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ABSTRACT 

Many systems produce power u s i n g  v a r i a b l e  
temperature ( s e n s i b l e )  hea t  sources.  The Heat Cyc le 
Research Program i s  c u r r e n t l y  i n v e s t i g a t i n g  t h e  
p o t e n t i a l  improvements t o  such power c y c l e s  u t i l i z i n g  
moderate temperature geothermal resources t o  produce 
e l e c t r i c a l  power. I t  has been shown t h a t  m i x t u r e s  o f  
s a t u r a t e d  hydrocarbons (a1 kanes) o r  ha logenated 
hydrocarbons o p e r a t i n g  w i t h  a s u p e r c r i  t i c a l  Rankine 
c y c l e  gave improved performance ove r  b o i l i n g  Rankine 
c y c l e s  w i t h  t h e  pure work ing  f l u i d s  f o r  t y p i c a l  
a p p l i c a t i o n s .  

Recen t l y ,  i n  a d d i t i o n  t o  t h e  s u p e r c r i t i c a l  
Rankine Cycle,  o t h e r  t ypes  o f  c y c l e s  have been 
proposed f o r  b i n a r y  geothermal s e r v i c e .  Th is  paper 
exp lo res  t h e  l i m i t s  on e f f i c i e n c y  o f  a f e a s i b l e  p l a n t  
and d i scusses  the  methods used i n  these advanced 
concept  p l a n t s  t o  achieve t h e  maximum p o s s i b l e  
e f f i c i e n c y .  The advanced p l a n t s  considered appear t o  
be approaching t h e  f e a s i b l e  l i m i t  o f  performance so 
t h a t  t h e  des igne r  must weigh a l l  c o n s i d e r a t i o n s  t o  
f i n d  t h e  b e s t  p l a n t  f o r  a g i v e n  s e r v i c e .  These 
r e s u l t s  would app ly  t o  power systems i n  o t h e r  
s e r v i c e s  as w e l l  a s  t o  geothermal power p l a n t s .  

INTRODUCTION 

The Heat Cyc le  Research Program i s  c u r r e n t l y  
i n v e s t i g a t i n g  t h e  p o t e n t i a l  improvements t o  power 
c y c l e s  u t i l i z i n g  t h e  moderate temperature geothermal 
resources t o  produce e l e c t r i c a l  power. The 
technology be ing  cons ide red  e i t h e r  improves t h e  
performance o f  t h e  power c y c l e  and reduces t h e  c o s t  
o f  e l e c t r i c i t y ,  o r  i t  p r o v i d e s  a means o f  u t i l i z i n g  
a resource  which m igh t  o the rw ise  n o t  be used because 
o f  i n s t i t u t i o n a l  o r  t e c h n i c a l  b a r r i e r s .  Because o f  
t h e  l ow  q u a l i t y  and h i g h  c o s t  o f  t h e  energy, 
o p t i m i z e d  systems f o r  t h e  g e n e r a t i o n  o f  e l e c t r i c a l  
power should u t i l i z e  as much o f  t h e  energy con ta ined  
i n  a u n i t  mass o f  t h e  f l u i d  as p o s s i b l e .  T h i s  
o p t i m i z a t i o n  was con f i rmed  by Demuth and Whitbeck 
(1982) w i t h  a " v a l u e  analyses"  s tudy and by Cassel gJ 
& (1981) w i t h  t h e  co r respond ing  "market 
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p e n e t r a t i o n "  s tudy which examined t h e  impact o f  
performance improvements on t h e  c o s t  o f  e l e c t r i c i t y  
and on t h e  f u t u r e  u t i l i z a t i o n  o f  geothermal produced 
e l e c t r i c a l  power i f  these improvements c o u l d  be 
r e a l  i zed. 

The Heat Cyc le  Research Program i n v e s t i g a t i o n s  
have s p e c i f i c a l l y  examined b i n a r y  power c y c l e s  
because f o r  t h e  moderate temperature resources o f  
i n t e r e s t ,  t h e  b i n a r y  c y c l e s  achieve a h i g h e r  n e t  
b r i n e  e f f e c t i v e n e s s  than  o t h e r  t ypes  o f  systems. I n  
these i n v e s t i g a t i o n s  o f  t h e  b i n a r y  power c y c l e ,  
advanced concepts such as s u p e r c r i t i c a l  h e a t i n g ,  
i n t e g r a l  c o u n t e r c u r r e n t  condensat ion,  a p p r o p r i a t e  
cho ice  o f  work ing f l u i d ,  and me tas tab le  t u r b i n e  
expansions were exp lo red .  A t  t y p i c a l  resource  
c o n d i t i o n s ,  Demuth (1980) and (1981) found t h a t  
m i x t u r e s  o f  s a t u r a t e d  hydrocarbons (a l kanes )  w i t h  
these advanced concepts gave improved a 29% 
performance improvement ove r  proposed p l a n t s .  B l i e m  
(1987)  i n  subsequent s t u d i e s  showed t h a t  t he  same 
r e s u l t s  were t r u e  i f  halocarbon m i x t u r e s  (Freons)  
were used. 

W i t h  t h e  p r o j e c t e d  improvements i n  performance 
f rom t h e  concepts i d e n t i f i e d  i n  these a n a l y t i c a l  
s t u d i e s  ( a l o n g  w i t h  i n t e r n a l  r e c u p e r a t i o n  s t u d i e d  by 
Demuth and Kochan (1982) ) ,  t h e  program has i n i t i a t e d  
f i e l d  i n v e s t i g a t i o n s  t o  f u r t h e r  examine t h e  p o t e n t i a l  
performance g a i n s  w i t h  these concepts.  These r e s u l t s  
have been e x p e r i m e n t a l l y  v e r i f i e d  by Demuth e t  a l .  
(1985) and B l i e m  and Mines (1989) .  These f i e l d  
i n v e s t i g a t i o n s ,  conducted a t  t h e  Heat Cyc le Research 
F a c i l i t y  c u r r e n t l y  l o c a t e d  i n  t h e  East Mesa of  
C a l i f o r n i a ' s  I m p e r i a l  Va l l ey ,  examined t h e  v a l i d i t y  
o f  t h e  p r e d i c t e d  performance improvements through t h e  
v e r i f i c a t i o n  o f  t h e  assumptions used i n  t h e  
p r e d i c t i o n s ,  and t h e  adequacy o f  t h e  
" s t a t e - o f - t h e - t e c h n o l o g y ' '  des ign  methods, as w e l l  as 
f l u i d  t r a n s p o r t  p r o p e r t i e s .  

Recen t l y ,  a number o f  new concepts f o r  power 
c y c l e s  f o r  geothermal use have been i n t r o d u c e d  and 
p u b l i s h e d  performance d a t a  f o r  these systems i s  
a v a i l a b l e .  For  t h i s  paper, t h e  o p e r a t i n g  c o n d i t i o n s  
f o r  t h e  s u p e r c r i t i c a l  Rankine c y c l e  have been 
a d j u s t e d  f o r  d i r e c t  comparison o f  t h e  o r i g i n a t o r ' s  
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predicted performance. Kalina and Leibowitz (1989) 
showed the performance of a Kalina System 12 for 
geothermal use. Saul son and Rosenblatt (1989) considered 
a new concept which they call the Low-Temperature Engine 
System for power production from a flashing well. This 
system employs a heat-driven heat pump and two separate 
heat engine cycles. One engine’s heat input is from the 
heat rejected by the other engine and this engine rejects 
heat to the heat pump at a temperature lower than 
atmospheric which is pumped to atmospheric by the heat 
pump. 

In the United Kingdom, the U. K. Department of 
Energy (1988) proposed to use the Trilateral Wet 
Expansion System for a binary application with a hot-dry 
rock resource. These new concepts rely on similar 
considerations to those studied in the Heat Cycle 
Research Facility (HCRF). One of the primary 
prerequisites for the achievement of the predicted 
performance of each of these systems which utilize 
mixtures as working fluids is that phase changes (boiling 
and condensation) be carried out close to equilibrium 
with the phases mixed. This has been studied in the HCRF 
in detail for the condensation process. In addition, the 
use of supercritical vaporization allows the generation 
of vapor without the problems associated with boiling a 
two-component mixture. 

For all such cycles, there is a cycle performance 
1 imit for given resource and sink temperatures and 
practical assumptions relative to rotating equipment 
efficiencies and heat exchanger approach temperature 
differences or log mean temperature differences (LMTD’s). 
This paper examines this performance limit and reviews 
the performance o f  some of the advanced systems. 

The Heat Cycle Research program is being conducted 
by the Idaho National Engineering Laboratory. The work 
is supported by the U.S. Department of Energy, Assistant 
Secretary for Conservation and Renewable Energy, Office 
of Renewable Technologies, under DOE contract No. 
DE-AS07-761D01570. Mr. Raymond LaSala of the Geothermal 
Technology Division is the program manager and Mr. K. J .  
Taylor directs the program through the Idaho Operations 
Off ice. 

CYCLE PERFORMANCE LIMITATION 

I Backqround 
A Second-Law-of-Thermodynamics analysis is useful in 

determining the limitations o f  performance of power 
generation systems. Briefly, the second law allows for 
the definition of available energy, defined by Obert 
(1960) : 

“Available energy is that portion of energy which 
could be converted into work by ideal processes 
which reduce the system to a dead state--a state in 
equilibrium with the earth and its atmosphere.” 

If a system is at a different pressure from the 
atmosphere, work can be obtained by expansion to 
atmospheric pressure. If a system is at a different 
temperature than the surroundings, work may be obtained 
by transferring heat to a work producing cycle (heat 
engine). If chemical reactions are possible, for 6 

example, if the substance is a hydrocarbon; a reaction 
which oxidizes the hydrogen to water and the carbon to 
carbon dioxide or carbonate has the potential to produce 
work. (In this paper, chemical reaction will not be 
considered.) Available energy is essentially the same as 
availability, exergy and essergy. 

The available energy, A, o f  a stream in steady flow 
is: 

A = m [(h - h,) - To ( s  - s o ) ]  

where m is the mass flow rate; h, enthalpy ; T, absolute 
temperature and s ,  entropy. The siihr.cript o represents 
the value at the pressure and t-mperature of the 
environment, the dead state. 

The irreversibility of a process or physical 
component, I ,  is the sum of all of the increaser, and 
decreases in available energy occurring and can be shown 
to be equal to: 

I = - To C m Ds ( 2 )  

where To is the absolute ambient temperature; m, thP mass 
flow rate and Ds the change in entropy for a given 
stream. Kalina (1984) has shown that if the cooling 
water is assumed to be the sink instead o f  the ambient 
temperature or ambient wet bulb temperature, an efrvctive 
ambient temperature can be defined as: 

( 3 )  

where T. and Te are the inlet and outlet temperatures of 
the coojant sink in absolute units. For temperatures 
encountered in normal power production, T can be 
approximat.ed within hundredths of a percent bi: 

To = (Ti t Te)/2 ( 4 )  

the mean coolant temperature. Note that, for a process, 
the outlet available energy is the inlet available energy 
plus the irreversibility. 

For example, for a process transferring heat from a 
stream at T, to a stream at Tc in steady flow, the 
irreversibility will be: 

(5) 

where the temperatures are in absolute units and DT is 
the temperature difference across which the heat is 
transferred, that is Th-Tc. An important observation is 
that if T and Tc are significantly greater that T , the 
irreversibility per unit heat transfer at fixed rbT i s  
significantly lower than if they are at temperatures near 

If T and Tc are about 1.5 times T (typical of the 
k a t  addittion process) the irreversibillty per unit heat 
transferred at a fixed To and DT will be 44% that of a 
heat transfer process in which T, and T are 
approximately equal t o  T such as the heat re&ct.ion 
process. This would imp?y that closer approaches are 
advantageous (increase efficiency more) in the heat 
rejection process than in the heat addition process. 

Kal ina (1984) shows this relationship by plotting an 
“exergetic temperature”, T , instead of actual 
temperature on heat duty plotsetor heat exchange, where: 

Tex = 1 - (TJT) 

Then, 

dI/dq = D Tex (7) 

where D T is the difference in the hot and cold 
exergetic temperatures. For a more complete discussion 
see a basic engineering thermodynamics text such as Obert 
(1360).  

Met hodol oqy 
A realistic maximirrn can be placed on the work 

produced for a given resource using the ideas discussed 
in the previous section. I f  one assumes logical values 
for heat exchanger pinch-point temperature differences or 
log-mean temperature differences (1MTD’s) and for 
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r o t  a t  i ng machinery i s e n t r o p i c  e f f i c i e n c i e s ,  t h e  
i r r e v e r s i b i l i t i e s  assoc ia ted  w i t h  t h e  hea t  t r a n s f e r  and 
work processes i n  a c y c l e  w i t h  t h e  optimum match between 
work ing  f l u i d  and hea t  source and hea t  s i n k  can be 
c a l c u l a t e d .  The work produced by a g i v e n  c y c l e  can be 
determined by s u b t r a c t i n g  f rom t h e  a v a i l a b l e  energy i n  
t h e  g e o f l u i d  source, t he  i r r e v e r s i b i l i t y  assoc ia ted  w i t h  
each o f  t h e  c y c l e  dev i ces :  t he  hea te r ,  t h e  t u r b i n e ,  t h e  
condenser (hea t  r e j e c t i o n )  and t h e  pump. 

T h i s  a n a l y s i s  a t tempts  t o  be g e n e r i c  i n  i t s  
a p p l i c a t i o n .  The e f f i c i e n c y  produced by t h i s  a n a l y s i s  i s  
f o r  t h e  p l a n t  o n l y .  I t  does n o t  i n c l u d e  p a r a s i t i c  power 
assoc ia ted  w i t h  t h e  hea t  r e j e c t i o n  system, o r  t h e  
geothermal supp ly  and i n j e c t i o n  system. These systems 
a r e  separate and t h e  impact o f  each w i l l  va ry  
c o n s i d e r a b l y  depending on  t he  p a r t i c u l a r  a p p l i c a t i o n .  
The p l a n t  i s  a separa te  u n i t  and can be cons ide red  
s e p a r a t e l y .  The cho ice  o f  t h e  type o f  hea t  r e j e c t i o n  
system and impact o f  t he  supply  and i n j e c t i o n  system a re  
l e f t  f o r  a s i t e - s p e c i f i c  a n a l y s i s .  

R e s u l t s  
R e s t r i c t i n g  the  a n a l y s i s  t o  s e n s i b l e  l i q u i d  hea t  

sources, a work ing  f l u i d  i s  p o s t u l a t e d  which w i l l  g i v e  
c l o s e  t o  the  minimum i r r e v e r s i b i l i t y  i n  each component 
w i t h  a r e a l i s t i c  temperature d i f f e r e n c e  i n  hea t  
exchangers and r e a l i s t i c  i s e n t r o p i c  e f f i c i e n c y  f o r  
t u r b i n e s  and pumps. F i g u r e  1 shows t h e  hea t  a d d i t i o n  and 
heat  r e j e c t i o n  curves f o r  t h e  i d e a l  work ing f l u i d ,  
"unob ta in ium" .  For  a g i v e n  p i n c h  p o i n t  temperature 
d i f f e r e n c e ,  t h e  minimum hea t  exchanger i r r e v e r s i b i l i t y  
occurs w i t h  a cons tan t  temperature d i f f e r e n c e .  Wi th a 
f i x e d  l o g  temperature d i f f e r e n c e  (LMTD) f o r  t h e  
exchanger, t h e  minimum i r r e v e r s i b i l i t y  occurs w i t h  a 
s l i g h t l y  s m a l l e r  temperature d i f f e r e n c e  on t h e  end o f  t h e  
hea t  exchanger n e a r e r  t o  To. For  h e a t e r  temperatures i n  
t h e  range o f  t h i s  s tudy ,  f o r  an LMTD o f  10 OF, a 
temperature d i f f e r e n c e  on t h e  c o l d  s i d e  o f  t h e  exchanger 
o f  8 t o  9'F (on t h e  h o t  s ide ,  11 t o  12.1"F) g i v e s  
s l i g h t l y  l o w e r  h e a t e r  i r r e v e r s i b i l i t y  t han  a u n i f o r m  IO'F 
d i f f e r e n c e .  That i n c r e a s e  i s  between 0.6 and 1 . 2  % o f  
t h e  h e a t e r  i r r e v e r s i b i l i t y ,  and i s  thought  t o  be n o t  
wor th  c o n s i d e r i n g  i n  o r d e r  t o  s i m p l i f y  t h e  problem t o  one 
o f  a u n i f o r m  temperature d i f f e r e n c e .  A l l  e n t h a l p i e s  a r e  
re fe renced  t o  the  g e o f l u i d  mass. Note t h a t  t h e  
d i f f e r e n c e  i n  t h e  hea t  added i n  t h e  h e a t e r  and t h a t  

1- Heater I 

Geofluid /= 

I I 

0.7133 
Enthalpy Per Unit Mass of Geofluid 

r e j e c t e d  i n  t h e  condenser i s  t h e  c y c l e  n e t  work pe r  u n i t  
mass o f  g e o f l u i d .  

I t  i s  f u r t h e r  assumed t h a t  an "unobta in iu in"  t u r b i n e  
w i l l  have an e f f i c i e n c y  o f  85% and t h a t  t h e  pumpinq work 
w i l l  be smal l  compared t o  t h e  t u r b i n e  work. Wi th  the 
approx ima t ion  t h a t  t h e  second law t u r b i n e  e f f i c i c . n r y  i s  
app rox ima te l y  equal t o  t h e  i s e n t r o p i c  e f f i c i e n c y ,  I . h r ,  n P t  
work i s  approximated by a p p l y i n g  t h e  t u r b i n e  P f f i c i e n c v  
t o  t h e  a v a i l a b l e  energy i n  the  g e o f l u i d  niinlts t h r  
i r r e v e r s i b i l i t i e s  i n  t h e  hea t  t r a n s f e r  processes. 

F i g u r e  2 shows t h e  performance r e s u l t s  f o r  t h i s  system 
f o r  d i f f e r e n t  maximum resource  temperatures.  Each l o s s  
o r  i r r e v e r s i b i l i t y  i s  expressed as a f r a c t i o n  o r  t h r  
a v a i l a b l e  energy o f  t h e  g e o f l u i d .  ( I n  t h i s  case \ : i t t i  no 
r e s t r i c t i o n  on g e o f l u i d  o u t l e t  temperature,  il was 
assumed t h a t  t h e  g e o f l u i d  c o u l d  be veduced t o  ambient 
t empera tu re . )  These r e s u l t s  a re  f o r  a i t r i i form 
temperature d i f f e r e n c e  i n  b o t h  hea t  exchangers o f  10 "F .  
That i s ,  t h e  p i n c h  p o i n t  and t h e  log  mean temperature 
d i f f e r e n c e  a re  each 10 O F .  A t  lower  r r s o u r c e  
temperatures t h e  f r a c t i o n  o f  t h e  a v a i l a b l e  l o s s  due t o  
hea t  exchange inc reases ,  i n d i c a t i n g  t h a t  s m a l l e r  p inch  
p o i n t s  would be j u s t i f i e d  f o r  lower  tempcirature 
resources .  Note t h a t  t h e  condenser i r r e v e r s i b i l i t y  i s  
l a r g e r  than t h e  h e a t e r  i r r e v e r s i b i l i t y  because t h e  hea t  
exchange f l u i d  temperatures a re  c l o s e r  t o  To as exp la ined  
i n  a p r e v i o u s  s e c t i o n .  T h i s  would i n d i c a t e  t h e  
e f f e c t i v e n e s s  o f  l ower  p i n c h  p o i n t s  i n  t h e  condenser than  
i n  t h e  h e a t e r .  B l i e m  (1989a) has exp lo red  t h i s  p o i n t  
from a c o s t - e f f e c t i v e n e s s  p o i n t  f o r  t h e  s u p e r c r i t i c a l  
Rankine c y c l e .  When t h e  i r r e v e r s i b i l i t i e s  a r e  no rma l i zed  
wi th respec t  t o  t h e  hea t  source decrease i n  a v a i l a b l e  
energy and a re  s u b t r a c t e d  f rom u n i t y ,  t h e  second law 
e f f i c i e n c y  ( n e t  p l a n t  work d i v i d e d  by t h e  a v a i l a b l e  the  
e f f i c i e n c y  v a r i e s  from about 65 t o  75% depending on 
energy i n  t h e  g e o f l u i d )  remains. For  t h i s  system,the 
resource  temperature f o r  t h i s  LMTD and r o t a t i n g  
machinery e f f i c i e n c y .  

I n  many cases, t h e  minimum temperature t o  which t h e  
g e o f l u i d  can be coo led  i s  l i m i t e d  by concerns over  
d e p o s i t i o n  o f  s i l i c a .  For  t h i s  case, t h e  minimum 
g e o f l u i d  o u t l e t  temperature i nc reases  as t h e  resource  
temperature i nc reases .  F igu res  3 and 4 d e p i c t  t h i s  case 
w i t h  a s i n g l e  h e a t e r  and s i n g l e  condenser. Here t h e  
temperature d i f f e r e n c e  i n  t h e  h e a t e r  i s  n o t  u n i f o r m .  
There fo re ,  t h e  temperature d i f f e r e n c e  on t h e  h o t  end o f  
t he  hea te r  i s  changed t o  o b t a i n  LMTD's o f  The 
n e t  p l a n t  second l a w  e f f i c i e n c y  w i t h  t h i s  r e s t r i c t i o n  w a s  
between 55  and 60%. The h e a t e r  i r r e v e r s i b i l i t y  i s  
i nc reased  ove r  t h e  case w i t h  no l i m i t .  The breaks i n  the  
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F i g .  3 "Unobtainium" Cycle w i t h  Cons t ra ined  O u t l e t  

curves i n  F i g u r e  4 r e s u l t  f rom t h e  f a c t  t h a t  a t  l ow  
temperatures t h e r e  i s  no l i m i t  and t h e  l i m i t  temperature 
i nc reases  as t h e  resource  temperature i nc reases .  ( A t  
resource  temperatures l ower  t h a t  280 O F ,  t h e  r e s u l t s  a re  
t h e  same as i n  F i g u i c  2 . )  

I n  t h e  case o f  a r e s t r i c t e d  minimum g e o f l u i d  
temperature,  adding i n t e r n a l  r e c u p e r a t i o n  a l l o w s  t h e  
h e a t e r  i r r e v e r s i b i l i t y  t o  be decreased s u b s t a n t i a l l y  
(a1 though t h e r e  i s  an added i r r e v e r s i  b i  1 i ty  assoc ia ted  
w i t h  t h e  r e c u p e r a t i v e  hea t  t r a n s f e r . )  These r e s u l t s  have 
been shown by Demuth and Kochan (1982) f o r  a Rankine 
c y c l e  u s i n g  t u r b i n e  exhaust t o  r e c u p e r a t i v e l y  hea t  t h e  
work ing  f l u i d .  F i g u r e  5 shows a schematic d iagram o f  
such a system. Another  r e c u p e r a t i v e  scheme used i n  
u t i l i t y  steam p l a n t s  i s  feedwater  h e a t i n g  w i t h  steam b l e d  
f r o m  i n t e r m e d i a t e  t u r b i n e  s tages.  Demuth and Kochan 
(1982)  cons ide red  t h i s  method o f  r e c u p e r a t i o n  b u t  found 
i n  genera l  r e s u l t s  were no b e t t e r  t han  w i t h  the  t u r b i n e  
exhaust  r e c u p e r a t i o n  which i s  somewhat l e s s  complex. 

F i g u r e  6 shows t h e  temperature en tha lpy  (hea t  d u t y )  
d iagram f o r  an "unobta in ium" c y c l e  w i t h  i n t e r n a l  
r e c u p e r a t i o n .  The h o t  "unobta in ium" i n  t h e  r e c u p e r a t o r  
would  come f rom the  expansion process say as ho t  t u r b i n e  
exhaust o r  a smal l  t u r b i n e  b leed  stream. Th is  hea t  i s  

Temperature. 
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F i g .  4 E f f i c i e n c y  o f  "Unobtainium" Cycle w i t h  
Cons t ra ined  O u t l e t  Temperature. 

Coolant 

F i g .  5 Recuperated Rankine Cycle.  

used t o  p e r f o r m  enough p r e h e a t i n g  o f  t h e  work ing  f l u i d  t o  
g i v e  an i d e a l  match o f  h e a t i n g  and c o o l i n g  curves i n  t h e  
h e a t e r .  The match i n  t h e  r e c u p e r a t o r  may n o t  be as good. 
For  t h i s  a n a l y s i s ,  t h e  temperature d i f f e r e n c e  a t  t h e  h o t  
end o f  t h e  r e c u p e r a t o r  i s  ad jus ted  t o  m a i n t a i n  a 10oF 
LMTD. 

F i g u r e  7 shows t h e  performance r e s u l t s  f o r  t h e  
recupera ted  c y c l e  w i t h  a g e o f l u i d  o u t l e t  temperature 
l i m i t .  Here, aga in  t h e  CMTD f o r  each exchanger i s  10 O F  

and the  r o t a t i n g  machinery i s e n t r o p i c  e f f i c i e n c y  i s  85%. 
Note t h a t  t he re  i s  an added l o s s  f o r  t h i s  system, t h e  
r e c u p e r a t o r  i r r e v e r s i b i l i t y .  However, Demuth and Kochan 
(1982) showed t h a t  t he  h e a t e r  and condenser 
i r r e v e r s i b i l i t i e s  a r e  decreased g i v i n g  approx ima te l y  t h e  
same second l a w  p l a n t  e f f i c i e n c y  as f o r  t h e  case w i t h  no 
o u t l e t  temperature r e s t r i c t i o n .  The r e c u p e r a t o r  takes 
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F i g .  7 E f f i c i e n c y  o f  Recuperated "Unobtainium" 
Cycle w i t h  Cons t ra ined  O u t l e t  Temperature. 

some o f  t h e  h e a t i n g  d u t y  f rom t h e  h e a t e r  and some o f  t h e  
hea t  r e j e c t i o n  d u t y  f rom t h e  condenser. (Compare the  
h e a t e r  and condenser i r r e v e r s i b i l i t i e s  i n  F i g u r e  2 w i t h  
t h e  hea te r ,  condenser and r e c u p e r a t o r  i r r e v e r s i b i l i t y  i n  
F i g u r e  7 . )  Genera l l y ,  t h e  second law e f f i c i e n c y  v a r i e s  
f rom 65 t o  75% depending on t h e  resource  temperature.  

ADVANCED SYSTEM PERFORMANCE 

How c l o s e  do t h e  l a t e s t  advanced c y c l e s  approach t h e  
maximum p l a n t  e f f i c i e n c y  d e f i n e d  i n  t h e  p rev ious  s e c t i o n ?  
F i r s t ,  t h e  systems w i t h  l i m i t e d  g e o f l u i d  o u t l e t  
temperature w i l l  be cons ide red .  The reason f o r  t h i s  i s  
t h a t  most o f  t h e  systems which have been op t im ized  f o r  
o p e r a t i o n  under t h i s  c o n s t r a i n t .  Then, t h e  T r i l a t e r a l  
c y c l e  and t h e  Heat Cyc le  concept  o f  t u r b i n e  expansion 
" through- the-dome' '  (See Demuth (1983) . )  w i l l  be 
cons ide red  f o r  cases i n  which t h e r e  i s  no c o n s t r a i n t  on 
o u t l e t  temperature.  

Cons t ra ined  o u t l e t  temaerature 
I n  many geothermal a p p l i c a t i o n s ,  t h e  o u t l e t  

temperature o f  t h e  source f l u i d  i s  l i m i t e d  t o  some 
minimum v a l u e  by s i l i c a  p r e c i p i t a t i o n  c o n s i d e r a t i o n s .  
Three a c t u a l l y  proposed systems s u b j e c t  t o  such a 
c o n s t r a i n t  a r e  cons ide red  t o  i l l u s t r a t e  t h e  methods which 
use r e a l  f l u i d s  t o  approach t h e  behav io r  o f  
"unobta in ium".  A s u p e r c r i  t i c a l  Rankine c y c l e  w i t h  
exhaust gas r e c u p e r a t i o n  and a K a l i n a  System 12 a r e  
d iscussed i n  some d e t a i l  and t h e  Poly thermal  Technologies 
Low Temperature Energy System i s  a l s o  d iscussed,  b u t  n o t  
t o  t h e  same degree because t h e r e  i s  l e s s  i n  t h e  
l i t e r a t u r e  concern ing  s p e c i f i c  s t a t e - p o i n t  d a t a . S t a t e  
p o i n t s  f o r  t h e  s u p e r c r i t i c a l  Rankine c y c l e  and t h e  K a l i n a  
System 12 a r e  g i v e n  i n  Reference 13 where t h e  two systems 
a r e  compared under t h e  same assumptions. K a l i n a  and 
L e i b o w i t z  (1989) g i v e  a more d e t a i l  on i n d i v i d u a l  
processes i n  t h e  K a l i n a  System and t h e  s u p e r c r i t i c a l  
Rankine c y c l e  i l l u s t r a t e d  here i s  d iscussed i n  e a r l i e r  
work f rom t h e  Heat Cyc le  Research program (See Demuth 
(1981) and Demuth and Kochan (1982) ) .  

The p a t h  pursued i n  t h e  Heat Cyc le program has been t o  
use a Rankine c y c l e  as d e p i c t e d  i n  F i g u r e  5 and 
approx ima t ing  t h e  near  l i n e a r  h e a t i n g  cu rve  o f  work ing  
f l u i d  by o p e r a t i n g  a t  p ressu res  above t h e  c r i t i c a l  p o i n t .  
The use o f  a m i x t u r e  a l l o w s  f o r  c r i t i c a l  p ressu res  and 
temperatures t o  be matched w i t h  t h e  g i v e n  resource  
maximum temperature and remain a t  moderate pressures ( f o r  
example below t h e  r a t i n g  f o r  600 p s i  f l a n g e s ) .  
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F i g .  8 T e m p e r a t u r e - E n t h a l p y  D i a g r a m  f o r  

F i g u r e  8 show a tempera tu re -en tha lpy  p l o t  f o r  t h e  hea t  
exchange processes o f  t h e  c y c l e .  Th is  r e p r e s e n t a t i o n  i s  
used r a t h e r  than t h e  e x e r g e t i c  t empera tu re -en tha lpy  
because i t  i s  more f a m i l i a r  t o  des igne rs .  I f  t h e  
e x e r g e t i c  temperature had been used, t h e  area bet,ween 
curves would be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  hea t  
t r a n s f e r  i r r e v e r s i b i l i t y .  I n  t h i s  diagram, as d iscussed 
i n  t h e  background s e c t i o n ,  a temperature d i f f e r e n c e  a t  
t h e  h o t  end o f  t h e  h e a t e r  rep resen ts  app rox ima te l y  h a l f  
t he  i r r e v e r s i b i l i t y  o f  t h e  same temperature d i f f e r e n c e  i n  
t h e  condenser because o f  t h e i r  r e l a t i o n  t o  To. Note t h a t  
t h e  l a r g e s t  temperature d i f f e r e n c e s  a re  near  the  h o t  and 
c o l d  ends o f  t h e  h e a t e r .  The en tha lpy  change o f  the 
condenser i s  l i n e d  up w i t h  t h e  h e a t e r  because the  
d i f f e r e n c e  i n  hea t  t r a n s f e r r e d  i s  t h e  n e t  work f o r  t he  
c y c l e .  The temperature d i f f e r e n c e  i n  t h e  condenser i s  
p r a c t i c a l l y  c o n s t a n t .  T h i s  i s  a r e s u l t  o f  u s i n g  a 
m i x t u r e  f o r  a work ing  f l u i d  and a c h i e v i n g  i n t e g r a l  
condensat ion i n  c o u n t e r c u r r e n t  f l o w .  The r e c u p e r a t o r ,  
which hea t  t h e  work ing  f l u i d  by u s i n g  t u r b i n e  exhaust i s  
r e l a t i v e l y  smal l  and t h e  temperature d i f f e r e n c e  i s  n e a r l y  
cons tan t .  The p r i m a r y  i n e f f i c i e n c y  i s  t h e  l a r g e  
temperature d i f f e r e n c e  near  t h e  c o l d  end o f  t h e  h e a t e r .  
Another  advanced system o p e r a t i n g  under t h e  same 
c o n s t r a i n t s  i s  t h e  K a l i n a  System 12. F i g u r e  9 shows a 
schematic d iagram o f  t h i s  system. Th is  system was 
u n v e i l e d  i n  January 1989 and Exergy, I n c .  has, s i n c e  t h a t  
t ime ,  developed a newer system which w i t h  h i g h e r  
performance and more c o m p l e x i t y  which might  be d e s i r a b l e  
f o r  a l a r g e  i n s t a l l a t i o n .  The K a l i n a  system uses a 
m i x t u r e  o f  wa te r  and ammonia f o r  a work ing  f l u i d .  
Because t h e  work ing  f l u i d  becomes wet as i t  expands, a 
rehea t  s tage and second t u r b i n e  a r e  r e q u i r e d .  F ig t t re  10 
shows a tempera tu re -en tha lpy  d iagram f o r  t h i s  system. 
Note t h a t  because the  superheater  and r e h e a t e r  hea t  t h e  
work ing  f l u i d  through a s i m i l a r  temperature range, 

S u p e r c r i t i c a l  Rankine Cycle.  
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F i g .  9 K a l i n a  System 12 

i r r e v e r s i b i l i t i e s  a r e  min imized by s p l i t t i n g  t h e  g e o f l u i d  
f l o w  between these u n i t s .  ( T h i s  i s  t h e  r i g h t m o s t  p a r t  o f  
t h e  f i g u r e .  Note t h a t  t h e  i n d i v i d u a l  hea t  exchangers a re  
i d e n t i f i e d  on b o t h  f i g u r e s . )  The i n i t i a l  v a p o r i z a t i o n  o f  
t h e  work ing  f l u i d  i s  s p l i t  between t h e  g e o f l u i d  i n  HE-3 
and t u r b i n e  exhaust  i n  H E - 5 .  (The d i s c o n t i n u i t y  i n  s lope  
o f  t h e  h e a t i n g  cu rve  o f  t h e  work ing f l u i d  i s  a r e s u l t  o f  
t h e  f l o w  s p l i t . )  Th i s  i s  necessary t o  m a i n t a i n  smal l  
temperature d i f f e r e n c e s  i n  HE-5 w h i l e  a v o i d i n g  a 
temperature p i n c h  i n  HE-3. Again t h e  condenser i s  l i n e d  
up w i t h  t h e  e x t e r n a l  h e a t e r  t r a i n  a n d  the  n e t  work i s  
shown as t h e  d i f f e r e n c e  between t h e  heat  t r a n s f e r  i n  and 
o u t .  

Comparing F i g u r e s  8 and 10 show t h a t  t h e r e  i s  l i t t l e  
d i f f e r e n c e  i n  hea t  exchange i r r e v e r s i b i l i t y  between t h e  
two systems. Temperature d i f f e r e n c e s  i n  t h e  h e a t i n g  
processes a r e  s i m i l a r  f o r  t h e  two systems. I n  t h e  System 
12, more o f  t h e  h e a t i n g  d u t y  i s  done r e c u p e r a t i v e l y ,  t o  
a v o i d  temperature p i n c h  a t  t h e  c o l d  end o f  t h e  hea te r .  
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  p e r  u n i t  o f  work produced 
approx ima te l y  25% more hea t  i s  t r a n s f e r r e d  i n  t h e  System 
12 than  i n  t h e  s u p e r c r i t i c a l  Rankine system. T h i s  does 
n o t  a u t o m a t i c a l l y  i n d i c a t e  a l a r g e r  hea t  exchanger area 
because t h e  hea t  t r a n s f e r  c o e f f i c i e n t s  may be d i f f e r e n t  
enough t o  o f f s e t  t h e  increased hea t  l o a d  f o r  
r e c u p e r a t i o n .  

The o t h e r  system which was des igned f o r  a hea t  source 
w i t h  a r e s t r i c t e d  o u t l e t  temperature,  desc r ibed  i n  
Saulson and Rosenb la t t  (1989), i s  t h e  Low Temperature 
Engine System ( L T E S ) .  Th i s  system c o n s i s t s  o f  t h r e e  
separa te  subsystems: r e c e i v i n g  p r imary  hea t  f rom t h e  
hea t  source i s  a h e a t - d r i v e n  hea t  primp (hea t  a m p l i f i e r )  
which produces a s i n k  below ambient temperature,  a 
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F i g .  10 Temperature-Enthalpy Diagram f o r  K a l i n a  
System 12. 
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F ig .11  Low Temperature Energy System and 
S u p e r c r i t i c a l  Rankine Cycle.  

Rankine c y c l e  hea t  engine which a l s o  rece ives  hea t  f rom 
t h e  hea t  source as w e l l  as f rom t h e  heat pump and r p j e c t s  
hea t  t o  ambient and t o  a second hea t  engine,  and a second 
Rankine c y c l e  which r e c e i v e s  hea t  around 
ambient temperature and r e j e c t s  hea t  t o  t h e  hea t  pump 
below ambient. The hea t  pump proposed i s  an 



ammonia-water a b s o r p t i o n  system. F i g u r e  11 shows t h i s  
system s c h e m a t i c a l l y  a long  w i t h  a s u p e r c r i t i c a l  Rankine 
c y c l e  f o r  t h e  same s e r v i c e .  The arrows w i t h i n  t h e  boxes 
r e p r e s e n t  i n t e r n a l  r e c u p e r a t i o n  w i t h i n  t h e  i n d i v i d u a l  
c y c l e s .  The numbers r e p r e s e n t  energy f l o w s  f o r  a n e t  
work o u t p u t  o f  one energy u n i t .  N o t i c e  again,  t h a t  t h e r e  
i s  a l a r g e  amount o f  r e c u p e r a t i v e  hea t  t r a n s f e r  f o r  t h e  
LTES compared w i t h  t h e  Rankine c y c l e .  

Uncons t ra ined  O u t l e t  Temoerature 
Some a p p l i c a t i o n s  have no c o n s t r a i n t  on t h e  hea t  

source o u t l e t  temperature.  The T r i l a t e r a l  c y c l e  i s  
proposed f o r  a h o t  d r y  r o c k  power p l a n t  by t h e  U n i t e d  
Kingdom, Department o f  Energy (1988).  F i g u r e  12 shows 
t h e  c y c l e  on a tempera tu re -en t ropy  diagram. The c y c l e  
c o n s i s t s  o f  h e a t i n g  a l i q u i d  t o  i t s  b o i l i n g  p o i n t  
(somewhat below i t s  c r i t i c a l  p o i n t )  and then  expanding i t  
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F i g .  12 The T r i l a t e r a l  Cyc le.  
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F i g .  13 The S u p e r c r i t i c a l  Rankine w i t h  Expansion 
" T h rough - t he - Vapor - Dome " . 

th rough  t h e  two-phase r e g i o n  t o  vapor  a t  t h e  condenser 
p ressu re .  T h i s  i s  p o s s i b l e  w i t h  f l u i d s  w i t h  re t rc igrade 
s a t u r a t e d  vapor  l i n e s  ( t h a t  i s ,  s a t u r a t e d  vapor l i nes  i n  
which t h e  en t ropy  decreases as t h e  temperature decreases) 
such as butane and t h e  h e a v i e r  hydrocarbons. 

An a l t e r n a t i v e  scheme was proposed by Demrith (1983) 
which i n v o l v e s  t h e  use o f  a s tandard s u p c r c r i  t i r d l  
Rankine c y c l e  i n  which t h e  f l u i d  i s  heated pas t  I.hc 
c r i t i c a l  temperature and then  expanded through t h e  t.wo- 
phase r e g i o n  t o  e s s e n t i a l l y  s a t u r a t e d  vapor a t  t h e  
t u r b i n e  o u t l e t  s t a t e .  F i g u r e  13 shows t h i s  c y c l e  which 
a l s o  r e l i e s  on a work ing  f l u i d  w i t h  a r e t r o g r a d e  
s a t u r a t e d  vapor  l i n e .  Demuth concluded t h a t  t he  vapor  
expanded through t h e  t u r b i n e  would s t a y  i n  a metastable 
s t a t e  and t h a t  condensat ion would n o t  occu r .  Th i s  Fact. 
i s  be ing  i n v e s t i g a t e d  w i t h  n o z z l e  t e s t s  a t  t h e  Heat Cyc le 
Research F a c i l i t y .  

F i g u r e  14 shows t h e  temperature en tha lpy  d iagram f o r  
t h e  two c y c l e s .  Note t h a t  t h e  T r i l a t e r a l  c y c l e  has l ower  
i r r e v e r s i b i l i t i e s  a t  t h e  h i g h e r  temperatures w h i l e  tho  
S u p e r c r i t i c a l  Rankine c y c l e  has l ower  i r r e v e r s i b i l i t i e s  
a t  t h e  l o w e r  temperatures and d u r i n g  hea t  r e j e c t i o n .  The 
l a t t e r  a l s o  takes  more heat  f rom t h e  source f l u i d .  The 
r e s u l t  i s  a 3% improvement i n  performance f o r  t h e  
S u p e r c r i t i c a l  Rankine c y c l e  ove r  t h e  T r i l a t e r a l  c y c l e .  

The p r i m a r y  r e s u l t  o f  t h i s  s tudy  i s  t h a t  t h e r e  i s  a 
p r a c t i c a l  limit t o  t h e  p l a n t  performance. I n  a d d i t i o n ,  
i t  i s  shown t h a t  many o f  t h e  advanced systems a r e  
approaching t h i s  l i m i t .  Each system has advantages and 
d isadvantages.  The power p l a n t  des igne r /ope ra to r  must 
weigh these  advantages and d isadvantages and i n  
combi na t i on w i t h  economic and s i  t e - s p e c i  f i c  c o n s t r a i n t s ,  
and s e l e c t  t h e  power system which b e s t  meets t h e  
requ i remen ts  f o r  t h a t  a p p l i c a t i o n  

CONCLUSIONS 

F i g u r e  15 summarizes t h e  second l a w  e f f i c i e n c i e s  f o r  
t hese  systems a long  w i t h  es t ima tes  f rom References 7 and 
8 f o r  f l a s h  steam p l a n t s  and f o r  a p l a n t  w i t h  t h e  Heber 
B i n a r y  technology a t  a s l i g h t l y  h i g h e r  resource  
temperature.  The t h e o r e t i c a l  curves a r e  f o r  hea te r  
LMTD's between 12 and 16 "F; condenser LMTD's between 8 
and 10 OF and r e c u p e r a t o r  LMTD's 12 t o  13 OF. W i t h i n  
these ranges, t h e  r e s u l t s  do n o t  change n o t i c e a b l y .  T h i s  

Supercritical Rankine Cycle 

Trilateral Cycle 350 
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F i g .  14 Comparison between Cycles wit,h No Minimum 
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