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ABSTRACT 

The a d d i t i o n  o f  p r o v e n  a b s o r p t i o n  
r e f r i g e r a t i o n  hardware t o  w e l l  known b i n a r y  c y c l e  
t e c h n i q u e s  produces s i g n i f i c a n t  gains i n  energy 
c o n v e r s i o n  e f f i c i e n c y .  The improved geothermal 
power generation cyc le  i s  described. When compared 
t o  a modern dua l - f lash  steam p lan t ,  i t  shows a 
24.3% increase i n  ne t  output  f o r  t h e  same b r i n e  
flow. Cooling load per kW i s  reduced by 32.4%. 
F u r t h e r  improvements i n  ne t  output  and cos t  are 
expected as the  system i s  optimized. 

INTRODUCTION 

Improvements i n  energy conversion technology 
c o u l d  expand New Hor izons  o f  geothermal power. 
H i g h e r  e f f i c i e n c y  and r e d u c t i o n s  i n  c o o l i n g  
requirements would both prov ide welcome add i t ions  
t o  expand t h e  a p p l i c a t i o n  o f  geothermal power. 
Such improvements w i l l  i n c r e a s e  t h e  economic 
development o f  e x i s t i n g  and p o t e n t i a l  geothermal 
resources--for conventional geopressured, and ho t  
d r y  rocks .  T h i s  paper  d e s c r i b e s  an improved 
geothermal power generation cyc le  and equipment t o  
s i g n i f i c a n t l y  enhance t h e  v i a b i l i t y  o f  geothermal 
power . 

BACKGROUND 

Geothermal energy conversion systems use steam 
o r  hydrocarbons as the  working f l u i d .  Condensers 
are a i r  cooled o r  l i q u i d  cooled w i t h  the waste heat 
u s u a l l y  r e j e c t e d  t o  a i r  i n  a coo l ing  tower. Both 
media types are a f fec ted  by ambient temperature- 
steam t o  a minor extent, hydrocarbon based systems 
s i g n i f i c a n t l y .  

A steam system i s  l i m i t e d  by the  inherent  
p r o p e r t i e s  o f  steam. The l o w e s t  condensing 
temperatures obta inable are c o n t r o l l e d  by r e a l i s -  
t i c a l  l y  achievable vacuum l e v e l s  i n  the  condenser. 
F o r  a vacuum l e v e l  o f  2 - 1 / 2 "  Hg.abs., t h e  
condensing temperature i s  l i m i t e d  t o  approximately 
109OF. Ambient temperatures lower than the  design 
p o i n t  w i l l  produce r e l a t i v e l y  minor changes i n  ne t  
power output  as the coolant  f l o w  i s  reduced and 
cool ant  pump power decreased. 

On t h e  o t h e r  hand, a i r  cooled hydrocarbon 
systems can show s i g n i f i c a n t  increases i n  power as 
ambient temperatures are reduced dur ing d a i l y  and 
annual cycles. With a f i xed  resource temperature, 
the  lower condenser temperature permits a h igher  
output from the hydrocarbon tu rb ine  wh i le  reducing 
the percentage o f  the  resource input  converted t o  
waste heat. 

I n  a d d i t i o n  t o  na tura l  c y c l i c  v a r i a t i o n s  i n  
condenser temperature, many attempts have been made 
t o  a r t i f i c i a l l y  reduce condenser tempera ture .  
These inc lude the use o f  off-peak thermal storage 
and t h e  vapor izat ion o f  l i q u i d  na tura l  gas f u e l  i n  
the condenser. L i k e  the na tura l  c y c l i c a l  tempera- 
t u r e  d i f ferences c i t e d  above, these are "batch" o r  
i n t e r m i t t e n t  processes. 

Using "stand alone" r e f r i g e r a t i o n ,  attempts t o  
l i n k  a r t i f i c i a l  r e f r i g e r a t i o n  w i t h  power generation 
have fa i led .  The system losses are greater  than * 

any p o t e n t i a l  gain i n  output  power. Such "stand 
alone" systems inherent ly  v i o l a t e  the Second Law o f  
Thermodynamics. 

One o f  the authors (J.H.R.) recognized t h a t  
when r e f r i g e r a t i o n  heat losses are captured and f e d  
back i n t o  a b i n a r y  cycle, gains i n  t o t a l  c y c l e  
e f f i c i e n c y  are made. Using e x i s t i n g  absorpt ion 
r e f r i g e r a t i o n  (AR) technology and pass-thru heat 
t e c h n i q u e s  i n  a coup led  c y c l e ,  a new improved 
energy conversion cyc le  was developed. This  new 
system passed thermodynamic review and met t h e  
r e q u i r e m e n t s  o f  t h e  F i r s t  and Second Laws of 
Thermodynamics. U.S. and f o r e i g n  patent  coverage 
has been obtained. This energy conversion system 
represents a l'breakthrough" i n  th ink ing,  but  no t  i n  
hardware. Ex is t ing,  proven hardware i s  used. The 
components achieve s i g n i f i c a n t l y  improved r e s u l t s  
wi thout  the  r i s k s  o f  unproven technology. 

T h i s  p a p e r  d e s c r i b e s  an example of t h e  
improved energy conversion c y c l e  and compares i t  t o  
a cur ren t  dual -f 1 ash p l a n t  . 
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EXAMPLE CYCLE AND RESULTS 

For comparison, a modern dual - f lash p l a n t  has 
been used as a reference. It has t h e  parameters 
l i s t e d  i n  Tab le  I. The example system uses 
i d e n t i c a l  b r i n e  source and r e i n j e c t i o n  condit ions. 

TABLE I 

Dual-Flash Reference Plant  Parameters 

Br ine Source: 4.65.106 lbs./hr. 
Two phase f l o w  -- 13% steam, 87% l i q u i d  
150 ps ia  a t  450'F. 

Br ine Return: Re in jec t  a t  2 200'F. a t  135 psia. 

Gross Power Produced: 60 MW 
Less: Tota l  p a r a s i t i c  load 5 

Net Power: rn 
Waste Heat: 255.58 btu/ lb .  b r i n e  

20,769 btu/gkW 

Figure 1 shows a block diagram o f  the  example 
system. The l e f t  hand shaded area  c o n t a i n s  
elements which are normal ly  inc luded i n  o f f - the-  
s h e l f  packaged a b s o r p t i o n  r e f r i g e r a t i o n  un i ts .  
Absorption r e f r i g e r a t i o n  i s  a 100-year o l d  we l l -  
proven technology which u t i l i z e s  low grade heat 
i n p u t  t o  generate below-ambient temperatures. An 
AR system i s  e s s e n t i a l l y  a c o l l e c t i o n  of heat 
exchangers and plumbing which i s  i n h e r e n t l y  very 
simple and r e l i a b l e .  Small AR u n i t s  have no moving 
p a r t s !  Larger  systems u t i l i z e  r e l a t i v e l y  small 
pumps which minimize p a r a s i t i c  power. 

The r i g h t  hand shaded area  o f  F i g u r e  1 
cons is ts  o f  elements normal ly  inc luded i n  conven- 
t i o n a l  b inary  systems. The elements added i n  the 
new system are: 

a) subambient turb ine,  
b)  subambient t u r b i n e  hydrocarbon b o i l e r  
c )  a second hydrocarbon pump 

Heat coming from the geothermal source i s  used 
t o  operate the two separate subsystems. A p o r t i o n  
o f  the heat energy dr ives  the  absorption r e f r i g e r a -  
t i o n  system t o  genera te  a v e r y  low condenser 
temperature--we1 1 below normal ambient. For the  
geothermal example presented herein, t h e  condenser 
o r  " S y n t h e t i c  Sink" temperature i s  -35'F. The 
balance of the resource heat i s  used t o  vaporize a 
hydrocarbon working f l u i d  as p a r t  o f  a b inary  power 
cycle. I n  cont ras t  t o  a conventional b inary  cycle, 
i n  t h i s  system a secondary hydrocarbon working 
f l u i d  i s  expanded down t o  and condenses a t  a 
temperature o f  -25'F. L i k e  conventional b inary  
systems, the  pr imary working f l u i d  i s  condensed a t  
ambient temperature. Waste heat from the AR system 
i s  passed through and used t o  preheat both working 
f l u i d s  before they enter  t h e  hydrocarbon bo i le rs .  
Heat i s  r e j e c t e d  e x t e r n a l l y  from the system a t  
ambient. 

Engineers from indus t ry  and academic i n s t i t u -  
t i o n s  have reviewed the  system and f i n d  t h a t  the  
concept i s  both f e a s i b l e  and f u l l y  compatible w i t h  
thermodynamic pr inc ip les .  I n  add i t ion ,  t h e  system 
has been v e r i f i e d  by the powerful Aspen PlusTM 
process flowsheet s imulat ion software [l]. 

One set  of operat ing c h a r a c t e r i s t i c s  f o r  the  
example system are shown i n  Table 11. Other sets  
w i l l  show even b e t t e r  performance. It should be 
n o t e d  t h a t  none o f  the  steam and i t s  ent ra ined 
p o l l u t a n t s  would be exposed t o  t h e  atmosphere, 
unless a p o r t i o n  of the steam were condensed t o  
prov ide makeup water f o r  the coo l ing  towers. 

TABLE I 1  

Improved Geothermal B inary Cycle P1  ant 
Example Parameters 

Br ine  Source: 4.65*106 lbs./hr. 
Two phase flow -- 13% steam, 87% l i q u i d  
150 p s i a  a t  450' F. 

Br ine  Return: Re in jec t  a t  2 200'F. a t  135 psia. 

Upper Hydrocarbon Turbine: 
Media: I sobutane 
Turbine Entry: 800 p s i a  8 320' F. 
Turbine Exhaust: 53 p s i a  8 90' F. 
Flow: 1.32 lbs./lb. b r i n e  

Lower Hydrocarbon Turbine: 
Media: Propane 
Turbine Entry: 800 p s i a  8 290' F. 
Turbine Exhaust: 22.9 p s i a  8 -25' F. 
Flow: 0.20 lbs./ lb. b r i n e  

Absorption Ref r igera t ion  Subsystem: 
320' F. Source Temperature 

Flow: 
Synthesized Condenser Temperature -35' F. 

0.062 lb .  NH3 / l b .  b r i n e  

Gross Power Produced: 83.21 MW 
Less: Tota l  Estimated P a r a s i t i c  Load 14.8 

Net Power: 68.37 MW 

Waste Heat: 239.35 btu/ lb .  b r i n e  
14,036 btu/gkW 

A comparison o f  t h e  two cyc les  i s  shown i n  
Table 111. Note t h a t  f o r  the same b r i n e  f low, t h i s  
example shows a ne t  bus bar output  improvement o f  
24.3% and a 32.4% reduc t ion  i n  waste heat  discharge 
per kW. Figure 2 shows t h a t  both systems s t a r t  
w i t h  t h e  same h e a t  i n p u t  and i l l u s t r a t e s  t h e  
s h i f t i n g  o f  thermal  energy f r o m  waste heat t o  
sa leable power. 
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TABLE I11 

Performance Compar i son 

Parameter 
Dual-Flash Improved Binary 
Reference Cycle Example Change Notes 

Gross Power Outpub-MW 

P a r a s i t i c  Power--MW 

Net P1 ant Output--MW 

60 83.21 +38 . 7 1 

5 14.8 +196% 2 

55 68.37 +24 . 3 3 

Waste Heat--btu/kW 20,769 14,036 -32 4% 4 

Notes: 1. Both examples use i d e n t i c a l  b r i n e  source and r e t u r n  condit ions. 

2. P a r a s i t i c  power i s  i n c r e a s e d  t h r e e - f o l d  p r i m a r i l y  due t o  hydrocarbon 

3. As shown, t h e  i n c r e a s e  i n  g r o s s  power more than o f f s e t s  t h e  h igher  

4. Reduced system coo l ing  load r e s u l t s  from the  increase i n  gross power. 

pumping. 

paras i  t i c s  . 
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16.03 btu/lb. 

F i g u r e  - 2  -- Comparat ive a l l o c a t i o n  o f  thermal 
energy i n  the  reference and improved p lants .  
Note t h a t  t o t a l  energy above 200°F. i s  t h e  
same i n  b o t h  cases. The add i t iona l  gross 
power o f  the improved b i n a r y  p l a n t  i s  o f f s e t  
by a corresponding reduc t ion  i n  waste heat. 

DISCUSSION 

A) Performance. The example described above 
shows the  ver.y s i c m i f i c a n t  increase o f  38.7% gross 
and 24.3% n e t  f iwer f o r  a f i x e d  b r i n e  f low.  
Although the  improvement i s  a l ready s t r i k i n g ,  the  
system has n o t  y e t  been optimized. Addi t ional  
cyc les are being calculated. This  example cyc le  i s  
b a s e d  on a 10" F. p i n c h  p o i n t  f o r  a l l  h e a t  
exchangers. It shows marked improvement over the  
prev ious ca lcu la t ions  both i n  increased output and 
reduced a r a s i  t i c  load.  Choice o f  hydrocarbon 
media [25, use o f  hydrocarbon m i x t u r e s  [3,4], 
c r o s s o v e r  temperature, and synthesized condenser 
t e m p e r a t u r e  a r e  j u s t  a few o f  t h e  items t o  be 
opt imized.  Fur ther  performance improvements are 
expected. C o s t / b e n e f i t  a n a l y s i s  w i l l  suggest 
a p p r o p r i a t e  t r a d e o f f s  between per formance and 
c a p i t a l  costs  f o r  a s p e c i f i c  s i t e .  Fur ther  r e s u l t s  
o f  t h e  op t im iza t ion  w i l l  be repor ted  a t  the  1988 
Geothermal Resources Counci 1 Annual Meeting. 

5 )  Cost. The t o t a l  cos t  o f  p l a n t  equipment 
f o r  t h e  new energy conversion system f o r  a given 
b r i n e  f l o w  w i l l  be greater  than t h e  cost  o f  the  
reference dual -f 1 ash p l a n t  . Scal i ng from pub1 i shed 
data [5-71, the  t o t a l  p l a n t  cos t  i s  est imated t o  be 
$10M, o r  17.8% higher  than the  reference. However, 
t h e  s i t e  c a p i t a l  cost  f o r  w e l l s  and p l a n t  equipment 
per kW w i l l  be reduced from $1,369 t o  $1,256 o r  by 
9 . 2 % 7  E f f e c t i v e  operat ing costs  over the  l i f e  o f  
t h e  p l a n t  w i l l  be r e d u c e d  b y  19.594 per  kW 
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regardless o f  whether t h e  b r i n e  i s  purchased from a 
thermal supp l ie r  o r  i f  the  we l ls  are maintained and 
replaced by the  s i t e  owner. Fur ther  op t im iza t ion  
i s  expected t o  improve the  r e l a t i v e  cos t  f igures.  

C )  I m  l i c a t i o n s .  The 24.3% per formance 

s i g n i f i c a n t  change i n  the  economical ly developable 
geothermal  resources. Many resources present ly  
thought t o  be unsui tab le may become economically 
feas ib le .  Present ly  marginal s i t e s  would become 
pro f i tab le .  The ne t  r e s u l t  would be t o  substan- 
t i a l l y  expand t h e  s i z e  o f  commerc ia l l y  v i a b l e  
resources i n  t h e  U.S. and.overseas. 

i n c r e a s e  * e s c r i b e  i n  t h i s  paper i n d i c a t e s  a 

CONCLUSIONS 

The improved geothermal c y c l e  described uses 
the  we1 1-proven o l d  technologies of b inary  cyc le  
t u r b i n e s  and a b s o r p t i o n  r e f r i g e r a t i o n .  I n  
compar ison t o  a modern d u a l - f l a s h  p l a n t ,  t h e  
example presented shows a 24.3% increase i n  ne t  
power output  f o r  a f i x e d  b r i n e  f low. Cooling load 
per kW i s  reduced by 32.4%. Tota l  c a p i t a l  costs  
a r e  reduced by 9% per kW whi le  operat ing costs  
should decrease by 19%. Fur ther  improvements are 
expected as a r e s u l t  of working f l u i d  and system 
opt imizat ion.  

A f t e r  c o m p l e t i o n  of t h e  n e x t  op t im iza t ion  
round, a small t o  medium scale p l a n t  i s  planned t o  
demonstrate actual  sys tem performance . 
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