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Ahdersdh: Ehergy Situatibh is 
Positive Challenge to U.s;**-

vTo the Readers of • .'; 
. Mining Engineering and 
Journal of Petroleum Tecttnology 

, .DearReaders:f':l^.r ' 

The Unlfed States Is entering the 1980's facing the' most severe technological and organizational 
challenge In our history: Can we produce enough energy In the years ahead to assure thatour society will 
continue to grow and prosper? • •. , . ',-. a-.-r^i^.^tf^^^v'-' '•':•'. •-~l'-- '• ' ' " • • ' . 

' The. situation Is hot encouraging.'Oil, the dominant-fuel of the postwar'era, Is fading. The OPEC 
countries,-source df the bulk of our imports, are orchestrating production cutbacks to support 
devastating price rises. They thereby offer up a preview of the day OPEC's limited production will be a ' 
matter of physical necessity ratherthan political choice. If I were to guess, I would say that the,U.S. will 

' not be able to get much more oil fi'om OPEC countries In the 1980'sthan we are now. They seem that 
close to theirproductlon limit. ' " ' V : ' . ' . ' - ',.^P • • • ' ' • • - ' • . ' . •' 

.-. This fact .of Import limitation Inevitably means that pur .energy security In the .1980's and beyond 
depends largely upon resources at home. Fortunately, the list Is long: conventional oil and gas, practical 
.methods of accelerating production from older oil fields, and a strong array of alternatives Including coal 
(U.S. reserves are the world's largest), shale oil, nuclear, gepthermal, solar, and more. 

Obviously, continued conventlonaf energy development In the 1980's and 1990's' Is.cruclal If we are to 
have'tlme to put renewable resource technologies in place. We're makjng headway In.this quarter. New. 
seismic technology based on computer modeling, for example, allows explorers to "see" deeper and in 
greater detail to uncover oil and gas In previously unsuspected areas such'as the Overthrust Belt 
geological formatipn in the mountain states. And various enhanced recovery techniques show great 
prohnlse of increased production from established fields. Today, the world recovery rate of proven crude 
oil reserves averages about 30%. Each percent increase will enlarge reserves by one-thirtieth, a very 
substantial fraction. ' . , ' 

Coal and nuclear are the "bridging fuels" to carry us through the decline of oil and gas to the era of the 
renewables. Both face major hurdles. Mining and processing coal Involve considerable environmental 
problems. Acceptable technological safeguards are needed to deal with .phenomena such as the 
"greenhouse".effect and acid rainfall. As for nucleaK, we think that by 1990 U.S. prpduction could be the 
oil equivalent of 4 million barrels a day - four times the present.level. With Three Mile Island a vivid 
memory, however, nuclear operating and waste-disposal safety must be assured. •' • . 

Our assumption is that the future wilj belong to solar as our chief source of renewable energy. But 
probably more important In the short run is "conservation energy" - the cheapest and most immediate 
alternative. By President Carter's figures, an investment of approximately $35,000 will be necessary tp 

.' make a daily barrel of synthetic fuel, but only $4,000 to save a barrel. The National Academy of Science 
estimates that " In the year 2010, very similar conditions of habitat, transport, and other amenities could 
be provided In the United States using twice the energy consumed today or 20 percent less than is used 
foday." Our choice seenris obvious.. ^ : - •- '•; . 

When all Is said and done, I find no reason'to side either with the neo-Malthusians who see a rigidly 
limited natural resource pie, especially energy; or with misguided optirnlsts wheeling to yesterday's 
innocent faith in "onw/ard and upward forever." ' ,-.. . ' ' 

We must seek the middle road, recognizing that there will be limits and obstacles but none that cann.ot 
be overcome by a liberal application of the'most critical resource of afl ^ hurnan inventiveness. The U.S. 
always has been an ingenious country, a nation at its best under duress and pressure. In the 1980's we 
are going to have a splendid .opportunity to demonstrate whether we still have that capacity. I think we 

. d o . . • . . . . . . , .-,• • - . . . - • , - . . . . . . .. . . , - • - - . , - ' • . • . " • . • - . , . . , • : . " ; • - . . • . -

Sincerely, 

• vjl«i •JIJL ' k «T^^ 

R.O. Anderson • '" . .; ".', ' '" '̂  •.• 
Chairman and Chief Executive OfficeV 
Atlantic Richfield.Co.-; 

Robert O. Anderson Is chairman of the board and chief 
execijtive officer of Atlantic Richfield Cp. He has worked 
Iri the petroleum Industry since 1939, when he joined a 
subsidiary of Pure Oil Co. Anderson spent 22 years In 
petroleum refining, In which time he owned Wilshire Oil 
Go. of California and served as president of Hondo Oil 
and Gas Cp, He served from 1961 to 1964 as chairman of 
the board of the Dallas Federal Reserve Bank, and was 
named to his present position In 1965. He has served on 
the National Petroleum Council since 1951. He holds a 
BA degree from the U. of Chicago. 
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- \ Introduct ion . ' ^ " ' 
, .The • urgency of further 

development ' of our domestic 
energy resources becomes more 
apparent . eveVy day. The 
production capability of existing 

• facilities, taken in the aggregate, 
declines jjerhaps 10% per year; 
imported energy is. expensive .if. 
available at all; conservation helps 
reduce demand but eventually, will 
reach a point of diminishing 
return; new energy sources are 
promising but past experience, as 
with nuclear power, teaches us Iea"a 

'times are long and success is not 
, assured. 

;. To approach the energy future 
rationally, it is essential to have 

.some idea of the size of the 
nation's remaining energy 
resources, their characteristics, 
and the degree of uncertainty 
involved in their estimates: 
Resources are, of course, only one 
end of a long chain leading to 

..energy supply to the ultimate, 

'V iews are Ihose of the author and not necessarily 
, those of EPRI. • . •• ,~ 

consumer. They are an essential 
element, however, and the pnly 
one not under society's control. 
Given that the resources and a 
national will to produce the ehergy 
exist, it is possible to conyerfthe 
resources to supply in, generally, 
an environmentally reasonable 
manner. However, the process of 
developing supply takes time. 
Government must permit access to 
the resource, and. remunerative 
prices and further evolution of 
technlogy are required. This paper 
does not deal with these essentials,, 
but they must not be forgotten. 
This discussion is limited to coal, 
oil, natural gas and gas liquids, 
uranium, and oil shale. Other 
energy sources are discussed • 
elsewhere in this issue. ^ 

Crude Oil -
Conventional crude oil resources 
are bf greate'st concern today," 
given our dependence on imported 
oil and its. rapidly rising price. 
Estimates of oil originally in place 

,(OOIP) range from 619 billion bbl 
•'to 1,094 biliibn bbl, differing by 

- - • • ' ' ' • • ' ' - ' " " ' ' '• '^' •-.'. '••f- ' '-^-i ' i ' ' :^-,y'^' l i h - ' i i : , ; . . . 

^'' '•i--'-:0^rr-''-r'i-^^,Js^-.. 

almost a factor of two (Table 1).' 
This is surprising because the U.S. 
is a mature petroleiim province 
with ove? 120 billion bbl produced 
and over 400 billion bbl.OOI? 
discovered. Differences 'jn the 
estimates involve differences in the 
experience ' of ..the ; varioiis 
estimators, the interpretation of 
present geologic information and 
historical s tat is t ics , . the 
methodology, and probably the 
extent (i.e., water depths) for 
which offshore, resources are 
included. . .' , 

The range shown for .the 
estimate of - a given estirnator 
appears to be primarily due to 
geologic uncertainty. This un­
certainty can be measured by 
taking the ratio of the low and of 
the high estimate to the .expected 
estimate for t h a f information 
source. The .low estimates range 
from 0.85 to 0.87 " of their 
respective values. The / high 
estimates range from 1.18 to 1.27 
of the expected values. In all cases 
the high estimate is further from 
the expected value than the low. 

! 

.-<:.', 
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TABLE 1 - COMPARISON OF UNITED STATES CRUDE OIL RESOURCE ESTIMATES^ (billion barrels) 

Based on 

National Petroleum Gouncii (1973) 
M.King Hubbert (1974) 
USGS Circ. 725 (1975) / -. . : -" 
Mobil (1975) 
National Academy of Sciences . -] 
M1975) . - ^ ' : \ •-:-, • • ' . ' / : 
Exxon (1976)2 ' 

.Parent and Linden (Institute"- C 
'' of Gas Technology, 1977) ..'. ; 

Shell(1978) -':/. :^:'.,.f:^-.'•'':,:• / • 

-Original Oil 
Resources In Place 

, 810 
666 

• 681-781-922 ' . 
' 647-756-959-; . 

' • • • • • 8 0 9 " • . • ' ' / v 

.•- : 744-878-1,094' „ 

Ultimate Cumulative 

•'Recovery at 30% 

' ' " 259 •' ,> ,-', 
: •• •• 213 • • : 

218-250-295 ' 
/' 207-242-307 V 

i . t 

\ . 

, • . :.828 • .. 
.619-713-838 

. f 259 
;"J 238-281-350 

" • • ' 265 - ' i ' 
•'198-228-268 

f,.':. 

• , 1 . Adapted frotn.earller work' by Jeremy Plait i Energy Supply Program geologist, Eleclric Power Research Institute. Mosl'sources do not give 
shown for them In Tables -1 and 2 and assumptions have tieen necessary 
place, a 32% recovery.facior was used lo derive original oil In place. 

' ' - 2 . ' ' Exxon ,is said lo have lowered their estimate recently. 

Recovery at 40% 

; . : . " • , 324 
• : . • ' . • ! • 2 6 6 . 

.:•.:. ;272-312-369 -
.";:-if259-302-384 • 

S^JJ^;^:-324X:'..:,;^-' 
.:,V.-̂  299-351-438 4 . . . 

. • . • , ' ; , - - - - . - " . ' ^ ' , . • - e • 

7 ^ - ' ^ . . - 3 3 1 - ^ ' ' - . . 
: ' :'248-285>\35 ...',/ '' 

not give all o l tho figures . : ; \ ( 

• ' • " . 

r.̂ '.' 

>ary to derive a full set of figures. In cases where ultimate recovery was given Instead of oil In ' . 

^ ^ i i J S - ^ - : . y i S ' ^ ' ••^ . - S i - ' , ' . ; . ¥ • • . • < • 
• • • ; ? ? ' " " •• - ' - ' - • -
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' t f :^l»^4-^^^:4j%'g^?' '- '^v. Remaining Recoverable Resources ' Estimated Revisions ':! 
5 * B a s e d " * - A ^ ^ t ' . ^ ' • " - At 32% Recovery At 40% Recovery and Extensloris ' j 

Undiscovered Recoverable Resources 

At 32% Recovery At 40% Recovery 
,J-;-i?4i.<.^i'-",: 

Exxon (1976)2, 
•:.; Parent and I 
. -.. (Institute ( 

'••:. Technology, 
v^'Shell(1978),•:£ 
- •• ^^. Adapted Irom earlier worlt by .leremy Piatt, Energy'Supply program geologist. Electric Power Research Institute. I^ost sources do not give all of the figures 
• '.I shown for them In Tables 1 and 2 and assumptions have been necessary to derive a full set of figures. In cases where ultimate recovery was given instead of oil In 

- place, a 32% recovery factor was used to derive original oil |n place. • ' ' . . ' , • ; . " i ^ . - - ; . i f ' - • - . f . ' , ' ; ^ : ' ' / ' ' -• • . . • - ' —..'.- . 
- I • > - l ' , f - - \ •-••'-•• •- - ; - . 
Exxon Is said to have lowered their estimate recently. 

•• - • • # . - . • . : , - - ' - - - . . • ; . • • - . ' i . . . 

• • • . t ; • " / ' . ' • , - J . O - , ' ' ' " ' . • • • • • • - : . ' • - • - . : ' , / / y . : • • • . : - - . . -

anthr.- -- " . ? ' < > • : • . .-• ''. • . • ^ r ' ^ t ' ^ y ; ' - " / ' ' " = 

; . ,•• ' J ' - : , < ' ' - ^ ' < - v ' " . ' . '• .- • •' . ' • ' - • ' • ' - • - J , " • • " ^ . > ' . • -

'•j?.' indicating greater, iincertainty on. 
':- ' .-..̂ the upside than on the downside. -• 
." ' Although it appears premature 

:; -. .\o write off the Atlantic Co'ast as a-
• " ' result bf failures to date in the 

Baltimore Canyon, assuming that 
" • t he r e is'no oil off the Atlantic-
, ' Coast - would require that the 
.̂.- ; USGS low. estimate of GGIP be 

• • reduced by about 6 billion bbl and-
* the high estimate by 18 billion bbl. -

Estimated 'recoverable resources -
• •, would be reduced by. a third of 

,,-- these ^i-ampunts,; -Presumably,•• 
"••;:, similar adjustments", vvpuld ,be 
>. -' required iri.the other estimates. ^̂  •.': 
• ,̂ -'"-. A., critical parameter ' i n 

estimating the amount of oil yet to 
•' be prpduced is;the.percentage of 

• • ..GGIP that, xan be recovered. 
/̂- •'/.•Experience indicates an iaverage of 

' .,.;!." about 32% recovery using primary. 
..•"/. and secondary ..recoVfery methods, 
..'̂ >i,';'although individual Jields. may 

.'; = have'over 90% or less than 10% 
>r',;.recovery. Actual and prospective 
'• ;;;•" higher prices for oil have led • to 

\ • J/'increased ..interest in new methods' 
\.-'.-=,pf enhanced oil recovery (EOR). ;• 
.•^•;;?The -MiounLAhat" these EOR 

•-•in terms of remaining recoverable 
/ 'oil resources and opportunities'for 

"discovery. At. the minimum we' 
• have nearly 80 billion bbl of oil left ; 
to produce and nearly 30 billion .. 
bbl left to discover. It is assumed • 

•'- that deyelopment drilling of . . 
: known fields plus upward revision 

of estimates for older fields will { 
eventually add 22 billion bbl to 
proved reserves of 28 billion bbl 
•for-a total of-50 biliibn. bbl'not 

• requiring major discovery, effort..' , 
- ,This. number. • is' not crucial., A -

^ .,lo\yer estimate of.this quantity vvill .y. 
- simply add to the amoimt.yet to be • 
•' discovered.^' A,. reasbnable ' ex- • 

-pectation.r allowing for . some 
' ihcrease ih recovery factors,-would : 

he 120 billion bbl left: to be 
. • produced; -̂ of .which about .70 . 

-billion bbl remains to be 
'•-discovered. Nothing .precludes a ~. 

fair, possibility of even more. 
- Overall, the cfude oil resource base '. 

is adequate to support largeefforts ' 
to.increase recovery factors as well y^ 

. as tb suppbrt extensive exploration^'; 
.! and development canipaigns 

Remaining recoverable oil -pf: 
•"̂  ";;;•:' methods' will increase recovery 'is v •',', 120 biliibn bbl is equal tb 40.years' ? 

.-ysl-'^v highly uncertain. Some observers V""' .supply ..af; 'current '-' rates "'of, 
'.\'"'V.;;;3see an increase in average recovery ,,'•>':'• production, "although. production 
iHf/.̂ ";̂  l-̂ 'of all GGIP of only a few percent. ;-'..-Ci will iin fact be strung, out over a 

is-'';'=:.C(i.-Others see as much as a 7% .or 8% --''"' .much - longer '̂' period. '• Froniy-the,• 
-:l>VrSt:vincrease., .'^For'-:;.'purposes '.pf '̂ 't^iT'discbyery,;.' development,'"•Vand , 

. .times 1973 prices even after new 
•federal taxes. An increase also is 

\-favored by increiasing interest in 
; EOR and by favorable prospects in 

areas such as the Overthrust Belt in 
•" Wyoming, Idaho, Montana, ancl 

Utah. The number • of oil well 
' completions is • nearly twice the 

1973 level and seismic exploration 
is af its fastest pace in 20 yearsT 
Several industry executives have 

- indicated ' that • over a million 
barrels per day could be added to 
production in,the mid-1980s with 

• price ̂  decontrol,, according to 
several sources (CT. Sawyer," 

•American Petroleum Institute .in| 
;. the Oil Daily; May 18, 1979, pv 5; 
' Jack- Allen, president of In-

' dependent Petroleum Association 
; of America iii ihe .Oil and Gas 
I Journal, February 26, .1979, p.r 41; 
.and John Swearingen, chairman of 

the board of Standard Gil.Co..of 
Indiana at stockholder's meeting). 

•̂ The Energy Information Ad-
'-ministration of the U.S. Dept;, of 
.-.Energy in its recent report to 
f Congress {DOE/EIA-1073/3, p. 
--64,: released in 'mid-1979) shows 
• five •" alternate •' projections ofj 
"dpmestic"oil supply for 1985. They] 

^.range from esseritially the 1978' 
. level to. 20% higher.;,A negative^ 
factor is that.. much favorable; 
acreage is not ..being leased by the. 

Lfe^^^iyi; recovery may even exceed AO%-:̂ '̂JJ^ fihcrease .is faybred\by fprices 
^&.iJ^^;Xt^ y^3t.:'<thes.e,TX- '-v crude •'• oil '.whicli^' in cons 

for*t̂ ^ 
constant'. 

production and'rieserve" levels to 
higher prices. Disappointment may 
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P"'^';^fude oil*price increases have been .:.' •" 
^t i^#iather • moderate '(1978 constant ••< 

^ • • . t j ^ ' - t . f ^ ' i ' 
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- t y i ^ ' j - ^ r . ? y \ - - ' r^^^^^i^'^'-^^-'^f^ 
•ratherthangaJs^originallyinplacer-|^i;j- From"a resoiu-ce standpoint th'ere<5b^;' -;, 

^ ^ '--^The low. estimate of remaining.w-^ is substantial opportunity-'to-CTT^^^ 
^Vdollax price 63% above 1973) and -.'̂  .recoverable gas of 635 trillion.t';^.*'pand ".production' above' c'urrenti3^:i.vij,'; 
. ' . ..T_-_.-.:x:,- ...»,..-.—-.-„:„ ' cubic ft (TcO and the high of 1,500 ...t-"levels.^ Gas well driUing has beei(' ^ ^ - v b-V'.price; expectations ,wej;e .uncertain , -

• d l 

^ ^ J ; undjer , federal: ̂ regulation.", More 
^l^oveir ; ;as oil and gas;drilling ex-,. ̂ J-
^ p ^ panded rapidly', abnormal pressure -.;.: 
^ P ^ ^ .was* :;i?laced }^n .'drilling',, arid i ^i; 

^*'Vequip'ment;!(r;^c^bsts:|^ 
^K^vj .̂̂ respbhseTto.''. a'-'pnce'.'iî ^^^ 
^^•?j.;.increased .drilling of .'known bun*;?> 

'^fC •^•previously' uneconomic resources, • JJ. 
'̂%f .and.^-iri^some'case's infill drilling;"'I 
:,i'•; These, aj-e appropriate short-term" ' 

"-'-responses but are likely," tb be less 
. .": ' productive than development that 
',.-.^\results -from- .carefully,, planned, 
,..V-''"• expanding exploration ; programs 

'1̂ '. 

:.-i 

over a period of years.^ . . . . , -
- • • • " - • " ' • . • . i v ' ; * - ' • * ' - ' ' ' ' ' • " ' • ' • ^ r - ' ' ' ' ' / • ' - • • • ' 

• Natural Gasi^.:'',i^^^\^i-:i-^^i^''^; 
; Natural gas resources are of only ' 
.slightly less concem to the nation . 
than - oil resources." 'While'• the ^ 
nation " does .not depend upon 

• imports for much of.its natural gas • 
supply, a falliiig.output of natural".' 
gas would exacerbate, oil and 

. electricity supply problems, 
whereas a rising output of natural 
gas'could help reduce the pressure 
on oil imports and possibly help 
offset potential electric pbwer .. 
shortages. " . • 

Table 3 shows, estimates of 
natural gas resources. Because 80-' 
85% of .gas.in place" is normally, 
recovered, there .is nof a. large. . 
pbtential role for >. enhanced ••• 
recovery. Estimates are .cast in 
terms of ultimate recoverable gas.' 

figure >:IS 01 "/o. greaier , irian>its-«-.y/;v;^ 
(expected" valiie.^iAs with, the Toil,';.':Vbe^^^ 
'esUnmtes,VthiS.xari Be'interpreted's^^-^t^ 
.as ^greater. '̂ uncertainty Con V, the ;̂ ;'y-'probabiUty^^ 
upside than on the,dpvvnside.;The1:'!'.::bf bil'increases',vwith-jdepth.''BotK^ 
USGS range.1s nearly symmetricali'>>*-̂ ' iterrestialM and;, mariiie^li-lorganic^^,.,,.,, 

;about the expected vklue' ^^S-iJ:^^^! { matter-can 'servevas' a "source forf^jj.H] 
There is considerable difference';v,̂ ., gas, thus enlarging the prbs'pectiye'|=?ht'~t-4' 

, in the estimates ofthe amount of J_". terrain for gas;lAlspi'only, a Jittle.";"̂ ^̂  
gas remaining to' be discovered..̂ ''̂ ĵ '..over oiie-third .of the postulated?v..>Jl:-

"l.This is partially due to differences •".''" ultimate recoverable'gas^resourcesjr,>-?.:.•:.;; 
L in the amount inferred'.to exist- .2"' have, already, been"'.'rprpduced/ '.̂ Vv' 
', beyond proved reserves but' not .T̂ -; ' compared with one^h'alf 6/ the oil.;/,. '• J . 
•requiring' disco'very. .The -Ainocb--? Gn the other hand, new discoveries • •' .• •/ 
'"to-be-discovered - figure is'.: of "V; •• play a larger role in expanded gas -;" "̂ •;. 
" particular interest here - because'4 
..Amocp'/.has" indicated "that; if-! 
believes • the artiount remaining tP 

'.be discovered would approach 700 
. Tef as opposed tothe earlier USGS . 

figure,of 484 Tef as a result'of > 
recent discovery experience. . -

If'coinmercial gas is npt found / 
off the Atlantic Coast,-* about 10' 
Tef shpuld be deducted from the 

• expected . USGS. remaining re-. 
coverable figure of 923 Tef and, 
presumably," a similar amount 

" from the other estimates. . :-
.', A reasonable expected value'fbr 

..remaining - recoverable gas., 
.resources"wbuld be in the 900 to 

i,OOC) Tef range. This is 45 to .50 
, times, current annual production. 

,,.-output ."than ..in exparided oil' " 
•,',butput, •'which is more dependent " 
. .'"-on increasing '""recovery factors an, 

-known "arid new reservoirs.., .::.,.> 3 
.. Hydrocarbons, t h a t ' are 

• somewhat heavier than methane 
but lighter than crude oil; are , 

. - recovered duririg the production pf . 
'.'• natural gas. These are referred to 

as natural gas liquids (NGL) and ; 
are an important element of our 
liquid.hydrocarbon supply. They 

• currently'cbnstitute-16% of pur 
...'domestic .liquid .'hydrocarbon 
.. production oh a-volume basis and ; 

'• 10% ori a Btu basis".. Cumulative 
. • production of NGL's through 1978 " 
'.. was .18 ..billion bbl. Measured 
\ reserves are, .6 I billion" bbl and 

•I 

..•"•• I 

A'. 

TABLE 3 -^NATURAL GAS RESOURCE ESTIMATES — CONVENTIONAL SOURCES^ .•̂ • 
• ^ : . ' • ' ' • .": . \ ' : (trillion cubic feet) " 7- .>;v . £;. , _ . ' ; 

' Moody 
(1974)° —" 

National Academy. 
of. Sciences (1974). 

,'Past production -

."Reserves ' ; • " . - ' 
' Inferred . • ', 

Subtotal I. ' " 
•To be discovered 

••vRemalnlng — r -̂  
. recoverable -

- .Ultimate . y i ^ 
recoverable" ' ;" 

237 
. 6 5 

302 , 
485 

-787. 

' \ • *eo 

; • 237 

... , 1 1 9 

356 

, •, •- 530 • 

.'••;• .'i. 888 

T — 

'.' '̂-" 

, r 

Low 
, • _ • ' 

. _ . 
- • 

322 

'••• . •, 

..761. 

'• •USG,S(1074)* •"' 

. Expected" ' High ' 

-.:;:•• 480 ; -'-y-,-,^ 

" : ' - . 237 . '. ••.-;-:*, 
• 202 •'• * • ••- "•'•• 

•: "a, 439 ... -f . 
- ;"i;,.484̂ -V. V,'655>-

. . * - . . • > - • - - • ; ^ ' T L . . i ' •>'' 

Exxon (1074) 

..Low 

^ ' ^ 
'-- 293 " i • 
;vi.:342-".-:^ 

:- .-/f635. ' ?. 

' Base 
Expected 

;_.. 4 e o - •' 
. : . 2 3 7 '•••'•. 

' • 1 1 1 '_^,' 

• • 3 4 8 . , .•; 
• 582,'.J ij---

High 

•AMOCO • 
•-. (1977) • 

, (see note c) 

- V , - 538 

321. 

55e^ 
. 9 4 2 

209 
199 

• 4 0 8 ' 
700 

Poleniial Gas 
Committee 
L (1976) • 

•' ", 558 
• ; - ^ 2 o o , . ; • 

, • . ' • . . " •199" • 

". • ' 399 - • ' • 
820 . ' ' 

.•;•,?. 930 ,V- :u1500 

'1267'"-v.. ; . i36e ' J238; :1403 , <.>1571-' ' ' . ' l i u _?.;;','f..,-i4i'o;.',r -' 
" • " • y . v f 

'. 7 3 : ' ' ' " - - •>. 

.-t...,1108. 

- ' f - i . : ^ ^ 

• ••' i"^.-'-^ r ; 
, C L -^1219 

V 0 9 7 r , ^ ? ; ' :y-1777.._._|' 1 
•. , . ,c,^. ' : -•• „ "•'•''-.-- •••••.•", • •^'•^•'-••y • : -'- .-N.'i, • •r . . ' -^- ' .m^^.4K' '>;K-r-S' . .^- . '^ ' -•?;• ;? .fwJ-'- '^, '^•'~''-''?-si-^'*'^-^'ti-y-i<:''\':ir.'^Si!l'''^^^^^^^ 

,.f a. ' 'Essential ly the same as MdbH Oil (li^Body and G•BlgB01973.:'-•^;"••.;: ' '•*•:-^•.^.' '^•'.•,•,'•'; ••••,'̂  
' . [ 'b. ' .-.Flgur^'are liased on,'.','.,a continuation of prlce^oat relationships and techholbglcal trends generally prevailing In'the recent years prior to 1974.'Price-cost 
' " r • „ relationships sines 1974 were not taken Into'account because o) the yet undetermined efiect they may have on resource sstlmats3.",U.S. Geolog'ical Survay, ' . . 

- V v circ. 725, p.l.•; •.••'*..-:,.';. > ' . ' • • • " - . / ' r ' ' . ^ ^ - , " . • * ? ? • " ; " •'.'• '̂.-''. .-• ;,','•<.••••' '^'>. '•• • '''*•" •••.•'•'^'-,-y'-'X' .••.•-•"r..^'::'r'T'H.'.c--:;''' '•'•" 
' " c . ' . In SPAN, B company magazine, undiscovered resources as estimated by the USGS are discussed. Regarding the USGS gas figure'of about 5(X) tril l ion cubic ' ' 

. Note; Estimates gensrally aasume that, on the average, 80.85% ol the gas In a field is recoverable. These data exclude most gas from degaslflcatlon of coal tnds,-.^ ' 
• . , - , . . , , • • Devonian shales, other tight (low-permeablllty) formations, geopressure zones, end gss hydrates (trozen methane)._Srnall amounts from^some of these .• 
, • , . • " sources may l)e'included.The'BStlmalss also differ somewtvat as tooffshorBdspthsincluded.;: ' •" • • " ' - ' -

: ^ ' : . i ; ' ' . Adapted from earlier Work by Jeremy Piatt, Energy Supply Program geologist, Eleclric F 
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rTABLPAl"DOMESTIC COAL RESOURCES' (Billions of tons at 100% recowoiy) 

« * ' « | s a ^ i ^ ' ^ * ^ * ' ^ * > ' - ' ^ > ' * ^ ' r T - - ' ' ^ ^ ^ • ' ' • . • • • • • • • ' - • .• . ' . - ••- ' • 
g^ l?gnSJOOO«deep„>. . V . " - • " ,. • • 
iDemonstrated reserve base . . . . . : _ ; . . _ . . . . . . . . , 
^Addilional Identified coal, ' . ...^.:"; -.v •.-,• •••-• • • 
' ^ T o t a l identif ied resources " - — ^ i \ . ' ' . ; • . : 

S ( ^ 5 ; ^ ^ : ^ - . T : - . V . : . " - • • • ' ; . . ' ; . ^ • • ^ r'^-." '• '-. , , ' 

^IptesourcesVypothesizecl In unexplored and ijnmapped areas: ^.'.' . 
^ S g l @ 4 ^ J - » ; • '^^^n4-;•*'-^^•^iJ"•^^^iv:":^^^• .• ,"-- ''V ".'. '• '•'. 
i ^ T ^ Z i ^ ^ - ' ^ i • ' t - -••̂  -• • : : ' ' * , ' - • - . ' - ' -

Identified and hypothesized above 3,000 f t . ' , .T^T? 
]%^t^i^.:-''^-^: y - ' i^ '^y-.:: S.Mr'rsi^.],:-^ . ; ' - „ ; ; ' • 

,Between 3,000 ft and 6,000 ft deep'.^^. i 'v^y, ""•.' '. 
^ ' ' ' Resources hypothesized Ih deeper structural basins 

. Total Identified and hypothesized.;. ; ; • 

..4382 
1,292 

,}1,730 • 

:• 1,850 . 

.;• 3,580"^ •; 
. . - . ^ J ' • . - . 

• i.:^:.'.r.:. 

, 388 

'.3,968 

1 . ' The Immediate source Is the 7079 Keystone Coet Industry Msnual, pp. 693 arid 694. Keystone's 
' • source Is the USGS and the USBM. The "demonstrated reserve base" figure is as of 111/76 and the 

"addit ional Identified coal " Is as of -1/1/74. Ths hypothesized resources are composed of pre-197e 
estimates from various sources', generally associated with stale geologic surveys. • • 

2. st rong objections have been voiced about ths use of high recovery factors lor the "demonstrated 
reserve base" by Richard Schmidt. Schmidt contends that recovery factors of "produci lue l " may be 

. close, to 25%. See "Coal: Keystone of Energy Fuels, Eleclric Power Research Inslltute Journal, 
August 1977, page ef f . • 

•f f . . 

undiscovered resources- are •• " 
•": • estimated at from 10 to 20 billion : 

b b l . ; - •• • . • ' • • ' 
• - . • : . ^ ' " ' • , . • . . . " - ' ' ' • - • • • 

Coal 
It is well knowii that the nation's • 
coal resources- are enormous 
(Table 4). However, coal is not a 
single chemical compound aiiy 
more .than petroleum is a single 
compound. Many thousands of 

• different compounds have been 
identified in bpth. The petroleum 
refiner has learned to deal with the 
differences in crudes, an ability 
which is enhanced by, the liquid 
nature" of crude' oil. Similarly, 
users of coal, e.g., steel mills and 
electric utilities, have learned to 

• select coals on the basis of certain 
' . aggregate characteristics, such as 

' .. Btu, moisture aiid ash content, and 
slagging characteristics. , More 

. - recently, ,s sulfur content has 
become important . for en-' ' 

• vironmental reasons. • 
In view of the need to match 

'.-' coal characteristics with specific ". 
•> consumption technology,' aggre­

gate resource estimates are. of' • 
; limited utility. They do tell us, with 

'•••',a certain degree of. probability, 
'. ]:that our coal resources are im-'. , ' 

mense..' For. specific applicatioris, ' 
"•".howeveri- riiuch .more detailed'/ ' 
. information is necessary arid may • 
<.he obtained only through detailed-- ; 
• field work; Even information pn -''•,. 

sulfur content is -frequently ', • 
-.• unreliable. There, is' little doubt ; • 

that conventional electric power 
' "plants can be adapted'to coal.'.'"-" 
..-.; characteristics; whatever they are. '';.N 
; ' - ' • ' • • ' . ' * '••'•- • ' r - . '•-•- ••• ' ' t ' s - i " - • : • ' ' t - - i y ' ' ^ > • ! • 
• - . , ' . ' : , ' . • • • : ^ / , "~ ' 

. Hbwever, as newer coal-using 
technologies emerge," coal, 
characteristics become more , 
crucial. For example, the ef­
ficiency and performance of coal 
liquefaction and gasification 
process (and catalysts) can be 
optimized for specific coals. In the 
absence of better knowledge about 
the specifics of coal resburces, 
e.g., heavy metal content, it is 
necessary to develop technology 
that is less than '.optimal for 
specific coals but which can handle 
a wider range bf coals." " ' 

While the resource base bf coal 
is clearly adequate, there is ari 
increased, need for detailed, in­
fprmation about the characteristics 
and mining conditions of the 
nation's. coal resources. The very 

•. diversity of coal makes analysis of 
the path of future production 
complex and uncertain. And the 
new federal coal leasing program 
relies upon detailed forecasting of 
coal supply and demand in order 
to develop leasing schedules for 
federal coal. Recent work shows 
that much of the existing data.bri 
coal resources are incomplete for .> 
.this kind of assessment. To some 
degree" .however,; the- optiniism : 
shown in USBM's use of a stan-.: 
dard; 50% recovery • factor .in--

• underground mining may be offset'; 
by the discovery i'of"vfurther 
delineation -of '-economic" coal . 
seams .in areas that have been 
largely overlooked to date.' .'•'.̂ •'•..; ; 

Transportation is an important.'~ 
component pf delivered coai costs.. 
Transportation costs. frequently |".'-

. ' exceed the mine-mouth cost of the 
;;coal.'This"makes location relative 
,,'to markets riiuch more irnjxirtant 
in the case of coal than for oil and 

. , gas, except Alaskan oil and gas. 
-. Table 5 shows the location of the 
,. •nation's 'larger " coal resources 

along with the rank,of the coal. 
About 20 billion st of.antracite, 

..' :almost all in Pennsylvania,"are not, 

• •*J.> ' ' ' - " . -c-"v . >,'.l''','.-"';-!,'"l ' •••V-'-.t':.-- •J:'-."v •' 

'•; :. Coal piroduction' is expected to 
' .be around 1 billion st in. 1985 smd 

perhaps 2 billion .st in the year 
2000. The vbiume of our coal 

. resources, even "if recovery factors 
• are below 50%,. is so large that, 

from the resource standpoint, coal 
certainly provides a viable resource 
base to meet pur energy needs for 

. at least several centuries. The 
. widespread distribution of coal 

resources will tend to spread both 
the benefits and problems of coal 
production around the nation. 
Moreover, .• from the depletion 

' standpoint there is no need for 
more than a very slow increase in 
coal costs, in constant dollars, at 
the mine. Indeed, productivity 
increases could lead to stable or 
declining real costs (see Supply 77, 
Electric Power Research Institute^ 
Report EA-634-SR, Section 3 and 

' particularly pp. 3-5. on prices, 3-23 
. on productivity, and 3-27 on 
: .resource depletion). . 

Gn • the negative, • side, the 
preferred energy forms of»the 
economy are fluid and electric. 

• Although' coal can be converted to 
fluid fuels, the processes are ex­
pensive. It is likely to be at least a 
decade " before large volurne 

"* conimercial production (e.g., .1 
million bbl oil equivalent per day) 
,is achieved, unless there is an all-

' out (governmerit program to 
- produce fluid fuels from coal. The 

environmental. effects - of synfuel 
'". prpduction" from coal are still 

uncertain.and their resolution may 
• add substantially fb costs.' Coal 
. will be called upon increasingly as 

a ' fuel for electric .power 
t; production. However, costs of 
" power from coal.production must 

rise as environmental controls 
', becbme more restrictive.. And. 
..finally, there is the.possibility that,-
" ^ultimately, fossilTuel consurnption 
;''will have to" be restricted because •' 

' of-the--accuni'ulatibri ..of. carbon 
-•'."dioxide in the atmosphere';'--' i-f.r'.. 

^x—•'"? ' ' " ' •'.• -̂  ' ' " P •' '3'^-<'?^V 

• .^^•r 'v ' ' - - , . - ' / .1- i i 



% : 

. - i • 

TABLE 5 - IDENTIFIED COAL RESOURCES BY AREA AND RANK (billions of toris at 100% recovery)^ 

Derrionstrated Reserve Base Additional Identified 

Area' 

Alaska.. . 
Colorado 

". .• Bituminous ;,Subbltumlnous . Lignite Bituminous Subbltuminous Lignite 

• ' ' ' a ^ ? n 3 - T i i ~ " ' i ' ; - "•' 5 , . ••'.•"'', ^-.-...:'' • ' • • •18 •, . - , 1 0 6 . 
. ;?^ . ; f f i ^c^y;9.>."v- ' • :̂  . . - ^ ' , , - . : ) • I ' - ' ' ' ^ • . • " ' • 100 

UniO- . . . - : - , , ! . . , :w i , , - . ^ : •< ! » , > .•.-.^\-f'.\ r •• -• / i . , , . , • . _ /• - • ' - - ^ ^ - . 
Pennsylvania'•/;-'/* -24^":sv.>-i,-',; , v - , ' . ' - . ' v 7 ' ' • - - - " v . ' . ' - • 40 . , ? , , . ,1.=. - - w ; , , 

" ^ T e x a S ' V - -=- ̂ i ^^X^ .^^ ' t ' ^^ f - ^ • , • ' : . \V iy ' i '-^-:<r'i'f.--'>e ( " . 3 •.-•^ . - . 6 - • ' - " ^ i ' •• • • • • - - • . -
'Utah •••'-•^•••::r:' '>r?/^/-;7-'•••,. • . : > • ' , • - : . ••: .•-.---•-^:;-•. '• ' 1 6 =••.• •^•.••::^^'^-?r;'7 
West Virginia . ' . . : ; 39 ; , ' ' '••:•,• T - - • ' , . • • • - '•.."- ' ' - ' , ' - 6 1 . T , \ - " " 
Wyoming V . . ' •"'""•'. 4 •; " " • " - .. " •; 51 ".- . ?", " - " " ' • 9 ' 72'."" 

, ! - ' ' • ! • . « ; ; • - ' • * • • 

' -7 

Other states 

•Total" •̂  . ' 

210 
.19 

166 . 
2 . -

. 32 
. 2 

420 313 
5 

. " ; : ^ ' - : 229 : • ; - . - • -168.V -,•••• ; 34-\-: . . . , • 518 . . \ . ; 

Source: The'lmmedlate source'ls the -»979 Keystone Coal Industry Uenuei, pp. 693 and 694. .,'•,"' 

318 

444 
0_ 

444 

, Total 
Identified 

,," 130 
'•:• . 1 2 9 ' 

. 146 S' 
;"• 32 

. ; 64 
, " - -292 • 
'•.. , 62>' 
.'- ,350 . ' 

- 41 ' 
,-. 64, . 

.16 ., 
• 23 

100 
136 

• 1,585'•• 
126 , 

1,711 

Shale Oil • - ! 
• ' t - • - . • -

An as yet unexploited resource of.;r 
major dimensions is oil shale. In 
the early 1920s and the late. 1940s . 
oil. companies were seriously 
considering turning to oil shale as a 
source of oil. However,-in both 
cases ' expanding supplies of 
(conventional oil made the use of; • 
shale uneconomic. Gnce.again oil-
shale is on the verge bf becoming . 

' .commercial. ' Uncertainty • about 
government policy, oil prices, and , 
environmental . impacts , .are 
delaying the actued start of 
production, but as world oil prices < 
continue to increase,.̂  shale, oil 
looks ever more promising. 

Table 6 shows estimated 
recoverable shale oil respurces in 

• the Green.River formation of the -.. 
Uinta and Piceance basins, of," 
Colorado and Utah.' The riiost 
accessible and better defiried 
deposits cbntain an estirnated 74 
billion bbl -of recoverable oil, ' 
voliiriietrically equivalent to' 25 -

^ times current domestic crude oil 
production. Estimated reriiaining 
recoverable volumes in lower grade ,̂  
shales are over I trillion bbl, four '•i• 
times all the crude oil the nation is • 
likely tb produce in ,its. entire 

. history (see.Table 6..footnotes.for... 
definitions), i. •; . ,r'i:- •,'; >•.;;- •. •"-.; 

There are "'environmental .".'i 
problems associated with shale oil .••; 

• production. Some observers "also ; ' 
• believe, that. protluction will be-'y 

limited to a few million barrels per ,..r 
, day due to water-shortages. This •;•' 

may have ."been true In.the past ..i 

when shale oil would have com­
peted with inexpensive bii. 
However, at prospective world oil 
prices for sh^e oil, water costs of 
even a dollar per bbl of shale oil 
produced might be acceptable. At 
such costs water could be brought 
long distances by pipeline or deep, 
brackish, water formations tapped.. 
Oil from shale will. require some 
upgrading to be- equivalent to 
crude bii; however, "the technology 
is well established. The potential of 
shale is such that much effort to 
overcome • the-- environmental, 
obstacles appears • worthwhile. 
However, oil from shale will not be, 
cheap. Its costs are closer to those 

, of liquids from- coal rather, than 
those of conventional oil. 

In addition to the shale in 
Colorado, Wyoming, and Utah, 
there are large shale deposits 

• (Devonian and Chattanooga) in 
the east. The USGS has estimated 
"known resources" of Devbnian 
oil shale in the east at 400 billion 

,bbl arid • "probable extensions of 
known resourties" at a ifurther 
2,600 billion bbl on the basis of 

. Fischer'' assay results. • Recent 
analyses by the Inst. of. Gas 
Technology (IGT), indicate' that 
these shale's are much richer iri oil 
than previously believed. The 
standard Fischer assay indicated 
yields of about 7 gal per ton. 

. Yields in the range of 20 gal have 
been demonstrated using the IGT 
"hydroretorting prbcess." At such 

. yields the shale would ' be com- • 
parable;' in . grade with the 
"estiriiated .remaining, recov­
erable" material in the Green 
River formation (Table 6). The 
economics of producing this shale 
may be improved if other materials 
are produced as by-products.. 

Uranium "̂  
U.S. Dept. of Energy (DGE) 
uranium reserve and resource 
.estimates are presented in Table 7. 
All other aggregate U.S. uranium 

TABLE 6 - SHALE OIL RESOURCES IN THE GREEN RIVER FORMATION" 

Billions of bbl • 
QuadrlJIIon Btu 

Proved and Currently 
Recoverable". . - ' . 

' '7A ' • . ; . ... 
•429. 

Estimated Remaining 
Recoverable" 

: • .-... 1,028" • 
.'•;•= , - . 5 ,951; . , . " 

' . ' a . ' G r e e n River Forrnatlon In the Uintah and Piceance basins of Colorado and Utah. , ' ; . ' ; .,' • .' ' 
' b.. .Based.on only the most accessible and ths bettsr defined olt-shale deposits in tlte Green River 

- -"->•- formation; these deposits ere a l least 30 feel Ihick and average 30 gal of oil/ton by Fischer assay as 
:..fgiven in U.S. Energy Outlooli, A Report o l the Natlonat Petroleum Council's Committee on U.S. 

'*• ' • •Eneigy Outtooli, Washlnglon,-DC, December 1972; also .assuming 60% recovery o l shale In the 
• ,,':'rt mlnableseamandoi lrecoverycotrespondingto96'vol% of FIscherassay... ' . .• . ' ' '• . 
• o. Based on the total quantity of oil-shale resources In the Green River formation ranging down lo 15 '. 
• • '. gal of oil/ton by Fischer assay as estimated In Ihe reference listed In footnote b, assuming 60% 

recoveryof shale In the minable seam and oil recovery corresponding to 96 vol% of Fischer assay. .• 

>A'S^'s'-"^'^^'.\''' 
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S;̂ <;. TABLE 7-UNITED STATES URANIUM RESOURCES^ AS OF JANUARY 1,1979 » i ^ ^ r ; : ' ! * { ^ > i , . . 

Potential Resources -
. ^ ; Forward Cost Category'-s;:;. 

^.$15V*^^ 
'' . sis-Stflncrement 

• W « - ~ • • • ; - - . ' • , • , . - , — , 

, . $ 3 0 ' ? " ' " " 
.• $30-50 
" ' . . . . . . -î î̂ f.'. 

,1.1 •Evaluated areas only. Out of the 620 quadrangles Into which the U.S. is divided, the Department of Energy conslder8'272 ag geologically favorable for'iiranliim 

•:*. -̂  • 

• * - ' ( ' • • 

^ ^ ' ' • ' . ^ y ' ^ ^ ' - ' f ^ - ^ ' ^ - ' - - ^ - - ' ' ' ^ ' - ' ^ - ' ' ^.:'*jT•^^^ai»5¥i•^^r.i•«'^.•5^•>•••t•%J.•••.r •"v ;i?•.;•ir^i,••^•••^«•'^•;•'-.••'••>>7•ft'>->.•^;.ty•'••••J•^•'i;•i^^ :5 . -J4*« . , , ' , ; ' • • - ' ( ' - . . ' - ^ • i i ' ^ \ i ' i ' i ' ? - f . - ' 

I '..(,•* ' - • ' , - . . "̂  . , -v-. ' i ' - > . ^ - - - • - I - . ' - . ' , ^ * - i > i . - ^ i . J -J. .• - - . . • . - ' . .J™.' , ! . . J . t . •,•. . •• ' , , .-- .- .---1 - — . . . ' - " .• . l-l: - I - . ' . , - ^ . . . . . - t . . -^ •- . • . ' .1 .. ^ • . ' ^ - ^ - J 9 - ^ . , * . - -

-..^•7' . p c t i m a t p c a r#» ' t n rtnp mannp r , ^ r» r i " -A^ f tnoA At tnnc i te . iU f t t ^arp ' ^o'\* i n •;.•.**•• •••Mia>> fimi,*Ac, f^,. *V..%t .^n*Ar.^,.-.. estimates are "in one manner;.'or 
"another based' on l^OE .statistics 
••"arid .cbrisisf• o f riianipulatirig .the.-
• DOE data "iri* bne mariner or,.; 

another. The DGE estimates have 
\?i)een questioned from .time to' time, 
'blit are widely accepted.,It is my 

. belief that they are reasonable. 
numbers in terms bf what DGE is. 
estimating. ',. However,, attention 
must be paid to the definitions. •" 

The cost figures used by DOE • 
are,so-called '.'forward costs", and. 

1 exclude important cost elements. A 
common rule bf thumb is 'to 
niultiply the forward costs by 1.7 : 

•to estimate full costs. As noted in 
the, footnote to . Table :7, the 
resource estimates are nbt for. the -̂

defined deposits.- that ;are" (a)* ini5j..","";'Urue" ; figures ̂ for that category _. 
; .formations or geologic settings not'j-:'.., may'be much, smaller, or much 
... previously prpductive,,.within' ..'a"r'.'̂ i.Iarger than estimated.,,.y>.:.K ," • •• • 

productive geologic,; prbvirice,--or-v:f? ;̂;,:;-A more sophisticated manner of 
••.(b) within a geologic province not ••• 

• previously productive.;••-•̂ yr̂ îv" ĥ ,>;. 
•:. The reliability of the estimates' 
'. lessens''i.as orie"> moves from^ 

..' "probable" tb "speculative" as^a 
reflection of diminished geologic 

' knowledge and datable!. . • , . ; ' 
These definitions were patterned 

• • after those used by the Potential 
Gas Committee. They classify the 

' resource according to the amourit 
; ":.of information on which, the 

. estimate is based. Because of the 
• ' less precise information iri each' 
:•• class of resource from reserve to 

entire U.S. buf only for evaluated rf. speculative, the. more likely the 

, " • • - ' « 

• -IT. 

• areas. Perhaps most important are' 
"the! definitions^ of "'pptential' •, • 

• resources. J The definitions, "as 
" discussed in . - Uranium . Data '-. 

(Electric Power; Research Institute 
Report EA-400, June 1977) are as , ~ 

-follows: • •••: . .^^i. .•.'.V"-̂ ,̂ ;.̂ .- ;,v ;." 
";;• 1.. '.'Probable"/;; potential' re- "v^ 
".sources .are- those estiniated'^to ' 

occur • iri knpwn productive'- • 
' uranium districts that are (a) in , 
. extensions of kriown deposits, or 

(b) in undiscovered deposits within' ..; 
'.known geologic trends-or areas.pf.., 
, .mineralization. % ..''.̂ î;̂ -.," ;Y. ;';:'/-^^ .': 
1.-2; "Ppssible'.'J; potential, rd-.^" • 
sources are'those , estimated:: to >'-;' 

•occur, in, undiscpyered -brpartly tV-' 
defined deposits,inr formations or..-;.• 
geologic '-settiiigs ':productive*. '̂ ^• 

; elsewhere within thesame geologiĉ ;̂.'-.'-• 
'•' proyince.'^.^;^t^s^ ]^i.^ ̂  Ĉ .̂̂ ^ ̂ ;:-^; y';:'; 
i. 'S.--''Spe<:uiatiye'';-potentiai •'re-,• £•; 

' \soiu-ces arej thpse-'-est(mated, tb ;̂/. •, -i 
"occur,in undiscovered.'or partly 

.-.--,.->--^^ 

looking at reserves and resources is 
'tb cpnsider thaf any specific figure 
'comies ,;from' a !'• probability 
' distribution and to estiriiate that 
distribution. The USGS. did this 
for crude, oil and riatural gas in 

. u s e s Circular 725. Geological 
"Estimates of Undiscovered 
^Recoverable Oil ahd Gas 
Resources in the United States, 

•(1975). DGE has done this for 
uranium reserves (Fig. ̂ 1). The 
midpoint (50% prpbability) on-this 
figure Js the same 'as the total 

; i-eserve figure of Table 7. DGE is 
: preparing similar, probability 

CUMULATIVE PROBABILITY* DISTRIBUTION CURVE 
> FOR.1 /1 /79 $50 RESERVES 

• k - ' ^WS^^^^ - i ^ ^n^^^ ' ^ y ' -
.''VSourcot̂  "Oepartotnt-'of. Eneryy, Grand Junction Office- * ,. 
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' distributions for its.other resource 
• ' , classifications." f>;3-.̂ 'j:i''.̂ 'i,'"'-'.y-• ;•., 
';•':,, -In addition .?fb what "might be" 

-•'-described as conventional uranium 
. -resources discussed above, various 

;.;.,, other sources exist. -DOE estimates 
' 'that 120,000 st of UsOg' could be . 
•; ^^-J-recovered - as a: by-product from 
:. •;' pthe,r':^;'pper'atibns, ;• principally,-
»,';•' phosphpricacidprbduction,by.the. 
'''\:;year,2000.'.'•• Numerous :low-grade . 
»̂ ;v uranium-resources exist in the U.S; -
',-;'.'Most frequently mentioned are the 
':-:.;. uraniferous black shales that exist 

' ^ bver. large areas of the U.S. The. 
"-.' .Chattanooga .shale in the east-" 

' .central U.S. has received the most 
'• consideratipn. It -is ''estimated to 
' c o n t a i n 5 million st of U3G8'.at 

. '; '-concentrations of 0.006% to 
' 0.007% UjOg.'Productiori costs, 

'including environmental con-, 
- siderations permitting prbductiori, 

;• . 'probably would exceed .$200 per 
. pound bf U3Og.'Current markef 

prices are around $40 per pound. - • 
,;.-': Uranium requirements for the 

lifetime of a 1,000 . megawatt 

,v i 

Mllt6n.|^F. Searl Is technical manager of the EliBctrlc 
•Power Research. Institute's Energy Study Center, Palo 
Al to.CA. From'1973 until recently, he was manager of 
EPRI's Energy Supply "Program. Prior affiliations were . 

• with Resources for the Future Inc., the Office of Science . 
and Technology In the.Executlve Of flee of the President, :-£ 
the Atomic Energy Commission, and what Is now Amoco \> 

. .^Production Co. He Is an economist and mathematician < 
• :by training.., .̂ ~;r.t -<rc/-.̂ " <• .*>::<••'.-..-.;'. 
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reactor are about5,000 stof UjOg^i ' j -
at current efficiency levels. .Using'^r-
this number, with the table that is;.'̂ -r" 
part of Fig. 1, there i s ' a 95%jr 

^probability that uraniurii reservesi;^'.. 
available at forward costs of up to ''•>-„•: 
$50 .per pound of U3Gg ' can 
support " 154,000. megawatts of 
capacity for'^their lifetime; a 50%- ' ' 
probability that the reserves will . 
support 184,000 megawatts; and a -
5% probability that they will " 
support 216,000 megawatts. To 
support additional nuclear light- • 
water reactor, generating capacity 
will require that known deposits in • 
one of the potential classes be 
converted to reserves and that " 

!̂t̂ !4.!'̂ J!3̂ 'l'v̂ >:.•̂ •V*.̂ f,-̂ i;̂ ,'f•i?*̂ 1i:vS?̂  
.some• .of..x'the •";undiscovered 
;resources^be discovered.".IfTfhe 
breeder rfeactor becomes com­
mercial, uranium respurces will be, 
adequate for centuries.'̂ WjAV-i '̂.f'̂  • 

J.,\^^-.^,i.. j t / ,^.,. . . . . . . i t , , , -

C o n c l u s i o n s i"r/r -^^MgiV"^ -*: " 
The nation does riot lack energy 
resources worth developing in any 
of the categories considered here. 
Given favorable prices, access to 
federal lands, and environmental 
regulations that dp not preclude 
production ',or- utilization, the 
nation has the. • pptential for 
becoming increasingly, self-
sufficient in conventional sources 
of energy. •• "•-• . 

A Review of Alternative Energy 
Technologies : : 

X 
d' 

• i 

T.E. Walsh, BechtelNatibiialinc, 

•I 

Introduction -
I will address two importarit 
altemative energy resources, solar. 

• and geothermal, with emphasis on 
their potential .application in 
electric, power. generation'.. As a 
result of this presentation, I hope 
to leave you-with a realistic view'of 

' the principa] technology options 
that are 
are available 

converted economically to useful sun's rays can'be intercepted by 
, thermal or electric energy. •.•,. ..'"tC materials that directly absorb and 

Fig. 1 shows thaf there are both .•!. corivert its energy to low-grade 
• .natural and technological ways of-j";^ • heat, or by iriirrors or lenses that 
; /Collecting solar energy. In riature'f,focus the rays onto a material to 
,. we'find that solar energyVaids in i..' produce high-temperature" heat. 
;v '̂,the 'production' of, biblogical. •;. The higher" temperature systems 
'.;'; growth,^^^raintjdl,' and wind, all of. ." can.,be used to drive efficifent heat , 

which can, in one form or another,; engines-iri ' the ^/production of • 
e being developed or that ~.:"',be put ' tp use in the production of-Vr felectricity.'The "sun's rays also can' 
lable. . .'-K-•• ?,' " . -• • - hea to r electric ppwer. The sun's •̂ •̂̂ .?.be 'collected • on. photosensitive 
- -- . î ••':,-'•''•^-y '̂ •':.•'y-',-;'^:.'.lays Mso aie collected and stored •;-•/materials,- in Veither a'-direct or 

So l a r • ' •-•••"̂  ci?i"4"i.:r>- r ' , . . • '- -naturally in the. form of heiat in the ^ 'J; coricentrated form'tb generate DC • 
_; ' •'/^'''^''*:r-"''"'i''.V ^ ' 5' '".'/.'̂  ;• ' ..upper "layers of the ocean which;."ir,i electricity directly.4'"J^vvi'Vy.f,'v;4<;,;j;̂  
Typesof Collection r^^J'vv ;^;r;;-r;. , j ^ n b e p u t t o u s e i n A^ systems.'C-i!^wiil;' discuss ; 
In teirestrial solar applications, the '̂ -.̂ .̂ bf electric^ eriergy by means of'w'>;'']employ 'all/^of, these" means of̂  
biggest challenge is to find ways of -^tjcean therinal energy conversion^?;; ^cpllectiori •'"• and conversion/ fCX:̂ . 
collectirig the sun's relatively ibvv: u,-:^(GTEC)approaches.vt*i«-^j<;'^^«;«kr.^i,'; eluding. biological.: and. .hydro-.• • - y y ^ 

>.«'^V-
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' ; Fig. 1.-Solar energy conversion. ' 

tensive to cover here, and I'm sure •. 
.' that most readers are familar with 
• the well-developed hydroelectric 

technologies.- ; "••,'• • '• • 
• •"When we "think of solar, 

':' technology it is important to have 
a feel for the levels of energy we 

. are dealing with. Fig. 2 is a niap of 
the continental U.S. showing that 
there isabout a 2:1 variation in the 
average daily insolation. That is, 
we have some 2,000 Btu/sq ft-day^ 
in the southwest, while up around • 
the Great Lakes it drops to less 

. than 1,000 Btu/sq ft-day. These 
numbers represent the average 
annual insolation at the earth's 
surface and account for both the 
direct and indirect sunlight that 
reaches the earth in 24 hours. This . 
is a drop from about-10,300 
Btu/sq-ft-day, which is the suii's 
intensity as it enters the earth's 
atmosphere (called the "solar 
constant"). This reduction is, of 
course,.. caused by atmospheric 

• scattering and absorption, and by 
diurnal and seasonal variations. •v_ 

Central Receivers , . -
Of the^' several solar focusing 
concepts that have been proposed, : 

•.the most widely pursued •and, 
accepted to date is'the .so-called, 
"solar thermal central receiver" ''-
approach illustrated in Fig. 3. In 

•,this coiicept, the-sun iS;tracked by " 
. a group of mirrors carried on twb • 

axis . ' t r a c k i n g . I m o u r i f s 
("heliostats"),: and ' the rays are 
reflected pnto;a boiler-or other : 
heat "receiver" mounted atop the." ; 
tower." • The • cbncentrated solar "."• 
'energy thus is used to'make steam 
in the' boiler br to heat other lieat ' 
transport fluids, such as "liquid' 

•• • • : ' ! , . . , „ . ; - ^ ^ ' ^ • " - ' ^ ' ' - i ' ^ ^ \ : ' : X ' i ^ - ' - - ''•: . • ' ' • . • • -

L- X ' ^ P ' ^ - ' f : ^ * ^ - ^ : " ^ . . K C ^ i : - T ' ^ ' ^ - --•••• ••;" 
.•.:i»:.«:iv:>i>v.- - ~..^'.,V..V;-,C.':ir.rt^-,^ 1:1. •;,•':•.-

metals, salts,' or air." In this' 
example, steam is used to drive a 
turbine generator at the base of the 
tower. Apercentage of the.stearii 
also is used to store sensible heat in 
tanks containing - eutectic salt 
mixtures or • hydrocarbon fluids, 
which can" be used to generate 
steam to drive the turbine during 
momentary cloud cover or to 
extend the plant's operatirig day. 

The key element of the central 
receiver type of" plant is the 
heliostat, depicted in Fig. 4. This 
particular' helibstat (designed by-
Northrup Inc.)"is approximately 21 
X 25 ft. It has a, number of second 
surface mirrors,; each of which 
must be aligned individually in 
order to achieve maximum cpn-
centration of the sun's rays'on the 
receiver! Heliostats constitute the 
largest cost element of the plant, • 

.currently running around $25 to 
$30/sq. ft of mirror surface for 
completely iristalled systems. Fig. 5 

, depicts how a pilot plant of this 
• type would appear. Designed.' by 
' Martin Marietta Corp-, and Bechtel 
.'for the U.S. DOE, the plant would 
deliver 10 MW during daylight-

- hours, and has 3 hours bf thermal 
storage ciapacity. Some 1,50020 x" 

.̂  ' 20-ft heliostats are used to make 
,950°F, 1,350-psig steam in the 

-".,boiler atop a 270-ft tower, which in -
, 'turn.drives a turbine generatoi" at 
' the.tower's base: The entire plant' 
- occupies about 128 acres. A similar 
, ".plant now being constructed, at 

.Barstow,- CA, is" scheduled for 
••; startup in 1981. Plants of this type 

• will.be aible to convert the.in? 
- tercepted .solar energy.-to "net 

electrical output .at about 20% 
, efficiency. ' • ' . • ' ..•,- •'• 

While the costs of today's pilot 
• plants are .'understandably high, 

the DGE estimates that' com-
, mercial-scale.. central receiver 

plants, on the'brder of 100 MW or 
more, .may be competitive with 

' fossil-fired stations sometime in 
the 1990's,. This projection 
assumes continued escalation of 
fuel prices, advances in central 
receiver system designs, and 
reduction of heliostat installed 
costs to approximately $7/sq ft for 
large purchases. 

Parabolic Troughs 
Another type of solar thermal 
power .generation is the linear 
collector approach using parabolic 

' trough collectors as showri in Fig. 
6. This is a I50-kW pilot plant that 
is designed' to generate electric 
power for deep-well water 

http://�
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Fig. 3—Schematic of 10 MW central receiver pilot plant. 

.' pumping. A plant of this type 
recently was constructed in 
Arizona by Acurex' ,Corp. for 
DGE. The plant uses parabolic 
trough collectors that are capable 

' of developing temperatures of only 
about 600°F, whereas central 
receiver plarits of the type shown in 
Fig. 5 are capable of temperatures 
well above 1,000 'F . In this design, 
a special hydrocarbon oil is used as 
the collector heat-transport media 
which, when heated^ is pumped 
into the top .of a storage, tank 

. containing rocks; these rock& are 
used to store part of the heat in a, 
thermocline. To remove the 
thennal energy froni storage,' the 
hot oil is passed thrpugh a boiler 

. where toluene (a benzene-like 
"fluid) is vaporized for expansion 
• through the turbine. 
. The parabolic trough collector 
usedis made by Acurex. Such 
collectors cost about $20 to $25/sq 
ft of aperture opening, .with. 

. promise for reductions to the $5 to 
$10 -range for advanced-^^high 
production designs. The. material 
used for the refelctbr is polished.. 
aluminum. The. idea is to-
concentrate the collected solar. 

.energy onto the receiver'tube, , 
; which passes through the linear. 

fpcal. point of the collector. .The ' 
• collector rotates pn only one axis, 

as opposed to the two-axis rotation ' 
ofthe heliostat shown previously... 
; Fig. 7 is an artist's concept of • 
.the plant; based on.a pi-eliminary 

' design' .prepared by Acurex and 
Bechtel. The collectors rotate on a 
north/south axis, the north being 
to your right in this picture. Shown 
are the thermal energy storage 
tank, plus the turbine generator 
enclosure just to the right of the 
tank. This particular plant oc­
cupies approximately 8 acres, of 
which 50% or so. is in solar 
collectors.^ Operating at a lower 
temperature than; the central 
receiver plant, its efficiency is 
lower: about 12 to 13%. Current 
indications are that busbar costs 
(net costs of electricity leaving the 

. plant) for commercial-scale 
• systems of this type may be higher 
than for the central receiver ap­
proach. - •• . '. ,.- • .-

,-.,,^ . > v , t - i ; v r - , ; ; •; •• " , — • '_ 

'•^Photovoltaic Contenders v/y «', • '; 
*• 'Fig. 8 depicts a very simple form of 
', ̂  ,the • • photovoltaic apprbach, to 
: -. power generation.- Currently, the. 
, leading contender •Itin ,, the, 

•j,'photovoltaic race "is the' sihgle-
' crystal silicon celli This type of cell 

"r^is being pursued as the major cell 
V. to be-developed'/in .the. DGE 
• "prbgramV thbugH' there' are bther 
'• types of cells that hold promise for 
'•'' the ' future.- The' - single-crystal 
• silicon cell 'is capable "of ap-, 

. '; prpximately 12 to 13% conversioh-
'',of intercepted solar energy! The' 
"̂  gallium arsenide cell is capable of 

more than 20%. However, the 
goals of the DOE program are to 

Fig. 4—Typical heliostat. 

' ' r ' - • ' •" ,"^ -V ' - i ' . ' - t •*•; ',•. 
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,7 'design'.showed that all the elemerits|':>.', 'J. 
',,-;; of the photovoltaic plant currently;*,';'. "( 
-,̂ '""are javailable, fat-least up'to "the'2^'/,i '•. 
-•'MW.. module .sizes, shown-Here. V ; f:^) 

Costs," exclusive of .the. cells7^were|.!̂ ;;.. -̂,1 
.•»4 estimat'ed to be $700,to $800/kW.?^ issi;" 
W Fig..' 10 illustrates the ?I)0E4i;;-!; •: 
^f^;spbnsored, i>.25kW.s-.-Meade,f. N B , ^ , J I 
^ r iristadlatiohl̂ .̂  which'̂ coniprises'*_28 Î Ŝ ^̂ ^ 
fiS8{f X;C: 25jft j.^statibnary ̂  
'̂ ^ii^silicbiT arrays* x^h'at'̂ pro 

ÎP'f.pb'wer, for drivirig* wateKiTumpSi^^'li*^, 
.i^-l^lThisi plant ̂ . has ;;bpefatedP.;Suci^^l:^ 
•€. !j:essfully. since Wd-1977. and'was%-^?t'; 
"a;"', so ^far * as .T, knbw^. the'; largest^*>.[':t': 

operating system in the world until t̂ .-̂ ;!-';. 
•* ''completipn "of!a60-k\V.'*,;. j,-f 

Mount Laguna;!t,trv|f," 
Force'radar station.^'^;j' , ' ;; 

•': i>Uhits with up to 250 kW capacity? "' '̂  
î ^̂ î 'are expected to be on.Iirie soon in '̂ ^ - ''-'••: 
•^f,jhe U.S.- Phbtpvpltaics are-reliable .'.J- ' - / 

once • they go through' an. initial 4" 
shakedoyvn period.ofa yeair. Thej^.', 
seem very reliable thereafter.' 

- •:! ' . . 

.'.:-SfVU;. 

m 

\'-'SJ 

^^^ 

Fig. 7-150 kW solar powered deep well Irrigation faclHty.I*' 

develop the silicon cells imtil they 
•.' "achieve abouf 14% > eriergy cori-
. version efficiency, .along " with 

significant reductibns in cost." ' 
Bechtel has .designed -several 

photovoltaic power plants, not to 
'!be constructed'buf to find out 
approwmatelywhat the costs of. 

- such' plants. >ybuld be, - assuming 
that the price pf cells will drop to a 

. reasonable; .level. .'SiUcon•. cells 
' currently cost "about ^lO.OOO. to 

$ 15,OOp/kW; delivered ready to be 
.installed. This, of cpiirse, is a very. 

.high price, .that must "be. brought^ 
• "dbwn .,to'.more, .like ..$350 
. $500/kW'beforis it vviUbe possible 

•• tP ; 'build.;,Jpla'nts ^"that.-is.-,are,J.̂ f.-
• economically competitiye.iri power- 'I?;,', 

applicatipns".-5;The.;-xufrent| DOE;-;*';: 
.%-prpgrarii lobjective:is;''i;to'";reduceI^^^; 
• sihcon.̂ -c^U Vcostsy;"tb •* $I25"s,to •^,; 

•V $370/kWduifing the 1990'sr ' ;#^Kii^ 
-": Fig.;9 depict^ar BechtePkip^;;^:> 

.',' proacK itolthe design "of a 200 M)^.*;^/ 
• plant; It'is niade up of a niihiber of.,'",'5-
.^modules," ---^ ••--'—^-i-ii- •- " • ' 

terconnected . cells; ..arrayed as 
-shown on the left, feeding throiigh' 
an inverter into .a common-AC 
•distribution or collection system. 
One -hundred "such,;modules.. are 
used to make a total .200; MW. 
plant. In addition to supplyirig cost 
data, the desigri prpject'soiight to 
find but what other comporients in. 
the desigri of a photovbltaic plant 

might.be developmental in nature,'; 
"and what-"development progranis 
might: be necessary. Basically, the 

•; Ocean Thermal Energy'; -% r.-rj? •'--
Turning ;'riow to those solar 

^technologies that take advantage 
of natural cbllection, I would Hke. 
first to explore- the ocean thermal" 

^energy conversion (OTEC) aj)-
" proach. As shown in Fig.' 11, ocean 

surface temperatures in the. 
. ^ . ^ . equatorial regions of the world can 
'^"'-^^^t'^i^',^he as.high as 75 to 80''F, while at 

*'^uvi"^i-jsC500. to 2,000 ft beneath the 
"'"* "" ''.'•.. "siirface temperatures cari'be below 

•-AO'F. Hence, if .a" conditipn is 
-'• established to bring the;water at 
':':these two temperatures together in 
/^a- usable manner,", wê  would .have 
'. ̂  the .basis for "a heat •'engine cycle 
; .'that could generate electric jjower.': 

'^' To do this, we need working fluids" 
. "capable of "evaporation; and 

.1 condensation within . this tem-
'--, perature _ range. Most designs 
>•;". proposed to date use iammpnia as 
-> the workinjg .fluid; The'idea is to 
;-H^,';\"'£J" \ i - ' - Siv ' . ':'•• ..-̂ 1 y'-t^y<-^. .'';•-'• 

-to i f t t 

^r .SOLAR CELLS; . v^ j l i ^ i y ^ 

, ^ - 1 ' ^ • ^ 

3t5¥^'c.fU^V 

,.''\it^'^' 
.ELECTRIC^ 
STGRACE? 

DC TO AC 
CONVERSION 

• • • • i ' < . i _ . 

^60 Hz} 
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.J its energy: directly'; from'naturally; -;"-'. 
^ '^stored ,heat; Tthus .eliminating the. ;• ,.r., 
i-J, need .̂ ••-fprr̂  •:constructed_^ i energy". '* *. •; 
•/ '••stbrage:ii^^^t?|^^5^#5Ji^^ ;̂  
• j ^ - / ^ ! Becatise •;Jpf,;,,^the^^lechiiical.^; ,]y: 

','. developmerit .that reriiains -to' bev- -^ 
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-the warm '̂-surface'' wateri;^*^:--;*cbnside'rable':; "development*, to..-,.''utility .'u grid • is ^not; pbssibje " or ' 
J it thrpugfi "an evaporator, 'J;^"-'/overcome Vsuch';.- problems :Yas.:'f;'* practical; Some,,however, believe' 
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I 
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\ 

-take - the 
•••"'•! p u m p 

.» arid evaporate the aminonia, which 
i'-,. then is expanded through • a- tur-

' . ' bine. The ammonia then is cpn-
! !densed iri a" condenser by water 
;. " pumped from • the depthsj and 

.:-' recirculated back ' t o - t h e 
' evaporator; - " ," . • ' 
.>^„A problem with a cycle of this 

[̂  type is its inhereiit iriefficiency.,-. 
The . maximum Carriot' cycle • 

' . theoretical efficiency fpr an OTEC 
.. cycle at 40' teniperature difference 

is about 6%. In practice, we can. . 
. "̂ expect to achieve a little over 2%. '.'\ 

:'',This requires very large heat ex- " • 
:=-" changers? and- pumps'to^circulate ' --" 

.".and transfer heat from and to large ':'" 
.'amounts bf seawater.' • 

. ; ' Fig..l2 represents a-concept for 
"an OTEC developed recently by 
Lockheed Missiles, and .Space ; 

•- Corp, Bechtel provided the energy-.; •. 
"•,: conversiori-design for this plant. /• '• 
-(-;The design incorporates.-^a spar̂ "̂,--

•.' buoy coiifiguration; the buoy itself - :;V 
is roughly 300 ft in diameter and "• ' 
has detachable power" modules., ' 

'• Each of the foiir modules has an -
, •-evaporator'^at, the 'top, and.;^a . -;• 
-' condenser at • the..bottom- (the i'Ĵ -
..: horizontal •; cyliriders).;.'irThe', ;.,-', 
, ^:evaporators are warrned by water ,';.; 

; • from the surface, which is brought ,,•';_'" 
j- I in . through -the round plenum,'',. :• 
.r.y surrounding the.tbp_pf.the buoy. It '-;[; 
• ';- is pumped through the^evaisorators j ,;7-;: 
'-,;,and back but',.into'.the; sea....-.A?v:;'~;r 
' - • telescoping pipe below-the buoy';•:.;'; 
. 'extends to a depth bf. 11500 ftor-//^: 
•f* more.'The cold:water pipe fbr this;̂ :̂ {v". 

'.. VM60-MW power plant carries about •':.-; 
...• 65,000, cil ft/sec o f seawater tb- -.î r̂  

biofoulirig, 'corrosion,- cpIdVater .,'..• ;thatrwind..turbine..,*;farms'' will.. 

adyantage, however, of being the ,.. .workirigs of a horizontal axis wind"". 
only solar technology that derives'. -turbine of a type currently being 

' • '•'=^''P««y, 

^ " - - . ' ' , ' / 
' 1-' / - r S 
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Fig. 13—Typical horizontal axis wind turbine. 

developed -and operated 'under a ' 
jbint '' DOE/NASA ' program. • 
Typically, wind speeds of 8 to 10 

- mph 'are , required to commence" -
' generating power. The rotation of, 
the blades then is held at a constant 
40 rpm by means pf variable pitch 
cpntrol and load control. The 
rotating hub, drives a synchronous -

• AC • generator" at ,constant rpm 
through a gearbox. The machines 
usually are rated at wind speeds of ;, 
around'' 18 to 22 mph, and "can 
generate power up to speeds of -;' 
about = 40 mph, above which the,'. " 

' blades • are ifeathered, . and 
,. generation is halted. A yaw control '•'. 

orients the blades into the wind^ . 
• , , A nuihber of horizontal axis 
. machines are currently - under •' 

development up'to about 3 MW, ' 
capacity, which is about as large as , -

\ available materials can be applied .̂  
,. ;to meet maximum blade stresses. 
;.' Fig. 14 is a photograph of a '-
.- DGE/NASA'machine installed in' ;•;. 

; 1978, .which \is 'operatirig. sue- . t 
cessfully intp a utility .grid in ... 

- Clayton, NM. it is rated at 200 kW ' 
."" at 18. mph wind,speed.,The blade,. ; 

diameter is" 125 ft.-- A 2-MW^~ 
. riiachine. of this type recently was "' -.' 
•:put on line 'by DGE/NASA in ' ;. 

^ Boone,.NC. Performance data on -
,: this unit are riot yet available. , '- - ' . ' 

',-'. Other ..types of vvirid machines.-' ^ 
•; have been proppsed. Probably the '• •' 

second most popular proposal has ;"," . 
'."been" the so-called,, "Darrieus" 
> wirid turbine, 'which is a vertical ',;. | 

•^^^-•^.•'yi-i-'ijy.i-^-iii^'.U, .^i•^, .•:i\-'-^^i,iV^H"' 
•i:.;"n.r>3?^^:.."v\ ,^. .\v..y-?^«-^ii.;_, ,^..;,, V;-. 

shaft machine, but which is less ; 
efficient than the horizontal wind ' . 
turbines shown here. -
. Sbme " bf • the. problems in 
operating wind turbines result 
from varying wjind speeds and • 
problems created by wind speed 
differences between the base of the 
tower and the top of the blades, 
with much higher speeds at the 
tpp. There are also problems of 
wind shadowing caused by . the 
tower itself,, probleriis,'. with 
radio/TV . interference, • and, of .'' 
coiirse, having sufficient wind .to -
operate the generator^ Never­
theless, experiments to date in­
dicate that wind'machines will find 
their , way into ' practical ap- ' 
plication. •- —. ' ; - • • • 

Geothermal • ; ". 
Types and Distribution •; • ' 
When we think of geothermal » 
resources,- we think, mainly of 
'hydrothermal ; resources ;in two 

categories: (1) vapor • (steam) 
dominated and' (2) .. liquid 
dominated. The liquid is present in 
the form of a-brine (Table 1). 
There is a considerable history for 
the development bf • steam 
resburces, going back to j913 
when . the Italians started 
developing their fields at Lar­
darello. A lot of work on steam-
type resources has been done since 
about 1960 at The Geysers, in 

. California. In the case of brine 
resources, the New Zealanders 
were the pioneers. They have dorie 
a considerable amount of work, 
starting in the 1950's, biit there is 
also a lot going on in other areas of 
the world at the present tiriie. 
.'Another important resource,-

• geopressured zones, are fpund iri 
' various parts of the world, but 
particularly in the U.S. along the 
Louisiana and Texas gulf coasts. 
There, pockets of hot water and 
methane -. have formed • in 

TABLE 1 - CLASSIFICATION OF RESOURCES 
FOR GEOTHERMAL POWER APPLICATIONS . 

Resource 
Hydrotherrnal .. 
' Vapor dominated 
. Liquid domihated 

' Geopressured 
Hot dry rock 
Magnia 

- • I • • • - - • 

^Nole: seawaler about 3.5% 

Temperature . 
Characteristic 

340to385F 
300 to 600 F 
300 to 400 F 

• 300 to 550 F -
1,200 F. - , 

.' .t - , 
.. .'il 

Salinity* 

0.1-26% 
4-10% > 

First 
Commercial 
Operation 

-•. '1913! '" 
•'1958 • "" 

• .'1986 ." 
• - , 1 9 9 0 •:' 

.• 2020-t-

, t » • •. 

#^*:v '-- ' ' - ' . • . - • • : ' i . t ' " . i . ^ . i t " ^ . ' . ; •, 



' • - • ' . 

' V ' . 
• - : • • - * • ' , 

' 1 

, 

I 

14—200 kW horizontal axis wind 
turbine at Clayton, NM. 

sedimentary basins as the result of 
silt and organic matter washed 
down by rivers from the continent 
over many millioris of years. These 
are moderate temperature 
resburces (about 350°F), very high 
pressured, -and saturated with 
methane. "This is potentially a very. 
large resource for the U.S., if 
(economic ways can be found to get 
it out of the ground. It exists at 
depths between 15,000 and 20,000. 
ft, which makes it a difficult 
.resource to tap. 

.The hot dry rbck resource is 
potentially a very large worldwide 
resource and is ' now ' being 
developed in the U.S. However, 

.the,time for its commercialization 
is still years away. Hot clry rpck, as 
its name implies, is nothirig but 
gebthermal heat without water; 
therefore, water is .brought to the 

• hot rocks to be heated; \" • 
The;._ world 's - , geothermal 

generating cajjacity now online or 
projected - to be so - by 1982 is 
considerable, as shown in 'Table 2. 
The U.S; has the largest single 

.planf installation, mainly because 
of the ease with which it can take ' 

' advantage of the steam resburce at -
The Geysers. Italy has; a large 
steam field but apparently has no 
plans for expansion .in the near 

"termVNew Zealarid has an active . 

, TABLE 2 - WORLD GEOTHERMAL GENERATING CAPACITY (1979), MW 
' . I I ' ' - ' - ' . • " * ' • • ; • . ' . r , _ < : . ' ; ' " " v < , , " f ' ; ; ' ; •• . ; - ' • " • • * ' , ' . • ' . ' • ' ' 

,- .r .. •• . • ' . , ' . - • 'T^V*. i ; '," . 'i .•,••'..., Under Construction 
' Country ' ' "." • . ;^ Operating - ' - ' . O r Planned To 1982 

U.S.A.-(Geysers)* 
(Others) 

Italy* ,--
-New Zealand 

663 , ^ . . . . i • 8 6 1 

; • ' (. - - - , - ' * ; V ' r . - , •- ->^»• •-.•• 2 0 8 
' • • • ^ • - \A2b•^ , : • : y •^^ ' : -n^ i • ;M ^y: 

-••• 100 ' ^ " - f •<: -̂ .̂  • - • - ' "» ' • ' - • •• 
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looj^^r: 

- Ice land V.,..";, 
Turkey 

' Guatemala 
NIcarag 
Indonesia 
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Total 

'Steam resource (Japan partial) 

33 

2.166.V., • 

prjogram/or expansion of its brine-'" 
type resource. The Philippines and " 
the U.S. have the most;active brine- ••, 
resburce development prograins. -; 

Geothermal resources are found •. 
in areas of volcanism throughout ,° 
the world, with some of the 
following plants in operation: San, 
Salvador in Central America," 
Cerro Prieto in Mexico, The 

• Geysers, and "Valles Caldera in New 
Mexico, where Bechtel is designing 
and will manage the construction 
of a 50 MW plant. There is a lot of 
activity in Japan, the Philippines, 
and New Zealand. Gn the Aflantic 
side are similar resources. In most'. 

' cases, little land is associated with 
the Atlantic strip because it exists 
in the middle bf the ocean. Some 

:, of it enters European land areas, 
- ;howeveir, where the Italian f̂ields 

exist. 
Fig. 15 shows the location of 

geothermal resources in the U.S. 
Almost all the resources. of any 
value exist in the western states. 

' The star on the coast of California 
is The Geysers field, which is the 
only location outside national 
parks in the U.S. where steam is 
found in significant quantity. The 
vertical . crosshatch locates the 
brine fields that have been iden-. 
tified, throughout the western 

- states. The dotted background 
indicates hot dry rock, which is a 
very large resource. In Texas and 
Louisiana the geopressured .fields 

.are alorig the coast.^Fig. 16 in-

VAPORDOMINATED ZONE 

LIQUID-DOMINATED ZONES 

t i ^ i i j HOT DRY BOCK ZONES ' • 

I I GEOPRESSURED ZONES ' 

h^yvf^.'"-:". 

.Fig. 15—Location and type of U.S. geothermal resources.a- î-«,',t.»s:-i.r.v . . i ' " •' ' 
• - ; / / ; : . - - ' • - - - • > • : ^ • " ^ - - ' •• ' - " " " • " ^ ' - - • • ' ^ ^ 
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Fig. '16—Potential U.S. geothermal generating capacity. 

;,: is .flashed, -which then vaporizes a 
working fluid (normally / 'a 
-hydrocarbon) selected for efficient 

, turbine 'performance at." the 
'.available, temperatures. This is 

•; .expanded through the turbine in a 
.'' closed,'^working.fliiid circuit that 
:''maintaiiis;a/clean,, long-life tur-
. > birie:"The sepa!rated and condensed 

''"^1jrines.*,theri are 'reinjected. Iri Jhe 
:,i'.-l" process',^bnythe" .lovver right;̂ - the" 
": brines" arefriot; allowed' to'.flash'i; 
•"thereby^- reducing" 7's6riie, of ''the 
f^ '̂problems.'pf scaling and corrosion 
• -that, are caused by "flashirig the 

brine. • • A ^sigriificant.-. additional 
V.advantage" • of. '"this' completely 

closed loop configuration is that 

> J-
•••'.'j,-r 
I " . ' : , -

'V ,.~V . 

dicates the relative • quantities 
projected for .these various 

.resources in the'U.S.' The small 
'box on-the tpp represents current 

U.S. production; '. all is • steani '• 
capacity at The Geysers." Some 

• very good brine fields also have 
been identified which, along with 

. known steam-resources, represent 
about: 4,000 MW of possible 
hydrothermal development by 
1985. As much as 450,000 MW, 

•for more than a 30-year life of the . 
potential geothermaJ resource, has 
been tentatively identified among 
all the various types of resources. 
Of these, hot dry rock is the , 

.largest. • ' 
In the U.S., geothermal is taken 

"seriously, it is a pbtentially viable 
and economic resource. Fig.:17 
projects a feasible .rate for new 
geothermal plants tb come ori line 
during the balance of this century. 
Little is expected to happen in hot, 
dry rock until.perhaps .1990 or' 
1995. ,;. . .-. . , . '. 

_ ' ' . o ; ' . .. ' .f^'.v •:'-,*'?,: -hydrbgen sulfide iri'the brine is 
Conversion Systems ; . : : • • . " ' - • • - - - - ' -
A number of cycles have beeri'used -.-

• and/or proposed , for the .con-
', , version of geothenrial ener'gy into, V 

electricity. Showri in Fig. 18 are..; 
'."just four of them. The upper two 

are actually yery common, now. 
The one on the left-is a simple' 

. steain cycle, where the steam is '' 
brought out of the ground and 
cleaned up slightly before it goes 
into the turbine. Then it is cpn-. 
densed and usually reinjected into 
the ground. The Geysers and the • 
Italians at Lardarello use, this 
process. The flashed, steam ap­
proach is used now in most of the -

. "brine fields. This approach can use- ̂  
single-stage flash,'as shown,-".or it. • 
can.be multistage. • - -^; -. -; 

Some of' the more • .advaiiced . 
. brine cycles, two 'of which are. ' 

shown at thie bottom of Fig. 18,-are' .-
designed for maximurii efficiency = 

• in lower temperature applications. 
; Hence, in the flash binary.cycle," 
" shown on the lower left, the brine "̂  

isolated " from the " atmosphere. 
However,. downhole pumps-are/ 

'/required in the: wells .to prevent 
"' brine flashing. . . - - - • " . 
•••--•• •.Other ' 'designs are - under 
' • developinent in the U,S.7 like total 

flow^ turbines,. where the- entire, 
two-phase brine-dbmiriated flpw 

. from the . wells passes directly 
^ through a single turbine. There are 
. also direct-contact flash'proposals, 

where the hot brine ,is mixed' 
directly. with a hydrocarbon 
working fluid. The working fluid is 
flashed without going through a 

, heat exchanger. ' 

Plant Design • - - . • . 
- Fig.. 19 illustrates the plot plan of a 
", typical tvvorstage flash power plant 
,:of 50 MW rating. Note .that it 

pccupies only about 10 acres while 
- the surrbunding field nprmally 

would occupy about 400.acres, 
assuriiing a. 5 to 6 MW capacity per 

-well and about 40 acres per well. 
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Fig. 18 (below)—Typical geolhermal conversion processes. 
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Fig. 19—Plot plan of 50-MW flashed-steam power plant. 

' • TABLE 3-GEOTHERMAL TECHfJICAL PROBLEMS 

Reservoir production, performance, and longevity 
Reservoir injection 
Scale and corrosion : -. • , 
Equipmenl design and.reliability 
Two-phase flow and slability 
S,ubsidence 
Water use ' • 
•Air quality • .' ; . ' • 
Disposal of solid and liquid wastes ; "" : 

have about'^10 to 12 % energy 
conversion' efficiencies operating 
from 400'̂ "jF brine. 

;'./ Every technology•••. has . its 
.technical problems, of course, and 

' gebthermal is no .exception (Table' 
\ 3). Most of these problems are. 
/.solvable, but experience in brine-
'."type plants is limited at present, if' 

is .apparent that geothermil is a 
' depletable"' resburce; it • loses,-

temperature and pressure' from 
wells with time. Design of 

•geothermal power plants iriust 
consider this in order to optimize 
.the size of the units for brine 
conditions over the operating life-

- of the plant. Designers have 
learned a ' great deal about' 
geothermal.. plants^ . through 
desalination technology experience 
involving designs of large plarits 

"for desalting brackish vvater and 
seawater. -Seawater has about 
35,000 ppm dissolved solids, well 
within the range of requiren^ents 
for mariy geotherriial brines. 

Busbar • costs for geothermal 
power generation are, of course, a 
matter of record in the U.S. for.' 
steam plants, being on the order of 
2.7«/kWh at The Geysers. • Pro­
jected costs for brine plants in the 
U.S. also are very promising. 

Like solar," relatively low capacity 
"is characteristic of geothermal 
generating units because of the 
energy gathering problem. That isi 
there, is a limit to how far the fluid, 
can be moved without .exceeding 
the ecohornic viability- of the 
system. Therefore, geothermal 
units rarely exceed about 110 to 

" 150 MW.-A very lively field with a 
great amount • of a high tem­
perature resburce iriight justify 
larger units. But geothermal plants 
now are relatively inefficient; they 

Terry Walsh Is Manager of the Engineering Dept. for the 
Research and Engineering Operation of Bechtel 
National Inc.,' San Francisco. He directs activities in 
advanced power generation, energy storage,, energy 
.transmission, and ehergy system planning Involving• 
nuclear, fusion, solar, geothermal, and;conventional 
energy resources. Before joining Bechtel In 1973,Mr: 
Walsh worked 22 years priniarily In the design, 
development, and technical and economic evaluation of 
utility, Industrial, and space power systems and cbrn-
ponenls. He has a BEEE from the U. of Southern 

• California and a certificate In business management 
•froni the U. of California-Los Aiigeles.-

^ I . K - • : ' . 

y y - ^ : , . ' - ^ y 
' • - - - . ' . i ^y 
...^'. ''•':¥z-

• , . - r ' } - . . '.'•-.• 

X . • • • • ' •» 



I l i t 

• < ' 

r . 

'Introductioii" 
The, gas "shortage is'going to,be ' ' 
with us for some: time to come. If 
we can sef aside, political and 
industry' rhetp/ic (alpng; with 
siibjective persorial opjnibns), we 

, . still are confronted by two serious. 
, ;: "facts of Ijfe": (1) for almpst, a 

•., • decade - the U.S.' has '̂ beeri;' con-_ 
- • suming natural gas "at a greater rate. 
v' than we have been .finding hew 

. reserves; ajid (2) there is a finite • 
amount of natural' gas present 

. - , within the earth's crust. Much of 
. the, known and easily exploitable 

sburces of gas (the./so-called . 
"conventional" sources, such as 

• the . high permeability "sand 
.; reservoirs of the Tertiary sequence . 

.along the Gulf Coast) already haye . 
been developed; their production is 
declining rapidly.. The' total 
•producible reserves! from con- •, 

. f •. ventiorial gas. reservoirs amount to ' 
.; only 216 Tef, less than an'll-year' 

. , ': ;supply. •-• :.- . ;..." •" 
However, several large potential 

_'; •. . . resources of natiiral gas remain to 
'"• • ..:,be developed. These, "uncori- ' 
...',: ventional, sources"- have 'Ipw 

• ' -; peririeability . ..arid/or'.' peculiar 
r. .'. producing .characteristics. The 

;.. DGE program for development of 
these, unconventional sources of' 

I. , - .gas is called the enhanced gas 
•:..'.' . -.recovery (EGR) program.' The 

•;'' .--• primary goal of. this prbgra'rn is to ' 
• .''' '• prpvide ;a data base of resource 
• ,,/•'• characterization and" production. 
' , ; ' ; > technplogy that -wilj ..lead to" 
:";,.'• „;.. comriiercial.; development. . D G E 
,; .V V ^ will, encourage' and supporf in- ' 
•/"r'r'^i dustry participation in developing,: 

development. There'" are other." 
unconventional sources (such as 
gas hydrates) that are tpo;poorly-
defined , -to warrant • a major •. 
developmerit thrust at this time". •• 
The four-unconventional sources 

is the EGSP dealing with? While 
• gas underiiably is related' to the 
:pccuri:ence ' of natural ^fracture', 
systems,'within the shale, ,the 
bverall producing mechanism and 
precise location of fractured, gas-

EGR'program"'are:. ,1, ....... 
.̂ -".-. IT The (:arbonacebus shales- pf 
'".Devonian age in the Appalachian, 

Illinbis, andMichigan sedimentary 
basins are • the targets of • the 

- Eastern Gas Shales Project 
;:(EGSP). A 

.2. The low permeability, . low 
porosity 'so-called ''tight".-gas 
sandstones of the Upper 
Cretaceous/Lower Tertiary in the 
Rocky Mountain areas constitute 

. the resource target for the Western . 
. Gas Sarids Project (WGSP). , 

-3. The free methane trapped in 
• . coal beds of both the eastern and .•. 
• - .western . U.S. '•' constitute ;the. 
. Methane froni Coal Beds) Prpject 
' (MCBP).: :^-";.;" •;. ^ ••, 

' 4; .The abiiormally'' "high 
/ / pressured,' -. high-temperature 

saltwater aquifers of the Texas-
. Louisiana gulf cbast are targets of 

- • the Geopressured Aquifer Project 
(GPAP). • / • ; . - '.-

. Basic implementation strategy 
.for. these EGR projects irivolve (1) 

-,' assessing and characterizing the .' 
resource potential of the resburce; 

: (2) conducting cost-shared field 
testing with-^industry-.to,improve,\ . 
develop, and demonstrate vairious -
stirriulation ,and ;production" 
technologies',^.' (3) ' coordinating 

•̂  EGR activities .within DGE ,and '';•. 
•̂. with other'federal agencies (such as ." 

and''..demonstrating'-;technologies ,'^'vthe Bureau of Mines) to minimize =̂ 
nee'ded'tb reach this goal.̂ -•:;,-_^ •:-,:••'.•,='': duplication; ^and (4).. aiming, all ': 

r!.''.;?-^.;;!'^;.-'-•• projects .::'tow"ard-.'co/nmiema/-
development of the gas resburces.,,.;: 

of gas currently included' in the './.-bearing locales within each basin is 

Unconventional Resources.! . 
Four riiajor "•" unconventional; 
resources :.of gas', have" a " high; EGSP 

:" still • poorly understood. By 
' ...developing " reliable ' resource 
"* characterization techniques and 

_ applying effective stimulation 
technologies we intend tp elevate 

"Hhe Devonian shale frbm the status 
of a potential gas respurce to that 
of a proven gas reserve. Gnce we 

.,. have done this the private sector 
can take / over the large-scale 
commercial development of the 

• Devonian shale gas resource.' . . 

. w G S P . y , .- • . . . - . . ' • • • • 
';" The second largest project (both in 

terms of cpmplexity and level of 
.•funding) ,is the WGSP. The 

primary targets for"this project are 
- the low permeabihty (< 1 md) gas 
.:' sandstones of the " Piceance, 

"Uintah, and Greater Green River 
:basins and the Northern Great 
Plains Province. j*roject success in 

• these fbur priraary geologic locales 
. will permit investigating additional 
• Ibw.permeability sandstones in-16 

other sedimentary basins. It ap­
pears that "the only practical means 

•. of increasing permeability and 
resultant"flow rates from these 

- sandstones lies "in the; use of 
massive hydraulic, 'fracturing • 

•" techriiiiiies.'. Unfortunately, • it . is • 
.still"too early to design such jobs ' 
' with predictable results.--' î* ; 

' MCBP'^.•'•^•:J/''-/.-^3'i^,^^^'--'' ' 
•-the MCBP is to be involved in 

producing and utilizing methane'.. 
• derived from coal beds..The coal,"'! 

like portions pf the Devonian 
. shale, OS impermeable, . highly 

M.. 



mining personnel), and produces , 
gas by desorption. The greatest 
similarity between shale.,, gas 
production and methane drainage 
production is their .generally 
unpredictable natures, especially 
with regard to predicting operi 
flow production rates before 
production testing the well. The 
EGR project in methane drainage 
will be confined to unminable coal 
beds-those too thin and/or deep ' 
to be conventionally mined. 

GPAP 
The fourth EGR prbject involves 
the Div. of Geothermal Energy 
and the Enhanced Gas Recovery -
Branch in a joint venture to 
develop the energy resources (both 
geothermal and gas) bf abnormally 
high pressure, higfi-temperature, 
saltwater aquifers. Flowing a well 
at a rate of 40,000 BWPD for 20 
years with a minimum gas. 
satuation of 30 scf/bbl (1.2 
MMcf/D) is a pretty good trick. If 
this were Saudi Arabia and we 

were talking about 40,000 B/D of 
light Arabian crude, the economic 
picture would be quite different. 
There is a large potential source of 
gas in these aquifers, but the risk 
and technical problems are for­
midable. I once read, somewhere, 
that there are tons and tons of gold 
in a cubic mile of seawater; the-
"trick" is to get it out and yield a 

'̂ profit for your labor. This analogy 
applies to all of the un­
conventional sources of gas, but it 
is especially pertinent with regard 
to the geopressured aquifers. 

Summary 
The primary objective of the EGR 
prograni is to. stimulate com­
mercial development of large 
known gas resources. There are 
indeed very impressive reserves bf 
potentially (and I emphasize the 
word -'potentially") recoverable 
gas. However, the wide range of 

the estimates limit the reliability of 
EGR reserves figures at this time. 

' To turn these estimates into 
commercial reserves capable of 
being put into the pipeline, the 
DGE's Enhanced Gas Recovery 
Branch is following stated goals: 
(1) to provide a reliable data base 
of technological information; (2) 
to improve upon existing and/or 
develop new stimulation and 
production technologies; and (3) to 
demonstrate the commercial 
feasibility of successful techniques. 

Gf all fossil energy programs in 
DGE, the EGR program has the 
greatest potential for near-term 
impact. Relative to the building of 
coal gasification plants and the 
like, EGR activities have fast 
response time (weeks to drill and 
complete a well vs months or years 
to construct a plant), it costs less to 
do the work, and has minimal 
effect on the environment. 

Jeffrey B. Smith is with the U.S. DOE's Enhanced Gas Recovery Branch, Div. of Oil, 
Gas, Shale and In Situ Technology. 

The Application of Petroleum Engineering 
to Geothermal Development 
"V.E. Suter, Union Oil Co. of Caiifomia 

Anyone with geothermal' ex­
perience can readily attest that 
geothermal operations are a 
natural extension of oil and gas 
operations. A. geothermal com­
pany and an oil company heed the 
same type of people to do the same 
kind of work. In the geothermal 
industry, geolpgists • and geo­
physicists define prospects through 
surface geology, analysis of 
surface seeps, magnetics, gravity, 
and resistivity surveys - techniques 
similar to those used in the 
petroleum industry. In addition, 
shallow (250-ft) temperature 
gradient holes often are used in 
geothermal operations. 

Landmen take geothermal leases 
that are patterned after oil and gas 

leases. Exploratory drilling is done 
with the same drilling contractors 
and same drilling rigs) with minor 
modification. Drilling foremen 
and drilling engineers share the 
same objective of making the most 
hole, in the shortest time, at the 
least cost, .with a proper com­
pletion. Petroleum engineers test 
the wells, design the completions, 
determine the reserves, make 
economic calculations, work with 
the tax assessor, and manage the 
reservoirs. 

Production engineers build 
roads, locations and pipehnes, 
install gas/liquid separators and 
meters, and bperate production 
and injection facilities. A contract 
to sell steam to a public utility is 

required. Various governmental 
regulat ions, permits , en­
vironmental concerns, and public 
affairs pose similar problems in 
both'industries. Also required of 
both are top management people 
who are acquainted with geologic 
risk, prepared to accept million 
dollar dry holes, willing to bid 
competitively at lease sales, and 
able to invest large sums based on 
a technology not yet fully proven. 

Successful geothermal develr 
opment requires in-depth financial 
ability similar to that required for 
petroleum development. A high 
capital investment is required early 
for leases, geological and 
geophysical work, arid explbratory 
and confirmation drilling. After 



discovery, it usually takes many 
years before any income can be 
realized because of the lengthy ' 
permitting and construction time 
required for a generating unit. 
During that period," more capital is , 
required for development wells, ' 
pipelines,' and production and 
injection facilities. - • . • - . -

. - ' ' - ' . ' - , ' 1 * .*' - , - • - - ' • ' . j ' ^ ' . * " - - • 
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Dif ferences in Geothermal 
and Petroleum Operations 
Although there are many 
similarities between the two in­
dustries, there are also some 
differences that must be learned by 
those making the transition from 
oil and gas to geothermal. 

The most obvious are high 
geothermal - temperatures (over 
600''F. in some reservoirs), which 
iriust be considered in all opera­
tions. High temperature affects 
drilling mud, cement, drillbit 
bearings, and lubricants. It makes 
rubber and plastic products 
useless, including drillpipe 
protective rubbers and downhole 
packers. Geothermal wells require 
special logging tools, directional 
instruments, and pressure bombs. 
Casing and pipeline design must 
cope with the stress and strain of 
thermal expansion due to tem­
perature changes. Reservoir 
engineers must consider heat 
balance, phase change, tem­
perature buildup phenomena, heat 
conservation, and prbper disposal 
of waste heat. 

Geothermal fluids will not burn, 
and pressures encountered are 

' generally less than those in oil and 
gas operations. However, the risk 
of a well blowout is still present. 
Drilling mud, of sufficient weight 
to control pressure,, must be kept 
cool by timely circuiation, or it can 
"flash'' or boil with explosive 
force. Gf course, proper drilling 
procedures and appropriate 
blowout prevention equipment 
make virtually, all drilling 
operations safe'and routine.' 

Fluid flow rates in the 
geothermal industry are generally 
an. order of magnitude larger than . 
in the petroleum' industry; instead -. 
of using B/D or MMcf/D, the -
geothermal industry uses gal/min 
and Ib/hr. 

For example, production wells 
at The Geysers field average 

150,000 Ib/hr of dry steam, and 
about 13 -wells can supply the 
standard 110-MW generating 
station with the required 2,000,000 
Ib/hr of dry steam. To produce at 
these same weight rates, natural 
gas wells would produce at 70 
MMcf/D, or a 13-well total of 
almost one billion scf/D. These 
large flow rates, coupled with low 
pressures (500 psi reservbir 
pressure and 100 psi turbine in­
take) require large pipe sizes. The 
steam delivery line to the turbine 
consists of twin 42-in. pipes. 
Production well casing sizes range 
from SVs to 11 '/i in. 

At The Geysers, about 20% of 
the steam produced eventually is 
reinjected into the reservoir as 
steam condensate. The current 
injection rate is about "5,000 
gal/min, or in oilfield units, 
170,000 B/D. This qualifies The 
Geysers as a rather large water 
injection project compared to 
oilfield waterflood operations. 
This 170,000 B/D is being injected 
into five wells, all with a vacuum at 
the wellhead resulting from low 
reservoir pressure and high 
reservoir flow capacity. 

In most other areas, geothermal 
reservoirs contain hot water rather 
than dry steam, and production at 
the wellhead is normally a mixture 
of hot water and flashed steam, 
measured in.Ib/hr of total niass 
flow. A good well will produce 
500,000 Ib/hr, and some, out­
standing wells have been tested at 
rates exceeding 1,000,000 Ib/hr of 
total mass flow. This is the oilfield 
equivalent of about 40,000 B/D 
for a good well and 80,000 B/D for 
an outstanding well. 

Well Testing 
When a wildcat geothermal well 
encounters hot water at acceptable 
temperatures, well testing to 
evaluate the "discovery" is per­
formed while the drilling rig is on 
location. Geothermal fluids-
normally cannot be disposed of on 
the surface, and there usually is 
not jui available place tb inject 
them other than back into the same 
well. Pressure bomb performance 
in hot geothermal wells is less than 
reliable, and the calculation of 
bottomhole flowing pressures, 
based on surface measurements, is 
difficult due to the complexities of 

two-phase vertical flow. Short tests 
taken under these conditions do 
not allow accurate well evaluation; 
improved methods are needed. 

Well Stimulation 

Geothermal exploration efforts are 
designed to discover abnormally 

, hot : areas where commercial 
temperatures can be reached at a 
reasonable drilling cost. Successful 
commercial development also 
requires that the hot rock contain 
fluids (steam or water) and a very 

; large flow capacity. Most 
geothermal wells produce from 
fractured reservoir rock, but 
adequate fractures are not always 

• found. "Dry holes" have been 
drilled in the' middle of The 
Geysers field. The reservoir 
fracture system may not be far 
away, however. Some dry holes 
have been directionally redrilled a 
few hundred feet away and have 
become commercial producers. 

Therefore;- there is a need to 
develop a technique for creating 
artificial fractures in. geothermal 
wells. Hydraulic fracturing of a 
noncommercial producer does not 
appear to be practical because of 
the high productivity required for 
a comriiercial producer. Water 
injection tests show that thes'e 
noncommercial wells will take over 
1,(XX) gpm with a vacuum at the 
wellhead. Explosive stimulation, 
now being considered, must await 
the development of an explosive 
that can be placed in the high 
temperature geothermal wellbore 
without detonating prematurely. 

Reserve Estimation 
After a geothermal field is 
discovered and a'few confirmation 
wells have been drilled, reserves 
need to be determined to decide if 
electric generation facilities can be 
expected to yield a satisfactory rate 
of return. There normally is at 

• least a 6-year time' lag from the 
discovery well to commencement 
of income. This lag traces to the 
time required to prove reserves, 
negotiate a contract, get the neces­
sary permits, drill ;development 
wells, install pipeliries, and build 
generating units and transmission 
lines. Any unnecessary wells 
drilled early in this period have 
zero retum on investment until 
power generation s tar ts . 
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/Therefore," ,the - challenge .is/ to -. 
.prove reserves and bbtain,a steam .-. 
sales contract"invpivirig the least/ * 
number of wells and in the^shortest"; 

;time; i ^ i i ' ; ^ C ^ r t M ^ . r ^ ; , ^^ '̂̂ . 
% -Voluriietric 'reserve, calculations •̂-

are of qiiestioriable value,because'. 

• • „ • ' - i - ^ - ' . ' . : ' 
•T i - •c-

l l .^—:-.y:yr 

the', dry steam ' required :by-: the.V- [ 
turbines.' '\- .Unresolved.,- qiiestions '"r 
include: • Where to. inject?' Af what ;̂.: 
^rate? How much additional heat -
recovery • will' occur?.. How riiuch'-*• 
injection cost-can, be tolerated, -̂

•'• based ori this additional recovery?;---": 

Geothermal reservoir modeling 

?;* 
efforts are being used in .an at-̂  
tempt:'to answer sbnie of these 

" rquestions.' ,lThese . mpdels are 
• -..siriiilar^/• to petroleiirii". reservoir 
C 'iribdels^'jyitb^, the" 'added< com-
Lt.'̂ plication. of- demanding .a heat 

! 

most of ihe effective porosity may ;̂ rt?/* ;̂iî sumeV a ./closed,%«'hot.̂ :wate^^^ mass balanc'e..5.̂ 'j 
"exis/t/m'reservoir fractures whereX^v^rreservoif at 5C)0''F;anci 2;0()0:.p'siajf|^'*^'*'^'^*"*^^' 

.; the,/avefag^/v Value"'carinp't;i;.b'e,'i«l'",with;a in% nVTmiitv iThp 'amni'int^" v.« . . , i>V'—^-•-•-"^••i--".:- -,T7---;--.r-t=..--'̂ <i/|v';With.a;lO% pbrosity.,*The ariiount 
)!?^&v>;,'determined -'from:l"cofeVof^dbg f̂ / -'of. heat contained iii the reservbir .. 
.4-/^'h:ivan'alysis,.^','The.: ':'ba'seX-.,of I'/the y -fluid will be much greater for a hbt-|I'^-! 

; producing interval hardly e'ver-is/'̂ •j 
<• ,-fi..̂ .kriown due,to inability to drill that -' 
','. / .deep.- .Troduction /.testsV. with .' 
•T- sr reinjectiori" "pf";- most' .of .'-the... 

'--. ' .produced, fluid 'jntb ariother well, •-
• "''do not create enough net reservoir -

' -,'. "'./'withdrawals'-in'a" reasonable, time \ 
•' ; to create a measurable'reservoir / 

•-. .. " pressure/' decline / fbr ' use';.: i n / ' 
calculating reservoir.sizer^"?-'/;,rV' . 

'.'- '.../Exterisive;,, reservbir ././pressure .1 
•.•• ".interference tests.have been used " 

' successfully to determine reserves. ' • 
" . , Such studies involve; producing 

some wells, injecting into bthers, ' 
and accurately monitoring, 

! pressure response in observation -
". , wells. By using petroleurii reservoir ' 

engineering equations^ reservoir 
parameters'of porosity thickness 

- l<t>h), permeability thickness-(^A), . 
and boundary conditions can be 

. 'varied until ' the best pressure ; 
history match is obtained: Using 

• the.best value of.î A," rieserves per . 
•'. . acre then can be calculated. ' \ . 

Secondary Recovery/ • . . . . . ' 
Reservoir Management ' . 

Assume a • closed • dry steam, 
' reservoir at 500°F and 500 psia^. 
". with a iO% porosity. Calculations 

* "• J show that less than 2%T3f the total 
reservoir heat is in the steam and 

"'more than 98% ofthe reservoir 
heat is in the rock J Therefore, with • 

.. no reinjection, total heat recovery 
at abandonment • ^caused by "" 

./ pressure depletion will be less than • 
. - 2% ofthe total heat in place, . V-

•..,/ Water injection to recoversome -
. , ..bf the".heat in the 'rbck seems.' 

feasible. ./Radioactive ""tritium 
•-tracers^ have been used to prove 

that .some injected >yater'Vis/; 
->' -vaporized and produced as steam / 
;•'-'.''- frpm • nearby "producing •'wells, "c 
-. .Water, injection also-has caused \ 
,--soirie.;nearby producing wells to,' 

produce wet steani, creating' ex-- -
• pensive liquid separation and : 

petroleurii' 
. , . , , ,,... engineering; to the • driUing; of '̂ 

water-reservoir than a dry steam-,v^; geothermal 'Wells-has contributed .. 
reseryoir because the density of hot:;,,. :par^i-a, -' s"oiutions?-tb many ' . 
water is many times that of^tean^-^r^probk^^ but further improve-'^ 

As this reservbir is produced,'the'•'̂ -: "'ments are heeded." '''"'/' ^yi'." "'- '̂ '̂ • 
,, pressure will drop belovv saturation • 
V pressure and sonie boiling will take = 
•;• place in the reservoir. The boiling 
' will extract heat from .the rbck. /. 
' "^Modeling calciilations indicate that-. 
-'heat recoviery could be about 1.2 • 
..times the original heat in the water. 

. /" \yater injection to • iriaintairi 
' , pressure and" to extract additional 
. heat •from the rock may yield . 

recovery of up to, twb times ihe 
' original heat in the water. • 

Hot water reservoirs can have 
complicated behaviors.'* The ' 
actual. ' rate of temperature. 

. equilibrium between reservoir rock-

. and geothermal fluids is unknown, 
reservoir boiling' riiay create 
formation plugging with scale" as • 
dissolved minerals' concentrate, 

• and a decline in reservoir pressure 
" may :c.reate ' unacceptable land .' 

surface subsidence, in certain ' 
unique circumstances. Also, 
surface' disposal of geothermal . 
fluids' in .the U.S. has not been 

. fpund environmentally acceptable. ; 
•'-, "Therefore, ;̂  geothermal .waters 

/prbbably will be returned-to the 
' reservoir for disposal, pressure 
rnaintenance, and heat recovery. . 
The. unresolved questions are 
similar to the dry steam. case:. 

- Where to'iriject? At what ratie? . 
How .much additional '̂  heat 

' recovery, vrill -occur?.'After, the 
injection water front reaches, the 

,̂ production wells, how" long will it 
. be before the therinbdyriamic front 

reaches the producing wells? ' "'•, "' 
•-• • ; % . ' - - - • T • • •• • " • ' . ' ^ : -

", Assume a geothermal reservoir 
' -partially filled with hot water .with ' 
:.a steam tap...This reservoir will •., 
. have all the complications of both " 

previous examples, ' and ' the 
determination bf Jhe optimum 
reservoir management plan will be 

• . . High 'temperatures at '' depth 
.-. adversely affect drilling rriud by 
,. 'causing the bentonite to flpcculate," 

••creating a high filtratie.loss and ia 
."high gelation condition. A forced-

'.•.." draft cooling tower in the mud 
•'System was found helpful. Drilling 
operatioris have beeri improved 

1 further by using a sepiolite-lignite 
" mud system. The sepiolite clay 

^mineral of the magnesium silicate 
- family has less tendericy to floe-' 

culate at high temperatures.^ 
Well casings originally were 

cemented using standard oilfield 
" cementing practices, but ex­

perience showed that after several 
years of exposure" to high 

•/geothermal temperatures, the 
/ cement weakened and became 
',' powdery. Through ari extensive 
: group research effort,^ iricluding 

- cementing-•serviq.e companies, 
additives and mixing; techniiques. 
have been developed to keep 
cement from losing its compressive 

.. strength at, high temperatures. 
, Long-term tests are in progress to 
• assess their effectiveness! -", 
• , Drillbits\used, for .geothermal 
drillirig have, a shorter hfe than 
oilfield bits.-vDrihing in , hard 

'volcariic and riietamorphic rock at 
very, high temperatures results-in 

:̂ . .Nearly failure of both^ bearings and 
. tee th . The matrix used in diamond 
;/bits 'will not withstand the terii-

• peratures encountered during air 
s: driUing in geothermal wells. Many 
.."improved" bits have.been tested 
..but much progress is still needed.. ' 

'.t'-r'-.-'^ . •:", -•-''^•^'•'•'y'-y-Ci^^yCr-'-
Drilling Techniques '̂Z'.,:- 35^v.-.̂  -
Most' geothermal • reservoirs "are* • 

'"uriderpressured •.(below .nbrmal 
hydrostatic.-pressure), and 'lost-

; cireulatibn:'during drUling . and-.. 
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., • drilling techniques can be used in 
dry steam "reservoirs,* but -air,;'; 

• • steam, and rock cuttings flowing 
• up^ the outside of the driUpipe at 

.'', ,near sPnic" velocity create a severe 
, ,, . erosibn/cprrosion problem at the 

..-• driUpipe tool "joints./This reduced • 
•,f.,- 'drillpipe life .to' about. ;10%' of 

/.'• "nbrriial ;fbr". oUfield/ drilling.. 
\;./: Drillpipe "life'"has Abeen'.extended. 

'J,' ' ' three/,,tb . four/.' times^/ "by. ; the 
develiapment'of a riew^corrpsion 

'.- •'-. '.inhibitors and by hard banding the 
-••. ' • tapered section of the tool Joints. 

II , •' ; Experiments using ' special allpy 
• . . tool joints are in progreiss. •. • /" •„ 

In hot water geothermal fields, 
the use bf aerated water as a 

, drilling fluid has been successful in 
, combating lost circulation when 

hole stability * conditions are 
favorable. However, air mixed 
vyith hot .salty water can create' 
drillpipe corrosion rates' in-excess . 
of 45 Ib/sq ft/year. In some cases, 
the corrosion rate has been 
reduced'to 1.5 Ib/sq ft/year with 

• the , use of a new, corrosion, 
inhibitor, • . ammonia, . sodium 

' polyacrylate, lijgnite, .and sodium 
hydroxide; .However, geothermal 
brines occur in many different 
compositions, arid, for new areas,, 
the development ' of different 

• corrosion control measures is 
• required. Replacing the. com­

pressed-air with an inert gas would 
reduce corrosion-problems greatly, 
but cost effectiveness of the meth ;̂ . 

' od StiU must be"'demonstrated. 

. Pipeline System Design' < / 
Pipeline design for a dry steam 

• field must,be optimized to consider 
pressure loss, .".heat/ loss, safe 
operations^ and .economics. In^ 
sulation pf proper quality and 
thickriess iriust be installed and 

•expansion Ibbps arid ., .skid 
mountings are necessary to 

. compensate fpr thermal expansion 
and contraction during prbducing 
and shut-in conditions. Rock chips 
and dust / produced v from the 
formation, "arid ariy cbndensate 

'frbm •a,; cold startup, inust be 
r'embved . frorii the steariT" before, 
delivery to. the. turbine. Computer-
programs are.used to. design the 
entire system to ensure deUvery of 
high quality steam at the required' 
turbine inlet . pressure; . Simple 

•orifice ineters suffice fbr steam • 
measurement;//;--

, . , : - ' ' ^ , - ' " .-̂  •:-VC,'/;..r'^T>(¥?'Ji.-:f:-' 

;.' PipelineMesign fora hot water-•.> 
field is several times more complex 
and expensive.:-A . two-phase .,f 
riiixture' of ->water and steani is -, 
produced at the wellhead arid / 
.requires, separation so that dry 

. steam can ,be sent to the turbine'; ; 
;. arid the vvater. injected back. into t- / 
. t he reservoir.-Is the best systerii to" '. 
' separate ait each wellhead, only^at/;-*. 

the ppwer. plant,' pr .^t: satellite'/':;' 
stations in beivveen? 'The pipirig\'-/' 

•..system wiU include two-phase flow.i^> 
• lines, dry steam lines anil hpt.water//" 

lines that may become two-phase". ' 
flow if pressure drops below:the /,. 
saturatipn. pressure fbr the terii-' 
perature "involved. If expensive -. 

.- separators are not installed at each . • 
well, how wiU routine prodiictibii 
well testing be accomplished? The 
possibilities' include a well test 

. manifold .system and a portable . 
.well.testseparator./, ; . "/ 

"'" Proper desigii "of t\yo-phas^ • 
pipeline systems must account for ' 
thermal, expansion,' twb-phase 
pressure drop, phase change, 
relative steam/water velocity, heat . 
transfer, flow regime change, and 
the effecfof high velocity slugs of 
water at pipeline bends. 

Scale Cpntrol ,' 

All geothermal. hot waters are 
saturated with dissolved-silica,• 
ranging from .155 io 805 ppm (as -

-SiG2), depending on reservbir 
•jtemperature.' If the temperature." 
drops beloW-a certain Umit, large x" 
'volumes of siUca may precipitate; .-
This can cause plugging of in- -. 
•jectiori pumps, injection lines, and 
injection .weUs, creating the need ; 
for expensive injectivity restor- . 
atipn work.''' . ' - . . • • . 

"After the silica precipitates, the • 
water to be injected can be treated / 
vvith a sludge. removal and 
filtration system. Howevei", • the . 
sludge disposal quantity for a lOp-
MW power pl^nt could be as much • 
as50ton/day. ... .v..;. ' ; ' 

- • ' . ' r . i ' r ' ^ - ' ^ 
: . . , * . . . = , • 

. '-J-t 

Potential for Growth - ,''.;/ 
As a reference, poirit; a ICjO-MW 

,generating.'unit/'wUr supply, the 
electrical rieeds of lOO.CXX) people 
and ' prodiice the equivalent 
electricai. energy' of about 1.3 
miUion bbl of oU per year, or 39 
riiiUion bbl over a'30-year life. 

United Stales Potential / -; 
"Outside California,,-geothermal 

•'••electric facilities art being planned 
, in New Mexicb, Utah, Nevada, 
Idaho, and Hawaii, ': On a 

j*^nationwide scale,.experts believe 
;-,that thereis'a geologic opportunity 
' t o develop 20,000 MW of electric 
generating capacity in the next two 

^'decades,;'.equivalent ' to^" about 
700,0Qp̂  B/D>'of oil, br 8.5% of 

•'"today's.U.S. cirude oil productiori.' 
•̂ ••-As technological advances are 
-/made,: there could be the potential 
"'/for several times this capacity in 

^succeeding decades. To 'find and 
; develop the first 20,000 MW will 
. reqiiire the driUing of at least 1,000 

exploratory ' wells 'and 6,(X)0 
development wells at an estimated 
current cost of $800^000 per well. 
Including hobk-up facilities, this 
will require over $8 biUiori in initial 

•installation costs.' ' - •• . 

World Potential ' ' 
-On a wbrldv/ide basis, there are 
now some 30 countries active in 
geothermal exploration.," Geo-; 
thermal power plants are in 
operation in the Philippines, Italy, 
New. Zealand,. Mexico, Japan, 
Iceland, El Salvador," Turkey, and 
the U.S.SiR. Other countries are 
planning for gebthermal 
development to offset the high cpst 
of imported oU. 
' The geothermal induspy makes 
noclaims of being able to solve the 

'..natipnal or world, energy crisis. 
Hpwever, performance over the 
last 10 years and prospects already 

'identified indicate that the 
geothermal. industry has tremen­
dous polential for growth and will 
make, a significant contributipn tp 
'worldwide energy -supplies. Much 
of thisiwiU be made possible by the 
continuing application of 
petroleum engineering to ' 
geothermal development. 
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i j j ^ ^ - . ' TABLE 1 - OIL LEFT IN PLACE AT THE END OF CONVENTIONAL "• '^iin 
'̂v^VS '-^^^-^Z': i- -.- • PETROLEUM PRODUCTION BY STATE - .« 

(Not includlng'piatomltes. Bituminous Sandstones, Asphalts, or Tar Sands) 

Resource' 
on bbl) , • 

101;19 ..- • .. 
62,78 •̂ :̂ -«',!v" 

-••• New Mexico,;^-;';.: •'^!S'i;tf? y : ' ^ "p . - : i :h^ r i ] ^^^ : . 
T.KanaaB'f;f:î '!̂ .̂ .:.''V'fr'f?:'̂ 'l'̂ '?̂ yi\:'̂ v:̂ ^̂  
r̂  Wyornin(3't/;y?iJ?i!^^^^^'i>-^ 'Ty'î " 
•-• Ohiof.«5'.i?|rr:-.v^?r;^^ ;̂ f :iii.??v̂ '-̂ V:. ;':-.t.':.;,: >r/'^.-:::. ^ 
' iiiinois '̂'?"ffi?'/:*'?vrV:..:̂ ?r;/:̂ >:̂ ;̂ î:.':î !??;'':;:-'.':' ' •:"•-•:. 

.X*i» . . 

Illinois 
• Pennsylva'hija 
..Montana;..''.-....'.•?.•• r".v.,'.'.V.=:.;r. .-.-:'>:">'. . • : ' / " . . . . ; 

•Mississippi.^';-':':,;:"/?;/-:;';'^:.:.; ;;/-v.^. .,/.\/ 
- Utah . ; . ; . . : - . . . 1 : : y . - S l y y y . ^ y : . - . ' : . . . . , v . : . 
, Arkansas"";'.'.'..'..:::,,.'.'.:.". •}•'...'.'.". .C:.-. -..' '!'•.•:••:. 
Colorado".'rrf::'^':;.,:;-.;...:,. '/i'.,,7;/V.:t: 
West Virginia ,:,v. *:';;-:':":.';;,: ; .<, . : .? : : : . . '.:.^:.::. 

• North Dakota..?..-, '.: .'.r'. . T . . .v'."y..\;.; .'.;.':.•.-.. 
Michigan, ; . ' . ' i ^ ; ^ . . . i ; : : ;';•;!. 7.: V /J . ' . ' : . • . . : . . •::•..'•. 
Ken tucky . : : . : . y y . ; ; ' / . . ; : :•:.':,/:;..•.•:.•^. •=.'.: 
\i^d\af\a.;'i .'f. J. y.. ' : .•;..]••. . 1 . ./V;. r..-;..../ . . 
Nebi'aska: ."ivv.;;. /..';.: :-:.\:'ly":..:.i.'.L. 

'NewYork• : : . . . ' . . . ' . . . . . . • ; . - ; . . . ' . . . ' . ' . ; , ' . . , ' : 
• Florida ,..'. . • . . . . : . . . : . v . ; . / . / . . . . • . . : : , . . . ' . : / , 

A l a b a m a . . . . . ' . , , ; . ; . . . . . ' . , ' , : 
• South Dakota. . . ; • , , : , . , , . . : . . . , 
T e n n e s s e e . . . . . . . . : . , , : . .-.. 
.Miscel laneous*:. . ; . . - . . . ...'.. 
-Total ; . : , - ' . . 

' includes Arizona, Missouri, Nevada, Virginia, and. Washington. 

.. 1 

22.04,.^.„,-,-,. 
,, 16,41'fj'fii^; 

10,55.-zn/sr 

6.06 V 
5,76. : 
5;31' 

. 3,48 •? 
•3,05 •-
2.89. 

.2.78: 
;.2.74 
'-,2.08 
.1 .93 
"1.79 
1.43 

"1.10 
0.98 
0.88 
.0,58 
0,52 
0.03 
0.02 
0,10 

303,49 

economic recovery process. 
The same comparison carried 

oiit specifically fpr the 100 largest : 
oilfields in the U.S. yields a figure ' 

' of, 63% of the GGIP remaining 
' after full productioji. These figures 

are representative "of oil fields that . 
• " have been or presently are under 
-.. production by , conventional 

• ., petroleum techniques and do not 
/ ' include the reserves in heavy crude 

reservoirs ". that . have .limited 
' production or poor reserves data, 
. tar sands, or . oiUimpregnated 

diatomite deposits,, etc. Gf this 
•'estimated, economically ultimate 

' ' unrecoverable resource of oil,.fully 
-.•85;7% is contained in oiily eight 

... states, each, /with a, residual . 
': ,resour«5e.'of, more than -.10 billion. 
V bbl (Fig/ l).TFurther analysis of\the 
"''197.7,. API figures shovvs ,that 209. : 

billion of the 303 biUion bbl of 
total remaining" oji wiU.' be -in 
sandstone reserybirs, 89/71 biUioii 

• bbl. in carbonate/resery'oirs, and 
•' 4.54 biUipn bbl in other reservoirs. / 

"Not included in ''these estimates,. ' 
but potentiaUy of large magnitude,"" 

. " are reservoirs "which, never have 

mally diie to high oil viscbsity. An 
example bf siich a field is the Paris 
'Valley in California. .• -;i . / ,..; 

Oil- or Bitumen-Saturated 
; R o c k s •. " ^>-:'. • yr-, - ''.,•;. 
.The second area of interest for the 
potential mining of oil-is the oil- or 
bitumen-saturated diatomites and 
shales. HistoricaUy, the petroleum 
industry, has not kept detailed, 
records of the"oil contents of either 
diatomites pr shales because of the 
problems of prbducing frbm such 
rocks with" conventional tech­
niques. In. recent years, however; 
with newly developing petroleum 
technology arid the potential bf 
mining,, more interest and care 
have been taken in these depbsits. 
It is now beUeved that such 

• deposits in' tertiary basins iiiay • 
constitute a significant resburce.: 
Gwing "•;to the ."generally high-
'porosity but" very Ibw effective 
permeabihty of diatomite, which. 
results. from the small individual 
pore size capillary effects, the 
potential grades of soirie of .these 
fields are high.": 

;- • Twp fields where oil impreg- •, .; 
.nated. diatomites "ocpur are-.the,/'; ; / 

\McKittrick, v currently being 
.• evaluated by Getty Oil Co., and 
,,,the. South' rBelridge fields of ̂  ,•',._ 

-• California. ;Gil concentrations of..:.,,. " 
; up to/1 bbl/st are mentioned with'::. . . . ' 

.... regard •.tb these depositsl There/ls/^ •-• ,•. 
1/Uttle doubt that much interest wiUr/;r/*'. 

•jt̂  be- aimed 'at' the diatomites/Jand;!/«,'i; 
^̂^ shales in the near'future," nbt bhlyj./fe'^',-' 
+V because "of oil/'iiiiriing,^ biit .alsPv<i|̂ >jĵ .i; 

• because / bf • a 'recent successful/^;^'L, 
''attempt at/ fracturing .to induce^'/•«. • 
'nowlin theSouth Belridge field. ..••'^;//' J; 

/ V /^'i: V--^S:^>;iv'̂ -:^/-;^-';f-^ '̂?f ,'̂ ^C, '"i'^'z 
Asphal t -andBitunien- ' f i \ ..:-

.' .ImpregnatedRockisy'^y^'l-.'. .,; T 
...'.'.^phalt and bituminous deposits ' 
• have been encountered in the past • . 
, but may not. have been, recorded • . • 

" 'since these occurrences were then 
of no. cominercial , value tb •. ' /" 
petroleum • companies. Those ?'. 

' deposits that were recorded are 
poorly defined in "areal extent and 
have limited documentation 
available. Even those deposits with 

. abundant surface exposures are . •/ 
poorly documented with regard to .. / 
bituminous content, tonnage, and 

/ depth. 

Partial resource estimates have .„ ' 
' • been made of seven states. The 

estimated resources of known 
. deposits in California, Kentucky, 

New Mexico, Texas, and Utah are " 
v . approximately ,29 biUion..bbl of 
/ ' bitunieh^.The-potential for another 
, . substantial -resource exists", as 
. pobrly-exposed - or • unexposed 

bituminous deposits. Examples of ' 
•large,, or,': potentiailly .large . - j 
•bituminous • deposits • .are - the -*\ 

•" Sunnyside, UT, ?n,d Edna, CA •,=,;' 
-deposits.- •"-->; :„•: /- '""f.,. ;W 
^ In summary,, with the three -^y' 
potential respurces described . ^ 
above, it is Tiot difficult tp envision .. 

:...a total respurce approaching'5()0 
.- biUion.bbl remaining in the ground 

after- present; production , tech­
nologies .have been applied to the 

,.." • fullest..-v'This //is • considered a • ;•/ > 
/-, valuable resource opportunity.-;••".;' 

i ; . ' - . . . / ' -

• ' T , 
Mining for Oil ; ;•- r/'v;);: •'- /;•; 

'.-• = The mining of oil is not necessarily :.«• '•'̂  
'-;..• a -.new -.:technology,;.;since ..rock/,^. y^-
• /^ outcrops were mined for their "bU ":̂  ""*." 
" ' content in antiquity and were a y; :/;" 
. 'feature/ pf numerous " loca l ; '̂ C 

economies as part pf the Industrial : 

'~t*''J 
J . • • • 

• j h - J ^ ^ : 

^kS^ r-

•s ••: 
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historical operations are probably 
those conducted at Pechelbronn in 
France and at Wietze in Germany' 
in the first half of the 20th century. 
Gther attempts at mining oU were 
at Heide Meldorf in Germany, 
Franklin field in Pennsylvania, 
and Higashiyama in Japan. These '' 
particular operations were, 
however, carried out under very , 
specific circumstances: (1) the need 
for strategic oU supplies during 
wartime at almost any cost, which 
was the case in Germany and 
Japan during Wbrld War If; (2) 
the need for domestic production 
in oil-poor nations during 
favorable economic times, such as, 
European operations during the 
1920's and 1930's when economies 
were depressed and labor was ' 
cheap; (3) the existence of a 
directed economy such as exists in 
the Soviet Union; ^and (4) the 
requirement for special grades of 
oil, which stimulated the attempt 
at Franklin field in Pennsylvania. 
Recently, marked increases . in -
world oil prices and a perceived 
shortfall in domestic production/in 

North America have stimulated, 
interest in oil mining from both 
government and private industry. 
This has resulted in the planned 
operations in the Athabasca tar 
sands in Alberta and in the interest 
of several U.S. companies in 
simUar projects. 

Two recently released reports 
. prepared for the USBM examined 
in • detail the potential of oU 
mining. These two reports, one by 
Golder Assocs. and the other by 
Energy Development Consultants, 
aroused considerable interest in the 
potential for oil mining. The in­
formation in this article is based 
primarily on the Golder report 
entitled, "A Technical andl 
Economic Feasibility Study of Gil 
Production by Mining Methods." 

This study used the com­
puterized petroleum data service of 
the U. of Oklahoma tp examine 
the oil reservoirs in the U.S. and to . 
evaluate their potential for mining. 
The data bank search resulted in a 
candidate field list of ap­
proximately 10,000 oil fields. 
These fields were further examined 

and a short list of candidate 
deposits was developed. From this 
short list, .nine site-specific fields 
were selected and order-of-
magnitude mining feasibility 
studies carried out. Five of the 
fields evaluated were conducive to 
underground mining techniques, 
and the remaining were surface 
mining potentials.' ' .2- .̂  

The five .underground mining 
- operations included two involving 
direct mining of the reservoir rock, 
namely room and rib stoping and 
block caving, two methpds em­
ploying oil drainage, and one using 
mining techniques to fracture the 
rock prior to drainage, referred to 
as shatter and drain.. The four 
surface mining systems included a 
modified terrace pit, a terrace 
mining system employing bucket 
wheel excavators,. strip mining, 
and .a traditional open pit. The 
results achieved from these 
evaluations varied widely, as 
expected, due to infiuence by both 
the methods themselves and the 
characteristics of the individual 
deposits. The underground 
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methods that" "involve . mining 
operations in the reservoir rock 
showed cosls in excess of $30/bbl, 
with the direct stoping method at 
over $60/bbl. These particular 
cases all were handicapped by low 
ore grades, but even when the 
results were adjusted to allow for a 
more favorable but still realistic 
grade, it did not appear likely that 
the costs would fall below $30/bbl. 

The two underground drainage 
methods, however, gave better 
results, although the steam 
stimulation example was heavily 
handicapped by the thinness of the 
particular oil-bearing zone 
evaluated. Both methods show 
potential for production at costs 
between $10 and $17/bbl, 
provided the projected oil yields 
can be obtained. As would be 
expected, the drainage methods are 
extremely sensitive to any factor 
which affects oil yield, particularly 
the grade of oil-bearing rock. 

The four surface mining systems 
are projected to produce oil at 
costs ranging from $21/bbl for the 
modified terrace system in hard 
rock, to $12/bbl for a large terrace 
pit in poorly consolidated 
material. These costs are par­
ticularly sensitive to ore grade, 
stripping ratio, and ore hardness. 
Fig. 1 shows the expected cost 
rliriges for the systems and par­
ticular fields evaluated. 

The conclusions of the study 
show that production of oil by 
drainage methods operated from 
underground workings shows 
promise of improving recoveries at 
profitable cost levels. Direct ex­
traction of oil bearing rock by 
underground mining, however, 
StiU cannot be contemplated with 
any confidence, considering both 

. safety and financial aspects. - ' 

Surface mining techniques offer 
low-cost extraction" bf shaUow 
fields. Provided that the prpblems 
of separation of the hydrocarbons, 
from the host rock and the 
mitigation of the environmental 
impacts can be solved, these 
methods appear capable of making 
a rapid contribution to the nation's 
oil supply at prices not too dif­
ferent from present levels. 

One major problem encountered 
throughout the study was the 
conversion of data collected for 
petroleum engineering evaluation 

into data suitable • for mining 
evaluation. A number of areas of 
data collection must be improved 
if the evaluation of oil reservoirs as 
mining prospects is to be carried . 
out. Generally, the most basic need 
is in the area of estimation of 
mineable reserves. The true 
quantity and distribution - of 
hydrocarbons ' in place, after 
conventional depletion has never 
been established in the detail 
necessary for mining purposes, 
and a similar lack of information 
exists in the knowledge of physical' 
reservoir rock properties. The 
major area for further work is in 
the processing area. Technology is 
now, however, being extensively 

developed in this area by private 
industry, but full-scale operations 
have not been conducted. 

In. summary, .the potential is 
very real for the production of oil 
by mining methods to become a 
contributor to the national energy 
supply. It offers the possibility of 
recovering some -of the immense 
resource that lies beyond the reach 
of existing production technology, 
and appears also to bring into 
consideration large volumes of 
hydrocarbons whose existence is 
either known or suspected, but 
which have never been considered 
as producible reserves. The 
potential seems too great not to be 
pursued further. 
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Shale Nf ining Problems.. . " ' ) ' " ' ' ' 
The mining problems an oil shale' 
operator , will fabe are largely 
determined -.by the process. ' 

- Candidate bii recovery processes 
• are .surface (above .ground ' 

processing of mined oil shale), 
modified in situ (underground with '-
some shale removed), and true in 

,.situ (completely underground with 
no shale." removed). The-- shale 
removed for modified in situ (MIS) 
is- generaUy processed by surface •' 
techniques. "The mining problems 
are different for each catego.ry. 
Fig. 1 depicts the diversity of 
westem shade deposits. . . / -

- Mining for surface, operations 
wiU employ underground mining, 
techniques in common use but the -
scale will be larger. A typical oil -

, shale operation is expected t o , 
require 75,000 to 250,000 st (68 000 ' 
to 226 800 tons) a stream day of 

• crushed oU shale. This is above the 
upper Umit/ of: current mining 
operations. Majbr problems in- / 
elude: (1) lack of good engineering -
design properties for oil shale, :, 

_. especially when'. interbedded with 
saline minerals, at depths below. 
1,000 ft (305 m);(2) presence of . 

• -water, ;, hydrogen sulfide, and.' 
"methane "in some areas; "(3) 
necessity for"ihine disposal of as", 
much retorted oil shale waste as 

• possible; and (4) cbntrol of en-̂  
vironnieiital impacts of miriing." . . 

Portions bf the. oU shale deposits 
"in Cblorado, Wyoming, and Utah ' 
"and significarit portions-, of the 
Devonian shales in the eastern 
U.S.- are adapted -to surface : 

. mining. No major technological , 
probleriis , are apparent- outside ", 

.,/ overburden thicknesses up to 1,000 

* "Si" the West. Hpvyever, numerous 

'..political and environmental dif-
.. • ficulties have arisen. One major bU 

shale ' developer cancelled a" 
planned surface mining operation 
and -currently is pursuing a 
modified in-situ plan. The eastern 
shales are closer to the surface thari 
the western, but suffer from inany 
of the same environmental and 

" political problems. - : • • ; - • 
Modified in-situ operatiohs face -

riiuch more, "severe "mining 
problems than surface efforts. 
Because the mined slope (called an 
in-situ "retort" by processors) acts 

" as a retorting process vessel subject 
•' to gas flow, combustion,, and 

temperatures between 1,500° and 
' 2,000'F, mining is under highly 
restrictive limitations. . This 
processing' method involves 

. removing between 20 and 40% of 
' i: the shale deposit and then blasting 

f:,'^:,',M'\iy :-y.': ' -i^^..'-y^l>^| 
f ' . - . , - . , . . • < „ • • . . . , -<•' . '-^ — t . . . ._, 

: the roof and walls into the mined 
space, where the oil is recovered by ' 
retorting. Major problems are: (1)' 
swell factoi" severely Umited; (2) 
need .. for ' cpnsistent / . size 
distribution of, blasted shale; (3), 
even fiUing of stbpe (in-situ retort) 
by .blasted shale with consistent. 

.permeability throughout; (4) 
ŝ'caleup of blasting techniques, 

after optiniization; (5) protection 
"of retort pillars and roof during 
and after retorting; (6) prevention -
of groundwater percPlation; (7)use 
of ANFO explosive in wet holes; 
(8) disposing of surface-retorted 
shale. waste in slope; and (9) 
restoration of site. ". .' 

True in-situ operations are less 
well developed than • surface or 
MIS prbeesses. No actual miriing is 

. done,' as the true in-situ processes -
generate piermeability in the highly 
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Fig. 2—Typical room-'and-plllar mine, '•''• 

impermeable oil shale through 
• explosive and hydrauhc fracturing . 
or solution mining of' certain. 
soluble components. Howeyer, it is 
a possible alternative method to 
.beneficiation of oil shale ore 
bodies in selected areas. - ^ 

Current Solutionis Underground 
, Cameron Engineers .(1975) ex­

amined a number of underground 
mining systems for their suitability 
to oil shale mining. Several 

' developers have submitted en-. 
virPnmental impact statements or 
detailed development plaris in 
which they discuss various mining 
methods. Promising underground 
methods include (1) chamber and 
piUar with spend shale backfill; (2) 
sublevel stoping with spent shale 

' backfiU, (3) sublevel stoping with 
full subsidence, and. (4) block, 
caving ' with load-haul-dump 
(LHD) machiries. Variations ofthe 
sublevel stoping .methods, are , 
required for modified in-situ^ 
methods. .Triie .in situ does not 

.require ,conventional • mining, -• 
thbugh elaborate fracturing . 
techriiquies are necessary. • -. , -

-Chamber-and-pillai- (Fig. 2) was ; 
tested intensively -by the U.S. ' 
Bureau of .Mines between 1945 and 

"1956 at Anvil Points, CO, and the 
methbd is applicable to most of the 

; depbsit. PUlars, 60 ft square were -
left-60 ft apart. Most of. the " 
equipment was specially desigried, 
built, and tested, and much of it 
was later adopted by the raining 

industry. An electric shovel with a ' 
3-cu yd bucket loaded the shale 
muck irito 18-cu yd capacity 
trucks. -Rotary drilling proved 
feasible, Routine" mi.ning. 
operatipns did not require roof • 
bolts, though areas in long term -
use siich as haulage ways did: This • 
method proved to be flexible and . 
has been used for esseritially all of 
the underground oil shale mining 
to date in the U.S. Camerbri 
examined ' two variations and 
concluded that ' a , system !,of . 
separate chambers rather than 
interconnected rooms vvould be ' 
better..'adapted to spent shale 
backfiUing due to greatly reduced 
-need for protective bulkheads 
during backfilling. . Resource . • 
recoveries can range from 90% 
near the top shafle zone under a few 
feet of overburden arid with pillar 
extraction, down to 35% at 3,000 
ft depths'. " '' 

, Sublevel stoping with, sjient shale 
^backfill is "a productiye and 
economical method applicable to ,-

•inost of the shale deposit. The -
method involves Ipnghole driUing 
up frbm predeveioped : sublevels 
frorii .which the ore is" blasted' in 
slices and removed from drifts 
undier the mined ' area. Several -
methods are in use. The method is 
highly mechanized and results in ' 
large production tonnages, .but 
requires a heavy capital ,. ex- . 
-penditure before fuU production is 
•realized. Costs are low. Fig. 3 
shows the arrangement of the 

<.• slopes from which the blasted' 
• ,shale is removed. The shaded area 
"Is comprised "of -spent shale 

backfiU.' Design of the pillars wiU 
depend heavHy. on characteristics 
of the spent shale material, in- . 
eluding compressibiUty, which are 

: riot yet fully known. Abqut 55% 
:̂.of the shale can, be recovered if ^ 
; good fiU" material is available.' A '. 
' low liriiit to recovery is" about 35%. / 
Surface subsidence is minimal. 
:-• iSublevel stoping with subsidence' 
is very similai: to the previous, 
method,.except that the pillars are 
removed after stoping operations. 
Ore recovery can approach 100%. 
Hbwever, the surface subsidence, : 

. even when used for spent shale 
disposal, is dangerous, from the 
standjpoint of water inflow to the 

,.operation. Environmental ob-
;.jectibns are likely. 

Block.caving is one of the.lowest 
• cost underground mining methods, r 

where applicable. Much of the 
western oil shale is nbt amenable 
except in certain zones where 
leaching has occurred. Advantages 
include greater miner safety, lower 
costs, . and high degrees of 
mechanization. Disadvantages 

'include . longer preproduction . 
period, high drift maintenance 
cbsts, inflexible operation, and ore 
dilution which can approach 15%:' 
Resource recoveries vary from 67 
•to 100%,in current non-oH shale 
operations. Spent shale' disposal 
would be possible in the surface 
subsidence. 

. Other underground methods . 
considered and rejected early in the 
analysis include square, set stoping 
(low productivity, extremely •high 
.consumption of timber, high 
.costs); shrinkage stoping. (not 
readily mechanized); cut-and-fiU 
stoping (not more expensive tjian 
sublevel stoping); .longwall (needs , 

"development in oil shale); and 
, sublevel' caving (high cost for 
. explosives and drUiing' suppUes, 
ventilation probleriis). :• . 

. The overall underground mine 
ranking used - -was . a / system 
developed by the U.S., Bureau'' of 
Splid _ Waste "Manageriient. A 
weijghted ranking of these factors 
was • developed: . Technical' 
feasibiUty (24%), mining cost ' 
(22%), resource recovery (20%)i 
health and safety (16%), en^ 
yironinental impact (11%), "and • 
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reclamation (7%). Rankings from 
, the most desirable to.the least 

were: ., '-- • ,, .'"•' '*.'̂  ••''•'' • •' ', -• 'j 
i - . - t . - I • , , . • ' • - • ' v - ' 

• ' . . • ' r - ' . . -

• "' "Uriderground- /v Relative 
• , '• Process '^. .•" Mining Cost 

Chamber and . . . / ' :' ; , 
r ; pillarVi/Zv:/ : / > V. 1-^ " , 
^- / Sublevel sloping'•"•^•r.^,- ; : .„ 
,-."' with spent shale,-v:'."','.', '. -..; " 
;';;; backfill".;-i^/v'..:"-'-^-08'^ ' :-
•' Sublevel stoping- ".' ' • ' ' ' ' ' 

withftiir..-> •" . . , ; •' — •_•' / 
subsidencej'/;; ' , ' : •• 1.11 ' " - , 

Block caving '̂ '.,' • ; -
. using LHDs^ =• ' '•'-•. 1.27 . 
Block cavirig . ] • 
using slushers , . 1 . 3 1 

. Advance entry -
and pillar - ,;, • 1-23 -

Other . mining methods ranked 
' below'these for many reasons. 

. Current Solutions - Modified . 
In Situ . , ' • 
Modified in-situ mining operations 
are still in a state of active research 
and no final designs have been 
selected. However, Fig.'4 shpws a 
sublevel stoping .operation in oU 

shale. Conceptually, the modified 
iri-situ operations resemble one of,, 
the . above stoping operations 

'where the rock is blasted but not 
removed from the slope during" 
production. Preproductipn 

;; operations involve mining between 
.20 and 40% of .the shale, leaving a 
void intb which the remkinder of 
the shale is blasted. Gne operator'• 
contemplates a vertical orientation 

"and commercial retorts about' 120 
ft square and abbut 250 ft high, 
and a void fraction" of :^ap^/ 
proximately 20%. Another-

.operator is contemplating retorts 
in-the size of 150 x 300 ft in cross 
sectipn by 700 ft high. A sublevel 
caving modification is planned 
with higher void' fractions being 
considered. . ,-,'i: •; . 

y . - . • * • . . ' 1 . • 

Current Solutions - "True In Situ ." 
Voids and perineabiUty are in­
troduced into the, shale by ex­
plosive or. hydraulic fracturing 
rather thari direct mining. As such, 
it is not a mining method, though 
it is an alternative. This work.is 
StiU under active research,-and is 
less well developed than other 
mining methods. i 

Stope in,,; 
development-

Spent 
shale 
fill ' 

J l 
Fig.'3—Possible sublevel stoping mine (after Cameron, 1975). 

: Major Mining Projects -A. . 
A number of.bii shale projects. 

> cijrrently- are planned or are in 
^various stages of research. Mining 

'• techniques planned for the major 
' projects Jire summarized here. 

•-' '[Colony•';i^yf-0:i;-y^ > " 
://Productiori bf about 61,000 stpd i§ 
"•: planned •,froiii a •'conventional 
• / ropm-and-pillar mine.'About 60% 

ojF-the shale in place wiU.be ex-. 
tracted./. The , miried -section 
averages Jabout 35 gal "bf oil per st 

'. and wiU be'about 60 ft thick. Mine 
.". access wilj be from a portal bench 
'; cohstructed in• the"canypn of the 

Middle Fork of Parachute Creek at 
• the level bf the Mahogany zone 
; outcrop. Miriing wiU proceed by 
the conventional cycle of drilling, 
charging, blasting, wetting of rock 

. piles,. loading, hauling, scaling, 
and roof bolting OFig.. 2). 

Dow. 
This research is concentrated in the 
Antrini shales of Michigan, part of 
the Devonian shales in the eastern 
U.S. The riiethbd is a true in situ. 
Research supported, by Dow 
produced some rubblization and 
rock fracturing by thermal stress' 
during combustion. Current work 

.is attempting to generate more 
extensive rubblization by frac-
tiiring. Process sFeps are (1) 
hydraulic fracture bf the beds, .̂ (2) 
chemical underreamirig foUowed 
by explosive fracturing, and (3) 
explosive' underreariiing followed 
by explosive •. rubblization and 
fracturing. Hydraulic fracturing is 
rnaintained by sand propping after 

' , being formed by hydrbchloric acid 
acting -̂ on soluble limestone 

" stringers. This is followed by 
retorting. . 

Equity • , / • 
This process also is a true in situ. 

. Hpwever, it • is . confined to the 
leached portion . of the deposit 

- where adeqiiate permeability exists 
due to natural leaching of 
'miiiijrals. "This" process is stiU iri 

• active develppmenl and nb final. 
designs have been published. 

' Geokinetics •...'' • :; • 
. Deposits relatively near the surface 
are the target of this "true in-situ 

-prpcess. A voluriie,of oU shale is' 
drilled and blasted to form a well-, 

- • i - . - i - " - ^ - • 
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Fig. 4—Sublevel caving mine In oil shale. Left, side view of a typical sublevel caving operation (Haycocks, 1973); right, cross section 
of a typical sublevel caving operation (Haycocks, 1973). ;, • ,' ' 

' fragmented mass of oil shale sealed 
by an impermeable zone above.. 
The surface of the ground is raised ' 
from 6 tb. 12 in. to.generate the .: 
void space in the shale. Other 
applicatioris may be modified in-' 
situ operations in thinner oil shale ' 
beds, secondary recovery pf pillars . 
in mines, and miriing of floors and 
roofs iri oil shale mines: Ultimate 
size, of the retorts in shale beds is 
up to 30 ft thick arid 200 ft square. 

^ Blasting of the shale while leaving 
an impermeable , cap has been 

. successful, as has been subsequent 
retorting.,: . , -. .; 

•Inst, of Gas Technology ••-'_ 
Mining research is not directly -
being conducted ' here - but the" 

" process under study is applicable'/: 
- to eastem oil shales. These, shales 

are amenable to. either/surface •,-
mining - or :,tliin bed in-situ 
techniques';./-);'!.'-«.-'•../ J.': .." .- -'':' 

Multi-Mineral Corp. -t.4./v :•-. '.;i." ,̂ ^ 
A mining research program based­
on access frpm the. existing 8-ft-" 
diam. and 2,352 ft-deep USBM 
shaft at Horse Draw,,/,CO, is 

• planned. The conceptual retorting , 

from large slopes, crushing it to. 
liberate nahcolite which wiU be 
.recovered, arid replacement of the 

..crushed shale in the slope .fpr 
retbrting. The research program is 

-oriented to obtaining geotechnical^ 
> data to support the comriiercial 
plan and feasibility study. This -
two-phase effort is Ulustrated in . 
Fig. 5. A total of 15,000 st of 
material wiU,^be produced for/, 
processing, research :" and / 
evaluation. Phase I is the upper 
working and wiU generate rockV 
mechanics design data arid' 
required tonnage (5,100 st) of •,, 
nahcolite-rich bulk sample. Phase-
II is excavation of a stope block"tp 
study, blasting, pillar design; arid-,y 
rock 'stability 'in//;high-wall , 
openings:.-' Con(;erns are/::roc;k"/.;: 
joiritirig systems; rock temperature ' -;•: 
^gradient; character of methane'gas/-,/ 
occiirrence; aquifer Hbrizons, etc.; 
rock • formation behavior; methods; •• 
of blasting;.. fragmentation;v.' 
characteristics of mixed nahcoUte,--', •, 
dawsonite,, and oil shale; blasting ĵr'" 
effects and behavior on high-waU/"/ 
opening;, and- selection •/bf-.",; 
operating methods. The ..'ex­
perimental- stope will. be£ ^p-j? 

. Occidental 
A vertical modified in-situ (VMIS) 

: process will be employed. Initi'al 
operations involve minirig ap-
pr.bximately;20 to 25% of the shale 

;,from upper and/or lower levels of 
'the desired./stope (retort). It,.is 
preferable to mine out lower grade 
areas' ' if they are, avaUable. • 

. .Longhole drilUng from the mined 
.out space'into the oU shale is' 
"followed by Ibading and blasting 

. with mixtures of ammonium 
'. nitrate/fuel.- oil: (ANFO).- The 
' detonation is staged carefuUy with 

. time delays so that broken shale 
:• will fiU.both the volume of the 

iiiined-put: space and volume bf 
:;:/shale :"column." .Furthermore, 
'•' apprbpriate. delays are necessary to" ' 
.'obtain proper shale particle size... 
•l. .Variables of importance.are (1), 
,'explosiye parameters, explbsives,,' 

"' and detonatibn systems; (2) effects -, 
. bf geology on fragmentation; (3) 

explosive. patterns, spacing, hble 
size, timing,- etc.; (4)' mined void ;•. 
volume gebmetry; (5) orientation/*" 

• of retort to geologic conditioris; (6) ''. 
• effecl of retort size; (7) evaluation > 
. of seismic effects; (8) measurement'•; 

••! .S-



protection of sensitive equipment 
and nearby faciUties; (10) reentry; 
(11) bulking fuU; (12) scaleup; (13) 
use of ANFO in wet holes; (14) up­
hole ' loading systems; and (15) 
protection of surrounding pillars, 
roof, . and boundary piUars. 
Commercial retorts wiU be ap­
proximately 200 ft square by 310 ft 
high. They wiU be grouped in 
clusters of eight, with 32 clusters 
assembled into a panel. A pamel 
will support production of 57,000 
BOPD for perhaps 4 years. 

Paraho " ' 
' / .. . •, . 

This operation, supported by a 
consortium .Pf companies, is 
developing a retorting process 
suitable to a wide range of oil 
shale. A unique mining plan is not 
appUcable. Some mining research 
is being conducted by DOE at the 
adjacent Anvil Points mine, which 
was originally opened and studied 
by USBM in the 1940's. The 
present operations feed a 400-stpd 
semiworks plant on the site. 
Rio Blanco 
This project C-a in on lease 
Colorado contemplates a com­
bination of modified in-situ and 
surface processing of oil shale. 
Original plans were to use open pit 
as the overburden ranges from 60 

Phase 2 

-2300 fl. Level 

Fig. 5—Multi-Mineral Corp. 
experimental mine. 

ft to about 400 ft. However, as off-
site waste disposal was not 
available, a decision was made in 
1976 to employ modified in situ. 
Development wiU consist of 
sublevel caving methods in 
combination • with technology 
similar to recovery of heavy oil in 
conventional oil fields. It is 
planned to fiU the burned out 
retorts with slurried waste shale 
from the surface retorting 
operation to eliminate subsidence 
and possible percolation of 
groundwater through the retorted 
shale. Commercial production in 
the late 1980's wiU require daily 
mining of 40,000 st of shale for 
surface plant and rubblizing of 
another 134,000 st underground. 
As mining will produce more water 
than the process requires, the 
excess will be reinjected off-tract 
into the basin's aquifers where it 
originated. 

Mining stages include shaft 
sinking (weU underway at this 
t ime), station and level 
development, development of 
combustion .air and product 
separator systems, underground 
haulage, primary crushing, 
hoisting, surface haulage, mine 
draining, and mine ventilation. 
Shaft sinking operations have 
encountered groundwater and 
hydrogen sulfide as weU as small 
amounts of methane which are 
well below original expectations. 
Hydrogen sulfide is dissolved in 
the water and has become a much 
less severe problem as mining 
operations have proceeded. 
Ventilation has been able to 
control the gases to the point the 
mine will be classified nongassy. 

Superior Oil 
A relatively conventional room 
arid pillar arrangement w'iU be 
used. An unusual feature is the 
three 11,600-ft adits foUowing the 
shale outcrop downdip to the 
mine. Adit 1 wUl contain an aerial 
tram for personnel and materials. 
Adit 2 wUl contain two 36-in. 
conveyors, and Adit 3 will be for 
ventUation. An exhaust shaft wiU 
be drUled into Adit 3 and an 
emergency access shaft driUed into 
the southerrimost (most remote 
from portal) end of the mine. It 
will extend from the surface down 
2,500 ft into the lowermost mining 

zone. Mining will occur in three 
levels. The lower zone contains 
nahcolite-rich shale, the middle 
zone is dawsonitic, and the upper 
contains all three in mineable 
quantities. Production among the 
zones vnll be varied in response to 
market demand for the respective' 
products. Development wUl be by 
superimposed panels foUowing the .̂  
natural bed inclination of about 14 
degrees. These panels wiU be 
room-and-pillar of about 100 acres 
in size separated'by 100-ft barriers. 
Distances between piUars will be 
between 45 and 60 ft. Should 
unexpected conditions occur such 
as structural failure or excessive 
water, a panel can be sealed with 
no disruption of work at adjacent 
panels. Panel mining also will 
allow concurrent mine backfilling 
with spent shale slurry and mining 
operations. Initial production will 
be from the lowest level at a daily 
rate of 9400 st. Later, full scale 
operation of all levels will see total 
mine production of 26,000 stpd. 

Taley-Frac 
A true in-situ operation is em­
ployed which ' generates per­
meability with high pressure water. 
A slurry explosive is pumped into 
the fracture system and detonated, 
and retorting follo%vs. 

Union 
Plans are to use a conventional 
room and pillar mining operation 
which will feed a surface retorting 
plant. A mine portal will open 
onto the bench and provide access 
to the mine. Mine production wiU 
be trucked to an underground, 
two-stage," crushing-screening 
plant. It is expected that a 60-ft 
seam of mahogany shale with a 
Fischer zissay of 34 gal/st will be 
mined. . , 

White River Project 
This operaition on federal lease 
'tracts' U-a and U-b in Utah wiU 
cbmbine room-and-pUlar , mining 
with modified in-situ as a 
secondary method. At present, the 
operation is stymied by. a lawsuit 
over ownership of the land. 

Oil Shale Mining Research 
Most of the government oil shale 
mining research is sponsored by 

ee 
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the DOE after moving there from 
the USBM and other agencies in 
1977. The USBM currently is not 
sponsoring direct mining research 
for oU shale, but is involved in 
environmerital research pertinent 
to oil shale. The EPA is sponsoring 
mining and ejftraction studies. A 
brief summary of these three 
programs follows. -.:„.• •; ,: 

Dept. of Energy, " • "J / ' ""' •. ' 
The "Draft Program Management 
Plan," dated June 25, 1979, gives 
an overview of the DOE, program 
with a focus onin-situ technology. 
DOE hopes to develop by 1982 at 
least one design for a commercial 
size prpcess using the modified in-
situ method. Present mining 
technology appears capable of 
supporting cpmmercial operations 
under today's economic con-, 
ditions. However, modified in-situ 
technology is less well developed. 
The DOE plan addresses (1) mine 
planning, (2) access and site 
preparation, (3) mining for in-situ 
retorting, (4) mining for surface 
retorting, and (5) haulage. 

"Mirie Planning" wiU develop 
planning tools including economic 
models, equipment selection, 
criteria, mining simulation models, 
etc., to yield an optimum mining 
system. Methods for analytic 
modeUng and optimization have 
been and are being' developed, 
often by analogy with other 
mineral resource practice. 
Preliminary model development 
and plans are scheduled for 

. completion by 1982. Optimal plans 
call for vertical modified in situ by 
1986 and for surface process 
mining plans by 19(89. 

"Access and Site Preparation" 
research will' develop site 
preparation plans and methods for 
aU types of oU shale mines. Further 
objectives include development of 
a rapid and cost effective method 
of accessing specific . shale 
production areas and mine. 
designs. DriU-blast-muck methods 
presendy are used in cbnstruction 
of large-diairieter shafts to un­
derground mines. Rotary drilUng 
systems powered from the surface 
are being investigated with 
diameters up to 15 ft. Small 
diameter (1 to 12 ft) shaft sinking 
systems that can sink shafts at the 
rate of 50 ft per 24-hr day are 
ultimately- needed. A current 

ff ' ,•" ,''. , 

project is testing a 20-ft-diameter 
drUl to depths of 2,000 ft. It is 
expected that large diameter (12 to 

<40 ft) systems that can sink shafts 
, at 30 ft per day wiU result from this 

program. Raise boring techniques 
for shafts to 20-ft-diameter are 
currently used when access to the 
bottom of the shaft is available. 
DOE - a lso . ' , i s sponsoring 

• development of a downhole 
powered (blind shaft boring) driU 
to bore shafts up to 24-ft-diameter 
at depths up to 2,000 ft. 

"Mining for In-Situ Retorting" 
is directed toward shale 
preparation prior to retorting 
underground. True in-situ 
methods do not involve material 
removal, but these methods are not 
yet well developed. Modified in 
situ requires mining of 20 to 40% 
of the shale and rubblization of the 
remainder. Deyelopers are con­
centrating on obtaining requisite 
permeability, particle size 
distribution, and void charac­
teristics. Other programs include 
development of computational 
models for the explosive rub­
blization effects, mining and 
haulage methods for required 
acccess and excavation of retort 
areas, validation of ground control 
techniques on a large scale, and 
full amalysis of ventilation systems. 
Though this technology stiU is 
developing, it is trailed by less 
studied and understood methods 
for evaluation and diagnosis of the 
process and reliable design 
methods. Also unproven are 
demobiUzation procedures after 
retorting, and values for shale 
physical and thermal properties 
under in-situ mining and retorting 
conditions. Economics are very 
uncertain at this time. 

"Mining for Surface Retorting" 
is directed tpward high-volume, 
cost-effective mining niethods for 
extracting oil shale for surface 
retorting. Drill-blast-muck 
methods' curreritly employed in 
hardrpck mining generaily can be 
used, and are operating at rates in 
the range of 60,000 stpd which 
could supply a 30,000 B/D plant. 
This is on the' small .side for 
projected PU shale operations! 
Enhancements to technology up to 
1(X),000 stpd underground mining 
and 250,000 stpd surface mining 
are desirable. A total mining 
complex at the level of 700 to 2,000 

milUon"stpy may ultimately be 
required to support a 1 to 3 miUion 
B/D shale oU industry. This 
portion of the program is to 

: develop commercial mining 
requirements, formulate an ap­
propriate R&D program, and 
design preliminary and optimal 
mine plans. . . . 

"Haulage" for . men and 
materials is under study. The 
largest hard rock underground 
operations currently mine and, 
transport up to about 70,000 stpd. 
The largest surface mine is about 
200,000 stpd. Mine haulage 
systems do not exist to suppiort 
more than one large shale plant. 
Areas under' research include 
rapid, safe, and economical 
transport of men and supplies to 
all work sections of a large mine in 
under 30 minutes; efficient and 
economical face haulage systems; 
and total haulage systems in-
tegrated.into the overaU operation. 
Design of haulage and models, as 
weU as associated cost models, is 
scheduled for completion by 1980. 
Actual development is set for 1983. 
Field tests of full-scale systems are 
scheduled for 1986 (modified in 
situ) and 1989 (surface). 

Bureau of Mines 
Most of the programs from USBM 
were transferred to DOE if they 
related to oU shale mining. The 
Bureau, however, is conducting 
research into in-mine disposal of 
retorted shale and various waste 
disposal problems. Much mine 
technology research for other types 
of mines wiU be readily applicable 
to oU shale deposits as well. 

Environmental Protection Agency 
The mining-related work is being 
done under the Extraction and 
Handling Div. . Objectives are 
related to definition of, en­
vironmentally acceptable practices 
for oU shale mining. It is felt that 
restoration of the semiarid oil 
shale areas of the West wiU be 
extremely difficult. Mines in the 
East are felt to be more 
reclaimable. Projects are un­
derway on the nature, quantities, 
and composition of fugitive dust 
emissions near mining operations,' 
haulage roads, crushing operation! 
and spent shale transfer points. A 
field project is underway in the 
Anvil Points, CO, area. 
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Other Research ••:y2 
Much research is being conducted /'-̂  
by :the'. oil shale developers,' 
equippierit manufacturers,:...and ', 
bUiers closely tied to the oil shale .' 
industry. \Howeverj' these results , . 
are generaUy proprietary - or ;not,v.. 
finaUzed in a form for publishing.^SjV 

Underground '••- oil ,;sliale': mining'."̂ ., 
appears;fully feasible with current';;/ 
mining . techriblbgy,, though .the;-' 
maximum scale of oil shale" wiU -''̂  
push'the liiiiits a bit.'Better design,"..' 
data for the rock is desirable and is;,, 
being developed. Modified in^ ŝitu: 
mining and rubbUza'tion is rather:/./: 
difficult' from the. mining stand- > 
point as this stope wiU be'iised asa. .? 

v " •'•'• li- ' . i-xr ' '-- ••i.-^yi'i''^' - ' ' ^ ( ' " y : . • ' ' S ^ : 

. •<•* , - , ' ; . i , , r , A s r . , - , ' • • , , • , . - • • • - ' • - ' - • - , - - . -

* retorting vessel. Many .problems •' 
/related to blasting in limited spaces, '̂ i 
to generate a carefully-sized shale : 

• rubble of even permeabUity are 
'^now .under developirient. N o / / 
• .commercial.' operation;' is . yet -: 

True in situ is less,''well 

* , j . . > . '̂\.* 
h-v - • - ' ' « •.•.»f- '^ -'•••. k - - ' ' • ' ' . * . : ' ' £ • • % . . ; . 

developed than modified in situ and >,̂ .̂ > ;..r 
..'involves access to the shale by.;/^!;^"., 
'/ generation of iartificial fractures or','./-' -C 
•'.use of existing permeability in ther'..'-/•;'„-./ 

Umited zones where it exists. Much; '̂j'i.,'/-.^ 
research.is underwiay. Again)",'ndj./̂ ;̂|̂ ^ ' ' 

.'connimercial oberations are Droven.'S '̂vî , ••-'. 

Clifford B. Farris Is affiliated with the Council ?« EnergyJ^^Tpi'., 
Resource Tribes. This paper was written while he was a^ "^ /.;.f 
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Introduction 
Americans have long been proud 
of their ability to recognize a heed, 
define' it, and then. develbp 
workable sblutions. " The" U.S. ' 

"underground cpal . conversion 
(UCC) program is a good example. 
In 1974, the need to utilize coal 
resources that could not be mined ' 
was redognized, and Congress gave 
.the Bureau bf Mines $1.7 mUUon • 
to gain-a better understanding of 
the UCC technology;- and its', 
potential applicatibns...Since 1977 
when the U. S.; Dept. of Energy ̂ " 
•(DOE);- was .Jormed," workable', 
-technologies have been tested, the 
market /for-, undergrburid , coal'. 
conversion .has. been recognized,.^ 
and extensive industrial interest 
-hasdeveloped.:,/i,^'i;.:'/.!^*^; ;•: ,. ':'..:'-

.Perspective'/ ,", ̂ •̂̂ /J..;.f/'. /^'./^:y 
The U.S. is blessed with extensive 
coal resources. Coal suppUes about)/ 

. 19% of our natibnal eriergy rieeds,';/ 

>••" - ' - i i ' A ' - ' - . s t ' » ' i - ^ ^ • ~ ' \ : • . - . ' v ' • • 

' " • .-•''•:->""is'r-i-^-'---;*"-:'-'-"-:''-^-

yet recently' promulgated en­
vironmental standards and iri-

. creasing miriing costs have limited 
direct coal iise. UCC potentially 
can use coal that is economicaUy or 
technically infeasible. to" mine 

- because the coal is too thick, deep, 
dirty,. hiigh-ash, and wet; has- an 
excessive angle of dip; or has "• 
unpredictable - arid/ poor , oVer-

- burden characteristics that make;:-
miriing •'urisafe.-. Coal -can be ,. 
gasified iindergrbund 'or "perhaps ,.. 

, liquefied below the earth's surface: "-
i;;vUnderground coal gasification;'/ 
/(UCG) is the prime element of t h e / 
/underground "coal conversion 
' program', lit enables coal to.be,' • 
converted to'gas underground. ^• 

- • • ^ ^ ' ; ; ' > \ ' ' " " .• V i • ^ • - - . •••• • U - ^ ? ' ' ^ 

.̂  t r e e Coal Resource/^/'i/ig::/ 
. Recent data:show a total U.S. co^ 

resource base of about 6.4 triUion 
,,tons, Of this;'1:8 trUUon tons^ 
might be > accessed by _UCC,-; in-, „ 

commercial UCC process could 
quadruple roughly the 450 biUion 

. tons of U.S. coal reserves, .which 
presently are recoverable. by. 
mining. - ' ' . - - ;; 

The U.S. coal resources .are ' 
. divided into" five sectors. The two 
most eastem '.sectors contain 
relatively thin, swelUng bituminous 
coals that are difficult to.gasify. Of 
the two, the bituminous coal inthe 

; Eastisrn :;Provirice is 'the most" 
difficult because it is deeper thari 
-in .the Interior. Province'and the 
terrain is inore ruggedj^ •' './ . 
• ';The^ sector along the Rpcky .',-
Mountains contains huge amounts 

• of thick low-rank coals that are the ' , 
most' promising. , for "early 
development, by. UCC..;The coal' L. 

' has good continuity and the terrairi '•- ,• 
is suitable." Low-rank coails such.'as - .. • 
subbituminous a'nd lignite are . . - / 
highly reactive and tend to shrink/•, '• 
and disaggregate when, heated./;, ;" 

file:///Howeverj
http://to.be,'


m itfi,.--

.sector, .is in the . ; s t a te /^pf 
' Washington: These coils tend to' 
• be highly-fractured and faulted; 

much of the coal is steeply-dipping. 
'-"•'Abundant coal, much/of it 16>V-;. 

: rank, .is alsb found, in Alaska; 
'however , Alaska's distance from 
' niarkets in the lower 48 states wiU 
; tend" to Jimit UCC v to.J local 

• •, markets.'/'.' \,':"'"..•:' ::'/:^ - '^ '7 '; 
.-,:'•• An attractive aspect of UCC is-

that only,a Umited surface'area is 
. needed -fpr; cominercial ' deviel-, 
" opment, of the thick seams of low- • 

' rank coal found in the" westem 
states.. For example,', the totair 

• amount of coal needed for a 250 
miUibn scf/D plant producing 
synthetic naturail gas (SNG) for_a 

. 20-year operating life is 1(50 to 200 
miUion tons, depending upon 

. heating value of the coal; Using a 
". coal thickness of 30 ft, I acre 

contains a reserve .of 53,000 tons, 
and a square mile encloses 34 
miUion tons of coal. Thusj during 
the lifetime bf even such a large 
plant, operations would en­
compass less than 6 sq mi. 

Advantages and 
Disadvantages of UCG, 
Some potential advantages, 
•especially -importarit when com­
pared with . conventiorial cbal 
riiining combined with surface 
gasification, have not been proved,. 
but EJOE's program is designed to, 

. show that UCG. can: (1) use large 
coal . reserves not economically 
recoverable , by cpnveritiorial 
miriing methods to allow electric 
utilities to switch from natural gas 
to a coal-derived fuel: (2) minimize 
health and safety probiems 
associated with conventional coal 
extraction techniques; (3) produce 
less surface disruption and.bring 
less solid waste tp the siirface; (4) 
consume less water and generate 
less atmospheric .poUution; arid'(5) 
reduce capital investment and gas 
costs.'by at least 25% compared 
with.surface coal gasificiation. • .. 

"UCG also has some potential 
- disadvantages: (1) UCG, requires 

processing at the site. of the coal 
deposit;' (2) ground subsidence 
could cause gas leakage or damage 

• to surface equipment; (3) UCG 
•riiight cause disruption of aquiifers 
and poUution of groundwater; and 
(4) low heating value gas (from air 
injection) • is uneconomical to 
transport over long distances 

hh : : 

(markets for this gas must be near/ 
the plant site). , ; . . ' ' • . ' . 

Comparison of these advantages 
. and disadvantages indicates that 

UCG offers great promise in 
- specific areas of the country. • 

- " ' • • . " • ' • . • ' - • . ' ' - . I ' 

UCC Technology, vvr .!. = • 
Although underground • c6'al 
liquefactiori jjrpcesses are under 
consideratipn, the major. UCC: 

•technology in the current prograni 
is underground coal gasification.-

-Underground cbal gasification has 
existed as a concept since 1868 and 
field tests have been..conducted 
since 1912.' The Soviets Have 
conducted a field program for 40 
years and have operated semi-
commercial UCG plants fpr 20 
years. The Soviet work proved that 
underground coal gasification is 
feasible teehnicaUy because ' they 
were able to maintain reasonably 
stable heating -values and 
production rates of-gas over a 
period of several years. 

Techriology irivolved in 
gasifyirig coal underground is 
straightforward, but it is not easy, 
Coal is gasified by driUing into the 
coal seam and injecting air (or 
oxygen and steam) into the un­
derground reaction zone/The coal 
is partiaUy oxidized, producirig 
low- or medium-Btu gas. The hpt 
gas is forced through the seam to 
the exit bbreholes and is carried.to 
the. surface where it is clesined and 
upgraded for use, • • 

The natural permeability of a 
coal seam is top low tp sustain the 
high gas flow rates required for 
gasificatibri. Thus, a critical, part 
of the technology is the creation of 
permeable pathways, br links; iri 
the coal seam between the irijectibn 

'and production boreholes. These 
links can be created by reverse 
cpmbustibri, directional driUing, 
or-other techniques. For low-rank 
coals (subbituminous arid Ugnite) 
that shrink and disaggregate iipbn 
•heating, it is particularly importarit 
and effective to produce the Unks 
near the bottom of the cbal seam. 
Coal immediately above the' 
gasification zone • disaggregates 
upon heating and, in effect, creates . 
an underground packed bed of 
coal. ' .• ' 

The gasification zone expands-
from the bottom to the top of the"; 
seam, utilizing all the c.oal. If a 
linkage channel is formed at the 

• top of the" seam, a much smaller 
portion of the coal is gasified; in 
addition, the injected air tends to 

-bypass--the gasification zone, 
. causing production of very low- -
quality gas; Thus, the existence of 

, a linkage charinel low in the seam 
. ensures that -the coal and air are 

. reacted effectively, and that the 

.; product gas has a'high heating/,' 
.value that remains fairly uniform -, 
with tiriie. '.•--' '-•'>.-, r y - ' 
'. During the past few, years A 
number of key technical 

'achievements have occurred, 
including the foUowing: . • /̂  

. 1. Air injection produced low 
' heating value gas (approximately 

160 Btu/scO:at an average of 7 
iniUion scf/D during a , 55-day 
experiment conducted by the " 

"Lararnie Energy. Technology 
Center. 

2 . Steam/oxygen injection 
produced , medium heating value 
gas (263 Btu/scf) at 3,300,000 
scf/D during a 2-day oxygen test in 
the midst of a 58-day air̂  ex­
periment conducted by Lawrence 
Livermore Laboratory. 

Market for UCG 
Either low- or medium-Btu gas .is 
generated, depending .on whether 
air or oxygen is injected. If. air is 
used, low-Btu gas (100 to 200 
Btu/scO is produced. This low-Btu 

• gas can be used for electric pbwer 
gerieration and process fuel near 

• the coal deposits.- If oxygen is 
used, medium-Btii gas (250 to 300 
Btu/scf) is generated. Medium-Btu 

' gas can be used as a feedstock for ' 
production of amriionia, metha­
nol, or gasoline; for. power 
generation and process fuel within 
200 mi of the site; or/upgrading 
into highrBlu gas,(SNG) for in--
jection. to' the riational pipeline 

. " g r i d . Vf : / •• 

Lignite arid subbituriiinous coal 
are easier to gasify uriderground 
than. bitumirioiis cbal or an­
thracite; consequently, UCG will 
be used first in lignite and sub­
bituminous resources. -For-, 

. tunately, there are large markets 
for electric pbwijr, SNG, chemical 
feedstocks, and industrial energy 
in the same regions" where sub- ' 
bituminous coal and lignite, 'are 

• located: Table . 1 indicates the 
markets for,UCG in the states of 
Texas, . Louisiana, -Washington, 
Wyoming, Arizona', New Mexico, 

- i , . ' ' ' . . -^ i^ : ' ' ^? i i - ' " ' ' ' ' ? ; ' • ' • - ' ' : : ' ' - ' i - : ' ' • ' • 
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TABLE 1 - PRIMARY NEARTERM UCC MARKETS 

Location Application 

Gulf Coast "V - Electrlc power 
; -. ; . , / - ; :\ -. .Chemical feedstocks 
'..'A-'^^v •-,. ' Industrial energy 

• ' • • - • - • i - - " ^ • - , 

Washington State.^-Electric power K .-? 
Rocky Mountain'n." Electric power>:^-. ;' 

• •'•.,; . : / : . .•:/ i .^"V;-SNG,--. . , "•.-... 
.Four'Corriers '>;':' Electric power. 

SNG,.- • ,-

Approximate Local Lignite or 
Subbituminous Coal Resources 

(blMion tons) 
- . 50 . •' , 

'. 1:5 

120,/.< 

: 70 

Utah, and Colorado that could be 
. tapped by the year 2000. These 

'' eight "states annually consiiirie 
abbut 200,000 MW of electric 

, energy and 6 -x • lO'^, Btu pf 
natural gas fpr'chemical feedr 
stocks, ' residential/commercial 
applications, or industrial process 
energy. These states also'contain 
i240 biliibn tons (4,800 X lO'^ Btu) 

. ' of lignite and subbituminous coal. . 

Industrial Interest in UCG 
Extensive industrial interest in 
UCG has grown in the past year." 
Table 2 lists the key U.S. com-

.. panies that have expressed publicly 
active interest in UCG. • 

In the private sector, Basic 
Resources Inc., a subsidiary of 
Texas UtiUties .Services Inc., has 
licensed the Soviet technology arid 

• i s developing-. underground 
gasification "of Texas lignites near. 
,Fairfield, TX. They have com­
pleted two tests and plan to build 
two or. more 2(X)-MW electrical 
power plants using, UCG iri the, 
• 1980's. Atlantic Richfield Co. has 

^ executed a " successful field 
gasification test in a 100-ft thick 
subbituminous coal seam near 
Reno Junction,.WY. Texas A&M 
U. is carrying but UCG tests in 
lignite under sponsorship, of a 

. Consortium of private companies. 
/ ' - ' . " ' 

Current Technology Issues 
Results of the program to-date 
indicate that while UCG is feasible 
technically, it stUl contains some 
process uncertainties that must be 
resolved further before' UCG cari 
be used . commercially: (1) 
demonstration of reliable, cost-

- effective linking near the bottom 
ofthe coal seam; (2) determinatipn • 
of process efficiencies ' (thermal 
and oxygen utilization efficiencies) 
vvith steam/oxygeri- or,, air. in­

jection; (3) determination of sweep 
efficiencies (resource extraction) 

, with steam/oxygen or air injection 
-in multiweU systems; (4) ability to 
operate' multiple modules; (5) 
capability for scaUng up the UCG 
process to economic commercial" 
size; (6) d.evelopment of process 
control techniques to achieve 
reliable product gas composition 
arid flow rates ^ and economic "" 
instrumentation to monitor remote 
processes; (7). ability to predict' 

UCG system tb gasify bituminous 
;'coal; and (13) control of gas losses 

from the underground gasifier. 
Further research and work js 

necessary to reduce envirorimental 
uncertainties of UCG operations. 
The major, environiriental un­
certainties assbciated with UCG 

, include subsidence causing aquifer 
disiiiption of interconnections that 

..affect flow patterns, and rates; 
1 water quaUty effects caused- by 

cpntamiriation of ground' water; 
surface disruption caused by site 
activities, and subsidence; gas |eaks 

.to the surface; and the amount, 
quaUty, ' and soiirces of water 
required foi- the process,' . 

The Future 
. The highest priority of-the UCC 

program " is to develop and 
demonstrate, in conjunction with 
industry, a comrnerciaUy feasible 
UCG process during 1985-87. To 
do this, the prbgram must con­
centrate on the coal resource lhat 
shows the most potential at the 

TABLE 2-INDUSTRIAL INVOLVEMENT IN UCG 

Institution 
Atlantic Richfield Co. 
Texas'Ulllities.Services Inc, 

Public Service Co. of New 
Mexico and U. of New Mexico ' 
WllliamsBrolhersInc, . ' - . / 
Texas A&M ' 
Gas Research Inst. 

' '.-

Activity 
Privately funded UCG field test 
Privately funded UCG field tests using 

Soviet technology 
Proposed 50% funding of UCG field test 

- • • 

Consortium of 10 interested companies 
Privately funded UCG field test 
Cost-sharing DOE's western medium-Btu-

gas project 

perfprmarice at riew sites based on 
reUable data and process"models;'. 
(8) control of. water influx to the 
reaction zone; (9) evaluation of 
coal seam limitations, including 
thickness, depth,. rank, shale 
stringer;- dip, permeability, 
hydrology, •' .continuity, '.bver-
burden, and flpor rock charac­
teristics; (10) development of" 
definitive cost estimates - and 
detailed economic comparisons 
with' alternative energy extractibn ' 
techniques; (11) determination of 
optimum . weU spacings with. 
respect .fo linking methpds and. 
resource extraction efficiency; (12) 
ability tb develop a cost-effective 

present time-lpw-rank coal. In 
order to address -the major 
poteritial markets for- UCG, bolh 
air gasification and stearii/oxygen 
gasification ' will • be pursued. 
Considering the prpspective' in­
dustrial -Jnvolvemenl in the 
prograin, this suggesis the need for 
twoparaUelprojects. Low-Btu gas 
is of interest primarily to electric 
iitiUties, while niedium-Btu gas is 
required by oil, gas, arid cheriiical 
compariies interes.ted in SNG or 
chemicals. The secpnd priority fpr 
the UCC prbgrarii is to develop 
technology for" near-market 
bituminous" and steeply dipping 
coals. .•, . ^ : ' 

Cyril W. Draffin Is acting chief of the Gas Production Branch, U.S 
Fuel Extraction, in Washirigton, DC ,-• • ' " : -

jnch, U.S. DOE, Div. of Fos 
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Innovative Coal Extraction Technology 
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prkingm each/ofthe other areas. 
Why ihribvatipn -in-' coal' ex-'| ^ 

traction technology? Figuratiyely, V' 
,we are aU in the in response to,rising costs,;:to. ,. . . . , .--.... . , , - ;..,i,. 

changing riiiiiing conditions, and:'-. their,prpcess by one^or^wo-per-.j^ 
to fegulatbry issues'. Before ex-''' :^ ""^age points to make the energy .j;>togetber,-geplogists 

. . .- • . .- - , . . >•; n r r t H i i f o H ' . r r t r n i i A t i t i v p • i fT " • f h f . *.•' • t r n n c n n r t p r s . nr r»rpss i ploring . these three .siibjects," 
••'hovyeveri a'basic question needs tp 

beraised. . K':'":"'V-^./'/:;,. _:• .-

Why Innovation? ' : j ^ v̂  > :V 
Coal is widely heralded, and quite.. 

• correctly so,:as the United States" 
"ace in the hole." If has been said 
that the U.S. is to.coal what the-
Arabs are to oil. The implication is • 
that we have rieariy inexhaustible 
reserves—that coal is cheap, 

' plentiful, and easy to extract. 
Indeed, because . our current 
productive capacity is estimated to 
be 15-20% greater than demand, 

- we have been given a false sense of 
security about the ease of future 
coal extraction. Therefore, in-
riovative 'riieasures . are being 

• concentrated on developing 
"" techriologies for the demand side 

of" coal, including power gen­
eration, synthetic fuels, and in­
dustrial appUcations. ••'",• 

What is often forgotten is that 
the unit cost of producing energy 
from these, new' ' technblogies 
depends critically o'n the cost of the . 

coal boat" : 
miners,' 

produced :••'competitive; .inr: /the'/^ 5 transporters,, .processors, power 
'• marketplace, • they ': often ".'are J/n producers, •' distributprs,. .> and 

unaware of the "risk ojf a 3 to 6%.'•'/•' cpnsumers. Innovatiori is required 
increase in coai costs wipirig oiit-'=" from each bf these' sectors to 

overcbme • the. obstacles- that' 
- prevent greater use of our most 

a:bundant'- -natipnal energy 
resource. All other Unks in the coal 
energy supply network depend on 
large volumes of coal produced at 

' reasonable, costs. Declines in 
productivity, therefore, must be 
reversed; the more difficult mining 
•conditipris that will be encountered 
call for • new 'methods and 
equipment, and regulatory issues 
must be resblved if the coal ex­
traction Unk is' to be a strength 

• rather than a weakness in the 
planned U.S. transition to an 
economy.based more on coal and 
less on imported petroleum. 

Innovation Tailored to 
\ Regional Conditions 1 

Once the importance and urgency 
of innovative coal extraction 
technology has been grasped, the 
next, ' s tep —implementing -a 

• research program-^ becomes quite 

• the expensive, hard-earned results : 
of their research. •':..-•.-': - ;' ':': / ' /; -' 

•"'•Energy,; planners ".'are' ' just: 
• beginning to realize that coal is not 

a uniform commodity available at" 
low cost in infinite quaritities. Coal 

'̂  is a heterogeneous material whose 
cbst and quality vary widely with • 

• local conditioris. To produce the 
massi.ve. amPunts of projected 
coal-based energy at reasonable 
costs, we urgently, need devel­
opments in extraction technology,' 
as weU as in end-use technology.. 
Thus, coal extractibn, coal con-' 
version and utilization, and end-
use energy consumption must be 
viewed as highly, interdependent' 

' pails of an energy supply network 
(Fig. 1). And current emphasis on . 
conversion and utiUzation'must.be 
balanced by more emphasis ori 
upstream techriologies; including 

- coal extraction. Even mpre imr 
portant, the impacts of innovation 

". (or the lack thereof) in ariy one 

II, '.. 

['• I -

|):-. '.-
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ENERGY SUPPLY NETWORK 

. Resource. '•-»• 
• • '-' :.^"'.::.•-
^ossl^Source ;i ••":,• 

-Coal •^'1-:•: • ^ i ^ ' 
- o » :' ' A " ' ' 

,. G a s ; » - • '•-'.••-
. o i l shale .^ •y 
.Tar sand ,-: 

Extract 
: Raw ';-:,-

,.;• .^Material. J'_ 
\ , ; / ' ^ ^ . , > ; • . , . ; •; 

- ^Su r face mine 
-;, Underground mine 

;,.'.Onshore well , ' 
b i tshore we l l . •'" 

Pre-Process 
• Raw 

' Material 

-•' - Transport 
^ Pre-Processed 

' ' . .Material 

1 s Transform Distribute. 
Pre-Processed - • Transformed 

Example Energy Supply Facilities ! 

Preparation p l a n t ; . — Railroads ~ 
Prereflning ' : . ' 

- storage 
Load but ' -

Pipelines ' 
Waterways: 
Trucks, 

Material 

Power plant ' • '--
•' Petroleum refinery-
. Qasll lcatlon plant 
. Uquelactlon plant -

t i»1HD ; - . ' • ' : . - , 

Material 

•Electrical grids 
y.Plpeilnes . 

Railroads .- • ' ' " 
.Trucks' . ' , . 

-» User 

Forms al End Use 

Eiectricity 
Gas . , 
Fuelol l . ' " -
Gasoline 

i-V'' , 
Definition o l Energy Supply Systems Terminology: • • • ' . . . • , : / - ; ... - --•.."•'' _.':?,.^?','-';,'''-;;^:A''rH^,;y:»,-,% •.:,.•/,• 

, r • ,1^ Energy Supply Uelwork: Pathway or chain o l facilities that'ciinnect arienergy resource to an energy user: "^' :/:; ' " ' . - ; 
,* • 2.: Energy Supply Facility: A iriajor, self<:onlalned link In an energy supply network that Is designed to extract, pre-
• , . • - process, transport, transform, or distribute energy resources. The design objective o l such a faclMty Is achieved by a i 

' / ', combination of unit operations.'^ . .• • • ' ••- • ; ' . • " • ' ' y • / . • . - : - , ' ; ' . ' . • • > ' ^ : ' ' 
3. Energy Supply Unit Operation: A major subsystem that accomplishes or supports ons of the steps jn:the overall 

• : ^ ' . process of an energy suppjy facility. • ' ' . • ' , . , • " " • : . _ : ' • - . : -VT* , . , / ^ ' / : ,'. 
' - ; i . Energy Supply Component: A small part or element lhat forms a part o l an energy supply'unit operation. ,-,"'•'• " • -;". 

• " ; ' • ' . . • ' • L 
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Fig. 2—Coat reserves and mining problems can be divided Into many subcategories. 

complex because coal deposits 
themselves are diverse and 
complex. The factors that in­
fluence productivity arid extractibn 
costs vary from location to 
location; problems posed by new 
deposits bear Uttle relationship to 
one another frpm orie region to 
another; and regulatory issues that 
preclude the development of some 
deposits are easily resolved for 
others. 

The point here is that no single 
itmovatton in co^ extraction 
technology -will apply across the 
board to the U.S. reserve base. 
Therefore, . to implement a 
program of research, whether at a 
ihanufacturer's laboratory, a 
university, or a . government 
agency, the. priorities set must 
account for reg;ional variatioiis. 
Innovation must' be tailored to 
regional conditioris, with etriphasis 
on extraction technologies that are 
potentially applicable to explbiting 
large .regional reserves at com­
petitive costs. 

Thus, as a first, step, the coal 
reserve base must be subdivided to 
establish research goals and 

priorities for each category. 
Several equally valid methods exist 
for jrerformirig this subdivision 
(Fig. 2), These approaches are 
useful for identifying the 
geographic distribution of 
probable future coal production 

sand- -for , ascertaining • the 
geographic distribution within 
those production areas of coal 
extraction problems amenable to 
innovative technology. By such 
disaggregation, research objectives 
can be tailored to region-specific 
problems. •-And ' priorities in 
funding can be set on the basis of a 
company's' product line, ;-a 
university's ' constituency, or:' a 
governmentagency's responsibility, 
in carrying but its riational 
mandate. (In all cases, the eventiial 
number of buyers or users of the 
technology will have a bearing on 
how much funding is justified.) 

Siich disaggregation is easier to 
describe, however, than to achieve.. 
Forecasting regional demand and 
production is subject to much 
uncertainty; moreover, regional 
resource data are incomplete. 
Nevertheless, we should atternpt to 
;identify and rank needs bf specific 
areas that muk be solved by coal 
extractipn technology, whether 

. they entail mountain-top removal 
mining in Appalachia; extraction 
of deep, thick seams in the Rocky 
Mountains; longwall mining in the 
Midwest; extraction of tilted beds 
in the Pacific Northwest; stripping 
df multiple seams in Wyoming; 
minirig of anthracite in Penn­
sylvania or Rhode Island; mining 
of lignite in the Northern Plains of 
the Gulf Coast; or the hundreds of 
other mining problems that apply 
to regional and. subregional 
geographic areas such as those 
shown in Fig.. 3. 

Af(THHAC|-rE SvEEMiANrHRAGITE 

Fig, 3—Research priorities must be tailored to regional conditions.: 
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Innovation to Control 
Costsandlmprove"// .. 
Productivity , ,> ... 
In recent years research in coal 
extraction technology has con­
centrated on production problems. 
Five areas of work have potential, 

.for helping to control costs and 
improve productivity: (1) mine 
planning technology, (2) mine 
development technology,(3) ": 
improved unit operations, (4) 
improved components, and (5) 
innovative mining systems. 

Mine Planning 
Mine planning techriology has 
progressed greatly in the field of 
computer applications. Computer 
programs are . available for 
geologic modeling, geostatistical 
interpretation, feasibility studies, 
simulation of unit operations, 
design of surface and underground 
workings, equipment selection 
alternatives, productivity analysis, 
cost evaluation, production 
planning, and production data 
gathering. These programs provide 
a sound base of information to 
assure that the major investment 
required to open a large new mine 
can be made with less risk. The 
programs now available are good, 
and they are being improved.by 
adding necessary detail. However, 
there is one note of caution: no 
substitute has yet been found for 
gathering field data in the ap­
propriate detail as input for the 
analysis requires, nor is there 
substitute for experience in in­
terpreting results and assuming 
responsibiUty for decisions. 

Mine Development 
Mine development technology also 
is progressing. Exploration meth­
ods are improving through 
cheaper, faster drilling and 
through the use pf seismological 
methods to supplement driUing. 
For underground mining, field 
demonstrations are under way to 
test new approaches in rapid shaft 
sinking and rriain heading 
development. These approaches 
may reduce the lead time necessary 
for opening a mine and preparing 
for the exploitation of deposits 
deeper than those currently mined. 

Unit Operations ' 
Improving unit operations has 

11 

received considerable emphasis 
over the years, as witnessed by the 
successful introduction of the 
continuous miner, roof bolting, 
and large-scale. draglines. For 
underground mining, current 
research is focusing on combining 
extraction and roof support in a 
single machine so that longer 
continuous and more productive 
advances can be made without 
machine place changes. All four 
major manufacturers of con­
tinuous miners are involved in 
developing such a machine, and aU 
four face two similar problems: (1) 
.how to package and operate a 
complex combination of 
machinery in a physicaUy restricted 
space, and (2) how to assure 
reliability and mairitenance 
characteristics as good or better 
than the individual machines being 
replaced. Eventually, with per­
severance and irinovation in cutter 
design, roof drilling systems, roof 
bolt design, automated and 
sequenced controls, temporary 
roof supports, and integrated face 
ventilation, we can expect im­
provements in room-and-piUar 
mining. These improvements wiU 
be aided by advances in face 
haulage technology that employ 
improved shuttle cars, self-
advancing belt systems, and 
hydraulic transport. New methods 
of removing or partially extracting 
piUars during retreat mining also 
are being developed. Room-and-
pillar mining research is at­
tempting to solve the productivity 
and cost bottlenecks currently 
experienced in existing mines. 

For such new technologies to be 
successful, it is increasingly 
necessary to test machines and 
components ori the surface so that 
a mechanical shakedown of the 
equipment is completed before 
going underground. Going un­
derground with equipment too 
soon or raising expectations with 
overly • optiriiistic forecasts - of 
performance has resulted in many 
promising developments ending up 
in a rusting pile outside the portal. 

Even as improvements do evolve 
in room-and-pillar mining, an 
eventual limit wiU be reached in 
regard to how deep these methods 
can be used; eventually, new 
methods such as longwall mining 
must be adapted to U.S. con­

ditions. Longwall mining that 
- employed European technology 
began penetrating American 
markets in the 1950's. However, 
differing mining conditions here 
have limited the appUcation of 
longwall units, primarily because 
of roof support problems. The new 
longwall shields recently in-

' troduced in Europe and the U.S. 
appear to be an effective solution 
and have reawakened interest in 
higher capacity cutting, higher 
capacity face and section con­
veyors, and some forms of 
automation. Still neglected,' 
however, are the improvements 
needed in driving development 
headings (which can account for as 
much as one-third of the coal 
produced, even in a mine with all 
longwaU sections), roof control in 
head gates and tail gates, and 
ventilation of working faces and 
gob areas. 

Improved unit operations in 
surface mining have concentrated 
on overburden handling, with 
attention focused on continuous 
haulage of overburden. Thus far, 
research has largely consisted of 
conceptual studies of various 
schemes of overburden blasting, 
extraction, in-pit crushing, 
movable conveyors, and spoil 
stacking. Some schemes are 
designed for contours and ridges in 
Appalachia, others fpr Midwestern 
strip mining, and others for open-
pit terrace mining. AU these ap­
pUcations suffer from three major 
problems: (1) most overburden 
overlying U.S. coal seams is 
sufficiently consolidated that 
continuous extraction by bucket 
wheel, like that practiced in 
Europe, is impracticable; (2) seams 
are so thin that the design and 
operation of shiftable in-pit 
crushers and conveyors are major 
problems because of the frequent 
moves required; and (3) size and 
efficiency increases in loaders, 
shovels, trucks, and draglines have 
kept alternative methods of 
overburden handUng competitive. 
Nevertheless, prototype con­
tinuous excavators, moving 

. conveyors, and stackers are being 
field-tested in a wide variety of 
specialized applications and show 
considerable promise. In the West 
a second generation of unitized 
coal haulers is coming into use. 
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"Innovation continues;: in/ com- /; 
ponents to make •unit ..operations •' 
more productive., ^and, efficient. 

. Improved .'controls -̂.i iricluding "' 
remote • operation,"* automation, ..• 
and . information' : feedback .' are 
beirig^/developed." The i' efficiency' . 
and reliability of minirig machines,. 

' 'in/V'terms ;̂.of. ! thei0/^lectricai;;/j; 
/hydraulic,' arid .'iriechariicalysysv': 
tems, are'being improved to reduce- -

'' equipment downtinie.' More horse-.'.: 
power is-being delivered to the"'! 

•: point of' work, to', •irierease ..: 
equipment, capacity. '•../Taken-; 

'together .'with innovation ' in -. 
equip;merit' . manufactur ing ; 
processes, the result is a steady 
flow/ bf .evolutionary im- . 
prbvements' designed tP increase .-
the capacity and reduce the cost of. 
current mining equipment: ., . / , -/ 

Mining Systems •.f:". . .;•' -'y 
Loriger-r'ange research also is -.. 
under way that, although benefits 
will not be as immediate, may 
provide alternative solutions to the 
prpblems being' addressed by 
appUed- research.' Included are 
reaching an understanding of the' , 
systems' aspects of current mining 

- methods and basic research in rock , 
mechanics .and deposit charac--; 
terization. Among new mining -
systems being investigated are 
hydraulic inining, • in-situ gasi­
fication, and ..borehole" mining; 
these three ^areas represent ideas . 
that have progressed from concept, 
to prototype and in .some cases to -
full-scale operatibn. Evaluating 
such new mining systems requires , ^ 
balancing the - unbridled en-' 
thusiasm pf proponents against the 
"not invented Here, it'll never 
work" stance of opponents. 
Therefore, it is most useful to use 
welirdefined criteria such -as 
technical risk; /estimated cost, 

.competitiveness,, arid "field ap--
plicability in. assessing the 
poteritial of these riovel systems. 

Innovation to Meet..- / . . 
Changing Conditions „..'/'• -î y 

: Increasingly in the next'26 years we --' '• 
.will have to^mirie deposits under: -
more difficult conditions. In some -
cases, existing'systems sirriply wiU. " 
not vvork (e.g!," rbom'-and-piUar ' 

, mining at deeper levels because of •.- • 

J v • ^" - • fc• • . . . .^ ' * .J . . • ; • - . - -
y3.;V>. ' ' : ' ' ^ ' : r , - - . .-•}• ' J l - . I • 

' pillar strength limitation's, ̂ .and;^;' y overburden • placeriient, ground- >;, 
". dragline riiining in thicker'"pver-*:'/.V/watW'contrbl, contour grading, •-
- burden because of boom .length::? ''topsbil han'dUng, revegetation, and • .. 

limitations). In other cases, ' ..̂  acid water treatement have been . . . 
existirig .equipment wiU be ren- /'"^ developed.,- Shovel/ftruck;. mining . 

.̂ '.̂ dered bbsolete by the physical .v '"?*y. 'disprace ;i;medium-size. :/ 
. problems associated '.with', thickj//'i'draglinesv..iri^^ "f 

'• underground seanis ,that reqiiirei;/:-, burdenv':mixirig './wiU/ not meet /,• , 
.̂  multiple/ bench mining; thin "un7|%^jreclamaiibji'_reqm It' also:-"-/"i-;: 
":, derground V seams... .thaU f̂ifequire-/./':'/ ^may have greater use in mo'untajn-̂ s»iv. .j; 
/ scaledownbf current'equii3'merii'tp:/;ir' .top, r'embvaJ 'bi)era'tions.*'tp':/nieet .̂ t :J-,_ 
"^'the ''•point;Lyvhere ; new^'/cori-J'^./^head ^bf .bpllbw,'/valley-fiU ;fb^^ 
: ; figurations .'are necessary";' iid°--:/'lamati6ri'""requirem'eiits/..Use of -: •;/.;' 
:. muUiple : seams/.' that.: require/;- large scrapers, dbzers,''arid graders.'' ̂ Ĵ  
,:rehandle in surface mines., and ' 

' interlevel roof control in ?-un- .i. 
derground "mines. Mpreoyer, if 
some of the dipping antj faulted 

/. depbsits that have been, avoided in -
..'the past are to be mined, totally"V 
. new approaches will be needed.: .̂  '/. 

Innovation to Meet^: ;̂ ; /; 
Regulatory Issues 

--Health and safety research, 
particularly; iri. underground 

. mining, 'has been well funded for 
nearly a decade and has produced 

.irnprovements . in ventilation, 
respirable dust control, roof 
cpntrol, cabs . and canopies, 
bperating controls,' electrical 
safety, fire protection, Ughting, 
and methane . drainage. . The 
reductiori of deaths and accidents • 
in riiining and the provision of a 
more healthy working ' en-
viroriment have been impressive. ., 

. Nonetheless, these achievements 
have not been without problems, 
particularly from the. perspective 
of riiachinery manufacturers .and j 
mirie • operators who " diverted 
research funds" and engirieering 
talerit from improving productivity 
into complying with regulatibns. 

: In addition," by separating health 
and ' safety. • research :from 

' production research, the govern­
ment has" divided funds and 

• organizational: responsibility.- In 
the actual work place, however', 
health and safety arid production 
are siinply different aspects of a 
single team of meri and equipment.-

' required for regrading has resulted 
'<jri Teclamatibn, equipment ;in-
- vestments that approach the in-, 

'vestment for in-pit-equipment in 
; î some areas. Other issues siich as 

;surface subsidence, • classification 
• .oi hazardous wastes, the impacts 

of' overburderi blasting, and the 
^ ĵjnipact of. riiining on aquifers 
-remain more at the stage of 
defining'the problem rather than 
achieving solutions fof it. Again, 
like health and safety matters, 

- resentment occurs when money 
• and talerit are diverted to work on 
-regulatory' issues and when 

government research is funded and 
organized separately from pro-
ductibn -research, although .the 
activities are integrated at the 

• mine. • . 

Current Research Activities 
. Many'.U.S. government agencies 

are investigating innovative coal 
extraction technologies. Although 
the U.S. DOE has the lead 
responsibility in production 
research; many other agencies are 
also involved in mining or mining-
related research. They include the 

• USBM, USGS, Office of Surface 
Mining,, Mine Safety and Health 
Adriiinistr ation, and Nationa! 
Academy pf Sciences.". 

;'- Some liaison arid coordination 
^among . these'• groups has ' been 
attempted. .However, jsrimarUy 
because of differences required by 

'-the;disparate legislation,that fund 
these diverse activities and partly 

Research . to . achieve integrated -y because of the lack of continuity in 
"solutions through; .innovative / research organizations, and goals 
" technology •;, has ; become:. 

./fragrtiented and mbre.̂  difficult to' 
achieve.,.'.•x-ii ̂ y^- ̂ '.•/'"..'̂ •̂ •-•̂ T'V' --""'. 

In surface miriing," regulatory 
issues have had more to do with 
land reclamation than with safety. 

experiericed in ' Washington in 
recent years., the federal program 
remains- fragmented. Such frag­
mentation hampers the" sincere 
efforts of experienced researchers 
within these. agencies, No focal 

' : ^ ; ^ i - i -
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1'. basic" underiying. benefits of coal 
extraction > technology'';!and '.Ao 

-coprdiriate ^and , rank'" research 
, activities?" ' As / a '-' result,' - many 
:programs compete rather., than 
,wbrkmg synergistically. :»/ ,.'/ ,•-

'•:;' In;.: addition • .to ' goyernment 
• research,' several universities with 

the help-'of state, ;federal, arid. 
' priyate funding provide centers for:,-
.,basic and applied nMning research. • 

In'/additipn, large manufacturers 
^ of' rriining equipment have con-
/ tinuing programs -̂ fpr developing' 

new and iriiproved product lines. • 
• The direction and implementation 
of this government, academic; and 

, industry research are encouraged 
through: the: working coinmittees, 
piibltcatlons;. and conventions of 
such organizations as the Sbciety 
bf Minirig Eriigirieers of. AIME,-. 
National Coal Assn., ;arid; 

. American Mining Congress. 4 
Similar research programs .axe 

being undertaken, in most of the 
major coal-producing countries 
such ias the United Kingdom, 
Federal Repubhc of Germany,' 

"Australia, Poland, and / the' 
:0,S.S.R. In addition to several^ 
bilateral agreements with these 
countries, the U.S. also, is par­
ticipating under the auspices of the 
International Energy Agency's 
Coal Working Party to create a 
Minirig Technolpgy Clearing , 
House. The.clearing house would 
maintain registers of current " 

• research projects. These should 
enable researchers" to - know, of 
current parallel- or/ eoiriplementary 
work in'r member couritfies arid, 
thus, : encourage active com- • 
municatipri . and , collaboration 
without '• the' usual -delays en­
countered by waiting' for. com-: 
pletionr of the work "and 
publication of the results: As the' 
worldwide- inipltcatioris of coal--
based energy are becomirig better 
uriderstopd, coat extractibri' 
technology, and, related matters.are 
being' studied more actively .by 
suchjnternational organizations as 
the .United Nations, International 
Inst, of AppUed Systems j\nalysis, 
the World Energy Conference, and 

. th'elrite'riiational Energy Agency. 

Conclusions/ -
Goal extractiontechnology is a key 
link in the energy supply networks 

that/deliver coal-based• energy'to . 
the American public. Diverse 
Tegional , conditions -must , be, 

- considered in implementing a 
.program of research in-coal ex-

, traction technology. Innovation 
• urgently is- needed not only' to 
'/control ;cpsts '"aftd -improve. 

productivity-biit. also to prepare'* 
" fOT mining more difficult deposit^:; 
/arid to respond to important/ 
'/regulatory issues. More emphasis/ 

.is needed on coordination:-. and ^ 
continuity of purpose and per- • 

. spnnel so that the combined, im- ' 
"'pact of ongoing research by the 

"government, universities, a;nd 
- 1ndustry,.will continue tb make cbal 

a feasible: arid desirable fuel for 
' meeting our future energy needs. 
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