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There are several features unique t o  t h e  
geopressure geotherma I resource which narrow 
t h e  range o f  power cyc le  a l te rna t ives .  
purpose o f  t h i s  paper i s  t o  describe t h e  thermo- 
dynamic and operat ing r e s t r i c t i o n s  which appear 
t o  favor the  app l ica t ion  o f  a superc r i t i ca l  
Rankine power cyc le  u t i  I i z i ng  propane f o r  the  
recovery of  thermal energy from t h e  geopressure 
geothermal resource. This power cyc le  can be 
integrated i n t o  a natural  gas recovery scheme 
t h a t  conserves reservo i r  pressure f o r  b r i ne  
disposal and produces gas a t  p i p e l i n e  pressure. 

The 

In t roduc t ion  

Several fac to rs  emerge w i th  regard t o  t h e  geo- 
pressure geotherma I resource a long the  Texas 
and Louisiana Gulf  Coasts t h a t  bound the  para- 
m e t r i c  search f o r  a thermal power cyc le  w i th  
hydrau l i c  energy u t i l i z a t i o n ,  and a gas recovery 
scheme. The b r ine  temperature i n  the  geopressure 
w i l l  i n  general be higher than 395'K (250'FI due 
t o  i t s  depth. The temperature w i l l  increase pre- 
d i c t a b l y  w i th  depth i n  the  Wilcox, F r i o  and Vicks- 
burg sands. In  t h e  Tuscaloosa trend, we l ls  over 
t h e  i n te rva l  from 18,000 t o  22,000 f e e t  w i l l  
provide b r ine  temperatures on the  order o f  505'K 
(450'F). 
expected i n  the  F r i o  and Wilcox sands of  i n te res t  
I n  t h e  p r inc ipa l  geopressure geothermal fairways 
w i l l  f a l l  between 411'K (28OOF) and 444OK (34OOF). 
Due t o  the  heating of upper rock formations, the  
bottomhole f l u i d  temperature w i l l  be asymptoti- 
c a l l y  approached w i th  t ime a t  t he  surface as the 
wel l  i s  produced. A t  t he  20,000 ba r re l s  per day 
product ion r a t e  expected, t he  b r i n e  surface flow- 
i ng temperature w i  I I approach bo t tmho  I e va I ues 
w i t h i n  IO'K i n  a few days. Any acceptable power 
p l a n t  design must operate throughout the  expected 
temperature range i f  construct ion standardizat ion 
i s  t o  be achieved. Natural gas recovery w i l l  be 
discussed only inso far  as it re la tes  t o  power 
p I a n t  des i gn cons i derat  i ons. 

The dominant temperature range t o  be 

Thermal Enerav Recoverv 

Rapid cool ing of t he  br ine  i s  des i rab le  as a means 
t o  i n  i b i t  scale formation and cor ros ion  a c t i v i t y .  

gas, coo l ing  p r i o r  t o  f i n a l  pressure reductlon 
As CO 9 i s  an in tegra l  component o f  t h e  so lu t ion  

2 w i l l  r e t a i n  some CO i n  so lu t ion  whi le s l i g h t l y  re- 
ducin 

i s  t he  primary heat exchanger fou l i ng  mechanism. 
Any C02 retained i n  the br ine  w i  I I reduce the  load 
on the  amine p l a n t  and may provide the  margin i n  a 
p i p e l i n e  gas spec i f i ca t i on  t o  avoid a requirement 
f o r  sweetening. Br ine cool ing p r i o r  t o  gas separa- 
t i o n  reduces the  load on the gas dehydration p l a n t  
and the  number o f  components required f o r  t he  sys- 
tem. Should b r i ne  cool ing become an economic neces- 
s i t y ,  the  incremental cost  o f  incorporating a power 
conversion scheme may make power production compet- , 
i t i v e .  The b r i n e  coo l ing  approach temperature i s  
an important f ac to r  t o  consider i n coo I i ng tower/ 
ambient heat exchanger select ion.  Once the b r ine  
has been cooled t o  340°K (15OoF), there  appears t o  
be l i t t l e  reason f o r  f u r the r  cool ing f o r  the  sake 
o f  disposal compat ib i l i t y .  By coo l ing  the b r ine  
t o  300'K (8OoF), a carbonate p rec ip i t a t i on  problem 
could occur as the  b r ine  i s  reheated by the natural  
geothermal g rad ien t  i n  the disposal formation. I f  
s i l i c a  Is present cool ing below 340°K (15OOF) can 
f a c i l i t a t e  p rec ip i t a t i on .  

Hyd,rau 1 i c Enerqy Recovery 

Pressure maintenance during br ine  cool ing i s  
necessary t o  provide s u f f i c i e n t  working pressure 
t o  cont ro l  f low through the  separator and t o  
en ter  t he  disposal wel l .  Hydraul ic energy 
u t i l i z a t i o n  may best begin w i th  conservation of 
pressure t o  minimize both gas compression and 
b r i n e  pumping horsepower. The hydraul ic energy 
i s  t he  f i r s t  energy component t o  be depleted a t  a 
constant wel l  f low rate.  Pressure Recovery equip- 
ment must operate i n  an isolated manner from the  
remainder o f  t h e  production equipment t o  f a c i l i -  
t a t e  i t s  ea r l y  decommissioning a t  one s i t e  and 
app l i ca t i on  a t  another. 

Ant ic ipated wellhead pressures w i l l  range from 
200 t o  600 bar. Many p ipe l ines  i n  the  Gulf Coast 
area operate a t /o r  below 80 bar. There are 
p r a c t i c a l  l i m i t a t i o n s  t o  working pressures t h a t  can 
be economically handled w i th in  standard industry 
p rac t ice .  As a general ru le ,  an ASME Steam Flange 
Rating o f  40 bar (600 p s i )  w i l l  a l low safe working 
pressures up t o  85 bar (1,250 p s i )  a t  422'K (30OOF). 
This  r a t i n g  i s  r e a d i l y  ava i lab le  i n  standard pro- 
cess design equipment. 
and separation should be ef fected above t h i s  value 

the  s o l u b i l i t y  o f  methane. The d isso lu t ion  
of CO 9 and subsequent formation of carbonate scale 

A f i r s t  stage o f  cool ing 
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t o  e l im ina te  requirements f o r  gas compression. A 
subsequent lower pressure stage of gas f l ash ing  
w i  I I  requ i re  a booster compressor t o  r e i n j e c t  the  
gas i n t o  the  raw gas stream from the  f i r s t  stage 
separator. The low pressure gas would be the  
preferred source f o r  p l a n t  f ue l .  

Thermal Power Generation 

Production wel l  spacings of  t h ree  ki lometers and 
s i n g l e  disposal wel l  operations f o r  each favor 
small air-cooled por tab le  power p lan ts  over the  
cen t ra l  s ta t i on  concept. Select ion of  a b inary  
cyc le  i s  t i e d  t o  o i l  and gas indus t ry  f a m i l i a r i t y  
w i th  gaol ine and l i q u i f i e d  petroleum gas product ion 
plants.  These are operated as semiattended u n i t s  
of t he  same physical s ize  contemplated f o r  a s i n g l e  
we l l  geopressure geothermal power plant.  The 
energy produced w i l l  be co l l ec ted  i n  an e l e c t r i c  
power g r i d  e l im ina t ing  the  need f o r  a hot b r i ne  
crathering system and a br ine  disposal system. 

Much of  t he  cur ren t  technical  l i t e r a t u r e  c i t e s  iso- 
butane as the  working f l u i d  of  choice i n  a Rankine 
cyc le  because of  i t s  cha rac te r i s t i c  behavior o f  ex- 
panding i sen t rop i ca l l y  from a saturated vapor s t a t e  
i n t o  superheat and low pumping requirements. The 
la rge r  the  pumping requirements f o r  a power cycle, 
t he  greater the  conversion losses of mechanical work 
w i t h i n  the  cycle. 
argument against superc r i t i ca l  Rankine power cycles.  
I f ,  however, the  thermodynamics of a superc r i t i ca l  
system are s u f f i c i e n t l y  superior, these d i f f i c u l -  
t i e s  can be overcome. Theoret jcal ly,  work appl ied 
t o  a power cyc le  i s  recoverable less the  energy 
dissipated by i ne f f i c i enc ies  i n  work conversion 
devices. There are three power cycles t h a t  may 
reasonably be considered f o r  b inary  power p l a n t  
operation. Schematic representations f o r  each 
of these fol lows so t h a t  a component-bycomponent 
comparison f o r  each power p l a n t  may be made. 

This has been the  t r a d i t i o n a l  

SUPERCRfTICAL CYCLE ’ 

GENERATOR 

SUBCRITICAL CYCLE 

SOBUTANE r 
1 

AIR-COOLED CONDENSER 

DOUBLE BOILING CYCLE 
BOLER 
n 

SOBUTANE H=mm I 
n 

I r u m r  

DESUPERHEATI 
GENERATOR 

AIR-COOLED CONDENSER AR-COOLED CONDENSER 
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An example was selected t o  compare the  superc r i t i -  
ca l  propane and subc r i t i ca l  isobutane cycles on 
u n i t  mass-for-unit mass basis. A common heat 
source was selected i n  the  form o f  a b r ine  stream 
cool ing uniformly frm 3OO0F t o  175OF (422'K t o  
353'K). A c loses t  temperature approach o f  IO'F 
(5.55'K) f o r  both cycles was chosen. For conven- 
ience, t he  enthalpy change f o r  each cyc le  was 
f i xed  a t  150 BTU/lbm (348.9 KJ/KG) f o r  each mater- 
i a l  and the  working pressure was a1 lowed t o  vary. 
A cmmon condenser temperature o f  125'F (325'K) 
was selected. The working pressure f o r  propane 
was se t  a t  1,000 psia (68 bar)  wh i l e  t h a t  f o r  iso- 
butane was computed t o  be 312.6 ps ia  (21.3 bar) .  
This unique se t  o f  condi t ions al lows f o r  an objec- 
t i v e  comparison of thermodynamic performance t o  a 
common heat source f o r  t he  selected cycles and 
working f l u ids .  Two versions o f  t h e  subc r i t i ca l  
Rankine cyc le  f o r  isobutane were considered. A 
simple s ing le  b o i l i n g  pressure cyc le  i s  used as 
the  base case whi le the  more e f f i c i e n t  double 
b o i l i n g  cyc le  i s  shown as we l l .  The mass f low 
r a t e  i-n the  high pressure cyc le  i s  66% t h a t  o f  
t he  t o t a l  f low through the  condenser t o  maintain 
the  IO'F (5.55OK) temperature approach i n  the  
heater . 

COMMON UNIT MASS-THERMODYNAMIC 
COMPARISON 

FOR ISOBUTANE/SUBCRITICAL 
AND PROPANE/SUPERCRITICAL 

RANKINE POWER CYCLES 

300 - 
422 
275 

408 
250 

- 
- 
394 

Y 
225 

; 200 
oe- 

366 
2 175 
w- a 352 

I=- 
338 
125 

325 

E 150 
PROPANE WOR 

- 
26 50 76 9 0 0  125 150 0 ------ 
60 116 174 232 288 348 

ENTHALPY ((BTU/LBM)/(K J/KG)) 

I t  i s  he lp fu l  t o  summarize the r e l a t i v e  
mer i ts  o f  each power cycle:  

Subcr i t i ca l  lsobutane Cycle Advantages 

I. lsobutane cyc le  operates a t  lower 
pressure resu I ti ng I n I ower equ i p- 
ment costs. 

2. I ne f f i c i enc ies  i n  convert ing sha f t  
work t o  pump work favor the  isobu- 
tane cycle, due t o  i t s  lower pump- 
i ng requ i rements. 

3. The log mean temperature d i f fe rence 
f o r  the  isobutane cycle i s  s l i g h t l y  
greater f o r  t he  same temperature 
approach d i f f e r e n t i a l  -- b o i l i n g  
heat t rans fe r  o f f e r s  advantages i n  
reduc i ng requ i red heat t rans fer  
surface area. 

Supercr i t i ca l  Propane Cycle Advantages 

I. 

2. 

3. 

4. 

The superc r i t i ca l  propane cyc le  
o f f e r s  a be t te r  theore t ica l  e f f i -  
ciency f o r  u t i l i z i n g  heat from a 
"sens i b I e heat" therma I resource 
such as geopressure brine. 

The equipment t o  execute the  super- 
c r i t i c a l  propane cyc le  i s  s impler 
i n  t h a t  t he  primary heat exchanger 
i s  an extended process feed heater 
(economizer). The two-phase heat 
exchanger, t he  m is t  extractor,  and 
the  cont ro l  system required i n  t h e  
subc r i t i ca l  system are el iminated. 

The condenser f o r  t he  s u b c r i t i c a l  
isobutane system w i l l  have both a 
I arger capaci t y  requ I rement than a 
comparable superc r i t i ca l  propane 
system and a desuperheater. 

The double b o i l i n g  cycle includes 
more complex cont ro ls  and compo- 
nents f o r  a small increase i n  
e f f i c i ency .  

The app l i ca t i on  o f  comparable power p l a n t  
component e f f i c i e n c i e s  t o  the power 
cycles do l i t t l e  t o  change the r e l a t i v e  
mer i t s  o f  t he  power cycles. 

The s h a f t  power required t o  d r i v e  t h e  feed 
pump may be transferred w i th in  the  cyc le  by 
use o f  an e l e c t r i c  d r i ve  t r a i n  w i t h  
e f f i c i enc ies  as fo l lows: 

EFFICIENCIES 

Generator w I ndage 
and bear I ngs 

E l e c t r i c  cables and motor 

92 % 

92 % 
Pump 95 k 
Ef f i c iency  product 80 $ 
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For purposes of i n t e r n a l l y  generating feed pump 
energy, t he  net penal ty t o  the  cycles can be 
calculated. 

PUMP WORK COMPARISON FOR EACH CYCLE 

SUPERCRITICAL SUBCRITICAL SUBCRITICAL 
PROPANE S 1 NGLE DOUBLE 

BO1 LING €301 LING 

BTU/ LBM BTU/ LBM BTU/ LEM 
KJIKG KJIKG KJJKG 

Pump 6. I 
Work 14.2 
(80% 
E f f . )  

Expan- 22.4 
der 52. I 
Work 
(80% 
E f f .  1 

16.3 Net 
Shaft 37.9 
Work 

7 

I .5 
3.5 
- 

13.6 
31.6 

2.3 
5.3 
- 

15.7 
36.5 

12. I 13.4 
28. I 31.2 

The energy consumption o f  t he  p l a n t  a u x i l i a r i e s  
i s  approximately the  same. 
cycle i s  superior t o  the  double b o i l i n g  cycle. 
I t  requires fewer heat exchangers w i th  a t o t a l  
area comparable t o  t h e  double b o i l i n g  cycle.  
The double i n l e t  t u rb ine  w i l l  be more expensive 
on a u n i t  capacity basis f o r  t he  double b o i l -  
ing cycle. A poss ib le  a l t e rna te  high pressure 
turbine-dr iven feed pump arrangement wou Id  be 
more cos t l y  and present the  same cont ro l  
d i f f i c u l t i e s .  The operat ion of a small compli- 
cated system w i  I I probably no t  be i n  concert 
w i th  the  s ing le  wel l  production scheme concept. 

The superc r i t i ca l  

The process heat exchanger f o r  b r i ne  t o  propane 
w i l l  be a s ing le  sec t ion  u n i t .  The isobutane ex- 
changer w i l l  have a comparable economizer sect ion 
t o  the  propane cyc le  and i n  add i t i on  an evaporator 
sect ion w i th  mis t  e l im ina tor .  The cos t  t rade i s  
between more heat t rans fe r  surface i n  a s ing le  
u n i t  o r  a smaller surface div ided between two u n i t s  
w i th  t h e i r  dup l i ca t i ve  cont ro ls .  
a l l  heat t rans fer  c o e f f i c i e n t s  ind ica te  the  t o t a l  
surface area requirements f o r  t he  cycles a re  com- 
parable. The p r inc ipa l  resistance t o  heat f low i n  
the  process heater w i l l  be on the  b r ine  side. In 
the  condenser, it w i l l  be on t h e  a i r  side. Mech- 
anical  s imp l i c i t y  favors the  superc r i t i ca l  cycle. 

Ranges f o r  over- 

The calculated ne t  improvement i n  cyc le  performance 
of the  double b o i l i n g  cyc le  over the  s i n g l e  b o i l i n g  
cycle i s  1 1 % .  For the  superc r i t i ca l  propane cyc le  
over the  s ing le  b o i l i n g  isobutane, t he  rovement 
was 35%. Calculat ions by 0. J.  Demuth o f  INEL 
c i t e d  i n  18% advantage f o r  double b o i l i n g  over 
s ing le  b o i l i n g  and 42% higher f o r  a 90% propane, 
IO% i sopentane supercr i t i ca I cyc I e over a s i ng I e 
b o i l i n g  isobutane cycle. The Demuth ca lcu la t ions  

( I Reference 2. pp 9- I I. 

were performed f o r  a 28OOF resource w i th  coo le r  
condenser condi t ions.  The dif ferences between the  
ca l cu la t i ons  i n  t h i s  paper and the  INEL study can 
be accounted fo r  by t h e  s l i g h t l y  d i f f e ren t  condenser 
and b o i l e r  condi t ions.  
of  performance remain cons is ten t  w i th  the  super- 
c r i t i c a l  cycles rated as approximately 20% super ior  
t o  double b o i l i n g  s u b c r i t i c a l  Rankine cycles.  

I 

l 

The r e l a t i v e  re la t ionsh ips  

A more complete p l a n t  energy balance can be develop- 
ed f o r  a hypothet ical  power p l a n t  u t i l i z i n g  a 4,396 
kWt ( I5  x IO6 BTU/hr) heat source based upon 
t h e  preceding example bu t  including p a r a s i t i c  loads. 

PLANT ENERGY BALANCE 

SUPERCRITICAL SUBCRITICAL SUBCRITICAL 
PROPANE S INGLE DOUBLE 

BO1 LING BO1 LING 
I SOBUTANE I SOBUTANE 

( kW) (kW) (kW) 

Gene ra  t o  r 59 I 3 59 415 
output 

Pump 117 
Power 
Requ i rement 

Condenser 47 
Fa n 
Power 

29 45 

50 50 

Auxi I i a r i e s  30 30 30 

POWER 397 2 50 290 
OUTPUT 

THERMAL 9.0 5.6 6.6 
EFF I C I ENCY 
( % I  

Br ine  Heat Source = 4396 kWt = I 5  x IO6 BTU/hr 

Carnot Cycle Therma I E f f i c i ency  - 17.56% 

Assumed Parameters : 
(Turbine Ef f i c iency  = 80%) 
(Generator 8 Windage = 90%) 
( E l e c t r i c  Motor E f f i c i ency  = 92%) 
(Pos i t i ve  Displacement Pump = 95%) 

A common basis economic comparison i s  he lp fu l  t o  
f u r t h e r  i l l u s t r a t e  the  fo l low ing  underlying po in t ,  
Economic Derformance i s  d i r e c t l v  l inked t o  thermo- 
dynamic performance. 
support t he  se lec t ion  o f  low vapor pressure f l u i d s  
has been ( 1 )  lower pumping costs (both c a p i t a l  and 
f u e l )  and (2) lower costs a t t r i b u t e d  t o  low pres- 
sure piping. 
ove r r i d ing  w i t h  regard t o  economics o r  good the r -  
modynamic design prac t ice .  

The ch ie f  arguments u s e d  t o  

These statements a re  t rue  bu t  no t  
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The fo l low ing  cost ana lys is  compares the  cycles 
on both a common energy balance basis and a common 
u n i t  cos t  basis fo r  cap i ta l  equipment. Due t o  the  
f a c t  t h a t  there are economies o f  scale f o r  t he  
propane feed pump and tu rb ine  generator set, some 
"rea I world adjusimentsV1 t o  the  cost comparison 
have been made. The u n i t  cos t  f o r  a two-stage 
t u r b i n e  w i l l  add t o  the  u n i t  p r i c e  f o r  t he  double 
b o i l i n g  cycle.  The p lan t  envisioned w i l l  be com- 
posed o f  shop fabr icated process skids w i t h  mini-  
mum f i e l d  assembly involved. 

PLANT COST ESTIMATE 

CAP I TAL 
EQU I P- PROPANE S INGLE DOUBLE 
MENT BO1 LING E301 LING 
ITEM I SOBUTAN I SOBUTANE 

SUPERCR IT 1 CAL SUBCR I T I CAL SI IBCR IT I CAL 

AC 
Condenser 

Br i ne/ 
L iqu id  
Hydrocarbon 
Exchanger 

801 l e r  
(Br ine  on 
tube s ide  
w i t h  m i s t  
e l im ina to r )  

Feed 
Pump 

Turbine 
Generator 

Skid 
Fabr ica t ion  

F i e l d  
Erect ion 

I90 

- 

70 

236 

I20 

60 

I70 I82 I74 

83 95 

69 90 

16 26 

95 250 

20 I 3 5  

60 60 

TOTAL 846 725 830 
PLANT COSTS 

PLANT 2,131 2,900 2,862 
UNIT 
CAPAC I TY 
COST 
( $  kW) 

The superc r i t i ca l  propane cyc le  w i l l  provide lower 
u n i t  c a p i t a l i z a t i o n  charges and a greater net cash 
f low t o  the  operator. The t o t a l  cap i ta l  required 
i s greater  f o r  t he  supercr i  t i c a  I propane cyc le  f o r  
a spec i f ied  resource. The incremental investment 
f o r  superc r i t i ca l  over the  subc r i t i ca l  p lan t  i s  

GOLDS BERRY 
very a t t r a c t i v e .  The cos t  of the  power system i s  
incidental  t o  t h e  ove ra l l  cos t  o f  d r i l l i n g  the 
we1 I s .  

For purposes of t h i s  analysis the  decision t o  add a 
low temperature power system i s  viewed as an incre- 
mental investment. I t  i s  an t ic ipa ted  t h a t  the  
f i r s t  decis ion t o  i n s t a l l  generation capacity w i l l  
be made t o  meet ons i te  power requirements f o r  long- 
term gas product ion operations. Cycle op t im iza t ion  
through parametric economic ca lcu la t ions  based upon 
a de ta i led  engineering design are beyond the  scope 
o f  t h i s  paper. However, t he  cap i ta l  cost  per u n i t  
output i s  t he  dominant economic fac to r  and f u r t h e r  
op t im iza t ion  studies w i l l  not  change the r e l a t i v e  
mer i ts  of t he  conclusions reached herein. 
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