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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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PREFACE

o By 1etter dated June 20 1978 the National Petroleum Council,
‘an-industry advisory commlttee to the Secretary of Energy, was
requested to prepare an analysis of potential natural gas recovery

from Devonian Shale, coal seams, geopressured brines, and tight gas

reservolrs. In requestlng the study, the Secretary stated that:.

‘ ...Your analy51s should assess the resource base and the

state-of~the-art of recovery technology. Additionally,

- your appraisal should include the outlook for cost and

- recovery .of. unconventional gas. and should consider how

~ government policy can improve the outlook. (See Appen-
dix A for complete text of the Secretary's letter and a
"further descrlptlon of the Nat1onal Petroleum Council.)

"~ To aid it in respondlng to thls request, the Natlonal Petroleum
Council established a Committee on Unconventional Gas Sources under
~ the chairmanship of John F., Bookout, President and Chief Executive

-Officer, Shell 0Oil Company.,,R. Dobie /Langenkamp, Deputy Assistant
Secretary for Resource Development & Operations, Resource Applica-
tlons, U.S. Department of Energy, served as Government Cochairman
‘of the Committee. A Coordinating Subcommittee and four task
groups, by source, were formed to assist the Committee. The Geo- .
pressured Brines Task Group was chaired by Thomas W. Stoy, Jr.,
Union 0il Company of California, and cochaired by Don C. Ward of
- the Department of Energy. (Rosters of the study groups respon51ble
for thlS volume are 1ncluded in Appendlx B.)

The Natlonal Petroleum Council's report on Unconventlonal Gas
Sources is belng 1ssued in f1ve volumes~ , v

e Volume I

.Executlve.Summary
:ro"Volume*II :?a‘Coal:Seams';

'lﬁo Volume‘lil;— Devonian Shale

e Volume 1V {-‘,Geopressured Brines‘lv/
,5 Volumefv‘ F:,Tlght Gas Reserv01rs.rv(z

'lThe Coal Seams, Devonlan Shale, and GeOpressured Brlnes volumes are
. being issued in June 1980 with the Executive Summary and Tlght Gas

';:Reserv01rs volumes belng 1ssued in late 1980.

For each source,‘reserve additions and produc1ng rates are cal- -

ﬁculated at five gas prices, three rates of return, and at least two

levels of technology. Constant January 1, 1979, dollars were used
in-all analyses. The report presents estlmates of what could hap-
pen under certain technical and economic circumstances and is not
71ntended to represent a forecast of what w1ll occur., - :







- BACKGROUND

' BACKGROUND AND CONCLUSIONS

-~ - The phrase "geopressured reservoir" means that the pressure of -
fluid in pores in the reservoir is greater than the hydrostatic
pressure of a column of brine from the surface to the reservoir v
depth (0.465 pounds per square inch ‘[psi] per foot of depth). The ..
"*fluid in the pores can be oil, gas, brine, or a combination of
them. - If the mobile fluid. is oil or gas, the reservoir is classi-
fied as a geopressured oil or gas reservoir. If no free gas or oil
“is present in the:pores,. the reservoir is classified as a geopres-
‘sured brine reservoir. . oo O

- This stuéyfaddréésesfonIY'geopréssuréd{briﬁe féservcits.:“Byg

" "definition, such reservoirs contain no free oil or natural gas. "

 However, the brine is assumed to be at saturation with natural gas
~in solution. o » ' B

N This study also’ addresses only sandstone reservoirs of Tertiary

- age in the Texas and Louisiana Gulf Coast onshore area. This addi- -
- tional constraint has been adopted by virtually all studies of po--
tential energy production from geopressured brine reservoirs be-
cause the amount of ‘existing data from this area is much greater

than for other identified geopressured reservoir areas,

_ The large existing data base for Tertiary sandstone reservoirs
in the Gulf Coast area results from more than 10,000 penetrations

" to explore for and develop prolific-geopressured oil and gas reser-.
voirs. This data base has provided knowledge of: = - .

. Temperatdre'as a~functi¢n of depth and location
e ResérVoirfpreSsure;as‘a:funCtion'of“depth,and locaﬁioh

gmisandstbné thiéknessﬂand~porosity\aS-affunctioh;of'depth.and.,
" Jocation oo |

" @ The range of permeability as a function of geography, 7 
~ formation age, and depth of burial = LT S

50finilling, shrfacé facilitYQ’andvéperating costs for both

- -production wells and.brine’disposal'wells,,:: ,

| The ‘existing data are comprehensive in relation to exploring
»foriand,prcdhcing[geopressured‘oil~and gas reservoirs. . However,
several factors which are critically important to the production of

- geopressured brine reservoirs to recover methane from solution have

‘minimal -significance to the search for oil and gas. These factors
_‘or areas of uncertainty that must be resolved by future work are:

9;rTheffhicknéss_and éféal,extént’of‘CéntinuOhs, high
permeability sandstone reservoirs T



e The amount of natural gas and minerals in solutlon in the
brine

‘® The system compressibility that controls the producible
- fraction of the brine in place.

The National Petroleum Council study is an engineering ap-
praisal of 11 geopressured brine prospects in the Gulf Coast.
The appraisal is based upon the known data and what the NPC study
participants believe to be reasonable estimates for the value of
the unknown data.

CQNCLUSIONS

It is possible to develop commercial production of gas from
geopressured brines at gas prices ranging from $4.00 to $9.00 per
thousand cubic feet (MCF) with a 10 percent rate of return (ROR)
from selected areas of the Gulf Coast. For a maximum gas price of
$9.00 per MCF and a 10 percent ROR, the projected gas production
would be 81 million cubic feet per day (MMCF/D) by the year 2000
for the most optimistic case. The ultimate gas recovery for this
case would be 568 billion cubic feet.

Large-scalevgas production is highly unlikely prior to the year
2000 for the following reasons:

® The extremely high capital investment and operating expense
per unit of gas production leaves little margin for dry
holes or poor reservoir performance.

® The low solubility of gas in brine makes the value of each
barrel of brine very low (5¢ to 45¢ per barrel). This in
* turn requires that each well be capable of producing at high
rates for many years.

e The low recovery efficiency of approximately 3 percent of
- the gas in place and the highly faulted nature of the geo-
pressured sands greatly limit the size of the resource
available for exp101tat10n.

® The existence of numerous elements of mechanical and geolog-
1ca1 risk makes large-scale gas productlon unllkely.



- FINDINGS

STUDY OBJECTIVES

follows.

The objectlves of the NPC Geopressured Brlnes analy51s were as,7

»’ofyTo examlne the reg1onal geology and 1dent1fy prospects for
.~ development in the Tertiary trend of the Texas-Louisiana
‘Gulf Coast , S S - . :

e To study these proSpects in detail to estimate;the
’r"follow1ng. . o P Ser :

g'Reserv01r performance

'Drllllng programs

S

’Productlon and water dlsposal methodsf

dGeothermal and hydraullc energy potent1al

Produolng rates and recoverable reserves -

'\Detalled estlmates of costs and the economlcs of field

development h‘

) 'Based upon the study of these prospects, to predict the addi-
- -tion of ultimate recovery and productlon rate by year to the
. year 2000 as a function of gas price for a base case dis-
counted cash flow rate of- return of 10 percent and example
cases of 15 and 20 percent

o,’To report on. env1ronmental and legal cons1derat10ns

. e To determlne the potent1a1 for technlcal 1mprovements

e fTo c0mment on crltlcal technlcal factors, rlsk, and
' uncertalnty. , : C :

~.1_REGIONAL GEOLOGY

‘The major potent1a1 areas of 1nterest for geothermal, geopres-

'ﬂ:'sure energy are located ‘along the northwestern rim of the Gulf of

~Mexico in southern Louisiana and Texas. (see Figure C-1l in Appendlx
. .C). The southern Louisiana and Texas geopressured trend, in which
. the potentlal areas occur, ranges in width from 50 to 70 miles

VT»northward from the coast. . The prospects are: all Tertiary in age -‘and

._are part of a fluvial deltaic and marine depositional system. Dur -
ing early Tertiary time (Eocene and Ollgocene), ‘the primary area of
deposition occurred along the Texas coastal area. This depocenter
shifted into Louisiana during the later Tertiary Miocene and

\

5



h,ever, the actual sand thlckness that could be con51dered prospectlve\'
is in the order of 500 to 1 000 feet. - ‘ .

The Texas Ollgocene Frlo prospects were dellneated in a reglonal
assessment reported by the Bureau of Economic Geology.l, Of the
six best Frio prospects:identified in the study, the study partici-
‘pants eliminated four on the basis that reservoir conditions would
preclude developing commercial gas- production within the $9.00 per
MCF price limitation. The two remaining best Frlo prospects were
included in this study. . R '

It should be p01nted out, however, that thls Frio study was lim-
~ited to depths that would have reservoir temperatures greater than

- 300°F, and that studies in progress of areas with lesser~tempera-r
tures will no .doubt 1dent1fy additional prospects.

Other Texas prospects in the Ollgocene Vlcksburg and- Eocene
~Wilcox have also been evaluated.? Two of the Wilcox prospects
which the study participants believed to be the most promising of
,thls V1cksburg —Wilcox study were evaluated in th1s report.

: The 1nvest1gatlon of the geothermal, geopressure resource of . _ _
" southern Louisiana sands was initiated in 1975 as a result of an '

Energy: Research and Development Adm1n1strat;on (ERDA) contract with

- the Petroleum Engineering Department at Louisiana State University
(LSU), Baton. Rouge.3 As a result of that work, 63 prospective

areas were found,- and after preliminary ranklng, the five most prom--
~ ising prospects were mapped and studied in detail. The study indi-

. cated that the better prospects were generally located in the west-

ern half of southern Louisiana.4 Poorer sand. development in the

7', eastern half was the reason LSU downgraded the prospects 1n that

area. - 7 : -

- Data on these prospects -in Texas and Louisiana are listed in.
Table D=1 in Appendix D. These 1l prospects have estlmated total
gas in place of 6 7 trillion cubic feet. , -

Although these prospects represent only a fraction of the total

- resource,_ the study participants selected them for analysis-because
they represent the largest and most promising reservoirs identified
~by Department of Energy (DOE)-SponSored studies. If development of
the geopressured brine resource 1s to occur, it w1ll probably be

- started in these areas.

lBebout Dorfman, and Agagu, 1975 Bebout Loucks, Bosch,‘and _
,Dorfman, 76 Bebout, Loucks, and’ Gregory,rl§78 e -

2Unpubl1shed report by Bebout, Gregory, Loucks, and Welse.A —

3Hawk1ns, 1975' Bass1oun1 and Bernard, 1978.

4These are 1dent1f1ed in the September 1979 "DOE publlcatlon
entltled "Geopressured Geothermal Reserv01rs - .



There are, of course, geopressured formations in other parts of
the United States in addition to these Tertlary age deposits along
the Gulf Coast. In the deep Mississippi Salt. basin (of Mississippi
- and Alabama), the Smackover and adjacent formations are geopres-

~ sured. ‘These. are highly faulted; 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

Montana, _Wyoming, Colorado, and Utah contain geopressured forma—,f»
“tions. These are usually of extremely low permeability.  The major
- aquifer in this area of the United States is the’ M1ss1ss1pp1an (Mis-
_sion Canyon) formation. This aquifer is not geopressured. The :

- Tuscaloosa-Woodbine formation along the Gulf Coast is often geopres-—

sured. In some cases, this formation is highly permeable. However,
it is usually highly faulted. Thus, individual accumulations of .
 brine would usually be too small to be of interest for geopressured
brine productlon.; Other small geopressured accumulations are found
~in Michigan. and Arizona.v Figure 1 shows the location of geopres-”
sured brlne formatlons 1n the Unlted States..

. -It is the oplnlon of the geologlsts partlclpatlng in this study
that the geopressured formations along the Gulf Coast form by far
- the largest and most llkely to be commercial target of all the geo— -
~pressured formations in the Unlted States., S ,

-~ fThis study was: also conf1ned to ‘onshore geopressured dep051ts.
- Although the geopressured resource is known to extend into the off-
'shore,; drilling and operating. costs are so much higher offshore than -
onshore that onshore development 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
report. - (See Appendix C for detaxls on reglonal geology and pros-
~pect evaluatlon ) . _ ‘

RESERVOIR PERFORMANCE

Unsteady-state reserv01r models were developed for each prospect

.~ using ‘the geologic and reservoir data: from Table D-1. Productlon/

.- pressure performance for each prospect was pred1cted u51ng the fol-
1ow1ng cr1ter1a- : , I

;o Max1mum brine productlon rates of 30 000 50 000, and 70 000
barrels per day (B/D) per well -

h ° Max1mum well 11fe of 25 years”‘ ;
Jlo; Slngle- and mult1plé-well development. o

(See Appendlx D for a complete dlscu551on of reserv01r englneerxng Y



)

Figure 1. United States Geopressured Brine Formations.



DRILLING PROGRAMS

Individual detalled development well'proorams and cost estimates
were made for two prospects in Louisiana’ with depths of 13,500 and
17,700 feet, respectively, and for two prospects in Texas w1th

“depths of 13,500 and 16,500 feet, respectively. These cost estl-
~mates. were. extrapolated to. other prospects. S , :

: The dr1lling programs are quite similar to conventional 011 and
gas dr1111ng with the exception that the geopressured ‘brine programs
require larger diameter (5 1/2-inch) tubing in order to accommodate

the high volume water . product1on contemplated.

g Dr1111ng costs vary from $166 per foot for the shallower wells
-(about 12,000 feet) to $272 per foot for the deeper wells (17,000
feet). These costs, which are approximately 25 percent higher than
- .conventional .drilling costs, result from the larger tubing, casing,
—and related equipment requlrements. (See Appendlx E for details on
dr1111ng and well costs. ) '

,PRODUCTION AND WATER DISPOSAL FACILITIES

, Productlon fac111t1es would consist of large—capac1ty gas/water
separators, gas compression facilities, water holding tanks and
treating facilities, water -injection pumps, and multiple, ‘shallow,
“high-rate water disposal wells. Fuel would be obtained from natural
gas production. Gas would be delivered to the purchaser at: the well
51te at 800 pounds per square -inch gauge (ps1g) '

, Because of the dlstance of 2 m11es or more between wells; each
well would require separate production, water dlsposal, and sales
facilities. (See Appendix F for detailed descrlptlons of produc-

tion and water dlsposal fac111t1es.)

| .’WATER DISPOSAL METHODS
Three methods for water dlsposal were - 1nvest1gated-A
7o Dlsposal 1nto brlne aqulfers u51ng shallow dlsposal wells

o,‘Pressure ma1ntenance by d1sposal of br1ne 1nto the produc1ng

_,horlzon
o
’_iof_Transportatlon via p1pe11ne and dlsposal 1nto the Gulf of
‘rrMex1co. _

Dlsposal 1nto shallow brlne aqulfers was selected for the: fol-
low1ng reasons. s ~

e It is the conventlonal method of d1sposal used on the Gulf

o It is environmentally acceptable.

9



e Its fuel requirements are economical -- 2 cubic feet per
barrel 1nJected.

(See Appendix F for a discu551on and costs of subsurface water dis-'
‘posal.) : :

‘ Pressure maintenance or partial pressure maintenance into the
producing reservoirs is not feasible for the following reasons:

e Injection pressures are high.

- @ Fuel requ1rements consume a substantial part of the
recoverable gas (50 percent or more).

® The cost of 1njection wells and high-pressure 1n3ection
pumps increases the investment operating costs and the re-
quired gas price beyond the $9.00 per MCF upper limit for
this study. ,

(See Appendix G for a discussion and costs of pressure maintenance.)

.Disposal of the waste water into the Gulf of Mexico is not a
viable alternative because of the environmentally objectionable,
highly dissolved solid content of the produced brine and the high
cost of pipelines and facilities for the widely spaced brine wells.
(See Appendix F for facility costs and Appendix I for the operating
expense of water disposal into the Gulf of Mex1co )

ARTIFICIAL LIFT

The use of artificial 1ift for brine production is not feasible.

Tne,high fuel requirements and pump capacity limitations result in
. marginal economics at best, using a gas price of up to $9.00 per
- MCF. (See Appendix F for the costs of artificial lift.)

GEOTHERMAL POTENTIAL

Opportunity for the conversion of geothermal energy to electric-
ity is limited. For a 10 percent ROR in geothermal equipment, the
following criteria must be met: »

'@ Minimum brine production"rates of 40,000 B/D per well
° ;Minimum surface fiowing temperature of 270°F or higher

® Minimum life of constant production of 10 years with no
decline. ,

Of the 11 prospects examined in detail, only five would meet the

minimum requirements. These five prospects, if developed, would
generate a total of 19.1 megawatts (mW) of power from eight separate
well locations. , . .

10
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Th1s report does not ‘examine the poss1b111ty of us1ng the geo-—
' thermal energY”for projects “such.as space heating or low-grade in-
=)~ e dustrial heat. - In‘-any case; the use of heat energy would not have -
‘ “wide applicatlon because-of -the marsh location of many of" the pros--
(See Appendlx H for a detailed discussion of geothermal~» g

‘pects.
potentlal ) - D R TEU BE L
,i\ HYDRAULIC POTENTIAL ﬁVAf - _5_~?{;:fj.gwq1, ‘f:‘f, ik

5 Wellhead pressure declines 1mmed1ately from 1ts 1n1t1al level

R ‘and is very short-lived, thereby: creatlng a ‘high rate of amortiza-
" tion and obsolescence for investment in- facilities for utilization

_of hydraulic energy. —For this reason, conversion of hydraulic en- -

. ~“ergy into electric energy for sale or into mechanical energy for

~ - - “lease operation has: onIy‘mlnor~potent1al within the- margln of error

%4' -~ of this evaluation and was not considered in the economic evalua-
e -tions. (See Appendlx H for a detailed d1scu581on of -hydraulic - .
o - potentlal Yoo T e e S A L
o PRODUCING RATES AND RECOVERABLE RESERVES - o wiprz;x;;; © -
: *%ﬁ - Four separate.cases were used to- estlmate future productlon and —
- L recoverable.reserves from -the 11 1dent1f1ed~prospects. B
. o Most Optlmlstlc Case, ;tg;;f“’ikfl,_f,;T;“ B T
= ) ~;é 50 000 B/D per well: max1mum 1n1t1al rate, Solution‘f‘:;;
3 E gas/water ratlo from Table D- 1. . ST T
= - Upper Medlan Case T - S
T o= 30, 000 B/D per well max imum" 1n1t1al rate.,rsolution}7
A *'gas/water«ratlo from Table D-l._‘ Do el e
T e . Lower, Medlan Case‘f - kT #_ 3
'i;r,,a 50 000 B/D per well maxxmum 1n1t1a1 rate. Solutlon ]
SR f>,§;j gas/water ratlo equals half the amount llsted 1n Table o
. s . ‘ ﬁ;,\ D"'lﬁ ‘; ~ .._ B h_ - - - ..“ _ S T ,. : ) \V £ o e
: L e Mlnlmum Case : “jr”;f“ﬁ? f{l"i-k‘i;f‘ CELER
» fa,‘i;;Wl 30,000 B/D per well maxlmum 1n1t1a1 rate.'*solutlon o
7 7 - _gas/water ratlo equals half the .amount llsted in~ Table S
e s e T ‘D-],l_rw' ~‘j TS SN TN = S pead -
L ':l"‘“rAlthOugh flve "6F ‘the ll prospects are estlmated to be capable of
< higher maximum flow rates, pro;ects were llmlted to’ 50 000 B/D L
. = ‘because: 53'““; oL S PRI R L 5, ipr;
LTS j{i;.,o Flow rates in excess of 50 000 B/D show early decllne for LL~;
» o most prospectss T --j, R e R -
. - S e 1~11- - T j S -



e High tubing velocity in excess of 25 feet per second would
be expected to result in serious downhole corr051on and -’
erosion problems.

The 30,000 B/D maximum flow rates per well were used as sensi-
tivity runs to account for less than the expected values of perme-
ability x thickness from Table D-1. :

The lower median and minimum case sensitivity proyectlons using
one-half of the solution gas per barrel of brine estimated in Table
D-1 have been supported by recent production tests conducted at
Austin Bayou in Texas and Fairfax Foster Sutter No. 2 and Beulah
Simon No. 2 in Louisiana. Higher-than-anticipated concentrations of
dissolved solids in the brines were observed and reported in dis-
.solved gas/water ratios of approximately 25, 22.5, and 22.6 cubic
feet per barrel. These values are substantially less than projec-
tions based upon estimated water salinities in Table D-1l.

Gas reserves per well were estimated for all cases assuming the
wells produced to depletion by natural flow or had a 25-year max1mum
life. )

Recovery factors as a fraction of original gas in place for the
11 identified prospects ranged from a low of 1.4 percent at the '
Candelaria Prospect to a high of 4.9 percent at the Rockefeller
Refuge  Prospect.

"The predicted recovery factors from the model studies are based
upon the known compres31b111ty of brine for the temperature and
pressure of each reservoir (values are near 2.2 x 10-© p51‘ Y,
an assumed rock pore volume compressibility of 5.0 x 10-6 psi-l,
and an assumed critical gas saturation of 3 percent of pore volume.
For all prospects, the model studies revealed that buildup of free
gas due to pressure reduction reached a maximum of less than 1 per-
cent of pore volume. Since this maximum is less than the 3 percent
required for the gas to move, free gas flow cannot occur. Vertical
gas flow cannot create a gas cap, and the ratio of produced gas to
produced water declines throughout the life of each well.

Rock compressibility has a significant effect on recovery eff1-
ciency, and the value chosen by the study participants is believed
to be reasonable and possibly optimistic. Recent laboratory tests
by the University of Texas on geopressured sandstone cores indicate
" that rock compressibility could be as low as 1.8 x 10~6. Further,
the NPC believes that the 3 percent critical gas saturation used in
the model studies, which is based upon extensive reservoir engineer-
ing experience, is reasonable. (See Appendix D for further discus-
sion of reservoir performance.)
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ECONOMICS

. " The discounted. cash flow rate of return on the 11 prospects
i),'l studled was calculated w1th the follow1ng econom1c assumptlons.

‘oy Investments - »
fej;_'Land acqu1s1tlon at $20 per acre »
"éd Geophys1cal at 1 m11e gr1d per prospect, $8 000 per mlle
. - 'Well cost (Appendlx E) _ |
- 'Fac111ty cost 1nclud1ng yater dlsposal (Appendlx F)
v:f-\iGeothermal, where approprlate (Appendlx H)
o 'Revenue Bl a v ) /
'f::;’ Gas; varled from $2 50 to $9 00 per MCF .

- Electrlc power correlated with gas prlce for gas used to
generate electrlc power, as follows: - RN :

$2 50/MCF gas = 4.5¢ per kllowatt-hour (kWh)
$9 OO/MCF gas = 13.3¢ per kWh | '
° :Expense

- Gas operatlons, 1$320,000 per year per well plus 2. 9¢ per
barrel varlable (Appendlx I) ~ ,

- ‘Geothermal, 0. 5¢ per kwh
‘fl_-. Royalty, 1/6 /r°"~
‘yfyo”eTaxes
‘o';lf46% federal 1ncome tax rate.
;1ff12% state 1ncome tax rate‘r
~“-yf10% tax credlt for tang1bles
'”~5f;Intang1bleS'-- expensed |
c—’;Addit1onal energy'--lO% on tanglbles A

(See Appendlx J for detalled data and calculatlon results for the 11
o prospects studled ) - - : e : c. _
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 POTENTIAL - FOR - TECHNICAL IMPROVEMENTS

. The potentlal for technlcal 1mprovements would be expected to T
parallel the experience of conventional deep gas well drilling. '\s
Whether or not deeper drilling would. enlarge the resource is geolog-
- ‘ically uncertain. - For the prospects evaluated, the small amount of
‘usable geothermal energy contained in- the brlne negates the poten-
tial benefits of technical 1mprovements that may be- expected in geo-"
thermal enerqgy development. - : v

PROJECTIONS OF FUTURE GAS PRODUCTION ANDVRESERVES TO THE YEAR 2000

Based on the results of the economic study of - these 11 pros-
pects, a development program was projected incorporating a rising
scale of gas prices which accommodated the 10 percent rate ‘of return
criterion. By this procedure, the best-economic prospects were
drilled first. After these economic prospects had been developed, -
it was assumed that  future undes1gnated prospects would be developed
comparable to. the last economlc prospect drilled. , ‘
The rate of development of the prospects in the most opt1m1st1c
case 1s based upon the follow1ng._

7'0 The-development of the 11 1dent1f1ed prospects “from . 1979 to
1985 is in reasonable conformance w1th the DOE De51gned Well~

~

. Test Series ‘schedule. -

@ The massive geophys1cal, geological, and- leas1ng effort re- -
. quired by industry to program exploration and development of
- "_ - unidentified prospects will be: trlggered only by demonstrated
_ B success of the DOE tests. S -
o The 1n1t1al well drllled on each prospect would requlre a
: minimum of one year of testing and reservoir evaluation
before schedu11ng addltlonal drllllng on that prospect.

o. Prospect evaluatlon ‘and- development w1ll be -slow because
most prospects studied would support only one or two. pro-
du01ng wells. :

The results of this most 0pt1m15t1c case, together ‘with the - ‘ -
upper median, lower median, and minimum cases, are presented. in Fig- =~ -
~ures 2 and 3 and Tables 1 through 4. The undesignated prospects el L

- represent an important part of the projections. Of the 96 wells
- drilled in the most optimistic case, 70 of the wells were . drilled on
undesignated prospects. The reserve projection for. this case of 568
»bllllon cubic feet 1ncludes 350 bllllon cubic feet. from undes1gnated
prospects.' : .

: For a maximum gas prlce of $9.00 per MCF and a 10 percent ROR,
the progected gas productlon would be 81 MMCF/D by the year 2000 for
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Development

TABLE 1

Drilling, Production, and Reserve Schedule
10 Percent ROR, Most Optimistic Case

(Constant 1979 Dollars)

v

Production Reserves
No. Cum., Initial Regserves Cum. Reserve Max. Power Cum.
Wells Wells Gas Rate Added Additions Price Added Power
Year Prospect Drilled Drilled Year (MMCF/D) (BCF) (BCF) (S/MCF) (mW) (mW)
1979 Austin Bayou 1 1 1980 1.9 12 12 4.00 2.7 2.7
1980 Rockefeller Refuge 1 1981 2,5 21 2.9
LaFourche Crossing 1 3 1.8 15 48 4.00 1.3 6.9
1981 Rockefeller Refuge 2 1982 5.0 35 5.00 5.8
LaFourche Crossing 1 1.8 4
SE Pecan Island West 1 7 1.6 13 100 5.00 2.3 15.0
1982 Rockefeller Refuge 3 1983 7.2 26 2.8
‘ SE Pecan Island East 1 1.6 7
Atchafalaya Bay East 1 12 1.3 10 -143 6.00 1.3 19.1
1983  Atchafalaya Bay East 1 1984 1.4 6 8.00  None
Atchafalaya Bay West 1 1.0 9
Johnson's Bayou 1 0.9 8
Clinton . 1.3 4
Eagle Lake 1 17 1.4 3 173 8.00 None 19.1
1984 atchafalaya Bay West 1 , 1985 1.1 3 8,00
Johnson's Bayou 4 22 3.6 20 196 8. 00 None 19.1
1985 Candelaria 1 0.8 6
Johnson's Bayou 3 26 1986 2.7 16 218 - 8.00 None 19.1
1986 Undesignated* 5  31 1987 4.5 25 243 9,00 _None 19.1
1987 = Undesignated* 5 36 1988 4.5 25 268 9.00  None 19..1
1988 ' Undesignated* 5 41 1989 4.5 25 293, 9,00 None = 19.1
1989 . Uhdesignatéd* 5/yr 96 1990 4.5/yr 25/yxr 568 9,00 None 19.1
through .
1999 568
*Undes ignated prospects assumed to be identical to Johnson's Bayou prospect (Computer Run L24),
This case would require the drillin on

undesignated prospects.

g of 70 wells to develop 350 billion cubic feet of reserves
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: Developmeht

- TABLE 2

- Drilling, Productibn, and Reservé Schedule v
10 Percent ROR, Upper Median Case ‘

Productibﬁ

(Constant . 1979 Dollars)

roo .

. Reserves’

No. Cum. Initial = Reserves Cum. Reserve Max. Power Cum.
> , ‘Wells - Wells Gas Rate ' Added: " Additions  Price - Added ' Power
_Year ' Prospect - Drilled Drilled Year (MMCF/D) (BCF) - (BCF) ($/MCF) - (mW) - (mW)
1979 Austin Bayou 1. 1 1980 1.1 9.4 9.4 ‘5,00  None  None
1980 Rockefeller Refuge 1 S 1981 s 8.5 o

: 'LaFourche Crossing 1 3. 11 © 846 2645 - 5,00 .  None ' None
1981, Rockefeller Refuge 2 1982 3.0 17 »
LaFourche Crossing 1 1.1 8.6 . f
SE Pecan Island West - .1 7 1.0 6.6 58.7 6.00 - None ' None
1982 Rockefeller Refuge 2 1983 3.0 17
‘ | 'SE Pecan Island East 1 1.0 6.4
SE . Pecan Island West: 1 , 1.0 6.6 ; SR Lo o
Atchafalaya Bay. East 1 12 0.8 3?7 92.4 7.00 - None  None
1983  Rockefeller Refuge 2, 1984 3.0 17
‘ Atchafalaya Bay East . 2 : 1.6 7.4
Candelaria ‘ . 1 : 0.8 6.0 o S
Clinton 1 18 0.8 3.6 - 126.4 - 8,00 None - None
1984 Rockefeller Refuge = -~ 2 1985 3.0 17
L Atchafalaya Bay East ‘A 0.8 3.7
Atchafaldya Bay West 1 1047 3.7 , .
Eagle Lake - 1 23 0.8 2,7 153.5 9.00 - None  None
11985 Rockefeller Refuge 1 1986 1.2 8.5 : R
Atchafalaya Bay West' - 3 27 . 1.8 1. 173.1 9,00 None - None
1986 Undesignatea* 4 31 1987 = 2.4 16.4 189.5 9.00  None None
1987 Uhdesignated* 4 .35 1988 2.4 ) 16.4 205.9 9.00  None . None
1988 Undesignated* 4 39 1989 2.4 16.4 222.3 . 9.00  None None
1989 ' Undesignated* 4/yr . 83 1990  2.4/yr  15.4/yr 402.7 9.00  None  None
. through:.: : ' _ '
1999 402.7

*Undesignated prospects assuﬁéd to be identical to Atchafalaya Bay West prospect (Computér Run -L19).
This case would require the Adrilling of 56 wells to develop 229,6 billion cubic feet of reserves on
undesignated prospects.

s
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TABLE 3

Drilling, Production, and Reserve Schedule
10 Percent ROR, Lower Median Case
(Constgnt 1979 Dollars)

Development ) ’ Production Reserves

No. Cum, Initial Reserves Cum. Reserve Max. Power Cum. -
‘ , Wells Wells Gas Rate Added Additions Price Added Power
Year Prospect . Drilled Drilled " Year (MMCF/D) {BCF) (BCF) (S$/MCF) (mW) (mwW)
1979 Austin Bayou LI 1 1980 1.0 7 7.0 5.00 2.7 2.7
1980 Rockefeller Refuge 1 : 1981 1.2 11 ' 2,9
' . LaFourche Crossing S | - 3 0.9 - 8 © 2640 L 6400 1.3 - 669
1981 Rockefeller Refuge 1 1982 1.3 1 2,9
LaFourche Crossing 1 o 1.1 3 ‘ -
SE Pecan Island West 1 6 0.8 7 47.0 8.00 2.3 12.1
1982 Rpckefeller Refuge 2 1983 2.5 17 - 5.7
Atchafalaya Bay West 1 9 - 0.7 5 69,0 - 8400 1.3 19.1
1983 Rockafeller Refuge 2 1 1984 2.3 8 77.0 8.00 None 19.1
1984 Undesignated* : 2 13 1985 1.4 10 87.0 9.00 None . 19.1
1985 ' Undesignated* . 2 15 1986 1.4 10 97.0 9,00 None 19.1
1986 Undesignated* 2 17 1987 1.4 10 107.0 © 9.00 None 19.1
1987 Undesignated* 2 19 1988 1.4 10 117.0 9,00 None  19.1
1988 Undesignated* ‘ ) 21 1989 1.4 10 127.0 9.00 None 19.1
1989 Undesignated* 2/yx 43 1990 1.4/yr 1D/yr ; 237.0 . 9,00 None 19,1
through . ' ‘ '
1999 ‘ o 237

*Undesignated prospects assumed to be identical to Atchafalaya Bay West prospect using solution gas in
Table D=1 x .5 (Computer Run L11).

This case would require the drilling of 32 wells to develop 160 billion cubic feet of reserves on
undesignated prospects.
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the most optimistic case. The ultimate gas recovery for this case
would be 568 billion cubic feet.. ,

ENVIRONMENTAL CONSIDERATIONS

Production from geopressured brine reservoirs would have an im-
pact on the environment similar to conventional gas production with
two possible exceptions: large volume geopressured water production
could result in land subsidence and/or in increased tectonic activ-
ity along growth faults. Either of these events could result in the
early abandonment of a project. (See Appendix K for a further dis-
, cussion of environmental considerations.) v

LEGAL CONSIDERATIONS

No case law in Texas or Louisiana deals specifically with ques-
tions relating to ownership and the right to produce geothermal en-
ergy. It’appears to be the consensus of those who have speculated
on these questions that in Louisiana the present owners of mineral
interests or leases may neither own nor have the right to produce.
geothermal energy. Those who have speculated on what the future
holds in Texas with respect to such questions are even less certain
in their prognostications.- (See Appendix L for a summary of the
arguments prevailing in the current legal literature.)

Aside from the ‘question of ownership and operating rights, other
legal problems can be foreseen. 1If the surface owner is determined
to be owner of the geothermal energy, those rights may conflict with
the rights of the mineral owner, as for example in those instances
in which the energy of a gas reservoir is affected by the production
of geopressured brine, or in which the geopressured brine contains
methane. Conversely, if it is determined that the owner of the min-
-erals owns the geothermal energy, extensive use of the surface which
may be required may conflict with the surface owner's rights.

With the current state of the'jurisprudence, it would seem that
the -operator would conclude agreements with both the mineral and
surface owner in order to develop geothermal energy.

Since very large areas may be affected by the production of geo-
thermal energy, leasing of small tracts may prove onerous and the
unitization status of Louisiana and Texas does not offer a complete
solution. Under Louisiana's Geothermal Energy Resources Act, geo-
thermal enerqgy falls under the existing Louisiana Conservation Act,
which provides for units that are comprised of an area which can be
efficiently and economically drained by one well. The act also auth-
orizes pool-wide units upon agreement of 75 percent of the working
interest and royalty owners. The operator of a unit appears to be
limited in recoupment of development and operating costs to whatever
production may be secured. If a large area and many tracts are in-
volved, the risk that the operator must bear may be prohibitive.
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Texas does ‘not have compulsory unitization, but- rather relies on
'spac1ng ‘orders of the Railroad Commission which, in effect, re-

- quires an operator to have control”of or partlclpatlon by worklng
’,1nterest owners withln m1n1mum prescrlbed areas. ‘

It appears that, under the prevalllng systems of both states re-
- specting pooling, voluntary unit operations will be required and the
~_risk-taker will have to obtain ownership rights of significant size
- within the pooled area to 3ust1fy the exploratlon and: development of
hgeothermal resources.

Notw1thstand1ng the resolutlons by the courts -with: respect to .
- ownership and operating rlghts under existing titles, it would
appear that new and innovative leglslatlon will be needed in order
to reduce the leas1ng problems inherent in develop1ng geothermal

energy.
CRITICAL TECHNICAL FACTORS, RISK, AND UNCERTAINTY -
Geologic |
The known geologlc factors have been deflned for the 11 identi-

fied prospects by the geology and englneer1ng departments of LSU and
,Texas Un1vers1ty.

in addltlon, the Southeast Pecan Island prospect was 1nten51vely

analyzed by the study participants. ‘Geologic uncertainties which
‘remain include unidentified fault barriers and degree of sand con-
‘tinuity over the very large dra1nage areas required for economic
development. . Other eng1neer1ng and geologlc factors whlch have
uncertalnty 1nc1ude. r :

o Net sand thlckness'

° Permeablllty

e Rock compre551b111ty

) 7Water sa11n1ty ’,,n[ v' o . :' ‘ ,>,7 .

oeregree of gas saturatlon

e Permeablllty reductlon w1th pressure reductlon."
*Each of the 11 prospects was analyzed u51ng a Monte Carlo model't

to determine its chance for a 10, 15, and 20 percent ROR as a func-
tion of gas prlce. (See Appendlx M for detalls of the Monte Carlo

'<51mulat10n )

“This rlsk analy51s 1nd1cates ‘that three prospects (Johnson s
Bayou, - Rockefeller Refuge, and Austin Bayou) have a 75 percent
chance of obtaining a 10 percent ROR.at gas prices of $9.00 per MCF
or. less, and seven of the 11 prospects have a 50 percent chance of

2



obtaining a 10 percent ROR using the same price criteria (Atcha-
falaya Bay East, Johnson's Bayou, LaFourche Crossing, Rockefeller
Refuge, Southeast Pecan Island West, and Austin Bayou).

This analysis indicates that the three best'prospects are.

" Rockefeller Refuge, Johnson's Bayou, and Austin Bayou..

Mechanical Risks

Mechanical problems can seriously affect the longevity of pro-
duction and the economics of a geopressured brine project. No pro-
duction experience exists for a high volume geopressured brine well.
If and to what extent sand production will become a problem at these
high rates is unknown. In addition, recent tests by the DOE at the

‘Fairfax Foster Sutter No. 2 well in Louisiana and the Pleasant Bayou

No. 2 well at Austin Bayou in Texas indicate the potential for se- -
rious downhole corrosion and scaling problems because of dissolved
carbon dioxide. The presence of carbon dioxide in the dissolved gas

_depressed the pH of the brine to levels of 6 or less. Because of

the high rates of production required, treatment to prevent downhole

.corrosion would be extremely difficult, if not impossible.
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APPEN DIX A
Request Letter
and

Desenptlon of the -
Natlonal Petroleum Counell



. Départmeritdfl;‘.her P
Washington, D.C. 20585

" June 20, 1978
Dear Mr. Chandler: |

An objective of the energy supply initiatives of the :
- President's energy policy is to promote domestic energy pro- .
duction from unconventional sources as well as from conven-
tional sources. One of the areas to be encouraged is the

recovery of natural gas from unconventional. sources. '
. In the past, the National Petroleum Council has provided
' the. Department of the Interior with appraisals on the extent
and recovery of the Nation's o0il and gas resources through
such studies as Future Petroleum Provinces, U. S. Energy Out- ’
look; Ocean Petroleum Resources, and Enhanced Oil Recovery.

' Therefore, the National Petroleum Council is requested to
prepare, as an early and important part of its new relation-
-ship with the Department of Energy, a study on unconventional

© sources of natural gas to include deep geopressured zones,

. Devonian shale, tight gas sands, and coal seams. Your analy-
 sis should assess the resource base and the state-of-the-art

- of recovery technology.  ‘Additionally, your appraisal should
include the outlook for costs and recovery of unconventional

 _gas and should consider how Government policy can improve the.
outlook. LR et e o PR :

For the purpose of this study, I will designate the Deputy
Assistant Secretary for Policy and Evaluation to represent
"me and to provide the necessary coordination between the
‘Department. of Energy and the National Petroleum Council.

© . .. sincerely,

James R. Schlesingef
Secretary~g7~ S

JTMr}ftoliis?P: Chahd1er, Jr. ,
~Chairman, National Petroleum .
Council =~ o o oe o

. 1625 K Street, N. W. -

- - Washington, D.C. - 20006v::



DESCRIPTION OF THE NATIONAL PETROLEUM COUNCIL

In May 1946, the President stated in a letter to the Secretary
of the Interior that he had been impressed by the contribution made
through government/industry cooperation to the success of the World
War II petroleum program. He felt that it would be beneficial if -
this close relationship were to be continued and suggested that the
Secretary of the Interior establish an industry organization to ad-
"vise the Secretary on oil and natural gas matters.

Pursuant to this request, Interior Secretary J. A. Krug estab-
lished the National Petroleum Council (NPC) on June 18, 1946. 1In
October 1977, the Department of Energy was established and the
Council's functions were transferred to the new department.

The purpose of the NPC is solely to advise, inform, and make
recommendations to the Secretary of Energy on any matter, requested
by h1m, relating to petroleum or the petroleum industry. The Coun-
cil is subject to the provisions of the: Federal Adv1sory Committee
Act of 1972.

Matters which the Secretary of Energy would like to have con-
sidered by the Council are submitted as a request in the form of a
letter outlining the nature and scope of the study. The request is
then referred to the NPC Agenda Committee, which makes a recommen-
dation to the Council. The Council reserves the right to decide
whether or not it will con51der any matter referred to it.

) Examples of recent major studies undertaken by the NPC at the
request of the Department of the Interior and the Department of
Energy 1nclude. B

° Petroleum Resources Under ‘the Ocean Floor (1969, 1971)
. Law of the Sea (1973) S
"Ocean Petroleum Resources (1974 1975)

® Environmental Conservatlon - The 011 and Gas Industrles

(1971, 1972)

° U S. Energy Outlook (1971, 1972)

e Emergency Preparedness for Interruptlon of Petroleum Imports g

into the United States (1973, 1974)

e Petroleum Storagg,for,National Security (1975)

e Potential for Energy Conservation in the United States:
1074-1978 (1974)
Potential for Energy Conservation in the United States:
1979-1985 (1975) ' , v

e Enhanced 0il Recovery (1976)
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,or'Materials and‘Manpower‘Requirementé (1979)!

° PetroleumAstorage~&'Transportation Capacities (1979).

The NPC does not concern 1tse1f with trade practlces, nor does
it engage 1n any of the usual trade assoc1at10n activities,

Members of the National Petroleum Council are app01nted by the
Secretary of Energy and represent all segments of petroleum inter-
ests, The NPC is headed by a Chairman and a Vice Chairman who are
elected by the Council., The Council is supported entirely by vol—‘
.untary contrlbutlons from its members.
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. REGIONAL GEOLOGY AND PROSPECT EVALUATION

1

The major potential areas of interest for geothermal, geopres-
~ sure energy are located along the northwestern rim of the Gulf of -
‘Mexico in southern Louisiana and Texas (Flgure C~- 1). Much is known
~about -the Tertiary sandstone reservoirs in these areas from more
than 10,000 penetratlons to explore for and develop pr011f1c geo—
1pressured oil and gas reserv01rs (Flgure C-2). _

REGIONAL GEOLOGY(‘

o The southern Louisiana and Texas geopressured trend, in which

.~ the potential areas occur, ranges in width from 50 to 70 miles
‘northward from the coast.  The prospects identified to date are all

Tertiary in age and are part of a fluvial deltaic and marine depo-

sitional system. During early Tertiary time (Eocene and Ol igocene)

the prlmary area of deposition occurred along the Texas coastal

' area. - This depocenter shifted into Louisiana during later Tertiary '

~Miocene and Pliocene time. In this depositional environment,
wedges of sands and clays thickened to the south as the result of

. contemporaneous movement along growth faults and the underlying

- salt. Total sediment thickness, including shales and sands along
this trend, are reported up to 50,000 feet; however, the actual

~ sand thlckness that could be . con51dered prospectlve is in the order
of 500 to 1,000 feet. Other,water-bearlng sands are present in the
geopressured intervals, but because of discontinuities (i.e.,
faultlng,'stratigraphlc variations), low temperatures and pres-
sures, and poor permeabilities and porosities, their contribution
to a geothermal, geopressure brlne gas recovery progect would not
be - s1gn1f1cant. : : .~

A The Texas Ollgocene Frlo prospects ‘were dellneated in a re-
g10na1 assessment reported by the Bureau of Economic Geology.l
~Other . prospects 'in the Oligocene . Vlcksburg and Eocene Wilcox have

"~ also been evaluated.2 Broad regional studies of the Texas trends

* 'were followed by detailed local investigations resulting- 'in a Frio
" site selection in:the Brazoria Falrway, th1s prospect 1s currently
*_being drllled. ff»_ : : , : .

SR The 1nvestlgat10n of the - geothermal, geopressured resource of -
B southern Loulslana sands was 1nit1ated in 1975 as the result of an

A

Lo ' 1Bebout, Dorfman, and Agagu, 1975, Bebout, Loucks, Bosch, and
' Dorfman, 1976, Bebout, Loucks, and Gregory,,1978. : _

2Unpubllshed report by Bebout, Gregory, Loucks, and Welse..
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ERDA contract with the Petroleum Engineering Department at

Louisiana State University (LSU), Baton Rouge.3 As a result of

that work, 63 prospective areas were found, and after preliminary [ >
ranking, five of the most promising prospects were mapped and stud- -
ied in detail. The study indicated that the better prospects were
generally located in the western half of southern Louisiana. Poor-

.er sand development in the eastern half was the reason LSU down-

- graded the prospects in that area.

Geopressures in the Texas prospects range in depth from 10,500
to 12,000 feet, and in Louisiana from 8,740 to 14,500 feet. Tem-
peratures are generally higher in the Texas sediments (in the order
of 300°F). In Louisiana, temperatures range from 230°F to 320°F.
Net sands thickness in one of the better Texas Frio prospects at
Brazoria ranges from 100 to 1,000 feet. In Louisiana, the Miocene
sand thickness in one of the better prospects is in the same range.
~Other data regardlng the various prospects in both Texas and
Louisiana analyzed in this report are listed in Table D-1 in
Appendix D. ,

PROSPECT EVALUATION -- SOUTHEAST PECAN ISLAND

For this study, what was perceived to be one of the best pros-
pects was analyzed in significant detail. Two independent ap-
proaches were used in evaluating the Pecan-Island prospect. The
area was selected by LSU as one of the top prospects identified in
their study and has been the subject of a detailed study by that
group. About the time results of the LSU study on this prospect
were published by Bassiouni and Bernard in October 1978 (but with-
out the benefit of this published information), the area was iden-
tified by the NPC study participants and tentatively selected as a
project area. Final selection of the area for the project was made
because it contains a large volume of thick, correlative sand zones
with high pressures and temperatures located in a relatively un-
faulted area.

' The prospect is located in the southern part of Vermilion Par-
ish along the geopressure trend of southern Louisiana. It is an
interfield area bounded by Pecan Island field to the northwest, the
Freshwater Bayou gas field to the north, and the Vermilion Area
Block 16 field to the south. The fields are separate structural
entities and are separated from the project area by bounding down
to the south faults (Figure C-3). The limiting fault to the north
(Fault A) has a throw of 700 feet; to the south the project area is
limited by Fault B with a throw of 300 feet. These faults are the
typical east-west striking down to the south growth faults, and
based on pressure and geologic information, are considered to be
sealing. Several minor nonsealing faults are present within the
prospect. . S

3Hawkins, 1975; Bassiouni and Bernard, 1978. : ' \b
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The LSU group divided the prospectlve Mlocene sands into three
stratigraphic intervals, as shown in Figure C-4. Isopach and
structure maps were constructed on all zones; however, only the
structure map on the top (or upper) Interval A and the composite
sand isopach of all three intervals are included in this report
(Figure C-5). A list of the wells used in this study is shown in

e_Table c-1.

The Miocene sediments in the Southeast Pecan Island prospect

- consist of alternating sands and shales. The sands are predomi-

nantly fine-grained, silty sands which in some areas grade into
fine-grained, clean sands. The gross sand zones can be correlated
over the entire area; however, individual sand bodies are not con-
tinuous and do not form a uniform blanket. Thickness variations of
the individual sand bodies within the three intervals mapped are
common, and in some instances the sands disappear completely.

An independent evaldation'by the NPC study,pafticipants»of the

~sands in this area indicated that the Q and R Sands (equivalent to

the upper two sand bodies in Stratigraphic Interval B of the LSU
study) appeared to have the best continuity. A structure map on
the top of the Q Sand (Figure C-6) indicates the same approximate
outline but at a slightly lower elevation. Figure €C-7 shows the
correlative nature of the sand, the continuous nature of the gross

zone, but the poor correlation of thinner individual sand units. A

composite isopach of the two sand bodies (Figure C-8) shows a thick
net sand, up to 900 feet in the western portion of the prospect,
thinning to approximately 150 feet to the east. Permeability, po-
rosity, salinity, pressure, temperature, and methane gas data were
based on the LSU group findings and on data supplied by various
study participants. These data are tabulated below:

Porosity: 20 percent

Permeability: 10 millidarcies (md) (2 md - 50 md)
Salinity: 100,000 parts per mllllon
Temperature: - 300°F

Pressure: 13,500 pounds per square 1nch

Dissolved Gas: 35 standard cubic feet per barrel

0
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v Mip.

No.

”fj TABLE C-1

_ Wells Used in the : SOutheast Pecan Island Prospect Evaluation
- Vermilion Parish .

Well Identification‘:

1.

2.

_TeDe

;Stone Oil Corp..(148544)*

Audubon Soc.-Simmons #2
Sec. 26, T16S, R2E (No Log)
16,345"

J. P. Owen (88319)
La. Furs #G1
Sec. 29, T16S, R2E

~ T.D. 15,200'

3.

4.

- 5.

6.

' 7;}

118.

“Iaao

’eT.D.,

"pan Am. (100357)
'~;’Nationa1 Audubon Soc.
- ‘Sec.s 31, T1es, R3E -

Union oil c°. of Calif. (s4a7sy

- La.o Furs #J2
- SecCs 32, T16S, RZE
- T.D.v‘

15 248" .

Unlon 011 of Calif..(133365)
Furs #C12

Sec. 33, T16S, R2E

TeDe 18 214' '

Signal Petro. (146080)
Simmons #2 ,

Sec. 35, T16S, R2E
TeDe ' 15,412" .

Tidewater Oil (73745) -
McIlhenny #B=1

- Sec. 36, T16S, R7E
,T.D. 15,400" ‘

.Consolidated Gas (127279)

Nicks Lake #1
Sec. 30, T1GS,HR3E
15, 437'

#1

T.D. 15 012'

_*Conservation Department serial number.

C16e

Map
No.

~

Well Identificatien .

-9

10.

_Humble 0il (93647)
"Humble Fee #23

Sec. 4, T178, R1E

T.D. 18,662"

Humble Oil (127308)
Humble Fee #31

. sec. 7, T17S, RIE

“11.

12,

13.
14,

15,

- T,D.

" TeDe 19,000'”

Humble 0il Co. (121502)
" Humble Fee #26

Sec. 8, T17S, RIE
T.D. 19,012’

Humble Oil (129033)

- VUA #1
© Secs. 16, T17S, RI1E (Surf. loc.)

T.D. 19,200°.

Quintana (148421)
S. L. 5900 #1
Sec. 24, T178, R1E
T.D. 18 100°.

Union 0il Calif. (120860)

Simmons #G-=1"
Sec. 2, T17S, RZE
T.D. 18,373'-

Uhion Texas (142442)
. Las Furs #1 ‘

Sec. 3, T17S, R2E
217,790 -

Sinclair Oil (74698)

‘McIlhenny #1-
‘Sec. 10, T17S, R2E
T.Ds 16,951



Map
Noe

TABLE C-1 (continued)

Well Identification

17.

" 1e.

19,

20.

2%

22,

23,

24.

25.

Humble Oil (133084)*
Simmons #1
Sec. 15, T17S, R2E

T.D. 20,530'

Kilroy Co. of Texas (90820)

McIlhenny Est. #C-1.
Sec. 20, T17S, R2E
T.D. 15,509

A. H. Bruner (81603)
National Audubon Soc. #1
Sec. 4, T17S, R3E '
T.D. 16,000" ’

Kilroy Co. of Texas (9631)

- White #B-1

Sec. 5, T17S, R3E

‘TeD. 15,694"

Ocean Drlg. (136970)
S. L. 3843 #3
Vermilion Blk. 6
T.D. 19,650°

Ocean Drlg. (95463)
S. L. 3843 #1
Vermilion Blk. 6
T.D. 15,654"

Humble Oil (76450)
S. L. 3510 #1
Vermilion Blk. 8

T.D. 16,500°*

Ocean Drlg. (93061)
S. L. 3844 #1.

-Vermilion Blk. 8

T. D. 15,408'

‘Exchange Oil (141332)

S. L. 5907 #1
Vermilion Blk. 8
T.D. 17,500

*Conservation Department serial mumber.

C~-10

Map
No.

Well Identification

26.

27.

28.

29,

30.

31.

32.

33,

34.

Amoco (139360)
Vermilion Blk. 14
T.D. 16,367'

Pan Am (108990)
S. L. 862 #5
Vermilion Blk. 15
T.D. 15,500°

Ocean Drlg. (101098)
S. L. 3843 #2 '
Vermilion Blk. 6
T.D. 15,900

‘Humble Oil & Refg. Co. (78653)

S. L. 3512 #1
Vermilion Blk. 6
T.D. 15,500°"

Ocean Drlg. (95464)
S. L. 3846 #1 ~
Vermilion Blk. 12
T.D. 15,800°

J. P. Owen et al (94232)
La. Furs "J" #2 - ‘

Sec. 5, T17S, R2E .

T.D. 13,510"

Union 0il Co. of Calif. (60511)
La. Furs "C" #9 ,

Sec. 34, T16S, R2E

T.D. 14,108"

Union Oil of calif. (108171)

"La. Fars "C" #11

Sec. 4, T17S, R2E
T.D. 13,370°

La. Furs. "H" #1 )
Sec. 27, T16S, R2E
T.D. 13,020



- ap-

364 -

37,
"2 McIlhenny #1 - _
" Sec. 17, T17S, R2E

40;

T
- Vermilion Ph. Sch. Brd. #1
s SeCe

39,

No. ﬁWe;ll -Identification '

Dive.rsa, Inc. (89333)*‘ . ,
Humble Oil #1.° - - -
‘Sec. 7+ -T17S, R2E" '

T.D- 13,725? SRy

Monteréy -(82823) e
‘MéIlhenny Est. #1 o -
“Sed. 18, T17S, RZE =~ .
TeD. 13,675' :

'Union Texas Natural Gas (87876)

Te Do 1 3,770 )*

Kilroy Co. of Texas. (85802) f“"

‘16, T17S, R2E B
13,755 - - .~

“TeD.

Union Oil of Calif. (80830)

~ McIlhenny Est. #A=1.- = -

- To Do

S La. Furs #1.
“‘Sec. 12, T17S,'
‘T’D.

L

e

Sec. 19, 'I'17S, RZE

wacker 011 Co. (86638)

3,518 -

Exxon corp. (142426) T
Exxon Fee #46 - '

Sec. 29, 'r1ss! 1_{15: o
ToD- 12,900’ Ny < - SR

Exoton Corpt*(118835) R
_Exxon Fee -#25°

-Secs- 2,- T178, R1W .
 TeD. 15,111' T

Exxon corp. (1_22939)
. Exxon Fee $#29 -

Tngf18,500"

13 550. . — : .

“Becs 2, ,T17S, “RIW - &‘ _

-~ - +nBIE C-1 (Continued) - - =

‘Map

Well Identification -

_"ZNOO .

T Al

o T.Do

4.,

46,

ODECO (89558)

TeD.

Exxon (brp. (124819) N

‘ Exxon Fee #32 - ° T
Sec. 11' T17S' RIW e
17,186' T R

"Exxon Corp o { 128788)

Exxon Fee #35 - - - —

Sec.

11, T175, RW ~ -
T.D. L

‘18, 068"

L. 3762 #1
Vermilion Blk. 5
15,500°
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RESERVOIR ENGINEERING

le”sﬁ;r*' RS SRR 7 o 4"1ft;f - ”7;5:;~ ST S )
' DESCRIPTION OF COMPUTER MODEL T é"i~ L R I

Evaluatlon of the brlne and gas-produc1ng‘potent1al of ‘the
Texas—and Louisiana geopressured geothermal prospects was performed
f\ utlllZlng a one-d1mens1onal, radial flow, "tank" model. The model
“‘was designed to maintain a volumetric balance over each time step
'“» "of the calculation- procedure to assure. representatlve pressure/
"‘productlon behavior. The model accounted for gas liberation in the
"~ reservoir, water production, and- -expansion of free gas, water, and
_the- reservoir rock. . An iterative procedure employing small time
steps was employed to calculate instantaneous flow -rates -and
_pressures ‘assuming -pseudosteady-state flow in a-bounded, finite ]
~ drainage area, slightly compressible, radial flow system. The cal- = _
“culation procedure continued until flow to a given wellhead pres-
sure could no longer be maintained or until -a- spec1f1ed number of
tlme steps had been executed. w;j ,;.us IR LD SR -

nm e v -

B Computatlonal procedures were. 1ncluded for both 51ngle-phase ;

’ and two-phase radial flow through porous media. In all cases, the

-~ aquifer water was. assumed to be saturated with dissolved gas-at -

- " initial reservoir conditions of temperature, “pressure, and salinity . -
- with no-free gas phase initially present. The period of single- . -~ -
phase_flow would then exist from initial conditions until the-lib-
“erated gas reached the equilibrium saturation. In all production - -
.cases evaluated, the free gas saturatlon remained well below the-
“assumed - equilibrium saturatlon of 3 percent. throughout the" natural -
flow period. Free gas saturation was less than 1 percent--in every -
“case evaluated and usually remained below-1/2 percent over 25 L
“years,. - Since equlllbrlum gas saturation was never met, two~phase -
flow was not considered by the model. Likewise, since free gas.
saturation remained low throughout the natural flow period,: reduc—
‘tion of water permeability due to gas saturatlon was minor and was

T -not lncluded in the computatlons. T _ .

LT The computer model also con51dered well bore hydraullcs. Since
there are a number of possible tubing sizes which might normally be
utilized in such producing-wells, computer. runs were. made. on_ one of -

- -the’ prospects*using tubing sizes of 4 172, 5° 1/2; and 7 inches. = -
- From those runs it was estimated that 4 1/2-inch tubing would place -
. unacceptable constraints on-daily production rates while 7-inch o
" . tubing would probably not be required at -desired and. sustainable
- producing rates.. It was decided, therefore, that the subsequent - -
v,tcomputer runs on all other prospects would consxder only 5 l/2~inch !ri’
productlon tub;ng. T , R : .

E ‘jRESERVOIR PROPERTILS OF TEXAS AND LOUISIANA PROSPECTS ',1i',: }
,_ To predict the pressure and productlon schedules for the Texas ,
and Louislana geopressured prospects through the use of a* computer



model and to complete the economic evaluation of these prospects, .
it was necessary to derive a number of descriptive reservoir param-
eters for use in these analyses. Parameters utilized for prospects
in this study are summarized in Table D-1. Fluid properties such
as water viscosity, water density, and water formation volume fac-
tor were determined from correlations commonly utilized in the
petroleum 1ndustry.

Dissolved Gas Content

Determination of the dissolved methane content of the reservoir
brines was based on the experimental data of Culberson and ’
McKettal and Sultanov, Skripka, and Namiot.2 These researchers
examined methane solubility in pure water as a function of tempera-
ture and pressure. Additional research, including a recent study
by Haas,3 has indicated that dissolved salts reduce methane sol-
ubility in water and that the reduction is in the order of 15 to 20
percent at 50,000 parts per million NaCl and 30 to 40 percent at
100,000 parts per million NaCl. Haas' empirical relations for
methane solubility in pure water were also in quite close agreement
with those of the two previously mentioned studies over the range
of pressures and temperatures of interest in the present study.

For the computer model runs on each prospect, the initial dissolved
gas content of the water was specified in the input data and was
then automatically adjusted by the model in accordance with the ex-
perimental data as the reservoir pressure was lowered.

System.Compressibility‘

The fraction of water in place which can be produced by depres-
suring an aquifer by natural flow is primarily dependent on the
compressibility of the system. This compressibility is the sum of
physical phenomena which contribute to maintaining pressure as
water is withdrawn from the reservoir. The space vacated by pro-
duced water is filled by a combination of:

® Water expansioh (Ifem 1)

® Rock expansion manifested as a decrease in effectlve
por051ty (Item 2) :

'1Cu1berson, O. L., and McKetta, J. J., "Phase Equilibria in
Hydrocarbon Water Systems III -- the Solubility of Methane in Water
at Pressures to 10,000 p81a,“ Transactlons AIME 192, 1951, pp.
223-226. ‘

2gultanov, R. G.; Skrlpka, V. G.; and Namiot, A, Y.) "Solu-
bility of Methane in Water at High Temperatures and Pressures,™
Gazovaia Promyshlennost, Vol. 17, 1972, pp. 6-7. (in Russian)

3Haas, J. L., Jr., An Empirical Equation with Tables of
Smoothed Solubilities of Methane in Water and Aqueous Sodium-
Chloride Solutions up to .25 Weight Percent, 360°C, and 138 MPa,

g.s. Geoloilcal Surveyy Reston, Virginia, 1978. Open-File Report
O.
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TABLE D-1
PROSPECT EVALUATION SUMMARY

NnSond‘l'hicknm : B : C T Dissolved

B Top of ' Bottomof R Average at R Average  Average . Average - A age -Aversge Meth
; L.ocation . o Goological Goopussuro Sand Interval  Bulk Volumo Aresa . Thickness = Well Site: Depth - Tempersture Pressure Pcrmubimy Pofositv Salinity . Content -
Prospect Namn (Parish or County)?hysiognphy Zone - {Feet) (Foet) (Ft3 x 10%) (sq. miles) . {Feet) {Feet) {Feet) CE)® lpsi) md) (%) {ppm)  (SCF/bbl)
(3 Loumana . ‘ : o ) ‘ ‘ L : ‘
'vAtchafalaya Bay St. Mérv & ©. Marsh& . . Miccene . ‘ AR N e
‘ Terrebonne Bay Sl ! : . L . e . : S : : - ) iy
East © . ; o . . P 11,675 15,500 496 . 58 320 [ 340 15,200 270 12,160 . 20 .26 107,000 29
,‘West‘ R IR S S .11,120 ' 14,600 . . 565 . - 90 . ' 220 : 600 ! 13,300 240 10,640 30 .. 28 107,000 - 23
~Johnson‘s Bayou ' Cameron. . Marsh & L T ) : ‘ : R ' . R SRR R
. : . ) Gulf - “Miocene . = 8,740 13,500 1,600 46 1,250 1,550 11,400 230 . 9,500 - 100 31‘ 95,000
LaFourche " LaFourche & Coe et e ) " = o ' ) B . : e '
Crossing : Terrebonne Land . Miocene _13,850 : 17,000 332 ¢+ 33 .+ 360 ’ 650 15,000 : 270 12900 .. 20 . 25 45,000 36
Rockefeller -~ . .  Marsh& . o . o o S . LT Tl e e
Refuge . - - Cameron Guif Miocene 14,500 . - 17,500 ‘946 78 435 1,400 . 16,500 _ 320 14,200 2 28 66,000 51
_S.E.Pecan‘island Vermillion  Marsh & ~ Miocene : T AN : , e ‘ o o ‘ .
EBast . oo o) Gulf oo 13,700 16,500 152 22 250 : 380.. 15563 300 13,500 - 10 - 20 100,000 i 35
West o Lo S 13a00 - 17,700 381 a8 275 0980 . 15565 ' 300 13500 10 200 100000 35
n. Tcxn C . - .
Austin Bayou ~Brazoria - Land & Marsh  Frio - 12000 17000 360 18 716, . 7900 . 14500 . 315 - 11,600 20 16 . 60,000 40
Candelaria Kenedy ~ ' Land = Fric’ . 10700 ' 13,500 588 .44 480 700 12000 275 9,750 5 5 . .75000 28
Clinton Dewitt tand  Wileox . 10800 12000 222 - 11 700 . - © 700 . 11600 275 = 8280 - 20 16 60,000 - 28
. Eagleleke ~  Colorsdo ' Land . Wilcox 12000 © 12900 160 10 575 - 578, 12450 315 9335 20 13 90,000 - 30

: 'Terhperatures determined from well logs corrected for mud circulaﬁon.,



@ Gas evolved from solution in the reservoir water with

~depressur1ng (Item 3)

- e Water mlgratlng into the reservoir pore space from shales -
o vsurroundlng and 1nterbedded w1th the reserv01r rock (Item 4)
- e Decrease 1u effectlve por051ty caused by sub51dence

(Item 5)0 .‘, - B . o i .

‘Items 3, 4, and 5 usually contribute little to malntenance of
pressure in moderate depth, normally pressured aquifers, and these
aquifers are usually stimulated considering only Items 1 and 2.
Adequate compre551b111ty data are available for water, but data for
rock compressibility in the geopressured range are sparse.- The -
~available data indicate -somewhat higher rock compre551b111ty in
geopressured reservoirs than in normally pressured reservoirs, but
present data is not sufficient for accurately estimating represen-
tative values for a particular reservoir. Although a wide range of
rock compressibility values has appeared in the literature on T
geopressured aquifers, some -have been purely speculative. In the
absence of more definitive data, therefore, a rock pore volume
compressibility value of 5.0 x 10-6 psi~l waS’used in the NPC
,study. - ) o : ) : oo R ~

Item 3 can be significant if the aqulfer water is saturated
with gas at original conditions and depressuring is carried to a
level well below original. The _effect of Item 3.was included in .
the NPC study, while p0881ble pressure malntenance by Items 4 and 5
was not included. : ‘

There are different oplnlons regardlng the 1mportance of Item 4
in maintaining pressure. Shales have some permeability, but -in
normally pressured reservoirs, this permeability is so small that
it can be neglected. Abnormally pressured shales tend to have ‘more
permeability because high fluid pressure has prevented overburden
stresses from squee21ng water from the pore structure to the extent
that this occurs in normal pressure environments. - With higher per-
meability in abnormally pressured shales and with large pressure
gradients which will occur as these reservoirs are produced, some
water will migrate into the reservoir sands from shales in imme-
diate proximity to the reservoir rock: One author has attributed
significant pressure maintenance to this source in analyz1ng the
depletlon of abnormally pressured gas reservoxrs. ,

- Pressure malntenance from decreases in effectlve por051ty due
to subsidence have been reported for a number of fields including
‘Wilmington and several Venezuelan fields. Reservoir rock subsi-
dence is attributable to rearrangement and to crushing of sand
grains. These factors would tend to decrease well productxvxty
' and in severe 1nstances, could cause casing failure.

o '4Wallace, W. E., "Water Production from Abnormally Pressured
Gas Reservoirs in South Louisiana, Part II," Proceedings of the ,
Second Symposium on Abnormal Subsurface Pressure, Louisiana State -
University, Baton Rouge, Louisiana,. January 30, 1970.
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- There are, therefore, major uncertalntles regardlng system com—:
press1b111ty., ‘More laboratory and field 'data are needed to assess
- the effect of the various: components of system compressibility on
geopressured aqulfer performance. Based on currently available:
‘data, however, it is felt that the system compre551b111ty value
Autlllzed in thls study is reasonable. : :

;Other Reservoir Parameters

Other reserv01r and - flu1d descrlptlve propertles for the Texas
and ‘Louisiana geopressured prospects: were determined from evalua-
tion reports prepared for the U.S. Department of Energy, Division
of Geothermal Energy, by researchers at Louisiana State University
- (LSU)3 and the University of Texas. 6,7/8,9 rThese researchers
. utilized, as their prlmary source of data, well logs from wells
~ within the prospects and in the immediate surrounding area, an-
“alyzing and correlating the logs to develop geologic information in
‘the form of cross sections, structural maps,- and isopach maps.

- Other prospect information, ‘such as reservoir temperature, pres-

sure, sallnlty, porosity, and permeablllty, were developed u51ng
well 1ogs, cores, and data from dr1111ng reports.‘ :

5Bernard, W.. J., Evaluatlon of Five Potential Geopressure
Geothermal Test Sites in Southern Louisiana, Petroleum Engineering
Depar tment, Louisiana State University, Baton Rouge, February 1979.
Contract Study EY-76-S-05-4889 prepared for U. S. Department of :
Energy, D1v1s1on of Geothermal Energy. : ,

GBebout, D. G., Loucks, R: G.; and Gregory, A, R., Geopres—'
sured Geothermal Fairway Evaluation and Test-Well Site Location,
Frio Formation, Texas Gulf Coast, Bureau of Economic Geology,’
~University of Texas at Austiln, January 1978. Contract Study

'EY-76-S-05-4891-4 prepared for U. S. Department of Energy, D1v151on
"of Geothermal Energy. : , .

7Bebout,,D. G.,_Gavenda, V. J., and Gregory, A. R., Geother— ,
;,mal Resources, Wilcox Group, Texas Gulf Coast, Bureau of Economxc

- Geology, University of Texas at Austin, January 1978. - Contract -
~Study ‘EY-76-S-05-4891-3 prepared for U.S. Department of Energy,
»D1v1s1on of- Geothermal Energy., j

= 3Bebout, D. G., Gregory, A. R., ‘Loucks, R. G.; and Welse, B.
‘R., A Prospectus, Geopressured Geothermal Prospects and Test-Well
-Sites, Wilcox Group and Frio Formation, Texas Gulf Coast, Bureau of
Economic Geology, University of Texas at Austin, December 1978.

- Prepared for U.S. partment of Energy, D1v151on of Geothermal

-rEnergy.,, ¢ 7 ) .

9Loucks, R G., Geothermal Resources, Vlcksburg Formatlon,

"’Texas ‘Gulf Coast, Bureau of Economic Geology, University of Texas

at Austin, January 1978. Contract Study EY-76-S-05-4891-2 prepared
for . U S. Department of Energy. D1v1s10n of Geothermal Energy.



For each of the Louisiana prospects, the LSU evaluation report
provides a general description of the prospect with regard to its
surface geographic location, a geologic description of the prospect
area, and a general stratigraphic description of the geopressured
‘'sediments in the prospect. The LSU evaluation report also speci-
fies, for each prospect, its net sand volume, areal extent, top and
bottom of sand interval, and average depth as these parameters were
determined from structure and isopach maps and geologlc Cross-
sections.

Additionally, LSU researchers determined from net sand isopach
maps the sand thickness at a site which was recommended as the lo-
cation for a test well in each prospect area. That thickness was
utilized as the net sand thickness in all single-producing-well
computer model prediction runs in the NPC study. Where prediction
involved the development of the prospect with more than one produc-
ing well, the sand thickness used in the model was the average net
sand thickness determined by dividing the reservoir bulk volume by
the area of the prospect.

. Data values estimated from conventional well logs for each of
the Louisiana prospects included average salinity, average pres-
sure, top of geopressure, and average temperature. Pressures were
estimated from shale resistivity indications on the well logs. Tem-
perature readings from logs were corrected to undisturbed reservoir
temperatures, to account for mud circulation effects, using a gen-
erally accepted American Association of Petroleum Geologists (AAPG)
correction relationship. Other data values estimated from well
logs and/or sidewall cores included average permeability and poros-
ity. Permeability values cited by the LSU reports were considered
to be high for use as average values over the total net sand thick-
ness and were adjusted downward by the study participants, based on
0il and gas production experlence in the areas.

For all Louisiana prospects with the exception of Southeast
Pecan Island, data values determined by LSU researchers as de-
scribed above were utilized in the computer model runs. 1In the
case of the Southeast Pecan Island prospect, however, a separate
examination was performed by the geologists participating in the
NPC study. Values used in the Pecan Island computer runs for re-
servoir bulk volume, areal extent, top and bottom of sand interval,
average depth, and expected thickness at the recommended test well
site were determined from geologic maps prepared by the study par-
ticipants. Other values used in the Pecan Island model runs were
either taken directly from the LSU report or were adjusted somewhat
to account for the difference in average depth between the two geo-
loglc models.

Four Texas prospects for which sufficient data were available
in the University of Texas evaluation report were examined using
the computer model to estimate their brine- and gas-producing po-
tentials. The Unlver51ty of Texas report was broken down into sev-
eral parts, each covering a separate geologic formation: one part
covered the Frio prospects, while another covered Wilcox Group

I



prospects, ‘and a thlrd dlscussed prospects in- the Vicksburg Forma-

tion. Geologic structure and isopach maps were not included in the

. Texas report and properties were, therefore, necessarlly drawn from

textual information, data tables, and geologic cross sections in-
cluded in the report. Of the Texas sites, -the Austin Bayou, Frio
Formation prospect received the most extensive coverage,,whlle '
- information on the other Texas prospects was presented 1n less

. detall. : : :

, In several cases, prospect'bulk volumes were reduced from the
values g1ven in the University of Texas reports to exclude from the

-reservoir volume those sands which were indicated by the evaluation

. reports to be of very low permeability or not within the geopres-
sured zone. Consequently, it was necessary to alter the average
reservoir properties of the prospects to conform with the change 1n
average depth of the reservoirs. Since the tabulated data were
.often presented as a range of values over an interval of depth, it
was generally possible to 1nterpolate w1th1n the glven range to the
new . average depth.

“Data values presented in the Texas reports ‘were generally de~-
veloped by means of the same analyt1cal procedures described above

- for -the Louisiana prospects using well logs, cores, and drilling

_report information. . As in the case of the Loulslana prospects,
permeability values presented in the Texas evaluation reports were
considered by NPC study participants to be too high to be applied
as average permeability values over the entire net sand thickness.
" Permeabilities were therefore decreased in accordance with the
experience of study partlc1pahts famlllar with the prospect areas.

7,“PRODUCTION EVALUATION OF LOUISIANA PROSPECTS

 Five Loulslana geopressured brine prospects were evaluated by
. computer model for this study. The aquifer properties utilized in

" the computer model for each of the prospects were summarized in

~Table D-1.  Most of the properties listed were taken dlrectly from
"~ data presented in the evaluation of the five possxble test sites
'prepared by LSU staff members. Parameters utilized in modeling the

. Southeast Pecan Island. prospect, however, were determined from -

industry data and from the geologic 1nterpretat10n by the geolo-
" gists participating in: “the NPC study. In the case of several of
- the prospects, the dissolved natural gas content of the brine .was
-changed somewhat from the LSU data (usually in the direction of a

. higher gas content),- to. reflect the probable saturated gas content
~at reservoir ‘temperature, pressure, and water sa11n1ty. -All. com-

puter runs considered only a production tubing size of 5 1/2 inches
and a rock pore volume compress1b111ty of 5 0 x 10"6 p51

’ The computer model ‘was -run to determlne, for each of the pros-
pects,_lts brine- and gas-produc1ng capability at initial rates of

Al30, ‘50, and 70 MB/D per well for single-well and multiple-well con- ‘

-figurations; this process involved 61 model runs. Table D-2 lists
summary 1nformat10n for. each of the prospects. The productlon
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\ | TABLE D=2 . |
P j - Louisiana Geopressure-Geothermal Prospect Production Summary ‘
P ' ch . ‘ : . ‘ N r : Y N ‘ o ’ o 1 '
; S ! C ‘ ! o L
c ’ ; Brihe: b : : ‘ o ' Total Gas Produced Gas Produced
;s | : . Produci;ioniz Compute Number of Length of Constant Per Well During as Perceqtage of
o i Rate ' .| Run Producing = Flow Period . . Natural Flow Period* Original Gas
‘Prospect ‘ < (B/D) Number Wells ", (Years) i (BCF) = ! In Place
Atchafalaya Bay East . 70,000 L1 1 KR 0 . 11.42 1.8
| S 50,000 L2 1 ‘ 7 11.27 1.8%
o i Pl . ‘2 3 ‘ ‘ 8.73 2,7 :
30,000 ' L4 1 L 28+ L ‘ 7.69 . 1.2
o o 1] 2 S22 L 737 : 2.3
L6 } 4 11 [ ) - 5.37 . o 303 ;
L7 6 7 SR . 3.80 0 3.6
P i , L8 .8 6 . oo  2.85 3.6 '
u ’ P S A 10 4 o © 2428 3.6
Qi ; : b . , i e . i P )
® ’ ‘ ' o oo :
: . Atchafalaya Bay West - 70,000 . D10 1 . 0. S 10.55 ; 1.8,
oo , ‘ : o oo ) j ; : . )
: S 50,000 ' L1t .4 . 170 R 9.81 1.7+
;- ‘ L ,' AV o2 o0 L 6,40 /2.2 ‘
. Lo oo C [ , ' { [ Lo ‘ » ! ‘ . !
. 30,000 113 N 25+ o 6.19 1.1
L P EE L14 2 18 ; ; 5.77 2.0
Vo R ‘ RN 115 Y T - ‘ ST 2.8
e Lo ; ' SRS A T 6 6 o 2495 3.0
! . Lo i . o . ) : iy o o . ’
Johnson's Bayou 70,000 . L17 -, 1 25+ 12,70 - 0.7%.
G : RS XL 2 19 12,19, ' 1.4
o - L L19 4 ‘ 9 , , 10415 2.3
FET TR o L20 6 X 6. 8. 11 2.8
v : Ly AR ' “ ‘ ) ° ; : o : o ‘
f ' ! i ! : : - : ‘ ' . R .
*Natural f19w period of 25 years or less if aquifer pressure depletes ‘aoéner. ) ' ‘
) . o b : : :
}



'.:;1  co - TABLE DiZ‘(continued)i;‘

‘ Brine = o - ‘ , .~ ,.. ‘Total Gas Produced = - Gas Produced

- Production . Computer ' .‘Number of = Length of Constant . " pPer Well During = as Percentage of
P R " '"'Rate Run . Producing = Flow Period i 'Natural Flow Period* . = Original Gas
‘pProspect. Lo (B/D) . Number . . Wells (Years) .« 1" (BCF) - . 1In Place

L2s+ 9,15 , 1045

S 25+ T 8493 1.0
Ty 17 e 7461 2.6,
13 6.29 oL 2490
* STRE AR T P 36T 249

Johnson's Bayou . .- 50,000 . L21.
ol . L23 -
Ce L0 L24 REE

ST L2s 1

30,000 . L2610 Y284 v 5,83 0.
o TR T 2 e 28 T . 5.46 0.
CooL2s 1200 e LU 4l21 o 2.
L2914 . 16 ! St 3,600 2,

L e L3 18 12 S 2481 L2
ST RSP IEEERES N 1 RN T 24 o 9 ol 2410 2.
' v . ‘ L3230 T | R 1.69 - 2.

O VOO OO W,

laFourche Crossing = 70,000 L33 1 L3l e 3.2

15,56 L 200
10,44 3.9

-
Py
[+ -}

- 's0,000 © L34
P v L35

N
[+]

o254 o 9,93 N FY -
21 o 918 0 Y . 3.4

' ‘ . 5473 ‘ 4.2
7 S 3.84 o , 4.3

s o 2,88 : 4.3

30,000 - ' L36
‘ : 0 L3? o
1,38
. L39
140"

@th,.;
-
o

-,

' Rockefeller Refuge = 70,000 . = LA1 AU TR Co2se 0 3t3a 17
SR ‘ REER ot T LA 2 4 25,90 - L 2.8

-*Natural fiqw'beriod of 25 years 6f71eséiif aquifer pressure depletes sooner.
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TABLE D-2 (continued)

Brine ' ‘Total Gas Produced Gas Produced
Production Computer Number of ILength of Constant Per Well During as Percentage of
Rate - "~ Run Producing Flow Period Natural Flow Period* Original Gas
Prospect (B/D) Number Wells (Years) (BCF') In Place
Rockefeller Refuge 50,000 L43 1 25+ 22.68 1.2%
L44 2 25+ 21.99 2.4
L.45 4 13 18.45 4.0
L46 6 8 14.39 4.6
LA7 8 6 11.29 4.8
30,000 148 1 25+ 13.78 0.7
L49 10 14 9.02 4.8
LS50 14 10 6.48 4.9
L51 20 7 4.54 4.9
' SE Pecan Island East 70,000 L52 1 0 7.28 4.0
50,000 L53 1 1 "7.27 4.0
30,000 L54 1 12 6.95 3.8
LS5 2 4 3.87 4.

SE Pecan Island- West 70,000 L56 1 2 14.44 3.5
50,000 LS7 1 15 13.53 3.2
158 2 0 7.33 3.5
30,000 L59 1 25+ 9.03 2.2
L60 2 10 7.07 3.4
L61 4 5 4,42 4.2

*Natural flow period of 25 years or less if aquifer pressure depletes sooner.




rate, computer run number, number of producing wells, and length of
the constant flow period are given.. Table D-2 also lists, for each
of these cases, the total gas produced per well during 25 years of
natural flow (or until the end of the natural flow ‘period if pres-
sure depletion occurred in less than 25 years) and that total pro-
;,ductlon as a percentage of the original gas in place. In each of

‘the single-well production cases, the net sand thickness used in
the model was the expected thickness at the recommended well site
as determined from net sand isopach maps. In each of the multiple-
well production cases, the average net'sand thickness, as deter-
mined from the values for bulk volume and areal extent, was used in
the computer model. I : : »

PRODUCTION EVALUATION OF TEXAS PROSPECTS

Four Texas geopressured brine prospects were evaluated by com-
puter model for this study. The aquifer properties utilized in the
: computer model for 'each of the prospects were summarized in Table
" D-1. These properties were derived primarily from research reports
on the prospects prepared by the Bureau of Economic Geology at the
‘University of Texas at Austin. A small amount of additional indus-
try ‘data was also available and was utilized in the determination

' of reservoir properties, as was the input of several NPC study par-

ticipants who are familiar with the prospect: areas. The dissolved
natural gas content of the geopressured brine was adjusted to re-

- flect saturation conditions at the temperature, pressure, and sa-

" linity of the individual prospect reservoirs. As was the case in

~ the previous evaluation of the Louisiana prospects, only 5 1/2~inch
»productlon tubing and rock’ pore volume compre551b111ty of 5x
10"6 psi~ -1 were con31dered in the model runs. :

, The computer model‘was run‘to determlne the brine- and gas-
producing capabilities of each of the prospects over 25 years at ,
initial producing rates of 30, 50, and 70 MB/D per well for single-
~well and multiple=-well configurations; this process involved 16 :
~ model runs. Table D-3 lists summary information for each of the
prospects. The production rate, computer run number, number of
producing wells, and length of the constant flow perlod are given
- as well as the total gas produced per well during a natural flow -
period of 25 years or less if pressure depletion occurred sooner.
. ‘Gas production, as a percentage of orlglnal gas in place at satu-
rated conditions, is also provided in Table D-3. For the single-
well production cases, the net sand thickness used in the model was
the expected thickness at the recommended well site as ‘determined
- from net sand isopach maps. In the multiple-well production cases,
the net sand thlckness utlllzed in the computer run was the average -
net sand thickness as- determlned from values glven for bulk volume
and areal extent, S :
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TABLE D-3

Texas Geopressure~Geothermal Prospect Production Summary

Total Gas Produced

~ Brine o Gas Produced
Production Computer Number of - Length of Constant Per Well During as Percentage of
: Rate ~ Run " Producing Flow Period Natural Flow Period* Original Gas
Prospect (B/D) Number Wells (Years). (BCF) In Place

Austin Bayou 70,000 T1 1 2 13.70 3.5
50,000 T2 1 12 13,24 3.4

T3 2 5 7.25 3.8

30,000 T4 1 25+ 9.99 2.6

5 2 14 7.22 3.7
T6 4 7 3.62 3.7

Candelaria 70,000 1 0 6,72 1.6

! 7 | ‘

50,000 1 0 6.72 1.6

30,000 T8 1 9 6.56 1.5

T 2 0 4.31 2.0

Clinton 70,000 710 1 0o 3.95 2.3
50,000 T11 1 1 3.94 2.3

30,000 T12 1 8 3.92 2.3

T13 2 4 1.96 2.3

' Eagle Lake 70,000 714 1 0 2.96 2.8
50,000 T5 1 1 2.95 2.8

30,000° T16 1 6 . 2,95 2.8

*Natural flow period of 25 years or less if aquifer pressure depletes sooner.

()
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Louisiana Prospects

,}tchafalaya Bay

- East
Wést

,.thnson s Bayou ff‘
 Lanurche Crossing
,'Rockefeller Refuge

"SE Pecan Island

East
West -

- 'Pexas Prospects

'Austin.Baypu jv1
. Candelaria
Vrlclinton ’

'Eagle Lake

" TABLE E-1

Producing Well Cost Summary

_{Constant - 1979 Dollars)

15,500
f‘14,soo

" motal Depth

Ft

g 13'500 o

17,000

16,500

47,500

17,700

17,000

13,500

12,000

12,900

erota1; 

- Well Cost

$3,500,000
'3, 200 000

2,670,000

4,100,000

- 4,250,000

4,000,000

4,290,000

4,630,000
2,280,000
2,000,000

2,200,000

Cost/

Foot

$225
220
198
242 .

242

242

242

272

169

166 -

170



TABLE E-2

Drilling Programs and Cost Estimates
(Constant 1979 Dollars)

: dohnson's Bayou Prospect, Louisiaﬂa

-~ Top Geopressure : o 8,700»Ftu
Total Depth - - 7 13,500
Tangibles g
26" Conductor , T _ s 10,000
. 20" surface Casing ' 1,800 Ft - 80,000
13 3/8" Intermediate - 8,700 © 310,000 -
9 5/8" Production - 13,500 ~410,000
5 1/2" Tubing S } 9,000 150,000
Xmas Tree - - ‘ 150,000

.~ Subtotal : ‘ : - $1 110 000 .

Intangiblés

Location and Move - - ; -8 {100,060

" Rig 50 Days, $7, OOO/Day . 350, 000
Mud : - - -200,000
logging and Perforating o 130,000

" Bits - = " - 80,000
Rental Fqulpnent : ) - 20,000
Fuel and Water ’ , . 20,000
‘Trucking ] ‘ S 20,000 "~
Coring - ‘ ' 20,000
Geology and Engineering o ‘50,000

' Well Supplies ) 25,000
Cementing : U . 100,000

" Subtotal o $1,115,000

. - Contingency - S
(20% of Total)" N 445,000
Total ] $2,670,000



o TABLE:E-Z.(continued)

VSOutheast Pecan Island Prospect West, Louisiana ’

7 pr Geopressure .
Total Depth ‘

Tangibles ;

26" Conductor
- 13 3/8" Surface Casing
;9-5/8": Intermediate
7" Liner ~
'S5 1/2" Tubing
- Xmas Tree
Subtotal :

Intangibles

>Location and Move P ;
‘Rig 100 Days, $7,000/Day
~ Mud - S

logging and Perforating _”‘

Bits' ,
- Rental Equipment
" Fuel and Water -
- Trucking
"‘Coring- : . .
. Geology and Engineering
o Well Supplies
" .Compl. and Spec. Services
“Cementing : . -
' Subtotal - -
cOntingency '
(20% of Tbtal)

i Tbtal

13,400 Ft,'

17,700

3,000 Ft

13,400

17,800 -
15,000

$ . 10,000

100,000
535,000
50,000
200, 000
150,000

- '$1,045,000

$ 100,000
- 700,000
. 400,000 -
350,000
100,000
100,000
© 50,000
50,000 -
40,000 .
225,000
40,000

150,000

225,000

'§2,530,000

715,000

$4,290,000



TABLE E-2 (continued)

Austin Bayou Prospect, Texas

Top Geopressure o 10,200 Ft
Total Depth ' " 16,500
Tangibles

26" Conductor $ 10,000
20" Surface Casing o 1,300 Ft- . 50,000
13 5/8" Intermediate 8,500 295,000
9 5/8" Production _ 14,500 - 495,000
7" Liner 16,500 60,000
5 1/2" Tubing 15,000 200,000
Xmas Tree 150,000

* Subtotal - $.1,260,00

Intangibles
Location and Move $ 200,000

Rig 140 bays, $7,200/Day ' 1,008,000
Mud ) v : 400,000
Logging and Perforating 250,000
Bits - 50,000
Rental Equipment 7 50,000
Fuel and Water 125,000
Trucking €0,000
Coring 25,000
Geology and Engineering 150,000
Well Supplies 30,000
Compl. and Spec. Services 100, 000
~ Cementing 150,000
Subtotal . $2,598,000.
Contingency -
{20% of ‘Total) 772,000
Total $4,630,000



TABLE E-2 (continued)

Candelaria Prospect, Texas - .

Top Geopressure SRR 10,700 Ft
Total Depth =~ = oo 13,500 ;

Tangibles
13 3/8" Surface Casing = . 2,000 Ft § 50,000

9 5/8“ Production Casing . 10,700 i 240,000
7" liner - L - 3,000 ‘ 60,000
5 1/2" Tubing , 10,500 - 130,000
'Xmas Tree . L .. 150,000

. Subtotal o | el - $ 630,000

‘Intangibles

' Location and Move Lol . S8 100,600

Rig 80 Days, $5,000/Day o 400, 000
Mud o - 200,000
Logging and Perforating e L 130,000
Bits ; : : ' ‘30,000
Rental Equipment : - - , 40,000
Fuel and Water ‘ : E 100,000
 Trucking - B o0 20,000
Coring g IR S R R . 20,000
Geology and. Engineering e : 65,000
_ Well supplies S T . - ..35,000
Compl. and Spec..Services oo 60,000
Cementing , ‘ I : 70,000
Subtotal =~ - jrv; .. $1,270,000
Contingency : SO BRI o
(20% of Total) =~~~ . , 380,000

Total . $2,280,000
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'PRODUCTION AND WATER DISPOSAL FACILITIES

DESCRIPTION OF FACILITIES

: _For a typical geopressured brines project, production facili-
ties would consist of large-capacity gas/water separators; gas com-
pression facilities; water holding tanks and treating facilities;
water injection pumps; and multiple, shallow, high-rate water dis-
posal wells. Fuel would be obtained from natural gas production.
Gas would be delivered to the purchaser at the well site at 800
‘pounds per square inch gauge (psig). . Because of the distance of 2
miles or more between wells, each. well would requlre separate pro-
- "duction, water disposal, and sales facilities. "Detailed schematics
- of production  and water dlsposal facilities are presented in Fig-
ures F-1 through F-3. Cost estimates for these facilities, exclud--
ing those for geothermal, are shown in Table F-1 and Flgure F-4.

IPRODUCTION METHODS - ARTIFICIAL LIFT

The use of art1f1c1al llft for- brlne productlon was determlned
not to be feasible. The high fuel requ1rements and pump capac1ty
‘limitations result in marginal economics at best, using a gas price

of up to $9. 00 per MCF.' Table F-2 presents art1f1c1al 11ft cost
data. - : S By

YWATER DISPOSAL METHODS
Three methods for water dlsposal were lnvestlgated-

° 'Dlsposal 1nto brlne aqulfers us1ng shallow dlsposal wells

vo“hPressure maintenance by disposal of brine 1nto the produc1ng
~7horlzon (See Appendlx ‘G for complete dlscu551on)

I‘.o Transportatlon via plpellne and dlsposal into the Gulf of
‘ ,Mex1co. (See Table F-3 for cost estlmates) -

D1sposa1 lnto shallow br1ne aqulfers was selected for the fol-
1ow1ng reasons: ; : ,

° }It is the conventlonal method of dlsposal used on the Gulf
- Coast. : :

B It is env1ronmentally acceptable. -

° :Its fuel requ1rements are econom1cal - 2 cub1c feet per
' barrel 1n3ected.;< '

. F-1



SUBSURFACE WATER DISPOSAL FACILITY REQUIREMENTS AND COSTS:

For this study, one prospect was examined in significant detail
to determine the facility requirements and costs associated with

water disposal into shallow brine aquifers.

Prospect, Location, Terrain

The prospect selected was Southeast Pecan Island. The prospect
is located in southern Louisiana in a marsh-type environment.

Production Rate

Three production rates were considered as typical cases. Rates
of 20,000, 40,000, and 60,000 B/D were given as standard disposal

quantities. It was assumed that the salt water would be relatively

free of hydrocarbons but would have normal characteristics concern-
ing corrosion and treating requirements prior to injection.

- Well Depth

The average salt water disposal depth for this area is approxi-
mately 2,000 feet. However, injection quantities are usually much
less than 20,000 barrels of water per day per well. Injection well
depth was lowered to 3,500 feet to ensure that cost estimates would
include an allowance to drill through clean sands in the 50-foot
thickness range. This would allow the well bore to take the re-
quired 20,000 barrels of water per day as well as leave higher
sands as p0551b1e recompletion candidates.

,Dlsposal Pressure

Based upon the physical piping layout' distances from pumps to
injection wellheads, and injection well condltlons, disposal pres-
sures would range from 150 to 300 psig.

Well-Cost Estimate

Well depth was assumed to be 3,500 feet. A casing program
including 13 3/8-inch casing set through the fresh water sands,
10 3/4-inch casing set as total depth, and 7-inch casing set as the
injection string was chosen to accommodate high injection rates.
The completion would include gravel packing and a screen/liner as-~

- sembly. The total cost includes all wellhead equipment and safety

and control devices required for an injection well location.

Surface Facility Cost —-- Structure

A concrete platform was selected for marsh-type terrain. The
cost included installation labor and transportation to the proposed
location. The cost of possible dredging to the location was not
included; a more definite area would have to be defined to estimate
dredging costs. Living quarters and communications equipment were
also not included; the general location of the prospect suggests

F-2

/f



o~ e pee T - —

that dayllght manned operatlons would be normal, w1th callouts at

- night -for- equipment . shutdown - s1tuatlons.r If living quarters were
- - considered essential, platform size would have to be" 1ncreased to
E)r’“ accommodate the bulldlng. ,‘;,,; SRR IS P ST »

77‘Surface Fac111ty Cost -= Storage‘f

o The most successful> alt water dlsposal tank structures have
been welded -steel tanks coated .internally with-coal tar epoxy.. The.

typical fac111t1es include a 1,500-2,000 barrel separation and set- .

tling tank. -Produced-sand can be. 3etted from this vessel to a ~7°- -

- ~.small wash tank. Chemicals can be added from the mix tank to clean
~. - the .sand prior to final discharge. Salt water couldg£IOW»from,the
: settling “tank into a- larger holdlng tank. Retention time is the
- major consideration when sizing the "separation and settling tank.
" The holding tank should be ‘sized to accommodate anticipated pump
°._--rates._ ‘In someinstances it may be desirable to have. 100 percent
’ dupllcatlon ‘of both the settling-tank and storage tank. This would
-occur if no downtime could be tolerated during cleanout operatlons

or"tank maintenance.  Duplicate. tanks were. not- included in cost

estlmates for the-three cases. ~Cont1nuous operatlons -‘would requlre—
- "not only‘dupllcate vessels but also ‘the addltlonal platform neces- T

5w~sary to contaln them.; ST [P

:M?A Surface Eac111tY‘Cost -—‘Pumps ;;iifﬁgflff“l~/ti‘: SR T

selected for ‘each- productlon raté case. For the purposes of this -

- . “study, all cost estimates were based upon-an Oilwell A-368’plunger
;'.pump driven by a Waukesha 2895 engine. -A .more ‘detailed study would
- likely reveal that fewer and larger  pumps. would be more practical. .
“in-the 60,000 B/D case. - Each case allows one unit as a standby for
E 'routlne malntenance as well ‘as unant1c1pated pump downtlme. : -

- - -

*“Fuel Usage 74,;,p . ; ;'f_”w ;;J_Qri *v“p»‘ e Taf I

- For ease. of comparlson and 51mp11flcat10n, 1dent1ca1 pumps were

B ~:;Fue1 requlrements are based upon ‘the follow1ng relatlonshlps.Q;;f’”4

(1) Horsepower = (B/D) (dlscharge pressure) lc’** S 71:, =
: 53 760 (pump- effic1ency) S Ll

Tc{*f» (2) Btu/Day - (horsepower)(24)(8 000) I
*5,4 S These relatxonshlps result in a. fuel usage of approximately 1 5
cub1c feet of gas for each barreI of water dlsposal.f - S
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TABLE F-1

Production and Subsurface Water Disposal Facility Cost Estimates

Louisiana Prospects
Location

Separators, Tanks and
Pumps '

Labor
Transpdrtation‘
- Piping, Valves,-& Fittings
Gas Cémpmeséion
Disposal Wells*
Subtotal

Contingency (10%)
Total '

Texas Prospects

Location

Separators,'Tanks and
Pumps

Labor
Transportation
Piping, Valves, & Fittings
’Gas 00;pression -
Disposal Wellst

Subtotal

Contingency (10%)
"~ Total

(Constant 1979 Dollars)

20,000 B/D

$ 250,000

* 960,000
240,000
10,000
30.009,
; ~100,000
600,000
"$2,190,obo ‘

, 220,000
- $2,410,000

20,000 B/D

§ 100,000

960,000
240, 000
10,000

" 30,000
100, 000
906,000,

$2, 340,000
230,000
$2,570,000

900,000

40,000 B/D
$ 250,000
1,400,000

280,000

15,000~

50,000

ﬂO0,000"

$2,995,000
295,000

. 83,290,000

40,000 B/D ~
$ 100,000

1,400,000
280;06@
15,000
50,000
100:609»@

1,500,000

© . $3,445,000

345,000
$3,790,000

*20,000 B/D/well; $300,000/well; 1 standby well.
+10,000 B/D/well; $300,000/well; -1 standby well.,

- F-6

 $3,955,000

60,000 B/D

$ 250,000

1;900,600
325,000
120,000 :
60,000
‘r‘goo,ooo
1,éoo,boo )

395,000
$4,350,000

60,000 B/D

$ 100,000

1,900,000
325,000
20, 000
60,000

~ 200,000

~ $4,705, 000

465,000
" $5, 170,000



- CONSTANT 1979 DOLLARS
6.0 - .

5.0

| TEXAS:

4.0

3.0

'FACILITY COST (MM$)

20

© WATER PRODUCTION RATE (MB/D) - ‘
' Figure F—4 Fa'crilltyr Cost vs Water Prqduction Rate.

 TABLE F-2

| Artificial Lift*t
: ;(Con;tant,1979§nollars)

- , Maximum = R T e o
Lift - Water - Prods - _Fuel - - Sales -Oper. “Oper.
Depth 1:' " Rate . . Gas '’ - .. cas S - Gas . " Cost . . Cost:

(Feet) = _(B/M) - (MCF/D) - - (MCF/D) ~  (MMCF/D) ~ ($/Day) . ($/MCF)

3,670 20,000 - 400 - - 230 U170 - 1,200 - 7.05
4,550 . 15,000 - 300 = 2200 . 20 . - 900 - 11.25
8,180 10,000 . 200 - 215 T e= S

- *Assumptions:

. Casing: -5/8“‘ R
. Maximum hp: - 1,020" :
Fuel:: 200 MCF/D for lift plus .
L 1.5 cu ft/bbl for water disposal

=



TABLE F-3

Production and Water Disposal Facility Cost Estimates
(Discharge into Gulf of Mexico)
(Constant 1979 Dollars)

Rate - 50,000 B/D
Location | § 250,000
Separators & Tanks : o 500,000
Labor 7 200,000
Transportation o ' 710;000
Piping & Valves . | 40,000
Gas Campression 100,000
Pumps 400,000
5 Miles 10" Line - 2,000,000

Subtotal : $3,500,000
Contingency (10%) 350,000
- Total ’ v $3,850,000
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C

. PRESSURE ‘MAI_NTENAANCE'

- It was found that pressure maintenance or. partial pressure main-
tenance into: the produc1ng reserv01rs 1s not feasible for the fol-
low1ng reasons.,» : S

o Injection pressures are high.

. Fuel requirements consume a-. substantlal part of the recov-
: '.erable gas (50 percent or more).u .

e The cost of 1n3ection ‘wells and high—pressure injection
. pumps increases the investment operating costs and the re-
" .quired gas price beyond the $9 00 _per MCF upper limit for

- ~this~ study. - . L

,PARTIAL PRESSURE MAINTENANCE EVALUATION

In order to’ evaluate the overall potential of pressure ma1nte~

" nance, calculations were made regarding -partial pressure mainte-
“nance for the Southeast Pecan Island and Johnson's Bayou prospects.

Production and pressure data generated by the computer model are.
described in Appendix D. - Additional calculations were made to es-

- ~timate pressures to be encountered in reinjecting the produced vol-.
- umes of water; these data provide a basis for estimating horsepower

and fuel requirements “for pressure maintenance. Tables G-1 and G-2

' summarize pressure maintenance: and - 1nvestment data for the two
: 1n3ection-well .cases for these prospects at a production rate of
: 50 000 B/D.f S : : :

Reinjection was examined utllizing from one to four 1n3ection

wells per producer. In accordance with study participant judgment,

only 5.1/2-inch tubing was considered in the 1n3ection wells. For

- - the pressure. maintenance cases examined, -the data in Tables G-3 and .
" G-4 include; at the specified rates: tubing friction pressure ,
--" drop, injection sandface: pressure, and 1njection wellhead pressure.
- Calculation methodology is describeéd in this appendix. Table G-3
- summarizes injection data for the Pecan Island production case pre-

sented in Computer Run L57 and Table G-4 summarizes that -for the ~

;A’Johnson 5 Bayou production case of Run L23.

Water properties at 1n3ection conditions were. estimated from
correlations. At a water: salinity of 100, 000 ppm NaCl, brine vis-
cosity at approx1mate1y 150°F - 1n3ection -temperature-was estimated
to be 0.48-centipoise (cp)- ‘and brine density was estimated to be:

~. 8.95 pounds per gallon.” Water viscosity utilized in the computer .
—~,,product10n\model was a function of temperature; for Pecan. Island 1t
was 0.22 cp and for Johnson s Bayou 1t was- 0,27 cp. .



TABLE G-1

- SE Pecan Island West Pressure Maintenance Data

Production Rate o 50,000 B/D
Injection Rate 50,000 B/D
Average Reservoir Pressure at Onset of e
Pressure Maintenance : : 10,506 psi
Producing Solution Gas/Water Ratio -+ .31 cu ft/bbl

At Injection Rate of 25,000 B/D/Well:

Surface Pressure v . ' 6,700 psi
Sandface Pressure ) 13,360 psi
Fuel Requirements ; v 27 cu ft/bbl

Investment (Constant 1979 Dollars):

2 Injection Wells ' $ 8,940,000
Pumps (10 Operating, 2 Standby) 5,400,000
Tanks . ' 100,000
Injection Line ’ 634,000
Total © $15,074,000
Operating Expense : ‘ $- 320,006/year
plus 5¢/bbl
- Sales Gas ' 4 cu ft/bbl

' 200. MCF/D



“TABLE .G-2

Johnson's Bayou Pressure Maintenance Data

Production Rate.

~"Injection Rate : =

Average Reservoir Pressure at Onset of
Pressure Maintenance
Produclng SOIutlon Gas/Water Ratlo

At':hjection Rate of 25,000 B/D/Well:

Surface Pressure
sandface ‘Pressure

h Fuel. Requlrements

'_Investment (Constant 1979 Dollars)-

2 Injection Wells

" Pumps (6 Operatlng, 2 Standby)
_Tanks » v
“Injection Line .

To£a1 o

' Operating Expense '

plus

. Sales Gas

50,000 B/D"
50,000 B/D .

6,760 psi
17 cu ft/bbl

2,010 psi

6,885 psi

10 cu ft/bbl

“'$ 5,300,000

3,600,000
100,000
634,000

$ 9,634,000

$ g 320, dOO/yéar
5¢/bbl ’

7 cu ft/bbl
1350 MCF/D



Case:

TABLE G-3

Pressure Maintenance

Production Wells at Recommended Well Site, SE Pecan Island West

Computer Run: L57

Total Injection Rate
Average Reservoir Pressure at
Onset of Pressure Maintenance

- Average Reservoir Productivity Index

Producing Gas/Water Ratio at Onset
of Pressure Maintenance

Iﬁjection Case:

1 Injection Well
Rate (B/D/well)
Apg (tubing)* (psi)

Sandface Pressure (psi)
Wellhead Pressure (psi)

2 Injection Wells

Rate (B/D/well)
APg (tubing) (psi)

Sandface Pressure (psi)
Wellhead Pressure (psi)

3 Injection Wells

Rate (B/D/weli)
APs {(tubing) (psi)

Sandface Pressure (psi)
Wellhead Pressure (psi)

4 Injection Wells

Rate (B/D/well)
APg(tubing) (psi)

Sandface Pressure (psi)
Wellhead Pressure (psi)

50,000 B/D

10,506 psi
32.6 B/D/psi

31 cu £t/bbl

50,000
2,259
14,886
9,903

25,000
582

13, 360

6,700

16,666
270

-12,69%96
5,724

12,500
154
12,235
5,147

¥ ADg(tubing) = tubing friction pressure drop.

Q-



e T ’ 'I‘ABLE.G-4

o Qasé:

Total Injection Rate

Average Reservoir Pressure at »
Onset of Pressure Maintenance = . -

Average ‘Reservoir -Productivity Index

Producing Gas/Water Ratio at Onset

: of Pressure Maintenance

Injection Case: , R k ‘;,/._' 3 ‘,

Pressure Maintenance =

_Production and Injection Wells at Average Sand

Thickness Locations, Johnson s Bayou e

.~ Computer Run: L23

- _t,mApf(tubing) = tubing friction pressure drop.- o

S o Ees R

© 17.cu Ft/bbl

50,000 B/D

6,760 psi
355 B/D/psi

Injection Well R L o -
" Rate (B/D/well) - . -7 50,000 o
~Apg (tubing)* - (psi) - ... 1,655 .
- sandface Pressure (psi) ..~ - - 7,010 ’
_ Wellhead Pressure (psi) o 3,364
2 Injection Wells ERRTE U A S -
" Rate (B/D/well) - o - 25,000 _ -
- Apg. (tubing) (psi): - ST 426 :
- sandface Pressure (psi) . . o "~ 6,885 -
Wellhead Pressure (psi) ‘f T _g\\ow :
3 Injection Wells ST = if"‘-";” - ‘ oL
" rate (BDAeIl). - T o 16,667 g
= ,Apf (tUbinQ) (PSi) e . 195 -
Sandface Pressure (psi) LT 6,843 ) ‘
: ,_Wellhead Pressure (psi) e erT o 1,737 g
Injection Wells R T E Y
“Rate (B/D/vell) ; N ‘ "‘i‘z /500 T~
Apf(tubing) (psi) P 13 -
" sandface Pressure (psi) - l‘-f;:,’—; o 61*822' i
e Mellhead Pressure (psi) T 1§34



Calculation Methodology

The injectivity index (I) was estimated by adjusting the pro-
duct1v1ty index (J) computed by the computer model for the increase
in water viscosity (u) at lower temperature and for a decrease in
net sand thickness (h) where necessary: :

I=2J EB. ;& ‘bbl/day/psi
. T b

'The subscripts p and i refer to the production and injection
cases, respectively. As indicated in the previous discussion, for
Pecan Island (Mp/MKji) = 0.22 = 0.46 while (hl/hp) varied

0.48
from 1 to approximately 1/2 due to the wide variation in net sand
thickness. For Johnson's Bayou (ﬂp/#l) = 0.56 and '
(hl/hp) = 1.0 since the average sand thickness was utlllzed in
both production and 1nject10n wells.

Excess pressure above reservoir pressure (Pg = Pf) which
causes a given injection rate was then estimated for the injection
wells from the definition of injectivity index:

- Injection rate (B/D)

Py = P (psi)

where the injectivity index and the injection rate per well are
known. The sandface pressure, Pg, was then calculated as average
reéservoir pressure (from computer output) plus excess pressure.

Injection wellhead pressure, Py, is related to sandface
pressure by the relationship:

Pyh = Ps + APg (tubing) - fluid static head (psi)

WATER INJECTION FACILITY REQUIREMENTS AND COSTS

- _For this study, estimates were made of the cost of injecting
salt water at rates of 20,000 B/D and 40,000 B/D. Injection’
pressures of 2,000 to 6,000 psig in 1,000 psi increments were
examined. The salt water would require pipeline transport 1 mile
to the d1sposa1 location. It was assumed that the facilities
described in the Subsurface Water Disposal Facility Requirements
and Cost section of Appendix F would be utilized to transfer the
salt water through the l-mile line to the disposal location.

Production Rates

Two salt water injection rates, of 10,000 B/D and 20 000 B/D,
were selected as typical disposal rates.

G-6
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‘Dlsposal Pressures

Rates. of 2,000 to 6 000 p51g in 1 000 p51 1ncrements ‘were v
examined. These pressures . ‘were assumed to be wellhead ‘injection
pressures. All pump sizing and piping were based upon the pres-
sures- measured at the wellhead.' ,

Surface Facility Cost - Pumps

] - Qilwell Qulntuplex plunger pumps were selected as examples for
- the purposes of cost estimating. Models B-528 and B-538 powered by
Waukesha L-7042 engines could be utilized throughout the pressure

' range. =~ Pump plunger substitution and varying the revolutions per

minute allowed’ coverlng the entlre line of appllcatlons with the
two pump unlts. Injectlon pump data are listed in Tables G-5 and

- G- 6.

TABLE G-5

LInjection Pumps -
(10,000 B/D)
©~ {Constant ‘1979 Dollars) -

Injection . SR - - S )
~Pressure o : Fuel Usage - Pump
. Apsig) - Pump~Type and Number .- - . (Btu/D) o Cost
2,000 Tooi Oilwell 538 Quintuplex R ‘ o o S - ,
~ 1 Operating S 96 x 10 o $ 800,000
1 Standby ST (9.6 cu £t/bbl) - .
3,000 oilwell 538 Quintuplex o ' , ,
‘ s - "1 operating 120 x 108 \ 800,000
1 standby ;',', (12 cu ft/bbl) o ' :
< 4,000 . oflwell 528 Quintuplex B S : ,
ER ‘2 Operating - : - 188 x 106 - . 1,350,000
1 Standby 0.7 (19 cu £t/bbl) o
~ 5,000 - Oilwell 528 Quintuplex , N
.. 2 Operating < - - ' 215.x 106 1,350,000
oo Standby 7 (21 cu £t/bbl) o ,
6,000 - Oilwell 528 Quintuplex S o
a 2 Operating = - 241 °x 106 71,350,000

1 Standby | (24 cu £t/bbl)



TABLE G-6

Injection Pumps
(20,000 B/D)
{Constant 1979 Dollars)

Injection ; -
~ Pressure Fuel Usage Pump
(psig) ; " Pump Type and Number ~ (Btu/D) - ‘ Cost
. 2,000 - 0Oilwell 538 Quintuplex T . ; ‘
2 Operating 192 x 106 : $1,350,000
1 standby @ - » (9.6 cu ft/bbl) : )
3,000 . Oilwell 538 Quintuplex '
2 Operating 240 x 106 1,350,000
1 Standby (12 cu £t/bbl)
4,000 ~ Oilwell 528 Quintuplex ‘ . ,
4 Operating - 376 x 106 : 2,250,000
1 Standby ' (19 cu ft/bbl) ’ ‘
5,000 Oilwell 528 Quintuplex N
4 Operating 430 x 105 2,250, 000
1 Standby (21 cu ft/bbl)
6,000 Oilwell 528 Quintuplex . :
4 Operating 482 x 106 2,250,000

1 Standby (24 cu £t/bbl)

Surface Facility Cost -- Platform

If the disposal location is assumed to be 1 mile from the salt
water handling facility, it would be most practical to utilize the
pumps described in Appendix F to transfer the salt water at low
pressure to a holding tank located at the point of injection. From
the holding tank the salt water could be injected at high pressure
by pumps as described in this discussion. To transport salt water
~at high pressure through the l-mile line for injection would re-
quire much more horsepower as well as fuel. In this discussion it
is assumed that the high-pressure pumps would be located at the in-
jection site. This would require a platform containing pumps and a
holding tank similar to the platform described in Appendix F for a
- 20,000 to 40,000 B/D facility. 1In any case, locating the injection
pumps as close as practical to the disposal site will conserve both
horsepower and fuel.

Fuel Usage

Fuel consumption was calculated using a rate of 8,000 Btu per
horsepower per hour or 8 standard cubic feet per horsepower per
hour. -The varied fuel rates from identical machines are a function
of actual revolutions per minute and applied loading when plunger
sizes are changed.

G-8



e »"f’_,f“;j_‘.@ 600 GPM = 0.5 psi/100 feet

Flowlxne Cost v?*ff r;j ?i; l‘ :;!/~ S R - :

The flowllne 5121ng ‘was basedrupon a fa¥ imum veloc1ty of 10
feet per second and. minimizing the pressure drop to the disposal

75 location: -The pressure drop was held to 30 psig for the line..
“described -above, the flowline: costs-are based uponﬁlow-pressure

(less than 2,000 psig) service -to the injection site where- hlgh~

’ pressure pumps would raise the salt water pressure for 1n3ect10n

Flowllne cost estlmates are as follows'”*

,sc‘. 20 000 barrels per day :QW;: u:;\-, B

As'

S Slze ? 6 inch 0.D.- Schedule 80 Mlnlmum Pressure Drop o

- TR @ 300 GPM -‘0 5 951/100 feet -
;;;;tggt“g s 634,000 o *;;fr:;;i;~;m,lf;;“

R o 40 000 barrels per day -'E:.fi"fur ',f:r: | - {'fr . iv

: ; a81ze = 8 lnch O D.VSchedule 80 Mlnlmum Pressure Drop

A -1;-5~Cost s 898,000 Jérii‘};\i;m*?‘VT‘V}?~»/§-€!i;jé
] i G-9 B
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 GEOTHERMAL AND HYDRAULIC ENERGY ASSESSMENT

CONCLUSIONS -

7 Potential geothermal and hydraullc power production from geo-

- pressured reservoirs has been reported to be of great’ magrutude.1

- However, calculatlons ‘using reasonable estimates for reservoir
 parameters reveal a potent1a1 for the generation of only limited
amounts of cost-competitive energy. Brine production rates per
well must be in the 50,000 B/D range which, over a 20-year well

- life, ‘would drain a reserv01r with a surface area of 10 to 40
square miles.2: As a consequence, power plants are limited to-
‘'single well sites and no economies of scale are poss1b1e., Because

" of these ‘limitations, the cost of electricity generated from the

- 'geothermal portion of the resource for the cases examined is esti-
‘mated to be from 100 to 150 percent of the cost of new generation
. from conventlonal -sources (Table. H-l).ﬂ The cost of power from the
““hydraulic portion of the resource is estimated to be only 40 to 70
- percent of that from conventional sources, but the hydraulic re-
_ source 1s of 11m1ted magnltude and would be rapldly depleted.

~DISCUSSIONA

"1,Geotherma1 Energy Assessment

The 1ncrementa1 economics of geothermal power productlon from .
individual ‘geopressured brine wells was:assessed for three repre-
sentative temperature and well-rate cases. The power cost esti- -
mates for actual reservoirs shown in Table H-1 were then derived by
~ the ‘same procedures." ‘The power generating facility in these cases

- .. does not bear any of. the cost of exploration, drilling, £fluid dis- -
. posal, or overhead. Tables H-2 and H-3 show the cost of power cal-

. culated on the basis of: (1) 1979 dollars; (2) 15 percent ROR; (3)

- -85 percent capaclty factor- and (4).operating expenses of $44,000 L
per year per nW of capacity (1/2¢ per kWh at 100 percent capac1ty

",factor) These calculations were made for both flashed steam and

L binary convers10n systems., Figures H-1 ‘and H-2 are schematics of
,‘,these systems.t R TPEs: = ,

1House, P. A., et al., "Potentlal Power Generatlon and Gas -
Productlon from Gulf Coast Geopressure Reserv01rs,” ‘Lawrence
Livermore.Laboratory, 1975, R
: 2Wh1tehead W.R., and McMullan, J.H.y "Economics of Elec- B
trical Energy Productlon ‘from Geopressured Aqu1fers in’ South ‘
-Loulslana," 1976. = : : :



TABLE H-1

Cost of Electricity Generated From Geothermal Energy in
Geopressured Brine Reservoirs*
(Constant 1979 Dollars)

. 10% ROR
Reservoir Water Flow : Power
Life Rate Temp. Output Inve. Cost
Louisiana Prospects (Years) (B/D) (°F) (mW) (mwW) (£/kWh)
Atchafalaya Bay" 7
East 7 50,000 266 1.3 3,730 6.79
West : 50,000 236 None - None None
Johnson's Bayou 50,000 226 None " None None
LaFourche Crossing 20 50,000 266 1.3 3,730 4.75
Rockefeller Refuge 15 50,000 316 2.88 5,610 3,65
SE Pecan Island
East . 30,000 296 None None None
West 20 50,000 296 2.29 4,950 3.73
Texas Prospects
Austin Bayou 30,000 310 None None - None
12 50,000 310 2,71 5,430 3.98
Candelaria 30,000 270 None None None
Clinton 30,000 270 " None None None
Eagle lLake 7 30,000 270 None None None

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

Gas Price ) : Electricity Value

($/MCF) ‘ ) (#£/kWh)
$2.00 : 4.0
2.50 . 4.5
3. 50 ’ 6.0
5.00 : ' 8.0
7.00 . , : 10.7
9.00 , _ 13.3

The $2.00/MCF gas price vs. 4.0£/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.



TABLE H-2-.

Plant Investment and Cost of Electr1c1ty for
Geothermal Energy Recovery

Net Power ‘Investment ' Cost of Power

(mW) ($/kKW) _ (£/kWh) ($/MMBtu)
Case 1 (290°F wellhead, 60 000 B/D) o v k._" | |
Binary  2.65 2,089 496 _"'14;501 '
. Steam 27 2,079 5.02 14.70

' Case 2 (284°F wellhead, 40,000 B/D) | |
Binary 1.61i23 fﬁ 2,447 5.93“;fk 17.05
o "steam R T 2,447 - 7f5.83 S 17.05
Case 3 (282°F wellhead, 20,000 B/D) o
| Binary"k_ 0.78 - 1 3,173 7.40 . 21.63
Steam  0.37 3,088 7.15  20.98

Further details on the calculations upon which the costs in
_ Table H-2 are based are shown in Table H-3. 1In addition to the as-
- sumptions mentioned above, these costs are based on certain tax as-
sumptions which are given in Table H-11. The capital costs are
ba51cally derived from recent (spring 1979) firm quotes. for similar
' equipment, corrected to mid-1979 dollars. A 15 percent contlngency
has also been included in the figures. Slte preparation costs are
.assumed to be borne by the methane productlon fac111ty.,‘

, These capital costs are very hlgh compared to convent10na1 gen--
erating facilities prlmarlly because of the relatively small scale
- of the geothermal plants in the cases evaluated. With the possible

'.“exceptlon of the binary turbine, all of the equlpment is proven,

~conventional, and available. The 1979 cost of new generation from
conventional sources is in the range of 4 to 5¢ per kWh.3 on
“‘this basis, Case 1 is just barely competitive. Generation costs

- for the other cases ( lower temperatures and flow rates) are not
‘(competltlve w1th power from conventional sources.

3"Econom1c Analyses of Geothermal Energy Development in:
'jSouthern California," Draft report under Stanford Research-
~Inst1tute Pro:ect ECU 5013, November 1976.
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The cost of power varies with flow rate for the two systems, as
is shown in Flgure H-3. The cost calculations show that the binary
cycle system is slightly superior to the flashed steam at 60,000
B/D; both cost the same at 40,000 B/D; and the flashed steam is
somewhat more economical at 20;000 B/D. Other geothermal economic
studies have shown significant cost advantages for binary cycle
- systems, especially in the 300°F or less temperature range. How-
ever, small (less than 10 mW) binary turbine-generators are rel- ,
atively more expensive than small steam turbines. This has shifted
the binary cycle power plant investment cost into the same range as
flashed steam systems. For the 20,000 B/D case; the inelastic cost
‘of the very small binary turbine has resulted in a hlgher invest-
ment than for the flashed steam system.

Potential Technological Advances

There is unproven, but . theoretically p0531b1e, geothermal en-
ergy recovery technology which might be more efficient and less ex-
pensive than that presently available. A total flow impulse tur-
bine, as proposed by the Lawrence Livermore Laboratory, may ap-
proach the efficiency of binary cycle systems.4 A reasonable
cost estimate for a total-flow type power generation system would
be comparable to that of a flashed steam system for the same brine
flow rate. For comparison, the above assumptions were applied to
the three cases investigated. The results are summarized in Table
H-4, :

Potential Economies of Scale for Geothermal Power Production

Despite the potential economies of scale of using 10-20 mwW
geothermal power plants (vs. the 1-3 mW units used in this an-
alysis), they are more than offset by the added cost of the brine
gathering and brine disposal systems for multiple-well facilities.
The investment for the 290°F wellhead, 60,000 B/D, 2.65 mW binary
cycle single-well fac111ty was estlmated at $2,049 per kW, or $5.4
million. A plant using the brine from five wells of this size
would generate approximately 13.25 mW and cost about $1,320 per kW,
or $17.5 million. The economy-of-scale savings are especially
large for the binary turbine-generator unit, which drops from $440
per kW to only $170 per kW for the larger plant. However, each
well would have to drain a large area. Assuming a five spot well
spacing with 16 square miles per well, 16 miles of production lines

4pustin, A.L., "Prospects for Advances in Energy Conversion
. Technologies for Geothermal Energy Development," Lawrence Livermore
* Laboratory, 1975.



'COST OF POWER (6/KWH)

.50

8.0

: ‘SOURCE Table H3.

7.0 \.\_ , ,
\———- BINARY CYCLE
6.0 |——— —
FLASHED STEAM
1,000 - 20000 40,000 60,000 80,000 100,000

: BRINE RATE (B/D)
Figure H-3. Cost Comparison of Flashed Steam vs. Binary

TABLE n-4 o

' Potent1a1 ‘Economics of Total Flow Impulse Turbxnes
S for Geothermal Energy Recoverx

. (Based on Brlne Conditlons, Economic Assumptlons, and Net Power of
: B1nary Cycle Systems from Table H=-3)"

Case 1

© (290°F wellhead, 60,000 B/D)

Case 2

v(284°F wellhead, 40,000 B/D)

; ,VCase 3 o

,(282°F wellhead, 20 000 B/D)

Total ‘Cost of Power

Cost  Cost’ ~{£/kWh -

(MM$)  ($/kW) 1979 Dollars)

2.64 996 2.68

1.92 1,192- . 3.10
1,14 _1,500 3,69

-These flgures are quite attractive when compared with the current
1979 cost of new generat1on by conventional means.' :




S

are needed. P1pe diameter is dependent on the flow- rate, length,
- and head 1oss- .

p5 = gpm2 x 1 ft
1,000 x h X mi

where h = head loss in ps1/per mile

For h = 10 psi per mile, the incoming brine;lines would be 18
inches in diameter. , o - N
: Hopefully, reinjection is in shallower formatlons w1th thick,
permeable sand layers, and these wells will not need to be as
widely spaced. Assuming four injection wells and only'z miles®
separation between 1njections, 5.7 miles of out901ng pipe are
needed. For h = 10 psi per mile, the-injection lines will be 20
inches in diameter. Estimating the installed cost of insulated’
pipe to be $5.00 per in.-ft, the total pipe costs $10.6 million,
which would bring the cost of the entire facility to $28.1 million,
‘or $2,120 per kW. Reducing the spacing between injection-wells to
1 mile only drops the total cost to $2,010 per kW. No significant
savings are p0551b1e unless the production well spacings can be
reduced. : ; :

Hydraulic Energy Assessment

The economics of electr1c1ty generation from the hydraulic en-
ergy in geopressured brine reservoirs were assessed for two cases
.of single wells which flowed 50,000 and 75,000 B/D, respectively.
The first case is based on the aquifer properties of Southeast .
Pecan Island West, and the second case represents a higher flow
rate but shorter life aquifer. The produced brine initially
reaches the wellhead with a considerable hydraulic head. During
‘the life of the well, the pressure declines steadily, with pressure
maintenance eventually required to maintain a constant production
rate. Power may be generated by flowing the brine in reverse |
through a five-stage centrifugal pump which acts as a turbine. The
output was assumed to drive other pumps directly and would thus not

require a generator. The optimum turbine size is a function of the

initial flow rate, the decline rate, the required rate of return,
.and the relationship between net power production and the hydraulic
turbine cost. The optimized results shown in Table H-5 suggest-
that the cost of power from thlS source is competitlve ‘Wwith power
from conventional sources, - : :

- These calculatiOns are made on the same basis as the geothermal
‘energy assessment cases. The capital estimates shown here are
quite speculative, but even at a 50 percent higher investment, the
cost of power is less than 3¢ per kWh for both cases. Full power



undet‘Cases«l gnd 2 is*oﬁ1y available for the'first sevenkand tWo
years, regpectlvely.,,Aftg;\that,‘the,available horsepower declines
~gquite rapldly’due to the declining reservoirspressure—(See Table

) E-11).

- 'TABLE H=-5

;Economics’of,Power Generation from Hydrgulic'Energy of
‘ Geopressured Brine Reservolrs - '

) B o H“hgigg;L..{g‘-‘Case 2
Initial Flow Rate (B/D) 50,000 . 75,000

%“1nitiéi‘F16W~Ra£é,(Gallons}ééf?‘~‘r ' RS '
_ Minute [gpml) 1,458 . 2,187

‘ '1fLife;(§égrg)lLiilfj;; i  ;£5f 1. f f 10
 }iﬁi£ia1,ﬁ¢t,po¢¢p7(h§)‘:_  ~‘”‘. '1;100~; o  ‘1,300: ;-
Investment (sAW) . 453 an2
iacostyof‘b¢wer(¢/ﬁwh)‘ B O B 2.05

' Cost of Power ($/MMBtu) - s,oqi,iﬂ”"" 6.00

 Potential Technological Advances -

“  The five-stage centrifugal pump used for the hydraulic power
~generation cases was assumed to have.-a 70 percent efficiency. The
_maximum obtainable efficiency with a turbine designed specifically.

~ for this process is probably no more than 90 percent. 1In all
likelihood, however, such a turbine would also be significantly
more expensive than a centrifugal pump. Thus, prospects-for
~advances in hydraulic energy recovery appear limited. -

 METHODOLOGY AND SUPPORTING DATA

o Geothermai7Enéfgy~Assessmehtl';f

Costing -

f",CdSt,CaICﬁlatibh*EQUati6n§'iBinaerTurbiné_andfGenerator.

$ = 725,000 (mw)0-4

. (Based on COﬁverSatiohs'With‘an Elliott Company reprééentative-)"



Cost Calculation Equation. Steam Turbine and Generator.

$ = 320,000 (Pf x mw)0.7
P

where P¢ = 95 psia

(Based on.recent [sprlng 1979] firm quotes for turblne generators
in the 1-10 mW size range.)

Cost Calculation Equation. Condensers and Heat Exchangers.

$ £ft2 = C; e-4383 1n (Pg) - 0.1297

where Pg = shell side pressures

For shell side pressures < 50 psia, let Pg = 50. Cg is a
correction factor based on contracted prices and inflation. Cg =
2.16. (Taken from "Resource Utilization Efficiency Improvement of
Geothermal Binary Cycles," K. E. Starling et al., 1978.)

Cost Calculation Equation. Cooling Tower.

$ = 889 (gpm)0+6

The exponential is from "Process Plant Estimating Evaluation and
Control," K. E. Guthrie, Page 341, 1974. The constant is based on
recent firm quotes corrected for inflation to mid-1979 dollars.

Cost Calculation Equation. Vacuum Compressor.

$ = 1,580 (hp)0.8

The exponential is from Guthrie, Page 165. The constant is based

on recent firm quotes corrected for inflation to mid-1979 dollars.

Cost Calculation Eguation. Recycle Pumps and Drivers.

Prices are taken from "Capital Cost Estimating" by K. E.-
Guthrie, Page 126 of the March 24, 1969, issue of Chemical En-
gineering. The prices have been adjusted to reflect recent firm

H-10
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<,quotes and are corrected for 1nflation by applylng a correctlon
factor of 9.6. ' : _ .

7 Facility Cost Calculation Procedure. The total plant cost is
‘the sum of the following: (1) total cost of major equipment

(turblne plus generator, exchangers, condensers, cooling tower,

.- vacuum compressor, and main pumps and drivers); (2) miscellaneous"
~equipment, construction, and englneerlng, and (3) 15 percent con-"

.- tingency. The’ mlscellaneous amount is based on the follow1ng power
“law expre551on. , : :

o $ = 1, 790 o000 (kW Y.7 .
S e 2 50 :

. The base case parameters noted below were used to calculate the
cost of the major equlpment of a 2 5 mw flashed steam fac111ty.

'Flow Rate (lb/hr) ”‘~vf h_l‘ 263,000
"d; Enthalpy (Btu/lb) | o S 50Q _'A
””delash;Pressure (psia) fr LR 95

‘Gross{Pomer (kW)~_,i 2,500

Net Power (kW) '_kjr17f L 2, 445 8

“Vacuum Compressor (hp),;" o /b 7.9

~ Cooling Water (1b/hr) 1,100,000

cbciing Water (gpm)j e ';, B 2,196
Condenserv(ib/hr) S “'d, , '1,046,000
Coollng Water Pumps _.’t e f_ b ST
(AI’x gpm)'l’ Sl L 66,000
”f Total Major Equlpment ""'dr'}$ﬂ(895,066‘

”~fMlsc. Equlpment & ~
~Construction (2 .x Major N
- Equlpment) S 8, 790 000’

‘;15 Percent Contlngency SO ‘$; 403 000';

', Total Plant Cost o f'$3,088,ooo_"

Calculatlons by this method are in agreement w1th actual plant
‘costs 1n the 1-10 mW range.

H-11 .



Two times that cost was then set as the constant for the power law-
equatlon. In the case of a 2.5 mW plant, the gross power capacity
term is one and the cost of the remaining equipment, construction -
and engineering equals the constant or two times the major equip-
-ment., Other size plants will have higher or lower miscellaneous ,
costs than this plant, as determined by their gross power capacity.
"For example, in Table H-8 for Case 1, 30 psia flash pressure, the
remaining miscellaneous equipment and construction cost is calcu-
lated as follows:

$ = 1,790, ooo(;4§§;_g>° 7

2,500.0

1,790,000 (.65)

1,164,000

Binary Cycle Cost Calculations

Selection of the Working Fluid. Starling et al.>s6+7 found =
that the minimum plant cost at a wellhead temperature of 300°F was
with a 50/50 mixture of isobutane/isopentane. However, their cost
equations result in an estimated 1979 cost of $1,000,000 for a
. gross 30 mW turbine generator set. Elliott Company has estimated
that small (1 to 5 mW) binary turbine-generators will cost from
$840,000 to $990,000. For the low end of this range, turbine- )
generator costs will be well over 50 percent of the major equipment
cost. Thus, cost equations indicate that to minimize the invest-
ment, binary turbine efficiency must be at the maximum. Starling
has shown that the most energy efficient working fluid at 300°F is
isobutane. Therefore, at 300°F, isobutane is the fluid of choice’

- for small binary cycle units. At lower temperatures, propane/
isobutane mixtures are probably slightly more efficient. However,
100 percent isobutane was assumed to be the working fluid for this
'study. The following values for 1sobutane are obtained from .
Starling et al.: -

Tenp. iGrosékPower :  Net power
" _(°F) - -(Btu/lb Brine) . {(Btu/lb Brine)
30 4.1 - Rty
350 . 23.00 0 18.4
w0 3007 24;1’

, - 5starling, K. E., et al., "Resource Utilization Efficiency
~ Improvement of Geothermal Binary Cycles, Phase I," University of

Oklahoma, 1976. :
6Starlmg, K.E., et al., "Resource Utilization. Efficiency

, Imprgvement of Geothermal Binary Cycles, Phase II," 1976.
Starling, K.B., et al., "Resource Utilization Efficiency .
Improvement of Geothermal Binary Cycles, Phase III,“ Final Report,

1978,
H—iz°'a,



‘Net and gross power at other temperatures were obtained by extra-‘
"~ - polation of these values. Similarly, the material balance data in
" Table H-6 for 2.5 mw*netglsobutane binary cycle units-at 300°F and
. 350°F were used to.size equipment for‘the‘biﬁary'Cases evaluated in
this study. The data from Table H-6 are plotted in Figures H-4 =
“through- H-8., These curves are used to size the equipment for the
‘”bxnary cycle cases - that are evaluated in this report. :

Blnary Cycle Equlpment Slzlng Procedure. For a glven wellhead
_ temperature, the major equlpment can be 51zed using the curves in
V;Flgures H-4 through H-8., : : L :

e - Binary Turbine Generator. The size of the binary turbine-
generator set is obtalned usxng Flgure H-4, as follows.

. Power mW = gross Btu/lb brlne X brlne rate 1b y 2, 93 X 10’7 mw_
. . B o hr - , Btu

" TABLE H-6

" Material Balance Data o

Temperature (°F).

o0 350 400

'..,Isobutehe/Brihe;Rstio (If’_"/,‘/l,b‘ 'Bbrine)_,kr R 0.728 . 1.048 1.3
»V'Exchaﬁger heat'Lpadk(Btullb arine).ffrl | ’,114.4" 154,77 "'vl{9§.7‘

v1lExchehgerffrahsfer'Coeff.(Btﬁ/hrjftsz) - 1047 1067 1047

jiExchanger Shell Side Pressure (psia) "'/ "i‘3007 S 545§. 3 550
—-)E:xchangerI.og(Mean am- w6 s
ifCooling Water/Brine Ratio (Lb/lb Brine) ,ly\lriv$;89"' . ~‘:7.33l'7x"fjr'd9.19;
h,T'COndenser ‘Heat Ioad (Btu/lb Brine) - » ;" "iddf3.f" ‘t1$1.7 i' 163.1
r?;condenser Transfer COeff (Btu/hr FtZoF) ; }“s‘hjzé.z"-’ >“1129;5_.7«’ - 129.7;
:“Condenser Shell Side Pressure (psia) lﬁhti"‘ \;‘82,7 "'i“ 2d 84l T:»?if ‘ ’Béd
;uerndenser Log (Mean Aﬂn ‘>l_ f;; . ;"t:"‘dzdﬁ ;,. . e é5,, d,y'e "351
”;dondenser oUtlet Isobutane Temp. (°F) ‘_\’rf. wi1167r>1’sA»_ ;lléfi‘rjfz" 1l5un

. ;'-‘Working Fluid Pump AP (psi) 235 | ‘395'7.: o 485"

| Cooling water Pump AP (psi) : : 30 f" - "’":307\ _‘ '30\

7hH;13ww;,f~
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Figure H-4. Power vs. Temperature.

H-14




stfn‘j

045—

| SPECIFIC HEAT TRANSFER AREA (FT2/LB/HR BRINE)

040

030

.025

o

CON

-l

DENSER

EXCHANGER

g5

= 282 284

oL

250

300

350

| * TEMPERATURE (°F)
. Figure H-5. Specific Heat Transfer |
. Areavs. Temperature.

400

PRESSURE (PSIA)

Y00 | CONDENSER___|

600

- 400

EXCHANGER

300 }——

200}

ol ; , ‘
250 - - 300 - 380 . 400
- TEMPERATURE (°F)

Figure H-6. Exchangér and Condenser Shell
* Side Pressure, and Working Fluid Pump
AP vs. Temperature. .



ISOBUTANE-TO-BRINE RATIO (LB/LB BRINE)

COOLING WATER-TO-BRINE RATIO (LB/LB BR!NE) -

8
7
6
290
/ 284
5 I
. --_—282
R AR
250 300 350 400

TEMPERATURE (°F)

450

Figure H-7. Cooling Water-to-Brine Ratio vs. Temperaturé.
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Figure H-8. Isobutane-to-Brine Ratio vs. Temperature.
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The flow rates are converted from barrels per dag to pounds per o
~ ~ hour by‘uSLng ‘the correlations developed by Dittman. A reser—_. - =°
' voir.of 10 wt % total dissolved solids (TDS) in the brine has been .

~ assumed for all cases. The cost of the binary turbine—generator -
J - .-set can nOW*be calculated u51ng the cost equations. !

o Heat Exdhangers. The standard shell and tube “heat ex-' v
Changers are sized from Figure H-5,~wh1ch shows spec1f1c

7 heat transfer area (ftz/lb/hr brine) vs. wellhead tem- e
ST perature. The curve was derived from the ratio of the ‘heat
o - - load (Btu/lb brine) over the heat transfer rate, R
T T (Btu/hr/ftztx log mean T °F)._,, S ST T -
Tee Exchanger ft2 Cml T ,
SRR e Spec1fic heat transfer area ft2 23 brine rate lb/hr .
L ’ TR ) = lb7hr T SV IR

‘o‘“Condenser.f The condenser, which is 51zed in the same manner»
: -~ as-the heat ‘exchangers, is also assumed to be of standard ~
<~ = . shell and tube coristruction. The exchanger . and condenser -

[ SR [

’Tfé*hl;—ii~:costs in $/ft2 arée thenlcalculated from the~cost equa- ;L;Frﬂ . ;T

= "tion.?  The shell side pressure {Pg) is obtained-from -

,f*‘}t"iFigure H-G.:, ST e T , o R m:,‘
o ;7WoriCoollng tower. For a- given wellhead temperature, the cool-/
- : Iuing tower is. sxzed from Figure H=7, as followso g “t
R Cooling water rate (gpm)*? coollng water~to-br1ne ratio X brine rate~ s
S R V_M\‘fegrfhi 8 35 lb/gal X 60 mln/hr '
T e Working Fluid Pump.. The working fluid pump is sized by PR
R ':; multiplying the pressure head required ( Figure H-6) by the
S worklng fluid rate.‘ This. rateais calculated as. follows. S

1-C4-to-brine ratioex brine rate~yft
iwi-C4 den51ty 1b/ga1 x 60 mln/hr

Working fluid rate (gpm)

— = -

The 1sobutane—to-br1ne ratio is determined from Figure H-8. The;“‘é-f

1sobutane den51ty"is for the condenser outlet temperature. LTS

o~ R ol - -

'Y Cooling Water Pump. The cooling water pump is sized by -

SE e8D1ttman, G. L., “Calculation of Brine Properties, Lawrence e

V*x' Livermore Laboratory,v1977. LT TR L s T e
E '\‘~“,f 9Cost equations in- this section are: those noted earlier in - 7*77’
i) . the Cost- Calculation‘Equations section.lui;l; . et LR T AR

| . . ) 17 [ i

] w;;';fi:g multiplyingthe. pressure- -head required (30 psi) by the cool—yr L
) ' 1ng water»rate as calculated above for. the cooling tower. -



Results. The results of the binary cycle sizing and costing
calculations are shown in Table H-7.

Flashed Steam Cost Calculations

: The material balances in Table H-8 for the flashed steam cost
calculations were generated by flashed steam computer models. The
total plant cost was then calculated at various flash pressures to
determine the economic optimum for each case. These results are
presented in Tables H-8 through H-10. The investment cost as a
function of flash pressure has been plotted in Figure H-9.

Economic Sensitivity Analysis

The effect of changes in ROR, capital investment, capacity
factor, and operating expense on power price was investigated for
Case 1 (290°F wellhead and 60,000 B/D brine rate). To summarize,
every 1.0 percent increase in ROR or investment resulted in a 0.9
percent increase in the price of electricity. A 1.0 percent
increase in operating expense resulted in a 0.1 percent power price
increase. A 1.0 percent decrease in capacity factor near the base
case value resulted in a 1.0 percent increase in power price. The
calculations were made using an economic analysis computer program.
The range of variables examined and the fixed assumptions are shown
in Table H-1l. Figures H-10 and H-1ll are examples of the type of
information available for the case. This is followed by Table
H-12, which presents a condensed summary of the output for a single
set of calculations.

Finally, all of the sensitivity analyses for the case are sum-
marized in the "spider diagram" of Figure H-12. With this diagram,
the effect of percentage changes in the variables investigated on
‘the cost of power, can be seen., The steeper the slope of a curve,
the more sensitive the cost of power to changes in that variable.
From this it can be concluded that variations in the‘operating ex-
pense are relatlvely unimportant, but that variations in the re-
guired ROR, the size of the investment, and the capacity factor
have pronounced effects on the cost of power. The conclusions
would be similar for Cases 2 and 3 and the flashed steam
facilities.

Hydraulic Energy Assessment

Costing

Cost Calculation Procedure. The data for these two hydraulic
power generation cases were based on the aquifer properties of
Southeast Pecan Island West. The pressure decline rate and avail-
able horsepower are shown in Table H-13. To find the minimum cost
of power, a variety of pump sizes were investigated for each case.
Total installed capital cost was assumed to be three times the
hydraulic turbine cost. The cost of power for each pump size was
- then determined with the economics program. These results are

H-18
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-plotted for the higher flow rate case in Figures H-13 and H-14.

These curves indicate that the optimum turbine size varies with the

- required ROR but not with changes in the capacity factor. The most

economical pump size was found to be 1,100 hp for Case 1 and 1,300

- hp for Case 2. The optimal results are summarized in Table H-14.

The effects of investment, ROR, capacity factor, and operating ex-
pense were again 1nvestlgated in the sens1t1v1ty analysis. These

* results are summarized in the spider diagram of Figure H-15 which
"indicates that costs are most sensitive to- ‘capacity factor with a
1 percent change in that variable near the base value, resulting in

a 1.0 percent change in the cost of power. The other. variables are
less sensitive, with a 1.0 percent change in 1nvestment, ROR, and’
operating expense resulting in a 0.65 percent, 0.45 percent, and

0.35 percent change in the cost of power, respectively. Table H-15
»contalns a condensed summary of the output from Case 1. '

Sizing and Cost Caloulation.p Power‘generation equation:

hp f=‘.000017 XQx7n X ( AP)

~ where Q = flow rate (B/D)
'~‘,n-=peff1c1ency'(.70)
AP'=ravailable pressnre (psia)

hp = avallable horsepower at the shaft

Hydraulic turbine cOst equatlon-

$ =10, 250 (hp)°-42
'(Source- Dlscu351ons w1th Paciflc Pumps, a d1v1s1on of
Dresser Industrles, Inc.) ;

The turblne is assumed to be a multlstage centr1fugal pump w1th
‘flow reversed and horsepower avallable at the shaft to dr1ve pro- '
cess equ1pment.s : S Ch :



WABLE <Y

Binary Cyele Cases

Oost Caleulation Summary -

. Case 1

Wellhesd Temperature | Tzooem
Workihg Fluid ' ‘ Isobutane
Brire Tate (BD) b, %00
(Lb7nir) w0
Gross Pover W , 3,307
 (Bto/Ib brine) 12,3
Net Tower kW) ' - 2,649
(tu/ib Brine)  9.E5
fieat Exchanger Area (¥t2) oM
Condenset Area (re®) 35,700
Working Pluid Patp (AP * gpm) 479,500
Cooling Water Pump (AP * gpi) 308,300
Cooling Water {gpm) v - 19,280

Costs_(Thousand Constant
"~ 3979 Dollars)

"ﬂé&t Exchanget 561
Turbine and Generator A, 170
CGondenger 370
- Cooling Towey R 227
W&kiﬁg Fluid Pump | 130

Cooling Water Pump : . 86

Potal Major Equipment
Remaining %qptb & Constis 2,17
Contingency (158) . 308

Total (bBt - B;429

Iavestment/Net kW 7 . 2,049

 tageld
{2ga ’é’F’)

Teobutane

40,000

612,100

2,024

125

1,610
8,95

16,980

23,370

297,450

200,400

6,680

354
%51
246

s

. Cage 8.

(282°F)
Tsobutane
2, 00D
- 307,400

e2
10.9

C e
8.6%
'%:,443\6
11,670
132,200
99,400

3,300

1,218
931
3,473

3,193
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(

Flash Pressure (psia)
Gross Power (kW)

Net Power (kW)
Cooling Water (gpm)
Condenser (MMBtu/hr)

(Ft2)

Cooling Watef Pump (AP ® gpm)

césts {Thousand Constant
1979 Dollars)

Turbine and Generator
Cooling Tower
COngienser

Vacuum Compressor_
Cooling Water Pumps

Total Major Equipment

‘Remaining Eqpt. & Constr.:

Contingency (15%)
r'i‘otal Plant Cost

Cost/Net kW

*Case 2: 284°F; 253.2 Btu/lb; 40,000 B/D.

+Optimum.

TABLE H-9

Flashed Steam Material Balances and
Cost Optimization Calculation Summary‘

CASE 2+
25 28t 30
921.6 838.1 ‘ 773.0
865.9 786. 1 ©723.3
1,300 1,120 1,005
24.899 21,487 20. 144
8,890 . 7,670 7,190
39,000 . 33,600 - 30,200
769 665 596
66 : 60 55
§4 81 75
15 15 15
20 19 18
964 840 759
890 ‘ ‘ 833 787
_218  _2s1 232
2,132 1,924 | 1,778
2,462 2,447 7 2,858

32
714.0
666. 5

904

17.292

6,180

27,100

541
53
65
15

17

35
618.5
574.1

754

14,411

5,150

22,600

460
47
54
15

16

592
673
190

1,455

- 2,533

¢



‘€2-H

,;Condénserv(MMBtn[hr)' v

‘i Cooling Water Pump ( AP * gpm)

TABLE H-10
_Flashed Steam M&tetial‘Balancés’and“’
Cost Optimization Calculation Summary

CASE’ 3%

" Flash Pressure (psia) 1k . 20 ‘ ‘ 25 o ‘ ‘ ggf :

Gross Power (kW) . 508,84 . 440.3 . 397.5

Net Power (kW) . oL . . - ATTS . 413,14 372.0

Cooling Water (gpm) '’ : IR o795 . ,;1621 N ' 532

(Ft2y " s,a50 0 4,250 3,640

23,800 - 18,600 . . 16,000

" Costs (Thousand Constant

1979 Dollars)

Turbine and Generator ' - vf L 593 - o459 i 308

Cooling Tower R T 1 a2 38

“,Condénser . R R :'57 ‘ T iias S ag

“‘Vacﬁum Compressor ' 1 : B .8 Y BRI ¥

Cooling Waféfipumps T L 16 . 14 \ 13

" Total Major Equipment - - « 723 568 492

Remaining Eqpt. & Constr. . s87. 531 494
Contingency (158) o 19e 165 150

‘Total Plant Cost : 1,506 1,264 T 1,136

" Cost/Net kW ' .. ... i © 03,156 3,059 ‘ 3,048

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

+0pt dmum,

© 15.253 . . 11.892 - 10.186

364.4

34041

474

. 9,069
3,240

14,200

353

" 35.5

© 33,5

12

442

/465

136

1,045

3,067

©334.3
. 311.1

423

8.089

2,890

12,700

318

33

30

12

401

438

126 °
965 -

3,102
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<. T/Z £/kWh. Operating Expense/Cost of Power 4:.96: £/RWh): 7
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Year-  Inyestment. Revenue. Depr. - Depl. - Qper. Exp,. _Income '~ Qredits; ' Tax: . __ Flow—
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Year
1

2

10
1
12
13

14

15

16

TABLE H-13

Hydraulic Pressure Decline Rates

Case 1

Case 2

(50,000 B/D)

(75,000 B/D)

H-30

Availabie - M mWh/yr Available M mWh/vyr
€ 85% o @ 85%

AP hp Capacity Factor AP hp Capacity Factor
3,064 1,823 18. 220 1,775 1,584 15.831‘
2,865 1,705 17.041 1,594 1,423 14.222
2,666 1,586 15.851 1,414 1,262 12,613
2,467 1,468 14.672 1,234 1,i01 7 11.004
2,269 1,305 13.043 1,654 941 9. 405
2,070 1,232 12.313 874 780 7.796
1,873 1,114 11.134 695 620 6. 197
1,675 997 9.965 515 460 4.598
1,478 879 8.785 336 300 2.998
1,282 763 7.626 156 139 1.389
1,086 646 6.456

890 530 5.297

595 ' 413 4,118

500 298 1.819

306 182 1.819

113 67 0.670



TURBlNE SIZE (HP)
Figure H-13. Cost of Power vs. Hydraulic 'I‘urbine Capacity
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Figure H-15. Hydraulic Power Sensitivity Analysis Summary Cost of Power vs. A Variable.
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TABLE H-15

Economic Analysis: :Case Summary
Hydraulic Power Generation

(Thousand Constant 1979 Dollars)

cAsE 1

(For 50,000 B/D, 15% ROR, 85% Capacity Pactor,
. "1/2 £/k¥h Operating Expense/Cost of Power .1.72 ¢/kWh)

Net ‘(.:ash :

1. 669

2 0

3 0
4 ]
5 0
6 0
~:7‘ 0
8 0

9 0
1o e
1 o
12 0
"o yo‘_
RTEe °
s 0
16 o
17 _0
Total* 669

| Year = Investment .

~ *Totals may no‘t‘add as a result of rounding.

T R Net Taxable  Tax u.s.
. Revenue - ' Depr. Depl. . Oper. Exp. . Inconme " Credits . Tax Flow
o e e o o 134 -134 "-\535
’ ;“190 90 23 - es 0 0 2 s
100 1 26 es 23 o 13 112
190 69 28 s 26 0 14 11
 19¢' Cea 28 o es 28 0 16 109
190 se 28 » Ces 23 0 151“ 106
 190‘ . s4 28 s  37  0 21 104
100 . 49 28 es a2 0 " 24 “101
72 aa 26 65 a7 0 19 - 89
152 59‘7 o 23  es 37 0 12 74
132 . 34 . 16 " es :25‘ 0 -8 59
A1t 30 9 . 85. 16 0 4 a2
et 21 65 . 9 0 1 26
720 e es 1 0 . 13
51 s 0 65 -13 e e :
0- 15 0 0 -28 0 -3 "3
o _o  _o o e _o s _o
2,107 669 265 905 283 134 s 528 -






'TABLE I-1

: Operating Expense
(Gas Production and Subsurface Water Disposal)
(Constant 1979 Dollars)

\

Fixed Cost ST .- $/Year
Tabor . - $100,000
~ Transportation o : ~ 40,000
- Special Tests : o - 50,000
Laboratory o S 25,000
Field Supervision ) R 50,000 -
. Subtotal . $265,000
Overhead (20%) . . __ 55,000
- Total - $320,000/yr
_ Variable Cost o ¢/Bbl
" Producing Well Repair 1.00
. Disposal Well Repair - : «33 .
- Pump Maintenance . 7«50
Chemical St k30
Well Treating : ©o. . .30
‘ . subtotal 2,43
’ Overhead (20%) o «47
Tbtal . 2.90¢/bbl
Geothermal i,' S . 0.5¢/kWh
' TABLE 1-2

i 0perating Expense
(Gas Production and Gulf of Mexico Disposal)
V(GonstantﬁjQ?S Dollars) -

" Fixed Cost ‘:' o —— 7 $/Year
Ctabor . $100,000
“Pransportation S ©.00 40,000
Special Tests - » 50,000
" Laboratory S : 25,000
T Subtotal =~ . $215,000
. Overhead (20%) ‘ 45,000
7 “Total - - $260,000/yr
‘fVVariable Cost. k ';g\' SRR -72:) )
 Producing Well Repair . 1.00
" pump Maintenance .. - .. : «25
o _Subtotal . 1.25
0verhead (20%) . _.25
‘Total - 1o 50¢/bbl
Geothermal O ousg/kun

I-1
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ECONOMIC EVALUATION

?,ECONOMIC EVALUATION PARAMETERS';V R o o

A standard set of economic parameters was employed in the NPC' 5

analyses of four unconventlonal gas sources, as follows'

‘e Basis 7 '
- January 1,>1979 dollars held constant
) De51red Output . :

- Addltlons to ultlmate recovery, by year, to the year 2000
as a functlon of gas pr1ce and state of technology

-

- Productlon rates, by year, to the year 2000
° Gas~Pr1ce ’

- VPrlce at point of sale. All Capltal'to that'p01nt, such
.as compression and gatherlng llnes, should be ‘included in
_the evaluatlon.,

- The lowest gas pr1ce to be con51dered is that which gives
: a 10 percent ROR, after tax, for best prospect, taking
risk' into account. The upper limit is $9.00 per MCF for
1,000 Btu per cubic foot of gas. Final calculations
,'should be made for $2 50, $3 50, $5 00, $7. 00, and $9.00
. per MCF. - ,

® Cases

= Current technology'-- 11kely to evolve and 1mprove during
‘normal operatlons, thlS is the base case.

—'”Improved technology -- effect and t1m1ng to be determlned
for each gas source based on analysis of problems and

'rlmprovements likely with large industry/government re-
search, development, and testing programs._ ,

o“Other Parameters

- Royalty —— to be chosen as’ typlcal for each area, gener-‘
ally to be in the range of 1/8 to 1/6

- Taxes»-e«46% federal income taxrrate_
”2%'state income taX‘rate .

8% (of producer revenue) product1on, sever-
ance, and property tax

J-1




- 10% fede:al investment tax credit on tangible
egquipment

10% additional energy pmoperty tax credit on
tangible eguipment wused to prodmce«gas Erom
geopressured brines and placed in service in

‘Eerlod September 30, 1978, to January 1,
1983

- Depletion allowance —- ‘statutory rates to be cmmpared
with 50 percent of net income and cost depletmun mm
cnstcmary e@mputatmon

- Statutoryldepletmon allowance of 10 percent on value of
gas produced from geopressured brime wells drilled im the
period September 30, 1978, to Janunary 1, 1@%@1

- Statuntory depletion allowance bn value of hot water pr@-
duced if used for geothermal purposes, as fmilows

1979, 1980 - 22%
1981 - 20%
1382 o - 18%
1983 16%

19824 and thereafter 15%

~ Overhead -- 10 percent of invested capital
20 percent of direct operating expense

- fTreatment of costs for tax purposes
- Expense intangible drilling and development costs
- Capitalize tangible equipment and write off by most
favorable treatment under current tax laws and
regulatlons

- Treat leasehold and exploration costs in most
favorable manner permitted by current tax laws and
regulations :

- Treatment of dry hole costs and other risks. Burden suc-
cessful wells with their share of dry hole costs, unsuc~-
cessful exploration, leasehold, and other nonrecoverable

~costs.,

~ Rates of return (ROR)

- Base case 10 percent, after tax

- Also, compute additions to ultimate recovery for 15
and 20 percent ROR for example cases

lassumed to continue to the year 2000,

J=-2



- rnflatlonAratE\cfor the purposes of camputlng taxes) is: &
» = percentv~-gg}fxg’\/ ST wy;_»ww, = -

'?*Tf#{ Uhcertaxnty I estlmates:-afar the flnaI report, shew -

-:f[~t{'“'~' —the bandiof’. uncertainty aroundi qurves of additidns: to:
oo - ultimate recovery vs. time, .andi areund ‘curves. ef“pQ531b1e
Pl productlonfnate 0 tlme o Te s T
 BCONOMIC cmumwmms - I mmmrm ERGSPECTS ke

Emscmunteﬁ cash flovw rates of.return were- caIculateds fcm eachi B
of the XL identified prospects based on the economic’ assumptions:

- listed inm the Ecnnomxcs_subsectlon*of’thls volume's: Findings. sec~— »
~ tion. The: economic dat@ used for the Seven Louisiana: prospects: are - -

- listed in Table J-Lj the data~ﬁnr the four Texas: prespects*are
lLsted nnTable thm- 'uf\g o ~.,~,,f, ‘ -

- i‘“ The,afher-tax rate ®f return VS gas,prnce.resultlng ﬁrom the ~

ecoﬂommc:calculatlons for the seven computer. runs on the Texas

~ prospects is shown: in Figures J-I through J<7.- “The “same: inferma--

“tion for the 23~cmmputer runs on the‘naulslana ptcspects Ls shmwm :

“kln:Erqutes J—g thtuugh JLSO.' ;f»;;%i ‘__, ST -
_“'wvaon the‘ll prospectsr gas ‘rates and reservesjvs. gas pr1cgs~ -

were calculated for -the four production-cases examimed (Most Gptmw ‘
‘mistic, Upper Médman, Lawet Median, -and -Mirnimum). The results at
-10, 15, and -20' percent ROR are listed in Tables J-3 through by .

GaS’ptlce'cal u“atlons were made “at” the three exam;ned rates—c& re~

- - .~ —
- PN —~ — S . . - B - —
- ~ - - o | e,
- - - - -
~ - — - — -
- — - -
= - e > — ;
- - i . _ - R A :
- J=-3 - -
— - . -



Atchafalaya Bay

Johnson's Beyou

LaFourche Crossing

Rockefeller Refuge

SE Pecan Island

Prospect

East

West

East

West

Run

No-

L2

Lé

L1
L12
L15

L8
L19
L22
L24
L28

L34
L35
L37

Lag
Las
La6
L&a9

153
L54

L57
L59
L60

TABLE J-1

Economic Data - Louisiana Praspects

(Constant 1979 Dollars)

Operating Expense

Water Drainage Land Geophysics Well Facility Flow Geothermal Sales Power Variable and Daily Sales Elect.
Rate Area Inv. Cost Cost Cost Temp. Inv. Sol. Ges Gas/Well Output Gas Geothermal No. of Rate Gas Power

(M8/D) _(Acres) (M $) M $) M$) MS) (°F) M $) (Cu Ft/Bbl) _(MCF/D) (kWh/Bbl) (M $/¥r) _(¢/Bbl)  Wells (MCF/D) (BCF) (kW)
50 30,000 600 400 3,500 3,800 266 3,730 29 1,350 0.62 320 3.2 1 1,350 10.4 1.3
50 17,000 400 200 3,500 3,800 266 None 29 1,350 None 320 2.9 2 2,700  16.0 None
30 9,000 200 100 3,500 2,800 . 266 None 29 810 None 320 2.9 4 3,240 19.6 None
50 21,000 530 400 3,200 3,800 236 None 23 1,050 None 320 2.9 1 1,050 - 8.9 None
50 21,000 700 200 3,200 3,800 ' 236 " None 23 1,050 None 320 2.9 2 2,100 11.6 None
30 14,000 350 100 3,200 2,800 236 None 23 630 None 320 2.9 4 2,520 14.8 None
70 14,000 350 200 2,670 4,900 226 None 20 1,260 None 320 2.9 4 5,060 43.2 None
70 7,000 180 100 2,670 4,900 226 None 20 1,260 None 320 2.9 [3 7,560 - 53.4 None
50 14,000 350 200 2,670 3,800 226 None 20 900 None 320 2.9 2 1,800 15.6 None
50 4,000 100 50 2,670 3,800 226 None 20 900 None 320 2.9 8 7,200 44.0 None
30 3,000 75 30 2,670 2,800 226 None 20 540 None 320 2.9 12 6,480 44.4 None
50 12,000 300 400 4,100 3,800 266 3,730 38 1,600 0.62 320 3.2 1 1,800 14.6 1.3
50 10,000 250 200 4,100 3,800 266 - None 38 1,800 . None 320 2.9 2 3,600 19.4 None
30 10,000 250 200 4,100 2,800 266 None 38 1,080 None 320 2.9 2 2,160 17.2 MNone
50 25,000 600 200 4,250 3,800 316 5,610 51 2,450 - 1.38 320 3.6 2 4,900 42.0 5.8
50 12,000 300° 100 4,250 3,800 316 5,610 51 2,450 1.38 320 3.6 4 9,800 © 70.0 11.5
50 9,000 225 70 4,250 3,800 316 None 51 2,450 None 320 2.9 (] 14,700 81.6 None
30 5,000 125 40 4,250 2,800 316 None 51 ) 1,470 None 320 2.9 10 14,700 85.0 None

© 50 9,000 230 200 4,000 3,800 296 None 35 1,650 None 320 2.9 1 1,650 6.7 None
30 9,000 230 200 4,000 2,800 296 None 35 990 None 320 2.9 1 990 6.4 None.
50 8,000 200 200 4,290 3,800 296 4,950 ‘35 1,650 1.10 320 3.4 1 1,650 12.6 2.29

.30 8,000 200 200 4,290 2,800 296 None 35 990 None 320 2.9 1 990 - 8.5 None

© 30 8,000 200 100 4,290 2,800 296 None 35 990 None 320 2.9 2 1,980 ° 13.2  None



: Prospect

Austin Bayod

Céndela_ria :

" Clinton

Eagle I.ake‘

‘Water Drainage Lland * Geophysics Well -

T TABLE J-2

" Economic Data - Texas Prospects

Facility .

(Constant 1979 Dollars)

Flow . .Geothermal

Power

QE‘raﬂng Expense

bbai.l‘y Sales

‘ : : : ‘ Sales ‘ Varfable and » Elect.
' Run - 'Rate o ‘Area . Inv. " Cost . ‘Cost . Cost . Temp, . Inv. Sol. Gas  Gas/Well Dutput Gas Geothermal  No. of - Rate Gas. Power
i:No.  (MB/D) < (Acres) (M $) (MS$) (MS$) . (MS$) (°F) (M $) (Cu Ft/Bbl) {MCF/D). (kWh/Bbl) (M $/YR) . (#/8Bbl) Wells -“(MCF/D). (BCF) . (kW)
G120 s67 9,000 2300 200 4,630 , 4,500 310 5,630 . 40 . 1,90 1.3, 280 3.5 1 1,%0 2.8 72N
eTATC 30 09,000 0 230 .. 200 4,630.. 3,200 310 .- . None - a0 '1,140 " None 280 2.9 1,140 - 9.4 None’

T8 - 730,195,000 480 400 2,280 3,200 270  None - | 28 780 None 20 2.9 1 780 6.0 - None
ST 07,0000 170 100 2,000 4,500 270 None 28 1,300 None 280 2.9 1 1,300 3.6 None
T2 .0 30. 7,000 170 100" 2,000 3,200 270 ' None 28 780 None 280 2.9 1. 780 3.6  None
11550 - 6,000 150 100 2,200 ' 4,500 270 ‘None 30 - 1,400 None . 280 2.9 “1 0 1,400 2.7 None
. T16 .30 6,000 . - 150 100 -2,200 3,200 270 . . None < 30 840 - None 280 2.9 840 = 2.7
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TABLE J-3
Eleven Identified Prospects -- Rate of Return vs. Gas Price

(10 Percent Rate of Return)
(Constant 1979 Dollars)

Most Optimisﬁic Caser(Maximum Rate 50,000 B/D; Solution Ratio from Tables J-1 and J=2)

Gas _ Initial ‘Gas - " Electric

Price No. Gas Rate - Reserves "~ Power
($/MCF) _Wells (MMCF/D) - o (BCF) (mwW)
2,50 , 2 4.9 . 42 - 5.8
3.00 - 4. 9.8 ’ : ' 70 <~ 1.5
4.00 ‘ 9 2040 o122 : 17.8
5.00 11 23.1 136 ' 19.1
6.00 ' 14 27.1 158 19.1
7.00 16 30.2 , 178 - - 19.1

8.00 25 38.9 o 218 ‘ 1.1

9.00 25 3.9 - 218 _ 19.1

Upper Median Case (Maximum Rate 30;000 B/D; Solution Ratio from Tables J-1 and’J-Z)

4.00 None None , None .. _ None
5.00 13 : 18 ' o111 ‘ None
6,00 16 , 21 ‘ S 131 None
7.00 - 20 24 152 - - , None
8.00 o 22 o 26 . 158 None

9.00 27 ' 29 : 173 ~ .None

Lower Median Case (Maximum Rate 50,000 B/D; 50 Percent Solution Ratio.from Téb1e57341

and J-2)

3.00 None None ‘ None e ~ None

4.00 ' 4 - 5.0 39 7 11.5

5.00 A - - 640 53 . ) 13.8

6.00 9 ' 10.0 ' 69 16.5

7.00 < - - . - . 17.8

8.007‘ 11 7 11.8 N EER 77‘ V 19.1

9.00 - 11 11.8 . 77 - B 19.1
Minimum Case (Makimum Rate 30,000 B/D; 50 Percent Solution Ratiorrrom Tables J-1

and J-2) : : '
8.00 10 73 a5 -
9.00 10 7.3 45 . . -

10.007 11 " 7.9 ) ) 50. -

'J-18

& -
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TABLE J-5

Eleven Identified Prospects. -- Rate of Return vs. Gas Price
(20 Percent Rate of Return)
(Constant 1979 Dollars)

Most Optimistic Case (Maximum Rate 50,000 B/D; Solution Ratio from Tables J=-1 and

J=2)
Gas : : " Initial Gas Electric
Price , No. Gas Rate Reserves " Power
($/MCF) © Wells (MMCF /D) (BCF) . (mW)
4,00 4 9.8 ' ‘ 70 , 11.5
5.00 o 8 18.2 107 ‘ 16.5
6. 00 ) 10 22. 1 126 16.5
7.00 ! 11 b 23.1 : S 131, ‘ : 19.1
8. 00 12 24,5 ‘ 137 ‘ 191
9.00 14 B 26.8 150 R 19.1

Upper Median Case (Maximum Rate 30,000 B/D; Solution Ratio from Tables J-1 and J=-2)

14.7 . 85 7 hraiend

6.00 10 .

7.00 - 13 18.0 112 -
8.00 16 21.0 i — 131 -
9.00 17 21.8 137 R -

Lover Median Case (Maximum Rate 50,000 B/D; 50 Percent Solution Ratio from Tables-
J~1 and J=-2)

4.9 ‘ 39 11.5

L 6.00 4

S 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 Case (Maximum Rate 30,000 B/D;‘SO Percent Solution Ratio from Tables J-1 and
J=2) ‘ ' - .

~ - 9,00 - None None . None : None
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TABLE J—G

L oy y Eleven Identified Prospects -~ Rate of Return vs. Gas Price
' SR ~ (Constant 1979 Dollars).

: : Most 0ptimistic Case = R . - S
(Maximum Rate 50 000 . B/D; Solution Ratio from Tables J=-1 and J—2) ‘

‘fGas Price ($/MCF)  Initial - - Gas Electric L Orig.

o o 10% “15% | 20% . Gas Rate . 'Reserves - Power No. -~ GIP Reqévery
Run No. prospect o .~ ROR ROR ROR ~ (MMCF/D) (BCF) - . (mW) . Wells - = (BCF) (%)
'L44  Rockefeller Refuge 2,50  3.10 3.70 4.9 a2 5.8 2
‘145  Rockefeller Refuge - 2,60 3.10 3,70 9.8 700 1.5 4 AP ,
L46 . Rockefeller Refuge ' . 3,20  3.60 .4.10 14,7 = 82 . . 'None 6 1,890 . 4.3
L34  LaFourche Crossing . 3.50 - 4.30 . 5:20 - 1.8 . . 15 . 1.3
. L35 LaFourche Crossing = = 4,30 - 4.90 5.60 ‘3.6 19 . None o2l 0 'B36 .. 1 345
L57 . SE Pecan Island West 1 3.40  4.10 . 5.00 . 1.6 13 2.3 .t A 3.1
L2  Atchafalaya Bay East 4.40  5.40 650 1.3 - 100 . 1.3 1 ‘

L3 - Atchafalaya Bay East . 5.50 . 6.40 7.20 267 16 - . . . None 2., .. ...634 2.5
L53 ' SE Pecan Island East.  5.40  6.30  6.90 1.6 7 None 1 . 182 3.8
L11  Atchafalaya Bay West . = 6.00  7.20.  8.40 10 9 'None 1 N
L12 ~Atchafalaya Bay West -~ 7.50 ‘8460 == oo 26 12 - 'None' L2 586 2.0

L22 . Johnson's Bayou " .. .l 6,70  7.90 == .8 .0 16 = None 2 -
L24 = Johnson's Bayou . 7,40 8,20  -=' 7.2 44 None 8 1,814 2.4
T2 ~ Austin Bayou . . T 3,20 3.90 . 4,70 < 1.9 12 2.7 1 391 3.0
. T11 - Clinton S 7.000 0 7.700 8.40 - 1.3 4 -- 1 N 2.3
‘T15 . Eagle Lake . 7.90 8.60 == 1.4 3 - 1 7 106 2.8
T8 Candelaria 7 6,40 7,40  9.00 © 0.8 .6 - A 420 1.4
o e v oo 8.9 218 19.1 26 7,141 3.05
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1 i . 2 o
2 « ; T - o o
. TABLE J-6 (continued) - , SR
- o ' o o Upper Median Case , ‘ ’ . ) ‘
x ' (Maximum Rate 30,000 B/D; Solution Ratio from Tables J-1'and J-2) e
S ‘ : . ‘/ ) ' ‘ o 0 . ‘ -, ' " . . ‘ 3
oo B Gas Price ($/MCF)  Initial ' . Gas  Electric . orig.
‘ ‘ « 10% 15% ' . 20% . Gas Rate Réserves . Power ' No. GIP Recovery
Run No. Prospect ROR ; ROR ROR (MMCF/D) . (BCF) . {mW) Wells (BCF) {%)
/ L49  Rockefeller Refuge 4410 4,70  5.40 14.7 ' 85 - 10 1,890 4.5
L37  LaFourche Crossihg 5.00  6.00  7.00 2.2 7.2 -2 © S36 3.2
. . . . : ; : | “ . ‘ \ o - - |
L54 SE Pecan Island East  5.90 ' 6.80 8.00 . 1.0 Y N N . 182 1 3.5
: \ o - S f : i ‘ L O PR
L60  SE Pecan Island West ~ 5.90 . 6.90  8.00 -~ 2.0 - 13,2 S 2 a1 3.2
C . ; . . - ; o | : o R "
T4 Austin Bayou - © . 4.90 - 6400 7.00 © 161 ; 9.4 . - 1 391 2.3
T8  Candelaria 0 6.40  7.60  9.00 ' 0.8 ‘ 6.0 - 1 420 1.4,
L6  Atchafalaya Bay East ~  7.00 . 8.00 - | 3.2 14.8 | = 4 63 2.3
.~ 712 Clinton ; 7.10  8.10 == 0.8 36 == 1M 2.1
R ' ' ‘, (I . R ; B A o ‘
, T16 Eagle Lake - 7.50  8.50 - 0.8 247 == 106 2.5
' L15  Atchafalaya Bay West  9.00  -- ' -= . 2,5 . 14.8 . - - 4 | 586 2.5
Pt ‘ R ‘ BERETE : 29.1 1731 , 27 5,327 3.2
! S L Lot ; R " : g
i ) 3
5 ‘ !
f i i
" f ‘; .
| ‘ i i !
- Lo ; : \‘
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‘Prospect

lkun NO.

L44

145

L34

135

51

'LZﬁ”

72

1; Rockefeller Refuge
' "Rockefeller Refuge . '
Rockefeller Refugef_*

‘ LaFourche Crossing
LaFourche Crossing -

isa:peéah‘lslaﬁa west'ﬁ
fﬂAtchafalaya Bay East“

“‘Austin Bayou l

Lower Median Case

‘éAs pfiée*<s/mcp)

21710%
ROR

15%

. ROR

20%

' ROR

5 Ihifiel‘k
.Gas Rate
. (MMCF/D) |

. YTABLE J-6'(continued)lﬂ

v Gas
‘Reserves’
. {BCF) -

% Eleétrie‘
Power
o (W)

(Maximnm Rate 50 000 B/D; 50 Percent Solution Ratio from Tables J-1 and J—2)

N6«
Wells

Orig.

. GIP,

. Recovery

- '3.80
. 3.80 :
600

6.30
. 9.00

5,70

5.90
5.80 .
' 8.00" i

i

' 8.80

*50 pereeﬁt”selutieh ratio ftomeeblee aéifaha»a-z._,‘

22'H

39

a7

5.8

L 11.5

1.3

" -

2.3

'

2’ S

(BCF)

. 268
205
:317.”

~195

"1, 930

(%)
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(Maximum Rate 30,000 B/D; 50 Per

Run No. Prospect
L49 Rockefeller Refuge
T4 Austin Bayou

TABLE J-6 (continued)

Minimum Case
cent Solution Ratio from Tables J-1 and J-2)

Gas Price ($/MCF) Initial Gas Electric ‘Orig.*
10% 15% 20% Gas Rate Reserves Power No. GIP Recovery
ROR ROR ROR (MMCF/D) (BCF) {mW) Wells (BCF) (%)
7.20 8.30 10.00 7.3 45 - 10 945 4.8
10.00 - -- 0.6 5 -- ) 195 2.6
7.9 50 11 1,140 4.4

*50 percent solution ratio from Tables J-1 and J-2.
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/- }fl”E;{jf” R ENVIRONMENTAL CONSIDERATIONS 8 T gf‘ffgf”;aif;f’

S Productlon from geopressuredébrlne reserv01rs would have ‘an- 1m-*, S
- pact ‘on the environment similar to conventional gas production with - T
R “two possible exceptlons' - large volume: geopressured water,produc-,u G‘T
tion could result.in land subsidence and/or in increased tectonic R
‘ act1v1ty along growth faults. Either of these events could result _
—in the early abandonment of a pro;ect. Lo T S
S The env1ronmenta1 aspects of large-scale gas recovery‘from geo- B
_ pressured and -hydropréssured aquifers were reported to-the Depart-
. ment of Energy by the Supply-Technlcal Advisory Task Force on Non=
~conventional Natural Gas Resources. - The environmental section of

_their report “is reproduced in this- appendlx.’ In-addition; a list-" ~—
= ’1ng ‘of potential impacts was prepared ‘by- the Gulf Coast Reglonal e T
) Vice-President of the Sierra Club, who was an NPC study partici- S
',rhpant. Thls llst appears in the follow1ng sectlon of thlS appendlx.; T
‘M”\POTENTIAL IMPACTS p,fr*;j;;j, e ‘v:\’; o ';pe'_ R
L It appears that ‘the potent1a1 dlrect adverse 1mpacts, both —,;iﬂj g
R short—term and long-term, are. 1n the follow1ng areas: - N
ej:€‘4fr ° Water pollutlon,‘lnvolv1ng both ‘surface” and’ ground. This T
.= -7 - Tarea includes migration to or impact on hazardous waste - 777
LT ','estorage reservoirs, of whlch both‘Texas and Loulslana have TR
Toon qulte ‘a number.,'§~¢w R R R
S .“m ponutm.,j_-- e AT Tl s TR e
77?0 ,N01se pollut;on;.\_ijh_‘;,"“,}?"“ ?W o Tmam s e “*Wf;/a,
® ‘Sub51dence. ;_i,r>rir‘ f,; ;"frfjg’ m*'f;pyi‘gwrg;f,514§h_; e
. e Induced selsmlclty, 1nc1ud1ng fault actlvatlon.::f | :
e Aesthetlc con31deratlons.»f - : T L
o Land use, 1nclud1ng archaeologlcal 51tes.\#j
o hh_lf o Vegetatlon, 1nclud1ng con51derat10n of endangered spec1es.
‘@~ Fish: and w11dl1fe and thelr-habltat, 1nc1ud1ng con51derat10n
mg of endangered species. j,;s“ o \ R . ST
o . Cultural patterns.. hf _%;Q;{‘”Wf:u: .xhjj;,f”';ffN'?”f ;fe‘vn_fAe
L These dlrect 1mpacts are of concern both durlng development and \
ST durlng utlllzatlon of- the resource.; =
- S - K-l : - :



Potential adverse indirect impacts, as well as adverse secon-
dary impacts, should also be considered.

ENVIRONMENTAL ASPECTS. OF LARGE SCALE GAS RECOVERY FROM: GEOPRESSURE
AND HYDROPRESSURE AQUIFERSI

- Introduction

~ This section is concerned with the various environmental prob-
lems that probably will arise with the development of any large
‘scale gas recovery program from either geopressured or hydropres-
sured aquifers along the Miocene trend of southern Louisiana.

Environmental Aspects

When consideration is given to large scale gas recovery from
these aquifers it probably should be envisioned as a series of
smaller scale projects. Our focus will be on one of these "smaller
projects®™ which typically could be expected to produce some 50
million cubic feet of methane assqQciated with upwards of one
million barrels of brine per day. The production, processing,
and disposing of these large volumes of brine from such a project
will result in several problems from an environmental standpoint.
The two most significant problems will be: (1) the possible
subsidence of the land surface in the immediate vicinity of the
producing wells, and (2) the disposal of the large volume of
produced brine. Lesser environmental problems may be thermal
pollution, air pollution, noise, and land use considerations.

With the removal of large volumes of water from either a geo-
pressured or hydropressured aquifer over an extended period of
time, there is a strong probability that the area around the proj-
ect will experience considerable subsidence. Surface subsidence
has:been a problem in many areas where large volumes of water (or
oil) have been removed. This can be particularly troublesome in
low relief, low elevation coastal areas -- typical of the Miocene
Belt of southern Louisiana. Subsidence of any appreciable degree
in these swampy, coastal areas could be extremely bothersome, even:
in an undeveloped region.

lNational Gas Survey, Report to the Federal Energy Regulatory
Commission by the Supply-Technical Advisory Task Force on Noncon-
ventional Natural Gas Reources, Sub-Task Force 1 -- Gas’ Dlssolved
in Water, DOE/FERC-0029, March 1979.

2Largest project from National Petroleum Counc1l study 1s'
Johnson's Bayou, with 400,000 barrels of water per day from eight
wells.



This geographlc ‘area (the Mlocene trend of southern Lou151ana)
is thought to be aseismic; however, the removal of large volumes of

"~ water, with the resultant drastlc reduction of reserv01r pressures,‘ v
conceivably could activate some of the growth faults in these. aqui-

~ fers. Subsequently, it is also possible that such fault movements
_ could result in surface adjustments. Damage due to such movements
would probably be limited to the 1mmed1ate area where the progected
fault plane(s) 1ntersect the surface. = ‘
: Concernlng the d1sposal of large volumes of brlne, the eas1est
disposal method would be to discharge to nearby surface waters or
into the Gulf of Mexico. This undoubtedly would be the most advan-
tageous from an operatlng ‘and economic standpoint. This dlsposal
method, however, would raise ‘environmental problems associated with
the dlfference in compos1t1on of the produced brine and the receiv-
- ing water. There is also the probability that the temperature of
"~ the dlsposed brine will be con51derably higher than that of the
receiving water, thus resulting in "thermal pollution.” Strong
- objections could be expected from both commerc1al and sport flsher-
'men, as well as regulatory authorltles. - ; :

, ‘A second and a more env1ronmentally acceptable dlsposal method
“would be to inject the brine into shallowgr, normal pressured
aquifers with a series of disposal wells.” From an operating and .
economic standpoint this has great. disadvantages. A high capac1ty'
~disposal well may handle as much as 10,000 barrels per day with

'l;sultable high pressure pumps.. Thus, a project such as this would"

‘require a large network of active disposal wells (plus stand-by or
reserve wells) with the associated surface installations; including
hlgh-pressure pumps which would be. requlred to effect sat1sfactory
'1n3ect10n rates. , :

<.

3These aquifers are. normal pressured br1ne aqulfers underlylng

R fresh-water zones .
R B

, K+3 :
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 LEGAL CONSIDERATIONS

VDISCUSSION

, Thls appendlx w1ll focus on the legal problems 1nc1dent to the
eownershlp of or the right to exploit hot, highly pressured. aquifers
~‘existing under the Gulf Coast of Louisiana and Texas which contain
_a wet steam source with significant amounts of methane existing -in
solution. Therefore, all references to geothermal energy used
hereafter in this paper should be understood to denote hot, high-
pressured water containing significant amounts of methane, and not
'hot, dry steam or an anhydrous hot rock strata.

- In. the absence of case law in Texas or Louisiana establlshlng
_ownership of geothermal energy as incident to any particular type
of interest in property, one must examine the ownership concepts
applicable to the various interests and determine which interest in
‘property would\seem most llkely to be vested with ownershlp of geo—
thermal energy. . : a

‘ﬂPubllc Ownershlp vs. Prlvate Ownershlp

; " At the outset, one must dec1de whether geothermal energy lies
within the public domain or the private domain. Without exploring
the issue in detail, one may feel reasonably ‘confident that neither
Texas nor Louisiana would assert ownership in its sovereign capac-
ity as against those partles already posses51ng ownershlp rlghts in
the property.~ et : , S e _ ,

In Texas, the state owns "the water of the ordlnary voe under- ,
~flow ... of every flowing rlver, natural stream and lake ...." See
~ TEX. WATER CODE ANN. §5.021(a). The ownership of" underground
‘water, defined as essentially percolatlng subsurface water and. ex—
cluding subterranean streams and the underflow of rivers, is recog-
nized as belng vested in the owner of the land and his lessees and

o ass;gns.r TEX. WATER CODE ANN. §52.002. ‘Geopressured waters, belng""
. -essentially stabilized in porous strata,; are not likely to be con~-
sidered a defined underground stream. Further, no cases have aris-.

~en wherein the boundaries of:an underground stream have been shown
50 as to vest ownershlp in the state.l Though the geothermal
- _'waters do not technically fit within “the definition of "under-
ground water" for purposes of Article §52.002 of the Texas Water
'Code so as to vest ownership in the landowner, it is much more
probable that such would be the result rather than a Jud1c1al de-:
"termlnatlon that such waters are vested 1n the state.' I :

In Loulslana, runnlng water2 and the sea3 are con51dered as
‘ belonglng ‘to the state. However, Adams vs. Grigsby, 152 So. 24 -
© (619) (La. App. 2d Cir. 1963), in determining the ownership of sub-
terranean waters; held that the right to appropriate underground
water 1s an 1ntegral part of the ownershlp of the land. “Further,
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the Lou1s1ana Geothermal Energy Resources Act of.1975, in extendlng
the provisions of the Louisiana Conservation Act to all geothermal

- - operations, including provisions for unitization of mineral inter-

- ests and allocation of production among the various property own-
ers,. strongly implies that the right to exploit geothermal energy
-is vested in the owner of- the land under which it is found.4 —
- Thus, though the exploratlon and production of geothermal energy “is
-"subject to extensive regulation by the state, the right-to explo1t
.geothermal ~energy in Louisiana and the right to-own the resource in
‘Texas in all probablllty will be held to be possessed by the owner
of the land. o ) )

of course, the ownersh1p of certain lands lies w1th1n the pub- .

© lic domain. Further, certain of the lands conveyed by the state or

federal soverelgn are subject to statutory reservatlon.5

Surface Owner vS. Mlneral Oowner T . CT - R

- In large part, the issue of ownershlp of the geothermal energy
will be between the owner of the surface estate and the owner of
the subsurface (or mineral) estate.® Of course, when the land is
owned in fee and has not been severed horizontally into the surface -
and mineral estates, or otherw1se burdened, there is no question as
to identity of the party- or partles posse551ng the rlght to exp101t B
the geothermal energy. S

) There is a substant1al volume of Case law in Texas’ construlng
the scope of a conveyance of "oil, gas and all other minerals." :
The term "other minerals" does not include substances which, though 5_
.technlcally a mineral, are not rare or exceptional -in nature, and
which exist as outcroppings or components of the surface and are so
closely related phy51cally to the surface as to be part of it.
Thus, sand, gravel, limestone, and caliche would not be encompassed
in a grant or reservation of "oil, gas ‘and other ‘minerals."
Heinatz vs. Allen, 217 S.W. 2d 994 (Tex. Sup. 1949); San Jacinto
Sand Co.. vS. Southwestern Bell Telephone Co., 426 S.W. 2d 338 (Tex.*
,,Clv.‘App. 1968). ,

: The basic test by~ whlch Texas courts must analyze the scope of
“the conveyance of "oil, gas and other minerals" was. established in
Acker vs. Guinn? (heréinafter referred to as the Acker case) and
- extended in Reed vs.. WY11e3 (hereinafter referred to as the Reed
-case). In holding that iron ore was not part of the "oil, gas as and .
other minerals®™ conveyed in a 1941 deed, the Supreme Court in the
Acker case reasoned that the parties to a mineral lease or deed _

usually think of the mineral estate as including valuable sub- R

stances that are removed from the ground by means of wells or mine
shafts, and though this mineral estate is-dominant and its owner 'is
entitled to make reasonable use of the surface for the production
of minerals, in the absence of the express contrary intention, a
grant or reservatlon of "minerals" or “mlneral rxghts“ should not



" be construed to- 1nc1ude a substance ‘that: must be removed by methods

$ ,that w111, 1n effect, consume -or deplete the surface estate.

‘ ~The Acker case was followed b Wllllford Vs, Sples 9 Dub01s"
vs. ‘JacobsiU and Reed vs._Wylle.l “A divided Supreme Court in: -
- the Reed case, in affirming the:judgment of the Court of Civil Ap-
- peals remanding the case to trial court for. determination of the
fact issue as to the coal and- llgn1te in questlon, reaffirmed the
Acker. dec1s1on, and stated-' S TR O T S -

~Acker vS. Gulnn stands for the rule that a
‘substance is not a 'mineral' if substantial

2 quantitles ‘of -that substance be so near the
‘surface that the productlon ‘will .entail the
stripping away and substantial destruction |
of the surface. That being the circumstance, '
-~ and there being no contrary affirmative ex-
pression in the instrument, it controls the-
‘constructlon of - the instrument as to the
same- substance at all depths.',y =

dea the surface owner must prove that, as of - - :
the date of. the. instrument being construed, -~~~ .
'if the substance near the surface had been . :

E ~_extracted, that extraction would necessarily -

SRS ﬁ;have consumed or depleted ‘the land surface.—

mherefore, a surface ‘owner could argue for an extens1on of the

_ general intent theoryl2 of Acker and. Reed. - This argument would
~cite the myrlad burdensome structures that would be necessary to

- harness and exploit -the hot,. hlghly pressured water -and the pos—_
'sible ‘subsidence and faulting of the surface as not within the
‘"general intent" of the parties to the-original instrument of con- -
’~veyance. Acker would then -apply, and a court would cla551fy the
geothermal resource as. 1n01dent to the surface estate.

- , However, such an argument would not be a loglcal exten51on of
.-the Acker- doctrlne. First of:all, the fact that exploitation of
‘"minerals" by the m1nera1 1nterest ‘owner might interfere with the .
surface owner's enjoyment of his estate should not be. equated with
ai"consumptlon or depletlon of the surface" within the meaning of
"Acker.  AcKer, Reed, Williford,l3 and Duboisl4 all déalt with a

r'}asubstance which was located so near 'to the surface .as to-constitute
" the surface itself. The methane located in the geothermal resource

cannot. 1oglcally be ‘considered to be in- thlS physical posture.

-~ Therefore, ‘the ‘argument that the surface owner had established

- "ownership" of the ‘geothermal resource by virtue of the Acker doc- s
'rftrlne would not appear to. be conv1nclng.~1¢'j:iﬁp I T s

| A second argument a: surface owner could assert would be based

. ”,upén Robinson vs. Robbins Petroleum, 501 S.W..2d 865 (Tex. Sup. -

';,1973) (hereinafter referred to as the Robinson case). The court in
- the Robinson case, in finding that the lessee had no ‘implied right .
to use ‘or 1ncrease ‘the burden on- the surface estate for the beneflt
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of other lands and holding that the surface owner was entitled to
-damages for the proportion of that water produced from the leased
land which was consumed (injected for water flood project) for pro-
duction of oil for lands outside the lease, stated: .

It has been decided that water is part of the
surface estate according to the ordinary and
normal use of the words conveying or reserving
minerals. Sun Oil Company vs. Whitaker, 483
S.W. 24 808 (Tex. 1972). ... we are not
attracted to a rule that would classify water
according to a mineral contained in
solution.15 f

The surface owner could assert ownership of the geothermal re-
source as incident to his ownership of the water itself. However,
it should be noted that in this case the Supreme Court, in dicta,
stated: '

If a mineral in solution or suspension were
of such value or character as to justify
production of the water for the extraction
. and use of the mineral content, we would
have a different case. The substance ex-
tracted might well be the property of the
mineral owner, and he might be entitled to
use the water for purposes of production of
the mineral.

Assuming the. presence of sufficient concentrations of methane

" within the geothermal water as to make the methane commercially

" valuable in and of itself, the mineral interest owner could validly
assert its ownership of this "mineral" by virtue of its fee inter-
est in the mineral estate. Because of the physical inconsistencies
between the substances considered in the Acker line of cases and
the geopressured reservoirs involved in this fact situation as
noted above, the Acker doctrine would not be construed so as to
“deny ownership of the "mineral"™ in the mineral interest owner.

- Furthermore, the rationale employed in the general intent test
would seem to favor the mineral interest owner. Since exploitation
of the geothermal resource would involve the drilling of wells much
in the same manner as oil and gas are exploited, this method of
exploitation would seem to fall within the general intent of the
part1es17 that the mineral owner was granted an estate in the
valuable substances usually removed from the ground by means of
wells or mineshafts.l8

The type of physical destruction or consumptlon of the surface
estate found to be a paramount consideration in the Acker 1line of
cases is not present in geothermal operations. Rather, the issue
is more properly categorized under the rubric of excessive use or
interference with the surface estate. By virtue of the classifica-
tion of the interest of the mineral owner or lessee as the dominant
estate and the interest of the surface owner or lessor as the



-~/

. servient estate, the mineral interest owner has the implied legal

right to use however much of the surface estate as is reasonably
necessary to its operations. Humble Oil & Refining Company vs.
Williams, 420 S.W. 2d-133 (Tex. 1967), held that a cause of action -
for damages exists on behalf of the surface owner if the lessee's

“use of the surface is- negllgent or if such use is not “reasonably

necessary” to the lessee's operations. The Supreme Court in Getty
-'0il Company vs. Jones, 470 S.W. 2d 618 (Tex. 1971), however, found
that 1f - the lessee's use substantlally interferes with a pre-
-existing use by the surface ownerl9 and reasonable alternatives

~are available to the lessee, reasonable usage of the surface estate
by the lessee may require adoption of a less injurious alternative
‘by the lessee.  Sun 0il Company vs. Whitaker, 483 S.W. 2d 808 (Tex.

1972), in holding that the lessee had. the right to free use of so
much of the fresh water underlying the lease (for a water flood
project) as was reasonably necessary to produce oil from its oil

"wells,,limited the Getty 0Oil Company vs. Jones decision to situa-

tions in which there are reasonable alternative methods available
to the lessee on the leased premises (emphas1s added) to accomplish
the purposes of the lease. AR ,

‘Once a court- flnds that ownershlp of the geothermal resource p
-lies incident to the mineral estate, the lessor cannot readily as- -
sert a cause of action for interference with his enjoyment of the
surface estate. The production, gathering, and processing equip-
ment that will probably be required to efficiently exploit the geo-
thermal resource may exceed that burden placed upon the surface
‘estate incident to exploration and production of oil and gas. How-

‘ 'ever, as stated 1n Sun 0il Compa;y vs. Whitaker,

~~ The rlghts 1mp11ed from the grant are implied
~by law in all conveyances of the mineral es-
tate and, absent an express limitation there-
on, are not to be altered by evidence that
the parties to a particular instrument of
conveyance did not intend the legal conse~
quences of the grant.20

Flnally,,Kenney vs. Texas Gulf Sulphur Co., 351 S. W. 2d. 612
(Tex. Civ. App. - Waco 1961, writ ref'd.) relieved the lessee from
liability for damages when a reasonably necessary method of extrac-

- tion of mlnerals caused surface subs1dence.?

In summary, the ex1stence of ‘commercial quantltles of methane
found in the geothermal resource will probably vest title as to-
such methane in the mineral interest owner. Further, in order to
produce the methane to which the mineral ‘interest owner is en-.
titled, the hot, high~pressured water will also have to be pro-
duced. Whether the mineral interest owner would be entitled to all.
‘of the benefits resulting from the exploitation of this by-product
is a moot question. However, this analysis has been predicated
upon the existence of commercially valuable methane in sufficient
quantities as to justify development of the geothermal resource.
It mlght ‘seem lnequltable to deny the: owner of the subsurface water
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any of the benefits resulting from exploitation of the subsurface
water for its energy potential aside from the exploitation of its
methane content, but a court may find it difficult to differentiate
such exp101tatlon of the hot, high-pressured water from the les-
see's right under Sun 0il Company vs. Whitaker to use such amounts
‘'of the subsurface water as are necessary to the enjoyment of the
mineral estate.22 , |

LOUISIANA

The courts in Louisiana, in determining whether a servitude or
lease gives to its owner the right to exploit a specific mineral,
have employed a number of judicial canons in a consistent manner.
This approach has favored more of a determination of the specific
intent of the parties than the general intent test used in Texas.

The canons of contractual construction in Louisiana differ in
some ways from those used in Texas courts. The doctrine of ejusdem
generis 3 is applied in Louisiana, while it was specifically re-
jected by the Texas Supreme Court in the Acker case. The Texas
courts have not allowed extrinsic evidence to be admitted as to the
intent of the parties at the time of the conveyance in the Acker
line of cases, whereas, the Louisiana courts admit evidence as to
the circumstances existing at the time of the contract and the sit-
uation of the parties at that time.24 1In addition, Civil Code
Article 753 requires that burdens on the land be narrowly con-
“strued. See Delahoussaye vs. Landry, 3 La. Ann. 549 (1848).

The application of the Louisiana canons of contractual con-
struction and the existing Civil Code legal presumptions would -
probably result in a determination that the right to exploit the
geothermal energy for its heat and pressure is not included as
right incident to a mineral servitude or lease.23 It would be
difficult for a court using these constructional devices to find
that the parties to such instruments intended or even contemplated
the exploitation of a substance which may have not been known to
exist at the time of execution or which even now cannot be shown to
be clearly capable of commercial exploitation.26

Absent these judicial considerations, the servitude owner or
“lessee would seem to have available a logical argument to the ef-
fect that because methane is but "natural gas" dissolved in geo-
pressured water, the servitude owner or lessee,has the right to
produce such gas,27 regardless of manner in which it must be pro-
duced. This contention is more persuasive than the argument avail-
able to the lessee attempting to claim the right to strip mine lig-
nite; however, even a narrow application of the legal doctrines '
consistently applied in the Holloway, Delahoussaye, and similar
cases would make it difficult for a lessee to successfully prove
that the parties "intended" to convey the right to exploit methane.
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o CONCLUSION -

= rgu~append1x would probably vest in-the mineral interest owner as op~ . -
rr,posed to the surface owner. A similar analysis of Louis1ana case

geothermal energy as defined in. the introductory paragraph of th1s

. law ‘indicates that present mineral servitude owners and lessees . . -

probably do not possess the rlght to explo1t the geothermal energy.i

termlnatlve of the issue, litigation will be necessary to ‘resolve -

“the issiue;-furthermore, resolution of this issue will certainly not .

- eliminate all of the. producer's problems. -Very substantial legal.
T problems relatang to the operatlon of a v1ab1e geothermal prOJeCt o
. w111 remaln._;ff' , S -

;if ership of. geothermal resources existing in a form differing from’
‘that analyzed in this appendix, namely- steam, a California District

ERES cf%3.llRecogn1zing the general xntent test established in wf'j” ,
.~ ... .- Acker: ve. -Guinn, the court noted"that the trial ~~ .~~~
. -7~ -7 ‘Court found that the: exploitation of geothermal re- -~ . .~

~Court of Appeals, in affirming the trial court, held that a general =

~grant of "all’ minerals, .in, on or -under" the’ property conveyed in a

1951 deed included a grant«of geothermal resources, 1nclud1ng steam

N therefrom.,l“;»‘v.,

In an analys1s which recognlzed and applled the doctrlnes and
rat1ona1es used in the Texas cases analyzed hereln, the court made’
~the follow1ng po1nts-f S : i =

l._ Aegrant should be . construed ‘to convey the broadest

- possible estate, and the general intent of the par=-
B,,;tles was to grant the owner of the. mineral estate.

- the rlght to extract valuable resources from the

ﬁ;follow the- mlneral estate.,a
. 2rﬂﬁProduct10n of energy from geothermal energy by means'
.. " .of wells is analogous- to production of energy from -
IS other mlnerals such as Oll and natural gas.iﬁi

_”t,ﬁ~<:ssources does not substantlally destroy the surface ,
s of the property.;;*>1> , v'f-:»‘"« S ,A,»;,i;;hgf

fﬂ Us1ng language and rationale very similar to that employed by

7the Supreme Court of Texas in. the Acker line of cases, the court'~'
- stated.“— B N T = ;; 4:, E - ,

~ The parties to the 1951 grant had-a general

”'i;able, underground, physical resources of the R

" .earth., “Therefore, the geothermal resources should ’ ’ihl;;c

R Any analys1s of ownershlp of geothermal resources must make' L
L mention of Geothermal:-Kinetics, Inc. vs. Union 0il Company of -~
California, 141 Cal. Rptr. 879 (1978). 1In this case involving own- ---

" .. intention to convey those commeércially valu- e e T

Obviously, Wlth no jurlsdlctlonal cases ex1st1ng which are de-'” ;f[s



property. They expected that the enjoyment
of this interest would not destroy the sur-
face estate and would involve resources dis-
“tinct from the surface soil. In the absence
of any expressed specific intent to the con-
trary, the scope of the mineral estate, as
indicated by the parties' general intentions
and expectations, includes the geothermal
resources underlying the property."

In addition to holding that the geothermal resources are part
of the mineral estate, the court concluded that geothermal water
also was a part of the mineral estate. 1In recognizing that some
states, including Texas, have held that the ownership of subsurface -
water is vested in the surface estate, the court distinguished such
subsurface water from the water and steam components of geothermal
resources. Recognizing that there is a geologic basis for distin-
guishing the ground water system which originates from and is re-
plenished by rainfall from the geothermal water system which is cut
off from such waters by a thick mineral cap, and noting that the
rationale for recogn1z1ng the rights of the surface estate to the
ground water system is largely inapplicable in the case of geother-
mal water, the court concluded that geothermal water is a mineral
and thus not a part of the waters included in the surface estate.
It is apparent that, in large part, the court was attempting to
avoid a fragmentation of the ownership or exploitation rights re-
lating to geothermal resources based upon the physical type of geo-
thermal energy. Hopefully, such an approach, whether resulting in
full ownership in the surface owner or mineral 1nterest owner, will
be followed by courts in Loulslana and Texas.



NOTES
, lComment, "Geothermal Resource Development in Texas,“ 29
BAYLOR L. REV. 993 (1977). _
| 2R.s. 9:1101 .
3Rr. s. 49:3
4Harrell Hlll Plke,'and Wllklns, Legal Problems Inherent in
_the Development of Geopressured and Geothermal Resources in

Louisiana, Final Report prepared for U.S. Depar tment of Energy
. (1978) . (Referred to herelnafter as Harrell).

- ‘ 5The questlon of ownershlp of geothermal resources arose 1n
the case of United States vs. Union 0il Company of California, 549 .

F. 24 1271 (9th Cir. 1973), wherein the Ninth Circuit Court of

Appeals, in reversxng the lower court decision, held that the

~ United States, in a reservation of coal and other minerals, d1d by

- such reservation retain ownership in the geothermal resource. How-

“ever, the decision was based upon statutory .construction of the

, Stock Raising Homestead Act, 43 U.S.C.A. §299 (1970), using its .

legislative history. Thus, this decision is of little value in
© . determining the publlc ownership- vs.~pr1vate ownershlp 1ssue, or in
"the surface owner vs. mlneral owner issue.

- 6a few comments concernlng the nature of the landowner's in-
terest in o0il and gas in place beneath his land should be made at.

~this juncture. Despite the variation in the classification schemes

-employed by the various authorities in this area of law, one can
valldly classify the landowner's interest under either an ownership
in place theory or a non-ownership (or exclusive right) theory.

' Texas courts, in adhering to the ownership in place theory, hold
that the landowner has title to the underlying oil and gas to the
same extent as he owns any other underlying minerals and that the
- interest in o0il and gas is a real interest subject to ownership,
severance, and sale while embedded in the sands or rocks beneath

- the surface. See Stephens County vs. Mid-Kansas 0il - and Gas Co.;-
113 Tex. 160, 254 S5.W. 290, 29 A.L.R 566 (1923). Thus, since the

- landowner in Texas is deemed to have fee simple title to all min-
"erals, including oil and gas, which underlie the surface, he may
effect a horizontal severance by conveyance or reservation of the

 mineral interest fee simple. Similarly, under the typical oil and -

"gas lease prov1d1ng for a fixed term and so long thereafter as
production continues, a fee simple determlnable ‘is created in the
flessee._ See Stephens County, supra. : e _

, Loulslana courts, on the other hand, follow the non-ownershlp L
theory and hold that minerals are 1nsuscept1b1e of ownership apart
from the land until reduced to possession.  Article 6 of the C
Louisiana Mineral Code (R.S. 31:6) provides that "the landowner has
- the exclusive right to explore and develop his property for the.
production of such minerals (i.e. minerals occurring naturally in

N
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lquld or .gaseous form or elements or compounds in solution, emul-
sion or association with such mineral) and to reduce them to pos-
‘session and ownershlp. Thus, a grant, reservation, or lease of oil
~and gas carries only the right to extract such minerals from the
soil. The basic mineral rights that may be created by a landowner
‘are the mineral serv1tude, the mineral royalty, and the mineral
1ease. - R S..3l 16. ] - . -
7Acker vs.,Gulnn, 451 S.W. 24 549, aff'd., 464 s. W. 2d 348
(Tex. Sup. 1971)

)

8Reed vs. Wylie, 554>s W. 2d 169 (Tex. Sup. 1977);"

9W1111ford vs. Spies, 530 S.W. 2d 217 (Tex. Civ. App. 1975),» ‘
held that a reservation of an interest in oil, gas, and other min--
erals did not include coal and lignite that would (emphasis added)
be mined and recovered by open pit or strip mining methods.

10pubois vs. Jacobs, 551 S.W. 2d 147 (Tex. Civ. App.,1977),
held that a reservation of a royalty interest in oil, gas, and/or
other minerals did not reserve any substance that must (emphasis
added) be produced by methods which will in effect consume or de-
plete the surface estate. : :

llNote 10, supra. o 7 R -

12The phrase "general intent theory" is merely a convenient
device for referring to the rationale of the court in Acker that
the general intent of the parties was not to include a substance
that must be removed by methods that w111, ‘in effect, consume or-
deplete the surface estate. , -

13note 11, supra. - -
,714Note‘12, supra.

15Robinson, at 867. : However, the mineral referred to in the’
instant case was salt. . - T \ .

1614., at 867. R e
17Comment, Note 1, sugra at 1007. ;

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

19The surfacejowner ‘had prev1ously 1nsta11ed a self-propelled

- irrigation system requiring an operating clearance of 7 feet. .
Though two other lessees had found methods to develop their inter-
_.ests which did not interfere with the irrigation system, Getty
drilled two interfering wells and installed pumping units requiring
clearance substantlally in excess of 7 feet.

20gyn 011 Company vs. Whitaker, 483 S.W. 2d (Tex. 1972), at
811. '
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~--source in 1tself.,r L

~.a more general word or phrase is to be held to refer to thlngs or --

“21the court recognlzed that sub51dence«is a necessary and - ;
inevitable result of use of the Frasch Process, the .only commer= - .

‘cially-known method of producing sulphur in the region of. the Gulf
- Coast, and noted that: the ‘Plaintiff's rlght to have her land free

- of subsidence was one ‘of the rlghts dlsposed-of by her predecessor
~in tltle, when the 1ease was-made. - : r :

- 22Of course, the 1mp11ed rlght of use of the surface estate s

_"has- always.been construed in a- ‘situation wherein the surface use- -

was necessary to.assist-in recovering the mineral being expL01ted.

- In this case, besides having this quality, the surface use would

result in a by-product posse351ng commerc1al value as-an. energy

" 23The rule of eJusdem generis is a rule of constructlon to aid
in ascertaining -the: meaning of a statute or written instrument e
whereby an-enumeration’ of spec1f1c ‘substances or things followed by L

substances of a. llke nature or: klnd. » S -

24Holloway Gravel vs. McKowen, 200 La. 917 9 So. 2d 222

;“(1942) -The Supreme Court, in holdlng that a reservation of "all
.- the minerals, oil, and gas," did-not include.  the rlght’to mine
gravel deposits, employed\those concepts _in 11m1t1ng the scope of -

the term "mineral." A similar approach was taken in River Rouge
Minerals, Inc. vs.~Energles Resources of Minnesota, 331 So. 2d 878‘

-’ﬁ(La. App. 2d Cir. 1976), writs-denied 337 So. 24 221, (1976),

which case the court used the pr1nc1ples followed in the Holloway
case to find that the strip mining of lignite was not-included -
within the terms of anm "oil, gas and all other minerals" lease. 1In -

“"addition to noting-that the strip mining of the. lignite would ren-
- ~der that portion of the- surface unusable for/other purposes, and
_that the -lease did not contain provisions- approprlate for strip

mining, the court concluded that it was- unllkely the parties would

“have included lignite. within the meanlng of Mother. mlnerals“ at the
"tlme the 1ease was executed.riﬂk S L . - - :

25Harrel, 6, sugra,at‘67.' T

261&., at 67, T ST T T L
27In‘Re1ch vs. Commissioner of Internal Reyenue (1969), 52 ,
T.C. 700, affd. (9th Cir., 1972) 454 F. 2d 1157, the Tax- “Court con-.

;cluded that geothermal steam produced from .the geysers in. Callfor- o
"~ nia was a:gas-for- purposes of the oil -and gas depletlon allowance -
~in the Internal~ Revenue“Code.””However, this decision; based upon-

5 statutory constructlon, would: have little or. nowprecedent1a1 value-l

~din- resolvxng'the 1ssues posed 1n th1s appendlx.tiu‘«,e,
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MONTE CARLO SIMULATION OF ELEVEN GULF COAST PROSPECTS

This appendlx presents results of the Monte Carlo 51mu1at10n .of
gas production from 1l geopressured brine prospects studied by the -

-.National Petroleum Council. The objective of these simulations was

to define gas prices needed to prov1de economically feasible rates

' of return (ROR) on. 1nvestments 1n these rlsky ventures.‘

Because the chance for pro;ect fallure (deflned -as a negatlve ‘

ROR) was high, in many cases the average prospect ROR's were not
-meaningful. Therefore, this report presents curves which show the
" probability that a given prospect will achieve specified minimum

ROR goals. Results are in the_ form of plots of: the-chances that an-

Monte Carlo Program

ThlS prOJect used the Bonner’ and Moore "Plannlng and Analy51s

~of Uncertain Situation" (PAUS) ‘computer ‘program. Figure M-l is a~

- "schematic diagram of the Monte Carlo simulation scheme for the
~'Southeast Pecan ‘Island prospect which was initially. studied in de-’
‘tail. .In general terms, the Monte Carlo method uses probability

distributions of uncertain factors to- generate - a likely range of -

‘ - project economics. - The method works as follows. First, a specific

’ fvalues for the 1mportant variables.— - . ,;;L' e

) VarlableS- ,‘ T ":’“ - j ,",f - j» >“,,\' RN N ." .

- number is drawn at random from the overall range of values for each
. important factor. These random draws are combined into a single = -

~economic valuation with its resulting return on investment. This -
"~ process is repeated hundreds or thousands of. times. The final re-

sult (in this case a rate of return) is“saved from each run. The

" . PAUS output is a plot of the distribution of these ROR's biased by

the systematic selectlon from among the range of p0551b1e 1nput

~81mulat10n of Geologlc'Input Varlables

In order to run a Monte Carlo 51mulat10n, the range of each

input factor must be known. A commonly used” method is to make’

three estimates for each factor. . Project geologists ‘are asked for
"optimistic" (high),. "pes31mlst1c" (low); and "most 11ke1y" (mode)

Table M-1 presents the National‘Petroleum Counc11 study partlc-

'1pant estimates of the~likely value ranges for geologic: variables. -

in-the 11- geopressured brine gas prospects.. These values -were.

~ arrived-at aftér very- careful- analy51s of each prospect by expert - |
~ geologists in“the area. These ‘estimates are the- low, most likely; -
-\Zand high parameters described above., A single run consists of

1,000 random draws from the resulting beta distributions. _Table -
M-2 lists the average and. standard: dev1at10n for geologlc varlables

after 1,000 Monte Carlo tr1a15' ERRE Lk S -

~investment . in a given prospect will achieve at ‘least zero- -percent _, -
~ ROR - (success), 10 percent, 15 percent, or. 20 percent ROR.» ~
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TABLE M-1
; . Geopressure Gas\Simuletion Geologic Factors
Net Pay T . Permeability ; ’Dra.inage Radius . ‘ Rock ‘Compressibility . B i Gas Solubiiity
: v R ‘ T , T ,  Low . Likely  High
v ;  Low ' Likely, Hich  Low  Likely High  Low  Likely ~ High ~  Low =~ Likely High* . - (.4) (0.8) (1.2)
- Prospect (Feet) (Feot) (Feot) - (md) - “(md) (md) - (Feet)  (Feet) ' (Feet) -(x 10-6) (x 10-6) (x 10-6) {Cu Ft/Bbl) - (Cu Ft/Bbl) (Cy Ft/Bbl)
‘ Atchafalaya Bay - : iy S L : T o . : B : . . B ‘
CEest. . 100, 30 380 . 5 - 20 " 95 3,000 7,90 21,000 2.5 50 10.0 12 23 . 35 -
West | 50 220 600 © 10 . 30 100" 3,000 = 7,180 17,000 2.5 5.0 . 0.0 9 s 28
" Johnson's Bayou, | - SO0 1,250 1,550 50 100 300 3,000 7,350 - 18,000 2.5 5.0 110,000 1z 3
LaFourche Crossing 100 ' 360 650 S .20 ‘70 3,000 6,180 ' 12,750 - ' 2.5 5,00 10.0 ‘ 5 e 2 : 46
Rockefeller Refuge 200 ~ 435 1,400 10 20 80 3,000 . 6,600 - 14,666 2.5 . 5.0 oo - 2 R | R 1
SE Pecan Island . . s SRR e - S s ) : . :
.~ Esst . . 100 . 250 380 . 5 10 . SO 3,000 5,700 11,000 2.5 50 10 - 14 8 a2
fest 1000 275 980 5 . 100 50 3,000 . 6,500 14,000 . 2.5 5.0 10,0 . 16 28 42
AustinBsyou' 100 715 . 900 © .5 20 60 3,000 5,700 11,000 2.5 5.0 - 10,0 6. : 48
Candelaria . 100 40 700 1. S 60 3,000 6,90 16,000 2.5 Cs00 0.0 T T T 34
Clinton . = == 700 - s 20 . 100. 3,000 5,500 (10,000 2.5 - 5.0 10.0 n R ST .
Eagle Leke e 575 -- S 20" 500 3,000 5,300 9,500 2.5 5.0 10.0 12 36



TABLE M-2

Geopfessure Gas Simulation Averages and
Standard Deviations for Geologic Factors

. ’ , Radius Gas
, ‘Pay Thickness Permeability Geome Compressibility Solubility

Prospect (Feet) (md) (Feet) _1/psi x 1076 (cu Ft/Bbl)

' Avqge. Std. Avg. Std. Avqg. ‘ Std. Avge Std. Avg. sStd.
Atchafalaya Bay ‘ ‘ ‘

East 283 39 30 15 = 9,340 2,957 5.4 1.2 23 4

West \ 252 91 38 15 8, 150 2,300 5.4 1.2 18 3
Johnson's Bayou 1,170 175 124 42 8,460 2,465 5.4 1.2 23 4
LaFourche Crossing 362 92 26 11 6,785 1,600 5.4 1.2 30 5
Rockefeller Refuge 552 197 28 12 f7,392 1,918 5.4 1.2 41 7
SE Pecan Island , :

East ' 245 47 16 7 6,166 1,316 5.4 1.2 28 5

West . 360 145 16 7 7,211 1,809 5.4 1.2 28 5
Austin Bayou 639 133 24 9 6,166 1,316 5.4 1.2 32 5
.Candelaria ‘ 450 . 100 14 10 7,840 2,137 5.4 1.2 22 4
Clinton - .700 - 32 15 5,790 1,172 5.4 1.2 22 4
Eagle Lake 575 - 80 77 5,576 1,088 5.4 1.2 - 24 4



PAUS output includes plots of the frequency distributions of
-all geologic input variables as well as the resulting distribution
of project ROR's. For the sake of brevity, this report presents
“only curves which summarize the result of chang1ng gas prices from
$2.00 per MCF through $16 00 per MCF. : L

L1ke1y Success or Failure of a Given Prospectt%

. Figure M- 2 111ustrates a typical output from a successful
'prospect. , .

 AVERAGE
"ROR -

 SMALL "~
; NEGATIVE AREA :
S 100% R R ol +100%

 FAILURE CASES 4__|—.> SUCCESSFUL CASES

- mgare‘M-z.;ROR 'mstnpuubﬁ,mrgely Successful Prospect.

“In general terms, the frequency dlstrlbutlon of ROR's is a-
‘bell-shaped curve with the average prospect ROR located near the
-peak or most likely value.  Theé tails of the curve represent the
probably extreme ranges of. progect outcomes, On the left;, the pes-

simistic outcomes comblne to. give 1ow, sometlmes negatlve (meanlng—
less) ROR's. . A . -

SR For the purposes of this discu551on ‘a negative ROR is called a
"failure" (shaded area). Obviously one would not choose to partic-

~ipate in a prospect likely to result in a net loss. .The relative

.. size of the shaded area determines the chances for a failure to

~occur. - In Figure M-2 the large part of the ROR curve on- the pos1-j
tive: s1de 1nd1cates high probability for success., o

S Figure M-3 111ustrates the ROR distributlon for a prospect
which ‘is llkely to fa11.7‘1~« e : v : - v

; In this case, random draws 1n the Monte Carlo 51mulation re-,,f
sulted in many combinations of low values for geologic variables.. -
;When this occurs (and especially at low gas prices) the progect
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" Figure M-3. ROR Distribution,Prospect Likely to Fail.

loses money with a negative ROR. The shaded area (representing
chances for failure) becomes large and, as the left tail approaches
-100%, the ROR program blows up. This results in a "spike," or
meaningless ROR values, all plotted at -100%. When negative ROR's
occur, the average project ROR's are not meaningful. This happened
often in the prospects in this report. :

Monte Carlo Simulation Results

Simulation runs were made to determine gas prices which would
result in 10, 15, and 20 percent ROR's. However, the above discus-
sion explains why average ROR's are often not meaningful. For this
reason it was decided to rephrase the results in the following
form.

The probability of achieving at least a given minimum percent- .

age ROR as a goal was computed; this eliminates the need to consid-
er or average meaningless negative ROR's. As a cutoff reference
point, a project was arbitrarily defined as a "success" when it
achieved at least a positive ROR. This is the same as calling for
at least a positive undiscounted cash flow sometime within the life
of the project. In addition, simulations were run to find and plot
the chances that each prospect will achieve goals of at least 10,
15, or 20 percent ROR. ' '

Simulations for all 11 prospects were run at prices ranging
from $2.00 per MCF to $16.00 per MCF. Figures M-4 through M-14
present the resulting plots of the chance for achieving the given
ROR goals vs. gas prices..

For the purposes of illustration, Figure M-4 is discusSed in
detail. This figure presents the results of the East Atchafalaya

-~

e



Bay prospect. The four curves labeled zero percent, 10, 15, and 20
percent ROR represent minimum returns on .investment. goals. Each
~curve presents the chance that the prospect will achieve the given
goal as a function of gas price. - The 50/50 chance is shown as a
broken llne across the center of the flgure. :

To flnd the minimum prlce requlred for 50/50 chance of success,
- . simply draw a vertical line downward from the point at which the
~zero percent curve crosses the 50/50 line. This corresponds to gas-
prices of about $7.50 per MCF. Similarly, a 50/50 chance for at
least a 10 percent ROR requlres -about $9.20 per MCF of gas.,

; Flnally, in order to show how ROR's behave around a partlcular

goal, Figure M-15 was included. This is a simulation print plot of
the distribution of ROR's for the 1 000 cases at $9.20 per MCF of
gas for this prospect.

. This plot shows the frequenc1es at whlch various ROR's occur in
,1 000 Monte Carlo simulations selling gas at $9.20 per MCF. - The
~vertical axis is the count (out of 1,000 trlals) of outcomes in
each ROR interval. For example, Interval 1 is 0-2 percent ROR, In~-
terval 2 is 2-4 percent ‘ROR, etc. : ‘ '

The splke on the left 31de of Flgure M- 15 is the number of
failure cases all plotted at an ROR equal to zero percent. This
.spike. shows that there is about a one in three chance (36.8 per-
- cent) for failure (zero or negatlve ROR) of this prospect even at

©$9.20 per MCF of gas. The remaining intervals show approximately
- bell-shaped distribution of positive ROR's. peaklng somewhere -around
'the 14-16 percent ROR 1nterval. : , . :

R The: table on the rlght side of Flgure M-lS glves interval fre-

" 'quencies and cumulative- percentages. - For example, next to Interval
6 (lower limit = 10 percent) a cumulative percentage of 50.4 is

~ seen. This gives a 50/50 chance for at least a 10 percent ROR cor-
,rfrespondlng to one. p01nt on the lO percent ROR curve shown in Flgure
- M-4, - : o L :

, Other po1nts ‘on this flgure can be found in a s1m11ar fashion.
"This type of ROR plot shows the entire range of p0551ble outcomes .

" for a prospect at one price., However, it is not practical to

reproduce this flgure for all possible prices and every prospect.

. For this reason it was. ‘decided to present the plotted results as

- was: done . 1n Flgures M-4. through M-14. ‘ S
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