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The Na t iona l  Pe t ro l eum Counci l  is a f e d e r a l  
a d v i s o r y  committee to  t h e  S e c r e t a r y  of 
Energy. 

The sole purpose of t h e  Na t iona l  P e t r o l e u m  

recommendations to  t h e  S e c r e t a r y  o f  Energy 
on any matter r e q u e s t e d  by t h e  S e c r e t a r y  
r e l a t i n g  t o  pe t ro leum or t h e  pe t ro lepm 
i n d u s t r y .  

Counci l  is t o  a d v i s e ,  inform,  and make f 
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By le t te r  d a t e d  June  2 1978, t h e  N a t i o n a l  Petroleum Counci l ,  
an  i n d u s t r y  advisory committee t o  t h e  Secretary o f  Energy, was 3 

r e q u e s t e d  t o  prepare an a n a l y s i s  of p o t e n t i a l  n a t u r a l  gas r ecove ry  .ti from Devonian S h a l e ,  coal seams, geopressured  b r i n e s ,  and t i g h t  gas 
I e s t u d y ,  t h e  S e c r e t a r y  stated tha t : -  

, s t a t e - o f - t h e  e r y  technology.  A d d i t i o n a l l y ,  
l u d e  t h e  ou t look  for  cost and 

r ecove ry  of unconvent iona l  g a s  and should  c o n s i d e r  how 
government p o l i c y  c a n  improve t h e  ou t look .  (See Appen- 
d i x  A f o r  complete t e x t  of t h e  S e c r e t a r y ' s  l e t te r  and a 
f u r t h e r  d e s c r i p t i o n  of t h e  N a t i o n a l  Petroleum Counci l . )  

To a i d  it i n  responding to t h i s  r e q u e s t ,  t h e  N a t i o n a l  Petroleum 
Counci l  e s t a b l i s h e d  a C o m m i t t e e  on Unconventional G a s  Sources  under  
t h e  cha i rmanship  of  John F ,  Bookout, P r e s i d e n t  and Chief  Execu t ive  
O f f i c e r ,  S h e l l  O i l  Company. R. Dobie,Langenkamp, Deputy A s s i s t a n t  
S e c r e t a r y  f o r  Resource Development & Opera t ions ,  Resource Applica- 
t i o n s ,  U.S. Department o f  Energy, s e rved  a s  Government Cochairman 
of t h e  C o m m i t t e e .  A Coordina t ing  Subcommittee and f o u r  t a s k  \ 

groups ,  by source ,  were formed to  assist t h e  C o m m i t t e e .  The Geo- 
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reservoir. If no free gas or oil 

servoir areas . 
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I 0 The amount o f  n a t u r a l  gas and m i n e r a l s  i n  s o l u t i o n  i n  t h e  
i b r i n e  

I 

0 The system c o m p r e s s i b i l i t y  t h a t  c o n t r o l s  t h e  p roduc ib le  
f r a c t i o n  of  t h e  b r i n e  i n  p l ace .  

The Na t iona l  Pe t ro l eum Counci l  s t u d y  is an  eng inee r ing  ap- 
praisal  o f  11 geopressured b r i n e  p r o s p e c t s  i n  t h e  G u l f  Coast. 
The a p p r a i s a l  is based upon t h e  known data and what t h e  NPC s t u d y  
p a r t i c i p a n t s  b e l i e v e  t o  be r easonab le  estimates f o r  t h e  va lue  of 
t h e  unknown data.  

CONCLUSIONS 

I t  is possible t o  develop  commercial product ion  o f  g a s  from 
geopressured  b r i n e s  a t  g a s  p r i c e s  ranging  from $4 .00  t o  $9.00 p e r  
thousand cub ic  f e e t  (MCF) w i th  a 1 0  p e r c e n t  ra te  of  r e t u r n  (ROR) 
from selected areas of  t h e  Gulf Coast. 
$9.00 per MCF and a 1 0  p e r c e n t  ROR, t h e  p r o j e c t e d  g a s  p roduc t ion  
would be 8 1  m i l l i o n  cubic feet  p e r  day (MMCF/D) by t h e  yea r  2000 
f o r  t h e  most o p t i m i s t i c  case. The u l t i m a t e  g a s  recovery  for t h i s  
case would be 568 b i l l i o n  cubic f e e t .  

F o r  a maximum g a s  p r i c e  o f  

/-- 

L 

Large-scale gas product ion  is h i g h l y  u n l i k e l y  prior t o  t h e  year 
2000 for t h e  fo l lowing  reasons :  

0 The extremely h igh  capital  investment  and o p e r a t i n g  expense 
p e r  u n i t  o f  g a s  product ion  l e a v e s  l i t t l e  margin f o r  d r y  
holes or  poor r e s e r v o i r  performance. 

0 The l o w  s o l u b i l i t y  o f  gas i n  b r i n e  makes t h e  v a l u e  of each 
barrel o f  b r i n e  very  l o w  ( 5 6  to  4 5 6  p e r  bar re l ) .  This  i n  
t u r n  requires t h a t  each w e l l  be capab le  of  producing a t  h igh  
rates f o r  many yea r s .  

The l o w  recovery  e f f i c i e n c y  o f  approximate ly  3 p e r c e n t  o f  
t h e  g a s  i n  p l a c e  and t h e  h i g h l y  f a u l t e d  n a t u r e  of  t h e  geo- 
pressured sands  g r e a t l y  l i m i t  t h e  s i z e  o f  t h e  resource 
a v a i l a b l e  for e x p l o i t a t i o n .  

0 

0 The existence of  numerous e l e m e n t s  o f  mechanical and 
ica l  r i s k  makes l a r g e - s c a l e  g a s  p roduc t ion  u n l i k e l y .  

geolog- 
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d Br ines  a n a l y s i s  were as 

d i d e n t i f y  p r o s p e c t s  f o r  
of  t h e  Texas -Lou i s i ana  

G u l f  Coast 

1 

er d i s p o s a l  methods 

aul ic  energy  p o t e n t i a l  

ecove rab le  r e s e r v e s  

t h e  economics of  f i e l d  

p e c t s ,  t o  p r e d i c t  t h e  addi- 
u c t i o n  rate by year  to  t h e  
ce f o r  a base case d i s -  

I 

i ca l  improvements 

rest f o r  geothermal ,  geopres-  
s t e r n  r i m  of t h e  Gulf of  
ee Figure  C-1 i n  Appendix 
p res su red  t r e n d ,  i n  which 
h from 50 t o  7 0  m i l e s  
are a l l  T e r t i a r y  i n  age  and 
depos i t iona l .  system. Dur-  

ing e a r l y  T e r t i a r y  time (Eocene and Ol igocene ) ,  the primary area of 
d e p o s i t i o n  occur red  along t h e  Texas  coastal area. 
s h i f t e d  i n t o  Louis iana dur ing  t h e  l a t e r  T e r t i a r y  Miocene and 

T h i s  depocenter  
d 
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. eve r ,  t h e  actual sand t h i c k n e s s  t h a t  could be cons ide red  p r o s p e c t i v e  
is i n  the'order o f  500 t o  1,000 f e e t .  

The Texas Oligocene Frio prospects were d e l i n e a t e d  i n  a r e g i o n a l  
assessment  reported by t h e  Bureau o f  Economic Geo1ogy.l 
s i x  best F r i o  prospects i d e n t i f i e d  i n  t h e  s t u d y ,  t h e  s t u d y  par t ic i -  
p a n t s  e l i m i n a t e d  four on t h e  basis t h a t  r e s e r v o i r  c o n d i t i o n s  would 

. prec lude  developing commercial g a s  p roduc t ion  w i t h i n  t h e  $9.00 p e r  
MCF price l i m i t a t i o n .  The t w o  remaining bes t  Frio prospects were 
inc luded  i n  t h i s  s tudy .  

i t e d  t o  d e p t h s  t h a t  would have r e s e r v o i r  t empera tu res  g r e a t e r  t h a n  
300°F, and t h a t  s t u d i e s  i n  p r o g r e s s  o f  areas wi th  lesser-tempera- 
tures w i l l  no .doubt i d e n t i f y  a d d i t i o n a l  prospects. 

Other  Texas p r o s p e c t s  i n  t h e  Oligocene Vicksburg and Eocene 
Wilcox have also been eva lua ted .2  
which t h e  s t u d y  p a r t i c i p a n t s  be l i eved  t o  be t h e  most promising o f  
t h i s  Vicksburg - Wilcox s t u d y  were e v a l u a t e d  i n  t h i s  report. 

The i n v e s t i g a t i o n  of  t h e  geothermal ,  geopres su re  resource of  
sou the rn  Louis iana sands  was i n i t i a t e d  i n  1975 as  a result of a n  
Energy-Research and Development Admin i s t r a t ion  (ERDA) c o n t r a c t  w i t h  
t h e  Petroleum Engineering Department a t  Louis iana  State U n i v e r s i t y  
(LSU), Baton Rouge.3 
areas were -found, and af ter  p r e l i m i n a r y  r ank ing ,  t h e  f i v e  m o s t  prom- 
i s i n g  prospects were mapped and s t u d i e d  i n  de ta i l .  The s t u d y  i n d i -  
cated t h a t  t h e  bet ter  prospects were g e n e r a l l y  located i n  t h e  w e s t -  
e r n  ha l f  of sou the rn  Louis iana.4 
e a s t e r n  h a l f  was t h e  r eason  LSU downgraded t h e  prosp 
area. 

Of t h e  

I t  should be po in ted  o u t ,  however, t h a t  t h i s  F r i a  s t u d y  was l i m -  

Two of  t h e  Wilcox prospects 

- 

As a result o f  t h a t  work, 63 p r o s p e c t i v e  

Poorer sand development i n  t h e  

- 

- Data on t h e s e  prospects -in Texas and Louis iana are l i s t e d  i n  
Table D-1 i n  Appendix D. These 11 prospects have e s t i  
g a s  i n - p l a c e  o f  6.7 t r i l l i o n  c u b i c  f e e t .  

I Although these prospects r e p r e s e n t  o n l y  a f r a c t i o n  of t h e  total  
r e s o u r c e , _ t h e  s t u d y  p a r t i c i p a n t s  selected them f o r  a n a l y s i s - b e c a u s e  
thev  r e m e s e n t  t he  laraest  and m o s t  Dromisina reservoirs i d e n t i f i e d  
by Department of Energy (DOE)-sponsored s t u d i e s .  I f  development of 
t h e  geopressured b r i n e  r e s o u r c e  is to  occur ,  i t  w i l l  probably be 
Started i n  tnese  areas. 

----I- Yw'-...U.., U..U L 1  Y'1Y, sa,*, YbUYUC 

Dorfman, 1936; Bebout, Louczs, and Gregory, 1 4 7 ~ ~ " w " u '  - 

2Unpublished report by Bebout, Gregory, Loucks, and Weise. - - 

3Hawkins, 1975; Bass ioun i  and Bernard,  1978; 
~ 

- 

- 
_. 

-4These are i d e n t i f i e d  i n  t h e  September 1979 DOE p u b l i c a t i o n  
e n t i t l e d  "Geopressured Geothermal Reservoirs ."  
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ourse, geopressured formations i other parts of 
the United States in addFtion to these Tertiary age deposits along 
the Gulf Coast. In the de Mississippi Salt basin (of Mississippi 
and Alabama), the Smackove and adjacent formations are geopres- 
sured. Ited; one well could drain only a lim- 
ited volume. Deep formations in the San Joaquin basin in California 
and the Arkoma basin of Arkansas and Oklahoma are sometimes geopres- 
sured. However, these formations are generally of low permeability. 
The Wind River, Piceance, Green River, Uinta, and Big Horn basins of 

aquifer in this area of the United States is the'Mississippian (Mis- 

Tuscaloosa-Woodbine formation along the Gulf Coast is often geopres- 
sured. In some cases, this formation is highly permeable. However, 

These are highly f 

yoming, Colorado, and Utah contain geopressured forma- 
ese are usually of extremely low permeability. The major 

"sion Canyon) formation. This aquifer is not geopressured. The 

Thus, individual accumulations of 
11 to be of i rest for geopressured 

l geopressured cumulations are found 
ure 1 shows th ocation of geopres- 

I United States. 
i geologists par this study 

I be commercial arget of all' the geo- 
I 
1 

j e geopressured deposits. 
i 1 
I 
1 
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ns along the Gulf Coast form by far 

urce is known to extend into the off- 
costs are so much higher offshore than 
nt would certainly proceed first. From 

the results of this study's economic analyses, it appears doubtful 
that any offshore development of geopressured brine reservoirs could 
be carried out for the $9.00 per MCF maximum price examined in this 
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DRILLING PROGRAMS 

I n d i v i d u a l  d e t a i l e d  d lopment w e l l  programs a n  s t  estimates 
were made for t w o  prospects i n  Louis iana  w i t h  d e p t h s  of 13,500 and 
178700 feet ,  r e s p e c t i v e l y ,  and for two prospects i n  Texas w i t h  
d e p t h s  of 13,500 and 16,500 f e e t ,  r e s p e c t i v e l y .  
mates were extrapola o t h e r  p r o s p e c t s .  

The d r i l l i n g  programs re q u i t e  similar t o  conven t iona l  o i l  and 
gas d r i l l i n g  w i t h  t h e  e x c e p t i o n  t h a t  t h e  geopres su red  b r i n e  programs 
r e q u i r e  larger d i  meter ( 5  1/2-inch) tub ing  i n  or 0 accolnmodate 
t h e  h i g h  volume water p roduc t ion  contemplated . 

d 
These cost esti-  

1 

$166 per foot for t h  
12,000 fee t )  t o  $272 per f o o t  f o r  t h e  deeper  wells (17,000 
These costs, which are approximate ly  25 p e r c e n t  h i g h e r  t h a n  

i o n a l  d r i l l i n g  costs, r e s u l t  from t h e  larger t u b i n g ,  c a s i n g ,  
and r e l a t e d  equipment r e q u i r e m e n t s  Appendix E f o  
d r i l l i n g  and ts.) 

, 

RODUCTION AND WATE 

P roduc t ion  f a c i l i t i e s  would co f l a r g e - c a p a c i t y  g a s h a t e r  
S I  gas  compression f a c i l i t i e s ,  water hold ing  t a n k s  and 
f a c i l i t i e s ,  water i n j e c t i o n  pumps, and m u l t i p l e ,  sha l low,  
water d i s p o s a l  w e l l s .  Fuel  would be o b t a i n e d  from n a t u r a l  

G a s  would be d e l i v e r e d  t o  t h e  pu rchase r  a t  t h e  w e l l  gas p roduc t ion .  
I 

sposal, and sales 
f a c i l i t i e s .  p t i o n s  o f  produc- 

I 
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0 Its f u e l  requi rements  are economical -- 2 cub ic  f e e t  per 
b a r r e l  i n j e c t e d  . ,"-. 

(See Appendix F f o r  a d i s c u s s i o n  and costs o f  subsu r face  water d i s -  
posal . ) 
producing r e s e r v o i r s  is n o t  feasible f o r  t h e  fo l lowing  r e a s o n s  : 

Pressu re  maintenance or pa r t i a l  pressure maintenance i n t o  t h e  

0 I n j e c t i o n  p r e s s u r e s  are high.  

0 Fuel requi rements  consume a s u b s t a n t i a l  par t  o f  t h e  

0 The cost of  i n j e c t i o n  wells and h igh-pressure  i n j e c t i o n  

r ecove rab le  g a s  ( 5 0  p e r c e n t  or more). 

pumps i n c r e a s e s  t h e  investment  o p e r a t i n g  costs and t h e  re- 
q u i r e d  g a s  price beyond t h e  $9.00 per MCF uppe 
t h i s  s tudy .  

(See Appendix G f o r  a d i s c u s s i o n  and costs o f  presswe maintenance.)  

Disposal of t h e  waste water i n t o  t h e  G u l f  of  Mexico is n o t  a 
v i a b l e  a l t e r n a t i v e  because o f  t h e  envi ronmenta l ly  o b j e c t i o n a b l e ,  
h i g h l y  d i s s o l v e d  sol id  c o n t e n t  of t h e  produced b r i n e  and t h e  high 
cost of p i p e l i n e s  and f a c i l i t i e s  f o r  t h e  widely spaced b r i n e  wells. 
(See Appendix F f o r  f a c i l i t y  costs and Appendix I f o r  t h e  o p e r a t i n g  
expense of  water disposal i n t o  t h e  Gulf o f  Mexico.) 

ARTIFICIAL LIFT 

The use o f  a r t i f i c i a l  l i f t  f o r  b r i n e  p roduc t ion  is n o t  f e a s i b l e .  
The h igh  f u e l  requi rements  and pump c a p a c i t y  l i m i t a t i o n s  resu l t  i n  
marginal  economics a t  best, using a g a s  price o f  up t o  $9.00 per 
MCF. (See Appendix F f o r  t h e  costs of a r t i f i c i a l  l i f t . )  

GEOTHERMAL POTENT I AL 

Oppor tuni ty  f o r  t h e  convers ion  of geothermal  energy  t o  electric- 
i t y  is l i m i t e d .  
fol lowing c r i te r ia  must be m e t - :  

For a 10 p e r c e n t  ROR i n  geothermal  equipment,  t h e  

0 Minimum b r i n e  product ion  rates o f  40,000 B/D per w e l l  

o Minimum s u r f a c e  f lowing temperature o f  270°F or h ighe r  

Minimum l i f e  o f  c o n s t a n t  p roduc t ion  of 1 0  years wi th  no 
d e c l i n e  . 

O f  t h e  11 prospects examined i n  de t a i l ,  o n l y  f i v e  would meet t h e  
minimum requi rements .  These f i v e  prospects, i f  developed,  would 
g e n e r a t e  a total  o f  19.1 megawatts (mW) of  power from e i g h t  separate 
w e l l  l o c a t i o n s  . 

10 





0 High tubing  v e l o c i t y  i n  e x c e s s  of 25 feet  per second would 
be expec ted  t o  result i n  s e r i o u s  downhole c o r r o s i o n  and 
e r o s i o n  problems . 

The 30,000 B/D maximum f l o w  ra tes  per w e l l  were used as s e n s i -  
t i v i t y  r u n s  t o  accoun t  for less t h a n  t h e  expec ted  v a l u e s  o f  perme- 
a b i l i t y  x t h i c k n e s s  from Table D-1. 

The lower median and minimum case s e n s i t i v i t y  p r o j e c t i o n s  us ing  
one-half  of t h e  s o l u t i o n  gas per barrel of b r i n e  estimated i n  Table 
D-1 have been suppor t ed  by r e c e n t  p r o d u c t i o n  tests conducted a t  
A u s t i n  Bayou i n  Texas and F a i r f a x  Foster S u t t e r  N o .  2 and Beulah 
Simon N o .  2 i n  Louis iana .  Higher - than-ant ic ipa ted  c o n c e n t r a t i o n s  of 
d i s s o l v e d  solids i n  t h e  b r i n e s  were observed  and reported i n  d i s -  
so lved  gas/water  ratios of approximate ly  25, 22.5, and 22.6 c u b i c  
f e e t  per barrel. These v a l u e s  are s u b s t a n t i a l l y  less t h a n  projec- 
t i o n s  based upon estimated water s a l i n i t i e s  i n  Table D-1. 

! 

G a s  r e s e r v e s  per w e l l  were estimated f o r  a l l  cases assuming t h e  
wells produced to  d e p l e t i o n  by n a t u r a l  f low or had a 25-year maximum 
l i f e .  

Recovery factors as a f r a c t i o n  of o r i g i n a l  gas  i n  place f o r  t h e  
11 i d e n t i f i e d  prospects ranged from a l o w  o f  1.4 p e r c e n t  a t  t h e  
Cande la r i a  Prospect to  a h igh  of 4.9 p e r c e n t  a t  t h e  Rockefeller 
Refuge Prospect . 
upon t h e  known c o m p r e s s i b i l i t y  of b r i n e  f o r  t h e  t empera tu re  and 
p r e s s u r e  of each  r e s e r v o i r  ( v a l u e s  are n e a r  2.2 x 10-6 psi 'l),  
a n  assumed rock  pore volume compressibil i ty of  5.0 x 10-6 psi-1, 
and a n  assumed c r i t i ca l  gas s a t u r a t i o n  of 3 p e r c e n t  of pore volume. 
For a l l  prospects, t h e  model s t u d i e s  r e v e a l e d  t h a t  b u i l d u p  of  f r e e  
g a s  due to  p r e s s u r e  r e d u c t i o n  reached  a maximum of less t h a n  1 per- 
c e n t  of pore v o l u i e .  S i n c e  t h i s  maximum is less t h a n  t h e  3 p e r c e n t  
r e q u i r e d  for t h e  gas to  move, free g a s  flow canno t  occur. Vertical  
g a s  flow canno t  create a gas cap, and t h e  r a t io  of  produced g a s  to  
produced water d e c l i n e s  throughout  t h e  l i f e  of each w e l l  . 

Rock compressibility h a s  a s i g n i f i c a n t  effect  on r e c o v e r y  e f f i -  
c i e n c y ,  and t h e  v a l u e  chosen by t h e  s t u d y  p a r t i c i p a n t s  is b e l i e v e d  
t o  be r e a s o n a b l e  and possibly optimistic.  Recent l a b o r a t o r y  tests 
by t h e  U n i v e r s i t y  of Texas on geopressured sands tone  cores i n d i c a t e  
t h a t  r o c k  compress ib i l i ty  could be as l o w  as 1.8 x 10-6. F u r t h e r ,  
t h e  NPC b e l i e v e s  t h a t  t h e  3 p e r c e n t  c r i t i ca l  g a s  sa tu ra t i ' on  used i n  
t h e  model s t u d i e s ,  which is based upon e x t e n s i v e  r e s e r v o i r  eng inee r -  
ing  expe r i ence ,  is reasonab le ,  (See Appendix D for f u r t h e r  d i s c u s -  
s i o n  of r e s e r v o i r  performance.)  

'The  predicted r e c o v e r y  factors from t h e  model s t u d i e s  are based 
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POTENTIAL FOR TECHNICAL IMPROVEMEN?S - 

-7 

L The - p o t e n t i a l  for t e c h n i c a l  improvements would be expec ted  t o  
. paral le l  t h e  expe r i ence  of conven t iona l  deep g a s  w e l l  d r i l l i n g .  

Whether or n o t  deeper  d r i l l c n g  would e n l a r g e  t h e  resource is geolog- 
i c a I l y  unce r t a in .  
usable geothermal energy con ta ined  i n  t h e  b r i n e  nega te s  t h e  poten- 
t i a l  b e n e f i t s  of t e c h n i c a l  improvements t h a t  may be expected i n  geo- 
thermal  energy  development. - 

Eor t h e  p r o s p e c t s  e v a l u a t e d ,  t h e  small amount of 

PROJECTIONS OF FUTURE GAS PRODUCTION AND RESERVES TO THE YEAR 2000 

Based on t h e  results o f  t h e  economic s t u d y  o f  t h e s e  11 pros-  
p e c t s ,  a development program was p r o j e c t e d  i n c o r p o r a t i n g  a r i s i n g  
scale of g a s  p r i c e s  which accommodated t h e  10 percent ra te  of r e t u r n  
c r i t e r i o n .  By t h i s  procedure ,  t h e  bes t -economic  p r o s p e c t s  were 
d r i l l e d  f i r s t .  
it w a s  assumed t h a t  f u t u r e  undesignated p r o s p e c t s  would  be developed 
comparable to  t h e  l a s t  economic p r o s p e c t  d r i l l e d .  

- 

case is based upon t h e  fol lowing:  

Af t e r  t h e s e  economic p r o s p e c t s  had been developed,  

The ra te  o f  development-of t h e  p r o s p e c t s  i n  t h  

- . 
0 The development of the  11 i d e n t i f i e d  p r o s p e c t s  from 1979 t o  

1985 is i n  r easonab le  conformance wi th  t h e  DOE Designed W e l l  - - - _  ~ T e s t  Series schedul~e .  \ - 

The massive geophys ica l ,  g e o l o g i c a l ,  and l e a s i n g  e f fo r t  re- - ~ 

q u i r e d  by i n d u s t r y  t o  program e x p l o r a t i o  
u n i d e n t i f i e d  p r o s p e c t s  w i l l  be  - t r i g g e r e d  on ly  by demonstrated 

and development of 

~ success o f  t h e  DOE tests. 
I 

The i n i t i a l  w e l l  d r i l l e d  on  each  p r o s p e c t  would r e q u i r e  a 
minimum of one  yea r  of t e s t i n g  and r e s e r v o i r  e v a l u a t i o n  
b e f o r e  schedul ing  a d d i t i o n a l  d r i l l i n g  on t h a t  p rospec t .  

- 

0 Prospec t  e v a l u a t i o n  and development w i l l  be slow because 
most p r o s p e c t s  s t u d i e d  would s u p p o r t  on ly  one or two pro- 
ducing w e l l s .  

The resul ts  of t h i s  m o s t  optimistic case, t o g e t h e r  w i t h  t h e  - 

upper median, lower median, and minimum cases, are p resen ted  i n  Fig- 
u r e s  2 and 3 and Tables 1 through 4 .  
r e p r e s e n t  an  important  par t  of t h e  p r o j e c t i o n s .  O f - t h e  
d r i l l e d  i n  t h e  most optimistic case, 70 of  t h e  w e l l s  we 
undesignated p rospec t s .  

p rospec t s .  

t h e  p r o j e c t e d  g a s  p roduc t ion  would be 81  MMCF/D by t h e  year  2000 for 

The undesignated 

The r e s e r v e  p r b j e c t i o n  f o r  t h i s  case -of 568 
- b i l l i o n  cubic  feet  i n c l u d e s  350 b i l l i o n  cub ic  feet  from undesignated 

- 

I 

For a m a x i m u m  g a s  p r i c e  of $9.00 p e r  MCF and a 1 0  p e r c e n t  ROR, 

- 
~ 

- 

- 

~ 
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~ 
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TABLE 1 

Drill ing,  Production, and +serve Schedule 
10 Percent ROR, Most Optimistic Case 

(Constant 1979 Dollars) 
i 

Development Production Reserves 
NO Cum. I n i t i a l  Reserves cum. Reserve Max. Power cum. 
Wells Wells Gas Rate Added Additions 

(SFICF) (mw) (mw) Dril led Dri l led Year (#MCF/b) (BCF) 
Price Added Power 

(BCF 1 --- Y e a r  Prospect - 
4.00 2.7 2.7 12 12 

21 2.9 

1979 Austin Bayou 1 1 1980 1.9 

1980 Rockefeller Refuge 1 1981 2.5 
LaFourche Crossing 1 3 1.8 15 48 4.00 1.3 6.9 

2 1982 5.0 35 5.00 5.8 1981 Rockefeller Fbfuge 
Lapourche Crossing 
SE Pecan Island West 

1 1.8 4 
1 7 1.6 13 100 

1 1.6 7 

5.00 2.3 15.0 

26 2.8 1982 Rockefeller Refuge 3 1983 7.2 
SE Pecan Island East 
Atchafalaya Bay East 1 12 1.3 10 143 6.00 1.3 19.1 

8.00 None 1984 1.4 6 
1.0 9 

1 0.9 8 
1.3 4 

1983 Atchafalaya Bay East 1 
i-' Atchafalaya Emy West 1 
QI Johnson's Bayou 

Clinton 
Eagle Lake 1 17 1.4 3 173 8.00 None 19.1 

Johnson's Bayou 1985 1.1 3 8.00 1984 Atchafalaya Bay West 1 

8.00 None 19.1  

Johnson's Bayou 3 26 1986 2.7 16 218 8.00 None 19.1 

5 31 1987 4.5 25 243 9.00 None 19.1 

9.00 None 19.1 

5 41 1989 4.5 25 293 9.00 None 19.1 
1988 Undesignated* 

1989 Undesignated* 5/yr 96 1990 4 . 5 / p  2 5 / ~  568 9.00 None 19.1 through 
1999 

4 22 3.6 20 196 

1 0.8 6 1985 Candelaria 

1986 Undesignated* 

25 268 1987 Undesignated* 5 36' 1988 4.5 

- 
568 

*Undesigrlated prospects assumed to be ident ical  t o  Johnson's Bayou prospect (Camputer Run L24). 
This case would require the d r i l l i n g  of 70 w e l l s  to develop 350 b i l l i on  cubic f e e t  of reserves on 

undesignated prospects. 

~ ~ * . ~  ~ y c I ~ ~  I 



*Undesignated prospects assumed to be identical to Atchafalaya Bay West prospect (Computer Run L19). 
This case would require the drilling of 56 wells to  develop 229.6 billion cubic feet of reserves on 



TABLE 3 

Dri l l ing ,  Production, and Reserve Schedule 
10 Percent ROR, Lower Median Case 

(Constant 1979 Dollars) 

NO 
Wells - Year Prospect D r i l l e d  

1979 Austin Bayou 1 

Development Production Reserves 
Cum. I n i t i a l  Reserves Cum. Reserve Max. Power Cum. 
Wells Gas Rate Added Additions Price Added Power 
Dr i l l ed  Year (MMCF/D) (BCF) (BCF 1 (S/MCF) (mW) (mW) 

1 1980 1.0 7 7.0 5.00 2.7 2.7 

1980 Rockefeller Refuge 1 
LaFourche Croa s ing  1 

1981 Rockefeller Refuge 1 
LaFourche Crossing 1 
SE Pechn Island West 1 

1982 Rockefeller Refuge 2 

1983 Rockefeller Refuge 2 

1984 Undesignated* 2 

1985 Undesignated* 2 

1986 Undesignated* 2 

1987 Undesignatedf 2 

1988 Undesignated* 2 

G Atchafalaya Bay West 1 

1989 Undesignated* 2/Yr 
through 
1999 

1989 Undesignated* 2/Yr 
through 
1999 

1981 1.2 11 2.9 
3 0.9 8 26.0 6.00 1.3 6.9 

1982 1.3 11 2.9 
1.1 3 

6 0.8 7 47.0 8.00 2.3 12.1 

1983 2.5 17 I 5.7 
9 0.7 5 69.0 8.00 1.3 19.1 

11 1984 2.3 8 77.0 8.00 None 19.1 

13 1985 1.4 10 87.0 9.00 None 19.1 

97.0 9.00 None 19.1 15 1986 1.4 10 

107.0 9.00 None 19.1 17 1987 1.4 10 

117.0 9-00 None 19.1 19 1988 1.4 10 

127.0 9-00 None 19.1 21 1989 1.4 10 

43 1990 1 . 4 / ~  1 0 / ~  237.0 9-00 None 19.1 - 
237 

*Undesignated prospects assumed to  be ident ica l  to  Atchafalaya Bay West prospect using solut ion gas i n  
Table D-1 x .5 (Computer Run L l l  1 

undesignated prospects. 
This case would require  the  d r i l l i n g  of 32 w e l l s  to  develop 160 b i l l i o n  cubic feet of reserves  on 





I t h e  most optimistic case. The ultimate g a s  r ecove ry  for t h i s  case 
1 would be 568 b i l l i o n  cubic feet .  

I ! 
ENVIRONMENTAL CONSIDERATIONS 

t 

Produc t ion  from geopressured b r i n e  r e s e r v o i r s  wou ld  have an  i m -  
pact on t h e  environment  s imilar  t o  conven t iona l  g a s  p r o d u c t i o n  w i t h  
t w o  possible excep t ions :  l a r g e  volume geopres su red  water p r o d u c t i o n  
could r e s u l t  i n  l a n d  subs idence  and/or i n  i n c r e a s e d  t e c t o n i c  a c t i v -  
i t y  a long  growth f a u l t s .  E i t h e r  of these e v e n t s  could r e s u l t  i n  t h e  
e a r l y  abandonment o f  a project. (See Appendix K for a f u r t h e r  d i s -  
c u s s i o n  of  envi ronmenta l  c o n s i d e r a t i o n s . )  

f LEGAL CONSIDERATIONS 
I 

i 
! 

N o  case l a w  i n  Texas or Louis iana  deals s p e c i f i c a l l y  w i t h  ques- 
t i o n s  r e l a t i n g  t o  ownership and t h e  r i g h t  t o  produce geothermal  en- 
e rgy .  I t  appears t o  be t h e  consensus  o f  t h o s e  who have speculated 
on these q u e s t i o n s  t h a t  i n  Lou i s i ana  t h e  p r e s e n t  owners of m i n e r a l  
i n t e r e s t s  or leases may n e i t h e r  own nor  have t h e  r i g h t  t o  produce 

h o l d s  i n  Texas wi th  respect to  such  q u e s t i o n s  are even less c e r t a i n  

arguments p r e v a i l i n g  i n  t h e  c u r r e n t  l e g a l  l i t e r a t u r e  . ) 

i i 
I g eo thermal  energy .  Those who have speculated on what  t h e  f u t u r e  

(See Appendix L for a summary of t h e  8 i n  t h e i r  p r o g n o s t i c a t i o n s .  

As ide  from t h e  ' q u e s t i o n  of ownership and o p e r a t i n g  r i g h t s ,  other 
l e g a l  problems can  be fo reseen .  If t h e  s u r f a c e  owner is de termined  
t o  be owner of t h e  geothermal  ene rgy ,  those r i g h t s  may c o n f l i c t  w i t h  
t h e  r i g h t s  of  t h e  mine ra l  owner, a s  f o r  example i n  those i n s t a n c e s  
i n  which t h e  ene rgy  of a gas r e s e r v o i r  is affected by t h e  p r o d u c t i o n  
of geopressured b r i n e ,  or  i n  which t h e  geopres su red  b r i n e  c o n t a i n s  
methane. Conversely,  i f  it is de termined  t h a t  t h e  owner o f  t h e  min- , 
erals  owns t h e  geothermal  energy ,  e x t e n s i v e  u s e  o f  t h e  s u r f a c e  which 
may be r equ i r ed  may c o n f l i c t  w i t h  t h e  s u r f a c e  owner 's  r i g h t s .  

With t h e  c u r r e n t  s t a t e  of t h e  j u r i s p r u d e n c e ,  it would seem t h a t  
t h e  roperator would  conclude agreements  w i t h  both t h e  mine ra l  and 
s u r f a c e  owner i n  order to d e v e l o p  geothermal energy .  

! thermal  energy ,  l e a s i n g  of small t rac t s  may prove onerous  and t h e  
u n i t i z a t i o n  s t a t u s  o f  Louis iana  and Texas does n o t  o f f e r  a complete 
s o l u t i o n .  

i thermal energy  f a l l s  under t h e  e x i s t i n g  Lou i s i ana  Conserva t ion  A c t ,  
! which p r o v i d e s  for u n i t s  t h a t  are comprised of a n  area which can  be 

e f f i c i e n t l y  and economica l ly  d r a i n e d  by one w e l l .  The ac t  a l so  a u t h -  
o r i z e s  pool-wide u n i t s  upon agreement  of  75 p e r c e n t  of t h e  working 
i n t e r e s t  and r o y a l t y  owners. The operator of a u n i t  appears t o  be 
l i m i t e d  i n  recoupment of development and o p e r a t i n g  costs t o  whatever 
p roduc t ion  may be secu red .  I f  a l a r g e  area and many tracts are i n -  
vo lved ,  t h e  r i s k  t h a t  t h e  operator m u s t  bear may be p r o h i b i t i v e .  

* .  

Since  v e r y  large areas may be affected by t h e  p roduc t ion  of geo- 

Under L o u i s i a n a n s  Geothermal Energy Resources A c t ,  geo- 

I 
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Texas does n o t  have compulsory u n i t i z a t i o n ,  b u t  ra ther  relies on 

res t  owners w i t h i n  nimum prescri 

I t  appea r s  t h a t ,  un r t h e  p r e v a i l  s of b o t h  states re- 
s p e c t i n g  poo l ing ,  v o l u n t a r y  u n i t  o p e r a t i o n s  w i l l  be r e q u i r e d  and t h e  
r i s x - t a k e r  w i l l  have t o  o b t a i n  ownership r i g h t s  of  s i g n i f i c a n t  s i z e  
w i t h i n  t h e  pooled area to j u s  p l o r a t i o n  and development of 

Notwithstanding t h e  re  sol u t  i t h  r e s p e c t  to  

spac ing  orders of t h e  Railroad Commission which, i n  e f f e c t ,  re- 
q u i r e s  an  o p e r a t o r  t o  have control’of or p a r t i c i p a t i o n  by working 

eothermal resources. 

i ownersh ip  and o p e r a t i n g  r i g h t s  under  e x i s t i n g  t i t les ,  it would 
appear  t h a t  new and innova t ive  l e g i s l a t i o n  w i l l  be needed i n  order 
t o  reduce t h e  l e a s i n g  pro i n h e r e n t  i n  developing geothermal 
energy .  

I FACTORS , RISK, AND UNCERTAINTY 

I - 
1 The known g e o l o g i c  f a c t o r  have been de f ined  for  t h e  11 i d e n t i -  

f i e d  p r o s p e c t s  by t h e  geo  
Tex 

analyzed by t h e  s t u d y  p a r t i c i p a n t s .  
remain inc lude  u n i d e n t i f i e d  f a u l t  barriers and degree  of sand  con- 
t i n u i t y  ove r  t h e  v e r y  l a r g e  d r a i n a g e  areas r e q u i r e d  f o r  economic 

e r i n g  depar tments  o f  LSU and 

and p r o s p e c t  was i n t e n s i v e l y  
Geologic u n c e r t a i n t i e s  which 

c e r t a i n t y  i n c l u d e :  ~ 

I 



o b t a i n i n g  a 10 p e r c e n t  ROR us ing  t h e  same price c r i te r ia  (Atcha- 
falaya Bay E a s t ,  Johnson 's  Bayou, LaFourche Cross ing ,  Rocke fe l l e r  
Refuge, Sou theas t  Pecan I s l a n d  West, and Aus t in  Bayou). 

T h i s  a n a l y s i s  i n d i c a t e s  t h a t  t h e  t h r e e  best prospects are 
Rocke fe l l e r  Refuge, Johnson 's  Bayou, and Aus t in  Bayou. 

Mechanical R i s k s  

Mechanical problems can s e r i o u s l y  a f f e c t  t h e  l o n g e v i t y  of pro- 
d u c t i o n  and t h e  economics o f  a geopressured  b r i n e  project. N o  pro- 
d u c t i o n  exper ience  e x i s t s  f o r  a h igh  volume geopressured  b r i n e  w e l l .  
I f  and to  what e x t e n t  sand p roduc t ion  w i l l  become a problem a t  t h e s e  
h igh  rates is unknown. I n  a d d i t i o n ,  r e c e n t  tests by t h e  DOE a t  t h e  
F a i r f a x  Foster S u t t e r  N o .  2 w e l l  i n  Louis iana  and t h e  P l e a s a n t  Bayou 
N o .  2 w e l l  a t  Aus t in  Bayou i n  Texas i n d i c a t e  t h e  p o t e n t i a l  for se- 
r i o u s  downhole c o r r o s i o n  and s c a l i n g  problems because of d i s s o l v e d  
carbon d iox ide .  The presence  of carbon d iox ide  i n  t h e  d i s s o l v e d  g a s  
depressed t h e  pH o f  t h e  b r i n e  to  l e v e l s  of  6 or less. Because o f  
t h e  h igh  rates of product ion  r e q u i r e d ,  t r e a t m e n t  t o  p reven t  downhole 

, c o r r o s i o n  would be ex t remely  d i f f i c u l t ,  i f  n o t  impossible .  
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DESCRIPTION OF THE NATIONAL PETROLEUM COUNCIL 

I n  May 1946, t h e  P r e s i d e n t  stated i n  a l e t te r  to  t h e  S e c r e t a r y  
o f  t h e  I n t e r i o r  t h a t  he had been impressed by t h e  c o n t r i b u t i o n  made 
through government/ industry coope ra t ion  to  t h e  s u c c e s s  of t h e  World 
War 11 petroleum program. H e  f e l t  t h a t  it would be b e n e f i c i a l  i f  
t h i s  close r e l a t i o n s h i p  were to  be cont inued  and sugges ted  t h a t  t h e  
S e c r e t a r y  of t h e  I n t e r i o r  es tabl ish an  i n d u s t r y  o r g a n i z a t i o n  t o  ad- 
v i s e  t h e  S e c r e t a r y  on o i l  and n a t u r a l  g a s  matters. 

l i s h e d  t h e  Na t iona l  Petroleum Council  ( N P C )  on June  18, 1946. I n  
October 1977, t h e  Department o f  Energy was e s t ab l i shed  and t h e  
C o u n c i l ' s  f u n c t i o n s  were t r a n s f e r r e d  to  t h e  new 'department .  

recommendations t o  t h e  S e c r e t a r y  of Energy on any matter, requested 
by him, r e l a t i n g  t o  petroleum or t h e  petroleum i n d u s t r y .  The Coun- 
c i l  is s u b j e c t  to  t h e  p r o v i s i o n s  of t h e  Federal Advisory Committee 
A c t  o f  1972. 

Pursuant  t o  t h i s  request, Interior S e c r e t a r y  J. A. Krug estab- 

The purpose of t h e  NPC is solely t o  a d v i s e ,  inform,  and make 

Matters which t h e  S e c r e t a r y  o f  Energy would l i k e  t o  have con- 
s idered  by t h e  Council  are s u b m i t t e d  as a request i n  t h e  form of a 
l e t t e r  o u t l i n i n g  t h e  n a t u r e  and scope of t h e  s tudy .  
t h e n  r e f e r r e d  to  t h e  NPC Agenda C o m m i t t e e ,  which makes a recommen- 
d a t i o n  t o  t h e  C o u n c i l .  
whether or n o t  it w i l l  c o n s i d e r  any m a t t e r  r e f e r r e d  to  it. 

request o f  t h e  Department o f  t h e  Inter ior  and t h e  Department o f  
Energy inc lude  : 

The request is 

The C o u n c i l  r e s e r v e s  t h e  r i g h t  t o  decide 

Examples o f  r e c e n t  major s t u d i e s  undertaken by t h e  NPC a t  t h e  

0 P e t r o l e u m  Resources Under t h e  Ocean Floor (1969, 1971)  
Law of t h e  Sea (1973)  
Ocean P e t r o l e u m  Resources (1974, 1975)  

0 Environmental  Conserva t ion  -- The O i l  and G a s  I n d u s t r i e s  
(1971, 1972)  

U.S. Energy Outlook (1971,  1972)  

0 Emergency Preparedness  f o r  I n t e r r u p t i o n  of  Pe t ro l eum Impor ts  
i n t o  t h e  United States (1973, 1974)  

0 Pe t ro l eum S t o r a g e  for N a t i o n a l  S e c u r i t y  (1975)  

0 P o t e n t i a l  f o r  Energy Conserva t ion  i n  t h e  United States: 
1974-1978 (1974)  
P o t e n t i a l  f o r  Enerqy Conserva t ion  i n  t h e  United States: 
1979-1985 (1975)  

0 Enhanced O i l  Recovery (1976)  

i 
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The major p o t e n t i a l  areas of i n t e r e s t  
I sure energy  are located along t h e  northwes 

Mexico i n  sou the rn  Louis iana and Texas ( F i  
abou t  t h e  T e r t i a r y  sands  

I 

, 
i 

I 
I 

I 

1 t h e  p o t e n t i a l  areas occur ,  r a n g e s  i n  w i d t h  from 50 to  70 miles 
1 northward from t h e  coas . The p r o s p e c t s  i d e n t i f i e d  to  date are a l l  

T e r t i a r y  i n  age and are p a r t  of a f l u v i a l  del ta ic  and marine depo- 
s i t i o n a l  system. During e a r l y  T e r t i a r y  t i m e  (Eocene and Oligocene)  
t h e  pr imary area of d e p o s i t i o n  occurred along t h e  Texas coastal 
area. T h i s  depocenter  s h i f t e d  i n t o  Louis iana  du r ing  l a te r  T e r t i a r y  
Miocene and P l iocene  time . I n  t h i s  d e p o s i t i o n a l  environment,  I 

i wedges of sands  and c l a y s  th ickened  to  t h e  s o u t h  a s  t h e  resu l t  of 
i contemporaneous movement a long growth fau l t s  and t h e  underlying 

t h i s  t r e n d ,  are reported up t o  50,000 feet; however, t h e  actual 
sand t h i c k n e s s  t h a t  could be cons idered  p r o s p e c t i v e  is i n  t h e  order 
of 500 t o  1,000 feet. O t h e r  water-bear ing sands are p r e s e n t  i n  t h e  
geopressured  i n t e r v a l s ,  b u t  because of d i s c o n t i n u i t i e s  (i.e.8 

! 

, sa l t .  Total sediment  t h i c k n e s s ,  i nc lud ing  shales and sands  a long  

tempera tures  and pres- 
i t ies ,  t h e i r  c o n t r i b u t i o n  
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Figure C-1. Geopressure Brine Gas Prospects. 
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ERDA c o n t r a c t  w i t h  t h e  Petroleum Engineering Department a t  
Louis iana  State U n i v e r s i t y  (LSU), Baton Rouge.3 
t h a t  work, 63 p r o s p e c t i v e  areas were found, and af ter  p re l imina ry  
r ank ing ,  f i v e  of t h e  most promising prospects were mapped and s tud -  
ied i n  de ta i l .  
g e n e r a l l y  located i n  t h e  western ha l f  of sou the rn  Louis iana.  Poor- 
er sand developme-nt i n  t h e  e a s t e r n  h a l f  was t h e  r e a s o n  LSU down- 
graded t h e  pf'ospects i n  t h a t  area. 

t o  12,000 feet ,  and i n  Louis iana  from 8,740 t o  14,500 feet .  Tem- 
p e r a t u r e s  are g e n e r a l l y  h ighe r  i n  t h e  Texas sed iments  ( i n  t h e  order 
of 300OF). I n  Louis iana ,  t empera tures  range  from 230°F t o  320OF. 
N e t  sands  t h i c k n e s s  i n  one of t h e  better Texas Fr io  prospects a t  
Brazor i a  r anges  from 100 t o  1,000 feet. I n  Louis iana ,  t h e  Miocene 
sand t h i c k n e s s  i n  one of t h e  better prospects is i n  t h e  same range.  
Other  data r ega rd ing  t h e  v a r i o u s  prospects i n  both T.exas and 
Louis iana  analyzed i n  t h i s  report are l i s ted  i n  Table D-1 i n  
Appendix I). 

A s  a result of 

The s t u d y  i n d i c a t e d  t h a t  t h e  b e t t e r  prospects were 

Geopressures  i n  t h e  Texas prospects range i n  depth from 10,500 

PROSPECT EVALUATION -- SOUTHEAST PECAN ISLAND 

For t h i s  s tudy ,  what w a s  perce ived  t o  be one of t h e  best pros- 
pects w a s  analyzed i n  s i g n i f i c a n t  detail .  Two independent  ap- 
proaches were used i n  e v a l u a t i n g  t h e  Pecan-  I s l a n d  prospect. The 
area w a s  selected by LSU as one of t h e  top prospects i d e n t i f i e d  i n  
t h e i r  s t u d y  and has been t h e  subject of a detailed s t u d y  by t h a t  
group. About t h e  t i m e  results of t h e  LSU s t u d y  on t h i s  prospect 
were published by Bass iouni  and Bernard i n r O c t o b e r  1978 ( b u t  w i t h -  
o u t  t h e  b e n e f i t  of t h i s  published in fo rma t ion ) ,  t h e  area was iden-  
t i f i e d  by t h e  NPC s t u d y  p a r t i c i p a n t s  and t e n t a t i v e l y  selected as a 
project area. F i n a l  s e l e c t i o n  of t h e  area for t h e  project was made 
because it c o n t a i n s  a large volume of t h i c k ,  c o r r e l a t i v e  sand zones 
w i t h  high pressures and temperatures located i n  a r e l a t i v e l y  un- 
f a u l t e d  area. 

i s h  along t h e  geopres su re  t r e n d  of sou the rn  Louis iana.  I t  is an  
i n t e r f i e l d  area bounded by Pecan I s l a n d  f i e l d  t o  t h e  nor thwes t ,  t h e  
Freshwater  Bayou gas f i e l d  t o  t h e  no r th ,  and t h e  Vermil ion A r e a  
Block 16 f i e l d  to  t h e  south .  The f i e l d s  are separate s t r u c t u r a l  
e n t i t i e s  and are separated from t h e  project area by bounding down 
to  t h e  sou th  faults ( F i g u r e  C-3). The l i m i t i n g  fau l t  t o  t h e  n o r t h  
( F a u l t  A )  has  a throw of 700 feet; to  t h e  s o u t h  t h e  project area is 
l i m i t e d  by F a u l t  B w i t h  a throw of 300 feet. These f a u l t s  are t h e  
t y p i c a l  east-west s t r i k i n g  down to  t h e  s o u t h  growth faults,  and 
based on pressure and g e o l o g i c  in fo rma t ion ,  are cons idered  t o  be 
s e a l i n g .  Seve ra l  minor nonsea l ing  fau l t s  are p r e s e n t  w i t h i n  t h e  
prospect . 

The prospect is located i n  t h e  sou the rn  part  of Vermil ion Par-  

3Hawkins, 1975; Bass iouni  and Bernard,  1978. 
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An independent e v a l u a t i o n  by t h e  NPC s t u d y  par t ic ipants  of  t h e  
I 
I sands  i n  t h i s  area i n d i c a t e d  t h a t  t h e  Q and R Sands ( e q u i v a l e n t  t o  
I t h e  upper two sand bod ies  i n  S t r a t i g r a p h i c  I n t e r v a l  B of  t h e  LSU I 

1 
s t u d y )  appeared t o  have t h e  b e s t  c o n t i n u i t y .  A s t r u c t u r e  map on 
t h e  t o p  of t h e  Q Sand ( F i g u r e  C-6) i n d i c a t e s  t h e  same approximate 
o u t l i n e  b u t  a t  a s l i g h t l y  lower e l e v a t i o n .  F igu re  C-7 shows t h e  
c o r r e l a t i v e  n a t u r e  of  t h e  sand ,  t h e  cont inuous  n a t u r e  of t h e  gross 
zone, b u t  t h e  poor c o r r e l a t i o n  of t h i n n e r  i n d i v i d u a l  sand u n i t s .  A 
composite isopach of t h e  t w o  sand bodies ( F i g u r e  C-8) shows a t h i c k  
n e t  sand, up to 900 feet  i n  t h e  wes te rn  p o r t i o n  of t h e  prospect, 
th inn ing  t o  approximately 150 feet  t o  t h e  east. Pe rmeab i l i t y ,  po- 
ros i ty ,  s a l i n i t y ,  pressure, temperature, and methane g a s  data were 
based on t h e  LSU group f i n d i n g s  and on data supplied by v a r i o u s  
s t u d y  p a r t i c i p a n t s .  These data are tabula ted  below: 

Poros i ty :  20 p e r c e n t  
Permeabi l i ty :  10  m i l l i d a r c i e s  (ma) (2 m d  - 50 md) 
S a l i n i t y  : 100,000 parts p e r  m i l l i o n  
Temper a t  ure : 3 O O O F  
Pressure : 13,500 pounds per square i n c h  
Dissolved G a s :  35 s t a n d a r d  cubic  f e e t  p e r  barrel 

i 
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TABLE C-1 (continued) 

%P 
Well Identification - No. Well Identification 

Humble Oil (133084)* 26. A ~ O C O  (139360) 
Simmons #1 Sa L a  861 #7 
SeCo 15, T17St W E  Vermilion Blk. 14 
TaDo 20,530' ToDo 16,367' 

Kilroy Co. of Texas (90820) 27. Pan Am (108990) 

SeCe 20, T17S, Vermilion Blk. 15 
McIlhenny Est. #C-1 Sa L a  862 #5 

T.D. 15,509' TaDo 15,500' 

19. A. H. Bruner (81603) 
National Audubon Soc. # l  
SeCa 4, T17S, M E  
T.D. 16,OOO' 

28. Ocean DrlsJ. (101098) 

Vermilion Blk. 6 
Sa La 3843 #2 

TaDa 15,900' 

20. Kilroy Co. of Texas (9631) . 29. Humble Oil 61 Refg. Co. (78653) 
i White #B-1 S o  Lo 3512 #1 

SeC. 5 ,  T17St R3E Vermilion Blk. 6 
TaDa 15,694' TaDa 15,500' 

I 

21. Ocean Drlg. (136970) 30. Ocean Drlg. (95464) 
So L a  3843 #3 Sa L a  3846 # l  b 

Vermilion Blk. 6 Vermilion Blk. 12 
ToDa 19,650' TaDa 15,800' 

22. Ocean Drlg. (95463) 31. J. P. Owen et a1 (94232) 
Sa La 3843 81 La. Furs "J" #2 
Vermilion Blk. 6 SeCa 5, R2E 
T.D. 15,654' T.D. 13,510' 

23. Humble Oil (76450) 32. Union Oil Coo of Calif. (60511) 
Sa L a  3510 # l  La. F u r s  "C" #9 
Vermilion Blk. 8 Sec. 348 T16St R2E 
T.D. 16,500' TaD.,14~108'  

24. Ocean Drlg. (93061) 33. Union Oil of Calif. (108171) 
S o  L a  3844 # l  La. Furs "C" # l l  
Vermilion Blk. 8 SeCo 4, T17S, R2E 
T a  D o  158408' TaDa 13,370' 

25. Exchange Oil (141332) 34. Humble Oil & Refgo CO.. (42877) 
S o  La 5907 P1 L a o  W S a  "H" #I  

TaDa 17,500' TaDe 13,020' 
Vermilion Blk. 8 Sec. 27, T16S8 R2E 

- 
1 *Conservation Department serial number. 
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I 

model and t o  complete t h e  economic e v a l u a t i o n  of these prospects, 
it was necessa ry  to  d e r i v e  a number o f  d e s c r i p t i v e  r e s e r v o i r  param- 
eters f o r  use i n  t h e s e  ana lyses .  Parameters u t i l i z e d  for prospects 
i n  t h i s  s t u d y  are summarized i n  Table  D-1. F l u i d  properties such  
as  water v i s c o s i t y ,  water d e n s i t y ,  and water format ion  volume fac- 
tor were determined from c o r r e l a t i o n s  commonly u t i l i z e d  i n  t h e  

Dissolved G a s  Content  

l 

1 
1 
I petroleum indus t ry .  

- 
c 

4 Determinat ion of  t h e  d i s s o l v e d  methane c o n t e n t  of t h e  r e s e r v o i r  
b r i n e s  was based on t h e  exper imenta l  data o f  Culberson and 
McKettal and Sul tanov,  Skr ipka ,  and N a m i o t . 2  These researchers 
examined methane s o l u b i l i t y  i n  pure water as a f u n c t i o n  o f  tempera- 

by H a a ~ , ~  has  i n d i c a t e d  t h a t  d i s s o l v e d  s a l t s  reduce  methane sol- 
u b i l i t y  i n  water and t h a t  t h e  r e d u c t i o n  is i n  t h e  order of  15 t o  20 
p e r c e n t  a t  50,000 par ts  per m i l l i o n  N a C l  and 30 t o  40 p e r c e n t  a t  
100,000 parts per m i l l i o n  NaC1 .  Haas' empirical r e l a t i o n s  f o r  
methane s o l u b i l i t y  i n  pure water were also i n  q u i t e  close agreement 
wi th  those of t h e  t w o  p r e v i o u s l y  mentioned s t u d i e s  over  t h e  r ange  
of p r e s s u r e s  and temperatures of i n t e r e s t  i n  t h e  p r e s e n t  s tudy.  
For t h e  computer model r u n s  on each prospect, t h e  i n i t i a l  d i s s o l v e d  
g a s  c o n t e n t  of t h e  water was s p e c i f i e d  i n  t h e  i n p u t  data and was 
then  a u t o m a t i c a l l y  a d j u s t e d  by t h e  model i n  accordance w i t h  t h e  ex- 
per imenta l  data as t h e  reservoir pressure was lowered. 

, t u r e  and p res su re .  Add i t iona l  r e s e a r c h ,  i nc lud ing  a r e c e n t  s t u d y  

System Compress ib i l i t y  
1 

The f r a c t i o n  of water i n  place which can  be produced by depres- i 

c o m p r e s s i b i l i t y  of t h e  system. T h i s  c o m p r e s s i b i l i t y  is t h e  sum of  1 
p h y s i c a l  phenomena which c o n t r i b u t e  t o  main ta in ing  p r e s s u r e  a s  

I water is withdrawn from t h e  r e s e r v o i r .  The space vacated by pro- i 
~ duced water is f i l l e d  by a combinat ion o f :  i 

i 
I 

0 Rock expansion mani fes ted  as a decrease i n  e f f e c t i v e  i 

s u r i n g  an  a q u i f e r  by n a t u r a l  f low is p r i m a r i l y  dependent  on t h e  
I 
I 

~ 

I 
e Water expansion ( I t e m  1) 

b 
I I p o r o s i t y  (Item 2 )  1 

k u l b e r s o n ,  0. L., and McKetta, J. J., "Phase E q u i l i b r i a  i n  
Hydrocarbon Water Systems I11 -- t h e  S o l u b i l i t y  of Methane i n  Water 
a t  Pressures t o  10,000 psia," Transac t ions  AIME 192,  1951, pp. 
223-2260 * 

2Sultanov,  R. G.; Skripka, V. G.; and N a m i o t ,  A ,  Y., "Solu- 
b i l i t y  of Methane i n  Water a t  High Temperatures and Pressures,' 
Gazovaia Promyshlennost,,  V o l .  17,  1972, pp. 6-7. ( i n  Russ ian)  

3Haas, J. L.! Jr., An, Empirical Equat ion w i t h  Tables of 
Smoothed S o l u b i l i t i e s  of Methane i n  Water and Aqueous Sodium 
Chlo r ide  S o l u t i o n s  up t o  25 Weight Pe rcen t ,  36OoC, and 138 MPa, 
U.S. G e o l  ical  Survey, .Reston, V i r g i n i a ,  1978. Open-File Report  
No. 78-108.  
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0 -  G a s  evolved from s o l u t i o n - i n  t h e  r e s e r v o i r  water w i t h  
d e p r e s s u r i n g  ( I t e m  3 )  

Water mig ra t ing  i n t o  the r e s e r v o i r  pore space from shales - 
sur rounding  and in te rbedded  w i t h  t h e  r e s e r v o i r  rock ( I t e m  4 )  

Decrease i n  e f f e c t i v e -  p o r o s i t y  caused by subsidence 
(Item 5 )  . ~ 

-_ .  

o 

- 0 
- _  

Items 3, 4 ,  and 5 u s u a l l y  c o n t r i b u t e  l i t t l e  t o  maintenance of 
p r e s s u r e  i n  moderate depth ,  normally pressured aquifers,  and these 
aquifers are u s u a l l y  s t imu la t ed  c o n s i d e r i n g  o n l y  Items 1 and 2. 
Adequate c o m p r e s s i b i l i t y  data  are a v a i l a b l e  fo r  water, b u t  data  for 
rock c o m p r e s s i b i l i t y  i n  t h e  geopressured -range are spa r se . -  The 
a v a i l a b l e  data i n d i c a t e  somewhat h i g h e r  rock c o m p r e s s i b i l i t y  i n  
geopressured r e s e r v o i r s  t h a n  i n  normally p re s su red  r e s e r v o i r s ,  b u t  
p r e s e n t  data is n o t  s u f f i c i e n t  for a c c u r a t e l y  e s t i m a t i n g  represen-  
t a t i v e  va lues  for a p a r t i c u l a r  r e s e r v o i r .  Although a wide range of 
rock c o m p r e s s i b i l i t y  v a l u e s  has  appeared i n  t h e  l i terature  on ~ ~ 

geopressured aquifers, some-have been p u r e l y  s p e c u l a t i v e .  I n  t h e  
absence of more d e f i n i t i v e  data, therefore, a rock pore volume 
c o m p r e s s i b i l i t y  va lue  of 5.0 x 10-6 psi'l was used i n  t h e  NPC 
s tudy .  - 

~ 

- 

I t e m  3 can be s i g n i f i c a n t  i f  t h e  a q u i f e r  water is sa tu ra t ed  
wi th  g a s  a t  o r i g i n a l  c o n d i t i o n s  and d e p r e s s u r i n g  is carried to  a 
l e v e l  w e l l  below o r i g i n a l .  T h e - e f f e c t  of Item 3-was included i n  
t h e  NPC s tudy ,  w h i l e  possible p r e s s u r e  maintenance by Items 4 and 5 
w a s  n o t  included.  

There  are d i f f e r e n t  o p i n i o n s  r ega rd ing  t h e  importance of Item 4 
i n  main ta in ing  p r e s s u r e .  Shales have some p e r m e a b i l i t y ,  b u t  i n  
normally p re s su red  r e s e r v o i r s ,  t h i s  p e r m e a b i l i t y  is so small t h a t  
it can be neg lec t ed .  Abnormally p re s su red  shales tend  to have more 
p e r m e a b i l i t y  because h igh  f l u i d  pressure has  prevented  overburden 
stresses from squeez ing  water from t h e  pore s t r u c t u r e  to  t h e  e x t e n t  
t h a t  t h i s  occurs i n  normal pressure-envi ronments .  With h ighe r  per-  
m e a b i l i t y ' i n  abnormally p re s su red  shales and w i t h  l a r g e  p r e s s u r e  
g r a d i e n t s  which w i l l  occur as these r e s e r v o i r s  are produced, some 
water w i l l  m ig ra t e  i n t o  t h e  r e s e r v o i r  sands  from s h a l e s  i n  imme- 
diate  proximi ty  to  t h e  r e s e r v o i r  rock. One a u t h o r  has a t t r i b u t e d  
s i g n i f i c a n t  p r e s s u r e  maintenance t o  t h i s  source i n  ana lyz ing  t h e  
d e p l e t i o n  of abnormally p re s su red  g a s  r e s e r v o i r s .  4 

- _ _  
~ 

Pressure maintenance from d e c r e a s e s  i n  e f f e c t i v e  p o r o s i t y  due 
to  subs iaence  have been reported f o r  a numb-er of  f i e l d s  i n c l u d i n g  - 
Wilmington and s e v e r a l  Venezuelan f i e l d s .  
dence is a t t r i b u t a b l e . t o  rearrangement  and to  c rush ing  of sand 
g r a i n s . '  These factors would tend  t o  decrease well p r o d u c t i v i t y  
and,  i n  s e v e r e  i n s t a n c e s ,  could cause c a s i n g  f a i l u r e .  

R e s e r v o i r - r o c k  subsi-  

4Wallace, W. E. , -"Water Product ion  from Abnormally P res su red  
, Gas Rese rvo i r s  i n  South Louis iana ,  Part  11," Proceedinqs of t h e  

Second Symposium on Abnormal Subsurface  Pressure, Louis iana  State 
, Unive r s i ty ,  Baton Rouge, Lou i s i ana , - Janua ry  30, 1970. 
I 
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or uncer t a i  ng system com- 

easonab le  . 
s f o r  t h e  Texas 

ts  were determined from evalua-  
Department o f  Energy,, D iv i s ion  

rs a t  L o u i s i a n a  State  U n i v e r s i t y  
.d  ,7 ,*  19 These r e s e a r c h e r s  
of data, well l o g s  from wells 

w i t h i n  t h e  p r o s p e c t s  and i n  t h e  immediate sur rounding  area, an- 
a l y z i n g  and c o r r e l a t i n g  t h e  l o g s  t o  develop  g e o l o g i c  in fo rma t ion  i n  
t h e  form of cross s e c t i o n s ,  s t r u c t u r a l  maps, and i sopach  maps. 
Other p r o s p e c t  i n  f orma t io  s u c h  as  r e s e r v o i r  tempera ture ,  p res -  
s u r e ,  s a l i n i t y ,  p o r o s i t y ,  nd p e r m e a b i l i t y ,  were developed using 
w e l l  l o g s ,  cores, and d a t  f r o m  d r i l l i n g  r e p o r t s .  

y 1978. C o n t r a c t  S t u  



For each of  t h e  Louis iana  p r o s p e c t s ,  t h e  LSU e v a l u a t i o n  r e p o r t  
p rov ides  a g e n e r a l  d e s c r i p t i o n  o f  t h e  p r o s p e c t  w i t h  r e g a r d  t o  i t s  
s u r f a c e  geographic  l o c a t i o n ,  a g e o l o g i c  d e s c r i p t i o n  of  t h e  p r o s p e c t  
area, and a g e n e r a l  s t r a t i g r a p h i c  d e s c r i p t i o n  o f  t h e  geopressured  
sed iments  i n  t h e  prospec t .  The LSU e v a l u a t i o n  r e p o r t  a lso s p e c i -  
fies, for each p rospec t ,  i ts n e t  sand volume, areal  e x t e n t ,  t o p  and 
bottom of  sand i n t e r v a l ,  and average  dep th  as these parameters  were 
determined from structure and i sopach  maps and g e o l o g i c  cross 
s e c t i o n s .  

A d d i t i o n a l l y ,  LSU researchers determined from n e t  sand i sopach  
maps t h e  sand t h i c k n e s s  a t  a s i t e  which was recommended as  t h e  lo -  
c a t i o n  for a tes t  w e l l  i n  each p r o s p e c t  area. T h a t  t h i c k n e s s  was 
u t i l i z e d  as t h e  n e t  sand t h i c k n e s s  i n  a l l  s ingle-producing-well  
computer model p r e d i c t i o n  r u n s  i n  t h e  NPC s tudy .  Where p r e d i c t i o n  
involved t h e  development of  t h e  p r o s p e c t  w i t h  more than  one produc- 
ing w e l l ,  t h e  sand t h i c k n e s s  used i n  t h e  model was t h e  average  n e t  
sand t h i c k n e s s  determined by d i v i d i n g  t h e  r e s e r v o i r  bu lk  volume by 
t h e  area of t h e  p rospec t .  

t h e  Louis iana p r o s p e c t s  inc luded  average s a l i n i t y ,  average p res -  
s u r e ,  t o p  of geopres su re ,  and average  tempera ture .  Pressures were 
estimated from s h a l e  r e s i s t i v i t y  i n d i c a t i o n s  on t h e  w e l l  l o g s .  Tem- 
p e r a t u r e '  r e a d i n g s  from l o g s  were corrected t o  undis turbed  r e s e r v o i r  
temperatures, to  account  f o r  mud circulation e f f e c t s ,  using a gen- 
e r a l l y  accepted  American Assoc ia t ion  of Petroleum G e o l o g i s t s  (AAPG) 
c o r r e c t i o n  r e l a t i o n s h i p .  Other data v a l u e s  estimated from w e l l  
l o g s  and/or s idewa l l  cores inc luded  average  p e r m e a b i l i t y  and poros- 
i t y .  Pe rmeab i l i t y  va lues  cited by t h e  LSU r e p o r t s  were cons ide red  
to  be h igh  f o r  u s e  as  average  v a l u e s - o v e r  t h e  total  n e t  sand th i ck -  
n e s s  and were a d j u s t e d  downward by t h e  s tudy  p a r t i c i p a n t s ,  based on 
o i l  and g a s  product ion  expe r i ence  i n  t h e  areas. 

For a l l  Louis iana  p r o s p e c t s  w i th  t h e  excep t ion  of Sou theas t  
Pecan I s l a n d ,  data va lues  determined by LSU researchers as  de- 
scribed above were u t i l i z e d  i n  t h e  computer model runs .  I n  t h e  
case of t h e  Southeas t  Pecan I s l a n d  p r o s p e c t ,  however, a separate 
examinat ion was performed by t h e  g e o l o g i s t s  p a r t i c i p a t i n g  i n  t h e  
NPC s tudy .  V a l u e s  used i n  t h e  Pecan I s l a n d  computer r u n s  for re- 
s e r v o i r  bu lk  volume, areal e x t e n t ,  t o p  and bottom of sand  i n t e r v a l ,  
average dep th ,  and expected t h i c k n e s s  a t  t h e  recommended tes t  w e l l  
s i t e  were determined from g e o l o g i c  maps prepared  by t h e  s t u d y  par- 
t i c i p a n t s .  Other va lues  used i n  t h e  Pecan I s l a n d  model r u n s  were 
e i t h e r  taken  d i r e c t l y  from t h e  L S U  r e p o r t  or were a d j u s t e d  somewhat 
t o  account  f o r  t h e  d i f f e r e n c e  i n  average  dep th  between t h e  t w o  geo- 
l o g i c  models. 

Four Texas p r o s p e c t s  for which s u f f i c i e n t  data were a v a i l a b l e  
i n  t h e  U n i v e r s i t y  o f  Texas  e v a l u a t i o n  report were examined using 
t h e  computer model t o  estimate t h e i r  b r ine -  and gas-producing po- 
t e n t i a l s .  
e ra l  p a r t s ,  each  covering a s e p a r a t e  g e o l o g i c  formation:  
covered t h e  F r i o  p r o s p e c t s ,  whi le  ano the r  covered Wilcox Group 

Data v a l u e s  estimated from convent iona l  w e l l  l o g s  f o r  each of 

The U n i v e r s i t y  o f  Texas report was broken down i n t o  sev- 
one p a r t  
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p r o s p e c t s ,  and a t h i r d  d iscussed  p r o s p e c t s  i n  t h e  Vicksburg Forma- 
t i o n .  Geologic s t r u c t u r e  and i sopach  maps were n o t  incJuded i n  t h e  
Texas  report and p r o p e r t i e s  were, t h e r e f o r e ,  n e c e s s a r i l y  drawn from 
t e x t u a l  i n fo rma t ion ,  data tables, and g e o l o g i c  cross s e c t i o n s  i n -  
c luded  i n  t h e  r e p o r t .  Of  t h e  Texas  sites, t h e  Aus t in  Bayou, Ekio 
Formation p r o s p e c t  r e c e i v e d  t h e  most e x t e n s i v e  coverage,  w h i l e  

p r o s p e c t s  was p resen ted  i n  less 

d 

In  s e v e r a l  volumes were reduced from the  
v a l u e s  g i v e n  i n  t h e  U n i v e r s i t y  of Texas  reports t o  exclude from t h e  
r e s e r v o i r  volume those sands  which were i n d i c a t e d  by t h e  e v a l u a t i o n  
r e p o r t s  to  be of very  l o w  p e r m e a b i l i t y  or n o t  w i t h i n  t h e  geopres-  
su red  zone. Consequently,  it was necessa ry  t o  a l te r  t h e  average  
r e s e r v o i r  p r o p e r t i e s  of t h e  p r o s p e c t s  t o  conform w i t h  t h e  change i n  
average  dep th  of t h e  r e s e r v o i r s .  S ince  t h e  tabula ted  
often p r e s e n t e d  as  a range  of v a l u e s  over  a n  i n t e r v a l  
was g e n e r a l l y  possible to r p o l a t e r w i t h i n  t h e  g iven  range  to  t h e  

e s e n t e d  i n  t h e  Texas  r e p o r t s  were g e n e r a l l y  de- 
f t h e  same a n a l y t i c a l  p rocedures  described above 
p r o s p e c t s  using w e l l  l o g s ,  cores and d r i l l i n g  

report informat ion .  \As i n  t h e  case of the  Louis iana  prospects, 
p e r m e a b i l i t y  v a l u e s  p re sen ted  i n  t h e  Texas  e v a l u a t i o n  reports were 
cons ide red  by NPC s t u d y  p a r t i c i p a n t s  t o  be too h igh  t o  be a p p l i e d  
as average  p e r m e a b i l i t y  v a l u e s  over  t h e  e n t i r e  n e t  sand th i ckness .  

exper  i e n c e  of s t u d y  p a r t  i n t s  famil'iar ospect areas. 
' Permeabilities were therefore decreased i n  accordance w i t h  t h e  

1 PR ON EVALUATION A PROSPECTS 
I 
I ana geopressured  b r i n e  p r o s p e c t s  were e v a l u a t e d  by 

for t h i s  s tudy .  The a q u i f e r  properties u t i l i z e d  i n  
d e l  for each of t h e  p r o s p e c t s  were summarized i n  

he p r o p e r t i e s  l i s t ed  were t aken  d i r e c t l y  from 
data  p resen ted  in t h e  e v a l u a t i o n - o f  t h e  f i v e  possible tes t  s i tes  

e r p r e t a t i o n  by t h e  geolo-  
I n  t h e  case of s e v e r a l  of 

members. Parameters u t i l i z e d  i n  modeling t h e  
ect ,  however, were determined from 

t h e  p r o s p e c t s ,  t h e  d i s s o l v e d  n a t u r a l  gas c o n t e n t  of t h e  b r i n e . w a s  
he LSU data ( u s u a l l y  i n  t h e  d i r e c t i o n  o f  a 

r e f l e c t  t h e  probable saturated 
e,  p r e s s u r e ,  and water s a l i n i t y .  
n l y  a p roduc t ion  tub ing  size of 

s s i b i l i t y  of 

was r u n  t o  determi 
as-producing capabil y a t  i n i t i a l  rates of 

ss involved 6 1  model uns. Table D-2 lists 
w e l l  for single-we1 and multiple-well con- 

n for each  of t 
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TABLE D-2 
I 8 I 

! Louisiana Geopresstlre-Geothermal Prospect Pro&ction Summary 
I 1 ,  I I 

I 
I 

I / 
Brihe ' I 1 Tbtal Gas Produced 

I , Production, Computer Number of Length of Constant Per Well During 
Rate Run Producing , Flow Period Natural Flow Period* 

, Prds*ct (B/D 1 Number dells (Years 1 e (BCF) 

Atchafalaya m y  East 70,000 L l  1 1 ,  0 \ 11.42 
i 

50,000 L2 1 7 11.27 
L3 ' 2  3 8.73 

I 

I 

I I 

I 

Gas Produced 
as Percentage of 

Original Gas 
In Place 

1.8 

1.8* 
2. 7 I 





Brine 
Production 

Rate 
Prospect (B/D) 

Rockefeller Refuge 50 e 000 

30,000 

SE Pecan Island East 70 e 000 

50,000 

I: 
c.' 
0 

30 e 000 

SE Pecan Island,West 70 e 000 

50 e 000 

Computer 
Run 

N u m b e r  

L43 
L44 
L45 
L46 
L47 

L48 
L49 
L50 
L5 1 

L52 

L53 

L54 
L55 

L56 

L57 
L58 J 

L59 
L60 
L61 

TABLE D-2 (continued) 

Number of Length of Constant 
Producing Flow Period 

Wells (Years) 

1 25+ 
2 25+ 
4 13 
6 8 
8 6 

1 25+ 
10 14 
14 10 
20 7 

1 0 

1 1 

1 12 
2 4 

1 2 

1 15 
2 0 

1 25+ 
2 10 
4 5 

Total Gas Produced Gas Produced 

Natural Flow Period* Original Gas 
Per Well During a s  Percentage of 

(BCF 1 I n  Place 

22.68 
21.99 
18.45 
14.39 
11.29 

1.2* 
2.4 
4.0 
4.6 
4.8 

13.78 0.7 
9.02 4.8 
6.48 4.9 
4.54 4.9 

7.28 4.0 

7.27 

6.95 
3.87 

14.44 

13.53 
7.33 

9.03 
7.07 
4.42 

4.0 

3. 8 
4.3 

3.5 

3.2 
3.5 

2.2 
3.4 
4.2 

*Natural flow period of 2 5  years o r  less i f .  aquifer pressure depletes sooner. 

c) - .  



ra te ,  computer run  number, number of producing wells, and l e n g t h  of 
t h e  c o n s t a n t  f l o w  pe r iod  are g iven .  Table D-2 also lists, f o r  each  
o f  these cases, t h e  to ta l  g a s  produced p e r  w e l l  du r ing  25 y e a r s  of 
n a t u r a l  f l o w  (or u n t i l  t h e  end of t h e  n a t u r a l  flow pe r iod  i f  p re s -  
s u r e  d e p l e t i o n  occurred  i n  less t h a n  25 y e a r s )  and t h a t  t o t a l  pro- 
d u c t i o n  as a percentage  of t h e  o r i g i n a l  g a s  i n  p l ace .  I n  each of 
t h e  s ing le -we l l  p roduc t ion  cases, t h e  n e t  sand  t h i c k n e s s  used i n  
t h e  model was t h e  expected t h i c k n e s s  a t  t h e  recommended w e l l  s i t e  
as  determined from n e t  sand isopach maps. I n  each of t h e  m u l t i p l e -  
w e l l  p roduc t ion  cases, t h e  average n e t '  sand t h i c k n e s s ,  as deter- 
mined from t h e  v a l u e s  f o r  b k volume and areal e x t e n t ,  w a s  used i n  
t h e  computer model. 

d 

PRODUCTION EVAL ON OF TEXAS PROSPECTS 

Four  Texas i n e  p r o s p e c t s  were eva lua ted  by com- 
puter model for t h i s  s tudy .  The aquifer p r o p e r t i e s  u t i l i z e d  i n  t h e  
computer model for each of t h e  p r o s p e c t s  were summarized i n  Table 
D-1. These p r o p e r t i e s  were d e r i v e d  p r i m a r i l y  from research r e p o r t s  
on t h e  p r o s p e c t s  prepared  by t h e  Bureau  of Economic Geology a t  t h e  
U n i v e r s i t y  o f  Texas a t  Aust in .  A small amount of a d d i t i o n a l  indus- 
t r y  data  w a s  also a v a i l a b l e  and was u t i l i z e d  i n  t h e  de t e rmina t ion  
of r e s e r v o i r  p r o p e r t i e s ,  a s  was t h e  i n p u t  o f  s e v e r a l  NPC s t u d y  par-  
t i c i p a n t s  who are familiar w i t h  t h e  p r o s p e c t  areas. The d i s s o l v e d  
n a t u r a l  gas c o n t e n t  of  t h e  geopressured  b r i n e  was a d j u s t e d  to re- 
f lec t  s a t u r a t i o n  c o n d i t i o n s  a t  t h e  tempera ture ,  p r e s s u r e ,  and sa- 
l i n i t y  of t h e  i n d i v i d u a l  p rospec t  r e s e r v o i r s .  A s  was t h e  case i n  
t h e  p r e v i o u s  e v a l u a t i o n  of t h e  Louis iana  p rospec t s ,  o n l y  5 1/2-inch 
r o d u c t i o n  tub ing  and rock  pore volume m p r e s s i b i l i t y  of 5 x 
0-6 psi'l were considered i n  t h e  model 

The computer model was r u n  t o  deter he b r ine -  and gas-  
producing capabi l i t ies  of each of t h e  p r o s p e c t s  over  25 y e a r s  a t  
i n i t i a l  producing rates of 30, 50, and 70 MB/D p e r  w e l l  for s i n g l e -  
w e l l  and mul t ip le -wel l  c o n f i g u r a t i o n s ;  t h i s  process involved 1 6  
model runs .  Table D-3 l ists  summary in fo rma t ion  for each of t h e  
p r o s p e c t s .  The p roduc t ion  rate, computer r u n  n m b e r ,  number of 
producing w e l l s ,  and l e n g t h  of t h e  c o n s t a n t  f low pe r iod  are g iven  
as w e l l  as t h e  total  g a s  produced p e r  w e l l  dur ing  a n a t u r a l  f l o w  
period of 25 y e a r s  or less i f  p r e s s u r e  d e p l e t i o n , o c c u r r e d  sooner.  
G a s  p roduc t ion ,  as a percentage  of o r i g i n a l  g a s  i n  p l a c e  
rated c o n d i t i o n s ,  is  also provided i n  Table D-3. For t h  
e l l  product ion  cases, t h e  n e t  sand t h i c k n e s s  used i n  t h e  model was 
he expec ted  t h i c k n e s s  a t  t e recommended w e l l  s i te  as  determined 
rom n e t  sand i sopach  maps. he  mul t ip le -wel l  p roduc t ion  cases, 

n t h e  computer r u n  was t h e  average  
rom v a l u e s  g iven  for bu lk  ume 



TABLE D-3 

Texas Geopressure-Geothermal Prospect Production Summary 

Total Gas Produced Gas Produced 

Natural Flow Period* Original Gas 

Brine 

Rate Rufl Producing Flow Period 
Production Computer Number of Length of Constant Per W e l l  During a s  Percentage of 

Prospect ( B D )  Number Wells (Years) (BCF 1 I n  Place 

Austin Bayou 70,000 Ti 1 2 13.70 3.5 

50 , 000 T2 
T3 

30,000 T4 
T5 
T6 

1 
2 

1 
2 
4 

12 
5 

25+ 
14 
7 

13.24 
7.25 

3.4 
3. 8 

9.99 2.6 
7.22 3.7 
3.62 3.7 

1 0 6.72 1.6 

1 0 6.72 1.6 

T8 1 9 6.56 1.5 
2 0 4.31 2.0 

Candelaria 70 , 000 

50,000 

30,000 

U 
I 
P tu 

T9 

C 1  inton 70,000 TlO 1 0 3.95 2.3 
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TABLE E-2 I 
D r i l l i n g  Programs and C o s t  Es t ima tes  

(Constant 1979 Dallars) 

Johnson's Bayou Prospect, Ijouisiana 

i 
I - Top Geopressure 8,700 F"t 

T o t a l  Depth 13, 500 
1 
I - 

T a n s i b l e s  

- 
26" Conductor $ 10,000 

I 20" Surface Casing 1,800 ~t a0 , 000 
13 3/8" In te rmedia te  . 8,700 310#000 

13,500 410, 000 
'5 1/2" 'Tubing  9,000 150#000 
9 5/8" Product ion  

Xmas Tree . i50,ooo 
subtotal $1,110,000 

- 

I n t a n g i b l e s  i 

Location and Move $ 100,000 
Rig 50 Days, $7,00O/bay 350,000 
Mud 200,000 

130,000 
B i t s  80,000 

20 , 000 

20,000 
Coring 20,000 
Geology and m g i n e e r i n g  '50,000 

25,000 
Cementing 100,000 

(20% of T o t a l )  445,000 

Logging and Perforating 

Rental 4 u i p n e n t  

Trucking 

- 

- Fuel and Water 20,000 

W e l l  Suppl ies  
~ 

subtotal $1,115,000 
- Contingency 

Total 

I 

E-2 





TABLE E-2 (continued) 

Austin Bayou Prospect, Texas 

Top Geopressure 
Total Depth 

Tanqibles 

26" Conductor 
20" Surface Casing 
13 5/8" Intermediate 
9 5/8" Production 
7" Liner 
5 1/2" Tubing 
Xmas Tree 

subtotal 

Intangibles 

&cation and Move 
Rig 140 Days, $7,200/bay 
Mud 
Logging and Perforating 
B i t s  
Rental 4uipment 
Fuel and Water 
Trucking 
Coring 
Geology and Engineering 
W e l l  Supplies 
Compl. and Spec. Services 
Cementing 

Subtotal 
Contingency 

(20% of lbtal) 

Total 

E-4 

10,200 Ft 
16,500 

$ 10,000 
1,300 Ft' 50,000 
8,500 

14,500 
16,500 
15,000 

295,000 
495,000 

60,000 
200,000 
150,000 

$ 1,260,OO 

$ 200,000 
1,008,000 

400,000 
250,000 

50,000 
50,000 

125,000 
60,000 

150,000 
25,000 

30,000 
100,000 
150,000 

$2,598,000. 

772,000 

$4,630,000 







PRODUCTION AND WATER DISPOSAL d 
DESCRIPTION OF F A C I L I T I E S  

For a typical geopressured br es  project, production f ac i l i -  
t i e s  would consist of large-capacity gas/water separators; gas com- 
pression f ac i l i t i e s ;  water holding tanks and treating f ac i l i t i e s ;  
water injection pumps: and multiple, shallow, high-ra e water d i s -  
posal wells. Fuel would be obtained from natural gas 
Gas would be delivered t o  the purchaser a t  the well s 
pounds per square inch gauge ( p s i g ) .  Because of the distance of 2 
miles or more between wells, each well would require separate pro- 
duction, water disposal, and sales f ac i l i t i e s .  Detailed schematics 

production and water disposal f a c i l i t i e s  are presented i n  Fig-  
Cost estimates for these f a c i l i t i e s ,  exclud- es F-1 through F-3. 

r geothermal, wn i n  Table F-1 and Figure F-4. 

i n e  production was determined 1 
asible. The h i g h  fuel requirements and pump capacity 

1 limitations resu l t  i n  marginal economics a t  best, us ing  a gas price 
of up  t o  $9.00 per MCF. 
data . Table F-2 presents a r t i f i c i a l  l i f t  cost 

I 

0 Transport 

I 



SUBSURFACE WATER DISPOSAL FACILITY REQUIREMENTS AND COSTS - 
For t h i s  s tudy ,  one p r o s p e c t  was examined i n  s i g n i f i c a n t  detai l  

t o  de termine  the  f a c i l i t y  requi rements  and costs associated w i t h  
water disposal i n t o  shallow b r i n e  aquifers. 

Prospect, Loca t ion ,  T e r r a i n  

The p r o s p e c t  selected was Sou theas t  Pecan I s l a n d .  The p r o s p e c t  
is located i n  sou the rn  Louis iana  i n  a marsh-type environment. 

P roduc t ion  R a t e  

Three product ion  rates were considered as t y p i c a l  cases. Rates 
of 20,000, 40,000, and 60,000 B/D were g iven  as s t anda rd  d i s p o s a l  
q u a n t i t i e s .  It w a s  assumed t h a t  t h e  s a l t  water would be r e l a t i v e l y  
free of hydrocarbons b u t  would have normal characterist ics concern- 
i ng  c o r r o s i o n  and t r e a t i n g  requi rements  p r i o r  to  i n j e c t i o n .  

Well Depth 

The average s a l t  water d i s p o s a l  dep th  for  t h i s  area is approxi-  
mately 2,000 feet. However, i n j e c t i o n  q u a n t i t i e s  are u s u a l l y  much 
less t h a n  20,000 barrels of water per day per w e l l .  I n j e c t i o n  w e l l  
dep th  was lowered to  3,500 feet  t o  e n s u r e  t h a t  cost estimates would 
i n c l u d e  an  al lowance t o  d r i l l  through c l e a n  sands  i n  t h e  50-foot 
t h i c k n e s s  range. T h i s  would allow t h e  w e l l  bore to  take t h e  re- 
q u i r e d  20,000 barrels of water per day as  w e l l  as  l e a v e  h ighe r  
sands  as p o s s i b l e  recomple t ion  candidates. 

Disposal P r e s s u r e  

Based upon t h e  p h y s i c a l  p i p i n g  l a y o u t ,  d i s t a n c e s  from pumps t o  
i n j e c t i o n  wellheads, and i n j e c t i o n  w e l l  c o n d i t i o n s ,  disposal pres-  
s u r e s  would r ange - f rom 150 t o  300 p s i g .  

W e l l - C o s t  E s t i m a t e  

W e l l  d ep th  w a s  assumed to  be 3,500 feet. A c a s i n g  program 
i n c l u d i n g  13 3/8-inch c a s i n g  se t  through t h e  f r e s h  water sands ,  
1 0  3/4-inch c a s i n g  set  as to ta l  dep th ,  and 7-inch c a s i n g  set as t h e  
i n j e c t i o n  s t r i n g  was chosen to  accommodate h igh  i n j e c t i o n  rates. 
The complet ion would i n c l u d e  g r a v e l  packing and a s c r e e n / l i n e r  as- 
sembly. The to ta l  cost i n c l u d e s  a l l  wellhead equipment and s a f e t y  
and c o n t r o l  d e v i c e s  required for an  i n j e c t i o n  w e l l  l o c a t i o n .  

Surface F a c i l i t y  Cost -- S t r u c t u r e  

cost inc luded  i n s t a l l a t i o n  labor and t r a n s p o r t a t i o n  t o  t h e  proposed 
l o c a t i o n .  
inc luded;  a more d e f i n i t e  area would have t o  be d e f i n e d  to  estimate 
dredging  costs. Living q u a r t e r s  and communications equipment were P, 

A c o n c r e t e  p l a t fo rm was selected for  marsh-type t e r r a i n .  The 

The cost of possible dredging  to  t h e  location was n o t  

also n o t  inc luded;  t h e  g e n e r a l  l o c a t i o n  of t h e  p r o s p e c t  s u g g e s t s  b. 

F-2 

'\ 



1 .  
~ - - 

- _  - 
- 

- ormal, w i t h  c a l i o u t s  a t  - -  pment shutdown - s i t u a t i o n s .  If l i v i n g  -quarters  were 
have to be increased 

- 

_ _  

typical fac i l i t i e s  inc lude  a 1,500-2,000 barre l  s e p a r a t i o n  and set- -. 

For-ease-o-f c 



FLOW LINE 

t 
WELL 

SALES 
METER 

GAS TO SALES \ \  

800 PSI 
SEPARATOR 

COMPRESSOR 

225 PSI 
SEPARATOR 
I GAS TO SALES 

BRINE TO WATER DISPOSAL SYSTEM 
1 

Figure F-1. Production FaciIity (No Geothermal). 

SALES POWER TO 

800 PSI 
SEPARATOR 

PRODUCING 

225 PSI 
SEPARATOR 

-. 
L. 

- _ _ ~  
METER SALE 

\* t 
GAS TO SALES 

WORKING 
FLUID 

3RINE 

GENERATOR 
%CHANGER 

COOLING WATER 

CONDENSER % E %  

BRINE TO WATER DISPOSAL FACILITY 
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Figure F-2. Production Facility (Including Geothermal). 
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TABLE F-1 

Production and Subsurface Water Disposal Fac i l i t y  Cost E s t i m a t e s  
(Constant 1979 Dollars) 

- 
- -  . 

, 

Louisiana Prospects 20,000 B/D 40,000 BJD 60,000 ~ / b  

$ 250,000 Location $ 250,000 $ 250,000 - 

Separators, Tanks and 
m P S  960,000 1,400,000 1 # 90 0, 000 

- 

Labor 240,000 - 280,000 325,000 
~ 

- 

Transportation 10,000 15,000 20,000 

Piping, V a l v e s ,  & Fi t t ings  30#000 50,000 60,000 

Cas Compression 100,000 100,000 200,000 

1 ,200,000 Disposal Wells* 600,000 900,000 ~ 

Texas Prospects 20,000 B/D 

Location $ 100,000 

Separators, Tanks and 
960,000 

Labor 240, 000 

Transportation 10,000 

Piping, Valves, & Fi t t ings  ~ 30,000 

G a s  Compression 100 # 000 

Disposal Wellst goo ,000 

- 
100,000 , . 200,000 

2,100,000 

Contingency (10%) 
Tota l  

*2O,OOO B/D/well ;  
tlO,000 B/D/wel l t  

230,000 
$2 8 570 000 

- 

$30O80O0/well1 1 standby w e l l .  
$300,00O/well; 1 standby well. ? 

b 



2.0 
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TAB= F-3, 

Production and Water Disposal Faci l i ty  Cost Estimates 
(Discharge into Gulf of Mexico) 

(Constant 1979 Dollars) 

R a t e  

-cation 

Separators & Tanks 

Labor 

Transportation 

Piping & Valves 

Gas Canpression 

Pumps 

5 Miles 10" Line 

Subtotal 
Contingency ( 10%) 

Total 

200,000 

10,000 

40,000 

100,000 

400,000 

2,ooo,000 

$3,500,000 
350,000 

$3,850,000 

---. 
L 
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MAINTENANCE 

e or p a r t i a l  p r e s s u r e  main- 
n o t  f e a s i b l e  f o r  t h e  f o l -  

n t i a l  p a r t  of t h e  recov- 

h ig  h-pres sur e i n  j ec t ion  
r a t i n g  costs and t h e  re- 
p e r  MCF upper l i m i t  f o r  

n t i a l  of p r e s s u r e  
a r t i a l  p r e s s u r e  main te-  
Johnson 's  Bayou p rospec t s .  

t h e  computer model arec 

n j e c t i n g  t h e  produced vol-  
f o r  e s t i m a t i n g  horsepower 

nance. Tables  G-1 and G-2 
t data for t h e  two 
a p roduc t ion  ra te  of 

D. Add i t iona l  c a l c u l a t i o n s  were made to  es- 

cn  nnn n / n  

p a r t i c i p a n t  judgment, 
i n j e c t i o n  w e l l s .  For 
a ta  i n  Tables G-3 and 

f r ic t ion  p r e s s u r e  
t i o n  wellhead p r e s s u r e .  



TABLE G-1 

SE Pecan I s l a n d  W e s t  P re s su re  Maintenance Data 

Production Rate 
I n j e c t i o n  Fate 
Average Reservoir  Pressure a t  Onset of 

Pressure Maintenance 
Producing Solu t ion  Gas/Water Ratio 

A t  I n j e c t i o n  Rate of  25,000 B/D/Wel l :  

Sur face  Pressure 
Sandface Pressure 
Fuel  Requirements 

Investment (Constant  1979 Dollars): 

2 I n j e c t i o n  W e l l s  
Pumps (10 Operating, 2 Standby) 
Tanks 
I n j e c t i o n  Line 

T o t a l  

Operat ing Expense 

50,000 B/D 
50,000 B/D 

10,506 psi  
31 cu  ft /bbl 

-I 

6,700 psi  
13,360 psi 

27 cu ft /bbl 

$ 8,940,000 
5,400, 000 

100,000 
634,000 

$1 5,074 8 000 

$ 320, 000/year 
5#/bbl 





TABU3 G-3 

i? 
Pressure Maintenance 

L. Case: Production Wells a t  Recornended Well Site, SE Pecan Island West 

Computer Run: L57 

Total Injection Rate 
Average Reservoir Pressure a t  

Onset of Pressure Maintenance 
Average Reservoir Productivity Index 
Producing Gas/Water Ratio a t  Onset 

of Pressure Maintenance 

50,000 B/D 

10,506 psi 
32.6 B/D/pSi 

t 
i 31 cu ft/bbl ! 

Injection Case : 

1 Injection Well 

Rate ( B/b/well) 
APf (tubing)* (psi) 
Sandface Pressure (psi) 
Wellhead Pressure (psi) 

50,000 
2,259 

14,886 
9,903 

2 Injection Wells 

Rate (B/D/well) 25,000 

Sandface Pressure (psi) 13,360 
APf (tubing) (psi) 582 I 

i 
i Wellhead Pressure (psi) 6,700 

3 Injection Wells 

Rate ( B/b/well) 16,666 
APf (tubing) (psi) 2 70 
Sandface Pressure (psi) 12,696 
Wellhead Pressure (psi) 5,724 

4 Injection Wells 
i 12,500 L Rate (B/D/well) I 

hPf(tubing1 (psi) 154 
Sandface Pressure (psi) 12,235 
Wellhead Pressure (psi) 5,147 

* Apf(tlibing) = tubing friction pressure drop. 





C a l  c u l  a t i o n  Methodology 

The i n j e c t i v i t y  index ( I )  w a s  estimated by a d j u s t i n g  t h e  pro- 
d u c t i v i t y  index ( J )  computed by t h e  computer model f o r  t h e  i n c r e a s e  
i n  water v i s c o s i t y  ( p )  a t  lower temperature and f o r  a decrease i n  
n e t  sand t h i c k n e s s  ( h )  where necessary :  

- 
Li 

i 

1 
I pressure by t h e  r e l a t i o n s h i p :  i 

I n j e c t i o n  wel lhead pressure, Pwh, is related to  sandface  

I 

The subscr ip ts  p and i refer t o  t h e  p roduc t ion  and i n j e c t i o n  
cases, r e s p e c t i v e l y .  A s  i n d i c a t e d  i n  t h e  p rev ious  d i s c u s s i o n ,  f o r  
Pecan I s l a n d  (pp/Pi) = 0.22 = 0.46 whi le  (h i /hp )  v a r i e d  

from 1 to approximately 1/2 due t o  t h e  wide v a r i a t i o n  i n  n e t  sand 
th i ckness .  For Johnson 's  Bayou (&/pi) = 0.56 and 
(h i /hp )  = 1.0 s i n c e  t h e  average sand t h i c k n e s s  was u t i l i z e d  i n  
both product ion  and i n j e c t i o n  w e l l s .  

- 
0.48 

! 
I Excess pressure above r e s e r v o i r  p r e s s u r e  (Ps - P f )  which 
i causes a g iven  i n j e c t i o n  rate was then  estimated for t h e  i n j e c t i o n  
i 

I 
w e l l s  from t h e  d e f i n i t i o n  o f  i n j e c t i v i t y  index: 

1 
I n j e c t i o n  rate (B/D) I =  

P, - Pf ( P s i )  

Product ion  Rates 

Two s a l t  water i n j e c t i o n  rates, of 10,000 B/D and 20,000 B/D, 
were selected as t y p i c a l  disposal rates. 

1 
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Disposal Pressures 

Rates of 2,000 g i n  1,000 p s i  increments  were 
examined. These  pressures were assumed to  be wel lhead  i n j e c t i o n  
p r e s s u r e s .  A l l  pump s i z i n g  and p i p i n g  ased upon t h e  pres -  4 

pumps were selected as  examples for . Models B-528 and B-538 powered by 
e u t i l i z e d  throughout  t h e  pressure 
on and va ry ing  t h e  r e v o l u t i o n s  per 
ire l i n e  of a p p l i c a t i o n s  w i t h  the 
data are l i s t ed  i n  T a b l e s  G-5 and 

G-6. 



Injection 
Pressure 

(psi91 

2,000 

3,000 

4,000 

5,000 

6,000 

TABLE G-6 

Injection Pumps 
(20,000 B/D) 

(Constant 1979 Dollars) 

Fuel Usage -P 
Pump Type and Number (BtufD) cost 

O i l w e l l  538 Quintuplex 
2 Operating 192 x 106 $1,350,000 
1 Standby - (9.6 cu f t /bbl )  

O i l w e l l  538 Quintuplex 
2 Operating 240 x l o 6  1,350,000 
1 Standby (12 cu f t /bbl )  

O i l w e l l  528 Quintuplex 
4 Operating 376 x l o 6  2,250,000 
1 Standby (19 cu ft/bbl) 

r. 

L 

O i l w e l l  528 Quintuplex 
4 Operating 430 x i o 6  2,250,000 
1 Standby (21 cu f t /bbl )  

O i l w e l l  528 Quintuplex 
4 Operating 482 x l o 6  2,250,000 
1 Standby (24 cu f t /bbl )  

Surface F a c i l i t y  C o s t  -- P l a t f o r m  

I f  t h e  disposal l o c a t i o n  is assumed to  be 1 m i l e  from t h e  s a l t  
water handl ing  f a c i l i t y ,  it would be most practical t o  u t i l i z e  t h e  
pumps described i n  Appendix F to  t r a n s f e r  t h e  s a l t  water a t  l o w  
pressure t o  a hold ing  t ank  located a t  t h e  p o i n t  of i n j e c t i o n .  From 
t h e  hold ing  t a n k  t h e  s a l t  water could be i n j e c t e d  a t  h i g h  pressure 
by pumps as  described i n  t h i s  d i s c u s s i o n .  To t r a n s p o r t  s a l t  water 

quire  much more horsepower as w e l l  as f u e l .  I n  t h i s  d i s c u s s i o n  it 
is assumed t h a t  t h e  h igh-pressure  pumps would be located a t  t h e  i n -  
j e c t i o n  s i te .  T h i s  would r e q u i r e  a p l a t f o r m  c o n t a i n i n g  pumps and a 
hold ing  t a n k  similar to  t h e  platform described i n  Appendix F for a 
20,000 t o  40,000 B/D f a c i l i t y .  I n  any case, l o c a t i n g  t h e  i n j e c t i o n  
pumps as close as practical to  t h e  disposal s i t e  w i l l  conserve  both 
horsepower and f u e l .  

a t  h igh  pressure through t h e  1 - m i l e  l i n e  f o r  i n j e c t i o n  would re- 1 

F u e l  Usage 

F u e l  consumption was c a l c u l a t e d  us ing  a ra te  o f  8 ,000 B t u  p e r  
horsepower per hour or 8 s t a n d a r d  cubic  f e e t  per horsepower per 
hour.  The v a r i e d  f u e l  rates from i d e n t i c a l  machines are a f u n c t i o n  
of a c t u a l  r e v o l u t i o n s  per minute and applied l o a d i n g  when p lunge r  
s i ze s  are changed. 
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LIC ENERGY ASSESSMEN 

Potential geothermal power prod u 
sured reservoirs has I 

i 
1 
I parameters reveal potential for  the generation of only limited 

i 

n reported to  be of great magnitude.l 
However, calculat  n s  us ing  reasonable estimates for reservoir 

amounts of cost-c pe t i t ive  energy. Brine production rates  per 
well m u s t  be i n  t h e  50,000 B/D range which, over a 20-year well 
l i f e ,  would drain a eservoir w i t h  a surface area of 10 t o  40 
square miles2 AS consequence, power plants are l i m i t e d  t o  I 

11 s i t e s  and no economies of scale are possible. Because 
limitations, the cost of e lec t r ic i ty  generated from t h e  
1 portion of the resource for the cases examined is esti- 

The cost of power from the 
mated to  be from 0 t o  150  percent of the cost of new generation 
from conventional ources (Table H - 1 ) .  

I 

i 

i 1 
I 

, 

I 

I 



TABLE H-1 

Cost  of Electricity Generated From Geothermal Energy i n  
Geopressured Brine Reservoirs* 

(Constant 1979 Dollars) 

10% ROR 
Power 
Cost 

(#/kwh1 

Reservoir 
Life 

Louisiana Prospects (Years) 
IIW. 

Atchafalaya Bay 
East 7 
West 

3, 730 
None 

None 

6.79 
None 

! 

Johnson's Bayou 50,000 226 None 

50 , 000 2 66 1.3 

None 

LaFourche Crossing 20 3,730 4.75 

Rockefeller Refuge 15 50 8 000 316 2.88 5,610 3.65 f 

SE Pecan Island 
East 30,000 296 None None 
We st 20 50, 000 2 96 2.29 4, 950 

None 
3.73 

Texas Prospects 

Austin Bayou 
12 

30,000 310 None None 
50 8 000 310 2.71 51 430 

None 
3.98 

Candelaria 30,000 2 70 None None None 

C 1  inton 30,000 2 70 None None None 

Eagle h k e  30,000 2 70 None None None 

*For comparison, gas price vs. electric power cost is shown below: 

I 
Gas Price Electricity Value 

($/m3F) (#/kwh1 

$2.00 4.0 
2.50 4.5 
3.50 6.0 
5.00 8.0 
7.00 10.7 
9.00 13.3 

1 

The $2.OO/MCF gas price VS. 4.O#/kWh electric power price is based upon 
current conditions. The correlations between higher gas prices and electric power 
prices are based upon the assumption that 1/3 of electric power prices is directly 
related to fuel costs, and 2/3 of the cost is based upon capital investment and 
operating expense . T 

L 
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I 

d 
C o s t  of Power 

($/kWh) (S/MMBtu) ' 

Table H-2 are based are shown i n  Table H-3. I n  a d d i t i o n  to  t h e  as- 
sumptions mentioned above, these costs are based on c e r t a i n  t a x  as- 
sumptions which are g iven  i n  Table H-11. 
b a s i c a l l y  d e r i v e d  from r e c e n t  ( s p r i n g  1979)  f i r m  quotes for s imi la r  
equipment,  corrected to  mid-1979 dollars. A 1 5  p e r c e n t  cont ingency  
h a s  also been inc luded  i n  t h e  f i g u r e s .  Si te  p r e p a r a t i o n  
assumed to  be borne by t h e  methane 

1 
I The capi ta l  costs are 

, 
I 
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Figure H-1. Flashed Steam Schematic. 
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The cost of power v a r i e s  w i t h  flow rate for t h e  t w o  systems,  as 
The cost c a l c u l a t i o n s  show t h a t  t h e  b i n a r y  is shown i n  F i g u r e  H-3. 

c y c l e  system is s l i g h t l y  superior to  t h e  f lashed  steam a t  60,000 
B/D; both cost t h e  same a t  40,000 B/D; and t h e  flashed steam is 
somewhat more economical a t  20,000 B/D. O t h e r  geothermal economic 
s t u d i e s  have shown s i g n i f i c a n t  cost advantages  for b i n a r y  c y c l e  
sys tems,  e s p e c i a l l y  i n  t h e  30OoF or  less temperature range. How- 
eve r ,  small ( less t h a n  10 mW) b i n a r y  t u r b i n e - g e n e r a t o r s  are rel- 
a t i v e l y  more expens ive  than  small steam t u r b i n e s .  
t h e  b i n a r y  c y c l e  p o w e r  p l a n t  investment  cost i n t o  t h e  
f l a shed  steam systems. F o r  t h e  20,000 B/D case, t h e  ine las t ic  cost 
of t h e  v e r y  small b i n a r y  t u r b i n e  has  r e s u l t e d  i n  a h ighe r  i n v e s t -  
ment t h a n  for t h e  f l a shed  steam system. 

P o t e n t i a l  Technologica l  Advances 

There is unproven, b u t . t h e o r e t i c a l l y  possible, geothermal en- 
e r g y  recovery  technology which might be more e f f ic ien t  and less ex- 
pens ive  than  t h a t  p r e s e n t l y  a v a i l a b l e .  A t o t a l  f l o w  i m p u l s e  t u r -  
b i n e ,  as proposed by t h e  Lawrence Livermore Laboratory,  may ap- 
proach t h e  e f f i c i e n c y  of b i n a r y  c y c l e  ~ y s t e r n s . ~  
cost estimate for a total-flow t y p e  power g e n e r a t i o n  system would 
be comparable to  t h a t  of a flashed steam system for t h e  same b r i n e  
f l o w  rate. For  comparison, t h e  above assumptions were applied t o  
t h e  three cases i n v e s t i g a t e d .  The resul ts  are summarized i n  Table 

T h i s  has s h i f t e d  
ame range  as  

A r e a s o n a b l e  

H-4 

P o t e n t i a l  Economies of Scale for Geothermal Power P roduc t ion  

Despite t h e  p o t e n t i a l  economies of scale of u s i n g  10-20 mW 
geothermal power p l a n t s  (VSm t h e  1-3 mW u n i t s  used i n  t h i s  an- 
a l y s i s ) ,  t h e y  are more t h a n  offset  by t h e  added cost of t h e  b r i n e  
g a t h e r i n g  and b r i n e  disposal systems for mul t ip l e -we l l  f ac i l i t i es .  
The inves tment  for t h e  290°F wellhead, 60,000 B/D, 2.65 mW b i n a r y  
c y c l e  s ing le -we l l  f a c i l i t y  was estimated a t  $2,049 per kW, or $5.4 
m i l l i o n .  A p l a n t  us ing  t h e  b r i n e  from f i v e  wells o f  t h i s  s i z e  
would g e n e r a t e  approximately 13.25 mW and cost about  $1,320 p e r  kW, 
o r  $17.5 m i l l i o n .  The economy-of-scale s a v i n g s  are e s p e c i a l l y  
l a r g e  for t h e  b i n a r y  tu rb ine -gene ra to r  u n i t ,  which drops from $440 
per kW to  o n l y  $170 per kW for t h e  l a r g e r  p l a n t .  
w e l l  would have to  d r a i n  a l a r g e  area. Assuming a f i v e  s p o t  w e l l  
spac ing  w i t h  1 6  square m i l e s  per w e l l ,  1 6  m i l e s  of p roduc t ion  l i n e s  

However, each 

4Aust in ,  AmLm , "Prospec t s  f o r  Advances i n  Energy Conversion 
Technologies  for Geothermal Energy Development ," Lawrence Livermore 

~ Labora tory ,  1975. 
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are needed. P i p e  diameter is dependent  on t h e  f low rate,  l e n g t h ,  
and head loss: - 

D5 = c 
m i  

where h = head loss i n  psi/per m i l e  

Fo r  h = 1 0  p s i  per m i l e ,  t h e  incoming b r i n e  l i n e s  - would be 18  
inches  i n  d iameter .  - 

permeable sand l a y e r s ,  _and t h e s e  wells w i l l  n o t  need t o  be as  
wide ly  spaced.  Assuming f o u r  i n f e c t i o n  wells and o n l y  2 m i l e s '  
s e p a r a t i o n  between i n j e c t i o n s ,  5.7 m i l e s  o f  ou tgoing  pipe are 
needed. For h = 1 0  p s i  per m i l e ,  t h e - i n j e c t i o n  l i n e s  w i l l  be 20 
inches  i n  diameter. Es t imat ing  t h e  i n s t a l l e d  cost o f  i n s u l a t e d  
pipe t o  be $ 5 . 0 0  per in.-f t ,  t h e  to ta l  pipe costs $10.6 m i l l i o n ,  
which would b r i n g  t h e  cost of t h e  e n t i r e  f a c i l i t y  t o  $28.1 m i l l i o n ,  
or $2,120 per kW. 
1 m i l e  o n l y  d rops  t h e  to ta l  os t  t o  $2,010 per kW. No s i g n i f i c a n t  - 
s a v i n g s  are possible u n l e s s  he p roduc t ion  w e l l  s p a c i n g s  can  be 
reduced.  

Hydraul ic  Energy Assessment 

e rgy  i n  geopressured b r i n e  r e s e r v o i r s  were assessed for two cases 
of s i n g l e  w e l l s  which flowed 50,000 and 75,000 B/D, r e s p e c t i v e l y .  
The f i r s t  case is based on t h e  a q u i f e r  properties o f  Sou theas t  
Pecan I s l a n d  West, and t h e  second case r e p r e s e n t s  a h ighe r  f low 
rate  bu t  s h o r t e r  l i f e  a q u i f e r .  The produced b r i n e  i n i t i a l l y  
r e a c h e s  t h e  wel lhead w i t h  a c o n s i d e r a b l e  h y d r a u l i c  head. During 
t h e  l i f e  of  t h e  w e l l ,  t h e  p r e s s u r e  d e c l i n e s  s t e a d i l y ,  wi th  p r e s s u r e  - 

maintenance e v e n t u a l l y  r e q u i r e d  to  ma in ta in  a c o n s t a n t  p roduc t ion  
rate. Power may be gene ra t ed  by f lowing t h e  b r i n e  i n  r e v e r s e  , 

through a f ive - s t age  c e n t r i f u g a l  pump which acts as  a t u r b i n e .  The 
o u t p u t  was assumed to  d r i v e  o t h e r  pumps d i r e c t l y  and would t h u s  n o t  
require a gene ra to r .  The optimum t u r b i n e  s i z e  is a f u n c t i o n  o f  t h e  
i n i t i a l  flow rate ,  t h e  d e c l i n e  ra te ,  t h e  requi red  ra te  o f  r e t u r n ,  
and t h e  r e l a t i o n s h i p  between n e t  power product ion  and t h e  h y d r a u l i c  
t u r b i n e  cost. The opt imized r e s u l t s  shown i n  Table H-5 s u g g e s t  
t h a t  t h e  cost o f  power from t h i s  sou rce  is compe t i t i ve  w i t h  power 
from convent iona l  sou rces .  

Hopeful ly ,  r e i n j e c t i o n  is i n  sha l lower  fo rma t ions  wi th  t h i c k ,  

Reducing t h e  spac ing  between i n j e c t i o n  wells to  

~ 

The economics of e l e c t r i c i t y  g e n e r a t i o n  from t h e  h y d r a u l i c  en- 

These c a l c u l a t i o n s  are made on t h e  same basis as  t h e  geothermal  
energy  assessment  cases. The capi ta l  estimates shown h e r e  are 
q u i t e  s p e c u l a t i v e ,  b u t  even a t  a 50 p e r c e n t - h i g h e r  investment ,  t h e  
cost o f  power is less t h a n  36 per kWh f o r  bo th  cases. F u l l  power 



v a i l a b l e  for t h e  st seven  and t w o  
h a t ,  t h e  a v a i l a b  orsepower d e c l i n e s  

j -  

I 



C o s t  C a l c u l a t i o n  Equat ion.  Steam Turb ine  and Genera tor .  .- 

b 
i $ = 320,000 (pf xmW)0.7 i 

I 

1 

P 

where Pf = 95 psia  
\ 

(Based on r e c e n t  [ s p r i n g  19791 f i rm q u o t e s  for t u r b i n e  g e n e r a t o r s  
i n  t h e  1-10 mW s i z e  range.)  

C o s t  C a l c u l a t i o n  Equation. Condensers and Heat Exchangers . ! 

, 

$ f t 2  = cf em4383 I n  (Ps) - 0.1297 
I 

I where Ps = s h e l l  s i d e  p r e s s u r e s  

For s h e l l  side p r e s s u r e s  < 50 ps ia ,  l e t  Ps = 50. Cf is a 
c o r r e c t i o n  factor based on contracted prices and i n f l a t i o n .  Cf = 
2.16. (Taken f r o m  "Resource U t i l i z a t i o n  E f f i c i e n c y  Improvement of 
Geothermal Binary Cycles ,"  K. E. S t a r l i n g  e t  a l . ,  1978.) 

C o s t  C a l c u l a t i o n  Equat ion.  Cool ing Tower. 

The e x p o n e n t i a l  is from "Process P l a n t  Es t ima t ing  E v a l u a t i o n  and i 
Cont ro l , "  K. E. G u t h r i e ,  Page 341,  1974. The c o n s t a n t  is based o n  

I r e c e n t  f i r m  q u o t e s  corrected for i n f l a t i o n  to mid-1979 dollars.  
I 

C o s t  C a l c u l a t i o n  Equation. Vacuum Compressor. 

$ = 1,580 ( h p l o * *  

, 
The e x p o n e n t i a l  is from G u t h r i e ,  Page 165. The c o n s t a n t  is  based 
o n  r e c e n t  f i r m  q u o t e s  corrected for i n f l a t i o n  t o  mid-1979 d o l l a r s .  

C o s t  C a l c u l a t i o n  Equation. Recycle  Pumps and Dr ivers .  

G u t h r i e ,  Page 126 of t h e  March 24, 1969, i s s u e  of Chemical En- 
q i n e e r i n q .  The prices have been a d j u s t e d  to  reflect  r e c e n t  f i r m  

Prices are t a k e n  from "Capital C o s t  Es t imat ing"  by K. E. 
7- 

L 
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1 

I quotes and are corrected for inflation by applying a correction 
! 

. The total plant  cost is 
st of major equipment 

rs ,  cooling tower, 
); ( 2 )  miscellaneous 

( 3 )  15 percent con- 
on the following power 

below were used to calculate the 
earn fac i l i ty .  



Two times t h a t  cost was then  set  as t h e  c o n s t a n t  f o r  t h e  p o w e r  l a w  
equat ion .  I n  t h e  case o f  a 2.5 mW p l a n t ,  t h e  g r o s s  power c a p a c i t y  
term is one  and t h e  cost o f  t h e  remaining equipment, c o n s t r u c t i o n  
and eng inee r ing  equals t h e  c o n s t a n t  or t w o  times t h e  major equip-  
ment. O t h e r  s i z e  p l a n t s  w i l l  have h ighe r  or lower misce l laneous  
costs than  t h i s  p l a n t ,  as  determined by t h e i r  g r o s s  power c a p a c i t y .  
Fo r  example, i n  Table H-8 f o r  Case 1, 30 p s i a  f l a s h  p r e s s u r e ,  t h e  
remaining misce l laneous  equipment and c o n s t r u c t i o n  cost is calcu- 
lated a s  fol lows:  

7 

L b  

Binary  Cycle  C o s t  C a l c u l a t i o n s  

S e l e c t i o n  o f  t h e  Workinq F lu id .  
_ _  

S t a r l i n g  e t  a1.5,6,7 founa 
t h a t  t h e  minimum p l a n t  cost a t  a wellhead temperature of  300°F was 
wi th  a 50/50 m i x t u r e  o f  i sobutane / i sopentane ,  However, t h e i r  cost 
equa t ions  result i n  an  estimated 1979 cost of $l,OOOLOOO f o r  a 
gross 30 mW t u r b i n e  g e n e r a t o r  set. El l io t t .Company has estimated 
t h a t  small (1 to 5 mW) b i n a r y  tu rb ine -gene ra to r s  w i l l  cost from 
$840,000 to  $990,000. For t h e  l o w  end of t h i s  range,  tu rb ine- ,  
g e n e r a t o r  costs w i l l  be w e l l  o v e r  50 p e r c e n t  o f  t h e  major equipment 
cost. Thus, cost equations i n d i c a t e  t h a t  t o  minimize t h e  inves t -  
ment, b i n a r y  t u r b i n e  e f f i c i e n c y  m u s t  be a t  t h e  maximum. S t a r l i n g  
has shown t h a t  t h e  most energy e f f i c i e n t  working f l u i d  a t  300°F is 
i sobutane .  Therefore, a t  300°F, isobutane is t h e  f l u i d  o f  choice 
€or small  b ina ry  c y c l e  u n i t s .  A t  lower tempera tures ,  propane/ 
i sobu tane  mixtures  are probably s l i g h t l y  more e f f i c i e n t .  However, 
100 p e r c e n t  i sobutane  was assumed to  be t h e  working f l u i d  f o r  t h i s  
s tudy .  The fo l lowing  v a l u e s  €or i sobu tane  are ob ta ined  from 
S t a r l i n g  e t  al.: 

Temp 8 Gross Power N e t  Power 
P i )  i B t u / l b  Brine) ( B t u / l b  Br ine )  

- 

14.1 - 11.4 

350 23.0 18.4 

400 30.7 24.1 

_- 
300 

~ 

% t a r l i n g ,  K.E. # e t  al., "Resource u t i l i z a t i o n  F f f i c i e n c y  

% t a r l i n g ,  K.E. # e t  a l .  , "Resource Ut i l iza t ion  E f f i c i e n c y  

9 S t a r l i n g r  R . E . ,  e t  al.,  "Resource Ut i l i za t ion  E f f i c i e n c y  

- Improvement of Geothermal Binary Cycles ,  Phase I U n i v e r s i t y  of 
Oklahoma, 1976. 

Impr vement of Geothermal Binary Cycles ,  Phase I f ,"  1976. 

Improvement o f  Geothermal Binary Cycles,  Phase Iff8" Fina l  R e p o r t ,  
1978. 

- 



N e t  and gross power a t  o t h e r  temperatures were obtained by extra -  

Btu 
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R e s u l t s .  The r e s u l t s  o f  t h e  b i n a r y  c y c l e  s i z i n g  and c o s t i n g  
c a l c u l a t i o n s  are shown i n  Table  H-7. 

Flashed Steam C o s t  C a l c u l a t i o n s  

The material ba l ances  i n  Table  H-8 f o r  t h e  f l a s h e d  steam cost 

i 

c a l c u l a t i o n s  were gene ra t ed  by f l a s h e d  steam computer models. The 
total  p l a n t  cost was then  c a l c u l a t e d  a t  v a r i o u s  f l a s h  p r e s s u r e s  t o  
de te rmine  t h e  economic optimum f o r  each  case. These r e s u l t s  are 
p resen ted  i n  Tables H-8 through H-10. The investment  cost as  a 
f u n c t i o n  o f  f l a s h  p r e s s u r e  h a s  been plotted i n  F igure  H-9. 

Economic S e n s i t i v i t y  A n a l y s i s  

The e f f e c t  o f  changes i n  ROR, capi ta l  investment ,  c a p a c i t y  
f a c t o r ,  and o p e r a t i n g  expense on power price was i n v e s t i g a t e d  f o r  
Case 1 (290OF wellhead and 60,000 B/D b r i n e  ra te ) .  To summarize, 
every  1.0 p e r c e n t  i n c r e a s e  i n  ROR or investment  r e s u l t e d  i n  a 0.9 
p e r c e n t  i n c r e a s e  i n  t h e  price o f  e l e c t r i c i t y .  A 1.0 p e r c e n t  

i n c r e a s e .  A 1.0 p e r c e n t  decrease i n  c a p a c i t y  f a c t o r  nea r  t h e  base 
case v a l u e  r e s u l t e d  i n  a 1.0 p e r c e n t  i n c r e a s e  i n  power price. The 
c a l c u l a t i o n s  were made us ing  an  economic a n a l y s i s  computer program. 
The range  o f  v a r i a b l e s  examined and t h e  f i x e d  assumptions are shown 
i n  Table H-11.  F igu res  H-10 and H - 1 1  are examples o f  t h e  type  o f  
in format ion  a v a i l a b l e  for t h e  case. T h i s  is followed by Table 
H-12 ,  which p r e s e n t s  a condensed summary of t h e  o u t p u t  f o r  a s i n g l e  
set o f  c a l c u l a t i o n s .  

i n c r e a s e  i n  o p e r a t i n g  expense r e s u l t e d  i n  a 0.1 p e r c e n t  power price ! 

F i n a l l y ,  a l l  o f  t h e  s e n s i t i v i t y  a n a l y s e s  f o r  t h e  case are sum- 
marized i n  t h e  "spider diagram" o f  F igu re  H-12. With t h i s  diagram, 
t h e  e f f e c t  o f  percentage  changes i n  t h e  v a r i a b l e s  i n v e s t i g a t e d  o n  
t h e  cost o f  power, can  be seen.  The steeper t h e  slope o f  a curve ,  
t h e  more s e n s i t i v e  t h e  cost o f  power t o  changes i n  t h a t  v a r i a b l e .  
From t h i s  it can  be concluded t h a t  v a r i a t i o n s  i n  t h e  o p e r a t i n g  ex- 
pense are r e l a t i v e l y  unimportant ,  b u t  t h a t  v a r i a t i o n s  i n  t h e  re- 
q u i r e d  ROR, t h e  s i z e  o f  t h e  investment ,  and t h e  c a p a c i t y  f a c t o r  
have pronounced e f f e c t s  on t h e  cost o f  power. The c o n c l u s i o n s  
would be similar f o r  Cases 2 and 3 and t h e  f l a s h e d  steam 
f a c i l i t i e s .  

Hydraul ic  Energy Assessment 

Cos t ing  

C o s t  C a l c u l a t i o n  Procedure.  The d a t a  f o r  t h e s e  two h y d r a u l i c  
power g e n e r a t i o n  cases were based on t h e  a q u i f e r  properties o f  
Southeas t  Pecan I s l a n d  West. The p r e s s u r e  d e c l i n e  rate and a v a i l -  
able horsepower are shown i n  Table H-13. To f i n d  t h e  minimum cost 
o f  power, a v a r i e t y  of  pump s i z e s  were i n v e s t i g a t e d  f o r  each  case. 
Total i n s t a l l e d  cap i ta l  cost was assumed t o  be t h r e e  times t h e  
h y d r a u l i c  t u r b i n e  cost. The cost o f  power f o r  each pump s i z e  was 
t h e n  determined wi th  t h e  economics program. These r e s u l t s  are 

H-18  



plotted f o r  t h e  h i g h e r  f low rate  case i n  F igu res  H-13 and H-14. 
These cu rves  i n d i c a t e  t h a t  t h e  optimum t u r b i n e  s i z e  v a r i e s  w i th  t h e  
required ROR b u t  n o t  w i th  changes i n  t h e  c a p a c i t y  f a c t o r .  The most 
economical pump s i z e  was found to  be 1,100 hp f o r  Case 1 and 1,300 
hp f o r  Case 2. The op t ima l  resul ts  are summarized i n  Table H-14. 
The e f f e c t s  of inves tment ,  ROR, c a p a c i t y  f a c t o r ,  and o p e r a t i n g  ex- 
pense were a g a i n  i n v e s t i g a t e d  i n  t h e  s e n s i t i v i t y  a n a l y s i s .  These 
results are summarized i n  t h e  s p i d e r  diagram o f  F igure  H-15 which 
i n d i c a t e s  t h a t  costs are most s e n s i t i v e  to  c a p a c i t y  f a c t o r  wi th  a 
1 p e r c e n t  change i n  t h a t  v a r i a b l e  nea r  t h e  base va lue ,  r e s u l t i n g  i n  
a 1.0 p e r c e n t  change i n  t h e  cost o f  power. The o t h e r  v a r i a b l e s  are 
less s e n s i t i v e ,  w i th  a 1.0 p e r c e n t  change i n  investment ,  ROR, and 
o p e r a t i n g  expense r e s u l t i n g  i n  a 0.65 percent, 0.45 p e r c e n t ,  and 
0.35 p e r c e n t  change i n  t h e  cost of power, r e s p e c t i v e l y .  Table  H-15 

id 
I 

I 
I n t a i n s  a condensed summary o f  t h e  o u t p u t  from Case 1. 

I 

i 

S i z i n g  and C o s t  C a l c u l a t i o n .  Power g e n e r a t i o n  e q u a t i o n :  

0017 x Q x rl x ( A P )  

where l o w  rate (B/D) 

rl = e f f i c i e n c y  ( . 7  

A P  = a v a i l a b l e  pres 
, 

n t r i f u g a l  pump w i t h  
a f t  to  d r i v e  pro- 
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TABLE H-9 

Flashed Steam Material Balances and 
C o s t  Optimization Calculation Summary 

32 - 
CASE 2* 

28 t - 25 - 30 - 35 

618.5 

574.1 

- 
G r o s s  Power (kW) 921.6 838.1 773.0 714.0 

N e t  Power (kW) 865.9 786.1 

1 , 300 1,120 

24.899 21,487 

8,890 7,670 

723.3 666.5 

1,005 904 

20.144 17.292 

7,190 6,180 

Cooling water ( sph)  754 

14.41 1 

5,150 

22,600 . . SI . .._I _d ~ Cooling Water Pump ( A P  gpn) - 39,000 33,600 30, 200 

596 

55 

27,100 

X 
I 

C o s t s  (Thousand Constant 
1979 Dollars) 

Turbine and Generator 769 

66' 

h) 
' h )  665 

60 

54 1 

53 

460 

47 Cooling 'Ibwer 

94 81 Condenser 

Vacuum Compressor 

C o o l i n g  Water Pumps 

Total Major Equipment 

Remaining E q p t .  h Constr. 

75 65 54 

15 15 15 15 

17 20 

964 840 759 69 1 

- 18 - 19 - - 
15 

16 

592 

- 

890 83 3 787 745 

215 278 - 232 - 251 - - 
673 

Contingency (15%) 190 - 
2,132 1,924 1,778 1 , 651 
2,462 2,447 2,458 2,478 

Total Plant  Cost 

Costmet kW 

1 , 455 
2,533 

*Case 2: 284'Ft 253.2 B t u / l b ;  40,000 B/D. 

toptimum. 

C) 
L i-- 
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TABLE H-10 

I 
I 

I 

Vacuum Compressor 

cooling WatA pumps 

Total Major Equipnent 

t. & Constr. 

*Case 3: 282OF; 251.1 Btu/lb; 20,000 B/D. 

topt  hum. 

- __ _I_- 
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Figure H-10. Cost of Power vs. ROR (Example Based on Case 1. 290° F, 60.000 B/D Binary Cycle). 
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TABLE H-13 i 

Hydraulic Pressure Decline Rates 

Case 1 Case 2 
(50,000 B/D) (75,000 B/D) 

Available H ntWh/yr Available M mWh/yr 
@ 85% @ 85% - -  Year A P In Capacity Factor A P  9 Capacity Factor 

1 3,064 1,823 18.220 1,775 1,584 15.831 

2 2,865 1,705 17.041 1,594 1,423 14. 222 

3 2,666 1,586 15.851 1,414 1,262 12.613 

4 2,467 1,468 14.672 1,234 I, 101 11.004 

5 2,269 1,305 13.043 1,054 941 9.405 

6 2,070 1 , 232 
7 1,873 1,114 

8 1,675 997 

12,313 

11.134 

9.965 

,874 

695 

515 

78 0 7.796 

620 6.197 

460 4.598 

1 9 1,478 879 8. 785 336 300 2.998 

10 1 , 282 763 7.626 

1 1  1,086 646 6.456 

156 139 1.389 

12 890 53 0 5.297 

13 695 413 4.118 

14 50 0 298 1.819 

15 306 102 

16 113 67 

1.819 

0.670 



2 .: 

2.' 

85% CAPACITY FACTOR 
1/2%/KWH OF CAPACITY 

IPERATING EXPENSES 
. I  

// /' -10% ROR 

1 .€ 

5% ROR 



8. 

“1 ; 

4. . _  

E#RENS€ 





..- 

3 .O I 
CASE 1 
HYDRAULtC TURBINE 
110 HP, 50,000 B/D 
453 $/W 
15% ROR 
85% CAPACITY FACTOR 
l/PC/KWH OPERATING EXPENSE \ 

e 

\e 
2.0 

A 

0 
* \ e  

U 
0 
ki /’ 

i 

0 
0 

1 .o 

LEGEND - OPERATING EXPENSES 

ID--- ROR - e - CAPACITY FACTOR 

’ -- INVESTMENT 

0 I 

I 100 150 
A VARIABLE (%) 

I 

Figure H-15. Hydraulic Power Sensitivity Analysis Summary Cost of Power vs. A Variable. 
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TABLE 1-1 

Operating Expense 
and Subsurface Water Disposal) d 

Fixed C o s t  $/Year 

Labor 

erhead (20%) 55,000 
$320,00O/yr 

Producing Well 
Disposal Well 
Pump Maintenance 
Chemical 

Overhead (20%) 
2.90#/bbl 

TABLE 1-2 

erhead (20%) 







c Overhead - 10 percent ~f invested capital 

Treatment of costs for tax purposes 

- 
- 

23) percent of direct opesathq expense 

EZpense i n t a n g i b l e  drillling and development eossZs 

Capitalize t a n g i b l e  equipment and w r i t e  off by most 
f a v o r a b l e  treatment under current tax laws and 

Treat leasehold and e x p l o r a t i o n  costs in most 
favorable manner permitted by current tax laws and 
r e g u l a t i o n s  

r e g u l a t i o n s  

- 

Treatment  of dry hole costs and other risks, 
c e s s f u l  wells with their  share of dry hole costs, unsuc- 
c e s s f u l  e x p l o r a t i o n ,  leasehold, and o t h e r  nonrecove rab le  
costs. 

R a t e s  of r e t u r n  (ROR) 

- Base case 10 p e r c e n t ,  after t a x  

Burden sue- 

- Also? compute a d d i t i o n s  to u l t i m a t e  r ecove ry  for 15 
and 20 p e r c e n t  ROR for example cases 

IAssumed to c o n t i n u e  to t h e  y e a r  2000, 
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TABLE J-1 

Econmic Data - Louisiana Prospects 
(Constant 1979 Dollars) 

Operat inq Expense 
Variable and 

Cas Geothermal No. of  -- (M S/Yr )  (6/Bbl) 

Water Drainags Land Geophysics Well Faci l i ty  Flow Geothermal Sales Powar 
R u n  Rate Area Inv. Coat Coat Coat Temp. Inv. Sol. Gas Gashlell Output 
No. (HB/D) (Acres) (M S)  (M S)  (M $1 (M S )  (OF) (M $1 (cu Ft/Bbl) (m/D) (kWh/Bbl) ---- Prospect 

Atchafalaya Bay 
East 

1 
2 
4 

1 
2 
4 

4 
6 
2 
8 

12 

1 
2 
2 

2 
4 
6 

10 

1 
1 

1 
1 
2 

1,350 10.4 
2,700 16.0 
3,240 19.6 

1,050 8.9 
2,100 11.6 
2,520 14.8 

1.3 
None 
None 

L2 50 
L3 50 
L6 30 

111 50 
L12 50 
L15 30 

L18 70 
L19 70 
L22 50 
L24 50 
L28 30 

30,000 
17,000 
9,000 

21,000 
21,000 
14,000 

14,000 
7,000 

14,000 
4,000 
3,000 

12,000 
10,000 
10,000 

25,000 

9,000 
12,000 

5,000 

9,000 
9,000 

8,000 
8,000 
8,000 

600 400 

200 100 
400 2 m  

3,500 3,800 

3,500 2,800 

3,200 3,800 

3,200 2,800 

3,500 3,800 

3,zm '3,800 

266 
266 
266 

236 
2 36 
236 

226 
226 
226 
2 26 
2 26 

266 
266 
266 

316 
316 
316 
316 

296 
296 

296 
296 
296 

3,730 29 1,350 0.62 320 3.2 
None 29 1,350 None 320 2.9 
None 29 810 None 320 2.9 

None 23 1,050 None 320 2.9 
None . 23 1,050 None 320 2.9 
None 23 630 Nons 320 2.9 

None 20 1,260 Nons 320 2.9 
None 20 1,260 Nons 320 2.9 
None 20 900 Nons 320 2.9 
None 20 900 None 320 2.9 
Nons 20 540 None 320 2.9 

3,730 38 1,800 0.62 320 3.2 
None 38 1,800 None 320 2.9 
None 38 1,080 None 320 2.9 

5,610 51 2,450 1.38 320 3.6 
5,610 51 2,450 1.38 320 3.6 
None ' 51 
None 51 1,470 None 320 2.9 

None 35 1,650 None 320 2.9 
None 35 990 None 320 2. 

4,950 35 1,650 1.10 320 3.4 
Nono 35 990 None 320 2.9 
None 35 990 None 320 2.9 

2,450 None 320 2.9 

West 530 400 
700 200 
350 100 

None 
N O M  

Nons 

Johnson's Bayou 5,040 43.2 
7,560 53.4 
1,800 15.6 
7,200 44.0 
6,480 44.4 

None 
None 
None 
None 
None 

350 200 
180 100 
350 200 
100 so 
75 30 

2,670 4,900 
2,670 4,900 
2.670 3,800 
2,670 3,800 
2,670 2,800 

4,100 3,800 
4,100 3,800 
4,100 2,800 

4,250 3,800 
4,250 3,800 
4,250 3,800 
4,250 2,800 

300 400 
250 200 
250 200 

1,800 14.6 
3,600 19.4 
2,160 17.2 

1.3 
None 
None 

LaFourche Crossing L34 50 
L35 so 
L37 30 

Rockefeller Refuge L44 SO 
L45 50 
L46 50 
L49 30 

600 200 
3 0 0 '  100 
225 70 
125 40 

4,900 42.0 
9,800 70.0 

14,700 81.6 
14,700 85.0 

5.8 
11.5 
None 
None 

SE Pecan Island L53 50 
East 

230 200 
2 30 200 

200 200 
200 200 
200 100 

4,000 3,800 
4,000 2,800 

4,290 3,800 
4,290 2,800 
4,290 2,800 

1,650 6.7 None 
990 6.4 None 

1,650 12.6 2.29 
990 8.5 None 

1,980 13.2 None 

L54 30 

LSf 50 
L59 30 
L60 30 

West 
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TABLE 5-3 

Eleven Ident i f ied Prospects 0- Rate of Return VS. G a s  Pr ice  
(10 Percent Rate of Return) 

(Constant 1979 Dollars) 

Most O p t i m i s t i c  C a s e  (Maximum Rate 50#000 BJb; Solution Ratio from Tables 5-1 and 5-2) 

Gas I n i t i a l  Gas Electric 
Price NO Gas Rate Reserves P o w e r  

’ ($/MCF) Wells (MMCFJb) ( BCF 

2.50 2 4.9 
3.00 4 9.8 
4.00 9 20.0 
5.00 11  23.1 
6.00 14 27.1 
7.00 16 30.2 
8.00 25 38.9 
9.00 25 38.9 

U p p e r  Median C a s e  (Maximum Rate 30,000 B/D: 

42 5. a 
70 11.5 
122 17.8 
136 19.1 
158 19.1 
178 19.1 
218 19.1 
218 19.1 

Solution Ratio from Tables J-1 and 5-21 

4.00 None None None None 
5.00 13 10 111 None 
6. 00 16 21 131 None 
7.00 20 24 152 None 
8. 00 22 26 158 None 
9.00 27 29 173 None 

Lower Median C a s e  (~aximum Rate 508000 BJbi  50 Percent Solution Ratio from Tables 5-1 
and 5-2) 

3.00 None None None None 

5.00 6 1  6.0 53 13.8 
6.00 9 10.0 69 16.5 

17.8 7.00 9 
8.00 11 11.8 77 19.1 
9.00 11 11.8 77 19.1 

4.00 4 5.0 39 11.5 

-- -- 

8.00 10 7.3 
9.00 10 7.3 
10.00 11  7.9 

Minimum Case (Maximm Rate 308000 B/D; 50 Percent Solution Ratio From Tables J-1 
and 5-2) L 

45 

5-18 
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TABLE 5-5 

Eleven Iden t i f i ed  Prospects -- Rate of Return VS. G a s  Pr ice  
(20 Percent Rate of Return) 

(Constant 1979 Dollars) 

Most O p t i m i s t i c  C a s e  ( M a x h u m  Rate 50#000 B/bt Solution Ratio from Tables J-1 and 
5-2 1 

4.00 
5.00 
6.00 
7.00 
8.00 
9.00 

No. 
W e l l s  

4 
8 

10 
11 
12 
14 

I n i t i a l  
Gas Rate 
( W F / b )  

9.8 
18.2 
22.1 
23.1 
24.5 
26.8 

Gas 
Reserves 

(BCF 1 

70 
107 
126 
131 
137 
150 

Electric 
Power 

, (mW) 

11.5 
16.5 
16.5 
19.1 
19.1 
19.1 

Upper Median Case (Maximum Rate 308000 B/D; Solution Ratio from Tables  J-1 and 5-2) 

6.00 10 . 14.7 85 -- 
7.00 13 18.0 112 -- 
8.00 16 21.0 131 -- 
9.00 17 21.8 137 -- 

Lower Median C a s e  (Maximum Rate 50,000 B/D; 50 Percent Solution Ratio from Tables- 
J-1 and 5-2) 

6-00 4 4.9 39 11.5 
7.00 5 5.7 46 14.2 
8.00 8 8.9 61 16.5 
9.00 9 9.8 69 17.8 

< 

Minimum C a s e  (Maximum Rate 30,000 B/D; 50 Percent Solution Ratio from Tables J-1 and 
5-2 ) 

9.00 None None None None 



_ "  . 

ables  J-1 and 5-2) 

Gas Rate Reserves 

3.20 3.60 4.10 

3.40 4.1 

hafalaya Bay East 

alaya Bay Wes 
alaya Bay Wes 7.50 8.60 

6.70 7.90 
7.40 8.20 

T2 Austin Bayou 
T11 Clinton 7.00 7.70 8.40 
T15 Eagle Lake 1 - 106 
T8 Candelaria 

-- -- _____ ~ - --- 
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I 

I I 
TABLh 5-6 (con t inued)  . ,  

, 
I 

Upper Median Case I .  

(Maximum Rate 30,000 B/D; S o l u t i o n  Ratio from Tab les  J-1 and 5-2) J 

I 
I 

I G a s  P r i c e  ($/MCF) Iliitial Gas Electric , wig. 
10% 15% 20% . Gas Rate M s e r v e a  Power No. GIP RecOvery 
R O R i E  - ROR (MMCF/D) (BCF 1 - (mW) - Wells (BCF) (% 1 

I L49 R o c k e f e l l e r  Refuge 4.10 4t70 5.40 14.7 85 -- 10 1,890 4.5 

- Run No. P r o s p e c t  

I 
, , 2 536 3.2 L37 &Fourche Crossing 5.00 6.00 7.00 2.2 17.2 -- 

, , 
1 

5.9d '6.80 8.00 1.0 6.4 I -- 1 182 3.5 
' /  

L54 biE Pecan i s l a n d  East 
\ 

I 

, 2  41 1 3.2 

Y T4 Austin Bayou . 4.90 6.00 n7.00 1.1 9.4 -- 1 391 2.3 

L60, SE Pecan I s l a n d  West 5.90 6.90 8.00 I 2.0 13.2 -- 
, I 

tj 
T8 h) 

T16 

L15 
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TABLE 5-6 ( c o n t i n u e d )  

M i n i m u m  C a s e  
(Maximum Rate 30,000 B/Dt 50 Percent Solution Ratio from Tables J-1 and 5-2) 

G a s  Price ($/MCF1 I n i t i a l  
10% 15% 2 0% Gas Rate 

R u n  N o .  Prospect - ROR - ROR - ROR ( m F / D  1 

L49 Rockefeller R e f u g e  7.20 8.30 10.00 7.3 

0 06 
7.9 

T4 A u s t i n  B a y o u  10.00 -- -- - 

Gas E l e c t r i c  
R e s e r v e s  P o w e r  No. 

Wells - (BCF)  - (mw) 

10 45 -- 
5 

50 
- -- 

I 

1 
1 1  
- 

O r i g . *  
G I P  
( BCF 1 

94 5 

195 - 
1 , 140 

R e c o v e r y  
( $ 1  

4.8 

2 e 6  
4 .4  
- 
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f -. 
Poten t i a l  adve r se  i n d i r e c t  impacts, as w e l l  as adve r se  secon- 

d a r y  impacts,  shou ld  also be cons idered .  

ENVIRONMENTAL ASPECTS OF LARGE SCALE GAS RECOVERY FROM GEOPRESSURE 
AND HYDROPRESSURE AQUIFER$ 

I n t r o d u c t i o n  

T h i s  s e c t i o n  is concerned w i t h  t h e  v a r i o u s  environmental 'prob-  
l e m s  t h a t  probably  w i l l  arise w i t h  t h e  development of any l a r g e  
scale g a s  recovery  program from e i ther  geopressured  or hydropres- 
s u r e d  aquifers a long  t h e  Miocene t r e n d  o f  sou the rn  L o u i s i a n a .  

Environmental  Aspects 

When c o n s i d e r a t i o n  is  g iven  t o  l a r g e  scale gas recovery  from 
these aquifers it probably  should  be envis ioned  as a series of 
smaller scale p r o j e c t s .  O u r  focus w i l l  be on one of t h e s e  "smaller 
p r a j e c t s "  which t y p i c a l l y  could be expected t o  produce some 50 
m i l l i o n  cubic feet  of methane associated w i t h  upwards of one 
m i l l i o n  barrels o f  b r i n e  p e r  day.* 
and d i s p o s i n g  of these large volumes of b r i n e  from such a project 
w i l l  r esu l t  i n  several problems from a n  envi ronmenta l  s t a n d p o i n t .  
The t w o  most s i g n i f i c a n t  problems w i l l  be: (1) t h e  possible 

producing wells, and ( 2 )  t h e  disposal of t h e  l a r g e  volume of 
produced b r i n e .  Lesser environmental  problems may be thermal  
p o l l u t i o n ,  a i r  p o l l u t i o n ,  n o i s e ,  and l and  u s e  c o n s i d e r a t i o n s .  

The p roduc t ion ,  p rocess ing ,  

I subs idence  of t h e  land surface i n  t h e  immediate v i c i n i t y  of t h e  

With t h e  removal of l a r g e  volumes of  water from ei ther  a geo- 
pressured or  hydropressured aquifer ove r  an extended period of 
t i m e ,  t h e r e  is a s t r o n g  p r o b a b i l i t y  t h a t  t h e  area around t h e  proj- 
ect w i l l  expe r i ence  c o n s i d e r a b l e  subs idence .  Su r face  subs idence  
has  been a problem i n  many areas where l a r g e  volumes o f  water (or  
o i l )  have been removed. Th i s  can be p a r t i c u l a r l y  troublesome i n  
l o w  re l ie f ,  l o w  e l e v a t i o n  coastal areas -- t y p i c a l  o f  t h e  Miocene 
B e l t  o f  sou the rn  Louis iana.  Subsidence o f  any a p p r e c i a b l e  deg ree  
i n  t h e s e  swampy, coastal areas could be ex t remely  bothersome, even 
i n  an  undeveloped reg ion .  

lNa t iona1  G a s  Survey, R e p o r t  t o  t h e  Federal Energy Regulatory 
Commission by t h e  Supply-Technical Advisory Task Force on  Noncon- 
v e n t i o n a l  N a t u r a l  G a s  Reources ,  Sub-Task Force 1 - Gas Dissolved 
i n  Water, DOE/FERC-0029, March 1979. 

*Largest  project from Na t iona l  P e t r o l e u m  Counci l  s tudy  is 
Johnson ' s  Bayou, w i t h  400,000 barrels of water p e r  day from e i g h t  
w e l l s  . 



Miocene t r e n d  of sou th  Lou i s i ana )  
is thought  to  be aseismic: bowever, t h e  removal of large volumes of 
water, w i t h  t h e  r e s u l t a n t  as t ic  r e d u c t i o n  of r e s e r v o i r  p r e s s u r e s ,  
conce ivab ly  could a c t i v a t  ome of t h e  growth f a u l t s  i n  t h e s e  aqui -  
fers. Subsequent ly ,  it is also possible t h a t  such  f a u l t  movements 
could  r e s u l t  i n  s u r f a c e  a d j  e n t s .  Damage due t o  such movements 
would probably  be l i m i t e d  t e area where t h e  projected 
f a u l t  p l a n e (  s 

disposal method would be t o  discharge t o  nearby s u r f a c e  waters or 
i n t o  t h e  Gulf of Mexico. T h i s  undoubtedly would 

\ t ageous  from an o p e r a t i n g  and economic s t andpo in  T h i s  disposal 
method, however, would raise 
t h e  d i f f e r e n c e  i n  compositio 

water. There is also t h  b a b i l i t y  t h a t  t h e  tempera ture  of 
disposed br e w i l l  be c 

r e c e i v i n g  water t h u s  r e s u l t  n "thermal po l lu t ion . "  S t rong  
" o b j e c t i o n s  could  be expec ted  

s w e l l  as 

'ts) 

volumes of b r i n e ,  t h e  easiest  

t h e  most advan- 

ronmental  problems associated w i t h  
t h e  produced b r i n e  and t h e  r ece iv -  

-ably h ighe r  than  t h a t  of t h e  

both commercial and sport  f i s h e r -  

I 

A second'and acceptable disposal method 

a q u i f e r s  w i t h  a series of d i  so'  From an o p e r a t i n g  and 
economic s t a n d p o i n t  t h i s  h a s  dvantages.  A h i g h  c a p a c i t y  
dispdsal w e l l  may handle  as  000 barrels per day w i t h  

project such  as t h i s  would 
s a l  w e l l s  ( p l u s  stand-by 01: 

-would be t o  h j e c t  t h e  b r i n e  o w  r, normal p re s su red  

u i t a b l e  h i g h  p r e s s u r e  pumps. 
e q u i r e  a large network of a 

I r e s e r v e  w e l l s )  w i t h  t h e  associated s u r f a c e  i n s t a l l a t i o n s ,  i n c l u d i n g  
1 

f resh-water  zo 





i i  

d 

i g h l y  pressured a q u i f e r s  
and Texas which c o n t a i n  , 

ce of case law i n  Texas or Louisiana e s t a b l i s h i n g  
thermal energy as i n c i d e n t  to any p a r t i c u l a r  type 

oper ty ,  one must examine the  ownership concepts  
var ious  i n t e r e s t s  and determine which i n t e r e s t  i n  

f l o w  ... of 
TEX. WATER C 



- 

- 

t h e  L o u i s i a n a  Geothermal Energy Resources A c t  of 1975,  i n  ex tending  
t h e  p r o v i s i o n s  of t h e  Louis iana  Conserva t ion  A c t  t o  a l l - g e o t h e r m a l  
o p e r a t i o n s ,  i nc lud ing  p r o v i s i o n s  for u n i t i z a t i o n  of mine ra l  - in te r -  
ests and a l l o c a t i o n  of production among t h e  v a r i o u s  property own- 
ers, s t r o n g l y  implies t h a t  t h e  r i g h t  t o  exploi t  geothermal energy - 
is ves ted  i n  t h e  owner of  t h e  l and-unde r  _which it is found.4 - - 

Thus,  though t h e  e x p l o r a t i o n  and p roduc t ion  of geothermal energy - is  
subject to  e x t e n s i v e  regula t - ion  by t h e  s ta te ,  t h e  r i g h t  to  e x p l o i t  
geothermal energy  i n  Louis iana  and t h e  r i g h t  to own t h e  resource i n  
Texas i n  a l l  p r o b a b i l i t y  w i l l  be he ld  t o  be posses sed -by  t h e  owner 
of t h e  l and .  - - 

Of course, t h e  ownership of c e r t a i n  l a n d s  l i e s  w i t h i n  t h e  pub- 
l i c  domain. 
federal sove re ign  are subjec t  t o  s t a t u t o r y  r e s e r v a t i o n . 5  

c 

F u r t h e r ,  c e r t a i n  of t h e  l a n d s  conveyed Ey t h e  s t a t e  or 

Surface Owner VS. Mineral  Owner 

I n  large p a r t ,  t h e  i s s u e  of ownership of t h e  geothermal energy 
w i l l  be between t h e  owner of t h e  surface e-state and t h e  owner of 
t h e  subsurface (or m i n e r a l )  estate.6 Of course, when t h e  l and  is 
.owned i n  fee and has  -not been severed  h o r i z o n t a l l y  i n t o  t h e  surface - 
and minera l  estates, or otherwise burdened, there is no q u e s t i o n  as 
t o  i d e n t i t y  of t h e  p a r t y  or-parties possess ing  he r i g h t  to e x p l o i t  
t h e  geothermal energy. - 

There is a s u b s t a n t i a l  volume of-case law i n  Texas -cons t ru ing  
t h e  scope of a conveyance of "oi l ,  gas and a l l -other  minera ls . "_  
The term "other minera ls"  does n o t  i n c l u d e  subs t ances  which, though i 

I 
t e c h n i c a l l y ' a ' m i n e r a l  , are n o t  rare or e x c e p t i o n a l  -in n a t u r e ,  and i 
which e x i s t  a s  outcroppings  or components of t h e  surface and -are so 
c l o s e l y  related p h y s i c a l l y  to  t h e  s u r f a c e  as t o  be par t  of it. 
ThusI  sand ,  g r a v e l  , l imestone-,  and caliche would n o t  be encompassed 
i n  a g r a n t  or r e s e r v a t i o n  of "oi l ,  gas and other minerals ."  
Heina tz  vs .  Al len ,  217 S,W. 2d 994 (Tex. Sup. 1949); San Jacihto 
Sand Co. vs. Southwestern Bel l -Telephone  Co., 426-S.W, 2d 
Civ.-App. 1968)  . 

The basic test  by which-Texas cdurts m u s t  ana lyze  t h e  scope  p f  
t h e  conveyance of "oil ,  gas and other minera ls"  was e s t a b l i s h e d  i n  
Acker vs.  Guinn7 ( h e r e i n a f t e r  referred to a s  t h e  Acker case) and 
extended i n  Reed vs. Wylie8 ( h e r e i n a f t e r  r e f e r r e d  to as t h e  Reed 
casej. I n  hold ing  t h a t  i r o n  ore was n o t  par t  of t h e  "oi l ,  g a s  and - 
other mine-ralsA conveyed i n  a 1941 deed, t h e  Supreme C o u r t  i n  t h e  - 
.Acker case reasoned t h a t - t h e  parties to a minera l  lease or deed- 
u s u a l l y  t h i n k  of t h e  minera l  estate as inc lud ing  v a l u a b l e  sub- - 
s t a n c e s  t h a t  are removed from the ground by means of w e l l s  or mine 
s h a f t s ,  and though t h i s  minera l  estate is dominant and its owner is - 

e n t i t l e d  to make r e a s o n a b l e  u s e  of t h e  s u r f a c e  for the  p roduc t ion  
of minerals ,  i n  t h e  absence of t h e  e x p r e s s  c o n t r a r y  i n t e n t i o n ,  a 

j 
- 

1 

- 

- 
- -  

I 
! 

1 

g r a n t  or r e s e r v a t i o n  of "minerals"  ar "mineral  r i g h t s "  should nat -. 
L 
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ce t h a t  must be removed by methods 

ubs tan t i a l  
o near the  



o f  o t h e r  l a n d s  and hold ing  t h a t  t h e  s u r f a c e  Owner was e n t i t l e d  t o  
damages for t h e  p r o p o r t i o n  of t h a t  water produced from t h e  leased 
l a n d  which was consumed ( i n j e c t e d  f o r  water f l o o d  project) f o r  pro- 
d u c t i o n  of o i l  for l a n d s  o u t s i d e  t h e  lease, stated: 

I t  has  been decided t h a t  water is par t  of t h e  
s u r f a c e  estate accord ing  t o  t h e  o r d i n a r y  and 
normal u s e  of t h e  words conveying or r e s e r v i n g  
mine ra l s .  Sun O i l  Company vs; Whitaker ,  483 
S.W. 2d 808 (Tex. 1972) .  ... w e  are n o t  
a t t racted to ' a  r u l e  t h a t  would c l a s s i f y  water 
acco rd ing  t o  a mine ra l  con ta ined  i n  
s o l u t i o n . 1 5  

The s u r f a c e  owner cou ld  assert  ownership of  t h e  geothermal  re- 
s o u r c e  as i n c i d e n t  t o  h i s  ownership of t h e  water i t se l f .  However, 
it shou ld  be noted t h a t  - i n  t h i s  case t h e  Supreme Cour t ,  i n  d i c t a ,  
stated: 

If a minera l  i n  s o l u t i o n  or suspens ion  were 
o f  such v a l u e  or c h a r a c t e r  as t o  j u s t i f y  
p roduc t ion  s f  t h e  water for t h e  e x t r a c t i o n  
and u s e  of  t h e  m i n e r a l  c o n t e n t ,  w e  would 
have a d i f f e r e n t  case. The s u b s t a n c e  ex- 
tracted might  w e l l  be t h e  property of t h e  
mine ra l  owner, and h e  might be e n t i t l e d  t o  
u s e  t h e  water f o r  pu rposes  o f  p r o d u c t i o n  o f  
t h e  mine ra l  -16  

Assuming t h e . p r e s e n c e  of  s u f f i c i e n t  c o n c e n t r a t i o n s  of methane 
w i t h i n  t h e  geothermal water as t o  make t h e  methane commercially 
v a l u a b l e  i n  and of  i t s e l f ,  t h e  mine ra l  i n t e r e s t  owner cou ld  v a l i d l y  
assert  its ownership of t h i s  "minera l"  by v i r t u e  o f  i ts  f e e  i n t e r -  
est i n  t h e  mine ra l  estate. Because of  t h e  p h y s i c a l  i n c o n s i s t e n c i e s  
between t h e  s u b s t a n c e s  c o n s i d e r e d  i n  t h e  Acker l i n e  of  cases and 
t h e  geopressured  r e s e r v o i r s  involved  i n  t h i s  f a c t  s i t u a t i o n  as  
noted  above, t h e  Acker d o c t r i n e  would n o t  be cons t rued  so as to  
deny ownership of t h e  "mineral"  i n  t h e  mine ra l  i n t e r e s t  owner. 
Furthermore,  t h e  r a t i o n a l e  employed i n  t h e  g e n e r a l  i n t e n t  test  
would seem to  f a v o r  t h e  mine ra l  i n t e r e s t  owner. S i n c e  e x p l o i t a t i o n  
o f  t h e  geothermal  r e s o u r c e  would invo lve  f h e  d r i l l i n g  of  w e l l s  much 
i n  t h e  same manner as o i l  and g a s  are expko i t ed ,  t h i s  method o f  
e x p l o i t a t i o n  would seem t o  f a l l  w i t h i n  t h e  g e n e r a l  i n t e n t  of t h e  
p a r t i e s 1 7  t h a t  t h e  mine ra l  owner w a s  g r a n t e d  a n  estate i n  t h e  
v a l u a b l e  s u b s t a n c e s  u s u a l l y  removed from t h e  ground by means of  
w e l l s  o r  mineshaf t s . l*  

es ta te  found t o  be a paramount c o n s i d e r a t i o n  i n  t h e  Acker l i n e  of  
cases is n o t  p r e s e n t  i n  geothermal  o p e r a t i o n s .  Rather ,  t h e  i s s u e  
is more properly c a t e g o r i z e d  under  t h e  r u b r i c  of  e x c e s s i v e  use  or 
i n t e r f e r e n c e  wi th  t h e  s u r f a c e  estate. By v i r t u e  o f  t h e  c l a s s i f i c a -  
t i o n  of t h e  i n t e r e s t  of t h e  m i n e r a l  owner or lessee as t h e  dominant 
estate and t h e  i n t e r e s t  of t h e  s u r f a c e  owner o r  lessor as  t h e  

The type of p h y s i c a l  d e s t r u c t i o n  or consumption o f  t h e  s u r f a c e  

L-4 

,- 

-. 
b 



s e r v i e n t  es ta te  e mine ra l  i n t e r e s t  owner h a s  t h e  implied l e g a l  
r i g h t  t o  use  however much of t h e  s u r f a c e  es ta te  as is r e a s o n a b l y  
n e c e s s a r y  t o  i ts  o p e r a t i o n s .  Humble O i l  & Ref in ing  Company vs .  
W i l l i a m s ,  420 S.W. 2d 1 3 3  (Tex. 1967) ,  h e l d  t h a t  a cause  o f  a c t i o n  
for damages e x i s t s  on beha l f  o f  t h e  s u r f a c e  owner i f  t h e  lessee's 
use of t h e  s u r f a c e  is n e g l i g e n t  or i f  uch use  is n o t  " r easonab ly  
n e c e s s a r  o t h e  lessee's o p e r a t i o n s  The Supreme Court  i n  G e t t  

,J 

, 470 S.W. 2d 618 (Tex. 1971) ,  however, d 
use s u b s t a n t i a l l y  i n t e r f e r e s  w i t h  a pre- 

. e x i s t i n g  use  by t h e  s u r f a c e  owner19 and r e a s o n a b l e  a l t e r n a t i v e s  
are a v a i l a b l e  t o  t h e  lessee, r e a s o n a b l e  usage of t h e  surface es ta te  
by t h e  lessee may r e q u i r e  adop t ion  of a less  i n j u r i o u s  a l t e r n a t i v e  

lessee. Sun O i l  Company vs .  Whitaker,  483 S.W. 2d 808 (Tex. 
i ng  t h a t  t h e  lessee had. t h e  r i g h t  t o  free use of so 
e s h  water under ly ing  t h e  lease ( fo r  a water flood 
s r e a s o n a b l y  necessary t o  produce o i l  from i ts  o i l  

w e l l s ,  l i m i t e d  t h e  G e t t y  O i l  Company VS. Jones  d e c i s i o n  t o  s i t u a -  
t i o n s  i n  which t h e r e  are r e a s o n a b l e  a l t e r n a t i v e  methods a v a i l a b l e  
t o  t h e  lessee on  t h e  leased premises (emphasis added) accomplish 

of t h e  lease. 

nce a court f ds t h a t  ownersh ip  o thermal  r e s o u r c e  
- l i es  i n c i d e n t  t o  t h e  mine ra l  es ta te ,  t h e  lessor canno t  r e a d i l y  as- 
sert  a cause  o f  a c t i o n  f o r  i n t e r f e r e n c e  wi th  h i s  enjoyment of t h e  
s u r f a c e  estate. The p roduc t ion ,  g a t h e r i n g ,  and p r o c e s s i n g  equip-  
ment t h a t  w i l l  p robab ly  be r e q u i r e d  t o  e f f i c i e n t l y  e x p l o i t  t h e  geo- 
thermal  r e s o u r c e  may exceed t h a t  burden placed upon t h e  s u r f a c e  
es ta te  i n c i d e n t  to  e x p l o r a t i o n  and p roduc t ion  of o i l  and gas .  How- 
e v e r ,  a s  s ta ted  i n  

by law i n  a l l  conveyances of t h e  minera l  es- 
tate and,  a b s e n t  a n  e x p r e s s  l i m i t a t i o n  t h e r e -  
on ,  are n o t  t o  be altered by ev idence  t h a t  
t h e  par t ies  t o  a p a r t i c u l a r  i n s t rumen t  of  

i 

ved t h e  lessee from 
r y  method of e x t r a c -  

v e s t  t i t l e  as  t o  
such  methane i n  t h e  mineral  i n t e r e s t  owner. F u r t h e r ,  i n  order t o  
produce t h e  methane t o  which t h e  mine ra l  i n t e r e s t  owner is en- 
t i t l e d ,  t h e  h o t ,  h igh-pressured  water w i l l  a lso have to  be pro- 
duced. Whether t h e  mine ra l  n t e r e s t  owner would be e n t i t l e d  t o  a l l  

b e n e f i t s  r e s u l t i n g  f t h e  e x p l o i t a t i o n  of t h i s  by rp roduc t  
o t  q u e s t i o n .  Howeve t h i s  a n a l y s i s  has  been predicated 

upon t h e  e x i s t e n c e  of commercial ly  v a l u a b l e  methane i n  s u f f i c i e n t  
q u a n t i t i e s  as t o  j u s t i f y  development of t h e  geothermal  resource. 
I t  might  seem i n e q u i t a b l e  t o  deny t h e  owner of t h e  s u b s u r f a c e  water 

{J 
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any o f  t h e  b e n e f i t s  r e s u l t i n g  from e x p l o i t a t i o n  of  t h e  subsu r face  
water for its energy  p o t e n t i a l  aside from t h e  e x p l o i t a t i o n  of  its 
methane c o n t e n t ,  b u t  a c o u r t  may f i n d  it d i f f i c u l t  t o  d i f f e r e n t i a t e  
such e x p l o i t a t i o n  of t h e  h o t ,  high-pressured water from t h e  les- 
see's r i g h t  under Sun O i l  Company VS. Whitaker to  use s u c h  amounts 
o f  t h e  subsu r face  water as are necessa ry  to  t h e  enjoyment of t h e  
minera l  estate. 22  

LOUISIANA 

The c o u r t s  i n  Louis iana ,  i n  de te rmining  whether  a s e r v i t u d e  or 
lease g i v e s  to  its owner t h e  r i g h t  t o  e x p l o i t  a s p e c i f i c  mine ra l ,  
have employed a number of j u d i c i a l  canons i n  a c o n s i s t e n t  manner. 
This  approach h a s  favored more o f  a d e t e r m i n a t i o n  o f  t h e  s p e c i f i c  
i n t e n t  of t h e  par t ies  t h a n  t h e  g e n e r a l  i n t e n t  t e s t  used i n  Texas. 

The canons o f  c o n t r a c t u a l  c o n s t r u c t i o n  i n  Louis iana d i f f e r  i n  
some w a  s from t h o s e  used i n  Texas c o u r t s .  The d o c t r i n e  of e j u s d e m  

jected by t h e  Texas Supreme C o u r t  i n  t h e  Acker case. The Texas 
courts have n o t  a l lowed e x t r i n s i c  evidence t o  be admit ted as to  t h e  
i n t e n t  of  t h e  par t ies  a t  t h e  t i m e  of t h e  conveyance i n  t h e  Acker 
l i n e  of cases, whereas ,  t h e  Louis iana courts admi t  evidence as t o  
t h e  c i rcumstances  e x i s t i n g  a t  t h e  t i m e  of t h e  c o n t r a c t  and t h e  sit- 
u a t i o n  of t h e  parties a t  t h a t  t i m e . 2 4  I n  a d d i t i o n ,  C i v i l  Code 
A r t i c l e  753 requires t h a t  burdens on t h e  l a n d  be narrowly con- 
s t r u e d .  See Delahoussaye vs. Landry, 3 La. Ann. 5 4 9  (1848) .  

s t r u c t i o n  and t h e  e x i s t i n g  C i v i l  Code l e g a l  presumptions would 
probably r e s u l t  i n  a d e t e r m i n a t i o n  t h a t  t h e  r i g h t  t o  e x p l o i t  t h e  
geothermal  energy for i t s  h e a t  and p r e s s u r e  is n o t  included as  
r i g h t  i n c i d e n t  t o  a mineral  s e r v i t u d e  or l e a s e . 2 5  I t  would be 
d i f f i c u l t  for a c o u r t  using t h e s e  c o n s t r u c t i o n a l  d e v i c e s  t o  f i n d  
t h a t  t h e  par t ies  to  such in s t rumen t s  in tended  or even contemplated 
t h e  e x p l o i t a t i o n  o f  a subs t ance  which may have n o t  been known t o  
e x i s t  a t  t h e  t i m e  o f  execu t ion  or which even now cannot  be shown t o  
be c l e a r l y  capable of  commercial e x p l o i t a t i o n . 2 6  

Absent  these j u d i c i a l  c o n s i d e r a t i o n s ,  t h e  s e r v i t u d e  owner or 
lessee would seem to have a v a i l a b l e  a l o g i c a l  argument t o  t h e  e f -  
fect  t h a t  because methane is b u t  ' n a t u r a l  gas"  d i s s o l v e d  i n  geo- 
pressured water, t h e  s e r v i t u d e  owner or lessee h a s  t h e  r i g h t  t o  
produce such gas ,27  r e g a r d l e s s  of manner i n  which it m u s t  be pro- 
duced. This  c o n t e n t i o n  is more persuasive than  t h e  argument a v a i l -  
able t o  t h e  lessee a t t empt ing  t o  claim t h e  r i g h t  to  s t r i p  mine l i g -  
n i t e ;  however even a narrow a p p l i c a t i o n  o f  t h e  l e g a l  d o c t r i n e s  
c o n s i s t e n t l y  applied i n  t h e  Hollowa 8 Delahoussaye, and Similar 
cases would make it d i f f i c u l t  + or a lessee t o  s u c c e s s f u l l y  prove 
t h a t  t h e  par t ies  ' in tended" t o  convey t h e  r i g h t  t o  e x p l o i t  methane. 

g e n e r i s  3 3 is a p p l i e d  i n  Louis iana,  w h i l e  i t  w a s  s p e c i f i c a l l y  re- 

The a p p l i c a t i o n  of  t h e  Louis iana canons o f  c o n t r a c t u a l  con- 
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prope r ty .  They expec ted  t h a t  t h e  enjoyment 
of  t h i s  i n t e r e s t  would n o t  d e s t r o y  t h e  s u r -  
f a c e  estate and would involve  resources d i s -  
t i n c t  from t h e  s u r f a c e  so i l .  I n  t h e  absence 
o f  any expressed s p e c i f i c  i n t e n t  t o  t h e  con- 
t r a r y ,  t h e  scope o f  t h e  minera l  estate,  as  
i n d i c a t e d  by t h e  p a r t i e s '  g e n e r a l  i n t e n t i o n s  
and e x p e c t a t i o n s ,  i n c l u d e s  t h e  geothermal  ' 

resources under ly ing  t h e  proper ty ."  
I 

I n  a d d i t i o n  to  hold ing  t h a t  t h e  geothermal  resources are p a r t  
o f  t h e  minera l  estate,  t h e  c o u r t  concluded t h a t  geothermal  water 5 

r 
i 

also w a s  a p a r t  o f  t h e  mine ra l  estate. I n  r ecogn iz ing  t h a t  some 
states, inc lud ing  Texas, have he ld  t h a t  t h e  ownership o f  subsu r face  
water is v e s t e d  i n  t h e  s u r f a c e  e s t a t e , ' t h e  court d i s t i n g u i s h e d  such 
subsu r face  water from t h e  water and steam components of geothermal  
resources. Recognizing t h a t  there is a g e o l o g i c  basis  f o r  d i s t i n -  
gu i sh ing  t h e  ground water syst-em which o r i g i n a t e s  from and is re- 
p l e n i s h e d  by r a i n f a l l  from t h e  geothermal  water system which is c u t  
off from such  waters by a t h i c k  minera l  cap,  and n o t i n g  t h a t  t h e  
r a t i o n a l e  for r ecogn iz ing  t h e  r i g h t s  of  t h e  s u r f a c e  estate t o  t h e  
ground water system is l a r g e l y  i n a p p l i c a b l e  i n  t h e  case o f  geo the r -  
m a l  water, t h e  court concluded t h a t  geothermal  water is a m i n e r a l  
and t h u s  n o t  a p a r t  o f  t h e  waters inc luded  i n  t h e  s u r f a c e  estate. 
I t  is appa ren t  t h a t ,  i n  large part ,  t h e  c o u r t  w a s  a t t empt ing  to  
avoid a f ragmenta t ion  o f  t h e  ownership or e x p l o i t a t i o n  r i g h t s  re- 
l a t i n g  t o  geothermal resources based upon t h e  p h y s i c a l  t ype  o f  geo- 
thermal  energy. Hopeful ly ,  such an  approach,  whether r e s u l t i n g  in  
f u l l  ownership i n  t h e  s u r f a c e  owner or mine ra l  i n t e r e s t  owner, w i l l  

- be followed by courts i n  Louis iana  and Texas. 
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t h e  case of United States  vs .  Union O i l  Company of C a l i f o r n i a ,  549 
F. 2d 1271 ( 9 t h  C i r .  9731, wherein t h e  Ninth C i r c u i t  Cour t  of 
Appeals, i n  r e v e r s i n g  t h e  lower c o u r t  d e c i s i o n ,  he ld  t h a t  t h e  
United States, i n  a r e s e r v a t i o n  of coal and other mine ra l s ,  d i d  by 
such r e s e r v a t i o n  r e t a i n  own h i p  i n  t h e  geothermal  resource. How- 
e v e r ,  t h e  d e c i s i o n  was base 
Stock Rais ing  Homestead A c t  3 U * S * C * A .  S299 (1970)  
l e g i s l a t i v e  h i s t o r y .  Thus,  t h i s  d e c i s i o n  is of litt 
determining  t h e  p u b l i c  owner P vs. p r i v a t e  ownership 
t h e  s u r f a c e  owner wner issue. 

terest i n  o i l  and g a s  i n  place beneath h i s  l a n d  should be made a t  
t h i s  j u n c t u r e .  

6~ f e w  commen t h e  n a t u r e  of t h e  landowl-ler's in -  

Despite t h e  v a r i a t i o n  i n  t h e  c l a s s i f i c a t i o n  schemes 



- 

l i q u i d  o r -gaseous  form or e lements  or compounds i n  s o l u t i o n ,  e m u l -  
s i o n  or a s s o c i a t i o n  wi th  such  m i n e r a l )  and to  reduce  them t o  pos- 
session and ownership. Thus, a g r a n t ,  r e s e r v a t i o n y o r  lease of o i l  
and g a s  carries o n l y  t h e  r i g h t  to  extract  such  mine ra l s  from t h e  
soi l .  
are t h e  mineral  s e r v i t u d e ,  t h e  mineral  r o y a l t y ,  and t h e  m i n e r a l  
lease. R.S. 31t16. ~ 

k. 
The b a s i c  minera l  r i g h t s  t h a t  may be c r e a t e d  by a landowner 

_ _  

-/Acker VS. Guinn, 451 S.W. 2d 549, a f f ' d . ,  464 S.W. 2d 348 

8Reed vs. Wylie, 554 S.W. 2d 169 ( e x .  Sup. 1977) .  

- 

- (Tex. Sup. 1971) .  
- 

9Wi l l i fo rd  vs. S p i e s ,  530 S.W. 2d 217 (Tex.  Civ.  App. 1975) ,  
he ld  t h a t  a r e s e r v a t i o n  of an  i n t e r e s t  i n  o i l ,  gas, and other min- 
erals d i d  n o t  i nc lude  coal and l i g n i t e  t h a t  would (emphasis added)  
be mined and recovered  by open p i t  or s t r i p  mining methoas. 

loDubois VS. Jacobs ,  551 S.W. 2d 147 (Tex .  Civ. App. 1977) ,  
he ld  t h a t  a r e s e r v a t i o n  of a r o y a l t y  i n t e r e s t  i n  o i l ,  g a s ,  and/or 
o t h e r  minera ls  d i d  n o t  reserve any subs t ance  t h a t  - m u s t  (emphasis 
added) be produced by methods which w i l l  i n  e f f e c t  consume or de- 
p l e t e  t h e  s u r f a c e  estate. 

- 
I . _  -. - i 

l lNote 10, supra .  

12The phrase "gene ra l  i n t e n t  theory"  is  merely a convenient  
d e v i c e  for r e f e r r i n g  t o  t h e  r a t i o n a l e  of  t h e  court i n  Acker t h a t  
t h e  g e n e r a l  i n t e n t  of  t h e  p a r t i e s  w a s  n o t  t o  i n c l u d e  a subs t ance  
t h a t  m u s t  be removed by methods t h a t  w i l l ,  i n  e f f e c t ,  consume or 
d e p l e t e  t h e  s u r f a c e  estate. 

- 

~ 

13Note 11, supra .  - 

1 4 N o t e  12,  supra .  

15Robinson, a t  867. However, t h e  mine ra l  r e f e r r e d  to i n  t h e  
i n s t a n t  case w a s  s a l t .  

I 

~ 

16Id. ,  - a t  867. .. 

l'tcomment, Note 1, supra  a t  1007. 

18See Reed vs. Wylie, Note 10 ,  supra .  

l9The s u r f a c e  -owner had p r e v i o u s l y  i n s t a l l e d  

- - 

. 

self -propel led  
i r r i g a t i o n  system r e q u i r i n g  an o p e r a t i n g  c l e a r a n c e  of 7 f e e t .  
Though t w o  o t h e r  lessees had found methods to develop  t h e i r  i n t e r -  

_ests which d i d  n o t  i n t e r f e r e  wi th  t h e  i r r i g a t i o n  system, Ge t ty  
d r i l l e d -  two. i n t e r f e r i n g  w e l l s  and i n s t a l l e d  pumping u n i t s  r e q u i r i n g  
clearance s u b s t a n t i a l l y  i n  excess of 7 f e e t .  

811. 
20Sun O i l  Company vs.  Whitaker,  483 S.W. 2d (Tex. 1972) ,  a t  

G 
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- .- - - _  

- - 
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- 

21The c o u r t  recog s idence - - i s  a 
- i n e v i t a b l e  kesul t  of use  of t h e  Frasch- Process - 

- of subs idence  was one pr ede  cre s sor 
, i n  t i t i e , -  whe 
I 

T n  t h i s  case,  
result i n  a b 
source  i n  its 

g r a v e l  d e p o s i t s ,  employed-those concepts  i n  l i m i t i n g  t h e  s c o p e  of 
t h e  term "mineral." A similar approach was taken i n  River Rouge 

thermal ste 
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MONTE CARLO SIMULATION OF E VEN GULF COAST PROSPECTS 

- 
T h i s  appendix p r e s  ts r e s u l t s  of t h e  Monte Carlo s i m u l a t i o n  of 

g a s  p r o d u c t i o n  from 11 geop s u r e d  b r i n e  p r o s p e c t s  s t u d i e d  by t h e  
I N a t i o n a l  Petroleum- Council-. he o b j e c t i v e  of these s i m u l a t i o n s  was 

I 
i I t o  d e f i n e  g a s  prices needed p rov ide  economical ly  f e  

I i 

e t u r n  (ROR) on- i nves tmen t s  i n  these - r i s k y  v e n t u r e s  -. 

- . -  
I _  

- Because t h e  chance f o r  p r o j e c t  f a i l u r e  ( d e f i n e d - a s  a n e g a t i v e  
ROR) w a s  h igh ,  i n  many cases t h e  a v e r a g e  p p e c t  ROR's  were n o t  

f-ied minimum 
chances  t h a t  a n  

cu rves  which show t h e  

z e r o - p e r c e n t  , - 
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P e m e b i l i t y  
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TABLE PI-2 1 
Geopressure Gas Simulation Averages and 

Standard Deviations f o r  Geologic Factors 

Radius Gas I 
Pay Thickness Permeability Gem. Compressibility Solubi l i ty  

(Feet)  (ma) (Feet)  l / p s i  x (Cu F t b b l )  Prospect 

Atchafalaya Bay 
- Std. Avg. Std. AVg. Std. AVg; Std. A v ~ .  Std. AVgo 

East 283 39 30 15 9,340 2,957 5.4 
West 252 91 38 15 8, 150 2, 300 5.4 

Johnson's Bayou ' 1,170 175 124 42 a, 460 2 8 465 5.4 

LaFourche Crossing 362 92 26 11  6,785 1,600 5.4 

Rockefeller Refuge 552 197 28 12 7,392 1,918 5.4 

1.2 23 
1 .  2 18 

4 
3 

1.2 23 4 

1.2 30 5 

1.2 41 7 

SE Pecan Is land 
East 245 47 16 7 6,166 1,316 5.4 
W e  st 360 145 16 7 7,211 1 # 809 5.4 

1.2 28 
1.2 28 

5 
5 

1.2 32 

1.2 22 

9 6,  166 1,316 5.4 

10 7,840 2, 137 5.4 

15 5,790 1,172 5.4 

77 5,576 1, 088 5.4 

5 Austin Bayou 639 133 24 

.Candelaria 450 100 14 

32 C 1  inton 700 -- 
80 Eagle Lake 575 -- 

I 

4 

4 

1.2 24 4 
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I 
I a l l  g e o l o g i c  input v a r i a b l e s  as w e l l  as  the  r e s u l t i n g  d i s t r i b u t i o n  

PAUS output inc ludes  plots of the  frequency d i s t r i b u t i o n s  of 

of p r o j e c t  ROR's. For the  sake of b r e v i t y ,  t h i s  r e p o r t  p r e s e n t s  

I 

i t y  for s u c c e s s .  
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Figure M-3. ROR Distribution,Rospect Likely to Fail. 

loses monky wi th  a nega t ive  ROR. The shaded area ( r e p r e s e n t i n g  
chances for fa i lure)  becomes l a r g e  and, as t h e  l e f t  t a i l  approaches 
- loo%,  t h e  ROR program blows up. T h i s  results i n  a "spike," or 
meaningless  ROR va lues ,  a l l  plotted a t  -100%. 
occur, t h e  average project ROR's are n o t  meaningful.  T h i s  happened 
o f t e n  i n  t h e  prospects i n  t h i s  r e p o r t .  

i 
When n e g a t i v e  ROR's 

i 

Monte Carlo Simula t ion  R e s u l t s  

S imula t ion  r u n s  were made t o  de termine  gas prices which would 
r e s u l t  i n  1 0 ,  15, and 20 p e r c e n t  ROR's .  However, t h e  above d i scus -  
s i o n  e x p l a i n s  why average  ROR's are o f t e n  n o t  meaningful.  For t h i s  
r eason  it was'decided to  rephrase t h e  results i n  t h e  fo l lowing  
form . 

The p r o b a b i l i t y  of ach iev ing  a t  least  a g iven  minimum pe rcen t -  , 

age ROR as  a goal w a s  computed; t h i s  e l i m i n a t e s  t h e  need to  cons id-  
er or average  meaningless n e g a t i v e  ROR's .  As a c u t o f f  r e f e r e n c e  
p o i n t ,  a project was a r b i t r a r i l y  d e f i n e d  a s  a "success" when it 
achieved a t  l eas t  a p o s i t i v e  ROR. Th i s  is t h e  same a s  c a l l i n g  f o r  
a t  l eas t  a p o s i t i v e  undiscounted cash flow sometime w i t h i n  t h e  l i f e  
of t h e  project. I n  a d d i t i o n ,  s i m u l a t i o n s  were run  to  f i n d  and p l o t  
t h e  chances t h a t  each p r o s p e c t  w i l l  a ch ieve  g o a l s  of a t  l eas t  10 ,  
15 ,  or 20 p e r c e n t  ROR. 

S imula t ions  for a l l  11 prospects were run  a t  prices rang ing  
F i g u r e s  M-4 through M-14 from $2.00 p e r  MCF t o  $16.00 p e r  MCF. 

p r e s e n t  t h e  r e s u l t i n g  p l o t s  of  t h e  chance for ach iev ing  the  g iven  
ROR g o a l s  vs.  g a s  p r i c e s .  

de ta i l .  
For t h e  purposes  of i l l u s t r a t i o n ,  F igure  M-4 is d i scussed  i n  

T h i s  f i g u r e  p r e s e n t s  t h e  results of t h e  E a s t  Atchafa laya  

M-6 
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! 

1 p e r c e n t  ROR represent minimum r e t u r n s  on inves tment  goals. Each 

1 

Bay prospect. The f o u r  c u r v e s  l a b e l e d  zero p e r c e n t ,  10,  15 ,  and 20 

curve  presents t h e  chance t h a t  t h e  prospect w i l l  a c h i e v e  t h e  g i v e n  
g o a l  as a f u n c t i o n  of g a s  price. The 50/50 chance i s  s h o  L J  broken l i n e  across t h  

o f i n d  t h e  m i n i m  e q u i r e d  for  50/50 cha  e of s u c c e s s ,  
simply draw a ver t ica l  l i n e  downward from t h e  p o i n t  a t  which t h e  
zero p e r c e n t  cu rve  crosses t h e  50/50 l i n e .  T h i s  co r re sponds  t o  g a s  
prices o f  about $7.50 per MCF. S i m i l a r l y ,  a 50/50 chance f o r  a t  

I 

I 

l a 10  p e r c e n t  ROR requ es abou t  $9.20 per MC 

i n a l l y ,  i n  o r d e r  t o  s h  w ROR's behave aro 
oal,  F i g u r e  M - 1 5  h i s  is a s i m u l a t i o n  p r i n t  p lot  of 
he  d i s t r i b u t i o n  1,000 cases a t  $9.20 per MCF of 

g a s  for t h i s  prospect. 

T h i s  plot  s h o  s a t  which v a r i o u s  ROR's occur i n  
1,000 Monte Carlo s i m u l a t i o n s  s e l l i n g  g a s  a t  $9.20 per MCF. The 
v e r t i c a l  a x i s  is t h e  c o u n t  ( o u t  o f  1 ,000 t r i a l s )  of outcomes i n  
each  ROR i n t e r v a l .  For example, I n t e r v a l  1 -2 p e r c e n t  ROR, In- 
t e r v a l  2 is 2-4 per t ROR, etc. 

The s p i k e  o n  t h e  l e f t  s i  f F igu re  M - 1  t h e  number of 
f a i l u r e  cases a l l  p l o t t e d  a t  ROR equal to  zero p e r c e n t .  T h i s  
s p i k e  shows t h a t  t h e r e  is a a one i n  t h r e e  chance (36.8 per- 
c e n t )  for fa i lure  (z or n e g a t i v e  ROR) of  t h i s  prospect even  a t  
$9.20 per MCF o f  gas The remaining i n t e r v a l s  show approximate ly  
be l l - shaped  d i s t r i b u  n of p o s i t i v e  ROR's peaking somewhere 

14-16 p e r c e n t  ROR i n t  

The t a b l e  on t h e  r i g h  n t e r v a l  fre- 
u e n c i e s  and cumula t ive  p S. ' F o r  example, n e x t  to  I n t e r v a l  

6 (lower l i m i t  = 1 0  perce u l a t i v e  pe rcen tage  of 50.4 is 
seen .  T h i s  g i v e s  a 50/50 r a t  l eas t  a 10  p e r c e n t  ROR cor- 

shown i n  F igu re  
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Figure M-8. Rockefeller Refuge Prospect. 
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Flgure M-12. Candelaria Prospect. 

Flgure M-13. Clinton Prospect. 
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Figure M-15. Sample Simulation Plot. 
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