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ABSTRACT 

* The t ransposed c r i t i ca l  temperature (TPCT)* 
is shown t o  be a n  e x t r e m e l y  i m p o r t a n t  thermo- 
dynamic p r o p e r t y  i n  t h e  s e l e c t i o n  o f  working 
f l u i d s  and t u r b i n e  states f o r  geothermal p o w e r  
p l a n t s  o p e r a t i n g  on  a c l o s e d  o r g a n i c  ( b i n a r y )  
Rankine cycle .  

When t h e  optimum working f l u i d  composition 
and process states are determined f o r  s p e c i f i e d  
source and s i n k  condi t ions ,  t u r b i n e  i n l e t  states 
c o n s i s t e n t l y  l i e  a d j a c e n t  to  t h e  working f l u i d s '  
TPCT l i n e  f o r  a l l  r e s o u r c e  t e m p e r a t u r e s ,  con-  
s t r a i n t s ,  and cost and e f f i c i e n c y  f a c t o r s  inves t -  
iga ted .  

INTRODUCTION 

Key determinants  i n  Rankine c y c l e  performance 
are t h e  working f l u i d  and t u r b i n e  states. Although 
t h e  steam Rankine c y c l e  has  been appl ied  worldwide 
f o r  over 75 y e a r s ,  l i t t l e  u s e f u l  information has 
developed from t h i s  technology f o r  general  Rankine 
c y c l e  working  f l u i d  s e l e c t i o n s .  Geothermal  
developnent i n t e r e s t  has  provided s t i m u l i  f o r  more 
g e n e r a l  i n v e s t i g a t i o n s .  Recent  b i n a r y  c y c l e  
research  has i d e n t i f i e d  some d e s i r a b l e  thermo- 
dynamic characteristics o f  organic  working f l u i d s ,  
b u t  controversy s t i l l  e x i s t s  regarding optimum 
cycle  conf igura t ions  and process states. Thermo- 
dynamic c r i t e r i a  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 organic  Rankine c y c l e  f o r  s p e c i f i e d  source 
and sink condi t ions.  

I B L  BACKGROUND I N  GEOTHEWAL 
POWER PLANT STUDIES 

With f u n d i n g  from t h e  U.S. Department  o f  
Energ2 (DOE) I D i v i s i o n  of Geothermal  Energy 
(DGE) , LBL i s  developing a r e l a t i v e l y  genera l  
thermodynamic c y c l e  s imula tor ,  GEOTHM (Green, e t  
a l ,  1 9 7 7 ) .  The GEOTHM Code i s  c o u p l e d  w i t h  
non-linear opt imizat ion r o u t i n e s ,  which penni t  
thermodynamic energy conversion systems of spec i -  
f i e d  n e t  p o w e r  t o  be optimized f o r  var ious  design 
objectives. GEOTHM i s  modular i n  cons t ruc t ion  
p e r m i t t i n g  v a r i o u s  types**  o f  thermodynamic 
c y c l e s  t o  b e  d e s i g n  o p t i m i z e d .  GEOTHM a l s o  
conta ins  an ex tens ive  f l u i d  p r o p e r t i e s  l i b r a r y .  
An 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  c o n t a i n e d  i n  a f o r t h c o m i n g  
DOE/DGE Geothermal  SOURCEBOOK ( K e s t i n ,  e t  a l ,  
1979). 

WHAT IS THE SIGNIFICANCE OF THE 
TRANSPOSED CRITICAL TmPERATURE? 

In  t h e  course of  developing Sect ion 8 . 2  of 
t h e  SOURCEBOOK, w e  noted t h a t  t h e  TPCT of  a b i n a r y  
Rankine cycles '  working f l u i d  might p lay  a key 
role i n  t h e  s e l e c t i o n  of  optimum t u r b i n e  o p e r a t i n g  
states. S p e c i f i c a l l y  it was noted t h a t  when f u e l  
c o s t s  ( o f  p u r e  working  f l u i d  c y c l e s )  c l e a r l y  
dominated  , t h e  c yc 1 e s ' optimum t u r b i n e  i n  l e t  
states f e l l  on t h e  TXT l ine .  

W e  f u r t h e r  suggested (Kes t in ,  1979, Sect ion 
8.2.9.6) that i f  t h e  working f l u i d ' s  composition 
w a s  s imultaneously optimized with t h e  s i x  indepen- 
dent  thermodynamic s t a t e  parameters of t h e  geo- 

The o b j e c t i v e  o f  t h i s  report is t o  p r e s e n t  an thermal  b inary  Rankine cyc le ,  improved thermo- 
overview o f  recent LBL research (Pop and Doyle, dynamic and economic performance might be  obtained 
1980) ,  which p r o v i d e s  new i n s i g h t  f o r  working  when both p l a n t  and f u e l  costs were material, b u t  
f l u i d  and t u r b i n e  s ta te  s e l e c t i o n s  f o r  t h e  geo- n e i t h e r  dominated.  T h i s  h a s  been  r e p e a t e d l y  
thermal b inary  Rankine p o w e r  cycle .  v e r i f i e d .  

*The Transposed  C r i t i c a l  Tempera ture  l i n e  i s  * U t i l i z a t i o n  Technology Branch (Mr. C l i f t o n  E. 
d e f i n e d  a s  t h e  l o c u s  of p o i n t s  i n  a f l u i d s '  McFarland, Chief ) .  
s u p e r c r i t i c a l  v a p o r  r e g i o n  where t h e  s p e c i f i c  

s h e a t  is  a maximum. **With modest code changes -- user  c o n s t r a i n t s ,  
pena l ty  func t ions ,  etc. 
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Pope, e t  a l .  
MIXTURE WORKING FLUIDS - PREVIOUS WORR 

The p o t e n t i a l  a d v a n t a g e s  of hydrocarbon 
mixtures  as working f l u i d s  f o r  t h e  geothermal- 
b inary-Rankine  c y c l e  have been emphaeizsd by 
S t a r l i n g  (1976) and Ben Holt  ( M b e r t s ,  1976). A 
r e c e n t  document ( I q b a l  e t  a l ,  1978) conta ins  a n  
informative summary o f  t h e  p o t e n t i a l  advantages 
and d i s a d v a n t a g e s  o f  mix tu res ,  and  p o s s i b l e  
w r k i n g  f l u i d  selection cr i ter ia ,  inc luding  t h e  
f l u i d ' s  I - factor .  

LBL INVESTIGATIONS OF MIXTURE BINARY 
RANKINE CYCLES 

LBL has  i n v e s t i g a t e d  (Pope and Doyle, 1980) 
t h e  thermodynamic characteristics o f  busbar cost 
optimized mixture-binary-Rankine geothermal c y c l e s  
us ing  t h e  isobutane/ isopentane (iC4/iC5) hydro- 
carbon system over  a range of  p o t e n t i a l l y  applic- 
able resource temperatures. This  mixture  system 
has  a "retrograde" vapor s a t u r a t i o n  boundary on 
temperature-entropy coord ina tes  with an I-factor  
less than 1.0, and t h e r e f o r e ,  may be  regarded 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  candidate  
working f l u i d s  f o r  t h e  s tud ied  resource temper- 
ature range. The S t a r l i n g  s p e c i f i c  MBWR (1975) 
equat ion of s ta te  ( S t a r l i n g  and Fish,  1976) w a s  
used  by LBL f o r  t h i s  i n i t i a l  s t u d y  b e c a u s e  i t  
exis ted .  Because i ts  accuracy has  been quest ioned 
( S i l v e s t e r ,  1978). and t h e  f a c t  t h a t  b r i n e  p r i c e  
and equipment capital costs are r a p i d l y  escalat- 
ing ,  t h e  LBL mixture s t u d i e s  were conducted on a 
simple binary p o w e r  plant system with a number of  
practical  s impl i ry ing  assumptions (see Pope and 
Doyle, 1980). 

SCOPE OF THE LBL MIXTURE BINARY CYCLE STUDIES 

The geothermal system s tudied  w a s  t h e  conven- 
t i o n a l  simple b i n a r y  c y c l e  p o w e r  plant coupled t o  
a n  i d e a l i z e d  g e o t h e r m a l  resource (see K e s t i n ,  
1979, Sec t ion  8.2.11). The p o w e r  p l a n t  assumed 
s i n g l e  phase b r i n e  product ion,  shell-and-tube h e a t  
exchangers, and forced  d r a f t ,  w e t  cool ing  tower 
h e a t  r e j e c t i o n .  A l l  major system parasitic losses 
w e r e  charac te r ized .  The c y c l e s  were i n v e s t i g a t e d  
o v e r  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  r e g i m e s  
assuming t h e  i C 4 / i C 5  s y s t e m  f o r  t h e  r e s o u r c e  
temperature range between 17OoC and 20OoC. P l a n t  
and F i e l d  ( f u e l )  sub-system cost and e f f i c i e n c y  
f a c t o r s  were v a r i e d  over wide  l i m i t s  ( up  t o  a 
f a c t o r  of  5 ) .  For our  Basel ine System, sub-system 
u n i t  c a p i t a l  costs, f u e l  c o s t s ,  e f f i c i e n c y  f a c t o r s ,  
and f i n a n c i a l  f a c t o r s  were n o r m a l i z e d  t o  t h e  
Baseline Heber Binary plant of t h e  Holt/Ghormley 
s tudy ( M b e r t s ,  1976). 

Three genera l  system c o n s t r a i n t  condi t ions  
were inves t iga ted :  

1. Turbine i n l e t  allowed anywhere o u t s i d e  
t h e  two-phase vapor region.  

Turbine i n l e t  entropy L maximum s a t u r a t e d  
vapor entropy. 

2. 

3. B r i n e  r e t u r n  t e m p e r a t u r e  1. 344.26 K 
(160 F) .  

A l l  t h e  50 We ( N e t )  p o w e r  p l a n t s  were optim- 
i z e d  f o r  minimum c o s t  o f  e n e r g y  a t  t h e  b u s b a r  
assuming t h e  fol lowing seven independent thermo- 
dynamic system parameters as "opt imizable  para- 
meters- : 

1. t u r b i n e  i n l e t  temperature, TT, 
2. t u r b i n e  i n l e t  p ressure ,  PT, 
3. condensing (bubble p o i n t )  temperature ,  
4. isobutane m o l e  f r a c t i o n ,  
5 .  primary h e a t e r  pinch p o i n t  temperature  

6. condenser pinch p o i n t  temperature d i f -  

7 .  c o o l i n g  t o w e r  a p p r o a c h  t e m p e r a t u r e  

d i f f e r e n c e ,  

fe rence ,  and 

d i f fe rence .  

RESULTS 

H i g h l i g h t s  o f  some of t h e  i n t e r e s t i n g  new 
r e s u l t s  f o l l o w .  W e  f i n d  t h a t  o p t i m i z e d  geo- 
t h e r m a l  b i n a r y  power p l a n t  d e s i g n s  u s i n g  t h e  
i C 4 / i C 5  system (17OOC 5 TRES 5 200OC) and s i n g l e  
p h a s e  b r i n e  p r o d u c t i o n  e x h i b i t  t h e  f o l l o w i n g  
genera l  thermodynamic c h a r a c t e r i s t i c s :  

A. 

B. 

C. 

D. 

E. 

F. 

As 

Working f l u i d  c y c l e s  a r e  s u p e r c r i t i c a l .  

The ic4 m o l e  f r a c t i o n  decreases  monoton- 
i c a l l y  with resource temperature but  a l s o  
depends upon o t h e r  var iab les .  

Turbine i n l e t  s t a t e s  are extremely close 
t o  t h e  working f l u i d s '  TPCT l i n e  with a 
cons tan t  reduced P, T displacement which 
depends upon c o n s t r a i n t  assumptions. 

Turbine expansion i s  with a minimum 
of exhaust  superheat  ( c o n s i s t e n t  with t h e  
I - f a c t o r  o f  t h e  s e l e c t e d  m i x t u r e  and 
t u r b i n e  s ta te  c o n s t r a i n t s ) .  

The u t i l i z a t i o n  e f f i c i e n c y  i s  v i r t u a l l y  
c o n s t a n t  ( i n d e p e n d e n t  o f  r e s o u r c e  
t e m p e r a t u r e )  and h i g h e r  t h a n  a c h i e v e d  
f r a n  c o s t  optimized c y c l e s  with e i t h e r  
pure component. 

Moist t u r b i n e  e x p a n s i o n  i s  e x t r e m e l y  
d e t r i m e n t a l  t o  sys tem economics f o r  
p o w e r  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  
re t rograde  (on  T-S coord ina tes )  f l u i d s .  

t h e  r e s u l t  o f  A ,  8 ,  C ,  and D t h e  c o s t  
o p t i m i z e d  iC4/ iC5 s i m p l e  b i n a r y  c y c l e  s y s t e m s  
appear t o  obey s i m i l i t u d e  r u l e s  on reduced  
thermodynamic coord ina tes  and c o r r e l a t e  over a l l  
r e s o u r c e  t e m p e r a t u r e s  c o n s i d e r e d .  The r e d u c e d  
t u r b i n e  s t a t e s  e x h i b i t  extremely small s e n s i t -  
i v i t i e s  t o  sub-system cost and e f f i c i e n c y  assump- 
t i o n s  f o r  t h e  imposed c o n s t r a i n t  c o n d i t i o n s .  
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-- 
F i g u r e  1 i l l u s t r a t e s  t h e  o p t i m u m  m i x t u r e  

composition as  a func t ion  of resource temperature 
for un-constrained designs and f o r  f o u r  resource 
temperatures with a b r i n e  r e t u r n  temperature con- 
s t r a i n t .  Us0 shown on the plot  are Ben I io l t ' s  
c o n c e p t u a l  d e s i g n  recommendat ions ( R o b e r t s ,  
1976) f o r  i n i t i a l  Heber temperature condi t ions  
(Holt  suggested a d i f f e r e n t  hydrocarbon system 
for end-of-life condi t ions) .  It i s  clear from 
F i g u r e  1 t h a t  t h e  o p t i m u m  c o m p o s i t i o n  depends  
upon resource t e m p e r a t u r e  and b r i n e  r e t u r n  
temperature c o n s t r a i n t s .  Addit ional  calculations 
d isc losed  t h a t  t h e  optimum composition is also a 
f u n c t i o n  of t u r b i n e  i n l e t  c o n s t r a i n t s  and t h e  
u n i t  f u e l  cost, bu t  i s  l i t t l e  a f f e c t e d  by o t h e r  
s u b - s y s t e m  u n i t  c a p i t a l  cost or e f f i c i e n c y  
f a c t o r s  (Pope and Doyle, 1980). 
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By f a r  t h e  most i n t e r e s t i n g  and p o t e n t i a l l y  
u s e f u l  r e s u l t  o f  t h i s  s t u d y  i s  t h e  f a c t  t h a t  
optimum turb ine  i n l e t  s ta tes  on reduced coordi- 
n a t e s  l i e  extremely close to ,  and a t  a cons tan t  
displacement from, t h e  f l u i d s '  TPCT l i n e .  This  
behavior  i s  i l l u s t r a t e d  f o r  busbar cost optimized 
c y c l e s  i n  Figure 2 f o r  (TT/Tcr)OpT and Figure 3 
for (pT/  Pcr)OpT. I n  F i g u r e  2 ,  n o t e  t h a t  t h e  
r e d u c e d  optimum t u r b i n e  i n l e t  t e m p e r a t u r e ,  
(TT/Tcr)opT,  l i e s  c o n s i s t e n t l y  w i t h i n  0 . 8 %  
of t h e  reduced TPCT ( a t  t h e  optimum t u r b i n e  i n l e t  
p ressure)  for resource  temperatures, cost 
and e f f i c i e n c y  assumptions, and all c o n s t r a i n t s  
condi t ions  adopted i n  t h i s  study. Similar  be- 
havior  for t h e  optimum t u r b i n e  i n l e t  pressure is  
i l l u s t r a t e d  i n  Figure 3. Again t h e  displacement 
i s  r e l a t i v e l y  c o n s t a n t  on reduced coordinates ,  
and v a r i a t i o n s  up t o  a f a c t o r  of 5 i n  sub-system 
u n i t  costs have no s i g n i f i c a n t  inf luence.  

The obvious importance of the  Transpoeed 
Cr i t ica l  Tempemture on the se lec t ion  of working 
f l u i d s  and turbine  s t a t e s  f o r  Rankine c y c l e  
energy conversion systems has never been previ- 
ously reported t o  our  knowledge. 

The b u s b a r  e n e r g y  c o s t  D e s i g n  S u r f a c e  
(des ign  o b j e c t i v e )  for optimized mixture b inary  
Rankine cycles can be  v i s u a l i z e d  i n  t h e  3-D p l o t ,  
Figure 4. In Figure 4 t h e  computed busbar energy 
cos t  i s  p l o t t e d  a s  a f u n c t i o n  o f  t h e  t u r b i n e  
i n l e t  temperature  and pressure.* 

The v a l u e s  of  PT and TT a l o n g  t h e  s h a r p  
"trough" ( t h e  Global Minimum busbar cost reg ion)  
are v i r t u a l l y  co inc ident  with t h e  TPCT l i n e  of 
t h e  optimum mixture. The r e l a t i v e l y  f l a t  operat- 
i n g  region on t h e  l e f t  of Figure 4 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  states below t h e  TPCT t o  t h e  r i g h t  
of  t h e  C r i t i c a l  Poin t  i n  t h e  superheated vapor 

*The o ther  independent system s ta te  parameters 
(opt imizable  parameters)  have been f i x e d  a t  t h e i r  
computed optimum values  f o r  producing t h i s  p l o t  
(see Kest in ,  1979, Sect ion 8.2.9.3). 

Pope, e l  a l .  
region.  The region on t h e  r i g h t  s i d e  of Figure 
- 4, where t h e  busbar energy c o s t  rises a b r u p t l y ,  
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  TFCT l i n e  (on P-h 
coord ina tes )  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 e g i o n  o f  t h e  s e l e c t e d  optimum m i x t u r e .  
Figure 4 c l e a r l y  shows t h e  severe system economic 
p e n a l t i e s  assoc ia ted  with reduced t u r b i n e  e f f i c -  
iency due t o  w e t  expansion. 

The TPCT l i n e ,  def ined by t h e  peaks i n  t h e  
working f l u i d s '  anomalous s p e c i f i c  h e a t ,  and t h e  
vapor s a t u r a t i o n  boundary (of t h e  optimum working 
f l u i d ) ,  t h e r e f o r e ,  c l e a r l y  def ine  t h e  limits of 
t h e  economically d e s i r e a b l e  o p e r a t i n g  region f o r  
t h e  expander of  t h e  b inary  mnkine  cycle .  

coNcLusIoNs 

0 The Transposed  C r i t i c a l  Tempera ture  
is a n  i m p o r t a n t  thermodynamic p r o p e r t y  which 
should be considered i n  t h e  s e l e c t i o n  of working 
f l u i d s  and opera t ing  s t a t e s  f o r  geothermal b inary  
Rankine cycles .  

e A high p r i o r i t y  should be placed on t h e  
development  o f  a new e q u a t i o n - o f - s t a t e  f o r  
hydrocarbon m i x t u r e s .  Extended  C o r r e s p o n d i n g  
S t a t e s  formulat ions appear  promising. 

o Although t h i s  s t u d y  was l i m i t e d  t o  
s i m p l e  b inary-Rankine-cyc le-geothermal  power 
p l a n t s  with a s i n g l e  mixture  system and a l i m i t e d  
resource temperature r a n g e  , t h e  TPCT r e s u l t s  
suggest  broader  p o t e n t i a l  a p p l i c a b i l i t y .  

o Mixture-binary-Rankine c y c l e s  appear t o  
o f f e r  s i g n i f i c a n t  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 pure f l u i d  c y c l e s ,  and 
c o n s e q u e n t l y ,  c o u l d  p l a y  a n  i m p o r t a n t  r o l e  i n  
electric p o w e r  development of moderate temper- 
a ture  geothermal resources. 
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FIG. 1 Computed optimum i C 4  mole f r a c t i o n  a6 a 
func t ion  of resource temperature. The optimum 
composition dl60 depends on turb ine  c o n s t r a i n t s  
(not  shown). 

I.0x) 

1.025 

t 
0 
c 

- F 
\ 

I- o 1.015 
0 - 
b- o 

a 
7 ID10 

V 

+I- 
1 - 1.005 

1.000 

,/ -, 

/ 
Un- constrained 

Turbine inlet entropy 
constraint 

, 'I82 
I I I I 1 I I 

too 1.010 I020  I ,030 1.040 

XOLnO5-  9 6 5  

FIG. 2 Corre la t ion  between t h e  temperature on 
t h e  TPCT l i n e  ( a t  t h e  opt inum t u r b i n e  i n l e t  
p ressure)  and t h e  optimum turb ine  i n l e t  tempera- 
t u r e  f o r  busbar c o s t  optimized iC4fiCg mixture 
geothermal-binary-Rankine-cycle power p lan ts .  
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FIG. 3 Corre la t ion  between t h e  pressure  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  temper- 
a ture)  and the optimum t u r b i n e  i n l e t  pressure.  
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FIG. 4 R e l a t i v e  b u s b a r  e n e r g y  c o s t  d e s i g n  
surf ace. 
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