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Introduction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACONCLUSIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND RECOMMENllATIONS 

The Of'fice of 

Council on Science 

Science and Technology, i n  cooperation with the Federal 

and Technology and appropriflte Federal agenciee, is 

carry ing out, an  extensive assessment, of  energy technologiee i n  reeponse 

t o  a request from the  President, i n  h i s  meseage on energy of June 4, 1971. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As par t  of t h i s  endeavor, t h e  Office of Science and Technology i n  December zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1071 requested t h e  Department of t h e  I n te r i o r  to assess t he  technology o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
gcotheimal cnerl:y and recommend a program of reeearch and developnent. 

The assessment has been carr ied out by t h e  U . S .  Geological. Survey i n  

col laborat ion wi th  two panels of experts. The first, an informal interagency 

geothermal coordinating committee, which began meeting i n  September 1971 t o  

promote communication between Federal agencies involved i n  the  geothermal 

resources f i e l d .  Members of' t h c  following agencies have par t ic ipated i n  

t h e  meetings held at least once a month since the  committee was establ ished: 

Bureau of Reclamation, Off ice zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo!' Sa l lne  Water, Geological Survey, Bureau of 

Mines, National Science Foundation, Atomic Energy Commission, National 

Aeronautics and Space Administration, Advanced Research Pro jects  Agency, 

Bureau of Land Management. and Environmental Protect ion Agency. The members 

of t h i s  committee contr ibuted t o  t h i s  report and reviewed i ts conclusions. 

The second panel of experts was establ ished i n  May 1972, when t h e  National 

Science Foundation, WWN Prpgrrun, approved a research proposal submitted by 

, Walter J. Hickel, AdJimct Professor of t h e  University of Alaska and former 

Secretary of t h e  I n te r i o r ,  t o  ho ld  a conference on geothermal resources 

1 i 
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restvwch i n  ol'dtx- "To zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdt?velop zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw aescssrnent of t h e  state of the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbrt and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t o  rtvxmiicrid II i*c:uc*tii-cli pn+:iwn 1 I) p r o v  1 de zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe rcquls I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt I* knowledge f'or 

estab l i sh ing  the proper ro le  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA01' #cothcnnal resources i n  providing 

(1) add i t iona l  cnrrgy 1.0 a l l e v i n t  ( 2  t l tc  Nation's impending shortage, 

( 2 )  w.ter t o  supplement prescrit suppl i e s ,  and ( 3 )  mineral resources." 

The conference is plrmncd f o r  Septcmbcr 1972 and w i l l  include about 60 

howlcdgeable sc ifmtists, cmKinwrs, and o ther  experts from industry, 

u r i j  v c r - s i t  ies, and s t a t r l  and Fcdt%rnl agencies. The attendees will be 

dividecl i n to  s i x  sub-panels as follows: (1) Resources Evaluation, (2 )  

I<csout.r.e Exploration, ( j) Wservni r Ikvclopnent and Production, ( 4 )  

[It i 1 i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA*: r t t . ion - Trxhric:?oy;v a n d  EccTnorni(-o. ( r ~ )  Environmental Effects ,  and 

( 0 )  lnst iLutiona1 Froblms.  

prov ide an expanded and deta i led  l ist  of' recommended research and development 

topic:; t h a t  should provide R usi~t'u1 supplement t o  t h i s  present report. 

:'I 

Thv f i n a l  report from t h i s  conference w i l l  

The co-ctiaiiman of t h e  s:it j-panels,i/ a l l  of whom are from industry, 

univr>rs i t  ies, and sttitc agcnc ip:, , mct w i t h  t h e  principal invest igator ,  

Mr. H i c k e l ,  and t h e  exwut ivr .  st~crctcii-j', Dr. Dunlop, in  Anchorwe, Alaska, 

on May zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt- and $3, lQ'(2. A t  this rw?ting, they planned t h e  September conference 

and mndI- pre l  Lmi nnry rccommwd~.t i mi.; Yor research m d  development t h a t  provide 

a majcr part  of t h e  rccommenclat ims of 1 h i s  report. 

1/ Of f i c ia l  at tendees at t he  Mtiy 1'3 and 3, l'g'2, conference were as follows: - 

b '  



M r .  Walter J. Hickel  
Principal  1nvest.i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARator 

D r .  Ibnald D. Dunlop 
Executive Secretary 

Prof. L .  T. Grnse 
Co-c-hai man, Renour*ces 

Evaluation Sub-panel 

Prof .  Robert W .  Hex 
Co-chairman, Hesources 

Evaluation Sub-panel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Prof.  Gunnar Bodnrsson 
Co-chairman, Resource 

Exploration Sub-panel 

Mr. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh t i a l d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA€1. :3.ewtrrt, 
Co-chairman, Reservoir 

Ik.vcl.opment and Production zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S\ 1 b - 1 )anel 

M r .  Herbert Rogers, J r .  
Co-chairman, Ut i l i za t ion  

Technology and Economics 
Sub-panel 

Mr . John P. Finney 
Co-chairman, Ut i l i za t ion  

Technology and Economics 
Sub - pane 1 

Prof. Ihmilton Hess 
Co-chairman, Environmental 

Effects Sub-panel 

Mr. Richard Bowen 
Co-chai rman, Environmental 

Ef fects  Sub-panel 

M r .  Joscph W .  Aidl in 
Co-chairman, Ins t i t u t i ona l  

F’roblems Sub-panel. 

M r .  Sl.ewsrt French 
Co- clhn i nnnn, I nsi ,  € t . u t  i onal 

Pro b lws Sub - panel 

Observer. 

Dr. Bl.Las L.  Peck - 
Observer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Ad Junc t Prof essor 
University of  Alaska 

Fair fax,  Virginia zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

Colorado School of Minee 

University of Cal i fornia,  Riverside 

Oregon Sta te  University 

Battelle Northweet 

Rogere Engineering Company, Inc. 

Paci f ic  Gas and Elec t r i c  Company 

University of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASBn Francisco 

Oregon Department of Geology and 
Mineral Indust r ies 

General Council, Magma Pbwer Company 

Pr ivate Law Pract ice,  Washington, I). C .  
(former Chief Council, Senate I n t e r i o r  
Committee) 

National Science Foundation 

U . S .  Geological Survey 

2 



Other contr ibutors t o  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArevlmrs of t h i s  report not preeent at t he  

Anchorage conference were: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Dr. Abraham E. Dukler 

Dr. Care1 Otte 

Dr. H .  3. Ramey, Jr. 

Dr. Geoffrey R .  Robson 

Dr. Bernard0 Grossling 

Dr. L .  J .  P. Muff ler  

Dr. Donald E. White 

University of Houston 

Union O i l  Company of Cal i fornia 

Stanford Univers i t y  

United Nations, New York 

U.S. Geological Survey 

U.S .  Geological Survey 

u zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Geological survey 

Conc1.usions : 

Geothermal resources are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa natura l  source of re la t i ve ly  clean energy, 

water, and minerals t h a t  could have a s ign i f icant  Impact i n  the  United States 

i f  developed t o  i t s  f'ull po ten t ia l .  

hot water could provide a s ign i f icant  part of the  Nation's e l e c t r i c a l  energy 

needs within the  next f e w  decades, especia l ly  i n  the  western states, Hawail, 

and Alaska. Estimates by knowledgeable experts of t h e  impact of geothermal 

resources on the  Nation's energy needs di f fer ,  but it appears t h a t  at least 

19,000 Mw of generating capacity could be Ins ta l led  by 1985 using technology 

presently avai lab le o r  under developnent, and tha t  more than 75,000 Mw 

could probably be i ns ta l l ed  by the  year 2000 granted a successful expanded 

Federal research and developnent program. A much greater  p o t e n t i d  exists 

i n  the large submarginal resources of hot  f l u i d s  and rocks t h a t  occur 

beneath the  surface of t h e  United States,  but t h e i r  comerc ia l  developnent 

must await technological breakthroughs. Geothermal resources also have a 

In  particular, geothennsl stem and 

4 



- . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s ign i f i can t  po ten t ia l  for d i rec t  use i n  i n d u s t r i a l  procesees, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAspace heating, 

agrlculturc, re f r igcrat lon,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAktic prodric*t. lor1 of fresh water by desal inat ion,  

and the  production of mineral by-products. 

Recommendations: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A n  expanded ‘,-year Federal program is needed t o  assess the  magnitude, 

type, and locat ion of t h e  Nation‘s geothermal resources and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto spur t h e  

development of improved technology for  discovering, evaluating, and 

ut , i l iz ing t h e  resource. 

including existing funding, i s  c.r,timat,ed t o  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$25,000,000. 

approximately one t h i r d  would be directed t ,arard research and development 

d i rec t l y  appl icable not only t o  geothermal energy but a lso  t o  other  energy 

sourccs, par t i cu la r ly  the development of better techniques for  d r i l l i n g ,  

borehole logging, power generation, desalting, sca le  removal, air pol lut ion,  

and noise reduction. 

f i s c a l  year lC) ’ r j , in i den t i f ied  geothermal programs of Federal agencies as 

requested i n  the Wesident’s budget, total  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$6,385,000. An additional 

$475,000 has been requested for the  management of t h e  geothermal resources 

F’undFnp needed fo r  t h e  f i rst year of t h e  program, 

O f  t h i s  t o t a l ,  

I n  comparison, funds f o r  research end development i n  

of the public lands. Possible supplementary funding f o r  geothermal programs 

of t he  Atomic Energy Commission and other agencies may raise t h e  t o t a l  funds 

f o r  Federal geothermal programs i n  FY 73 t o  the  l eve l  of $10,000,000. 



I ’  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Recommended funding levels for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp r c p s c d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5-year zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAprognun are listed below: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

Proposed >-year Geothermal Research and Development Program 

Resource App-aisal 

Exploration Methods 

Reservoir Development 
and Product ion 

‘ Utilization Technolopj 
and Economics 

Env i r o m e n  t al Effect s 

Institutional and Legal 
Aopcc ts 

6 M  R M  

.l.‘j M 3 M  

1 . S  M :!M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
$25 M &O M 

FY-76 

$15 M 

9 M  

13 M 

- 

9 M  

1.5 M 

1.5 M 

FY-TT 
$10 M 

5 M  

22 M 

11 M 

1 M  

1.5 M 

FY-78 

$ 6 M  

3 M  

17 M 

16 M 

1 M  

1.5 M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
$49 M $50.5 M 

Total 

$ 46 M 

31 M 

66 M 

50 M 

8 M  

8 M  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
$209 M 



The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAproposed 5-year program shoiiltl result in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa number of eigntficant 

R C C O I I I ~ ~ ~  ::tunent s ,  including the following: (1) better knowledge of the 

nat.ure, niarpitude, quality, and location of geothermal resourcee; (2) better 

exploration techniques including cheaper drilling technology; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  reduced 

costs and time for developing geothermal fields; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 )  longer life for 

fields through recharge methods; (5) determination of the feasibility of 

stimulating geothermal reservoirs and of recovering thermal energy from 

hot, relatively dry rocks; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 6 )  improved power-generation technology for 

use of intermediate- and low-temperature geothennal waters and concentrated 

brines; (7) technology for desalting geothermal brines; (8) determination 

of the feasibility of recovering chemicals from geothermal fluide; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 9 )  

monitoring of environmental effects of all geothermal developents; (10) 

improved techniques for removing %S from geothermal steam and for reducing 

noise from drilling; (11) preparation of a model code for geothermal 

developaent; (12) better 1 iaison and distribution of geothermal infomation 

between Federal, State, and local agencies, the academic community, and the 

geothermal industry; and (13) establishment of several national geothermal 

field research laboratories. During the 5-year program, the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdesign, 

construction, and operation of several pilot plants will have demonstrated 

the technologies for power conversion and brine desalting so that design 

and construction of large scale demonstration plants can proceed. 

Research and development needs are listed in the sections below not by 

priority but rather by broad topical areas following the organization of 

the Geothermal Resources Research Conference. Funding levels for the different 

7 



tmplcnl arms me recommended only fo r  t h e  l’irst year of the program. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs 

t h c  program develops, funding l eve l s  should s h i f t  t o  r e f l e c t  research zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand 

development needs. From t h e  beginnjng t h e  program should include both 

a c t i v i t i e s  with short range goals and others with longer range goals .  

However, severa l  elements of t h e  program need t o  be pursued at an adequate 

level early i n  t he  program i n  order t o  better def ine the  magnitude of t he  

resource and spur i t 5  developnent. These high p r i o r i t y  elements include 

(1 )  developnent of improved explorat ion methods, (2 )  development of better 

power-Renerating technology j ncluding binary-f lu id systems, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  development 

of improved d r i l l i n g  techniques and t he  d r i l l i n g  of many shallow and deep 

bore holes,  (4 )  developnent of better models of geothermal reservoire by 

computer simulat ion, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) development of improved economic models of 

geothermal u t i l i z a t i o n  f r o m  d i f f e ren t  types of reservo i rs  using d i f f e ren t  

power generation techniques, and (6) developnent of desal inat ion methods for 

geothermal f l u i d s  . 
Resources Appraisal: 

Ret ter  estimates of t he  magnitude, qual i ty ,  and d is t r i bu t i on  of the  

geothermal resources of the  United States are needed t o  develop a Federal 

s t ra tegy  f o r  meeting fu tu re  energy needs and for the management of the  

geothermal resources of the public lands. An expanded Federal program of 

regional  reconnaissance, heat  f l o w  measurements, and research d r i l l i n g  t o  

depths as great as 3 km is recommended f o r  the  de f i n i t i on  of t he  geothermal 

provinces of t h e  United States, t he  assessment of t h e i r  poten t ia l ,  and the 

Iden t i f i ca t ion  and evaluation of promising areas. D r i l l i n g  funded under t h i s  



T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon Exploration Methods and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAReservoir kvelopment and Production. h n d i n g  

needed for  t h e  f irst year is estimated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$6,000,000. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA program of 

very deep d r i l l l n g  ( to  6 h i ) ,  although not recommended at t h i s  t i m e  is 

e s s e n t i a l  t o  determining t h e  thermal  poten t ia l  of t he  deep c rus t  beneath 

t h e  United S ta tes .  

Explorat ion Methods: 

Development of geothermal resources is handicapped by insu f f i c ien t  

understanding of geothermal reservo i rs  and re la t i ve l y  pr imi t ive explorat ion 

t.c?chniques. A n  expanded Federal program is needed (1) t o  develop better 

tTeophysica1 and other  methods of explorat ion, (2 )  t o  develop faster, cheaper 

d r i l l i n g  techniques !’or d r i l l i n g  both  deep  and ahallow hole6 by improvement 

of ex is t i ng  techniques and development of new methods, and ( 3 )  t o  develop 

improvcd techniques for  logging, wolls and sampling f l u i d s  from them at 

the  high temperatures involved. 

est i inatcd t o  be $~,OOO,OOO. 

Funding needed f o r  t h e  first year is 

Reservoir Development and Production: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An expanded Federal program is needed to  reduce the  time and costs 

of developing g e o t h e m l  f ields, t o  solve problems i n  producing and re in jec t ing  

geothermal f l u ids ,  t o  extend t h e  l i f e  of f ields, and t o  enlarge the  resource 

‘4’ by tapping the  heat  s tored i n  hot ,  dry rocks. The program would Include th’e 

following elements: (1 )  modeling geothermal reservo i rs  by computer simulation; 

(2 )  invest igat ion of recharKe methods; (3)  research on the  geochemistry of 

geothermal . f luids; ( 4 )  developnent of techniques for detecting and removing 

sca le  and preventing i ts  formation; ( 5 )  invest igat ion of a r t i f i c i a l  st imulat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 



of geothermal reservo i rs  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby hydraulic f ractur ing,  thermal stress f rac tu r ing ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ 

and f rac tu r ing  by explosives;  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 6 )  study of the  f e a s i b i l i t y  and economics 

of recovering heat from hot ,  re la t i ve l y  dry rock masses by f rac tu r ing  and 

introduct ion of water. Fundiw needed fo r  t he  f irst year zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis estimated t o  

be $5,000,000. 

Ut i l i za t i on  Technology and Economics: 

Improvements i n  u t i l i z a t i o n  technology of geothermal f l u i d s  could 

g rea t ly  expand t h e  recoverable resource, pa r t i cu la r l y  (1) power generation 

techniques using geothermal mters of i ntemedia te  temperatures (< 180°C, 

356°F) or with abundant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd i s s o l v e d  salts, and (2)  multiple use of the resource. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An expanded Federal program is needed (1) t o  conduct research and demonstration 

progrms on techniques of e l e c t r i c a l  power production using a va r ie t y  of power 

cycles including blnary-f lu id conversion systems; ( 2 )  t o  develop and 

demonstrate the  technology fo r  desal t ing geothermal br ines,  and ( 3 )  t o  

conduct research and development on the recovery of minerals and gases from 

geothermal f l u ids .  All these elements, as wel l  as t he  developnent o f  b e t t e r  

d r i l l i n g  and borehole logging technology, K i l l  require development of improved 

heat and corrosion resistant materials, atid should be accompanied by economic 

ana lys is  of geothermal u t i l i z a t i o n  of’ d i f f e ren t  types of f i e l d s  using 

d i f fe ren t  technology. Funding needed f o r  the  f i rst year is estimated t o  be 

$6,000,000. 

Environmental Ef fects :  

An expanded Federal program is needed t o  assure t h a t  geothermal development 

is accomplished i n  an environmentally sound manner. The program should include 

monitoring of environmental e f f e c t s  of geothermal developnents, including 

10 



where relevant,quality of eurfacc water and ground water, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAland subsidence, 

and seismic a c t i v i t y .  Research and devclopncnt under t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAprogram zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwould be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 

I focused on improving techniquet; for  removing H2S and other  tox ic  gases from 

I geothermal steam and fo r  reducing t h e  noise from dr i l l i ng ,  well cleanout, 

end well bleeding. F’unding needed fo r  the first year is estlavsted t o  be 

$1,500,000. 

I ns t i t u t i ona l  and Legal Aspects: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An expanded Federal program is needed: (1 )  t o  manage the  geothennal 

resources of the  public lands; ( 2 )  t o  invest igate several  legal aspects of 

geothermal deve lopents ,  including t h e  preparation of a model code, (3) t o  

es tab l i sh  and maintain better l i a ison  between Federal, State,  and local 

agencies, the  academic community. and the  geothermal industry, ( 4 )  t o  a i d  

local agencies i n  the  preparation of plans for the  order ly developnent of 

l oca l  potherma1 resources, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5 )  t o  es tab l i sh  a cent ra l  Federal f a c i l i t y  f o r  

gathering and d i s t r i bu t i ng  information on geothermal resources, and (6) t o  

evaluate t h e  need for geothe:mal field research laboratories. 

needed for FY 1974 is estimated to be $1,500,000, of which $l,OOO,ooO would be 

directed t o m r d  management of t he  public lands. 

F’unding 
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Geothermal energy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis, i n  the broadest sense, the  natural  heat of t h e  

e a r t h .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMeaeurernents In w c l l r ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAantl ruines dcrnonstmte t h a t  temperatures 

overa l l  Increase with depth, and aeneral ly accepted views about the 

composition of the  earth indicate t h a t  temperatures continue t o  rise t o  

200°C t o  1OOO"C (392°F t o  1832°F) at the  base of t he  cont inental  c rus t  (a 

depth of 25 t o  50 km) and t o  perhaps 3500°C t o  4500°C (6332.F t o  8132'F) at 

the center  of the earth. Most of the h e a t  stored i n  the ear th  l e  at  too 

great a depth o r  too d i f fuse t o  be considered as a potent ia l  resource with 

technology of the  near fu tu re .  However, economically s ign i f icant  concentra- 

t ions  of geothermal energy are present in several d i f fe ren t  types of 

occurrences. 

found i n  l oca l  "hot spots" i n  permeable rocks at shallow depths (less than 

3 km). 

steam f i l l i n g  pores and fractures, and the  water and stearn serve t o  t r ans fe r  

t h e  heat from t he  rock t o  a w e l l  and thence t o  the  ground surface. 

al l  the  present ly u t i l i zed  geothermal syetems are of t h i s  type. 

reservo i rs  tha t  contain too l i t t l e  mobile f l u id  because of impermeable 

reservoir  rocks are not economic reservo i rs  at the  present time, even though 

they may be of su f f i c i en t l y  high temperature. 

developed t o  t a p  these reservo i rs ,  they may i n  the  fu ture cons t i tu te  a very 

large resource. 

i n  hot i n t e r s t i t i a l  waters i n  sedimentary basins such as the Gulf Coast 

geosyncline (Jones,1970). The magnitude of the  heat stored i n  sedimentary 

Elevated temperatureo (40°C to  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA380"c, 104°F t o  716°F) are 

The thermal energy is stored both i n  so l i d  rock and i n  water and 

Almost 

Geothermal 

If sui table technology is 

Another type of geothermal reeource i s  the  heat contained 

basins i n  the United States is large, but as yet the resource remains untapped. 

12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 



Local GeothermcLl Reservoirs: 

Local geothermal reservo i rs  occur i n  the upflowing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAparts of mador water 

convection systems. Water serves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas t h e  medium by which heat is transferred 
* 

from a deep zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsource, presumably molten igneous in t rus ion,  t o  a geothermal 

reservo i r  at depths shallow enough t o  be tapped by d r i l l  holes. Water 

percolat ing underground from an area of tens  t o  thousands of square 

ki lometers i e  heated by contact wlth hot rock at depths of 2 t o  6 km, expands 

upon heating, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand moves buoyantly upward i n  a t h i n  column of re la t i ve l y  

res t r i c ted  cross-sect ional  area (l-50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm%) (White, 1968; Muffler and White, 

1972). 

rap id ly  t o  t he  sur face and is diss ipated.  If, however, t h e  upward movement 

i s  impeded by overlying rocks of low permeability, t he  geothermal energy may 

be stored i n  a reservo i r  beneath the  cap. 

If the  rocks have a high permeability, t he  heated water rises 

"he f l u i d  i n  most g e o t h e m l  systems is water, which may be at 

temperatures above surface bojling but i n  a l i qu id  state because of t he  

confining pressure.  The water I n  most of these "hot-water" or "wet-steam" 

geothermal systems is a d i l u t e  so lut ion containing mostly sodium, potassium, 

chlor ide,  bicarbonate, sulfate, borate, and si l ica.  The s i l i c a  content and 

t he  r a t i o  of potassium t o  sodium and calcium are dependent on t h e  temperature 

i n  the geothermal reservoir, thus the  predict ion of subsurface temperature 

from chemical analysis of hot' springs is possible (Fournier and Row, 1966; 

Ellis, 1970). 

surface through a w e l l  o r  natural f rac tu re  cau8es steam t o  be formed by boiling 

and a mixture of ste.m nnd water is produced at t h e  surface. 

technology only the stem can be used t o  generate e l e c t r i c i t y .  

Decrease i n  pressure upon withdrawal of t h e  water t o  t h e  

With present 
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The major known hot-water geothermal f ields zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare Wairakei and Broadlsnde 

i n  New Zealand, Cerro Pr ie to i n  Mexico, the Salton Sea f ie ld i n  

Cal i fornia,  and t h e  Yellowstone geyser basins i n  Wyoming. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A small proportion of t h e  known local geothermal systems produces 

superheated steam with minor amounts of o ther  gases (Cop, &S, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANH3), but 

l i t t l e  o r  no water, 

"dry-steam" geothermal systems can be piped d i rec t l y  t o  the  turbine. 

the vapor-dominated reservoir ,  saturated stem and water co-exist,  but with 

decrease i n  pressure upon production, heat contained i n  the  rocks dr ies  

t h e  f l u i d  first t o  saturated steam and then t o  steam with BS much LLB 55°C 

superheat. Hot br ines probably exis t  below vapor-dominated reservoirs 

(James, 1968), but bore holes have not been dr i l l ed  deep enough t o  confirm 

t h e i r  presence. Larderel lo, Xtaly; The Geysers, California; and Matsukawa, 

Japan,are the  major known vapor-dominated systems. 

Thus all t h e  f l u id  f r o m  these "vapor-dominated" o r  

Within 

Local geothermal reservo i rs  are found i n  regions of the world where 

the  flow of  heat from depth In t he  ear th  is 14 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 times greater  than t h e  

world-wide average of 1 . 5 ~ 1 0 ' ~  ca lo r ies  per square cm per second. Such 

regions of high heat. flow commonly are zones of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA;young volcanism, igneous 

intrusion, and mountain building, a n d  nust, are located along the  margins of t he  

major c rus ta l  p la tes  of the e a r t h .  

t he  stable cont inental  shields,  which are characterized by lower-than- 

average heat flow. Local geothermal reservoirs have not been found at 

shallow depth jn  the  non-volcanic cont inental  areas bordering the  shields,  

but hot water has been found t o  occur as i n t e r s t i t i a l  f l u ids  i n  sedimentary 

Geothermal f ields are absent from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 
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cxtent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmRgilitudc of geothermal rcservoire zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare, 1 %  
Sta tes  the  d is t r ibu t ion ,  

at present, poorly 

known. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe general extent of the resource zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be inferred from d le t r lbu t ion  

of hot sprtngs ( f i g .  1; from Waring, l965), and i n  a more general way from 

t h e  d is t r ibu t ion  of young volcanic rock6 and areas of high heat flow. The 

poten t ia l  within the United States involves pr imari ly the  western states, 

par t i cu la r ly  Cal i fornia,  Nevada, Oregon, southern Idaho, Utah, Hew Mexico, 

Wyoming, Arizona, Colorado, H a w a i i  and Alaska. 

exploration has been primari ly on sites i den t i f ied  by hot springs, an 

exploration method analogous t o  t h e  primit ive o i l  explorat ion methods of 

the previous century d e n  oil f ie lds could be located only by f inding 

surface o i l  seeps. 

k e n  used adequately i n  discovering and evaluating new f ields, and geophysical 

pr inc ip les and techniques are only now beginning t o  be adapted t o  geothermal 

explorat ion.  

I n  t h e  past, geothermal 

Available geologic and geochemical techniques have not 

Knowledge of t h e  character and parameters of individual geothermsl 

systems has come f r o m  exploratory d r i l l i n g ,  from l imited developnental 

drilling, (mainly at "he Geysers of northern Cal i fornia and at the Sslton 

See, i n  southern Cal i forn ia) ,  and f r o m  l imi ted studies of major thermal-spring 

axeas, supplemented by shallow research d r i l l i n g .  Extrapolat ion of knowledge 

from other  countr ies,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmainly New Zealand, has proved uef'ul, but technique8 

for est imat ing the  s i z e  and power poten t ia l  of geothermal sites prior t o  

d r i l l i n g  are only beginning t o  be developed. 



JI'i Gu1.e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 . Hot. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASprint.::; (:m~ll (lot ~i ) , known brcothermal areas ( l a rge  dote) ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand 
producjng geothermal f i e l d s  (star),  i n  t h e  western United States 
(from Waring , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1965 ) . 16 



* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASedimentary Basins : zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 Hot i n t e r s t i t i a l  

s l i g h t l y  greater than 

g c o t h e m l  potent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin1 . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

wat-ers in ( i w p  wd lmentury huolno zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA01' normal or 

normal gcothcrmnl grad lent  s represent a large 

I n  € h n p , ~ i r y  1 ' > x 1 d 3  Btu/hour of' thermal energy i n  

hot water i s  being produced from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA80 ~ 1 1 s  and used mainly f o r  space heat ing 

(Boldiszar, 1 9 0 ) .  

present at depth beneath large areas (Jones, 1970). Many thousands of  wells 

t he re  now produce f l u id  hydrocarbons and water at temperatures far above t h e  

bo i l ing  point  of water at atmospheric pressure. 

produced water-stem mixtures, same yielding more than a mil l ion barrels 

of brine hot enough t o  be self d i s t i l l i n g .  

WteIsat shallower depths in sedimentary basins contain an even la rger  mount 

of heat (Grossling, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1972), but are far less a t t r a c t i v e  economically. 

Dry Geothermal Reservoirs: 

In  the Gulf Coast area, hot over-pressured water i s  

Many test wells have 

Lower-temperature i n t e r s t i t i a l  

Under present technology, a rock mass Kith too  f e w  pores or  f ractures,  

o r  w i t h  pores t h a t  are not interconnected, does not comprise an economic 

reservoir,  however hot it may be. 

geothermal reservoirs i s  not  known but may be very large.  

could be developed t o  economically recover thermal energy from such reservoirs 

'me abundance of hot but re la t i ve l y  dry 

If t he  technology 

by a r t i f i c i a l  formation of  f rac tu res  and by the  introduction of f l u i d s  i f  

necessary, the  magnitude of geothermal resources could be great ly  increased. 

Furthermore, i f  dr i l l i ng  technology is also improved s ign i f icant ly ,  t he  

technology f o r  tapping t h e  thcmnl. Ftnerp.y of dry but hot geothermal reservo i rs  

could conceivably be qpl ied i n  nrt'w; of normal hcut flow, thus introducing 

the  poss ib i l i t y  of  tapping t he  enormous geothermal resource base of t h e  ea r th ' s  
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CHAPTM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

UTILIZATION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The prlmary usc of geothermal reuourccs t o  da tx  is f o r  the generation 

of e l e c t r i c i t y .  For t h i s  purpose, undcr existing technology, t he  geothermal 

reservoir munt.  hnvc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR t.(mpr:rnt.ur-e of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnt least 180'C (356"F), and preferably 

200°C (392"F), and l i e  at shallow enough depths ( 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm o r  l e s s )  , t o  be 

developed economically. In "dry-steam" f ie lds,  the steam is fed d i rec t l y  

from well-head t o  turb ine after removal of abrasive par t i c les .  I n  "wet*steam" 

f i e l d s ,  on the  other hand, bol l lng of ho t  water at depth y ie lds a mixture of 

steam and water at t he  surface. Water at 250°C (482°F) Kill produce zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAonly 

about 20 weight percent stcan when t h e  confining pressure is reduced t o  

6 Kg per square cm, t he  approximate well-head pressure i n  geothenael 

i n s t a l l a t i o n s .  The s t e m  and WZitCfr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm e  mechanically separated at the w e l l -  

head and t he  stem fed t o  a turbine. I n  both types of f ields the steam is 

ct a much lower pressure compared t o  t h a t  used i n  f o s s i l  f u e l  o r  nuclear- 

powered generating plants, so that, specia l ly  designed turbines are used i n  

geothennal p lants  Lo drive t . t ie  convent Lonal generators. World e l e c t r i c a l  

capaci ty from geothermtxtl energy i n  1Tj'j'l was approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA800 megawatts 

(table l), o r  about 0.08 percent of t h e  t o t a l  world e l e c t r i c a l  capaci ty from 

a l l  generating modes. 

res t r i c ted  t o  areas where geothermal energy is found i n  su f f i c ien t  quanti ty. 

Unlike coal, o i l ,  gas, o r  uranium, geothermal stem cannot be transported long 

d is tances t o  an e l e c t r i c  power generating plant located near the  ex ie t ing load 

centers .  

The production of geothennal power is obviously 



- . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACountry 

Italy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u.s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA .  

New Zealand 

Japan 

Mexico 

U . S . 3 . R  

Iceland 

Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

World CkAhcmnl Porrr- Capacity 1972 

F i e l d  

1rsrdere.l l o  
Mt. AmirzLo. 

The Geysers 

Wai rake i 
Kawerau 

Mat sukawa 
Otake 

Pathe 
Cerro Prieto 

Pauzhetka 
Parat unka* 

Namaf jal l 

Electr l  c a l  Capacity, MW 
Opt? ra zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 1114 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

{ ‘ J ?  . G  
:’> .:, 

Under Construction 

1 o:? 

160 
10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20 
1 3  

220 

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA05 
75 

5 
0 . 7  

2.5 

790 -8 

* Freon plant 

- 
295 Total = 1085.8 



Bwer from favorable geothermal systems is competitive i n  coat with 

e i t h e r  foss i l - fue l  or nuclear power. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe current un i t  cost  of developing 

geothermal production from dry-steam f ie lds i n  t he  United Statea baaed on 

experience at The Geysers and using zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~i load factor  of 85 percent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(U.S, Energy 

Outlook, 1972), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5254 per kwh. This coet can be broken down in to  

2.66 m i l l s  f o r  t h e  stem delivered t o  the  plant,  0.45 mil le f o r  operating 

costs ,  and 2.14 m i l l s  fo r  cap i ta l  cos ts .  Such costs  are cheaper than 

power from fosf i i l - fuel steam plants  and current nuclear plants.  The cost 

of generating power from the more abundant hot-water reservoirs should be 

eomewhat greater  because cf the more complex equipment involved, and higher 

re in ject ion cos ts  i f  br ine  reinJect ion is required. 

With present technology, geothermal s t e m  is separated from entrained 

water at t he  w e l l  head and only the steam is used t o  generate e l e c t r i c i t y .  

Some of t h e  thermal energy of t h e  hot water can be u t i l i zed  by mult ip le 

f l ssh ing  of steam from t h e  water at successively lower pressures. Attention 

is being directed current ly  both by pr ivate industry i n  t h i s  country and by 

the  U.S.S.R.  government towards developing other  generating systems t h a t  

would u t i l i z e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsome of' t h e  thermal energy stored i n  t h e  hot water. In  these 

systems, the hot water. is piped imder pressure t o  a heat exchanger where the 

heat,transferred t o  a low boi l ing p l n t  f l u i d ,  such as lsobutane o r  freon, 
is 

which i n  turn is fed i n to  the turb ine.  The spent water, s t i l l  under pressure, 

is then re in jected.  Successful development of o ther  generating methods 

including t h i s  binary-f lu id generating technology would allow more complete 

ext ract ion of heat f r o m  geothemiul f l u i d s  and allow use of hot-water reservo i rs  

of lower temperature than present ly required, great ly  expending our usable 

geothermal resources. 
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Geothermal resources have other  uses, but t o  date they have been minor. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGeothermal waters as low as 40°C (104°F) are used l oca l l y  for space heating zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

end hor t i cu l tu re .  

geothermal water, as arc parts of Rotorua (New Zealand), Boise (Idaho), 

Klamath Fa l l s  (Oregon), and various towns i n  G u a r y  and the  U.S S R. 

Geothermal steam is also used in paper manufacturing at Kawerau, Hew Zealand, 

and has poten t ia l  u6e for re f r igerat ion and air condit ioning. 

waters contain po ten t ia l l y  valuable by-products such as potassium, l i thium, 

calcium, and other  chemicals. 

Much of Reykjav ik ,  t h e  c a p i t a l  of Iceland, is heated by 

Some geothermal 

Use of geothermal energy t o  desalt geothemal 

water itself has  been proposed, and t h e  U.S. Bureau of Reclamation and 

Off ice of Saline Water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare present ly developing a p i l o t  operation for 

producing f resh water from the geothermal waters of t he  Imperial Valley, 

southern Cal i fornia.  

Generation of e l e c t r i c i t y  from natura l  steam i n  t he  United Sta tes  at 

the present t i m e  is l imited t o  The Geysers, Cal i fornia,  which ha8 an 

i ns ta l l ed  capaci ty of 1?2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMu, with an addi t ional  220 Mw under construct ion.  

Geothermal resource u t i l i za t i on ,  however, is receiving increaming a t ten t ion  

f r o m  private induetry, public u t i J i t i e s ,  and county, state, and Federal 

agencies because of t he  l i k e l y  fu ture energy shortage (and increased pr ices  

f o r  e l e c t r i c a l  power) throughout t he  Unfted States and the consequent need 

t o  evaluate and develop new sources for  e l e c t r i c a l  production other than 

fossi l  fuel, nuclear, and hydroelectr ic.  Furthermore, passage of t h e  Geothermal 

Steam A c t  of 1970 (P.L. 91-5?1) gave the Secretary of t h e  I n t e r i o r  t he  au thor i t j  

t o  issue lcases for the developnent and u t i l i z a t i o n  of geothermal steam and 

21 



associated geothennal reoourws on Federal lands, where many of t h e  most zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
promising areas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAArc: located. Ilcclsine; of  Federal land f o r  geothermal 

explorat.ion, kiowcver, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhat; been d c l l r y d  pending sa t i s fac t i on  of the  require- 

ments of sect ion 10% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 ) ( c )  of t h e  National Environmental Pol icy Act of 1969, 

as interpreted In  recent court decis ions. The f irst leasing of Federal lands 

under t he  "grandfat,her zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA lau use" is ant ic ipated for September 1972, with 

subsequent leacc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG O ~ C S  fit spproxlxately six-month in te rva ls .  Industry interest 

0 

and a c t i v i t y  i n  g c o t h c m l  exploration and developent  has burgeoned i n  1971 

and 19'rZ. An act ive  developnent d r i l l i n g  program at The Geysers has added 

mat,erial ly t o  the  reserves. Deep exploratory d r i l l i n g  has taken place i n  

t he  Jemez Mountalns, New Mexico, at Clear Lake, California, at Mono Lake, 

California, and i n  the hperial Valley, California. The great interest i n  

geothermal explorat lon Is i l l u s t r a t e d  by the  attendance of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA650 people at a 

meeting of the  Geothcmal Resources Council in El Centro, February 16-17, 1912 

The interest i n  geothermal dcvelcqxnentfi is not l imi ted t o  vapor-dominated 

reservo i rs ,  such a6 The Geysers, but. is directed i n  part towards f inding hot- 

water reservo i rs .  
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e- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAInterncrt lorn1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Cc?o Lherm~l  ieuourceu explorrrt ion and developnent program8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhave been zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

coiicluct,cxd for nimy yeare b;/ agen(.les of the  I tal ian, Icelandic,  and New 

2eal.and govtwments . 'The first power generating s t a t i o n  t o  use natural 

s t e m  for  e l e c t r i c i t y  m:-, e:zt&lIshed at Larderello, I t a l y ,  i n  lw, and 

since t h h t  t Jme t h e  T+,riLinn government has expanded the  developaent of t h e  

field rmd car r ied  out eAploration f o r  other  geothermal f i e l d s .  

started IiestIug homes anti industries i n  ReykJavlk i n  1930, and has f o r  

f iever~ l  deeades carried out a progrexri of  explorat ion t o  evaluate the  is land 's  

gcot.henna1 resourcee. 

geot;hermal f i e l d  f x  e le2 t r i c  power generation after World War 11, and has 

also cRrried out an explarat ion proglmm fo r  other  geothermal resources, 

Iceland 

The New Zealand government developed the  Walrakei 

resulting i n  succecsfii l  discovery of the Kawerau and Broadlands fields. 

Scien t ie ts ,  engineers, and technic ians la rge ly  from these countr ies,  t he  

Uni ted States,  an3 J ~ p a n  have s ta f fed  a vigorous geothermal explorat ion and 

development program i n  uderdeveloped cvuntr ies by t h e  United Nations. The 

UN has sponsored several tn ternat ional  conferences t h a t  have spurred 

development of the  field, a conference on "New Sources of Energy" at Rome 

i n  1961, end i n  coopemtion Kith the Italian government a "Symposium on the  

Development and U t i l i za t i on  of Geothermal R e ~ o u r c e 6 ~ ~  a t  Pisa, I t a l y ,  i n  190. 

The UN has sent technica l  ass is tance missions t o  adviee on t h e  poten t ia l  of 

geothermal reaource8 t o  Argentitla, Cameroon, Chi le ,  China (Taiwan), Costa R i w ,  

El Salvador, Ethiopia,  Grcew, Cwitemala, Ind ia,  Israel, Jordan, Kenya, Mall, 
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Mexico, Nicaragua, t h e  Phi l ippines, Tunisia, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATurkey, and t o  the  Dominica 

and S t .  h c i a  Is lands (West Indies Associated S t a t e s ) .  

which include geological,  geophysical, and geochemical surveys as well as 

exploratory dr i l l i ng ,  have been carr ied t o  the  f i e l d  developnent stage i n  

Chile, E l  Salvador, and Turkey, and are current ly  i n  the  explorat ion stage 

i n  Ethiopia and Kenya. 

been made t o  construct a 30 Mw plant i n  E l  Salvadore ( the  engineering design 

is now i n  progress) and decisions areimminent regarding the  construction of 

a small geothermal power f a c i l i t y  at a f i e l d  discovered i n  Turkey (Koenig, 1972). 

In  t h e  last decade Russia, Japan, and Mexico have carr ied out successful  

explorat ion and developnent programs f o r  geothennal energy. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA n  effort by 

the U . S . S R .  government t h a t  is of par t i cu la r  i n te res t  i s  t he  construct ion 

of a binary-f lu id generating unit using intake water of 81"c (178°F) at 

Paratunka, Kamchatka. Other exploration and development programs have been 

carr ied out by t he  French government i n  Guadeloupe, the Republic of China 

i n  Taiwan, and the  Phi l ippine goverment, and surveys for geothermal 

Larger sca le pro jects ,  

As the resu l t  of these efforts, t h e  decision has 

resources have been conducted i n  Greece, Costa Rica, Israel, Rwanda, 

Canary Is lands (Spain), Tanzania, Colombia, Uganda, and Morocco. 

and Indonesia geothermal explorat ion has been conducted pa r t l y  with loan 

f'unds from the  U.S-  Department of Sta te  A i d  f o r  In ternat ional  kve lopnent  

Program. 

I n  Nicaragua 

Eluphasis i n  a l l  these programs has been on explorat ion and 

development, but they have a l s o  yielded, par t i cu la r ly  i n  New Zealand, Iceland, 

and I t a l y ,  noteworthy advances i n  our understanding of the  geothermal resources 

and how t o  develop and u t i l i z e  them. Current research and developnent, 



a- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
excluding f i e l d  developnent and p l a n t  con zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI b 

t ruct  ion, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb: other  countr ie and 

the  United Nations engages severa l  hundred s c i e n t i s t s ,  engineers, and 

technic ians at a cost  of several t e n s  of mil l ions of do l la rs .  

United Sta tes  of America: 

Research and developnent programs i n  geothermal resources zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhave been 

car r ied  out i n  t h e  United Sta tes  by severa l  Federal agencies, state 

agencies i n  most of the  western states, and pr ivate industry. The following 

descr ip t ions of  Federal agency programs were prepared from material supplied 

by t he  agencies. 

programs have been submitted t o  Congress by t he  agencies but f'unds have 

not yet been appropriatedand a l l o t t e d .  

agencies are st i l l  i n  t he  planning s tage.  

A t  the time of t h i s  writing (June 1972), f i s c a l  year 1973 

Fisca l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAyear 1974 programs fo r  all zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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U . S .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGeological Survey 

Prior to 1971, the U.S. Geological Survey had no specially funded 

geothermal resources program, although modest investigations of hot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 

springs and geothennal phenomena were carried out as part of.the Ceologlc 

Division investigations of energy and mineral resources. 

Survey hot-spring studies were begun by Donald E. White in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1945 at Steamboat 

Springs; the initial emphasis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas on mechanisms of ore transportation and 

deposition, but the results of a decade of study proved to have Important 

Modern Geological 

application to the understanding of geothermal resources. Beginning in 

1963, the focus of Geological Survey geothermal research shifted to the 

Salton Sea geothermal field, in particular, to cooperative studies with 

private industry focused on the geochemistry and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApetrology of the hydrothermal 

system. 

aspects of the geology of Yellowstone National Park, including intensive 

studies of the hot-spring areas. Studies included geologic mapping, 

geophysical surveys, sampling and analysis of hot springs, and the drilling 

of 13 research holes to depths as great as 1100 feet. Several other hot- 

spring systems in the western United States have been investigated by the 

Geological Survey, including Sulphur Bank on Clear Lake, California, and 

In 1966, the Geological Survey began a mador investigation of all 

the Lake City area. 

exploration is the Geological Survey compilation of temperature and other 

data on thermal springs (Waring, 1965). In addition, other studies by the 

Geological Survey have proved important to geothermal resources, including 

heat-flow studies, determination of silica solubility, developnent of the 

silica, Na/K, and Na-K-Ca geothermometers, and experimental studies of rock 

A very useful source of information for geothermal 

I 

I 
I 

~ alteration. 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAugust of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1971 the  92nd Congress appropriated an incream of 

$500,000 t o  t h e  Geological S u r e y  fo r  en expanded geothennal prograni. 

a result (1)  the staff f o r  classifying Federal lands for geothGn~~al 

resources was increased and preparat ions were made f o r  lease msnagement; 

( 2 )  pro jec ts  were started at The Geysers/Clear Lake and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALong Valley, 

Cal i forn ia ,  using detailed geologic, geophysical, geochemical, and 

hydrologic techniques; (3 )  reconnaissance geologic, geochemical, and 

hydrologic surveys were started i n  northwestern Nevada and southeastern 

Oregon, (4 )  a program wss started f o r  developing and t e s t i n g  new 

geophysical techniques ( e l e c t r i c a l ,  electromagnetic, passive seismic, 

and thermal in f rared) ;  and ( 5 )  laboratory s tud ies  were started on hydrologic 

modeling, so lu t lon  chemistry, and geochemical ind icators  of reservoir 

temperatures. 

AS 

A $1,800,000 increase i n  t h e  Geological Survey geothermal program has 

been proposed t o  Congress f o r  FY 1973 t o  support an augmented program 

including a number of new research proJect8, supervision of operations on 

geothermal leases, and the  c lass i f i ca t i on  of add i t iona l  geothermal resource 

areas. 

and i n  the Jemez Mountains, New Mexico. 

and other  areas w i l l  be broadened t o  include microseismic and t e l l u r i c  

New hydrologic s tud ies  w i l l  be undertaken on the  Is land of Hawaii 

Geophysical s tud ies  of these 

methods as well as heat flow at shallow t o  moderate depths. 

temperatures, and hydrology of severa l  geothermal areas w i l l  be modeled 

using computer technology. 

The physics, 

Subsurface temperatures and hydrologic parameters zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

28 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

in t lw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGulf Coast area will zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe studied. 

started in Alaska and expanded in the western states, and chemical 

analyses of water and rock samples will be supplemented with isotopic 

analyses. Gnvironmental effects of geothermal developnents--such as ground 

subsidence and earthquake activity--will be monitored with initial emphasis 

on the Imperial Valley, California. 

Reconnaissance surveys w i l l  be 
o a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

"he Geological Survey has planned an expanded 5-year program starting 

in FY 1974 to be carried out if funds are made available. The program 

would include (1) classification and lease supervision, (2) environmental 

monitoring and evaluation, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  pre-lcase evaluation of geothermal areas 

and development of better exploration techniques through detailed field 

studies including research drilling, (4  ) regional reconnaissance studies, 

and ( 5 )  brine disposal studies. 



a- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe Colorado Rivcr & s i n  Act (Publlc l a w  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90->37) requires the  

Secretary of t h e  I n te r i o r  t o  make reconnaissance s tud ies f o r  t h e  purpose 

of developing a general plan t o  meet future water needs of the Western 

Uni ted  Sta tes  and t o  determine t h e  most ecoriomical method of  augmenting 

the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAflow of the  Colorado River by 2,500,000 acre-feet zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAper year. 

work has been delegated t o  the Bureau of Reclamation. A promising source 

t o  meet both of  the above requirements is the geothermal resources i n  the 

Imperial Valley of Cal i fornia,  by desalting the  hot geothermal br ines 

underlying the Reclamation withdrawn lands. 

This 

Reclamation and the  University 

of Cal i fornia,  Riverside, began a j o in t  exploratory program t o  evaluate t h e  

geothermal po ten t ia l  of these lands in  1968. 

The Bureau of Reclamation and t h e  Office of Sal ine Water have recent ly  

undertaken a Joint  7-year research and developnent program with an estimated 

cost of $16 mil l ion ($9.7 mil l ion fo r  t h e  Bureau of  Reclamation) t o  determine 

the f e a s i b i l i t y  of multi-purpose development of e l e c t r i c  power and desalted 

water from the  geothermal resources of Imperial Val ley.  

begun i n  FY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1972 with an appropriat ion of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$800,000. 

i n  the Reclamation geothermal program has been proposed t o  Congress f o r  

FY 1973 t o  accelerate the program, which is designed t o  determine the  quant i ty 

This program was 

A n  increase of $400,000 

and qua l i t y  of hot geothermal br ines underlying Reclamation withdrawn lands, 

t o  develop t h e  technology for t o t a l  development of t he  geothermal resources, 

t o  demonstrate t he  f e a s i b i l i t y  of developing large quant i t ies  of desal ted 

water, and t o  determine on the  best plan f o r  del ivery of desal ted water t o  the  

Colorado River. This e f fo r t  is and w i l l  continue t o  be coordinated with other  



invest igat ions aimed at determining the potential of the  resource for power 

generation and recovery of chemicals and gases. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An addi t ional  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$>.7 mil l ion e f f o r t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI s  needed by the  Bureau t o  explore 

i n  areas of c r i t i c a l  water shortages, o ther  promising geothermal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAareas 

having a poten t ia l  f o r  producing low-cost n t e r  suppl ies In  the western 

S ta tes .  This explorat ion is necessary t o  assure t h a t  a l l  potential 

a l te rna t i ves  for water suppl ies have been evaluated. 

t h i s  program would concentrate on t he  explorat ion and the  evaluation of t h e  

resource for water production ra ther  than on research and developnent similar 

t o  t ha t  present ly  being car r ied  out i n  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAImperial Valley. 

requirements of Public Law 90-537, t h i s  evaluat ion must be completed no 

later than 1977. 

I n  the  ear ly  stages, 

To meet t h e  

The components of the Bureau of Reclamation geothermal program are 

l i s ted  below: 

1. Exploration-- The explorat ion program is designed t o  secure a 

reasonable appra isa l  of the quant i ty  and qua l i t y  of geothermal resources 

on Rec1:;nation withdrawn lands i n  t h e  Imperial Valley i n  the  shor tes t  p rac t i ca l  

time. 

combined wi th  re la t i ve l y  shallow (1,500 feet or less ) temperature gradient 

d r i l l  holes and a l im i ted  number of production wells t o  production depths of 

5,000 t o  7,000 feet. 

assure t ha t  desa l t ing  and e l e c t r i c  power generation techniques w i l l  be 

appl icable t o  the e n t i r e  production area. 

Methods employed w i l l  be geologic and geophysical invest igat ions 

Ver i f icat ion of water qua l i t y  w i l l  be necessary t o  



A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAreasonably relieble estimate of t h e  quant i ty of t h e  geothermal 

resources on Federal lands i n  t h e  Imperial Val ley (almost zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAall of which 

are Reclemation withdrawn lands) w i l l  be needed at an ear ly  date for a 

decision on t he  source of replacement water t o  prevent subsidence due t o  

f l u i d  withdrawal. If t he  resource proves t o  be large, the most economical 

source is t h e  ocean. If the resource is moderate o r  small, l oca l  replace- 

ment water from such sources as near surface ground water, t h e  Salton Sea, 

and t h e  Wellton-Mohawk Drain would be used. 

reaource i n  the Imperial Valley is of suf f i c ien t  s i ze  t o  pennit large-scale 

importation of replacement water from the ocean, then the  e n t i r e  resource 

could be developed as a j o in t  venture by Federal and non-Federal i n te res ts  

t o  develop water and power at the lowest cost .  

If t h e  t o t a l  quantity of the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2. Production and in ject ion wells.--Suff icient production wells must 

be dr i l led  i n  t he  research and developnent stage to  ver i fy  the results of the  

exploration program. The production wells must a l so  be operated i n  conjunction 

with in ject ion wells for a suf f i c ien t  period of time t o  determine t h e  best well 

spacing and well diameter. Environmental e f fec ts  such a6 seismic act iv i t y ,  

subsidence, and air pol lut ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw l l l  be monitored i n  conjunction with the  

operat ion. 

3. Research and deve1opnent.--Research and development a c t i v i t i e s  w i l l  

be required i n  various fields i n  order t o  support t h e  desal t ing e f f o r t s .  

best s i z e  and spacing of bo th  production and in ject ion wells will be anaiyzed. 

In ject ion techniques including disposal  of byproducts wi l l  be studied. 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Thk 



in tegrat ion of e l e c t r i c  power production and desa l t ing  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw i l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe r tudled wlth 

the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgoal  of optimizing benef i t s  from both theee products and por r lb le  

mineral byproduct recovery. Subsidence, seismic a c t i v i t y ,  and other  

environmental impacts that  could r e s u l t  fran geothermal rceource develop- 

ment wi l l  be invest igated and procedures developed t o  modify or el iminate 

adverse e f f e c t s .  The answer t o  these problems should be appl icable i n  whole 

or i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApart t o  the nationwlde developwnt of geothermal resourcee. 

4. Appraisal.--The results of the  reeeerch and developtent program 

must be carefu l ly  analyzed and appraised t o  provide answers t o  env l romenta l  

problems and the character  and magnitude of the resource and t he  economics 

of desa l t ing  appraised t o  assure that the  t&al poten t ia l  Is rea l i zed  in 

the nat ional  i n t e r e s t .  



Office of Saline Water 

The Office of &%line Water started a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$6,300,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7-year geothennal 

program in FY 1972 aimed at developing the technology necessary zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  the 

desalting of geothermal brines. 

economical and technically feasible processes for the production of high 

quality water. 

The program objective is to develop 

In addition, the desalting processes must be made compatible zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
with other processes based on the geothermal resource, such as power production 

and mineral producing processes, to permit an optimal and comprehensive 

geothermal developnent. 

in the Imperial Valley, California, and are carried out in close collaboration 

with the Bureau of Reclemation. 

there should be applicable to the desalting of other geothermal brines. 

The studies are centered on the geothtlrmal brines 

A large part of the technology developed 

In FY 1973, the program w i l l  be carried out at a level of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$8OO,OOO, 

subject to congressional approval of appropriation, and w i l l  include research 

on brine chemistry, materials of construction, process analysis and testing, 

environmental effects of the desalting processes, and effluent disposal 

techniques. 

of geothermal brine and its reactions within the desalting plants and the 

effluent disposal system, determination of the extent of scaling of process 

Efforts in brine chemistry will include research on the composition 

equipment and research on means to reduce the effects of scaling to a minimum, 

and research on the chemical nature of the deep-well disposal eyetem and 

related chemical reactions. 

economical and reliable materials of construction for the potentially corrosive 

geothermal fluid--a hot, acidic brine containing sulfide and carbonic gases. 

Attention w i l l  be directed towards finding 
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Bureau of Minee 

The Bureau of Mines has f o r  many years carr ied out programs that  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

relate general ly t o  geothermal resources research needs, such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAao extract ion,  

processing, use, reuse, and disposal of minerals and mlneral zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhe la ,  but ha6 

not carr ied out an i den t i f ied  geothermal program until the present. 

F'Y 1973, t h e  Bureau w i l l  undertake a $160,000 geothermal effort aimed at 

developing improved dr i l l i ng  muds and improved cements for use i n  d r i l l i n g  

and casing geothermal wells at temperatures a8 high as 350'C (662'F). 

Sta r t i ng  i n  FY 1974, the  Bureau of Mines propcses t o  begin a 5-year expanded 

program pr inc ipa l ly  aimed toward the recovery of  minerals and gemes dissolved 

i n  geothermal f lu ids .  

cons t i tu te  the feed material for mineral recovery processes; non-condensible 

gases probably would be delivered from a separate power plant .  

invest igat ions would concentrate on t h e  geothermal f l u ids  of t he  Imperial 

Valley i n  addi t ion t o  other  promising geothermal resource areas. 

research ind icates the presence of mineral and gas const i tuents  of 

su f f i c ien t  economic value i n  the brines, a p i l o t  plant for their  recovery 

could be b u i l t  i n  c lose proximity t o  a desal inat ion plant i n  order t o  

receive and process t h e  plant e f f luen ts .  

I n  

Reject br ines from a water desal t ing plant would 

Research 

If 

The Bureau of Mines geothermal program has the following six goals: 

(1)  t o  develop a system f o r  the  evaluation of brines, determining const i tuents  

of poten t ia l  economic value, (2)  t o  develop methods for recovering 

const i tuents  so determined, (3) t o  develop methods f o r  separat ing non- 

comerc ia l  const i tuents  and disposing of them, ( 4 )  t o  determine criteria 
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for selecting materials of engineering construction needed In the handling 

of hot commercial brlnes, (5) to find new zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmetedlWgiC81 procerring Use6 

for residual brines, and (6) to improve drilling muds and cement8 SO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa8 

to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlower coete of tapping geothermal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAresources. 
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Bureau of Land Management zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As manager of the Public Lands, the Bureau of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALand Management is 

responsible for leasing of Federally-owned geotllkrmal reeourcea In compliance 

Kith the spirit and obJectives of the Ceothexmal Steam Act of 1970, the 

National Environmental PDlicy Act of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1969, other legislation, and aupporting 

Executive Orders and regulations. 

will be at a level of $200,000 in Fy 1973, eubJect to Congressional approval zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of appropriation, and the Bureau has proposed an expanded 5-year program 

beginning in FY 1974. 

The Bureau's geothermal leasing program 

Initially, the Bureau's geothermal leasing program will be directed 

primarily at adjudicating conversion rights established by Sec zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 4 of the Act, 

and t o  leasing of lands of known or potential value for geothennal resourcee. 

Competitive lease offerings will result for lands confirmed t o  be of value 

for geothermal resources. 

leasint., which will proceed concurrently with the competitive leasing prOgrcUn. 

The expanded program would consist of the following compenents: (1) identification 

of potential geothennal leasing tracts based on Geological Survey, Bureau of 

Mines, and Bureau of Land Management data and evaluation; (2) developnent of 

a tentative leasing schedule; ( 3 )  consideration of enviromental factors and 

land-use plannings for each lease tract; (4) evaluation of resource, cost, 

and market data including the refinement of Geological Survey estimates of 

Other lands will be available for non-competitive 

bonus bids for each leasing tract; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5 )  post-sale evaluation of tracts; 

(6) development and maintenance of professional competence; (7) developent 

and maintenance of a computer system including all available resource and 
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land-use d a t a  on areas i d e n t i f i e d  for geothermsl leasing; and (8) conduct 

of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa s tudy  program to update and r e f i n e  leasing regul8tiOn8 and procedures, 
ss 

pre-  and post-sale e v a l u a t i o n  procedures, and environmental considerations. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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National Science Foundation 

The Research Applications Mrectorate of the  National Science Foundation 

began a careful  consideration of t h e  need zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor geothenml energy reeearch 

at t he  end of Fisca l  Year 1971 but did not eponsor any proJectr  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAuntil 

FY 1972. 

are under ser ious consideration. 

1. 

New Nexico" by Marshall Reiter of t he  New Mexico I n s t i t u t e  of Mining and 

Technology ($24,900/24 months). 

regime of t he  Rio Grande rift system of New Mexico zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis being conducted i n  

order t o  help assess the r i f t 's  possible potential as a large sca le  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsource 

of geothermal power. 

geophysical charac ter is t i cs  ind icat ive of both the mid-oceanic r idges and 

present ly producing geothermal sites. Heat f l o w  data are being acquired 

over  t h e  extent of t h e  rift i n  New Mexico and several  prof i les normal t o  

t h e  r i f t  w i l l  be sought. 

2 .  

University of Alaska zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA($56,500/8 months). 

on t:eothernial resources research is t o  develop an asseesment of t he  state- 

of- the-art  and t o  'recommend a research program t o  provide the  requ is i te  

knowledge fo r  establ ish ing the  proper ' ro le  of geothermal resource8 i n  

providing (1) addi t ional  energy t o  alleviate the  Nation's impending shortage, 

( 2 )  water t o  supplement present suppl ies,  ( 3 )  and mineral resources. 

Four pro jects  have been sponeored i n  M l g 2 ,  and several other8 

The sponsored pro jects  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare described below: 

" Invest igat ion of the  Thermal Regime of the  Rio Grande R i f t  System of 

A geophysical invest igat ion of the  thennal 

The Rio Grande rift dieplays many geologihal and 

"Geothermal Resources Research Conference" by Walter J. Hickel of the 

The obdective of the conference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. .  

3. 

Stanford Un ive~s i t y  ($141,50O/l2 months). 

"Stimulation of Geothermal Aquifers" by Paul Kruger and Henry Ramey of 

The research hae three major 

object ives:  (1) development of experimental and numerical data t o  evaluate 
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t h e  optimum performance of explosion-stimulated geothermel aqui fers,  

(2)  developnent of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa geothermal steam reseryoir model t o  evaluete t he  

themophyeical,  hydrodynamic, and chemical perameters involved, (3) 

developnent of a laboratory model of an exploeion-produced chimney t o  

obta in  experimental data on the  processes of in-place boiling, moving 

f l ash  f ron ts ,  and two-phase flow in  hot porous media, as well zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas chemical 

and radiochemical data f o r  t h e  f l u ids  produced. 

4.  

George Keller of the Colorado School of Mines zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA($462,500/12 m n t h s )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
volcano, Hawaii wi l l  be used as a geothermal f ie ld research laboratory t o  

evaluate groundwater movement i n  the  v i c in i t y  of a m@na chamber. 

" Invest igat ion of Hydrothermal Systems at Kilauea Volcano, H8waii" by 

Kllauea 

Kllauea 

volcano can provide a means for t es t i ng  some of the  physical concepts that 

have developed about the C h a r a C t e r i 6 t i C S  of hydrothermal systems. 

goal is t o  provide pos i t ive evidence about groundwater dynamic8 i n  a hydro- 

thermal system and t o  provide a model f o r  o ther  geothermal systems eo t h a t  

e f f i c i e n t  explorat ion approaches can be developed. The m J o r  part of the  

program will be t he  drilling of a test hole at a site selected t o  provide 

the  best chance of in te rsec t ing  a hydrothennal convection c e l l  above t h e  

Kilauea magma-chmber, but t h e  program would also include supplementary 

geophysical s tud ies  of t he  summit area of the  volcano, physical tests i n  

t h e  d r i l l  h u e ,  and measurements on recovered samples. 

The pro3ect 

The NSF Research Applications Mrectorate estimates (Congress wi l l ing)  

i n  FY 19'73 t h a t  it w i l l  provide approximately $l,5OO,OOO i n  t h e  Energy 
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Conversion sect ion of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEnergy Research zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAend Technology program and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
$500,000 i n  t h e  Energy Resource6 sect ion.  

w i l l  concentrate on the  science and technology of u t i l i z i n g  geothermel 

resources whereas the  Energy Resources port ion will emphasize evaluation, 

explorat ion, e t c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. , for t he  resource. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

The Energy Conversion port ion 
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Atomic'Energy Comission zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-@ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Until t h e  present Lime, t h c  Atomlc Energy Comlsslon has not had a 

formal geothermal resources program, but  eeveral invest igat ions carr ied 

out, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAiinclcr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAARC':; auspices during t h e  last f e w  years relate d i rec t l y  t o  

research and development needs of geothermal energy. I n  lv0 and 1971 a 

detailed study was conducted by a teem from Battelle Northwest, American 

O i l  Shale Co.,  Westinghouse, Inc. ,  AEX. and the  Lawrence Livermore 

Laboratory of the  technica l  and economic f e a s i b i l i t y  of extract ing thermal 

energy from re la t i ve l y  dry geothermal reservoirs through the uee of nuclear 

explosives t o  f rac tu re  the  rocks and the  subsequent inJect ion of water t o  

provide a c a r r i e r  f o r  the heat. A t  t he  Loa ALamos Scien t i f i c  Laboratory 

another project involves the developnent of a thermal d r i l l  ueing heat 

generated e lec t r i ca l l y .  

tested i n  t h e  laboratory and i n  the f ie ld .  F'rellmizuu-y studiee have been 

A prototype of t h e  d r i l l  has been eucceseful ly 

conducted at the  same laboratory of t he  f e a s i b i l i t y  of t he  use of hydraulic 

and thermal f rac tu re  techniques t o  expose large heat t rans fe r  surfaces i n  

a hot but relatively dry geothermal reservo i r  i n  order t o  recover the  

energy f o r  power generation. I n  addit ion,  Battelle Northwest has conducted 

laboratory s tud ies of si l ica and radio-nucl ide leaching from rock melted 

by underground nuclear explosions. 

I n  response t o  inqui r ies,  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAEC stated before the  Senate Appropriations 

Committee t ha t  i f  funds were made available a program of research and development 

contr ibut ing t o  t h e  wide-scale use of geothermal resources and t h e i r  conversion 

i n to  economic e l e c t r i c  power could begin at about a l eve l  of  $2,doo,OOO i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FY 1973. Primary emphasis would be placed on i n i t i a l  exemination of the  

f e a s i b i l i t y  of extract ing energy from re la t i ve l y  dry geothennal reservoirs 
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3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
thi*out:li zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALhc in,lcction Rnd recovery zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA01’ mtcr in a hlpa-presoure syotern. 

This cl’fort would include study of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt h e  behavior of dry geothermal reservoirs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
as they are cooled and energy is extracted in order to determine the effect 

of a hydraulic fracture system and the possible expansion of thie eystem by 

thermal-stress cracking to expose additional heat transfer surface. 

Laboratory and preliminary field preparation would be undertaken on the 

feasibility, methods, and economics of developing dry geothermsl reservoirs 

by circulating cooling water through hot  rock exposed by hydraulic fracturing 

techniques. 

is abundant hot rock (about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA300°C or more) but where there is little or no 

mobile ground water because of the low permeability of the rocks. 

and evaluation would also be undertaken of methods to stimulate production 

of geothermal fluids f r o m  known geothermal provinces which do not produce 

steam or hot water of sufficient temperature, quantity, or purity as to be 

The geothermal provinces of concern would be thoee where there 

Asseement 

economically usable in power generation. It is believed that stimulation 

techniques similar to those that have been successful in the oil and gas 

industry may be of value in theGe areas. Studies would be undertaken of 

the mass transport of silica as well as the chemical, hydraulic and thermal 

characteristics of natural geothermal systems in order to develop methods 

for removal of impurities and to develop generating plant equipnent compatible 

with geothermal fluids. These studies would provide information leading to 

the development of models for evaluation of the economic potential of geotheml 

systems and techniques for power generation as well as the cost-effectiveness 

of geothermal research and development programs. 

43 



Beginning with engineering analys is  of ex is t ing  technology,a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAprogram 
I 

would be undertaken t o  develop e f f i c i e n t  b inwy- f lu id  conversion systems 

f o r  lower temperature o r  highly corrosive geothermsl f l u ids  I n  order t o  

maximize t h e  e l e c t r i c a l  generating capacity of t he  thermal energy and t o  

enlarge t h e  range of productive geothermal f l u ids .  



Department of Defense 

Advanced Research ProJects Agency 

The Advanced Research Projects Agency has a ta r ted  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA21 study t o  investigate 

the  poten t ia l  applications of Reotherma1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAenergy source8 t o  spec i f i c  mi l i ta ry  

needs. 

can be satisfied w i t h  geothermal energy sources much miller than those 

necessary f o r  comerc ia l  power production. 

It i s  possible tha t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa number of power requirements for the Service8 

Possible military appl icat ion6 

of geothennal energy of Interest t o  the Department of bfenre include 

(1) primary source of re l i ab le  power at remote locat ionr,  (2)  an emergency 

o r  back-up power source In the event conventiorul power aourceo are dirrupted, 

and (3) a self-contained, stand-by power source f o r  hardened underground 

o r  underwater fac i l i t ies  capable of providing space hceting and cooling, 

and usable water as well as  e l e c t r i c  power. 

The ARPA e f f o r t  is l im i ted  t o  the def in i t ion  of Department Of lkfenra 

needs, de f in i t ion  of  the  research and development required t o  apply 

geothermal energy technology t o  a var ie ty  of mi l i ta ry  requirement8, and 

t o  a p i l o t  study of a spec i f i c  geOthen~~?~ l  rcservo i r  adl)8C@nt t o  an existing 

m i 1 i t a r ; r  f a c i l i t y  t o  determine t h e  research necessary t o  develop t h i s  type 

energy source fo r  selected mi l i ta ry  needs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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National Aeronautics and Space Administration 

The National Aeronautics zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand Space Administration has car r ied  out f o r  

severa l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAyears cooperative research with the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU.S. Geological Survey i n  t h e  

remote sensing of thermal areas. I n  t h i s  program, data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfrom Geological 

Survey f i e l d  and laboratory s tud ies  and aerial photographs were augmented by 

in f rared scanner da ta  and high a l t i t u d e  aerial photographs provided by NASA. 

This cooperative program w i l l  continue in to  space through Geological Survey 

proposals se lected by NASA for ana lys is  of da ta  from EKPS-A (July 1972 launch) 

and Skylab (Apr i l  1973 launch). 

ERTS t e lev i s ion  and mul t ispect ra l  imagery w i l l  contr ibute i nd i rec t l y  t o  

geothermal s tud ies  through analys is  of snowmelt and vegetation anomalies. 

Addition of emitted in f rared imagery with Skylab w i l l  permit d i rec t  

observation of thermal anomalies, with ant ic ipated ground resolut ion of 

approximately 80 M and 0.4"K temperature s e n s i t i v i t y .  

above, NASA plans t o  keep abreast  of research and development i n  geothermal 

resources i n  order t o  assist i n  basic technology wherever poss ib le .  I n  

carry ing out i ts respons ib i l i t i es  NASA has developed during the last decade 

capab i l i t i es  i n  many d isc ip l ines ,  technologies, and techniques. The 

par t i cu la r  problems i n  t he  f i e l d  of geothermal resources t o  which NASA may 

be able t o  make contr ibut ions i n  cooperation with user agencies include 

material development, heat conversion cycles,  and s i lencers  development, 

p ipe flow and compressor design. 

I n  addi t ion t o  t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
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State Organizations 

Natural resource agencies of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmany zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the  weetern Sta tes  are carrying 

out geothermal s tud ies.  I n  Cal i fornia the  Divieion of  Minee and Qeology zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
no  well as t h e  Department, of Water Resources and Division of Oil and Oas 

have conducted noteworthy geotheml  programs f o r  many years including 

appraisal of the State's resources and geologic invest lggt ions of t he  

producing f i e l d  at The Geysers and several promising areas i n  the  State. 

The Oregon Department of Geology and Mineral Industr iee and t h e  l l ew Mexico zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.. 
Bureau of Mines and Mineral Resources have also conducted productive 

geothermal programs for many years, resulting i n  t h e  cataloguing of hot 

spr ing data i n  both States and t h e  geologic analys is  of favorable areas. 

Useful geothermal resources programs are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAelso being carried out by the 

Nevada Bureau of Mines and Geology, the  Idaho Bureau of Minee and Geology, 

and natura l  resource agencies of Alaska, Arizona, Colorado, Montana, U t a h ,  

and Washington. 

by State agencies, most of which are aimed at resource appraisal,. involve 

Altogether, geothermal reeearch and development s tud ies  

several  dozen s c i e n t i s t s  and engineers at an annual ftmding l eve l  of perhaps 

half a million do l l a rs .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
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Private I n d u e t r y  

Blgnif zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 cant cxplorat ion and developnent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAprogrsmr f o r  Reothe-1 

rqoources i n  t h e  United Sta tes  have been conducted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby p r i t a t e  indurtry 

only fo r  the last two decades. The f i rst plant i n  the United State0 t o  

generate e l e c t r i c i t y  f r o m  nature1 steam w e  put in to  production i n  1960 

by Paci f ic  Gas and E lec t r i c  Company, based on stem produced by w+epar 

Power Company and Thermal Power Company. 

companies and Union O i l  have carr ied out successfld developnent of The 

Qeysere f i e l d  together with explorat ion of promising areae elrewhere i n  t h e  

western United Sta tes .  A f e w  other companiee, large ly  pet ro lou  canpanier, 

Joined i n  these a c t i v i t i e s  i n  the  60'8, but i n te res t  on the  pert of pr ivate 

industry was not widespread u n t i l  peesage of the Geothennl  3t . r  Act of 

1970 opened the poss ib i l i t y  of leasing Federal lands f o r  geothermal 

developnent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

In t he  ensuing parr  there  latter 

Private industry has supported g e o t h e m l  research and devolopnent by 

industry staff, univers i ty  consultants, and other  companier i n  all t h e  

top ic  areas l i s t e d  i n  t h i s  repor t .  

i n  t he  f i e l d ,  each explorat ion program is a research proJect. 

of The Geysers f i e l d  has led t o  increased knowledge of t he  rewurce and t he  

development of new techniques of reservoir  developnent and production. The 

attempted development of  t h e  Salton Sea geothermal f ie ld  requirod research 

and developnent on power generation and mineral recovery technology uring 

concentrated geothermal br ines.  

s tud ies of b inary-f lu id power generating technology, and p l w  t o  conrtruct  

a p i l o t  p lant  of t h i s  nature i f  suf f i c ien t  p r iva te  cap i ta l  i r  found. 

Because of  the  general lack of kmwledg. 

The develo-nt 

Industry has supported engineering deeign 

48 



! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Some of the knowledge resulting zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfmm industry research and development 

has been zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmade available t o  o ther  s c i e n t i s t s  and engineers i n  the f ie ld  of 

geothermal resource8 through t he  exchanges at sc ien t i f i c  maeti~s, formel 

publ icat ions, e t c  ., but much remains conf ident ia l  beceuee of its competitive 

value. 

private industry i n  the Vnited States is not zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAknown, but it very probably 

amounts t o  several tens of mil l ions of dol-s per zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAyear apart from coets 

of land purchase, production dri l l ing,  and plant construction. 

The t o t a l  current e f f o r t  in geothernral research and developnent by 
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Relevant Research Directed at Other zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEnergy Resources 

Some of the research and developolent needs in the field of geotherml 

I-~OUTC~B are not unique to that field but are the subJect of research and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
developnent proJects under other progrsme. Noteworthy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAresearch and 

development proJects in this regard include: (1) drilling technology 

(petroleum industry and Federal rapid-excavation program), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) well-logging 

and sampling techniques (petroleum industry), ( 3 )  brine-rock Interactions 

(Federal fluid-waste-disposal programs), (4)  brine chemistry and desalination 

technology (Federal desalination programs), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5 )  binary-fluid power generation 

(private utilities and Federal programs on bottom cycles), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 6 )  removal of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
)E2S from steam (private utillties and Federal air pollution control programs), 

and (7) reduction of noise (private industry). The total funding for 

relevant research and development and the applicability of such R and D 

to the need6 of geothermal resources is not known, but it should be 

thoroughly investigated before funding new geothemal programs. 
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Considerable a t ten t i on  has been drawn t o  geothermal resources as an 

e l e c t r i c a l  generat ing mode t h a t  cun !lave a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArela!,;. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAyely small adverse effect  

on t h e  environment. Geothermal eneray does not produce atmospheric 

pa r t i cu la te  po l lu tan ts  as d o  fossil fuel pl-ants: :lor does it requi re  f u e l  

t o  be mined or  t ranspor ted,  kiandled, er ccmsimcd; i n  addit ion,  t he re  i s  no 

production ol' radionct ivt .  wi:,Le nor p~,!,~tnL.LaI. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj'nr rillclear d i s a s t e r .  Present 

Geotheimril power, however, is not  without ndvcrse impact on t he  

envirorunr-til An firmly:; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 :; of' t h e  envi ronmental e f f e c t s  of geothermal power zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W8s made i n  t h e  DriLi't 1::nvironmental In,pact Statement for  t he  Geothermal 

Leasing Program issued by the Department of I n t e r i o r  i n  September 1971. In 

t h i s  ana lys is ,  Lhe environmental effm8t.s t o  be expected during t h e  exploration, 

test  d r i l l i n g ,  production testing, ! .e!d development, power plant and power 

l i n e  c i m t r u c t i o n ,  and full sca le  production phases are out l ined.  The 

cnvirot~icnt:rl cf'f 'ccts of vtipc1'-dcainl?nated and hot water system are Sign i f i can t ly  

d i f fe ren t  and are t r ea ted  i n  detai l .  

ef fec ts ,  land despoilment, contamination of ground- and surface-waters, 

noxious gases, noise, land subsidence, an2 supply of cooling water for 

closed-system generat ing modes. 

seismic frequency o r  i n tens i t y  by increases or decreases of  f l u i d  pressure 

The major possible problems are thermal 

The remote p o s s i b i l i t y  of increasing 



i n  a tec ton ica l l y  ac t i ve  environment is a leo  a consideration for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsome field#. 

With proper management and technology, and at some cost,  a l l  adverse 

environmental e f fec ts  could be held t o  acceptable leve ls .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,' * 

Geothermal energy has the  unfavorable aspect of greater  water 

consumption and waste thermal discharge per un i t  of e l e c t r i c i t y  than 

e i t h e r  nuclear o r  f o s s i l  fuel modes because of the lower turbine conversion 

e f f i c ienc ies  at t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlow geothennal stem pressures and temperatures. 

geothermal f i e l d  and power plant u t i l i z e s  more land than would an equivalent 

nuclear or fossil power plant. 

several  wells spaced at about 20 acres each t o  supply a small central power 

plant .  The f i e l d  is laced Kith steam pipes rad iat ing out from power p lan ts  

connected together by high-voltage power l i n e s .  

technology the  v isua l  impact of areas of geothennal development is heavy, 

and such areas must be c lass i f i ed  as indust r ia l ized regions. 

conf l i c ts  may be expected frequently t o  arise on t h i s  account. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A 

Present reserdroir developnent u t i l i z e s  

I n  the present state of 

Land use 

Although 

the ac tua l  space requirement of t he  f i e ld  is l a rge  compared t o  t h a t  of a 

f o s s i l  fuel o r  nuclear power p lant ,  t h e  total requirement is i n  r e a l i t y  

smaller than many of these systems when mining of materials and waste disposal  

a re  considered. 

purposes i s  possible i n  many areas. 

Multiple l and  use of t h e  f i e l d  fo r  agr icu l tu ra l  and other  

Vapor-dominated systems, such as The Geysers, y-ield re la t i ve l y  pure 

steam low i n  noxious content.  

w e  re in jected i n to  the  reservo i r .  

less than 1% of t he  steam and consist  predominsntly of carbon dioxide with 

The condensates (about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20$ of the  feed f l u id )  

Non-condensible gases at The Geysers are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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less abundant ammonia, methane, hydrogen sulfide, nitrogen and hwogen. 

Hydrogen sulfide is the most objectionable component becaume of its 

unpleasant odor, and there is at the present time no completely suitable 

technique for its removal fran the steam. 

being conducted into methods of its removal at The Geysers and in other 

energy resource fields, additional research is needed to solve the problem. 

Noise during well-cleanout zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand well-bleeding stages of geothennal 

developnent causes a problem in dry steam fields, and the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnoiae during 

well drilling is a problem attendant to rrll geothennal fields zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(as well as 

to other energy resources). Better mufflers need to be developed t o  hold 

the noise to acceptable levels. 

Although research i o  currently zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
< 

Hot-water systems generally yield large quantities of v a ~ m  water 

that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcomonly is mineralized and presents a chemical pollution hazard to 

surface and ground waters. Most proposed geothermal developnente in 

the United States, however, plan to dispose of the waste water by reinjection 

into the geothermal reservoir in which cases contamination of surface watera 

and useable ground water should not be a problem. 

practical to purify or treat the water for removal of these contaminants, 

but even so, residual brines wi l l  need to be disposed of by relnJection into , 

In some cases, it may be 

the producing reservoir. The 

Water for the Imperial Valley 

treatment . 
Another problem posed by 

pilot proJect planned by the Office of Saline 

w i l l  test the practicality of water desalinization 

removal of large volumes of rater and heat 

from some reservoirs is that of land subsidence (Hunt, 1970). 

may occur in the few geothermal reservoirs that are found In relatively 

Subsidence 
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unconsolidated sedimentary rocks, such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas those tha t  f i l l  intenaountain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.. 
basins i n  the western United States. I n  some areas such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAae the  Imperial 

Valley of Cal i fornia,  Subsidence could cauee m J o r  probleme by t he  

disrupt ion of i r r i ga t i on  canals, p ipel ines,  and so fo r th .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIluring f ie ld 

development o r  the production stages i n  c r i t i c a l  geothermal f ie lde ,  

subsidence should be monitored, and i f  it is greater  than an acceptable 

amount, a program of re in ject ion should be i n i t i a t e d  t o  contro l  t h e  

subsidence. 

A t  those hot-water geothermal f ields where the  geothermal f l u i d  is 

extract-:d from t h e  reservoir, u t i l i zed  for power generation with a method 

such as t h e  binary-f lu id system, and reindected back i n to  the reservoir-- 

all  i n  a closed system under pressure-- lmge suppl ies of cooling water for 

the  power generation cycle will have t o  be provided f r o m  an external source, 

jus t  as it has t o  be provided f o r  conventional power generation p lan ts .  

Supply of large quant i t ies  of auch cooling water m y  present a problan i n  

some areas such as t he  a r i d  Basin and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARange provinces of t h e  western United 

States. 

Finally, when large volumes of f l u i d s  w e  removed o r  inJected i n  a 

tec ton ica l l y  ac t i ve  environment, there is t he  remote poss ib i l i t y  t h a t  t h e  

resu l t ing  change i n  f l u i d  pressure could increase t he  incidence of earth- 

quakes by a mechanism similar t o  t h a t  demonstrated f o r  t h e  Rocky Mountain 

Arsenal Well (Healy and others,  1968). 

seismici ty of those geothermal f ields t h a t  l i e  astride h u l t e  that could 

generate maJor earthquakes. 

Provisions should be d e  t o  monitor 



Estimates of the  geothermal resources of the  United Sta tes  and the  

impact of t he  u t i l i z a t i o n  of' these resources on the  Nation's energy 

needs d i f f e r  by more than a thousand times. 

based on D. E. White's (1965) estimate ind icate t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5,000 t o  10,OOO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMw 

could be generated and maintained f o r  at leaet 50 years under present 

economic condition6 and technolow. 

study by t h e  "New Energy Forms Task Group" of t h e  National Petroleum 

Counci1,estimates t ha t  generating capacity based on geothermal f l u i d s  

i n  t he  United States,  spec i f i ca l l y  i n  Cal i fornia and Nevada, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw l l l  Increase 

t o  between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7,000 and l9,OOO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMw by 1985. R .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW .  Rex i n  testimony before t h e  

Senate I n t e r i o r  and Insular  A f f a i r o  Committee on Fuels and Energy Policy 

(Congressional Record, June 15, 1972) s ta ted  t h s t  with a succeesful 

For example, ca lcu lat ions 

Kilkenny (1972), i n  the cour8e of a 

aughented Federal research and development program, a generating capaci ty 

of 400,000 Mw based on geothermal resources could be developed In  the  

western United Sta tes  within t he  next 20 years .  

resource estimates r e f l e c t s  a number of fac to rs  Including d i f f e ren t  

assumptions about technological developments and cost factors ,  preparation 

of  d i f f e ren t  estimates for  d i f fe ren t  reasons (for example, legal requirements 

versus program jus t i f i ca t i on ) ,  and d i f f e r e n t  uses of the  terms "resources" 

and "reserves", but the  major cause of the  broad spread i n  estimates is a 

The wide var ia t ion i n  

lack of fac tua l  knowledge of t he  resource i tee l f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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+Degree of Certainty 

Undiscovered Resources Iden t i f i ed  Reserves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-- ----- 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4x1018 Btu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

figures shown are energy i n  s i t u  -- 
Figure 2. Estimated reserves and resources of geothermal energy 



Conservative estimates zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof geothermal reserves and resources are shown 

in the diagram of figure 2, which is based on the fonnat of McKelvey (1972). 

Reserves and resources should be distinguished f r o m  the "resource base," 

which is defined by Schurr and Netschert (1960, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA297) as all of a given 

material present in the earth's crust, whether its existence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl e  known or 

unknown and regardless of cost considerations. For geothermal resource8, 

the resource base is all of t h e  h e a t  i n  the earth's crust above mean surface 

temperature (about 15°C). 

crust to a depth of 10 Km to tJe about loc"4 Btu, equivalent to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2000 tbe8 the 

world's coal reserves. 

the crust of the United States in cratonic and platform rocks to a depth 

of 10 Km and in interstitial water in sedimentary basins to be 2x1022 Btu. 

Only a small proportion of the geothermal resource base, however, can be 

White (1965) estimates the heat in the earth's 

Grossling (l~n2) estimates that the heat stored in 

considered zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa resource. 

would be uneconomic but a l s o  might cause problems such as ground movement 

and earthquakes caused by the resulting thermal stresses. Exactly what 

proportion of the geothermal resource base can be considered a resource 

depends on a number of factors, such as depth of extraction; assumed 

temperature distribution to that depth; effective porosity, specific yield, 

and permeability of the reservoir rocks; physical state of the fluid (water 

Wraction of all the heat in the crust not only 

or steam); available technology; economics of various uses; and government 

policy with respect to research and development, leasing, environmental 

constraints, etc. 

government policy have caused much of the large variation in published 

estimates of geothermal resources. 

Different assumptions as to technology, economics, and 

57 



Fuel Price 
mils/m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL/ 

2.90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 3.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.00 - 4.00 

4.00 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.00  

5 . 0 0  - 8.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8.00 - 12.00 

Table 2 .-- Three recent se ts  of gcwthcrmal resource estimates. 

' 0  

Estimated G e o t h e m l  lieserves and Resources 
( L . J .  P .  Muffler and D . E .  White, i n  Theobald, 1972) 

Iden t i f ied  resources 

Undiscovered recoverable and 
submarqinal resources t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR 

depth of 10 km 

Btu (at the  w e l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhead) 

4 x d 9  Btu ( i n  -- s i t u )  

t 

Forecast of Geothermal Power Generation Capacity i n  Megawatts 
(J .  E .  Kilkenny, 1972) 

Cost per kwh ( In mills) l ' / ( O  - 197 5 - 1980 1 9 5  

5.25 82 1500 4500 7000 

5 -75 4000 7000 

5000 6.25 

8:' 1500 10500 19000 
- 2000 - - 

Estimated Cxothermal Reserves 
R W .  Rcx (wr i t ten corn.  May 1972) 

Megawatt centur ies of e l e c t r i c i t y  ( i n  thousands) 

Known Probable Undiscovered 
Re S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1" v c  Lf Reserves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1/ Reserves 21 

1 1/ 5 -  31 10 

30 - 4 1  400 - 5 /  2,000 - 61 

? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA600 71 12,Ooo - 81 

? 7 > 20,000 91 

? ? > 40,00010/ 

Footnotes on following page: 



11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA fuel ?rice of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmils/kwh is equivalent to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApower cost (as shown In 
the estimate by Kilkenny) of 5.25 mil,/'kwh. 
following: 

Assumptions Include the 

Recovery of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 percent. in i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs i t u  thermal energy in the hot water 

Power conversion efficiencies of 20 percent for vapor-dominated 

Present costs and prices inflated by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5s per year for the next 

22 percent depletion allocsance for geothermal energy 
Energy price in present dollars 
Ikvelopment by tax-paying entities 
10 percent royalty t o  landowner (Federal or State goverments, 

No severance taxes 
State taxes at a level no higher than the California Corporate rate 
No increase in Federal corporate taxes 
Cost of capital 8 ,  S$ 
Expensing of intangible drilling expenses 
No change in the depreciation rate for amortizing wells 

-- 
reservoirs 

reservoirs and 14 percent for hot-water reservoirs 

30 years 

or private land holders) 

21 Note that the term reserves as used by Rex differs from the usage by Muffler 
and Wk".te and in the text of this report. 

- 31 Vapor-dominated reservoirs, primarily The Geysers area, California 

- I+ /  Weper vapor-dominated reservoirs, primarily in the Clear Lake/Geysers area 

- 5,' Dcepcr &or-dominated reservoirs and high-temperature reservoirs in the 

- c/ keper vapor-dominated reservoirs and high-temperature reservoirs in the 

and high-temperature hot-water reservoirs in the Imperial Valley, California 

above ;?rem plus Jemez mountains, N e w  Mcxicc, and Long Valley, California 

above areas plus the remainder of The Basin and Range province, western 
United States 

7 /  - Intermediate-temperature hot-water reservoirs and deep high-temperature hot- 
water reservoirs in the above areas plus Hawaii and the over pressured hot 
brines of the Gulf Coast 

8/ Same as above plus hot-water reservoirs in Alaska 

9/ Hot dry rock sy-stems at less than 6 km depth over 5 percent of western U . S . ,  
development based on hydrofracturing or cost-equivalent technology; cost 
estimate based on present drilling technology and could be reduced by new 
low-cost drilling technology 

10/ - Hot dry rock systems as above between 6 ion and 10 km depth 

- 

- 
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The ident i f ied  recoverable geothermal resources of t he  United Sta tes  

(excluding National Parks) a re  estimated i n  figure 2 t o  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10l6 Btu, based 

on the  estimate of Muffler and White zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1972) of 6x1Ol6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABtu i n  t h e  ground, 

including measured, indicated, and in fer red resources. This estimate 

includes the  vapor-dominated reservo i rs  at The Geysers as w e l l  a8 severa l  

high-temperature hot-water reservo i rs  elsewhere i n  t he  western United S ta tes .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As on ly  about 15 percent of t h i s  is del iverable t o  t h e  w e l l  head with 

current technology, the  t o t a l  reserves (a t  t h e  w e l l  head) are thus 10l6 Btu 

o r  enough steam t o  generate 1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMw f o r  50 years at t he  current generating 

ef f ic iency of 14 percent.  

t h a t  reserves i n  t h e  vapor-dominated reservo i rs  at The Geysers alone would 

support 1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMw f o r  100 years.  

I n  comparison, R. W .  Rex (Table 2 )  est imates 

Undiscovered recoverable geothermal resources (defined as those 

resources recoverable at cost  competit ive with a l te rna t ive  forms of energy) 

are estimated i n  f igure 2 t o  be d - I . 2 ~ 1 0 ~ ~  Btu at w e l l  head, based on White's 

(1965) estimate of geothermal resources recoverable as e l e c t r i c i t y  t o  a 

depth of 3 Km i n  t he  United Sta tes  (assuming t h a t  1 percent of  the '  -- i n  s i t u  

heat i s  recovered as e l e c t r i c i t y ) .  

generating capaci ty f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 years.  The estimate i s  f o r  t h e  generation of 

e l e c t r i c i t y  using proven and conventional technology, thus the geothermal 

reservo i rs  included i n  the  est imate must have temperatures of at  least 

This resource would support 3000-6000 Mw 

180°C (356"F), because at lower temperatures t h e  quant i ty  of f l a s h  steam 

is inadequate, and would include vapor-dominated and high-temperature hot- 

water systems. 
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i 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I n  comparison, Rex estimates (Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2) t ha t  there axc s u 3 i c i e n t  vapor- 

ilominat.cd rwcrvoirf i ,  pr imnr i ly  at, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGeysers, t o  eupprt  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMw 

generating capacity fo r  100 years. 

resources e x p l i c i t l y ,  but h i s  forecast of fu ture geothermal power production 

implies at least minimum estimates of resources. 

estimated t h a t  there w i l l  be 7000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMw installed capacity by 1985 with cos ts  

of 5.25 m i l l s / K w h  ( i  .e., production based on vapor-dominated systems) . 
Paramarginal resources are estimated i n  figure 2 t o  be 4x10l8 Btu 

(2 

Kilkenny (Table 2 )  has not eetimated 

He has, f o r  example, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

i n  s i t u ,  su f f i c i en t  t o  support 40,000 Mw generating capaci ty f o r  at least 

50 years. 

(>18O"C, 356°F) hot-water systems tha t  might be developed economically 

at the  present time o r  i n  t h e  near future.  Crit ical economic fac to rs  w i l l  

be the cost  of re in jec t ing  waste f l u ids  and the  successful  development of 

binary-f lu id o r  o ther  e f f i c i en t  generating systems and multipurpose ( I  .e., 

power -wat e r- chemicals ) ut  i 1 i za t  i on  t ec hnology . 
being given t o  t h e  generation of e l e c t r i c i t y  f r o m  geothennalwaters,  using 

a system whereby the  geothermal heat is used i n  a heat exchanger t o  boil a 

secondary f l u i d  such as isobutane or freon, which dr ives t h e  turb ine.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

-- 
These resources would consist  la rge ly  of h igh- tempratwe 

Much a t ten t i on  i 8 present ly 

generating uni t  based on t h e  heat-exchange pr inc ip le  and using intake water 

at  81"c (178°F) is reported t o  be' i n  p i l o t  operat ion at Paratunka, Kemchatka, 

U.S. S.R. (Facca, 1970). 

United Sta tes  is high, and engineering design for  a p i l o t  plant using 

isobutane has been completed, although construct ion of t he  p i l o t  p lant  has 

not been undertaken. 

Industry i n te res t  i n  t h i s  generating mode i n  the  

Multipurpose developments yielding power, desal ted water, 

and/or recovered chemicals improve t h e  economics of power generation by sharing 
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a s ign i f i can t  par t  of the  cos ts  against  o ther  products. 

of t h i s  type are cur ren t ly  i n  t h e  development stage, including the  

E l  Tatio f i e l d ,  Chile, under UN sponsorship, and the Imperial Valley, 

Cal i fornia,  by the Bureau of Reclamation and the  Off ice of Sal ine Water. 

Kilkcnny (Table 2 )  estimates t h a t  success fU appl icat ion of these tech- 

nologies at somewhat higher cos ts  (5.75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 6.25 mills/kwh) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKill result i n  t h e  

i n s t a l l a t i o n  of an add i t iona l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGO00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMw generating capaci ty by 1.980 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand 

12,000 Mw by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1985. Rex (Table 2) includes i n  known reserves high-temperature 

hot-water reservo i rs  of t h i s  q u a l i t y  l a rge ly  i n  the  Imperial Valley, as w e l l  

as deeper vapor-dominated reservo i rs  at The Geysers, which are su f f i c i en t  

t o  support a generat ing capaci ty of jO,O00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMw f o r  100 years.  

t h a t  add i t iona l  resources of t h i s  type i n  t he  western conterminous United 

Sta tes  a r e  su f f i c i en t  t o  support  2,400,000 Mw generating capaci ty.  

Several proJects  

He estimates 

Recoverable geothermal resources could be s t i l l  f u r the r  expanded by 

technological  breakthroughs t h a t  would permit t he  economic developnent of 

resources t h a t  are c lea r l y  not econoniic at the  present time. These 

submarginal resources are estimated t o  be more than 4x10~9 Btu by Muffler 

and White (Table 2 )  and su f f i c i en t  t o  support more than 400,000 IW generating 

capaci ty f o r  50 years.  Such poss ib le  developnents include t h e  (1) S U C C e S S f U l  

appl icat ion of  power generat ing technology t o  geothermal reservo i rs  of intermediate 

and low temperatures, t h a t  is,  cooler than 180"c (356"~ ) ;  ( 2 )  developnent of 

b e t t e r  methods fo r  recharge of f l u i d s  i n  geothermal reservo i rs ,  thus permit t ing 

f u l l e r  and longer u t i l i z a t i o n  of t he  heat s tored i n  both rocks and f l u i d s  of 

the  reservo i r ;  ( 3 )  development of techniques of a r t i f i c i a l  stimulation t o  
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increase the  product iv i ty of geothermal reservoirs,  and i n  combinertion 

with the  introduction of f l u ids ,  t o  t a p  t h e  heat stored i n  hot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdry rocks; 

( 4 )  improvcments tn ex is t ing  d r i l l t n g  techniques zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas well a8 t h e  developnent 

of' new d r i l l i n g  techniques that, would allow economical d r i l l i n g  t o  greater 

depths; ( 5 )  new technology tha t  would favor wider u t i l i z a t i o n  of low- 

temperature geothermal resources fo r  space heating, product prOCeESing, 

agr icu l ture,  e t c .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs these techniques are success fU ly  developed, t h e  

recoverablc geothermal resource will expand wi th in  t he  l i m i t  set by t he  

U.S. geothermal resource base. 13. W .  Rex (Table 2 )  estimates t h a t  t he  

resources present i n  intermediate-temperature hot-water reservo i rs  and i n  

deep reservo i rs  of vapor-dominated and hot-water type i n  the weetern United 

States,  the  Gulf Coast area, Alaska, and Hawaii, could support zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12,600,000 Mw 

f o r  100 years.  I n  addition., he estimates tha t  t he  successful  development 

and appl icat ion of technoloby fo r  recovering the  thermal energy from hot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
dry rocks could add resources su f f i c ien t  t o  support more than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20,000,000 MW 

generating capaci ty at depths of less than 6 Km and an addi t ional  40,000,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMw 

at depths between 6 and 10 KITI. 

A n  estimate of  t h e  impact of Reothermal resources on the  Nation's energy 

needs over the  next  30 years can be gained from t h e  following estimates of 

t h e  magnitude of i ns ta l l ed  power generation c a k c i t y  based on geothermal 

resources : 
Mw 

.............. 1972 192 
1 9 7 5  .............. 1,500 
i g o  .............. 10,500 
198s . . . . . . . . . . . . . .  19,000 
1990 35,000 
2000 75,000 

. . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  



i o r  t h e  y e w s  1975 throufih lc%S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAve have accepted the eetimates of John zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE. 

Kilkenny zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1972) because of h i s  posi t ion as an o f f i c i a l  In  one of t h e  very 

f e w  companies i n  the  United Sta tes  engaged i n  the  explorat ion, developnent, 

and production of geothermal resources at a p r o f i t .  

power generating capaci ty at cos ts  of 6.25 mills/kwh and less (at current 

p r ices) ,  and are based on t h e  assumption t h a t  technologies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw i l l  be 

developed f o r  t he  economic generation of power from hot water reservo i rs  

as well as f o r  the multipurpose u t i l i z a t i o n  of some geothermal resources 

such as those of t h e  Imperial Valley. 

devclopnent proRram than that acsmed by Kilkenny could bring about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtm 

earlier appl icat ion of the  technology and result i n  g rea ter  i ns ta l l ed  

capaci ty i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1985 than t h a t  shown. The estimated increase i n  power 

generating capaci ty beyond 1985 t o  35,000 Mw i n  1990 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA75,000 Mw i n  2000 

The estimates are for  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A larger Federal research and 

i s  based on the assumption t h a t  an expanded Federal research and development 

program will resu l t  i n  t h e  i den t i f i ca t i on  c f  more geothermal reservoirs 

arid t he  development of terhnologics fo r  generating power from deeper and 

lower temperature geothermal f l u i d s  including the  over-pressured geothermal 

br ines of the  G u l f  Coast. "he success fu l  development and appl icat ion of 

technologies f o r  t he  economic recovery of thermal energy from reservo i rs  

with i nsu f f i c ien t  f l u i d s  or permeabil i ty might result i n  an even greater 

increase i n  geothermal-based generating capaci ty.  
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CHAPTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 

RESEARCH AND lXVEZOR4ERF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANEEDS 

Rcsourccs Appraisal 

More prec ise estimates of the  magnitude, qual i ty ,  and d ie t r ibu t ion  

of geothermal resources i n  t h e  United States are essen t ia l  

i n  developing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa Federal strategy fo r  meeting t h e  fu tu re  energy needs of 

t he  Nation. 

geothermal power generation differ by severa l  orders of magnitude, i n  

part because of d i f fe ren t  assumptions about technology but a l s o  i n  part 

because of the lack of su f f i c ien t  data on which t o  base the  eetimates. 

Current est imatcsby knowledgeable experts of po ten t ia l  

Thc del incut ion and evaluation of' the d i f fe ren t  geothermal provinces of t h e  

Uni ted States,  an essen t ia l  f i rst s tep  i n  determining t h e  geothermal resources 

of t ,hc Nation, m i i l d  also prov lde uccfi i l  Information fo r  planning by public 

u t i l i t y  d i s t r i c t s ,  and the  ident i f i ca t ion  of spec i f i c  promising areas and 

evaluation of t he  approximate magnitude and qua l i t y  of t h e i r  geothermal 

resources would provide useful background information f o r  t h e  ultimate 

recovery of  t h e  thermal f l u ids  and production of  power. For promising 

areas on Federal lands, t h e  information gained under t h i s  program w i l l  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t h e  

A, 
of considerable value t o  Federal government i n  c lass i fy ing and leas ing 

public lands under the Geothermal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASteam Act of  1970, as w e l l  as f o r  

supervising the resulting leases. 

I n  order to  determine t h e  magnitude of t h e  geothermal resources within 

the  next f e w  years, an augmented Federal program of regional  s tud ies,  heat-  

flow measurements, and research d r i l l i n g  is needed. Part of t h i s  e f f o r t  

should be focused i n  selected regions o f  high geothermal po ten t i a l  which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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could be del ineated as National Geothermal F ie ld  Laboratories. Regional 

s tud ies  would include geologic mapping and synthesis,  geochemical sampling zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

and analys is ,  and geophysical s tud ies  including both ground zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand airborne zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

methods. 

improved Exploration Methods. 

The program is c lose ly  re la ted  t o  t h e  program of deve lopent  of 

A grea t l y  increased program of  heat-flow 

measurements i n  moderate depth d r i l l  holes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(200-300 m )  across t h e  country 

would provide data essen t ia l  t o  del ineat ing the  ma;or geothermal provinces 

and should a l s o  help i n  ident i fy ing speci f ic  favorable ta rge t  areas. 

D r i l l i n g  of deep (most1y)lOOO m )  d r i l l  holes is an essen t ia l  element of 

t h i s  program, as well as the  programs i n  Exploration Methods and i n  

Reservc..r Development and Production. The deep d r i l l i n g  i s  needed t o  

determine i n  the  t h i r d  dimension the cha rac te r i s t i cs  of geothermal 

reservo i rs ,  such as temperature, pressure, rock composition, s t ruc tu re ,  

and f l u i d  composition. Dr i l l ing of shallow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA((200 m )  holes and measurement6 

of temperature gradients  will also be a necessary part of t h e  program i n  

de ta i led  study of some areas. 

A program of very deep d r i l l i n g ,  t o  depths as great  as 10 Km, is 

e s s e n t i a l  f o r  evaluat ing t h e  geothennal po ten t ia l  of the  deep c rus t  beneath 

the  United S ta tes .  Such u. progi r l i i  w - ~ i i l d  require $10 mil l ion t o  $20 mil l ion 

per year f o r  the  drilling 01’ 1 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA? boreholes per year .  We recornend t h a t  

t h i s  program be deferred unt i l  after the development of be t te r ,  cheaper 

techniques f o r  deep d r i l l i n g  and the demonstration t h a t  hot,  re la t i ve l y  dry  

rocks at depth can be a r t i f i c i a l l y  f ractured t o  form a v iab le geothermal 

reservo i r .  



The i n i t i a l  l eve l  of funding recommended fo r  t h i s  program is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$6 mil l ion,  

of which $2 mil l ion is fo r  reconnaissance studies,  $2 mil l ion fo r  heat-flow 

measurements and related d r i l l i n g ,  and $2 

programs 

Exploration Methods 

mi l l ion f o r  o ther  dr i l l i ng  

Development of geothermal resources zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand evaluation of t h e i r  magnitude 

aze handicapped by the  re la t i ve l y  pr imit ive nature of explorat ion techniques 

current ly  i n  use, by the  absence of an adequate understanding of t he  

fac to rs  tha t  character ize geothermal systems, by the  lack of Inexpensive 

techniques for d r i l l i n g ,  and by the  need for  b e t t e r  borehole logging and 

smpl inC: techniques. 

areas during regional  reconnaissance and t o  determine the  size zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand power 

poten t ia l  of an area once it has been found. 

r e l i a b l e  technique f o r  t h e  discovery of new geothermal reservo i fs  is t o  

search out areas of hot springs--a s i tua t ion  analogous t o  t h a t  i n  the  

petroleum indus t ry  i n  t h c  ear ly  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1300's when pctroleum exploration consisted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
OS d r i l l i n g  surface o i l  seeps. 

Bet her methods nre needed both t o  detect  geothermal 

A t  t h e  present time t he  most zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A variety of geophysical, geochemical, and 

geologic methods are now being applied t o  the  explorat ion f o r  geothermal 

resources. 

f o r  minera l  and petroleum deposi ts are a l s o  appl icable t o  geothermal 

explorat ion although i n  n dii ' ferent se t t ing ,  and severa l  new methods show zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMany of the  success f i l  explorat ion methods used i n  explorat ion 

promise. Research is needed on t h e  d i f fe ren t  techniques and on t he  methodology 

of epplying them t o  geothermal explorat ion. 

of geothermal reservoirs,  such as t he  three-dimensional var ia t ion  i n  

Furthermore, a b e t t e r  understanding 
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temperature, t h e  c i rcu la t ion  of geothermal f l u ids ,  and the  pa t te rn  of 

geochemical a l t e r a t i o n  of reservo i r  rocks and deposit ion of minerals, 

woiild lead t o  bet,ter techniques f o r  discovering zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand developing geothermal 

l ' ie lds.  Dri l l ing is a large component i n  explorat ion,  developnent, and 

production of geothermal f ie lds,  because of the  use of (1) shallow 

(200 meters) temperature-gradient holes i n  explorat ion, (2)  holes of t he  

same or somewhat greater depth for heat-flow measurements i n  def in ing 

geothermal provinces, (3 )  deeper d r i l l  holes f o r  proving the existence 

of a geothermal reservo i r  and determining i ts extent ,  and (4 )  production 

wells for tapping the reservo i r .  Faster ,  safer, and less expensive d r i l l i n g  

techniques f o r  both shallow and deep holes and both s l i m  explorat ion holes 

and greater-diameter production wells, would a i d  g rea t l y  i n  the  discovery 

and development of geothermal f i e l d s  and i n  the  production of steam and 

hot water from them. Researc.h and development is needed both t o  improve 

ex is t ing  techniques and t o  develop who l l y  new techniques. 

techniques f o r  logging boreholes a n d  sampling f l u ids  from them are not 

completely sat,i sfactory  t'or geothermal explorat ion,  i n  p a r t ,  because of 

the  high temperatures and corros ive f l u ids  o f  geothermal reservo i rs .  

Development of' be t te r  techniques wvuld have zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan immediate p rac t i ca l  appl icat ion 

i n  evaluat ing explorat ion holes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmid would a l s o  fu r ther  the e f f o r t  t o  gain a 

betl  er understanding of geothermal reservo i rs .  

Exist ing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An expanded Federal program to develop better explorat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmethods is 

recommended, with i n i t i a l  f'unding at  a n  annual leve l  of approximately 

$5 mil l ion.  O f  t h i s  amount, about $1 mil l ion should be a l l o t t e d  t o  



development of  b e t t e r  d r i l l i n g  techniques, $1 mi l l ion t o  b e t t e r  borehole zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
lc)t-p:int: I cclmiques, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$; mil l lon to  t h e  developnent of other  explorat ion 

tilethotis. Anlong t h e  lu t  t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAer, Kcophysical methoda, par t i cu la r ly  e l e c t r i c a l  

prospecting techniques usinc both nfitural and induced currents ,  show the 

riost promise and should receive t h e  most emphasis. 

deserve a t ten t i on  include the  following: electromagnetic, microearthquake 

and seismic noise monitoring, seismic re f rac t ion  and ref lect ion, remote 

sensing using in f rared and mul t ispect ra l  techniques, temperature gradient 

measurements, geochemical methods, pa r t i cu la r l y  analys is  of t h e m 1  waters, 

grav i ty ,  magnetics, and geologic ana lys is .  Efforts t o  develop better 

explorat ion methods probably should be focuaed la rge ly  on only a f e w  

representat ive geothermal fielc?s i n  order t o  avoid sca t te r i ng  t h e  Federal 

e f f o r t .  Designation of ce r ta in  f ie lds  as National Geothennal Laboratories 

could help channel e f f o r t s  i n  tha t  d i rec t ion .  

under the  sect ion on Resources Appraisal is an e s s e n t i a l  element In  t h e  

program, and e f f o r t s  should be made i n  addi t ion t o  provide the  m a x i m u m  

amount of deta from deep holes d r i l l e d  by pr iva te  industry.  

Reservoir Development and Production 

Other methods t h a t  

The d r i l l i n g  program described 

Geothermal f i e l d s  are current ly  developed using equipuent and methods 

su i l a r  t o  those used i n  developing petroleum f i e l d s .  However, t he  nature of 

geothermal reservoirs, par t i cu la r ly  the  temperature, pressure, state, and 

composition of the  geothermal f l u ids ,  and unkown porosi ty,  thickness, and 

permeabil i ty of the  host rock introduces some d i f fe ren t  problems t h a t  hinder 

development of t he  resource. Furthermore, t h e  lack of experience on the  



L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
par t  of both explorat ion and u t i l i t y  companies i n  developing geothermal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f' iclds snd producin(: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstcnm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfrom them results i n  t h e  dclaye and added zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACOt3t6 

i n  developing a f i e l d ,  t ha t  is, i n  d r i l l i n g  production wells and 

., 

demonstrating t h a t  they w i l l  yield suf f i c ien t  steam over a su f f i c i en t l y  

long period of time t o  j u s t i f y  construction of  power plants.  

problem would be helped by research and developnent under "Exploration 

Methods,'' pa r t i cu la r l y  the development of improved techniques for d r i l l i n g  

and f o r  borehole logging and sampling. However, an addi t ional  need is f o r  

the development of better computer models f o r  geothermal f i e l d s  (Whiting and 

Hamey, 1969; White and others,  1971), models t h a t  w i l l  a i d  i n  predict ing the  

life and q u a l i t y  of the  field and t h a t  can be used t o  determine the best 

w:ll  oprrci nb: nritl protlucl. i o n  r*ut,e. Dr.vctloprnent of successful models w i l l  

depend in  part on assembling su f f i c ien t  data on temperatures, pressures, 

hydrology, e t c .  , of a f i e l d ,  using data both from industry (see Cady, 1969; 

Bi lhar tz ,  1971; Cady and others,  1972), and from dr i l l i ng  and research 

carr ied out under the Resource Appraisal and Exploration Methods programs. 

A problem i n  some geothermal f ie lds is the  deposit ion of carbonate i n  

production o r  re in jec t ion  wells and t h e  deposit ion of s i l i c a  i s  a possible 

problem i n  some f ie lds .  Research i s  needed on the geochemistry of 

geothermal f lu ids ,  (White, 1964, 1970, 1971) including f luid-rock 

in teract ions and mass t ranspor t  of  s i l i c a  and carbonate, and developent  is 

needed on prac t i ca l  methods of preventing deposit ion of s i l i c a  and carbonate 

and removing sca le  once it has formed. 

Part of t he  



Other research and development programs could lead t o  t he  extension 

of t h e  s i ze  o r  l i f e  of geothermal reservo i rs  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand t o  the extension of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
geothermal reGources t,o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn n e w  typc of‘ msource. A research and development 

program on methods of rechargc by rcir1,)cction ( including t h e  modeling of 

the  reservo i r  under recharby) could l c a d  t o  longcr production from f i e l d s .  

A r t i f i c i a l  st imulat ion of‘ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg w t  hema l  rc\nervoirs by hydraulic f rac tu r ing ,  

thermal-stress f rac tu r ing ,  m t l  f‘rtict,uring by ex-plc:, ives could extend both 

t he  l i f e  arid s i z e  of a f 1 ( : 1 1 i  and could reduce t,hv cost  of d r i l l i n g  by 

producing t‘r-actures at s h r i l l o w  depth:; i n  a reservo i r  (Raghavan and others,  

1071; Rarricy and o thers ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlQ’{,’ ) . This invc: Ligation should include the  

cicveloplnc~111 of b e t t e r  and ,*titx,per chemical explosi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvc’s for use at the high 

been foulid which 3.ack sufi’ j  c i en t  pcrnlenbi l i t y  t o  support geothermal 

development; o ther  hot, rock masse.; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAirlt2.y ex is t  at depth which also l ack  

su f f i c i en t  f l u i d s ,  althow,h the existence of such masses has not  been 

demonstrated. I’ossibly the t h e r m a l  energy s tored i n  such hot but re la t i ve l y  

dry rocks could be tapped by first. using the  above techniques t o  form a 

permeable reservoir  and, i f ’  necessary, then c i r cu la t i ng  water through t h e  

reservo i r  (see  Kriiger and O t  t F: 137:’). 

An expanded Federal research m d  development program is recommended t o  

invest igate these sub jec ts .  Funding needs f o r  t h e  first year would be 

about $5 mi l l ion .  

reservo i rs ,  ( 2 )  invest igat ing recharge methods, ( 3 )  invest igat ing t h e  

$2 mil l ion is needed for (1) modeling geothermal 
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geochemistry of geothermal f l u i d s ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4  ) developing techniques f o r  

detect ing and removing sca le  and preventing i ts  deposit ion. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
$3 mil l ion is needed t o  invest igate the  a r t i f i c i a l o  st imulat ion of geothemal  

reservo i rs  and the  f e a s i b i l i t y  of  tapping t h e  thermal energy s tored i n  hot, 

re la t i ve l y  dry rocks. 

Another 

Ut i l i za t ion  Technology and Economics 

The technology f o r  generating power from dry steam f i e l d s  such as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The Geysers and from ce r ta in  wet steam f i e lds ,  such as Cerro Pr ie to  and 

Wairakei, i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwell developed. I n  dry  steam f i e l d s  the  stem is available 

at well head at low pressure compared t o  t h a t  used i n  conventional f o s s i l  

fuel o r  nuclear-powered plants; abrasive pa r t i c l es  are removed, t h e  steam is 

fed t o  t u r b i n e s  of spec ia l  design because of t h e  low steam pressure.  

wet steam f ie lds,  hot water in t h e  geothermal reservo i r  f lashes  i n to  a 

mixture of steam and water upon reduction of pressure by t he  w e l l ;  t he  

steam and water are separated at t h e  well head, and the  steam, which is 

d s o  at r e l a t i v e l y  low pressure, it; fed t o  e twb ine ;  t h e  separated water 

may be flashed again at lower pressure y ie lding steam at s t i l l  l m r  pressure.  

No Federal research and development program is needed f o r  parer generation 

technology f o r  these f i e l d s - - t h a t  is, fo r  dry steam f i e l d s  o r  f o r  wet steam 

(hot-water) f i e l d s  where temperatures exceed 1 8 0 ° C  (356°F) and t h e  geothermal 

br ines w e  d i l u t e .  

However, there appear t o  be abundant geothermal reservo i rs  t h a t  do not 

I n  

meet t h i s  c r i t e r i on ,  and for  thcsc Federal rescarch and development on power 

generation technology are needed. Furthermore, Federal research and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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development zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis needed on other  u t i l i z a t i o n  of geothermal resources, 

par t i cu la r ly  desal inat ion of br lnes and commercial recovery o f  chemicals. 

Possibly zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA70 t o  80 percent of the  geothermal reservo i rs  suscept ib le t o  

development within the  next decade o r  so contain hot water at insuf f ic ient  

temperature (less than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA180°c, 3 5 6 " ~ )  orhave dissolved chemical of such 

a nature or abundance that  they cause problems i n  power generation. 

Successful demonstration t h8 t  these reservo i rs  can be u t i l i z e d  economically 

f o r  generating e l e c t r i c a l  power would g rea t ly  expand recoverable geothermal 

resourciis. Private industry in  the Uni ted  States,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand the  U.S.S.R. 

t:ovcrnnient, have made some progress toward developing techniques f o r  using 

these geothermal f l u i d s  f o r  generating power; t he  techniques are based on 

binary-f luid systems i n  which t h e  heat is t ransferred t o  a low-boiling 

point f l u id  (such as isobutane o r  f reon) which is fed t o  t h e  tu rb ines .  

Federal research is needed to  examine a var ie ty  of power generation methods 

fo r  d i l u t e  geothermal br ines,  including binary-f lu id systems as well as 

other  power cycles using hot concentrated br ines.  Federal developnent funds 

may be ric~c;lctd for. dcs iEn and const rucl .  ion of demonstration power p lan ts ,  

slthough at least one such binary-f lu id plant may be constructed by industry 

using pr ivate funds. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A Federal research and development program is also needed t o  develop 

and demonstrate t h e  technology for desal t ing geothermal br ines and 

recovering chemicals and gases from them i n  combination with power 

generation. The successfl i l  demonstration of mult ip le use of geothermal 

f l u i d s  would help i n  expanding t h e  recoverable resource by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsharing plant 
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c.osts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmonk: diff 'crent uses. I n  many areas of t h e  world, desal ted water 

ni l t :h t  be a I'm- more valuable product. than the  e l e c t r i c  power. The 

Department of I n t e r i o r  geothermal resources program In the  Imperial Valley, 

Cal i fornia,  is aimed at demonstrating the  u t i l i t y  of such a mult ip le use of 

geothermal f l u ids .  

The research and development described above, as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwell as t h e  developnent 

of d r i l l i n g  and better borehole logging techniques, will requi re  t h e  

deve lopent  of materials (a l loys ,  cements, p las t i cs ,  e t c  . ) r e s i s t a n t  t o  

the high temperatures and corrosive i ' luids. The economic modeling of 

both s ing le and mult ip le use of geothermal f l u i d s  and of power generation 

from d i f f e ren t  geothermal f l u i d s  using d i f f e ren t  power cycles should be an 

element i n  the  research program. 

The needs f o r  an expanded Federal Research and Developnent program on 

Ut i l i za t ion  Technology and Economics are estimated t o  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$6,000,000 f o r  

t h e  first year, including $J,OOO,OOO f o r  power generation techniques 

including economic modeling, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$3,000,000 f o r  techniques of desal inat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
and recovery of chemicals. 

Environmental Ef fects  

Although geothermal energy ha,; probably less impact on the  environment 

per ki lowatt capaci ty than o ther  generating modes such as foss i l  fuel and 

nuclear power, it i s  not without adverse environmental e f f e c t .  O f  par t i cu la r  

concern i n  dry steam f i e l d s  are emission of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH$3 and noise f r o m  w P Z 3  cleanaut 

and bleeding; i n  hot-water f ie lds possible deleter ious effects include 
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c-cmt m i  nntion of niirf'acc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnnd ):round wntere, subeldence, and possible 

t:cneratIon of  earthquakes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAarrd supply of cooling water f o r  closed system 

Generating modes. 

' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A Federal program of research, developnent, ahd 

monitoring is needed to insure t h a t  adverse environmental effects do not 

hinder the  developnent of geothermal energy. 

o f t h e  program zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfollows: 

A p r i o r i t y  l is t  of elements 

1. Monitoring of qua l i t y  of surface and ground waters i n  regions of 

geothermal developments. Although retnJect ion of geothermal f l u i d s  i n t o  

t h e  producing zone at  most i f  not a l l  geothermal f i e l d s  developed i n  t h e  

United Sta tes  should result i n  no impairment and perhaps even an  improvement 

i n  t h e  qua l i t y  of surface waters and shallow ground waters i n  each indiv idual  

f i e l d ,  t he  qua l i t y  of the  water shou ld  be determined before development of 

t he  f i e ld  and monitored per iod ica l ly  thereafter. 

of geothermal f l u i d s ,  l isted under zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe program on Reservoir Development and 

Production, has obvious trppl icationc I O  t h i s  program on environmental e f f e c t s .  

Although some d a t a  ex is t  on naturu l  rwissions from thermal areao and 

chemical composition of' suri'acc and t:ix)und waters, an expanded program, 

Research on re in jec t ion  

including research on smpli  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAng techniques, w i l l  be required t o  es tab l i sh  

base-level values. 

2. Hesearch and development on the technology for  removal of hydrogen 

su l f i de  pas at t h e  w e l l  head, at other  po ints  of steam emission, and f r b m  

power plant exhausts. Hydrogen su l f ide ,  which I s  e a s i l y  detected i n  smltll 

concentrat ions by i ts  offensive odor, is present i n  many geothermal s t e h  



-e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf i e l d s .  I n  highly sens i t i ve  indiv lduals,  exposure t o  hydrogen sulf ide 

beyond the threshold of odor can cause nausea o r  o ther  i l l n e s s .  

a i i - -pol lut ion contro l  equipment has been developed for other  indus t r ies  

and appl ied t o  geothermal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf i e l d s ,  emission of hydrogen su l f ide  f r o m  

geothermG1 developments is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstill a problem requir ing Federal research 

and development funds. 

Although 

3. Development of technology f o r  reducing noise from d r i l l i n g  

operat ions and from w e l l  cleanout Rnd bleeding. The development of a 

g e o t h e m l  f i e l d  extends over a pr:riod zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo t '  years, and the machinery noise 

from d r i l l i n g  operat ions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArtnd roar c j f '  stcum from wells under development make 

geothermal opcrtdions incompt,iblc. with res iden t ia l  or recrea t iona l  land uae . 
The problcm h a s  been reduced somewhat d u r i n g  t he  last f e w  years by use of 

rnli~l'lers, b u t  1'iirt.tier. rcseurcli and dcvelopment I I rv.eded on t he  r e r l j 4  1r)n of 

noise by vsriou:; means oi' wund baf f l ing  and improved muff lers and muff l ing 

techniques duririrr; t i l  1 phaws of geothermal development and production. 

research should be d i rected at.  reducirik: t o  a minimum the  d isrupt ion of t h e  

erolugic sysl.ei11 u f  a geothcrninl art'ri I1.y i ns ta l l a t i ons  and Operations. 

Other 

4 .  Monitoring of land subsidenc-e. Geothermal developments t h a t  involve 

removal of lar!~:> vc~lumes 01 wttt,er i'roin a geothermal reservoir i n  r e l a t i v e l y  

i i t i i ' ( ' r i  >ol ::i i t  c 7 1 f  ~.~~ii i rnentttry I '  I k:, r i c ' i 5 i . h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: I  J .,:led urban or agr icu lLu1t t l  

area may r e s u l t  i n  undesirable subsidence causing d isrupt ion of  i r r i g a t i o n  

canals,  changes i n  loca l  e l e v a t i o n  w i t h  respect t o  sea l eve l ,  e t c . ,  unless 

most of t h e  spent b r ines  a r e  re in jected in to the  reservo i r .  

Imperial V:illey geothc.rmnl dwell p e n t  i s  siich a pro jec t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' I  

The planned 
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devc!lopmenl.s, monitoring of' surface clcvat lons by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAniceno of repeated level ing 

uurveyu i u  tswiit ial and a modif'led rclriJcctlon program zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmay zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe necessary. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 .  MonItorjng, of sclsrntc nctiviLy. Some gcothcrmal fields t h a t  w i l l  

be developed within the  next f e w  years may be In areas t h a t  have undergone 

damaging earthquakes I n  t he  past .  The Imperial Valley f i e ld ,  which l ies 

astride t h e  San Andreas fau l t  system is an example. Changes In  the  f l u i d  

pressure within these f ie lds  from withdrawing and reindecting f l u i d s  may 

change the  pat tern of s t r a i n  release i n  t h e  area. 

of causing damaging earthquakes by these methods seems t o  be remote, a 

modest program of seismic monitoring should be carr ied out i n  t he  f e w  areas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 I i r 1 1  rl.ppc-:ir hn.t.nrdoiir: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

The needs fo r  the f irst year of an Environmental Ef fects  program are 

Although the  poss ib i l i t y  

estimated t o  be $1.5 mil l ion,  including zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$.5 mil l ion f o r  research and 

development of air  pol lut ion and noise reduction techniques, and $1 mi l l ion 

for  monitoring environmental effects.  

I ns t i t u t i ona l  and Legal AspccLs 

A variety of Aurctlon0 end problems have been included i n  t h i s  category 

even though some are not of a research and development nature. 

are essential o r  desirable f o r  t h e  fill development of geothermal resources. 

A l l ,  however, 

Federal pqogrms d i rected toward t he  management of  the geothermal 

resources of the  public lands are necessary f o r  t h e  development of t he  

Nation's geothermal resources, many of which underl ie publ ic lands. 

Bureau of Land Management and the Geological Survey have respons ib i l i t y  

The 
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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANational Geothermal Energy Program Budget 

The at tached program budget and accompanying i l l u s t r a t i o n s  were pre- 
pared by an interagency working group composed of representat ives from the  
Geological Survey, t h e  Atomic Energy Commission, t h e  National Science 
Foundation, t h e  Bureau of Reclamation, t h e  Off ice of Sa l ine  Water, and t h e  
Environmental Protect ion Agency. This group views t h e  program as one 
involving t h e  cooperative e f f o r t s  of ex i s t i ng  Federal agencies, t h e  
un ivers i ty  comunity,  and p r i va te  indust ry .  The Federal government i s  seen 
as carry ing t h e  major share  of t h e  research and development cos ts  u n t i l  
t echn ica l  and economic f e a s i b i l i t i e s  have been es tab l i shed,  a t  which time 
industry w i l l  begin t o  assume t h e  p r inc ipa l  cos ts  of t he  completion o f ,  
and production from, s p e c i f i c  geothermal systems. Industry would a l s o  
be involved i n  ear l ier  phases of t h e  research and development program. 
but  la rge ly  on a cooperative and/ o r  contract  ba,s5.u. 

The program and i t s  impact are i l l u s t r a t e d  i n  Tables 1, 2 ,  and 3 ar,d 
Figures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 and 2. The separate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlist of milestones refer t o  numbered points 
i n  Figure 1. The breakdown followed throughout i s  t h a t  of t h e  26 June 1972 
repor t  e n t i t l e d  Assessment of Geothermal Energy Resources (he rea f te r  
re fe r red  t o  as t h e  Peck Report).  
category. Table 2 shows a de ta i l ed  breakdown of expenditures i n  the  
categor ies of Reservoir Development and Production and U t i l i za t i on  Tech- 
nology and Economics. The other  categor ies do not lend themselves read i l y  
t o  t h i s  type of breakdown, a t  least  with our present state of knowledge. 
Table 3 presents  t h e  range i n  current  est imates of t h e  na t i on ' s  geothermal 
energy resources zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, t h e  probable on-line power capacity resu l t i ng  from t h e  
proposed research and development program, and a f i rst  approximation of 
t h e  e f f e c t  of t h e  estimated resources on t h e  na t ion 's  balance of payments. 
A simple and inelegant method w a s  used f o r  t h i s  las t  i t e m .  The resource 
w a s  evlauated by comparing it t o  t h e  cos t  of another commodity which would 
produce t h e  same amount of e l e c t r i c a l  power. The basis w a s  o i l ,  at  6 8 4 / ~ ~ t u ,  
generating a t  a thermal conversion e f f i c iency  of 39%. 
i ns tead  of o i l ,  t he  f igures would be reduced by approximately one-third. 
The geothermal resources were evaluated on t h e  basis of t h e  t . c . e . ' s  
l i s t e d  i n  t h e  Peck Report. 

Table 1 represents t h e  broad budget , by 

If coal  i s  used 

The bas i c  premises of t h e  Peck Report were accepted as a s t a r t i n g  
po in t  i n  preparing t h e  accompanying budget. The budget f igures  contained 
i n  t h e  Peck Report were subjected t o  f u r the r  analys is  and discussion, 
modified accordingly, and extended over t h e  l i f e  of a 10-year program 
(Tables 1 and 2 and Figure 1). The 10-year program includes doing severa l  
th ings  t h a t  t h e  Peck Report noted e.s s ign i f i can t  and important, bu t  which 
it regarded as l y ing  beyond t h e  scope of a 5-year program. m e  r e s u l t s  of 
t h e  extended program are seen as providing a po ten t ia l  power capacity est i -  

2 ) .  The t o t a l  cost  of t h e  research and development needed t o  rea l ize 
t h i s  capacity i s  seen t o  be approximately $650 mil l ion.  

mated a t  j u s t  under 400,000 Eegawatts by t h e  year 2000 (Table 3 and Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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It should be s t ressed  t h a t  these f igures ,  as wel l  as those of t he  
reserve estimates and t h e i r  equivalent d o l l a r  values (Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3) are  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnot 
f i r m  f igures .  The Peck Report (p .  515) l i s t s  t h e  various reasons f o r  t h i s ,  
but it i s  worth re-emphasizing here t h a t  t h e  p r inc ipa l  basis f o r  uncertainty 
l i es  i n  a l ack  of f ac tua l  knowledge about geothermal resources i n  general.  
Compared with sGme of t h e  other  energy resources cur ren t ly  under exploita- 
t i o n  by t h e  nat ion ( e . g .  o i l ,  gas,  and coa l ) ,  we know l i t t l e  about U .  S .  
geothermal reserves.  
geothermal resources, along with the  energy ava i lab le  from o i l  sha le ,  t a r  
sands zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, coal  gas i f i ca t i on ,  resource conservation and breeder reac to rs ,  n s  
intermediate-range energy sources with which t o  combat the  encroaching 
e n e r w  c r i s i s ,  while we await t h e  evaluation and development of fusion and 
s o l a r  energy sources t o  meet t he  na t iona l  needs. I n  order t o  evaluate 
geothermal energy i n  t h e  context of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAall of t h e  other  intermediate range 
options, however, a vigorous program of Federal research i s  going t o  have 
t o  be i n i t i a t e d .  

The working group essen t ia l l y  views t h e  country‘s 

The assumptions r e l a t i n g  t h e  estimated power y i e l d  t o  t h e  research and 
development cos ts  should be noted here.  
Report ex t rapo la t ion  were used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI_ as a base. 
were assumed t o  be GO. 
l i z e d  i n  t h e  production of  e lect r ica l .  power. 
program are interdependent. 
t h e  program were crudely proportioned according t o  t h e i r  cost .  

The Kilkenny estimates and the  Peck zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A l l  of t h e  GO-NO GO mileposts 

A l l  of t h e  energy extracted w a s  assumed t o  5 e  u t i -  
The various p a r t s  of t h e  

The estimated impact of t h e  var ious p a r t s  of  

The interdependency of t h e  various p a r t s  of t h e  .program e s s e n t i a l l y  
precludes achieving a f r a c t i o n  of t h e  estimated power capacity on-line by 
expenditure of an equivalent f rac t i on  of t h e  estimated t o t a l  cos t .  The 
interdependent nature follows from t h e  dependence of success i n  one phase 
of t h e  program on feedback from another and from t h e  common threads which 
run throughout t h e  program and essen t ia l l y  give it i t s  f ab r i c .  
be i l l u s t r a t e d  by a s i n g l e  theme l i k e  d r i l l i n g .  
and cheaper d r i l l i n g  techniques i s ,  of necessity, a goal of the  Exploration 
Methods p a r t  of t h e  program. 
techniques w i l l  be used, while t h i s  work i s  going on. 
i n  order t o  put down: 1.) shallow holes f o r  thermal gradient measurements; 
2.  ) holes of intermediate depth’’ f o r  hear flow measurements ; 3. ) deeper holes 
fo r  determining both t h e  t h r e e  dimensional nature of a given geothermal 
system and f o r  a r t i f i c i a l  stimulatior? and production tests ;  and 4.)very 
deep holes f o r  def in ing t h e  geothermal resources of t h e  deep c rus t .  
t h e  d r i l l i n g  theme runs across t h e  categor ies of Resource Appraisal and 
Reservoir Development, as w e l l  as Exploration Methods. 
s p e c i f i c  techniques End materials t o  cope with t h e  extreme environments of 
natura l  geothermal systems cons t i t u tes  p a r t  of t h e  U t i l i za t i on  Technology 
program. The d r i l l i n g  of re in jec t i on  wells and t h e  necess i ty  f o r  subsur- 
face monitoring of producing systems brings d r i l l i n g  i n t o  t h e  environmental 
aspects of t h e  t o t a l  program, as wel l .  Simi la r  arguments can be made f o r  
other  phys ica l  themes such as re in jec t i on ,  materials development, e t c .  

This can 
The developmect of  f a s t e r  

I n i t i a l l y ,  however, conventional drilling 
Dr i l l i ng  i s  needed 

Thus, 

Development of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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,a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Threads t h a t  run across t h e  program f a b r i c  i,ri another d i rec t ion  include 

t h e  various resource types: dry steam, low enthalpj. waters, high enthalpy 

lava.  The working group bel ieves t h a t  research on a l l  of these types of 
systems should go on essen t ia l l y  simultaneously. 

X word on t h e  t i m e  sequence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGf  var ious p a r t s  of t h e  program i s  i n  
order. The graphs i n  Figure 1 show a steady,  i f  i r r egu la r ,  succession of 
budgetary peaks beginning with Exploration Methods (1976) and running 
through Resource Appraisal and U t i l i z a t i o n  Technology zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1977), Reservoir 
Development and Production (1978), Environmental E f fec ts  (1979), a second 
peak i n  Reservoir Development and Production (1980)~ and culminating i n  one 
i n  U t i l i za t i on  Technology (1981). 
t h e i r  r e l a t i v e  impact c rea tes  t h e  waviness seen i n  t h e  f i n a l  impact curve 
(Figure 2 ) .  The highest budget peaks represent e i t h e r  massive e f f o r t s  i n  
development o r  construction of demonstration power p lan ts  and it i s  our 
general  concensus t h a t  a t  least  one such demonszrat,; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX I  

b u i l t  for each type of geothermal system. 
s lopes of t h e  d i f f e ren t  impact curves r e f l e c t  varying lags i n  impact follow- 
i ng  major R and D e f fo r t s  and a l s o  the  f a c t  t h a t  t he  e a s i e s t  parts of the  
program are t h e  cheapest and t h e  ones t h a t  w i l l  be  done f i rs t .  Thus t h e  
curves begin t o  f l a t t e n  percept ib ly toward t h e  year 2000. They do no t ,  
however, tend toward zero s lopes ( re la t i ve  t o  t h e  base curve) except i n  
t h e  instances of Exploration Methods and Resources Appraisal,  where 
massive funding w i l l  probably begin t o  y i e l d  less and less i n  terms of 
re tu rn  as t h e  year  2000 i s  approached. 

waters, geopressured waters i n  deep sedimentary bas ins ,  hot  dry rock, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf: 

The magnitude of these budget peaks and 

The time-location zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand vsiyirig zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. 

PROPOSED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10-YEAR GEOTHERMAL RESEARCII PROGRAM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
$ i n  Mill ions 

FY 
'\ 

\ 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 
'. 

I. Resource Appraisal 6.0 11.0 16.0 18.0 16.0 15.0 15.0 15.0 15.0 15.0 

11. Exploration lhethods 5.0 8.0 11.0 9.5 6.0 3.5 2.0 1.5 1.5 1.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11 

111. Reservoir Development & Production- 5.0 13.5 27.0 44.0 48.0 21.5 23.0 13.0 10.5 10.0 

IV. Ut i l i za t i on  Technology & Economics- 6.c 8.0 i3.0 25.0 15.5 15.5 40.0 57.0 16.0 7.5 

V. Environzental Ef fects  1.5 2.0 2.5 3.0 4.5 5.0 4.0 4.0 3.0 2.0 

V I .  I ns t i t u t i oDa l  & Legal Aspects 1.5 2.0 1.5 1.5 1.5 0.5 0.5 0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5 0.5 

TOTALS 25.0 44.5 71.0 101.0 91.5 '61.0 84.5 91.0 46.5 36.5 * 
1 

30tai 

142.0 

49.5 

215- 5 

203.5 

31.5 

10.5 

652.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI__ 

- 1/ For de ta i l ed  breakdown by resource type, see Table 2. 



Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. 

,,-s " zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
_L ,Jt. 1 ATLET Z 3 3 J K D O W N  OF PROGRAM CATEGORIES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI11 AND I V  BY RESOURCE TYPE 

$ i n  mi l l ions 

FY 

1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 

I I I .  Reservoir Development & Production 
a. D r y  Steam 0.25 1.00 5.00 6.00 4.00 1.50 -- -- -- -- 
b. Hot Water 2.50 7.50 19.00 28.00 35.00 11.00 7.00 7.00 4.50 4.50 

c. D r y  Hot Rock - Hydro f r a c t .  2.00 4.50 1.50 4.50 3.50 6.50 11.50 4.00 4.00 2.00 ' 

- Explosive f r a c t .  0.25 0.50 1.50 5.50 5.50 2-50 4-50 2-00 2-00 3-50 

TOTALS 5.00 13.50 27.00 44.00 48.00 21.50 23.00 13.00 10.50 10.00 

I V .  Ut i l i za t i on  Technology zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARr Economics 
a. D r y  Steam 1.50 3.00 LOO L O O  0.50 -- -- -- -- -- 
b. Hot Water 4.00 4.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.00 10.00 12.00 12.00 35.00 40.00 10.00 6.50 

c. D r y  Hot Rock - Hydro f r a c t .  0'.50 0.50 1.00 8.00 2.00 0.50 1.00 16.00 5.00 1.00 

-4 - Explosive f r a c t .  -- 0.50 2.00 6.00 L O O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.00 4.00 1.00 1.00 -- 
6.00 8.00 13.00 25.00 15.50 15.50 40.00 57.00 16-00 7.50 

.+ 
TOTALS 



Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. 

Geothermal Resources, Po ten t i a l  Parer  Ins ta l l ed ,  and Resource Values zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A. 

B. 

C. 

197 5 1980 1985 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1990 1995 2000 

Range of estimated cumulative geothermal 22-2,400 50-7,OOO 130-20,000 190-29,OOO 215-33,500 225-35,005 
energy resources avai lab le i n  thousands of' 
megawat t  centur ies (low f igures are based on 
est imates by D. E. White and L. J. P. Muffler; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
high f igures are those of R .  W. R e x , )  

Poten t ia l  power i n s t a l l e d  resu l t ing  from 
program, i n  thousands of megawatts. 

-75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 36 132 242 335 395 

Value of est imated resource as dollar 234,510 52-79320 140-209920 200-30,339 22&35,04O 243-35,655 
equivalents of e l e c t r i c a l  power generated 
from imported o i l ,  i n  b i l l i o n s  of d o l l a r s .  

. 
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