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Abstract 

Formation evaluation i s  of great importance in geothermal devel- 
opment because of the h i g h  capital  costs and the f a c t  t ha t  suc- 
cessful exploration will  only pay off through a subsequent deci- 
sion to  construct a power plant or  other u t i l i za t ion  f a c i l i t y .  
Since much formation data is  available from well logging, devel- 
opment of new techniques of log interpretat ion f o r  application 
to  geothermal wells i s  called for .  An analysis of potential near- 
term benefits from this program and the types of formation data 
called f o r  i s  discussed. Much useful information can be devel- 
oped by adaptation of techniques used i n  o i l  and gas reservoirs,  
b u t  the different  demands of geothermal development from hydro- 
carbon production a l so  open up  new data requirements. 

Introduction 

Well logging fo r  the petroleum industry f i r s t  developed in the 
1920's and 1930's when there was a suf f ic ien t  demand f o r  logging 
services t o  st imulate industry. Logging techniques have developed 
slowly over a period of decades. These techniques a re  sometimes 
unsuited to  the needs of geothermal development, par t ly  because 
the types of d a t a  called fo r  are  not identical  t o  the data needs 
of the petroleum industry, and  par t ly  because of the d i f fe ren t  
logging conditions tha t  o b t a i n  in geothermal wells. Today, be- 
cause geothermal development h a s  barely begun, there i s  only lim- 
i ted  demand to  st imulate the development of specialized geothermal 
l o g g i n g  services.  However, by developing the knowledge necessary 
to  in te rpre t  the character is t ics  of geothermal reservoirs from log 
data immediately, the geothermal industry will benefit  and  devel - 
opment of geothermal resources may be accelerated. The Geothermal 
Log Interpretation Program a t  the Los Alamos Sc ien t i f ic  Laboratory 
is charged with the development of log interpretat ion techniques 
t o  address geothermal problems. As par t  of this e f f o r t  an assess- 
ment was made of potential benefits  t ha t  migh t  r e su l t  from a p p l i -  
cation of improved logging d a t a .  

Benefit Ident i f icat ion 

The analysis focuses on development of hydrothermal resources for  
e l e c t r i c  power generation. This i s  l ike ly  to  embrace the bulk o f  
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near-term geothermal development. Development of hot dry rock 
and geopressured resources, and development fo r  geothermal non- 
e l e c t r i c  applications,  a re  not ye t  suf f ic ien t ly  advanced f o r  a 
quantitative projection of the i r  logging requirements. 

Improvements i n  the  process of geothermal development can come 
about i n  three ways. A direct  reduction i n  the costs  associated 
w i t h  development will produce a benefit equal t o  the dol la rs  saved. 
This benefit may ultimately be realized as a reduction of the cost 
of power o r  as  increased investment i n  development elsewhere, 
which will y i e ld  benefits indirectly.  
development will  produce benefits of two types: 
velopment is effect ively reduced i f  losses are  cut and develop- 
ment may be accelerated by increased ava i l ab i l i t y  of investor cap- 
i t a l  i n  response to  the reduced r isk.  Finally, improved data 
that  can aid the process of applying f o r  and obtaining regulatory 
permits can allow more rapid completion of proposed power plants.  

A reduction i n  the  risk of 
the cost  of de- 

Geothermal development is highly capi ta l  intensive. I n i t i a l  i n -  
vestment involves not only the cost of f i e l d  development, b u t  a l -  
so power plant construction. Furthermore, since several produc- 
tion wells a r e  required to  supply a power plant,  revenue may not 
be realized unt i l  the en t i r e  investment i s  made. Payout on the 
investment occurs over the 20 to  30 year l i f e  of the power plant ,  
which may subs tan t ia l ly  exceed the l i f e  of individual production 
we1 1s. T h i s  renders geothermal development extremely sens i t ive  
t o  i n i t i a l  risk. A large amount of capi ta l  i s  a t  risk f o r  an ex- 
tended period, and there is  a substantial  delay between investment 
and the commencement of revenues. 

Reinjection is  another important feature o f  geothermal development. 
Reinjection of produced brine will be required i n  a l l ,  o r  v i r tua l ly  
a l l ,  geothermal development. The enormous quant i t ies  of brine i n -  
volved make this a major factor ,  approximately doubling the number 
of wells required. In addition, the large volumes withdrawn and 
reinjected r a i s e  serious questions regarding the poss ib i l i ty  of 
subsidence o r  induced seismicity. T h i s  may be a s ign i f icant  i s -  
sue i n  the permitting process. This places a d d i t i o n a l  value on 
knowledge of reservoir structure and the mechanical properties of 
the formation. 
voir also become important since reinject ion may be needed to  main- 
ta in  productivity. 

Log data can be applied to  benefit a geothermal development pro- 
gram i n  a number of ways. Table I summarizes potential benefici- 
al impacts of the development of improved techniques f o r  geother- 
mal logging and interpretation. 

Permeability and the pattern of flow i n  the reser- 

Benefit Estimate 

A quantitative estimate of possible near-term benefits from re- 
search in geothermal logging and interpretat ion,  based on develop- 
ment of  hydrothermal areas for e l e c t r i c i t y  generation i n  the U.S., 
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was prepared f o r  LASL. 
Energy scenario of geothermal development and d r i l l i n g  cos ts  and 
corrected f o r  i n f l a t ion  and energy costs  t o  1981 do l l a r s .  Details  
of the  scenario and cost /benefi t  analysis  can be found i n  Referen- 
ces 1,  2 and 3. Benefits were grouped in to  five c lasses  of cos t  
savings plus the benefit of ea r l  i er power-on-1 ine. Gross benefits 
(no allowance f o r  cos t  of logging and in t e rp re t a t ion )  i n  constant 
1981 dol la rs  were: 

The es t imate  was based on a Department of 

Improved d r i l l i n g  success $175.8 x l o6  
e Reduced exploratory d r i l l i n g  $ 49.5 x l o 6  
e Reduced flow t e s t i n g  
e Reduced d r i l l i n g  costs  

$ 78.4 x l o 6  
$175.8 x l o6  

e Reduced re in jec t ion  requirements $ 80.3 x l o6  
Scenario acceleration $328.6 x lo6  

Dri 11 i n g  Success 

Wells a r e  s i ted on the basis  of the picture  of the reservoi r  t h a t  
i s  b u i l t  up  from geophysical and geological survey data f o r  the 
area and data from other  wells.  Obviously, the  f i r s t  well on a 
s i t e  cannot benefit from log data,  b u t  l a t e r  wells may. In te r -  
well cor re la t ion  i s  an es tab l i shed  tool for revealing reservoir 
s t ruc ture .  
t i a l  value i n  well s i t i n g  i s  the use of the well log t o  improve 
o r  c l a r i f y  the  analysis  of o ther  geophysical data. Combination 
of seismic data w i t h  sonic l o g  data has produced good r e s u l t s  i n  
the petroleum industry (Ref. 4 )  and migh t  a l so  be useful i n  geo- 
thermal s tud ies .  
use of  r e s i s t i v i t y  log data i n  combination w i t h  magnetotelluric 
data t o  examine a geothermal reservoir. Development of borehole 
to  surface and borehole t o  borehole techniques may a l so  o f f e r  
benef i t s  . 

Another appl icat ion of log data which holds poten-  

Rigby and McEuen (Ref. 5 )  g ive  an example of 

Reduction of Expenditures on Unsuccessful 
Exploratory We1 1 s 

Decisions t o  abandon d r i l l i n g  i n  a poor we 1 o r  t o  perform clean- 
ups ,  r u n  a l i n e r ,  and t e s t  a marginal well a r e  d i f f i c u l t  and may 
involve a large f rac t ion  of t h e  to t a l  well cos t .  Formation tem- 
perature can be an important f ac to r  i n  dec sions made d u r i n g  
d r i l l i n g  (such a s  whether t o  continue t o  grea te r  d e p t h ) .  
nology t h a t  could a s s i s t  i n  estimating formation temperature away 
from the disturbance near the borehole would be useful (Ref. 6 ) .  
Assessment of  permeability is  a second important concern i n  the 
decision t o  clean up and test a well. 
f ractur ing can be valuable information i n  this context.  

Tech- 

Location and density of 



-31 3- 

Reduced Well Costs 

Log data are  used i n  preparing b i t  and casing p lans  and i n  other 
d r i l l i ng  decisions. I t  i s  important t o  develop an experience base 
regarding l i tho logic  ident i f icat ion and i ts  relationship to  d r i l l -  
ab i l i t y  i n  the igneous and metamorphic l i thologies  frequently en- 
countered i n  geothermal wells. 
a l te ra t ion  has been found to  be d i f f i c u l t  i n  some areas due to  u n -  
ce r ta in t ies  i n  tool response to  fracturing and t o  hydrothermal a l -  
teration products. Determination of  dominant f racture  orientation 
m i g h t  also be taken advantage of t o  control d r i l l i n g  to  achieve 
maximum intersect ion of f ractures .  Selection of ta rge t  depths can 
be a problem when the geologic goal i s  not a s t r a t i f i e d  formation. 
Logging d u r i n g  d r i l l i n g  t o  determine temperature, porosity,  f rac-  
tured zones encountered, e t c .  may be economically desirable i n  
some geothermal areas where well costs a re  h igh .  

Assessing porosity and  degree of 

Reduced F1 ow Testing 

Because of the h i g h  capi ta l  investment involved i n  the power plant,  
flow test ing may be prolonged, even f o r  wells i n  established geo- 
thermal areas.  Large production intervals ,  uncertainty i n  loca- 
t i n g  permeable zones, and heterogeneous formations may make flow 
t e s t  analysis d i f f i c u l t .  
major f ractures  together w i t h  more disseminated porosity) d i s t i n -  
g u i s h i n g  porosity types can be important, as can data on fracture  
separation. Increased confidence i n  flow t e s t  analysis may allow 
reduced testing time o r  an equivalent indirect  benefit .  

In dua l  porosity formations (discreet  

Reduced Re i n j e c  t i on 

Requirements f o r  100 percent reinjection or deep reinject ion can 
represent a s ign i f icant  cost  factor .  Aside from these,  permitting 
delays may a l s o  be encountered due  t o  disputes over t h e  re inject ion 
plan. An e f fec t ive  reinjection plan i s  a l so  valuable to  long-term 
reservoir performance. 
-- i n  situ f l u i d  charac te r i s t ics ,  location of major f a u l t s  and frat- 
tures,  reservoir boundaries and other s t ructural  features ,  perme- 
ab i l i t y  and comunication between reinjection and production areas,  
and mechanical properties of the reservoir rock may be of value i n  
planning and permitting. 
of compaction could a l so  be of Val ue. 

Information on the hydrologic regime and 

The a b i l i t y  t o  monitor fo r  ear ly  signs 

Accelerated Power-On-Line 

Much greater than any of the f ive preceding classes of cost  reduc- 
tions is  the  benefit  tha t  may accrue t o  the nation from time sav- 
ings  which can lead to  an e a r l i e r  s ta r t  of power plant construction 
and e a r l i e r  power-on-line. 
by a u t i l i t y  o r  other investor t o  commit capital  f o r  a power plant,  

A key factor  i n  this i s  the decision 
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and this wi l l  depend on the confidence placed i n  whatever model o r  
picture  of the reservoi r  there i s .  
e rvoi r  temperature and pressure , evidence of resource extent and 
thickness ( t o  w h i c h  log-constrained inversion of geophysical data 
may cont r ibu te) ,  hydrologic evidence such as  formation f l u i d  s a l -  
in i t ies ,  and analysis  of reservoir  permeability and poros i t ies .  

Important data wil l  include res- 

Concl usi on 

In geothermal development the s i g n i f i c a n t  problems of  formation 
analysis  and log in te rpre ta t ion  contain several  shifts i n  emphasis 
from conventional pract ice  i n  the search f o r  f o s s i l  fuel resources. 
Signif icant  national benefi ts  are possible i n  the  form of cos t  re-  
ductions and o f  more rapid development. The most obvious example 
is the paramount importance of temperature and temperature gradient .  
Other fac tors  a re  introduced by the d i f f e ren t  reservoi r  s t ruc tu res ,  
the high cos t  of d r i l l i n g  i n  many geothermal a reas ,  and the  h i g h  
capi ta l  investment involved in the surface p lan t .  
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Table I .  Impact o f  Improved I n t e r p r e t a t i o n  and App l i ca t i on  o f  Logged Data 

IMPACT A C T I V I T Y  REQUIREMENTS 
B e t t e r  I n t e r a c t i o n  w i th  Other Exp lo ra to ry  Data, New 

Logging Techniques 
B e t t e r  Knowledge o f  t he  Reservoi r  

B e t t e r  Se lec t i on  o f  To ta l  Depth 
Reduced Flow Tes t ing  o f  Product ion Wells Based on 

Improved D r i l l i n g  Exp lo ra t i on  

Reduced D r i l l i n g  Cost Reservoir Modelina 

Development Program 
Development Program and Preplanning Wells, Improved o r  More Rapid completion, 

Success Rate 

" 

Reduced Tes t ing  Time Assessment Greater  Comparabil i t .y  and Re la t i on  o f  Loqqed 
-1 

Parameters t o  Product ion Characte r i  s t i cs 
J u s t i f i c a t i o n  f o r  Less Than 100% Re in jec t i on ,  

J u s t i f i c a t i o n  f o r  Shallow R e i n j e c t i o n  
B e t t e r  Contro l  o f  Re in jec t i on  Well Clogging 
B e t t e r  Contro l  o f  Subsidence and Se ismic i ty ,  A b i l i t y  

Achievement o f  Development Agreements Based on Fewer 
We1 I s ,  Reduced Investment "Up F ron t "  

Improved Re in jec t i on  Environmental P ro tec t i on  

Smoother Permi t t i n g Environmental P ro tec t i on  

Reduced Number o f  

Accel e ra  t e d  Reservoi r  Model i n g  and E a r l i e r  U t i l i t y  Committment 
F a c i l i t a t i o n  o f  Un i t i za -  

Reservoir  Management Program 

, 
y 

t o  Mon i to r  Reservoi r  2 
Expl ora t i on Exp lora tory  We1 1 s 

Development As s e s s me n t 

E a r l i e r  Agreement, More Equ i tab le  A l lo tment  o f  

Easier  o r  E a r l i e r  Determinat ion o f  B r ine  Chemistry 
A p p l i c a t i o n  t o  Se lec t i on  o f  Completion and Well 

Reservoi r  Moni tor ing,  Improved Modeling, and 

Revenues o r  D r i l l i n g  Rights  
t r o l l  ing"Deve1opment 

P lan t  Design P1 an t  Operation 

Reservoir  Management Improved We1 1 
Performance 

Extended F i e l d  L i f e  Reservoir  Management 
Locat ion  o f  New Resourc- 

S t imu la t i on  Techniques 

Re in jec t i on  Contro l  

Development Program t i o n  Agreement o r  
Other Requl a t i ons  Con- 

E a r l i e r  Agreement, More Equ i tab le  A l lo tment  o f  

Easier  o r  E a r l i e r  Determinat ion o f  B r ine  Chemistry 
A p p l i c a t i o n  t o  Se lec t i on  o f  Completion and Well 

Reservoi r  Moni tor ing,  Improved Modeling, and 

Revenues o r  D r i l l i n g  Rights  Development Program t i o n  Agreement o r  
Other Regulat ions Con- 
t r o l  1 i n g  Development 

P lan t  Design P1 an t  Operation 

Reservoir  Management Improved We1 1 
Performance 

Extended F i e l d  L i f e  Reservoir  Management 
Locat ion  o f  New Resourc- 

S t imu la t i on  Techniques 

Re in jec t i on  Contro l  

es o r  Resources That Exploration 
Would Otherwise Be New Techniques and I n t e r a c t i o n  w i t h  Surface Data 

Over1 ooked 




