP A c y c l e s  of t h i s  study. Note t h a t  t h e  tu rb ine  h igh  

p res su re  s t a g e  nozz le  expansion is  i n  t h e  two phase vapor r eg ion  whereas t h e  

exhaust i s  v i r t u a l l y  on t h e  vapor s a t u r a t i o n  boundary f o r  t h e  s e l e c t e d  optimum 

'I working f l u i d  composition. The c a l c u l a t e d  o v e r a l l  average expander e f f i c i e n c y ,  

- 
lle,was never less than 0.8490 ( f i r s t  s t a g e  ex i t  q u a l i t y  always g r e a t e r  than 

0.994) f o r  a l l  of t h e  minimum busbar energy c o s t  op t imiza t ions  r epor t ed  i n  t h i s  

study. The obvious phys ica l  imp l i ca t ions ,  of course ,  are t h a t  superhea t  i s  

unde r s i r eab le  y e t  expanding i n t o  t h e  two-phase vapor dome must be avoided wi th  

t h i s  r e t r o g r a d e  f l u i d  system. 
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For  example, g iven  t h e  GROUP A op t ion  of choosing between a t o t a l l y  d r y  

expansion ( n e  E 0.85) somewhat t o  t h e  r i g h t  of t h e  vapor s a t u r a t i o n  boundary on 

P-h coord ina tes  (where i s e n t r o p e s  are less s t e e p  than  - a t  t h e  boundary) and 

expanding s l i g h t l y  "moist" i n  a given s t a g e  wi th  t h e  prev ious ly  mentioned 

- 

assumed s t a g e  e f f i c i e n c y  degrada t ion ,  t h e  o p t i o n  c o n s i s t e n t l y  chosen i n  t h e  un- 

cons t ra ined  GKOUP A cycles,  places t h e  h ighe r  p re s su re  s t a g e  exhaus t s  v i r t u a l l y  

- on t h e  vapor s a t u r a t i o n  boundary wi th  a minimum of superhea t  a t  t h e  desuperhea ter  

i n l e t  ( c o n s i s t e n t  w i th  t h e  optimum mixtures '  I - f ac to r ) .  

When t h e  t u r b i n e  i n l e t  c o n d i t i o n s  were c o n s t r a i n e d  u n d e r  GROUP B ,  1)  

cond i t ions  (see Figure  2 ) ,  a l l  cyc le s  aga in  optimized wi th  minimum p o s s i b l e  

superhea t  a t  exhaust condi t ions .  The optimum t u r b i n e  i n l e t  s t a t e  f e l l  "exac t ly"  

a t  the optimum working f l u i d s '  m a x i m u m  s a t u r a t e d  vapor i s e n t r o p e  c o n s t r a i n t  i n  

c l o s e  proxirnity t o  t h e  TPCT l i n e .  

We f e e l  t h e  foregoing d i s c u s s i o n  suppor t s  G e n e r a l . C h a r a c t e r i s t i c  D t h a t  t h e  

p re fe r r ed  t u r b i n e  expansion i s  dry with  a minimum of exhaust superhea t  (when t h e  

optiruuu f l u i d  composition i s  s e l e c t e d ) .  

An i n t e r e s t i n g  e x c e p t i o n  t o  t h e  p r e v i o u s l y  d e s c r i b e d  minimum e x h a u s t  

superhea t  cond i t ion  occur s  when t h e  b r ine  r e t u r n  temperature is  cons t ra ined  - 
GKOUP B, 2 ) .  Under t h e s e  cond i t ions  t h e  t u r b i n e  i n l e t  s ta te  ( f o r  t h i s  mixture 

system between 170 C and 182 C) moves t o  highe'r temperatures a long  t h e  TPCT l i n e  

and apprec iab le  superhea t  a t  exhaust cond i t ions  r e s u l t s  f o r  t h e  "optimum" 

design. 

A v e r y  s i m p l i f i e d  s k e t c h  of t y p i c a l  optimum t u r b i n e  expansion pa ths  f o r  t h e  

t h r e e  c o n s t r a i n t  cond i t ions  of t h i s  s tudy  i s  shown i n  F igure  8. A t  t h i s  t i m e  w e  

don ' t  understand why t h e  "extra" superhea t  i s  accep tab le  (optimum! ) under t h e  

b r ine  temperature c o n s t r a i n t  condi t ion .  
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The Busbar Cost Design Surface 

The busbar energy c o s t  des ign  su r face  f o r  optimized mixture  b ina ry  Rankine 

c y c l e s  can be v i sua l i zed  i n  t h e  3-D p l o t ,  Figure 9, reproduced from Ref. 28. I n  

t h i s  f i g u r e  t h e  computed busbar energy c o s t  has been p l o t t e d  as a func t ion  of 

t h e  t u r b i n e  i n l e t  temperature and pressure.  * 
Q 

The va lues  of PT and TT along t h e  sharp  "trough" a t  t h e  r i g h t  of F igure  9 

( t h e  Global Minimum busbar cos t  reg ion)  are v i r t u a l l y  co inc iden t  wi th  t h e  

t ransposed c r i t i c a l  temperature  l i n e  of t h e  optimum chosen mixture  f r a c t i o n .  

Fo r  example ,  s ee  a l s o  t h e  s p e c i f i c  h e a t  c o n t u o r  p l o t ,  F i g u r e  l o ,  and  t h e  

busbar c o s t  contuor  p l o t  wi th  super-imposed TPCT l i n e ,  F igure  11. 

The r e l a t i v e l y  f l a t  p o t e n t i a l  ope ra t ing  reg ion  i n  t h e  l e f t  s i d e  of F igure  9 

corresponds t o  s l i g h t l y  s u b - c r i t i c a l  and s l i g h t l y  s u p e r c r i t i c a l  t u r b i n e  i n l e t  

s ta tes  below t h e  TPCT t o  the  r i g h t  of t h e  c r i t i c a l  p o i n t  i n  t h e  superheated 

vapor r eg ion  of a pressure-enthalpy diagram. 

The reg ion  on the  r i g h t  s i d e  of Figure 9,  where the  busbar energy c o s t  

rises ab rup t ly ,  corresponds t o  t u r b i n e  i n l e t  states immediately above and/or  t o  

t h e  l e f t  of t h e  t ransposed cr i t ical  temperature  l i n e . ( o n  P-h coord ina te s )  which 

would r e s u l t  i n  expansion (by one or more exhaust s t a g e s )  i n t o  t h e  two-phase 

vapor r eg ion  of t h e  s e l e c t e d  optimum mixture. 
# 

This  p l o t  c l e a r l y  shows t h e  seve re  system economic p e n a l t i e s  a s soc ia t ed  

% wi th  w e t  expansion i n  t h e  t u r b i n e  f o r  geothermal cyc le s  wi th  t h i s  mixture  

f l u i d .  Note t h a t  even i f  t h e  GROUP A expander s t a g e  e f f i c i e n c y  degrada t ion  

assumed (1% f o r  each percent  of s t a g e  exhaust mois ture)  was reduced s i g n i -  

*(The 5 o t h e r  independent system s t a t e  parameters (opt imizable  parameters)  
have been f ixed  a t  t h e i r  computed optimum values  f o r  producing t h i s  p lo t .  
See Ref. 15, Sec t ion  8.2.9.3). 
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f i c a n t l y  ( say  a f a c t o r  of 41 ,  w e t  expansion would s t i l l  be undes i reable ,  d r y  

expansion t o  t h e  r i g h t  t h e  vapor phase boundary would s t i l l  be p re fe r r ed ,  

and no change i n  t h e  l o c a t i o n  of t h e  Global Minimum c o s t  would occur. 

F igure  9 a l s o  shows, however, t h a t  t h e r e  i s  a r e l a t i v e l y  broad p o t e n t i a l  

ope ra t ing  reg ion  ( s l i g h t l y  t o  t h e  r i g h t '  and/or  below t h e  TPCT l i n e  on P-h 

coord ina te s )  where t u r b i n e  i n l e t  states can be s a f e l y  chosen t o  avoid moist  

t u rb ine  expansion wi th  l i t t l e  opera t ing  c o s t  p e n a l t i e s  --i.e. GROUP B o r  similar 

c o n s t r a i n t  assumptions. The actual margin of s a f e t y  i n  the  des ign  of t h e  

s e l e c t e d  cyc le  depends, of course ,  upon des igner  c o n s t r a i n t  assumptions,  b u t ,  

more important ,  upon accura t e  knowledge of t h e  l o c a t i o n  of t h e  vapor s a t u r a t i o n  

boundary i n  the  near  c r i t i ca l  reg ion  f o r  t he  chosen working f l u i d  (mixture) .  

The transposed critical temperature l i ne ,  defined b y  the peaks i n  the 

working f l u i d s '  anmalous specific heat, and the vapor saturation boundary 

( o f  the optimum working f l u i d ) ,  therefore, clearly define the limits of the 

economically desireable operating region fo r  the exparrler of the b i n a r y  Rankine 

cycle. 

(c) Inf luence  of System Design Objec t ive  

I n  t h i s '  s e c t i o n  w e  show t h a t  i f  system maximum b r i n e  y i e l d ,  a measure of 

thermodynamic performance, i s  t h e  Design Object ive,  t h e  s e l e c t e d  tu rb ine  i n l e t  

states f a l l  v i r t u a l l y  - on t h e  TPCT l i n e  f o r  t h e  optimum ( c o s t )  mixture  composition. 

1 )  Constrained Yield Optimizat ion - Optimum Composition Determined 

A commonly used des ign  c r i t e r i o n  (Design Objec t ive)  i n  geothermal power 

p l a n t  conceptual  des ign  s t u d i e s  (Ref. 17 )  i s  a u s e r  cons t ra ined  thermodynamic 
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Optimization. I n  t h i s  des ign  mode, t h e  maximum* s p e c i f i c  n e t  energy (of  t he  

b r ine  - Pnet/&b) i s  t h e  Design Object ive,  bu t  p r a c t i c a l  ( o s t e n s i b l y  economic) 

va lues  are assumed f o r  t he  exchanger pinch po in t s  and cool ing tower approach 

temperature  d i f f e rence .  I n  t h i s  des ign  mode a l l  c o s t s  are "immaterial". 
4 

We present  our results of a 3 parameter s p e c i f i c  n e t  energy, o r  "y i e ld" ,  

op t imiza t ion  assuming t h a t  the  tu rb ine  i n l e t  temperature and pressure  and the  

condenser bubble po in t  temperature are the  independendent thermodynamic s ta te  

0 

parameters (opt imizable  parameters - Ref. 15, Sec t ion  8.2.9). This  thermo- 

dynamic opt imiza t ion  w a s  cons t ra ined  ( b u t  no t  a r b i t r a r i l y )  by us ing  t h e  se l ec t ed  

mixture  composition and the  t h r e e  pinch p o i n t s  from a previous 7 parameter 

busbar c o s t  op t imiza t ion  as f ixed  parameters. We used t h e  previous "base l ine"  

c o s t  optimized 182OC resource  temperature case from GROUP A f o r  comparison (see 

T a b l e  2 ,  TPCT(dl6). 

T a b l e  6 l i s t s  t h e  input  and computed optimum va lues  of t he  independent 

tnermodynamic v a r i a b l e s  f o r  t h e  7 parameter c o s t  and 3 parameter cons t ra ined  

y i e l d  opt imiza t ions  f o r  t h e  182°C resource  temperature case. 

I t  can be  noted from Table 6 that when thermodynamic performance i s  the 

Design Objec t ive ,  t h e  optimum tu rb ine  i n l e t  s ta tes  are even c l o s e r  t o  the  

transposed c r i t i c a l  temperature  l i n e  f o r  t h e  optimum working f l u i d .  

I 

T h i s  e x a m p l e  reinforces a l l  p r e v i o u s  s t a t e m e n t s  a b o u t  t h e  i m p o r t a n c e  

of the transposed c r i t i c a l  temperature t o  Rankine cycle power p l a n t s .  

*The abso lu te  maximun s p e c i f i c  n e t  energy can  be obta ined  ( f o r  f i x e d  sub-system 
e f f i c i e n c i e s )  by s e t t i n g  t h e  temperature  d i f f e r e n c e s  of  a l l  non-work producing 
processes  i n  the  cyc le  equal  t o  zero (i.e. t h e  pinch p o i n t s ) ,  bu t  t h i s  of 
course ,  l e a d s  t o  near  i n f i n i t e  p l a n t  cos t s .  This  cond i t ion  has  on ly  t h e o r e t i c a l  
s i g n i f i c a n c e ,  and i s  a poor i n d i c a t o r  of r e l a t i v e  busbar c o s t s  i n  pure  working 
f l u i d  s e l e c t i o n s  f o r  geothermal b inary  cyc le s  ( s e e  Ref. 15, Fig. 16).  
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Depending upon t h e  Design Object ive,  s i g n i f i c a n t  d i f f e r e n c e s  can exist i n  

the  computed mass flow rates which can  a f f e c t  sub-system s e l e c t i o n s .  I n  t h i s  

s e c t i o n  we w i l l  show that even'when the  "cor rec t"  working f l u i d  composition and 

pinch po in t s  are assumed, i n  the  cons t ra ined  thermodynamic opt imiza t ion  ( t h e  

previous example), t h e , o v e r a l l  design i s  not a t  the  economic optimum system 

cond i t  ion. 

The cons t ra ined  thermodynamic opt imiza t ion  p laces  too  much importance 

on t h e  f u e l  sub-system, and overdesign i n  the  p l a n t  sub-system r e s u l t s .  Because 

a l l  c o s t s  are immaterial i n  thermodynamic opt imiza t ions ,  s u b t l e  but  important  

expander e f f i c i e n c y  cons ide ra t ions  can be overlooked. 

T a b l e  7 l i s t s  a compar i son  of t h e  computed " b r i n e "  e x i t  t e m p e r a t u r e ,  

sub-system mass flow rates, system e f f i c i e n c i e s ,  and r e l a t i v e  c o s t s  f o r  t he  

examples i n  Table 6. 

Upon b r i e f  i n spec t ion  of Table 7 i t  would appear that t h e r e  i s  no s i g n i f -  

i c a n t  d i f f e r e n t  a t  t h e  bottom l i n e  (busbar c o s t )  between the  two des ign  philo- 

sophies ,  however t h i s  is  an  i n c o r r e c t  conclusion. The busbar c o s t s  j u s t  happen 

t o  be c l o s e . f o r  t hese  two Design Object ives ,  because we d id  not assume a r b i t r a r y  

va lues  f o r  t he  working f l u i d  (mixture  composition) and the  pinch po in t s  (see 

Table 6).  

The f u e l  c o s t  i s ,  of course,  lower by about 3% i n  t h e  y i e l d  optimized 

design,  because t h i s  was the  des ign  *'goal", bu t  t he  p l an t  sub-system i s  over- 

designed by about 5.7%. I n  a d d i t i o n ,  t h e  lower f u e l  c o s t  may no t  i n  f a c t  be 

obta inable ,  because the  low b r i n e  exi t  temperature would obviously promote 

acce le ra t ed  s c a l i n g  i n  both the  primary h e a t e r  and t h e  i n j e c t i o n  w e l l s  (i.e. 

a t  Heber) .  A r b i t r a r i l y  i n c r e a s i n g  t h e  b r i n e  f l o w  r a t e  w i t h  e v e r y t h i n g  
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e lse  t h e  same t o  prevent  p o t e n t i a l  b r ine  sca l ing  would be counter-productive i f  

econornic f e a s i b i l i t y  of t h e  system w a s  marginal. I f  a minimum b r i n e  e x i t  

temperature c o n s t r a i n t  had a l s o  been appl ied ,  t h e  r e l a t i v e  economics might be 

worse. 
d 

Because t h e  t u r b i n e  i n l e t  t e m p e r a t u r e  i s  lower  and  t h e  t u r b i n e  i n l e t  

p re s su re  i s  higher ( i n  t h e  Yield case) f o r  t he  - same working f l u i d  mixture  

composition, t h e  tu rb ine  expansion i s  q u i t e  moist  i n  t h e  f i r s t  two s t a g e s ,  and 

t h e  expander e f f i c i e n c y  i s  down about 1.8%. This o s t e n s i b l y  accep tab le  "minor" 

expander e f f i c i e n c y  degrada t ion  has cont r ibu ted  t o  much of t h e  inc rease  i n  t h e  

hydrocarbon and cool ing  water flow rates  and the  r e s u l t i n g  p l a n t  c a p i t a l  c o s t  

increase .  

The next  s e c t i o n  i l l u s t r a t e s  even more s i g n i f i c a n t  "optimum" system des ign  

d i f f e r e n c e s  when maximum thermodynamic performance ( r a t h e r  than  minimum busbar 

c o s t )  i s  t h e  Des ign  O b j e c t i v e ,  b u t  t h e  c o s t  optimum f l u i d  c o m p o s i t i o n  i s  

not  assumed. - 

2)  Constrained Yield Optimizat ion - Composition Optimizable 

In t h i s  sect ion the results of a 4 parameter brine y i e l d  optimization 

w i l l  be compared t o  t h e  previous busbar c o s t  optimized system f o r  t h e  182OC 

resource  case. Th i s  a n a l y s i s  w i l l  i l l u s t r a t e  an  a d d i t i o n a l  p o t e n t i a l  p i t f a l l  of 

# a thermodynamic Design Object ive f o r  mixtures--not only may system economic 

pena l t i e s  be high, bu t  a l s o  t h e  s e l e c t e d  mixture  composition may be q u i t e  

P d i f f e r e n t  from i t s  optimum value  (busbar  c o s t ) .  

Table 8 b r i e f l y  summarizes t h e  d i f f e r e n c e s  between t h e  previous 7 parameter 

busbar c o s t  optimized des ign  and a 4 parameter b r i n e  y i e l d  optimized design.  

The only d i f f e r e n c e  between t h i s  cons t ra ined  y i e l d  opt imiza t ion  and t h e  previous 

3 p a r a m e t e r  example  is t h a t  t h e  i s o b u t a n e  mole f r a c t i o n  i s  assumed t o  b e  

" op t  i m i  za b l e  " her  e 
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By making t h e  working f l u i d  composition "optimizab-e" i n  t h i s  4 parameter 

cons t ra ined  y i e l d  opt imiza t ion ,  t h e  a d d i t i o n a l  degree of freedom has  reduced t h e  

b r i n e  flow rate another  4% (over  the  3 parameter y i e l d  op t imiza t ion ) ,  and 

re-configured t h e  tu rb ine  states (new composition) f o r  dry expansion, bu t  t he  

busbar c o s t  has gone up another  4.6 percent  (Table 811 

The p l a n t  sub-system i s  now overdesigned by about e igh teen  percent ,  l a r g e l y  

because of t h e  v a s t l y  overdesigned h e a t  r e j e c t i o n  system, and t h e  wrong working 

f l u i d  mixture  has been s e l e c t e d  even though optimum pinch cond i t ions  were 

assumed. 

The foregoing two cons t ra ined  y i e l d  opt imiza t ions  reiterate des ign  tech- 

nique inconsistencies found i n  previous pure f l u i d  geothermal power p l a n t  des ign  

s t u d i e s  (Ref. 15, Sec t ion  8.2) which could p o t e n t i a l l y  compromise commercial 

development of b ina ry  Rankine cyc le  geothermal power p l a n t s .  As we have found 

wi th  pure working f l u i d s ,  busbar c o s t  i s  t h e  only c o n s i s t e n t  commercial p l a n t  

Design Objec t ive  f o r  mixture  b ina ry  Rankine geothermal power p l a n t s .  

(d )  Thermodynamic Performance of iCq/iCg Binary Mixture Cycles 

We have previous ly  shown t h a t  minimum busbar c o s t  and cons t r a ined  m a x i m u m  

thermodynamic y i e l d  optimized geothermal power p l a n t s  w i th  the  i C q / i C ~  mixture  

system are gene ra l ly  s u p e r c r i t i c a l  c y c l e s  wi th  t h e  t u r b i n e  i n l e t  s ta te  i n  c l o s e  

proximity t o  t h e  t ransposed c r i t i ca l  temperature  l i n e  f o r  a l l  resource  tempera- 

t u r e s  (non-di lute  mixture  composi t ions) ,  c o s t  f a c t o r s ,  and c o n s t r a i n t  cond i t ions  

considered. It i s  i n t u i t i v e l y  clear t h a t  i f  t h e s e  TPCT c y c l e s  are economically 

p re fe r r ed  (over  t h e  i n f i n i t e  v a r i e t y  of o t h e r  poss ib l e  s u b - c r i t i c a l  and super- 

c r i t i c a l  ope ra t ing  states),  e i t h e r  t he  annual ized f u e l  c o s t  o r  t h e  annual ized 

p l a n t  c a p i t a l  c o s t  must somehow be c o n s i s t e n t l y  low. 
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I f  t h e  busbar c o s t  optimized system has a high economically achievable  f u e l  

u t i l i z a t i o n  e f f i c i e n c y ,  ( t h e  annua1ize.d f u e l  cos t  w i l l  be low. On 

the  o t h e r  hand, t h e  h igher  t he  economically j u s t i f i e d  n e t  p l a n t  e f f i c i e n c y ,  

( \ IoPT ,  t h e  lower t h e  annual ized p l a n t  cap i t a l  c o s t  w i l l  be. 
4 

The computed "br ine"  economic optimum wellhead u t i l i z a t i o n  e f f i c i e n c y ,  

L and the  economic optimum n e t  plant e f f i c i e n c y ,  Q,, f o r  t h i s  s tudy  

are shown as a func t ion  of resource  temperature,  TRES, i n  F igure  12. 

From t h i s  p l o t  i t  may be  n o t e d  t h a t  (Q,)oPT i s  v i r t u a l l y  c o n s t a n t  a t  

about 0.44 f o r  GROUP A and GROUP B ,  2 )  des igns  between 170°C ( i sobutane  mole 

f r a c t i o n  of 0.70) and 200°C ( i sobutane  mole f r a c t i o n  of 0.26) and only changes 

s i g n i f i c a n t l y  as t h e  mixture  becomes more d i l u t e  approaching e i t h e r  of t h e  two 

pure f l u i d s .  The u t i l i z a t i o n  e f f i c i e n c y  of GROUP B, 1) optimum des igns  (wi th  a 

f a c t o r  of 5 above base l ine  f u e l  c o s t )  are,  of course,  h ighe r ,  but  no t  comparable 

i n  the  same con tex t ,  because ca l cu la t ed  b r i n e  r e t u r n  temperatures  are w e l l  below 

150°F. The u t i l i z a t i o n  e f f i c i e n c i e s  are r e l a t i v e l y  cons t an t ,  however, indepen- 

dent  of resource  temperature.  

The cons tan t  rl, behavior f o r  these e c o n o m i c a l l y  o p t i m u m  m i x t u r e  cycles i s  

a d i s t i n c t  depa r tu re  from previous ly  r epor t ed  r e s u l t s  f o r  pure f l u i d s  (Refs. 

15, 27)  and i s  bel ieved t o  be t h e  result of ;  1) t h e  s e l e c t i o n  of the  optimum 

I f l u i d  composition, and 2)  s e l e c t i o n  of process  states which minimize o v e r a l l  

system thermodynamic i r r e v e r s i b i l i t i e s  ( c o n s i s t e n t  w i th  economics) f o r  each 

D resource  temperature and c o n s t r a i n t  condi t ion.  

The change i n  n u  (and nc) a t  t h e  two resource  temperature  extremes ( d i l u t e  

mixtures)  i s  only  shown approximately -- w e  had d i f f i c u l t y  w i t h  convergence on 

the  optimum des igns  us ing  t h e  MBWR mixture  r o u t i n e s  a t  both  near  ze ro  and u n i t y  

i sobutane  mixture  mole f r a c t i o n s .  
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The foregoing s e c t i o n s  have i l l u s t r a t e d  t h e  now obvious importance of 

t h e  w e l l  known s p e c i f i c  h e a t  anomaly (and  - t h e  v a p o r  s a t u r a t i o n  boundary )  

i n  t h e  s e l e c t i o n  of working f l u i d s  and tu rb ine  opera t ing  s ta tes  f o r  Rankine 

cyc le  power p l an t s .  

The  simple c losed  organic  b inary  Rankine cyc le  geothermal power p l a n t  w i t h  

t h e  r e t rog rade  isobutane/ isopentane hydrocarbon mixture  system have been used 

t o  i l l u s t r a t e  t hese  extremely important c h a r a c t e r i s t i c s .  This  s tudy  w a s  l i m i t e d  

t o  s i n g l e  phase br ine  product ion (pumped w e l l s ) ,  a s i n g l e  hydrocarbon mixture  

system, a n  approximate equat ion  of s ta te ,  and used a very crude f i n a n c i a l  

model and c o s t  assumptions. 

We have, however, i n v e s t i g a t e d  t h e s e  c h a r a c t e r i s t i c s  f o r  optimized des igns  

w i t h  a wide v a r i e t y  of i npu t  sub-system u n i t  c o s t  and e f f i c i e n c y  assumptions,  

two fundamentally d i f f e r e n t  system Design Objec t ives  (minimum busbar c o s t  and 

uaximum br ine  y i e l d ) ,  and t h r e e  poss ib l e  system design c o n s t r a i n t  condi t ions :  

1) T u r b i n e  i n l e t  a l l o w e d  t o  b e  anywhere o u t s i d e  t h e  two-phase v a p o r  
envelope (moist  and d r y  expansion wi th  f i x e d  expander s t a g e  p res su re  
r a t i o ) .  

2 )  Turbine i n l e t  entropy 2 minimum s a t u r a t e d  vapor entropy ( d r y  expan- 
s i o n  only) .  

Brine ex i t  temperature  - > 344.26 K (160OF). 3 )  

Although t h e  tu rb ine  s ta tes  and mixture  compositions vary depending upon 

resource  temperature ,  u n i t  f u e l  c o s t ,  Design Objec t ive ,  and c o n s t r a i n t  assump- 

t i o n s ,  we have demonstrated a c o n s i s t e n t  behavior f o r  a l l  optimized designs:  

A. The optimum t u r b i n e  i n l e t  temperature  i s  wi th in  1% of the  temperature  
of t h e  TPCT l i n e  ( a t  t h e  optimum t u r b i n e  i n l e t  p re s su re ) ,  and t h e  
optimum t u r b i n e  i n l e t  p re s su re  i s  wi th in  about 6% of t h e  p re s su re  on 
t h e  TPCT l i n e  ( a t  t h e  optimum t u r b i n e  i n l e t  temperature).  

6. Moist t u r b i n e  expansion i s  extremely de t r imen ta l  t o  system economics 
f o r  b i n a r y  power p l a n t  c y c l e s  u t i l i z i n g  t h e s e  r e t r o g r a d e  ( o n  T-S 
coord ina te s )  hydrocarbon f l u i d s .  
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Because of t h e  foregoing, we f e e l  the p r i n c i p l e s  d i scussed  may apply  t o  

varying degrees t o  - a l l  energy conversion systems wi th  s imilar  f l u i d  systems 

ope ra t ing  on a Rankine cycle.  We have t h e r e f o r e  introduced t h e  "Transposed 

Cr i t ica l  Temperature Rankine Thermodynamic Cycle" concept (Ref. 28) 

(e )  P o t e n t i a l  C o r r e l a t i o n  f o r  Optimized Geothermal Binary Rankine Cycles 

Because of t h e  v e r y  s p e c i f i c  s e l e c t e d  ope ra t ing  cond i t ions  (TT and PT a t  t h e  

TPCT l i n e )  and working f l u i d  p r o p e r t i e s  of t h e s e  non-dilute TPCT c y c l e s  on 

reduced coord ina te s ,  a s t rong  p o s s i b i l i t y  e x i s t e d  t h a t  economic optimum system 

thermodynamic s t a t e  parameters of t h i s  study could be "co r re l a t ed"  non-dimen- 

s i o n a l l y  wi th  r e source  temperature. We were i n t e r e s t e d  i n  determining whether o r  

no t  a s i m p l e  f u n c t i o n  of key optimum reduced cyc le  states coupled t o  optimum 

reduced f l u i d  p r o p e r t i e s  (which were found t o  be unique f o r  given f u e l  c o s t ,  

resource  temperature,  and c o n s t r a i n t  cond i t ions )  would p l o t  smoothly a g a i n s t  a 

r a t i o  of t h e  optimum t u r b i n e  temperature,  TT, and t h e  resource  temperature.  

A f t e r  a l i m i t e d  sea rch ,  w e  found t h a t  

parameter, given by equat ion  (2 ) :  

z*(F,c) = [ ( P T / P ~ ~ > ( v T / ~  

p l o t t e d  reasonably  w e l l  a g a i n s t  T*(C,R), a 

g iven  by equa t ion  ( 3 ) :  

Z*(F,C), a " F l u i d - g c l e "  - 

:r)(TT/Tcond) ]OPT 

" - Cycle-Re - sour ce" parameter,  

t 

decause ( T T ) ~ ~ T  i s  c o n s i s t e n t l y  i n  t h e  neighborhood of t h e  TPCT, w e  f i n d  

that  Z*(F,C) g iven  by equa t ion  ( 2 )  p l o t s  e q u a l l y  w e l l  a g a i n s t ;  
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The suggested "co r re l a t ion"  f o r  t h i s  mixture  system i s  shown i n  F igure  13 

'ine c o r r e l a t i o n  i s  excep t iona l ly  good f o r  a l l  t h e  c o s t  optimized c y c l e s  i n  GROUP 

.A - and GROUP B,  1 )  consider ing t h e  f a c t  t h a t  our system has seven independent 

thermodynamic s ta te  parameters but on ly  f o u r  ( t h e  f l u i d s '  c r i t i c a l  s ta te ,  t h e  

tu rb ine  i n l e t  s ta te  ( 2 ) ,  and t h e  condensing temperature) were needed t o  achieve  

t h e  better than  s i x  percent  Z* " f i t "  ( recal l  t h a t  sub-system c o s t s  were va r i ed  

as much as  500%). A l l  t h r e e  groups e x h i b i t  only a 12.4% Z* spread. 

Another way t o  i l l u s t r a t e  t h e  "consistency" of t h e s e  c o s t  optimized des igns  

i s  shown i n  F igure  14 where t h e  independent parameter chosen i s . a  "Fluid-Resource" - - 
parameter given by: T ' ( F , R ) = ( T c R / T ~ s ) o ~ .  T'(F,R) e x h i b i t s  only a two percent  

v a r i a t i o n  f o r  a l l  t he  optimum des igns  of t h i s  study. 

We have included s e v e r a l  t a b l e s  of some of our  c a l c u l a t e d  r e s u l t s  i n  t h e  

Appendix f o r  those  who might be i n t e r e s t e d  i n  i n v e s t i g a t i n g  o the r  p o s s i b l e  

"co r re l a t ions"  f o r  t h e s e  optimized cyc les .  

It i s  i n t e r e s t i n g  t o  note  i n  pass ing  t h a t  T* and T' f o r  t he  SDG&E p l a n t  

a t  182OC (Ref. 19) look c l e a r l y  i n c o n s i s t e n t  i n  both F igure  13 and Figure  14, 

whereas t h e  170°C po in t  "groups" q u i t e  w e l l .  (See a l s o  F igure  4 ) .  

The foregoing Z* c o r r e l a t i o n  was presented  because i t ,  a t  l a s t ,  sugges ts  

a simple f u n c t i o n a l  r e l a t i o n s h i p  between process  states, working f l u i d  proper- 

t ies ,  and resource  temperatures  f o r  optimized b inary  Rankine cyc le  geothermal 

systems. The c o r r e l a t i o n  i s  s t r o n g l y  dependent upon t h e  assumed equat ion  of 

state and i s  not  intended as a s u b s t i t u t e  f o r  convent ional  des ign  methods. 

( f )  A Brief  Look a t  t h e  SDG&E Proposed Demonstration P l a n t  

Th i s  r e p o r t  would n o t  be complete without a comparison between t h e  c u r r e n t l y  

proposed p l a n t  (Ref. 19) and our  optimum conceptual  designs.  We have previously 

shown (Figure  4 )  t h a t  our optimum mixture  compositions are  a t  least  i n  the  same 
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ba l lpa rk  as  t h e  i n i t i a l  cond i t ion  des ign  recommended by Holt i n  1976 (Ref. 171 ,  

b u t  markedly d i f f e r e n t  t han  t h e  " rev ised"  Demo (Ref. 19). 

To make a n  "exact" economic comparison of des igns  wi th  GEOTHM r e q u i r e s  a 

c a r e f u l l y  done major sub-system c o s t  c o e f f i c i e n t  normal iza t ion  as descr ibed  i n  

Sec t ion  8.2.11.6 of Ref. 15. However, inadequate d e t a i l e d  sub-system c o s t  

in format ion  e x i s t s  i n  Kef. 19 t o  do t h i s .  I n  f a c t ,  indaquate  process s t a t e  

informat ion  i s  conta ined  i n  Kef. 19 a t  both t h e  beginning and end-of-l ife 

cond i t ions  t o  make even a thermodynamic comparison. Consequently, we had t o  

perf orm very t e d i o u s ,  i t e r a t i v e  h e a t ,  mass flow, and sub-system power compar- 

i s o n s  t o  d r i v e  ou t  t h e  s e v e r a l  un-specified assumptions. 

However, when t h i s  thermodynamic "normalization" was f i n a l l y  complete, we 

found t h a t  by s i m p l y  upgrading t h e  f u e l  c o s t  of Ref. 1 7  by a f a c t o r  of 5 and 

assuming a n  o v e r a l l  p l a n t  capac i ty  f a c t o r  of 70%, we could adequate ly  "p red ic t "  

t h e  Kef. 19 p l a n t  cap i t a l  c o s t s ,  b r i n e  c o s t s ,  O&M c o s t s ,  and busbar c o s t s ,  w i t h  

no s i g n i f i c a n t  changes t o  t h e  d i r e c t  and i n d i r e c t  c o s t  f a c t o r s  t h a t  were used 

f o r  t h e  example problems i n  Ref. 15, Sec t ion  8.2. 

The f i r s t  comparsion between SDG&E's system and our optimum des ign  was 

done a s s u m i n g  K e f .  19's cycle and P&ID condi t ions .  The second comparison w a s  

done assuming t h e  gene ra l  system assumptions of t h i s  r e p o r t  (F igure  1 and Table 

- 1) w i t h  modified assumptions l i s t e d  i n  Table 9. The relat ive goodness ( o r  

I otherwise)  of a l l  important c a t e g o r i e s  i n  each comparison was v i r t u a l l y  t h e  

-9 same s o  w e  chose t o  r e p o r t  t h e  second comparison r e s u l t s  f o r  b r e v i t y  and 

c l a r i t y  w i t h i n  t h i s  r epor t .  S 

T a b l e  10 g ives  a b r i e f  summary of important economic and thermodynamic 

d i f f e r e n c e s  between t h e  SDG&E proposed p l a n t  (by - our a n a l y s i s  assuming t h e  

b t a r l i n g  s p e c i f i c  MBWK and SDG&E's proposed process  s t a t e s )  and what w e  f e e l  

r e p r e s e n t s  a near  optimum p l a n t  (see Figure  1) f o r  t h e  same system, equa t ion  of 

s t a t e ,  u n i t  c o s t s ,  f i n a n c i a l  f a c t o r s ,  and c o n s t r a i n t  cond i t ions .  
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F i r s t  i t  may be noted that a conserva t ive  (see U f a c t o r  foo tno te )  f o u r  

t o  f i v e  percent  r educ t ion  i n  the  busbar c o s t  can  be achieved i f  t h e  mixture  

composition i s  changed between t h e  182°C cond i t ion  and t h e  assumed end-of- l i fe  

condi t ion ,  170°C. Based on t h e  Ref. 19 busbar c o s t  of 134 mills/kwh, 5% corres -  

ponds t o  a n  annual sav ings  of about two m i l l i o n  d o l l a r s .  

T h i s  s a v i n g s  comes a b o u t  ma in ly  b e c a u s e  a s i g n i f i c a n t  ( r o u g h l y  1 2 % )  

improvement i n  u t i l i z a t i o n  e f f i c i e n c y  can  be obtained wi th  o t h e r  than  a 90% 

mixture  composition and d i f f e r e n t  independent process  states ( t h e  6 o t h e r  

opt imizable  parameters) .  Note (see Table 9) t h a t  our  t u r b i n e  i n l e t  temperature  

f o r  beginning-of- l i fe  cond i t ions  i s  much h igher  (15 C") than  F luor ' s .  See a l s o  

F igures  5 ,  6 ,  13,  and 14. This  h igh  tu rb ine  i n l e t  temperature is  l a r g e l y  t h e  

result of t h e  160°F m i n i m u m  b r ine  r e t u r n  temperature  c o n s t r a i n t .  

Another s i g n i f i c a n t  d i f f e r e n c e  between "them and us" i s  apparent  i n  t h e  

primary h e a t  exchanger (minimum) area requirements.  We compute smaller optimum 

pinch p o i n t s  f o r  t h e  primary h e a t e r ,  and consequent ly  r e q u i r e  more su r face  area 

f o r  t h e  same primary h e a t e r  U-factors. However, a 42% area change must be 

a n t i c i p a t e d  f o r  t h e  f i x e d  composition design,  whereas wi th  the  optimum com- 

p o s i t i o n s ,  tlie change i s  only  about (we  d i d n ' t  look a t  in t e rmed ia t e  temperature  

cond i t ions )  f i v e  percent .  

When w e  look a t  the  e f f e c t  of t h e  change i n  mixture  (and tu rb ine  states 

and volumetr ic  flow rates) on t h e  t u r b i n e  characteristics, w e  see one p o t e n t i a l  

t echn ica l  weakness i n  "our design" -- t h e  4.82% s p e c i f i c  s i z e  change w i l l  

produce a l a r g e r  off-design e f f i c i e n c y  degradat ion.  We c e r t a i n l y  do no t  p ro fes s  

e x p e r t i s e  i n  t h i s  area, but  a horse-back guess  would be t h a t  t h e  off-design 

e f f i c i e n c y  degrada t ion  d i f f e r e n c e  could be he ld  t o  w i t h i n  roughly 1 / 2  percent  

of t h e  SDG&E des ign  w i t h  proper a t t e n t i o n  t o  s p e c i f i c  speed and 

s e l e c t i o n  d e t a i l s .  

s p e c i f i c  s i z e  
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I f  i t  would cause no s i g n i f i c a n t  de lay  i n  g e t t i n g  the  F i r s t  Geothermal 

Binary Demonstration P lan t  on stream, t h e  foregoing a n a l y s i s  sugges ts  t h a t  a 

mixture  change near  mid- l i fe  i s  a good idea.  It was appa ren t ly  a good idea  i n  

1976 (Ref. 1 7 ) ,  and new economic t rade-of fs  t o  j u s t i f y  t h e  c u r r e n t  proposed 

des ign  are not  adequately presented ( R e f .  19). 

V I I .  POSSIBLE FUTURE INVESTIGATIONS 

The c o r r e l a t i o n s  shown i n  F igures  5 ,  6 ,  13 ,  and 14 and the  prev ious ly  shown 

minor c o s t  and c o n s t r a i n t  assumption s e n s i t i v i t i e s ,  i l l u s t r a t e  t h a t  t h e  General 

C h a r a c t e r i s t i c s  of busbar c o s t  optimized, non-di lute  iCq/iCg mixture  b ina ry  

Rankine cyc le  geothermal power p l a n t s  can indeed be simply descr ibed .  It i s  

q u i t e  poss ib l e  t h a t  optimized TPCT type  simple b inary  c y c l e  p l a n t s  wi th  o t h e r  

working f l u i d  mixture  systems would be equal ly  w e l l  behaved over a l imi t ed  

resource temperature (mole f r a c t i o n )  range. 

However, i n  f u t u r e  pre l iminary  screening  of o t h e r  working f l u i d  cand ida te s ,  

i t  might be d e s i r a b l e  t o  s l i g h t l y  modify Kihara 's  and Fukunaga's I - f ac to r  

(Ref. 21) d e f i n i t i o n :  

An I = 1 i m p l i e s  t h a t  the candida te  f l u i d s '  s a t u r a t e d  vapor boundary coin- 

cides wi th  an  i s e n t r o p e  (a t  t h e  dew p o i n t  temperature).  The above d e f i n i t i o n  i s  

convenient  f o r  i n i t i a l  working f l u i d  screening  assuming r e v e r s i b l e  ( i s e n t r o p i c )  

expansion (Kef. 20), but  a @ f a c t o r  g iven  by: 

would appear t o  be a more appropr i a t e  sc reening  measure f o r  non-reversible  

processes  i n  t h e  turb ine .  
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With t h i s  l a t te r  d e f i n i t i o n ,  a thermodynamically d e s i r a b l e  working f l u i d  

would have a sa tu ra t ed  vapor locus  a t  t h e  dew po in t  temperature "coincident"  ( o r  

paral le l  i f  cons t ra ined)  wi th  t h e  a c t u a l  t u rb ine  "expansion" and a @-fac tor  of 1. 

Because of t he  previously shown u n d e s i r a b i l i t y  of moist expansion i n  t h e  tu rb ine  

with hydrocarbon f l u i d s  i n  geothermal b inary  cyc le  a p p l i c a t i o n s ,  a reasonable  

value f o r 7  i n  equat ion (5) above would be: - = 0.85. - 
e = 'e'dry 

Table 11 i l l u s t r a t e s  how the  I - f ac to r  and @-fac tor  compare f o r  t h r e e  pure 

f l u i d s  assuming I - fac tor  numerical va lues  from reference  20* and iie = 0.85. 

I - f ac to r  

Table 11 

Propane I so butane Isopentane 

1.39 0.81 0.77 

-0.39 0.19 0.23 

@-fac to r  
(Fe = 0.85) 1.24 0.66 0.62 

A c u r s o r y  e x a m i n a t i o n  of t h e  c r i t i c a l  p r o p e r t i e s  and r e l a t i v e  s l o p e s  

of vapor s a t u r a t i o n  l o c i  and i s e n t r o p e s  (P-h p l o t s )  f o r  t hese  th ree  f l u i d s  

sugges ts  t h a t  mixtures  of propane and isobutane would be d e s i r a b l e  f o r  low 

temperature geothermal b inary  c y c l e  a p p l i c a t i o n s ,  whereas mixtures  of propane 

and isopentane might e x h i b i t  "des i rab le"  thermodynamic c h a r a c t e r i s t i c s  f o r  

higher  temperature geothermal app l i ca t ions .  The f i r s t  system, of course,  has  

been previous ly  i n v e s t i g a t e d  (Ref. 17), but  over a l imi t ed  set  of resource  

temperatures  and independent state condi t ions .  

I 

*Note t h a t  t hese  I - f ac to r s  (from Ref. 20) d i f f e r  from those  l i s t e d  i n  re ference  
21, e s p e c i a l l y  f o r  propane. 
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When a new P-V-T c o r r e l a t i o n  (based on Corresponding S t a t e s  p r i n c i p l e s )  

i s  a v a i l a b l e ,  we p lan  t o  cont inue these  s t u d i e s  t o  lower and h igher  resource 

temperatures  (15U°C 5 TRes 

hydrocarbon mixture  c o n s t i t u e n t s  (propane, etc.). 

23OOC) and inc lude  o t h e r  s a t u r a t e d  l i g h t  

4 

V l I I .  CONCLUSLONS 

o The transposed c r i t i ca l  temperature l i n e  i n  t h e  reg ion  of t he  anomalous A 

spec i f ic  h e a t  has been shown t o  b e  an  important thermodynamic proper ty  which 

should be given s e r i o u s  cons ide ra t ion  i n  t h e  s e l e c t i o n  of working f l u i d s  and 

t u r b i n e  states f o r  geothermal b inary  Rankine cycles .  Accuracy i n  t h e  l o c a t i o n  

of t h e  vapor s a t u r a t i o n  boundary t o  avoid moist  t u r b i n e  expansion i s  c r i t i ca l  t o  

t h e  economics of geothermal b inary  c y c l e s  which w i l l  u t i l i z e  t h e s e  hydrocarbon 

f l u i d s .  

Although t h i s  s tudy was l i m i t e d  t o  simple c losed  b inary  Rankine cyc le  

geothermal power p l a n t s  wi th  a s i n g l e  mixture  system and a l i m i t e d  resource  

temperature  range, t h e  TPCT results sugges t  much broader  p o t e n t i a l  a p p l i c a b i l i t y  

which should be inves t iga t ed  i n  f u t u r e  s t u d i e s  of working f l u i d  s e l e c t i o n  

tecnniques f o r  Rankine cyc les .  

Optimized geothermal mixture  b ina ry  Rankine cyc le s  appear  t o  o f f e r  

s i g n i f i c a n t  p o t e n t i a l  u t i l i z a t i o n  e f f i c i e n c y  and economic advantages over  

I pure f l u i d  binary Kankine cyc le s ,  and could p l ay  an important  r o l e  i n  electric 

power development a t  moderate temperature geothermal resources .  However, 

z w e  have shown t h a t  t h e  chosen system Design Objec t ive  can have a s i g n i f i c a n t  

impact on the  s e l e c t e d  optimum mixture  composition. When maximum s p e c i f i c  n e t  

energy i s  t h e  Design Objec t ive  i n  a cons t ra ined  b r i n e  y i e l d  opt imiza t ion ,  s i g n i -  

f i c a n t  p l an t  sub-system overdesign may r e s u l t ,  t h e  wrong mixture  composition 

may b e  s e l e c t e d ,  and t h e  r e s u l t i n g  busbar c o s t  may be as  much as 6% t o o  high-- 

compromising commercial f e a s i b i l i t y  . 
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0 A h igh  p r i o r i t y  should be placed on t h e  development of a new, more 

a c c u r a t e  e q u a t i o n - o f - s t a t e  f o r  h y d r o c a r b o n  m i x t u r e s .  C u r r e n t  DGE funded  

PVT proper ty  measurements and Corresponding S t a t e s  development work by NBS 

(Gai thersburg and Boulder) should r e s u l t  i n  s i g n i f i c a n t  improvements over 

e x i s t i n g  BWR-type mixture  formulat ions wi th  modest a d d i t i o n a l  d a t a  investments .  

t A b e t t e r  thermodynamic p r o p e r t i e s  foundat ion i n  the  system s imula t ion  w i l l  

p e r m i t  a much more accu ra t e  p i c t u r e  of t he .  economic advantage of mixtures  over  

pure f l u i d s .  

Other P o t e n t i a l  Appl ica t ions  - Topping and Bottoming Cycles 

Because of i n c r e a s i n g  demand f o r  electric power w i t h  con t inua l ly  inc reas ing  

i n c e n t i v e s  t o  conserve f u e l ,  improvements i n  convent ional  c e n t r a l  steam power 

s t a t i o n  e f f i c i e n c i e s  become imperative.  

f i c a n t  e f f i c i e n c y  improvements wi th  steam power p l a n t s  appears  t o  be  wi th  top- 

ping processes  i n  view of t h e  technologica l  problems a s s o c i a t e d .  w i th  metalurg- 

i ca l  l i m i t s .  

The only  p r a c t i c a l  way t o  achieve  s igni -  

Although g a s  t u r b i n e  (Brayton c y c l e )  topping processes  have been used i n  a 

l a r g e  number of power s t a t i o n s  (Ref. 2 9 ) ,  and r ecen t  improvements i n  Brayton 

c y c l e  e f f i c i e n c y  have been achieved f o r  marine a p p l i c a t i o n s  (Ref. 30) ,  t h e  

b n k i n e  cyc le  i s  thermodynamically s u p e r i o r  t o  t h e  Brayton cyc le  (Ref. 29)  f o r  

topping purposes. 

Many of t h e  technologica l  problems a s soc ia t ed  wi th  the  use  of a l k a l i -  

metals i n  the  Rankine topping process  have been thoroughly inves t iga t ed  f o r  

breeder r e a c t o r s  and space a p p l i c a t i o n s  (Ref. 31, 3 2 ) ,  s o  renewed a t t e n t i o n  t o  

t h i s  type of advanced steam p l a n t  appears  warranted (Ref. 33) .  

discussed  h e r e i n  f o r  geothermal a p p l i c a t i o n s  may be u s e f u l  i n  t h e  s e l e c t i o n  of 

working f l u i d s  and process  states f o r  o the r  s u p e r c r i t i c a l  systems and t h e s e  

advanced steam power p l a n t s .  

The TPCT concepts  
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The foregoing TPCT concepts can be employed i n  Diesel bottoming cyc le  

a p p l i c a t i o n s  - now. Organic Rankine bottoming cyc le s  can inc rease  the  output  

power from Diesel p l a n t s  by 15% or  more and quick ly  pay f o r  themselves (Ref. 

3 4 ) .  
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Fig. 1 
Simplified schematic of a simple organic mixture binary Rankine cycle power 
plant without regenerative heat exchange. 
completely characterize the thermodynamic performance of the plant. 
assumptions for  the power plant a t  baseline conditions are l i s ted  i n  Table 1. 
For various non-baseline i n p u t  assumptions, see Figure 2. 

Seven optimizable parameters 
I n p u t  
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TPCT STUDY PLOT DATA POINT LEGEND 
Group A. Un-Constrained Cost Optimizations 

1) Various Resource Temperatures (17OC < Tres < 200C) 
0 Baseline Cost and Efficiency Assumptions$ (See Table 7 )  

2) Various Cost or Efficiency Assumptions (@ 182C) 
v Fuel cost up by factor of 5 
El Primary heat exchanger cost up by factor of 2 
Q Hydrocarbon pump and motor cost up by factor of 5 
0 HC pump adiabatic efficiency reduced 0.8 - 0.6 

Group B. Constrained Cost Optimizations 

R i  Fuel cost up by factor of 5 (170C) 
)81 Fuel cost up by factor of 5 (175C) 

Fuel cost up by factor of 5 (178C) 
N Fuel cost up by factor of 5 (182C) 
€/3 Baseline cost and efficiency assumptions (182C) + Primary heat exchanger cost up by factor of 2 (182C) 
x Primary heat exchanger cost up by factor of 2.5 (182C) 

1) Turbine Inlet Entropy 2 Maximum Saturated Vapor Entropy 

2) Brine Return Temperature b 344.26K (160F) 
(Plant availability factor = 0.7) 
Fuel cost up by factor of 5 (170C) 
Fuel cost up by factor of 5 (175C) 
Fuel cost up by factor of 5 (178C) 
Fuel cost up by factor of 5 (182C) 

V 
AA 
D 
0 
-same as 6-2) except Uc = 283.35 W/m2K (50 Btu/hr ft2F)- 
B Tres = 170C Basis for economic comparison with 1 Tres = 182C SDG&E proposed demonstration plant 

I (Ref. 19) 
[ 

$Plant subsystem capital costs normalized to Ref. 17 (Heber Binary) with Brine cost normalized 
on $/MBtu basis (Ref. 15, Section 8.2. 11.6) 

z 

Fig. 2 

Resource temperature, sub-system u n i t  cos t  and e f f i c i e n c y ,  and c o n s t r a i n t  
cond i t ion  v a r i a t i o n s  inves t iga ted  i n  t h i s  study. 
i n p u t  assumptions are as shown i n  Table 1. 
separate, 7 parameter opt imized system. 

Exc.ept as noted here, a l l  
Each data p o i n t  corresponds t o  a 
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I I 1 I I f 1.04 

- - 

Resource temperature, T,,, ("C) 

XBL 806-1139 

Fig. 3 
Computed busbar cost optimum turbine in let  states as a function of resource 
temperature for power plants of Fig!re 1 with the iCq/iCg mixture working 
fluid under baseline cost and efficiency input assumptions of Table 1 .  
The plotted points correspond to GROUP A conditions, Figure 2 '-meter 
un-contrai ned optimizations). 
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LBL with 1979 brine costs and - 
160" F brine return constraint 

L - 
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Fig .  4 
Computed opt imum iC4 mole fraction as a function of  resource temperature for  
power plants of  Figure 1 w i t h  the iCq/iC5 mixture working f l u i d  for GROUP A 
(baseline costs,  un-constrained) and GROUP B, 2.) conditions o f  Figure 2 (see 
Table 2 and Table 4 for de ta i l s ) .  Also shown above are the recommended work- 
i n g  f luid mixtures for the binary cycle o f  Figure 1 a t  Heber resource conditions 
from two previous studies. 



-44-  

1.020 

1.015 

1.010 

1.005 

1.000 

!i 
0 / ( ref /9)  - 

0 - Un - constrained 
[Group A] 

- 
Brine return 
tempemture 
constraint 

- 

- [Group B,2.)] - 
Turbine inlet entropy 
constraint 

- [Group B, I .I] - 

I 1 I I I I I 

/'I82 
. 

h 

L 

P 
U 

\ 
l- 
0 
n 

l- a 
I- 
O 

a 

- 
a 

kI- - 
U 

XBL805-965A 

Fig. 5 
Cor re la t ion  between the  temperature on the transposed c r i t i c a l  temperature 
l i n e  ( a t  the optimum tu rb ine  i n l e t  pressure) and the  optimum tu rb ine  i n l e t  
temperature f o r  busbar cost  opt imized iCq/iCg b inary  Rankine cyc le  power 
p lan ts  o f  Figure 1 f o r  a l l  sub-system u n i t  cos t  and e f f i c i e n c y ,  cons t ra in t  
condi t ions,  and resource temperatures l i s t e d  i n  Figure 2 ( 7  parameter o p t i -  
mizat ions).  
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Fig. 6 
Correlation between the pressure on the transposed critical temperature line 
(at the optimum turbine inlet temperature) and the optimum turbine inlet pres- 
sure for optimized binary Rankine cycle power plants of Figure 1. 
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F i g .  7 
Typical process s t a t e  diagrams on P-h and T-Q coordinates for  a l l  optimized 
binary Rankine cycle power plants of F i  ure 1 w i t h  the iCq/iCs mixture work- 
i n g  f l u i d  for GROUP A (un-constrained ?a- con i t ions o f  Figure 2. The curves 
shown were traced from computer plots for  the 195°C resource case a t  base- 
l ine (Table 1 )  conditions. See Table 2 for  detai ls .  
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Enthalpy + 

XBL806 - I I38 
Fig. 8 

Pressure enthalpy sketch illustrating typical turbine expansion paths for each 
constraint group of this study. 
shaded region were disallowed in all cases. Differences in optimum composition 
(vapor dome location and shape) were ignored for illustration purposes. 

Turbine inlet states in the two-phase and 
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TURB/M STATIES 

XBL 805 - 968 

Fig. 9 
Relative busbar energy cost design surface as a function of turbine inlet  
pressure, PT and temperature, TT. 
mixture (iCq/iCs) binary Rankine cycle geothermal power plants of 50 MGIe 
(net) capacity. 182°C resource temperature. Figure reproduced from Ref. 28. 
(See also Figure 10 and Figure 11.)  

Busbar energy cost optimized hydrocarbon 
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Temperature ("C 
XBL 806 - I135 

Fig .  10 
Contour plot of the heat capacity a t  constant pressure for  i sobutane/i sopentane 
mixture (0.5639/0.4361) as a function of temperature and pressure i l lus t ra t ing  
relative location (typical)  of optimum turtiine i n l e t  s ta te  w i t h  respect t o  TPCT 
l ine.  50 MWe (net)  mixture binary cycle. Figure reproduced from reference 28. 
(Documentation: L.F.S. Cp computation, 11/30/79). 
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Turbine inlet pressure (bars 1 

XBL806-1136 
Fig. 11 
Busbar energy cos t  design surface contour p l o t  on tu rb ine  i n l e t  coordinates 
f o r  optimized 50 MWe (ne t )  hydrocarbon mix tu re  b inary  Rankine geothermal power 
p lants .  Resource temperature = 18ZoC, wet bu lb  temperature = 26.7OC. TPCT 
l i n e  was obtained from Figure 10. 
corresponding 3-D p l o t ,  Figure 9. (Documentation: PADRA37, 11/16/79). 

Figure reproduced from Reference 28. See 
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I 
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JV Brine return temperature < 160°F 
x +  x I (see text)  
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e 

1 1 5  
a ......... 0 1- 

0 I .- 

. . . . . Indicates supercritical to subcrit ical 

Z See figure 2 for legend 
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Resource temperature TreS PC) 

XBL 806-1140 

F ia .  12 

Computed utilization efficiency, PNET/ib.lAhbIs, (well head to wet bulb) and 
overall plant net thermodynamic efficiency, PNET/Qin, as a function of re- 
source temperature for busbar cost optimized iCq/iCg mixture binary Rankine 
cycle power plants of Fi ure 1 for all  sub-system cost and efficiency and 
constraint conditions ?- isted in Figure 2. See Tables 1, 2, 3, and 4 for 
detail s. 
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Fia. 13 
Correlation of cycle s ta tes :  TT, PT, Tcond; working f l u i d  c r i t i ca l  point: 
Pqr, Tcr; and reservoir temperature, Tres, for  busbar cost optimized iC4/iCs 
mixture binary Rankine cycle power ,plants of Figure 1 for  a l l  sub-system 
cost and efficiency and constraint-conditions l i s ted  i n  F i  ure 2. The group 

temperature > 16OOF). Reference 19 plotted points correspond to  the SDG & E 
proposed binary Demonstration Plant process s t a t e  conditions by our calcula- 
t ions assuming the Starling specific MBWR (Ref. 23). 
suggests t h a t  the turbine in l e t  temperature i s  inconsistent (too low) w i t h  the 
160°F brine return constrained group (see also Figure 14). 

i n  the upper right corner correspond to  GROUP B, 2.) don + i t ions  (brine return 

The SDGE point ( a t  1 8 2 O C )  
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Fig.  14 
This p l o t  depic ts  the  Z* f unc t i on  o f  F i  ure 13 p l o t t e d  against  t he  dimension- 

study. The SDG & E p o i n t  p l o t t e d  i n  the  upper l e f t  hand corner suggests t h a t  
the Fluor (Ref. 19) selected mixture composition ( f o r  Tres = 182OC) i s  c l e a r l y  
i ncons is ten t  w i t h  other  r e s u l t s  o f  t h i s  study (Tcr t o o  low) . 

less  temperature r a t i o ,  (Tcr)opt/Tres, + f o r  a condi t ions i nves t i ga ted  i n  t h i s  

i 
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TABLE 1 

Parameter Baseline Assumption 

Baseline Input Assumptions For All Analyses Except as Noted in Text 

Produced Fluid State at Wellhead 

"Brine" Salinity 

Drawdown Factor (KPa/Kg/sec) 

Well Depth (m) 

Well Friction and Heat Transfer 

Net Cycle Output Power ( M e )  

Plant Capacity Factor 

Design Wet Bulb Temperature ('C) 

Make-up Water Temperature ("C) 

Hydrocarbon Expander: 

Dry Stage Adiabatic Efficiency 

Maximum Stage Pressure Ratio 

Stage Efficiency Reduction 
($ drop per % exhaust moisture) 

Generator Efficiency 
Motor Efficiency (all) 

Pump Efficiency (all surface pumps) 

bwn-hole Production Pump 

Overall Heat Transfer Coefficients (W/m2% 

Supercritical Primary H.X. 

Sub-critical Primary H.X. 

0 Pre-heating 

0 Boiling 

o Superheating 

Condensing 

Desuperheating 

sub-system Costing: 

Capital Cost Equations 

Capital Cost Coefficients 

0 6 M Costs 

Saturated liquid at h e s  

0.0 (Pure H2O) 

22.8 

1830. 
Ignored . L  

50. 

0.85 

26.7 

32.2 

0.85 

1.8 

1.0 

0.98 
0.95 

0.80 

0.50 

1514. 

1514. 

2422.4 

1514. 

566.7 

237.5 

(See also Reference 15, Section 8.2) 

GEOTHM MODEL (Ref. 2) 

Normalized to Ref. 17 

Normalized to Ref. 17 

Direct and Indirect Cost Factors Normalized to Ref. 17 

Brine Cost ($/MBtu) Normalized t o  Ref. 17 (See Text) 

Water Properties GEOTHM MODEL (Ref. 2) 
Working Fluid Properties Starling specific MBWR (1975) Ref. 23 
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TABLE 5 

Effect of Subsystem Cost and Efficiency Assumptions 

(TRes = 182OC, expander max. stage pressure ratio = 1.8) 
on Computed Optimum Mixture Fraction for Cost Optimized System 

Input Assumption 

Baseline Costs and 
Efficiency Factors 

Relative Optimum Isobutane Relative Optimum 
Mole Fraction Busbar Cost (Ref) 

(Perturbed/Baseline) (Perturbed/Baseline) 

1.0000 

Increased Fuel Cost ($/mtu) 1.2119 
by Factor of 5 

Increased Primary Heater 
Unit Cost ($/m2) by 
Factor of 2 1.0078 

Increased H.C. Circulating 
Pump and Motor Unit Cost I 

($/kW) by Factor of 5 0.9994 

Decreased H.C. Circulating 
Pump Adiabatic Efficiency 
from 80% to 60% : 0.9703 

1.000 

2.747 

1.078 

1.128 

1.058 
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TABLE 6 

i 
Parameter 

0 

TTUFU3 (OK) 

PTURB (bar) 

TCON ( OK) 

1MCOMP 

Comparison of Independent Thermodynamic State Parameters 
for Busbar Cost and Constrained Yield Optimized Designs 

(Tres = 182OC, Twet bulb = 26.7OC, expander 
maximum stage pressure ratio = 1.8) 

Busbar Cost Optimization Constrained Yield Optimization 
(TPCTala, 3/31/80) (PADRA3$8, 4/23/80) 

Input Computed Input Computed 

Optimizable 426.8279 Optimizable 425.7038 

Optimizable 33.03275 Optimizable 33.35050 

Optimizable 310.791100 Optimizable 310.5490 

0.513135 Optimizable 0.513135 0.513135 

Note 

~DTMIN~ (OK) Optimizable 5.313892 5.313892 5.313892 

3DTMIN2 (OK) Optimizable 4.911490 4.911490 4.911490 

4CTTEMP (OK) Optimizable 304.851500 304.85150 304,85150 

Proximity of selected optimum turbine inlet state to TPCT line: 

I TTPCT I P T U R B ~ ~ ~  
0 9949 

(TTURB) OPT 

1.0307 

0.9991 

1.0053 

Notes : k 

1: Isobutane mole fraction 
2: Primary heat exchanger pinch point temperature difference 

4: 
3 3: Condenser pinch point temperature difference (zero subcooling) 

Cooling tower water exi t temperature - i.e. Twet bulb + At approach 



Parameter 

-60- 

TABLE 7 

Detailed Thermodynamic and, Economic Performance 
Comparison for Busbar Cost and 3 Parameter Constrained 
Yield Optimized Geothermal Binary Rankine Cycle Systems 

(Tres = 182OC, *wet bulb = 26.7OC, 
Expander stage pressure ratio = 1.8) 

Constrained 
Busbar Cost Optimized 

(TPCT@l@, 3/31/80) 
Yield Optimized 
(PALWUi3$3, 4/2 3/80) 

Independent Parameters 7 3 

Brine exit temperature (OK) 

Brine flow rate & (Kg/sec) 
340.482 (153.2OF) 332.400 (138.65OF) 

884.01 857.89 

Hydrocarbon flow rate, & (Kg/sec) 
Cooling water flow rate & (Kg/sec) 
N e t  plant efficiency ( % )  11.624 

992.29 

5873.50 

Wellhead Utilization Efficiency (%)  43.52 

Overall Expander Efficiency ($1 84.998 

Exhaust Quality (%)  

Stage 1 
Stage 2 
Stage 3 
Stage 4 

Relative Fuel Cost 

Relative Plant Capital Cost 

Relative busbar energy cost 

1081.42 

6828.47 

11.202 

44.847 

83.501 

91.7 
99.6 
dry 
dry 

1.000 (@S . 570/106Btu) .9705 (@$. 533/ 
" ' 106Btu) 

1.000 1.0573 

1.000 1.0146 
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Table 8 

Thermodynamic and Economic Performance Dif fe rence  
Highl ights  f o r  Busbar Cost and 4 Parameter Constrained 
Yield Optimized Geothermal Binary Rankine Cycle Systems 

(Tres = 182OC, Twet bulb = 26.7'C, 
Expander s t a g e  p res su re  r a t i o  = 1.8) 

Busbar Cost Const ra ined  
Yield Optimizat ion 
(PADRA45, 4/24/80) 

No. of Indep. Parameters 7 4 

R e l a t i v e  b r ine  flow rate 1.000 0.9351 

1.0572 

" cool ing water flow rate 1.000 1.7734 

" hydrocarbon flow rate 1.000 

0.777 no te  I Isobutane mole f r a c t i o n  0.5131 

Re la t ive  tu rb ine  i n l e t  p re s su re  1.000 1.401 

" net p l a n t  e f f i c i e n c y  1.000 0.9983 

" u t i l i z a t i o n  e f f i c i e n c y  1.000 1 . 0694 

" expander e f f i c i e n c y  1.000 1.000 

" f u e l  c o s t  1.000 (@$0.570/106Btu) 0.9351 (@$0.532/106Btu) 

" plant capital cost 1.000 1.1833 

" busbar energy c o s t  1.000 1.0611 
} no te  

Proximity of s e l e c t e d  optimum tu rb ine  i n l e t  state t o  TPCT l i n e r  
d 

I T ~ p ~ ~  I P T U R B ~ ~  
0.9949 1 . 0052 & ( T T u K B ) ~ ~  

1 . 0307 0.9740 
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