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PREFACE 

The papers delivered at the Hydrocarbons Symposium in Denver on 
eel's 	 February 18 and 19, 1970, are presented in this volume. All phases of the 

search for commercial processes for the production of synthetic liquid fuels 
from oil sha les, tar sands, and coal are included. This symposium and its 
predecessor, the Oil Shale Symposium, have served to bring together people 
working in all a reas of the synthetic fuel industry and to acquaint them with 

Ite the legal, real estate, water, and political problems as well as technical ques· 
tions. This industry is still struggling to get established and many of its major 
problems are legal and political rather than technical. 

Thanks are extended to the authors for presenting their papers and to their 
companies for permitting the information to be released. These symposia have 
been successful and worthwhile owing to their efforts and those of the Hydro· 
carbons Committee of the American Institute of Mining, Metallurgical, and 
Petroleum Engineers. 

James H. Gary 

ill 
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YOU'VE GOT TO TELL IT LIKE IT IS 

SENATOR PETER H. DOMINICK 
U.S. Senator, (R) Colorado 

Well, it really is a pleasure to be with you. As you know, engineers 
and mining engineers in particular are the problem solvers of this world. 
You have to be, and you are the appliers of science and technology. Des
pite the Galloping Gertie bridge that wandered around over Tacoma, most 
of the things that you do are extremely successful. But rightly or wrongly 
there exists in this land, at the present time, the belief that continu
ation of certain technological trends can gravely endanger the people and 
our environment, perhaps even threaten the future of mankind. And the 
tensions of our congested cities, the affront of a polluted and spoiled en
vironment, the expanding arsenal of devices to monitor private lives and 
to manipulate private thought and behavior, are attributed by many people 
to ever advancing technology. I propose that this has come to pass in part 
because some of our dedicated engineers may often be afflicted with a form 
of tunnel vision. By this I mean confining your imagination, insight, and 
thinking to the immediate task set before you, without regard to the existence 
or possibility of undesirable side effects, or thinking that side effects should be 
someone else's responsibility. 

So today I would like to talk about at least one important factor which 
must be built into any equation involving the future use of new technology. 
This is the necessity of furnishing the public and legislative representatives 
more timely and complete information in useful form, so that public decisions 
affecting future work of engineers will rest more upon tested public facts 
and less upon spur of the moment, gut reactions. There is no easy way of 
doing this. I know that. I can assure you that members of Congress are in
creasingly aware of the consequences of inadequate, delayed or incom
plete information about the potential dangers of new technology. So my 
theme for the day (my message to Garcia) is that you should build into your 
thinking and action information for the public and for Congress. Let me just 
give you a personal concrete example of this. I was out in California giving 
a talk last fall, and it was about the time of the Amchitka explosion off the 
Aleutian Islands. There had been a great deal of public discussion about 
the dangers of possible tidal waves, earthquakes, things of this kind. The 
explosion was due to go off that afternoon. Two days previously there had 
been a slight tremor in San Francisco. For a week there had been very high 
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winds. A woman go t up in the a udience and asked m e the question , " Do 

you think, Sen a tor, that the Amchitka explos ion is responsible fo r all the 

had wea the r and the high winds and everything else that we have had [o r 

the past week ?" It hadn ' t even go ne off but she was ve ry viLa lly concern ed 

tha t th is thing which she had read about was creating all th e problems that 

they had for the previous week, weatherwise. 

As I devel oJl thi s, you mi g ht in turn think about wh a t should be the rol e 

of the AIM E. A recent repo rt of the committee on mineral science and 

technology of the Na tional Research Co un c il , the National Academy of 
Sciences, is already b ecomin g a landmark ill thought about America n min

ing. Phillip H adl er , prcs ident of the Academy, in sending the report to 

th e Bureau of Mines, emphasized th e need to "de linea te a more s ig nificant 

ro le for th e mining and min eral s industry both with resfJect to research and 

education which could co ntrihutc to the r evitalization of its sc ientific and 

technological has is .. . " N ote the word he used: " delineate." He is speak

ing of info rm atio n- information for the public, fo r engin eering students, 

fo r government, an d for industry. And thi s infonna tion must be adequate, 

timely, and of useful quality. Pa rentheti cally , 1 am s ure th at AIME memhers 

from Colo rad o share my pleasure th a t our state was represented on thi s p a r

ticular committee by John Reed of the Co lo rado School of Mines. 

According to the Academy report, despite the ke)' r ole of minerals in 

our economy and in our soc iety, a nd despite the dem a nd for mine ra l products 

throughout the world , minera l technology is decl ining in the United States. 

Seri ous troubles lie ahead unless correcti ve action s are taken p romptly. Of 

the nine recommendations by the commiLLee, four deal with information. 

These four call for: a ca binet-level counc il on minera l resources; a na tion al 

mineral s r eference center ; an annu a l r eport to Co ngress on the sta te of the 

mine rals industry ; and more U. S. mineral atLaches abroad to suppl y basic 

information concerning minera l exploration and production . 

The Academ y called together a panel, headed by J ohn Reed, to look at 

mining ill particul ar , and I would like to quote the six recomm endati ons of 

the Reed P anel, for they bear upon the future of minin g and also highl ight 

the importance of information . The panel recommended: 1. Strongly in

creased continuing industrial support for mining engineering educat ion and 

research, with supplementary long -term Federa l assistance co ncentrated in 

institutions with an established r ecord of superior performance. 2. The 

Assistant Secretary for Mineral Resources of the Department of the Interior 

promptly should assume a much la rger and more effective coordinating role 

with respect to th e bureaus and offi ces within hi s authority and other agencies 

dealing with minerals po licy. 3. Full educati onal cooperation between states 

be in stituted to make mining education av a ilable to residents of every state 
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"Do 	 a t in-state tuition rates subsidized by the resident state_ J.. The public be 

.1 the 	 made increa~ ingJy aware of the role of th e mining industry through: 

d for (a) 	 public displays, television programs, popular magazine articles and 
erned 

literature for school distributi on; 
, that 

Ih) 	emphasis on the benefits of the mining indu~try and all relevant govern

ment publica tions; 
e role 

(c) 	 sho tt o rientation co urses for high school teachers and co un selors; 
, and 

Id) 	summer involvement work in the mineral illdu ~try for bigh scho ol and 
ol' of junior coll ege teachers ; and 
. ITIm

Ie) U. S _ postage stamps depicting the mineral industry. 
ort to 

ificant 5. The AIiVIE should expand its current eHorts in producing texts, re-ference 

ih and books, and mining abstracts with the cooperation of the mining schools and 

Ie and so me Federa l funding. 6. The United States edu ca te more fo reig n mining 

speak. students, but with full actual costs met by fund s from home, or from th e U nited 

ldents, States government if that would be in the national interes t. You will note how 

~ <)uate, the fourth recommendation, the A,B,C,D, and E that I talked about, zeroes in 

embers on the ta rget of public information , a nd the fifth recommendation cOllce rnin g 

lis par- the AIME, should give this Institute, it 1V0 uld seem to me, cause to consider 

how in its own seH-inte rest it mig ht become a lea der in informing the public. 

:rals in To the extent that tbe recomm endations of thi s committee 011 mineral sc ience 

roducts and technology finall y reach Congress, we must dec ide with tbe information 

Slates. I note again that word illIormation ) , available to us from professional bodies 

tIl'. Of such as this In stitute, what action should bes t be taken. 

matioJl. Congress is currentl y thinking a bout assessing the less than desirable s ide 

!lational effects of modern technology so that a better balance can he had between 

~ of the benefit a nd disadva nta ge. Cotlg re~s has spon~ored separale inquiries into 

Iy basic technolog ica l assessment by th e Na tional Academy of Sciences, and the 

National A ca demy of Engineering, and recenlly finished hearings 011 this 

look at subject. Consider just a few illustrations_ 

tions of In the matter of l/uclear power, many mining en g ineers are interested in 

lighlight the mining of uranium, which p ublic p olicy has helped develop as a new 

ngl l' 	 in source of energy for electricity. Eng ineers have been hard at work ever 

,ion and since we passed the first atomic energy legislation in lry-/,6 to bring this 

tated in about. Almost a quarter of a century later we still find some sc ientists chal

2. The lengillg the fundamental assumption of the present drive toward commercial 

Interior nuclear powe r, and I refer ill particular to the feCe]lt testimony by scient is ts 

ing role from the Lawrence Radiation Laboratory before the Senate Subcommittee 

agencies on Air and Water P oJlutiOll . 

;n states They argued strongly , e ven heatedly, that g uides se t by the F ederal 

,rl' state Radiation Council, limitilJg the di scharge of radioactive materials into the 
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air and water, be substantially reduced. On the other hand, distinguished 
scientists of the National Council on Radiation Measurement have said that 
no change is needed. 

On the outcome of this particular issue, namely, the danger of radio· 
activity, can depend the future pace of commercial nuclear power, the design, 
construction , and operation of nuclear power plants, and even the design of 
color TV sets. So again, we see the problem of the public and elected 
representatives as they are confronted by differing views of vocal eminent 
scientists and engineers. 

Look at the controversy that currently rages over peaceful uses of nuclear 
explosives. With the explosive force of the atom, engineers can hope to 
accomplish works heretofore considered impossible. Excavation of inter
oceanic canals and harbors, transit through mountains for railroads and high
ways, all of these things are exciting and imaginative. Beneath the ground, 
deposits of low grade ores ca n be broken up to prepare them for recovery. 
Reservoirs can be opened up to conserve and manage resources of oil and 
gas, and perhaps even water. 

Nevertheless, the present Plowshare program, a I3-year·old effort of the 
Atomic Energy Commission to find peaceful uses for nuclear explosives, is 
suffering from technical uncertainties, the public increasingly suspicious of 
the potential side effects, and budget problems in Congress. 

Just yesterday I had a group of about eight people who came to my office 
to see me. They were talking about the problems of pollution, plutonium in 
the soil around Rocky Mountain Flats. They were talking about the problems 
of the tailings in Grand Junction and Durango. They were talking about the 
problems of radiation from Rulison , and I finally looked at them and I said: 
"What you are really saying I believe, is that you don't think that Plowshare 
should go forward, that nuclear explosives should not be used even for 
peaceful purposes." The answer was, "You are right, this is what we do feel." 

Some of these were eminent scientists. Some of them were not. But this is 
the emotional impact that the furor has raised already. 

Since so much of the Plowshare program bears on mining and subsurface 
engineering, let us review briefly the nine proposed or current cooperative 
projects with industry to demonstrate what is being done. 

Project Gas Buggy most of you know about. On December 10, 1967, a 26
kiloton nuclear device exploded 4.,24.0 feet beneath the surface of the San 
Juan Basin in New Mexico. It was the first joint experiment of government 
and industry to see the effect of nuclear explosives in stimulating the flow 
of gas in natural gas fields of low productivity. The Gas Buggy well produced 
over 255 million cubic feet of gas in less than one year as compared with the 
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existing conventional well , about 400 feet away, which prod uced only 85 

million cubic feet of gas from the same formation in nine years. 
Despite this eng ineering success, a number of scientists expressed fear 

that the rad ioactive content of the gases released should preclude th eir com

mercial use if public health is to be protected. The public hears th ose voices, 

and I might say more loudly, th an the voice; of the developer and the inno
va tor. 

Project Rulison. On September 10th a nuclear device was set off 8,4,30 

feet beneath the surface in Garfield County, 45 miles northeast of Grand 

Junction. Thi s explosion is a part of ,a joint experiment of the AEC, De
partment of Inter ior, CERGO Nuclear Corporation and the Austral Oil 

Company. 

The AEC reported that the explosion went as expected with a yield of 

about 40 kilotons. There was no release of radioactivity into the atmosphere 

and prod uction tests were scheduled for later this year. Note th at this was 
40 kil otons and the Gas Buggy yield was 26. 

All, as you know, is not well with Project Rulison. The district attorney 

for Garfield County, The Colorado Open Space Council , and four propelty 

owners have a suit in the U. S. Distri ct Court now under hearing to prevent 
re-entry into the cav ity and the subseq uent burning of the contained gases 

in the open air. AEC concedes that there will be so me release of radi oactive 

gases but insists that there is no danger to the public. Plaintiffs are not 
sa tisfied with this and want to force the government to prove the intended 

release and burning of the gases would be of no significant threa t to public 
health or safety, W e should get a dec is ion on thi s pretty soon, 

The next one is Project Wagon Wheel. The EI Paso Natural Gas Com
pany is studying the feasibility oJ a nuclear explosion to stimula te th e deep 

gas·bea ring deposits in the Pinedale area of Wyoming. It hopes to demon

strate that commercial quantities of marketable quality natural gas can be 
produced from low permeability sandstone at depths in excess of 9,000 feet. 

An agreement was signed with the AEC of the Departmen t of the Illterior 

more than a year ago and the detailed design on this one is in progress. 

Project Wasp. This is another gas stimulati on project in Pinedale. The 

initials stand for Wyoming Atomic Stimulation Project. This has been pro

posed by seven participating companies in the oil and gas business headed 
by the International Nuclear Corporation of Denver. This expe riment calls 

for an explosion about 11,000 to 12,000 feet down in the low permeab ility 

natural gas-bear ing sandstone in the northern Green River Basin , The agree

ment was signed last July and they hope for a detonation la te this yeaL 

Project Dragon Trail, another proj ect in gas stimulation in a different 
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geolof!;ical formalion, is now bt"ing co nsid ereei by Co ntin ental Oil Company. 

The Continenlal Compa ny <lnel the AEC are currently planning preliminary 

site evaluatiuns (o r a shot about 50 miles north of Grand Jun cti on. 

Project. Catch. Co lu mh ia Gas Systems Se rv ice Co rporalion has been 

stud ying th e po~sihle use of a nuclea r explosion to crea te a chimney l RO feet 

in diameter anel .'{()O [P,et lall in a thi ck impermea hlc rock formati on for use 

as an und ergr ollild storil;!e for natural gas. A 20·kiloton explosion would 

open up s()nl(~ 200 lo :300 billiun cuhic fe el of storage ca p il(~i t y. This project 

was proposed for a " ile ill P ennsylvania, but there were such strong objections 

to it in Cong ress hecaust: of the feared side e!Tecls lha l the site has lIo t ye t 

been agreed upon. 

Project. Rrnnco. This oi l recover y proj ect was proposed October 25, 1967, 
by CERGO N uclear Corpora ti on on behalf of several oil co mpanies. The 

experiment would slud y the lechnical feas ibility of frac turing o il shal e with 

an underground n uclear explos ion and reco ve ring the shale oil by in·place 

retorti ng. The s ile proposed is 2 ,) miles east of R angley, (oloracio. The con· 

tract was negol iated in JC..)6H hut has not yet heen signed by all the indus trial 

partici p,wts. 

Project Ulah. The Western Oil Shale Corporation of Midland, T exas, 

informeel th e ACC in May] 060 of its inlerest in an oil shale projec t in Utah. 

Last Jun e they heg-an some ex ploratory drillin g to assess the potential of the 

proj ecL 

Project S l.oop. This experiment would try to de termine if a contain ed 

lJndergroulld nu clear explosion can fra cture a low.grade copper ore deposit 

eno ugh to make poss ibl e the extraction of copper h y in.place leaching . The 

fea sihilit y study wa s co mpl eted by Kenneco tt , the Bureau of Mines, and ACC 

in October of 1967. In thi s r epo rt the Burea u indi ca ted th a t th ere are abou t 

58 million tons of low.g rade copper ore, averag ing about 9.4. pounds of copper 

per ton whi ch lllay be eco nomically recovera ble by lhis process. K ennecott 

has mad e a full proposal to the AEC and to the Deparlment for a joint ex· 

periment in a coppe r ore body nine miles northeast of Safford, Arizona. This, 

if all goes well , should take place before the middle of 107l. 

Now if these <) projects go forward as expected or even partially, the ACC 

ma y weJl find itself, as il a lmost is now, in tb e c ivil nuclea r explos ive bus iness, 

and legislation is a lready before Congress to auth orize the AEC to provide 

comlllercial Plowshare services both here and abroad. 

The qu es ti on is: Ca n we continue in th e light of public co nce rn with 

radioactivit y, co ncern with potential ea rthquakes, co ncern with the depleti on 

of our environment, concern expressed in turn by doctors, sc ientists, conser· 

vationists, and co nflicting power interests? Questions a re being raised in 

Congress as to the short and long term dangers to the public from civil uses 
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of nuclear explosives . The outcome of these issues hangs upon the adequacy, 

completeness, a nd usefulness of the informati on released to us and to the 

public. 
I kn ow that AEC has set up open fil es for Proj ect Gas Buggy. At cen ters 

in Denver, Bartlesvi lle, Oklahoma, and in Las Vegas, the public can read 

reports on the cost and the proj ec t data . I know th a t reports of AEC and its 

contractors, about Plowshare, are sen t to A EC depository libra ries at many 

coll eges and uni versi ties. But as yo u know, and I kn ow, this doesn't inform 

the public or its nonsc ientific leg islil tive representatives. It simpl y provides 

a wh ole ba tch of reports and says in effect that here they are, yo u fig ure 

out what they mean. Meanwhile, we have a whole group of people, the public 

at large, wh o have become more and more concerned. 

Only a few weeks ago a professor of environmental medicine from Johns 

Hopkins Univers ity School of Hyg iene and Public H ealth, questi oned the 

possible hea lth risks and their ba lance aga ins t the benefits of nuclear detona

ti ons. He identified for Cong ress several co nsidera tions: (1) monitoring of 

the environment likely to rece ive sig nificant amounts of r ad ioactive pollutants 

frolll such explosions will be req uired for long periods of time; (2) radiation 

exposure from P lowshare to large groups of huma n beings may be in a sense 

co mpetit ive wit h exposures to radioactive wastes from nuclear reac tors; (3) in 

evaluating the p roposed benefits from the use of und erground exp losio ns, a 

better mechanism to provide for participation of public representatives would 

help to assure tha t these benefits will be fully understood by th e people who 

will be potentially exposed to the risk. Thi s witness also contended that unless 

state and loca l representatives become more closely in volved, a g rowing 

credibility gap betw een the federal agencies and the people will be increasi ngly 

likely. 

The sa me gro up th a t I menti oned yesterd ay sa id to me tha t th ey no longer 

trusted the reports of th e AEC, and tha t they thought there should be an 

independel\t judgment sys tem set up so th at th e A EC would no longer have 

the ab ililY to assess what is ur is not going to be clo ne. This is how far a long 

thi s has alread y gone. 

Now a b iolog ist testified during the sa me hea r ings that our unders tanding 

of the environmen tal effects o f und ergro und nuclear events lags far behind 

that of the techn ology to make a nd use them. H ere is an intensive effort to 

br in g our know ledge o f the effects of Plowshare devices into ba lance with 

our ab il ity to make them . 

Now where does this leave us and what ca n we do? I don' t think tha t 

anything is inso lvable. Two poss ible leads occur to me; I'm sure there are 

many, many more. One is a proposal for an institute on scientifi c judg ment. 

The other is to make better assessments of the an ticipated impacts of new 
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technologies while they are still in their embryonic state and publish those 

findings in lay language and in readable form . 
About three years ago Arthur Kantrovitz, whose business is to apply new 

technologies, proposed to the Senate Committee on Government Operations 

that there be established just such an institution for scientific judgment. He 
proposed that the institute would: 1. separate the scientific from the political 

and moral components of mixed decisions and, 2. separate the budget from 
the advocate function for sc ientific information. 

As a lawyer, I can appreciate his view that the highest quality of expertise 

can be combined with a lack of prej udice, only by establishing judges in 
science who clearly understand the rules of ~c ientific evidence, have no intel

lectual or other commitments regarding the matter before them, and finally 
have the mature judgment needed to weigh the evidence presented. 

The institute, of course, would publish the judgments that are reached. 

Often the opinions of the scientific body are not published and the public 
then finds it difficult to assess the degree to which a decision is based on 

political, economic or moral factors rather than scientific factors. 
Last July the National Academy of Sciences released a report of a com

mittee chaired by Professor Harvey Brooks of Harvard University. The re
port recommended that private and governmental bodies establish a family 
of organizations to assess the eflects of technology. Their functions would 

include finding ways to stimulate public awareness of, and interest in, the 
issues. The Academy would scrupulously keep these assessment efforts separate 

from any responsibility for promoting or for regulating new applications of 

technology. 
The report also said that the future of technology holds great promise for 

mankind jf greater thought and effort are devoted to its development. How
ever it said, if society persists in its present course, our future holds great 

peril, whether from the uncontrolled eHects of technology itself (and this does 
not apply just to nuclear energy, but to technology as a whole), or from an 

unreasoned political reaction against all technological innovation. And this in 

turn , I might add, is growing. 
Now what can a professional society like AIME do? 

I am reminded of a statement made to me by the publisher of a small 
town weekly newspaper when I first came to Congress. I sent him a statement 
and he hadn 't used it. He apologized to me, said he ran out of space because 

"hell hath no fury like a hostess unpublicized." This is somewhat the same 
thing I think with regard to what you can do here at AIME. 

You do have a choice. You can take steps to become the innovators and 
the leaders in ways to inform the public and its representatives about the 

issues of new technologies, reliably, accurately, and dispassionately, or your 
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ose opportunity to shape the future course of public policy will pass you by. I 

will show you what is happening. 
I have here, dated February 6, 1970, a letter from the director of tele·lew 

ons vision news of ABC. Here, for those of you who didn't see it, are two scripts 

written by Howard Tucker. It came over the Howard K. Smith and FrankHe 
Reynolds ABC evening news.ical 

During the past 20 years, uranium has been processed all over Colorado·om 
at mills such as this one at Durango. ·When some of the mills closed, left· 

overs called "uranium tailings" remained in huge mounds. Among othertise 
things, the leftovers include radium 226. It has a half·life of 1,620 years.; in 

The man who guards these leftovers explains why he has been told toItel· 
keep people away. Guard: "This is a radioactive pile and I don't believeally 
there is anyone who can say what the long-range effects of the radiation 

would be. It's something pretty new yet; people don 't know about it. No, it 
is the unknown really, that scares people." Ihlic 

The hazards of radioactivity from such uranium tailings were documented I on 
in 1966 in a little known report prepared for the U. S. Department of HEW. 
About a year ago the mill owners, who had processed the uranium for the;om· 
Atomic Energy Commission, "grassed" over some of the radioactive tailings. 

~ reo 
That doesu't make it any less radioactive. Dr. Peter Metzger, biochemist, says mily 
"There are really two different hazards associated with tailings. The primaryould 
one is that tailings, being so close to the water, rain and flooding, leach , the 
radium 226 into the water and carry it downstream. This water is usedHate 
for irrigation, drinking water and so forth. The other hazard is that theIS of 
tailings, being very dry, blow over towns. In some cases such as Durango, 
Colorado, the tailings piles tower over the town and blow radioactive duste for 
over the town 24 hours a day, 365 days a year. flow-

On the Animas River as far downstream as 60 miles, the radioactive levelgreat 
owing to radium 226 is at or above maximum permissible concentrations. does 

man That is very far from the mill tailings, 60 miles downstream; 30 miles down

stream it is three times the maximum. Along this river people are living,is in 
drinking the water and using it for irrigation. 

Continuing on the ABC News. The 1966 HEW welfare report said that 
because of the clear hazards of radium 226 and its radioactivity, something small 
should be done about moving such tailings out of places like this. That was:ment 
three years ago, but except for planting some grass over it nothing has been cause 
done. So here it remains unmoved, except by wind and water. You can 
imagine what people are doing, looking at things of this kind and wondering 

about what is going to happen to them. They think they are going to he 

irradiated forever, and look like one of the kitchen griddles. 

Here is the next news story. This is on radioactive homes. "All around 
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you here in Grand] undion you ca n see the bea ut y, mo untains, lakes, the big 

sk y. The fri g htening thing is what you cannot see-th e radioactivity. Most 

o f th e homes co nctrucled here during the l a~t fifteen yea rs have heen built 

over lan0 fill containing radioacti ve elements." "Most of lhe homes," he sa id. 

The land fill with its raclium 220 that pr00uces a ra0ioactive gas called 

"rarlon" is this sandy h y·product of uranium mill process ing cOllclu cted by 

th e AEC a nd private industry. Recen tl y, preliminary testillgs with radiation 

counters hy ;;ome Fede ral and St<lte investigators show that the radiation 

levels in ma ny homes huilt over the land fin were clililgero usly hig h for 

huma n occ upan cy over the JOIl I-\ tenn . 

Bud France, Colorado H ealth D epar tment , reporL<i, "Samplings thus far 

have shown there are appro x imately 00 to 70 homes and we will have to 

sa mple further. This is due to the fact that the radiation level is above back

ground." Notice that th e newsman sai d Mos/, of the homes construct ed during 

the .las t 15 yea rs ha ve bee n huilt ove r land fill. Bud France ~ays there are 

00-70. Tucker .. . "Has anything surpri sed you about this radiation level, 

did YO li expect to fll1d 70 homes that needed a more careful look?" France: 

" We would agree that we founo mo re tha n we had expected. " So with it 

finally out in th e open now , many ho meowners like iVIrs. Ura Williams, who 

lives in Grand Junction with her s ix children, are fri ghtened. Of co urse 

they are frightened. Radon and radiation can cause lung cancer. Mrs. 

\Vi!liilms sa id , "Grand Junction homeo wners did not learn until recently that 

the land fill under their homes co ntained radioilctive elements." Said Mrs. 

Willi a ms: " Well , the day that my husband ca me horne, I told him that there 

were tailin gs under this ho use. He said that anyone should know that YOll 

don' t use tailings illlll especially uranium tililings, you just do not." Tucker ... 

"What about the co mmunity ? What about other people? What ilbout those 

who live in Grand Junction? " Mrs. Williams: " There are dea d gold mining 

towns, and there mig ht be a deild Grand Jun ction , not only in houses, but in 

people. So the radiation has been here for years, and minute by minute it's 

increasing . Who 's responsible? The AEC says that once the uranium hilS 

been processed out, by-products arc not its legal responsibility, it 's the State's 

responsibility. But the State, agree ing with mill-owners and home builders, 

says it WilS Ullilware until recently that the rildioactive leftovers were its re

sponsibility. 

" Now Federa l and State agencies promise a state-wide inves tigation of 

all uranium leftovers. Meanwhile time has passed. What is happening to 

the people of Grand Jun ction? " 

Well you from Grand J unction know what is happening, it is doing fin e. 

But it needs some help, obviously, if this is going to go on, this type o f pub

licity. It is going to be very detrimen tal not only to th at place but also there 
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is no doubt whatsoever that using radioactive tailings for fill to build a house 

on is stupid. There is no reason why it should have been done; somebody 

should have stopped them. 

So this is the problem that you face, material such as this which has an 

element of truth in it. NIaterials such as I have told you about on San Fran

cisco and the Amchitka explosion. All this is creating a tremendous stir in this 

country. If we are going to be able to continue to do what I think must be 

done, which is to have a method of developing this power system and the re

sources that we have, somehow the engineers responsible for this amazing tech

nology must also turn their thoughts and their ideas to express what they 

haye clone in the way of testing, to be able to show what they have done in 

the way of safety, and to be able to alert the public to the fact that all these 

tests have been made ahead of time. 

I had the privile~e of speaking before the engineering vice presidents of 

the air lines in Los Angeles about 5 years ago and I told them, as a pilot 

myself, that the technology which they hao put together to create things in 

the air was simply beyond even imagination some 30 or 40 years ago. But 

what they had wholly overlooked was the fact that their technology in the 

air was greatly over the top, surpassing; the ability of the ground to take care 

of it. 

If you look at O 'Hare Airport, it 's an abortion. And if you look at some 

of the others, they ' re even worse. And unless the peopJe who can put these 

together can set them so that the airplanes and the ground can work together, 

the 74.7 and the SST, if we ever get them, will really be something to behold_ 

In the like manner, it seems to me, that you who have done such a fabulous 

job in the development of technology have gone so far in that rol e that you 

have left the public behind_ They do not know how to handle all the new 

things that are coming along. So it would seem to me that it is up to you . 

I think an enormously important role can be played hy the AJME in this, 

to alert the public to what is being done in the new technologies, what con

sideration is being given to environmental planning, and what is being done 

to insure the health and safety of the public who are !Jot intimately con

cerned with the particular development. Thank you. 
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THE OUTLOOK FOR SYNTHETIC LIQUID HYDROCARBONS 

A CONTEMPORARY VIEW 

JOHN J. SCHANZ, JR. 

INTRODUCTION 

A number of years ago, a dean of a certain college of science was fond 
of saying that he knew that there was only 12 years of domestic petroleum 
remaining because we had had 12 years supply for the last 30 years. I 
think we can paraphrase the dean by stating that we can assume that the 
commercial appearance of synthetic liquid fuels in the United States is now 
10 years away because it has been 10 years away for the past 50 years. 
Obviously the dean was referring to the common misinterpretation that the 
remaining life of our oil supplies can be measured by the proved·reserve·to· 
production ratio. The fact that this ratio has been near 12 to 1 for so many 
years is not mere coincidence but is the natural consequence of industrial 
practice and certain physical characteristics that have led the producing in
dustry to adopt this as its traditional working inventory level. 

In a somewhat similar manner, we find that the "lO·years-away" status 
of synthetic liquids fuels has a similar basis in fact rather than coincidence. 
One reason may very well be found in the dean's observation about our crude 
oil inventory. There always seems to be a possibility that after our visible 
supply of domestic crude is utilized we may have finally reached that un
avoidable time when a gap will actually appear between our needs and our 
capability of satisfying them with crude oil. At that point in time, particularly 
if there is a price response to the gap, synthetic liquid hydrocarbons will have 
to be waiting in the wings ready to step on stage. There is another reason for 
the lO-year span. This time period reflects the "learning curve" that must 
be followed before synthetic liquid hydrocarbons are in a position to enter 
the scene in any significant way. I would like to review what we know 
about this "learning curve" before I discuss the outlook for the next 10 to 
15 years. 

THE LEARNING STAGES 

I am sure that all of us are impressed when we recall the rapid growth 

Professor of Natural Resources, University of Denver and Senior Research 
Economist, Denver Research Institute. 
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and startling impacts of past inventions or improvements in technology. 
The automobile, the airplane, electricity, radio, television, and solid state 
technology all come to mind . However, in remembering the changes that 
have resulted from these developments there is a little unconscious self
deception. This results from our tendency to recall the exponential develop
ment of these products or processes after they had reached a certain level of 
commercial maturity and to compress in our memories the amount of time 
that was involved in research and in the early stages of commercial exploita
tion. Even though growth is exponential, it takes a good many years before 
the absolute growth per year really amounts to very much. Consequently, 
there is a tendency to underestimate the time that is required to introduce 
new technology into the main stream of industrial activity. I am sure that 
most engineers when they make a conscious effort to add up construction 
time, testing periods, and all of the other necessary stages, do not make this 
mistake. Nevertheless, many of us, including the general public and members 
of legislatures, often anticipate more rapid response from technology than is 
realistic. Our frequent periods of premature optimism about nuclear power 
in the last 2 decades is a good case in point. 

I think we have enough experience in synthetic liquid hydrocarbons and 
similar technologies to have an approximate idea of the magnitude of the 
least amount of time needed to pass through each stage in the synthetic hydro
carbon learning curve. However, it must be understood that these times 
could be shortened by increased government involvement. Barring that, the 
times should be considered as minima, since failure or poor results in any 
stage can either terminate the process or lengthen the amount of time required. 

For the synthetic liquid hydrocarbons, I think we can assume that the 
laboratory stages are essentially behind us and that we are no longer involved 
to any great extent in bench-scale experimentation. The laboratory stage 
of learning is always a long and unpredictable one and must have involved 
40 or 50 years for the synthetic liquid hydrocarbons. See figure l. 

The next stage in the learning process involves pilot plants and semiworks 
of less than commercial size. The minimum time required for this stage is 
approximately 4. years, including a design period, about 2 years for con
struction, and at least 1 year of operation. Naturally, if more than one 
design must be tested or difficulties are encountered, this stage can last 
significantly longer. 

Once the decision is made to proceed to a commercial scale, the prototype 
plant stage should involve about 5 years. Design time for incorporating the 
results of the pilot plant experience is needed. Since this is a prototype plant, 
at least 3 years for construction of the processing facilities and the develop
ment of the supporting mines seems minimal. It is unlikely that more than 
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one plant at a time would be built at this stage because of the large capital 

expenditures involved and the uncertainties concerning the technology. 

Following completion of the plant, at least 1 year's opefil ting experience is 

needed to provide a basis for future construction. 

Given successful performance of the first plant, multiple construction of 

second generation plants might be possible. However, the experience to date 

on synthetic hydrocarbons and other new technologies seems to indicate that 

the next stage should be the construction and operation of an improved 

version of the prototype plant incorporating in the design the experience 

gained on the first plant plus any new pilot plant information gained in the 

interim. Some compression of the time needed for design and co nstruction 

is possible at thi s stage. However, operating experience is still needed be-fore 

firm plans can be made for second generation plants. The time span for 

seco nd generation plants can be reduced further by overlapping of design 

and construction making it possible for plants to come on stream at 2-year 

intervals. 

During the entire experimental and development period of a new tech

nology there is a constant process of appraising the new technology with 

respect to the cost of the product it will yield. Obviously, if at the end of any 

stage, the engineering estimates indicate that the cost is above the commercial 

feasibility level there is little incentive for any finn to incur the expense of 

proceeding to the next stage. At this point, development is probably arrested 

until the commercial situation has changed or there may be further work at 

one of the prior research stages. 

A typical behavior pattern for new process technology is for the cost 

estimates to drop gradually throughout the early laboratory research phase 

until the new process offers a clea r cut promise for co mmercial fea sibility. 

At this point, the process enters the pilot plant stage. The cost estimates 

made at this time tend to be crude approximations dependent upon translating 

laboratory experience into estimates of full scale operation. 

Once the pilot plant stage is entered, the optimism of the laboratory 

begins to be tempered with the realities of practical problems in operating 

under less than ideal circumstances. Typically, cost estimates tend to climb 

throu ghout the pilot plant stage or at least until experience begins to show 

how to eliminate some of the bugs. This may lead to some renewed optimism 

about the cost outlook. Cost estimates at this stage are still paper calculations 

scaling-up the operation to commercial size. 

If pilot plant operations keep the cost estimates sufficiently below the 

commercial feasibility level to justify a prototype commercial plant, there 

may be another escalation of costs when the plant is built. This is an 

escalation of costs in an actual plant and no longer involves the uncertainty 
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of paper extrapolations of small-scale experience. However, the delays and 

malfunctions that are the una vo idable accompaniment to building and operat

ing a prototype must be anticipated. Typically , the product cost of a prototype 

plant will exceed preconstruct ion es timates rather than reduce them. It is 

likely that the cos t estimates may reach their highest point during the period 

when the plant is go ing through its shakedown runs. If the process ultimately 

passes this final tes t, then costs will tend to decline in subsequent stages as 

tbe design is improved, delays are avoided, and plant equipment becomes 

standardized in manufacture. 

CURRENT TECHNICAL STATUS OF SYNTHETIC LIQUID 


HYDROCARBONS 


The behavior of the synthetic Iiquid hydrocarbons to date is rather easily 

identified in the generalized description o-{ the learning curve that I have 

just described. Coal liquefaction is in the pilot plant stage right now and 

beginning to experience some deRation of optimism. Preliminary reports of 

pilot plant costs are not quite as low as th e paper estimates of one or two 

years ago. Shale oil is in an advanced s tage of pilot plant and semiworks 

experience and recent reports tend to be perhaps a bit more optimistic than 

in th e immediate past. The Great Canadian Oil Sands plant in Alberta pla ces 

the tar sands into the prototype stage and it is ill that period of start-up 

problems when cost es timates climb. 

In the absence of an actual plant, the available data on the commercial 

feasibility of processing oil shale is based solely on engineering estimates. 

The Shale Oil Corpo rations's most recent published es timates claim a 

capab ility of producing shale oil a t a cost of $ 1.55 per barrel from a 60,000

barrel.per-day plant without taking into account a potential .30 cents a barrel 

from by-products. ' At 50 to 60 percent of operating cost, the mining phase 

is very important and ilccording to TOSCO is subj ect to the grea test variation 

from one property to another- the range amounting to 19 cents per barreP 

'Dle only other contemporary published estimates are from the Department 

of the Jnterior." 

Interior's es timates indicate thilt costs without byproduct credit would 

be over $2.00 per barrel and would not reach the level indicated by TOSCO 

until an improved first generation plant is built. However, it must be recog

nized that the Interior's estimates involve a different s ized plant , a different 

process, a lower quality of shale, and higher mining cost. 

The appp.arance of Atlantic Richfield as part of the TOSCO process 

development group (Colony Development Opera tion ) and the renewal of 

experimen tal plant operations is the only current activity that could lead 

directly to the opening of the first full-scale shale oil plant. Completion of 
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the current research activity is expected in 1971. If a decision is then made 
to proceed wi th a commercial plant, it is reasonable to expect that a prototype 
plant would go on stream in 197tJ. and some real answers to the commercial 
feasibility of shale oil would be knowll by 1975. Extrapolating beyond that 
point, an improved first generation plant might be Oll stream before 1980 
and the .first of the second generation plants between 1980 and 1985. Also, 
by this time, more technical information could he available about the various 
in situ methods. 

Activity in the development of liquid fuels from coal has centered about 
contracts let by the Office of Coal Research of the Department of Interior. 
There is a small amount of company research, such as Humble Oil's pilot 
plant experimentation. Coal has a number of attractions as a source of liquid 
hydrocarbons, such as the large size of our coal rr.serves and the wider geo
graphic distribution of coal compared to the oil shales and Canadian tar sands. 
The big question is whether or not sufficiently large blocks of coal reserves to 
support synthesis plants are available in the best locations. 

There are a number of coal conversion processes under investigation that 
can yield anywhere from 1Y2 to 4, barrels of liquids per ton of coal. One 
of these processes has reached the pilot plant stage-a 50-to-60-barrel-per-day 
plant in West Virginia using a process developed by Consolidation Coal Com
pany. A process developed by the FMC Corporation will be tested by a 36· 
barrel-per-day plant at Princeton, New Jersey, starting sometime in 1970.' 
No firm plans have been announced for testing other processes to produce 
liquid hydrocarbons from coal. 

The latest reports issued by OCR 011 the West Virginia operation estimate 
that gasoline can be produced at an average price of 12.76 cents per gallon.'-' 
Continental Oil Company, the parent company of Consolidation Coal Company, 
in its statemellt to the Cabinet Task Force on Oil Import Controls said 
that present technology would make it possible to lay down gasoline in 
Chicago in 1975 at 1 cent a gallon more thall gasoline from crude oil." 

It is obvious that our kllowledge of the economics of coal liquefaction is 
still quite primitive. There are a whole host of unknowns with which to 
contend-quality and cost of the coal used, the degree of reliance on by
product credits, whether to produce end-products or a synthetic crude to be 
fed into existing refineries, the cost and availability of hydrogen, or the best 
configuration out of several possible designs. If we assume all of these 
questions can be answered favorably, pilot plant results might permit a de
cision to be made in 1972 to proceed with a prototype commercial plant to 
go on stream in 1975. Then assuming the customary pace of events, a modi
fied first generation plant could come on stream in 1979. Beginning in 
1982, second generation plants might be feasible. It is expected that economic 
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coal liquefaction plants will be so mewhat larger than sha le oil plants and 

that eco nomies of scale may dictate that some of the seco nd generation plants 

should be 200,000 barrels per day. 

The Great Canadian Oil Sands, Limited (GCOS) pla nt in Canada started 

producing a ligh t syn thetic crude oil in 1968 that can be charged directly 

into a standard petroleum refill ery. The total expenditures on the operation 

have now reach ed $300 million dollars, well over the or ig inal estimated cost. 

The plant is designed to produce 45,000 barrels per day of syncrude.7 The 

large investment r eAects both the cos tliness of a proto type p lant and the 

extensive support facilities needed in an isolated location. The capacity of 

the plant was the minimum s ize expected to be profitabl e as well as the 

maximum size tha t Alberta would permit in view of idl e c rude oil capacity 

in the Province. The GCOS plant and facilities were des igned, however, to 

permit expa nsio n to 65 ,000 barrels per day at some time in the future . Little 

is known about the actual or an ti cipa ted cost of syn crude from the GCOS 

plant or the impact the start-up problems have had on the cost. A cost of 

$2.75 a harrel delivered in Edmonton was quoted a t the time the plant went 

on stream. 

The problems with the GCOS plant pI us th e other uncertainties in the 

North America n oil scene ha ve led to a slackening of the pace of development 

for Canadian tar sands. GCOS has delayed its reques t for expansion of its 

plant to 65,000 barrels per day. Syncrude, Callada, Ltd. , has made plans for 

a plant of around 80,000 barrels per day capacity but their targe t date to 

begin production is now set at about 1976.A The GCOS and Syncrude 

plants combi ned would nea rly reach the current Alberta cei ling of 150,000 

barrels per day for tar sand capacity. However, it would seem reasonable 

to expect tha t this limit will be increased aga in before 1985. 

These developments are summar ized on the attached table_ It should be 

recalled that the timetable shown is based so lel y on the minimum time that 

seems necessary to accomplish each s tage of the research and development 

process. Thi s has been coupled with kn own information about existing plants 

and announced plans for th e immediate fU lure. On this basis, it does not 

seem likely that there will be more th an 12 synthetic liquid hydrocarbon 

plants operating in North America in 1085 with a combined capacily 0-£ 
1,200,000 barrels per day. A g reater involvement of government in research 

and development could acce lerate that pace. However, there is a strong 

likelihood tha t there will be unforeseen technical delays. This co upled with 

uncertainties concerning the impact of new governmental policies on taxes 

and imports and the ye t to be defined role of Arctic petrole um reso urces indi

cates that the aelual development of liquid hydrocarbons between now and 

1985 will be slower than the hypothetical timetable shown . 
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Y ear U.S. Shale Oil U.S. Coal Liquids Canadian Tar Sands 

1970 (Existing) One semi·works Two.pilot plants 45 ,000~ 


1971 

1972 

1973 

1974 50,000* 20,0002 


1975 100,000* 

1976 

1977 80,000** 

1978 50,000* * 

1979 100,000** 

1980 

1981 100,000*** 

1982 100,000*** 155,000*" * 

1983 100,000*" ~. 


1984 200,000*** 

1985 100,000'" *" 


400,000 500,000 300,000 
(5 plallts) (4 plants ) (3 plants) 

Based on the ass umption that al each stage of development the com

mercial prospects will remain suffic iently a ttrac tive to proceed to the 
next stage. 

Expansion of the present Great Canad ian Oil Sands, Ltd. plant 
* First generation prototype plant of commercial size 

* * Improved first genera tion plant 
* * * Second generation plants 

One other limiting aspect of the timetable shown with respect to the indi

vidual syntheti c sources should be noted . The tar sands are shown with the 
least development by 1985 while coal liquefaction has the greatest. It should 
be recalled that on the lea rning curve cost estimates tend to be lower at the 

beginning of the pilot plant stage than in the prototype stage. Hence, there 
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may be more optimism currently in some quarters about coal plants than 

tar sands. This may merely reflect that we are more fully aware of the 

problems encountered by the tar sands plant than of the unknown difficulties 

yet to be faced by shale oil and coal liquids. With tar sands there is only 

one crucial test remaining-is the prototype plant commercial. In the case 

of coal, there are still three "peril-points" to pass. Will the bench scale pro

cesses be technically feasible in the pilot plants? Will the pilot plants indi

cate a reasonable chance for commercial use? And, will a commercial proto

type plant prove economic? Shale oil appears to fall between the two ex

tremes, with the perfonnance of the semiworks plant and a prototype plant 

still to be evaluated. 

THE ECONOMIC AND POLICY OUTLOOK 

The discussion of the outlook for synthetic liquid hydrocarbon to this 

point has been based primarily on the pace of technical progress in the im

mediate past and the plans for the near future. This implicitly reflects the 

economic and policy conditions that have prevailed and were expected to 

exist in the future. However, it is quite obvious that it is likely that the 

economic and policy conditions affecting North American petroleum sup

plies are now liable to change dramatically. 

Although it is used to dealing with physical uncertainty, the petroleum 

industry, like most industries, is sensitive to uncertainty stemming from un

settled economic conditions or governmental policy changes. The North 

American petroleum industry is now faced with an array of circumstances 

that may trigger structural changes in the industry that will require a number 

of years before their evolution has run its course and we can judge what the 

"lIew" petroleum industry will be. In the face of this change, it seems un

likely that petroleum companies will be willin g to risk several hundred mil

lion dollars on unproved technology to produce a sy nthetic liquid hydro

carbon for a market of unknown size, at an unknown price, subject to un

known variations in government policy. 

The appearance of Alaskan oil on the scene has already delayed the de

velopment of synthetic liquid hydrocarbons. Petroleum companies are nat

urally inclined to prefer development of new crude oil sources over unproved 

alternative sources. The siphoning-off of funds and the shift of attention 

to the Arctic has already occurred and is at least partially reflected in the 

timetable presented. Despite the large potential size of these reserves, if we 

assume that Alaskan oil would begin to flow in quantity around 1973, by the 

early 1980's the Alaskan flow will have been absorbed to a considerable 

extent and there could be a revival in interes t in the development of other 

liquid fuel sources. Thus, it would appear that oil companies will still wish 
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to maintain a position ill synthetic liquid fu el rese rves and new technology 

but there will he littl e in clination toward large iuvestments in the next few 

years. 

011 the tax scene, th e depletion allowa nce for U.S. income tax purposes has 

been lower ed for petroleum, increased for shale o il , and remains unchanged 

for coal. Further ad j II stments are alwa ys a poss ibility. In Canada , modi · 

fi cations of rhe ir laws relating to taxation of the mining industry are un der 

considerati on. If current jJfojJosals a re implemented , the tax climate for 

tar sands could beco me less favorable than it has been. Exactly how much 

change these various changes in ta xation will bring ahout in the crude oil 

and product price stru cture remains to he seen. 

Other iss ues th a t rema in unresolved at thi s time a re: future polic ies re 

garding tIle leasing of F ederal shale oil and coal reserves, s talldards for mined 

land recl amation and waste disposal , the impact of pollution reg ul a tions on 

the market for indus trial [uel oils and automotive gasoline, and the restra ints 

th a t may be placed upon sy ntheti r. hydrocarbon develoJ.lment by state or 

provincial co nservati on age ncies. In the case of Alberta's tar sa nds, the 

pace of future development is subject to th e limitations placeclupon it by the 

Alberta Commission. Within the United States, exactly what the relationships 

will be between synthe tic fuel production and crude oil output subject to pro 

rationing allowahl es has yct to be cOllsidered in deta il. 

Of all of th e economi c and governmental unkn owns, the indefinite sta tus 

of the U.S. o il import program, including the status of liquid hydrocarbons 

flowing ac ross the Canadian border , crea tes the grea test uncerta inty. If a 

uew jJo licy conce rning imports is ad opted and leads to a greater flow of fo r

eign oil into the U n ited States accompanied by a reduction in the pri ce for 

domes ti c liquid hydrocarbons, one mus t assume that th e commercial promise 

for U.S. synthetic liquid hydroca rbons production would be diminished 

markedly. Although it is not as certain, one would expect that Canadian 

tar sands would also be affected unfavorably . 

An other maj or consideration is what effect organizational and structural 

changes in the domestic petroleum industry could have on the entrance of 

synthetic fuels into the market place_ An indus try less protected at the state 

and F ederal level is no t going to be the same as the petroleum industry tha t 

has evolved in the pas t 20 years. The roles of independents and integ ra ted 

maj ors may change, the location and s ize of future refin eries may be affec ted, 

the pattern of pipe line construction and fl ow may be influenced , and the price 

and co mpetitiveness of petroleum products may be modified. Without mak 

ing any kind of a value judgment concerning these changes, it would be un

realisti c not to recognize that these fa ctors will probably have a significant 

impact on the future development of synthetic liquid hydrocarbons. 
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SUMMARY 

At the present pace of technical development and under current economic 

conditions, synthetic liquid hydrocarbon production in North America could 

reach 1.2 million barrel s per day by 1985. However, unfavorable perform

ance of pilot plants or commerc ial prototype plants would delay reaching this 

level of output. Real is ti ca lly, one would not expect that all three of the po

tent;a l so urces of syntheti c liquid hydroca rbons would he complete ly suc

cessful in avoiding future set backs in their development. So some level 

of capacity below 1.2 milli on barrels per day is probably most likely even 

if economic conditions remain favorable. In co ntrast, an increase of in

volvement of government in research , but short of a n all-out crash program, 

could cause a modes t acceleration of one or two years. 

The assumption that current economic conditions will persist must be 

considered tenuous. The timing of the entrance of Alaskan oil, as well as the 

volume involved and markets th a t may be served, is s till not definite. The 

income tax allowances for petroleum and shale oil have recently been modi

fied. A number of other reg ulatory and policy issues are a lso under sur

veillance. The whole s~ructure of the U.S . import policy is being examined 

with the possibility of major modification. Most of these changes will tend 

to delay the development of sy nthetic liquid hydrocarbons. The uncertainties 

involved will probably discourage oil companies from risking the large sums 

that are involved in sy ntheti c liquid fu el plants. On bala nce, it would seem 

that the contemporary outlook fo r the combined sy nthetic liquid hydrocarbon 

capacity of North America should be that capacity will probably not ap

proach the 1.2 million ba rrels-per-day-level by 1985 but may very well stay 

below 500,000 barrels per day. 
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4. The Oil Daily , 1970, p. 2, J an. 12. 
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THE INTERNATIONAL SYNTHETIC FUELS PICTURE 

R. 1. CAMERO N and 1. L. DAILEY 

INTRODUCTION 

This review of th e international sy nthetic fu els pi cture, although not in
tended to be exhaustive, will attempt to outline the current situ ation as we 

kn ow it with some tho ughts on th e futu re. Since severa l recent r eviews 

adequately treat the s itua tion in this co untry, our primary a im will be to 

bring you up to date on synfu el activities outside the United Sta tes, especially 

where industries are in being or where prospects appear enco urag ing. 

Before proceeding further let us es tablish a definition of "sy nthetic fu els" 

as we use the term. Synthetic fuels a re hydroca rbons derived from coal, o il 

shale or tar sand s, th a t a re similar in qual it )' and charac teristics to petroleum 

liquids and gases. Thus, if the sy nthetic fuel is a gas, its hea ting value must 

approach that of natural gas and its composition must be p rincipally meth ane. 

If it is liquid it ma y be a crude oil or products normall y derived from pe

troleum. The contractions syncrlule, syngas amI synfuels, are terms enjoy

ing increasing use. 

J ames Young and other Sco ttish oil shale pioneers are probably turning 

jn their graves at this definiti on. It is extremely doubtful th at they co n

sidered shale oil a " sy nthetic", being the first commercially produced oil. 

CRITERIA 

In order to properl y evalua te ex isting and future indus tries we must 

fi rst establish a framework through which to vi ew and compare the synthetic 

fu els pi cture. This ca n be done in the form of a set of s imple criter ia that 

synfuels industries must meet to be successful. These are : 

Ample reserves 

Good quality raw material 

Low mining cost 

Advanced processing technology 

Large scale of production 

The absence of anyone of these factors is likely to precl ude the eco

nomical production of synthetic fuels. The onl y exception being, of course, 

those processi ng schemes not involving a mining step would eliminate the 
need to consider tha t criteri a. 

Cameron Engineers 

25 
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Ample reserves, in the hundred-bill ion-barrel category, are needed to 
justify the cost of developing an advanced technolof?:Y. The req uirement for 

a reasonably good quality raw mater ial is obvious but is no more important 
than low mining cost. The latter, whether underground or surface, requires 

a large scale of operation, good mining conditions, and modern high-capacity 

equipment. 
For the most part the advanced process techniques required are still in the 

developmental stage. This is particularly true of in situ methods of produc
tion. Filially a synfuel operation must enjoy ecollomy of scale. Most au
thorities contend that single plant output in excess of 50,000 BPD is essen

tial. 

Synfuels, as defined, are now produc:ed in commercial quantity only in 

Canada, South Africa, Manchuria and the USSR. In Canada the source 
is tar sand; in South Afri ca, coal, and in Manchuria and the USSR, oil 

shale. The most likely prospects are oil shale in Brazil and the United States, 

additional tar sands in Canada, and both oil and gas from coal in the United 

States. 

SASOL PLANT 

The world's only operating coal-based synfuel plant is that of SASOL 

(Suid-Afrikaanse Steekool Olie and Gaskorporas ic BeperkJ in South Africa. 

The SASOL plant converts coal by gasification to a mixture of H:! and CO 
and by Fischer-Tropsch reaction into liquid fuels and chemicals. The plant 

was built by M. W. Kellogg dUl'ing the early 1950's and is located about 50 

miles sontl! of Johannesburg. Initial production began in 1956 and the 

enlarged plant continues to operate at the present time. 
Coal from an adjacent mine is gasified in eight Lurgi pressure gasifiers, 

each 12 feet ID by 26 feet high . As seen in figure 1, oxygen and steam 

are added to the coal at about 450 psi and 2000°F producing a gas con
taining hydrogen, carbon monoxide, carbon dioxide, methane and hydrogen 

sulfide. The gas is first purified to remove the carbon dioxide and hydrogen 
sulfide, then the methane content in a portion of the stream is converted to 

additional carbon monoxide and hydrogen in a methane splitting unit. This 

portion is the synthesis gas for the three Kellogg entrained bed catalytic 

reactors. The product is primarily gasoline at the rate of about 6,000 BPD. 
The other portion of the purified gas becomes the feed for a second type 

of Fischer-Tropsch reactor designed by Ruln·Chemie working with 

The five units are called Arge (from Arbetis-Gemeinshaft, which 
"working agreement") Synthesis Units. The prducts from these 

which are fixed-bed catalytic reactors, are mostly chemicals ranging 

Lurgi. 

means 
units, 

from 
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alcohols and ketones to waxes. The chemical production is about 1,000 
barrels per day. 

Both synthes is plants utilize a red uced iron catalyst. The Kellogg units 

use a finely pulverized catalyst in an en traiued bed with internal heat ex· 

changers to abso rb the heat from the exothermic reaction. The Arge units use 

pellets of redu ced iron packed into many tubes inside the reactor vessel. 

SASOL fails to meet our criteria for scale of operation and the technology 

employed does not Ineet commercial req uiremenls. The plant is j uSlified 

on the basis of national security since until recently, the Union of South 

Africa had no petroleum production at all. 

The Fischer-Tropsch process can hardly be labeled as emerging tech · 

nology and it is highly questionable that any new plants will ever utilize the 

concept in its present form. There is, however, an investigation underway 

in an attempt to find eco nomic improvements in the concept being sponsored 

by the Office of Coal Research in this country. 

GCOS OIL SANDS PLANT 

As noted, the only commercial tar sand operation is that of Great Canad

ian Oil Sands, Ltd. (Sun Oil Company) in the Province of Alberta, Canada. 

However, the recently approved Syncrude plant and continuing efforts on 

the development of in situ recovery schemes are encourag in g s igns for an 

expanded use of thi s synfuel so urce. 
The GCOS plant began operations in 1967 and has an authorization to 

produce annually the equivalent of 45,000 BPD o f synthetic crude oil. The 

plant and mine are located on the Athabasca River 20 miles from Fort Mac

Murray, near the center of the Athabasca bituminous sa nd deposit. 

Conventional power shovels and scrapers slrip away the overburden 

which is underlain by tar sands averaging about 150 feet in thickness. Two 

bucket wheel excavators, each nominally capable of 100,000 T jD, cut the 

sands from the face of the open pit mine. Mobile conveyor systems feed a 

960 foot / minute main conveyor that delivers the sands to the extraction 

plant. About 100,000 tons per day are required for the production of 4.5,· 

000 BPD of syncrude. The high speed conveyor system is built on skids 

to permit shifting as the mine expands. 

The low winter temperatures encountered in the area have plagued the 
mining operation from the start. Excavator tooth joints would break against 

the frozen ore as well as rock stringers occurring in the deposit. Belt idlers 

and other metal parts become brittle at temperatures approaching -40 °F. 

Recently GCOS has installed a second conveyor system and since 1968 has 

"fluffed" the ore body with explosives to alleviate the effect of freezing 

and reduce tooth wear. 
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The extraction process employs the hot water method developed over 

20 years ago by Dr. K. A. Clark of the Alberta Research Council. The 

raw sand is drawn from feed hoppers, mixed with water and heated in ro

tating drums. As seen in figure 2, this mixture is then pumped to separa
tion cells where some bitumen floats to the top while the sand sinks to the 

bottom. Final clarification and dehydration of the bitumen is accomplished 

by a two-step centrifuge treatment. Approximately 60,000 barrels of bitumen 

are recovered per day. 

The sand slurry is pumped to a SOO-acre tailings pond enclosed by a dike 
about 125 feet high. This pond will serve as a disposal area for a number 

of years, but ultimately the mined out area will be the recipient of the waste 

sand. 

The recovered bitumen is coked in 6 delayed cokers capable of producing 

a total of 2,600 tons of coke per day. The coke is used for boiler fuel at the 

power plant. Early problems with an unexpectedly high ash content in the 

coke have been overcome with boiler modifications. 

The coke gases are amine-treated and the resultant H 2S is further pro

cessed for byproduct sulfur. Approximately 300 long tons of sulfur per day 

may be recovered at the authorized production rate. 

Coker distillate is hydrogenated in Unifiners to gas oil, kerosene, and 

naphtha. The Unifiner products <Ire blended to a high quality 40° API 

sulfur-free synthetic crude oil having a slight amber cast. The Unifiner off

gas is also sent to the amine treater for sulfur recovery. 
A hydrogen plant using coker and Unifiner gases after sulfur removal 

provides hydrogen for syncrude processing. Other byproducts include fuel 
oil from the gas oil Unifiners, fuel gas from the amine treater, and excess bu

tanes. These fuels are all consumed ill the plant. 

The synthetic crude is pipelined some 280 miles to Edmonton thence by 

the Interprovincial pipeline to the Great Lakes area. A part of the produc

tion is sold in the United States. 

PROPOSED SYNCRUDE OIL SANDS PLANT 

A second commercial tar sands project has been approved by the Prov

ince of Alberta. Syncrude Canada, Ltd., representing four firms, all subsid

iaries of United States companies (Standard Oil Company of New Jersey, 

Atlantic Richfield, Cities Service and Gulf) received authorization in Septem

ber, 1969 for a plant to be in full scale production in 1977. The plant is to 

be located immediately west of the GCOS facility. 

Overburden removal will be accomplished with draglines while scrapers 

mine the oil sands. Drive-over dump stations are planned to lead two 60
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inch conveyors for transportating 146,350 TPD of tar sands to the extraction 
plant for the production of 80,000 BPD of liquid products. 

A two-stage aqueous, modified dense-phase process, (fig. 3), developed 

by Syncrude, is planned for extracting the bitumen. A froth treatment sys
tem is to be employed for final reduction of solids in the bitumen. The froth 

is dehydrated by flashing in two steps with some 3,300 BPD of gas oil en

trained in the steam from the first step and subsequently recovered after 

condensation. A total of 91,800 BPD of products are extracted under Syn

crude's anticipated recovery efficiency of 93.7 percent. The tar sand feed is 
expected to contain 11.8 percent bitumen. 

An H-oil hydrovisbreaker is the primary conversion unit selected for 

the upgrading operation. This unit employs hydrogen to convert the majority 
of the bitumen extract to lighter fractions, e.g., gas, naphtha, light gas oil, and 

heavy gas oil with a vacuum residue remaining. A conversion of 87.2 vol

ume percent is expected. The distillate streams are subsequently hydro

treated for nitrogen and sulfur removal and saturation of remaining unstable 

components. 
A modified Claus sulfur recovery facility utilizing H 2S from the vis

breaker and hydrotreater gas streams will produce 4.72 long tons/day of 
elemental sulfur. The vacuum residue from the hydrovisbreaker will be 

used as plant fuel and a portion of the gases leaving the sulfur recovery 

system will be steam reformed for hydrogen make up. 

The treated hydrocarbon fractions from the hydrotreater are recombined 

as required to realize 50,000 BPD of synthetic crude having a gravity of 34.0° 
API and a sulfur content of 0.3 weight percent. In addition, 35,000 BPD 

of specialty low sulfur oils and 5,000 BPD of naptha will be produced. 

OIL SANDS PROSPECTS 

In addition to the GCOS and Syncrude projects, there are several field 

experiments for the in situ recovery of bitumen from the more deeply buried 

Athabasca and Cold Lake bituminous sand deposits in Alberta but commer

cial operations have not yet begun. Since most of the tar sand reserves in 

Canada are too deep for mining, in situ recovery techniques hold much 
interest and importance. Adaptations of conventional heavy oil recovery 

methods using combustion and steam are thought to have promise. 

Most of our criteria for success seem reasonably well met in the present 

and projected programs for the development of syncrude production from the 

Athabasca tar sands. Large reserves, good mining conditions, advanced 

technology and large scale of operation, all are present. The most serious 

question would concern raw material quality and perhaps the factor of 
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weather on mining. Although the GCOS plant has had more than its share 

of start· up problems none seem fundamental and the Athabasca tar sands 
industry should grow as the need for its output expands. 

ESTONIAN (U.S.S.R.) OIL SHALE INDUSTRY 

Oil shale is a major source of electric power and fuel gas for the Baltic 
region of the U.S.s.R., particularly Estonia and the Leningrad area. The 

oil shale industry is an impressive complex of mines, power plants and proces
sing plants located, for the most part, in Estonia. A smaller complex is near 
Leningrad and some shale is exploited in the Volga region. 

The Baltic oil shale, known as kukersite, is very rich (50·70 gallons per 
ton) and has a heating value up to 5,000 Btu/lb. Reserves are said to be in 

the range of 11 billion tons and to underlie an area of about 12,500,000 
acres. 

The deposit in Estonia is 8-10 feet in thickness containing 4 ..5-5.5 feet 
of oil shale. In the Leningrad area the deposit is slightly thinner. The non

shale components are carbonate rocks that are either separated during min
ing or by a later beneficiation step. The beds are f1atlying, dipping less than 

1 percent. Overburden ranges from 15 feet near the outcrops in the north, 
where strip mining is practiced, to 300-.350 feet in the underground mine 
areas. 

About 80 percent of the 24. million ton /year mine output presently is 

from 15 underground mines, one-third of which use a mechanical room-and
pillar system. Labor productivity is said to be 165 tons per man month 
in the Estonian mines, including two surface operations. By 1975 surface 

mines are expected to produce 36 percent of a projected .35-million ton out

put with labor productivity to be 200 tons per man month. 
The most important product of the oil shale industry in the U.s.S.R. is 

electric power. As seen in figure 4, two-thirds of the shale mined is burned 

directly as a solid fuel. The largest power station in the Baltic region (1625 

MW) is fueled with oil shale. A new Estonian power station of 1500-1600 
megawatt capacity is planned to begin construction in 1970. Its location 

will be at the site of a new surface mine to reduce mining and transporta
tion cost. 

Present practice in burning oil shale in power plants is to use pulverized
fuel boilers, removing the ash "dry". Owing to problems of ash handling, 

research is being conducted on a slagging-type furnace. Another approach 

is to retort the shale separately and thus not introduce the ash into the fur
nace. Despite the problems with the present system, power costs are said 

to compare favorably with other sources of electricity in the northwest part 
of the U.S.s.R. 
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Industrial scale processing of oil shale is conducted in plants built in 

the immediate post-war period using processes that were even then considered 

to be obsolete. The prime objective was to make a fuel gas. These plants still 

are operated and can produce about 100 million cubic feet per day of 450 
Btu gas, but their importance has been reduced through the importation of 

natural gas. 

Of the liquid fuels produced , fuel oil is the only one of significance. 

Motor gasoline demand is almost non-existent and only a small amount is 

manufactured from shale oil. 

Three retorting processes are used industrially and a new solid heat car

rier method is in operation experimentally. The older methods are 1) the 

tunnel oven, 2) the Pintsch and, 3) the chamber oven (fig. 4.). 

The tunnel oven, in which carts of shale are heated as they are pushed 

through an externally fired kiln, has been improved by the use of modern 

instrumentation and refinement in operating procedure until now their capac

ity is about 500 TPD per oven. The method is archaic and is used for only a 

small part of the production. 

The Pintsch.type gas generator is used to produce both oil and a low 

(llO) Btu gas that is the fuel for the chamber ovens. An improved mech

anical design in which air and recycle gas are introduced at a central inlet 

and in which gas is burned to supply a part of the heat requirement is said 

to increase throughput to about 200 TPO for a 10·foot diameter kiln. Oil 

yield is 70 percent of assay. 

The most important processing method is the chamber oven, an adapta

tion of the conventional slot coke oven. Retort chambers 18" wide in a bat· 

tery comprised of 23 chambers and 24, heating flues process about 4·00 TPO. 

The ovens are operated at a high temperature to give a maximum yield of 

gas. Additional gas is produced by cracking the naphtha removed from 

the gas stream. 

The new processing method is a concept similar to one under develop

ment in the United States by The Oil Shale Corporation. It uses a rotary 

kiln to contact raw shale with hot spent shale. A 550 T / D unit has been in 

operation on an experimental basis for about 5 years. Owing to incomplete 

mechanical development and problems of dust control the method has not 

yet been accepted for production. 

The manufacure of chemicals is now a major objective of the Soviet 

oil shale industry. The reasoning seems to be that the industry is justified 

as a source of electricity and that its economics can be improved by up

grading the value of the other products. 

The Soviet (Estonia) oil shale industry is clearly uneconomic even by 

standards in the U.S.S.R. Yet to provide a secure fuel supply for the Baltic 
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region a commitment has been made to continue and to expand it. A signifi

cant research and development effort involving hundreds of technologists is 
aimed at improved methods, developing new products, and generally reduc
ing costs_ 

FUSHUN, MANCHURIA OIL SHALE INDUSTRY 

An important oil shale deposit occurs near the city of Fushun in Man

churia_ This deposit, which overlies a coal seam, is being mined in con
junction with the coal and, as such, has led China to a leading world po

sition in regard to oil shale production. 
Although the exact production figures of the Fushun plant are unavail

able, the 1962 estimate of production was 40,000 BPD of crude shale oil. 
The oil shale deposits cover an area about 11 miles long and about 1 mile 
wide_ The average thickness has been calculated at 135 meters_ The total 
estimated ore quantity is 5,4,00 million tons of which .320 million tons is 

available from the open cut coal mine_ The oil content of the shale runs 
from 1 to 10 percent by weight, averaging 5.5 percent. 

The shale is mined from three open cut pits by electric shovels. As many 
as 90 electric shovels per mine have been reported. From the mine, shale is 

loaded on trains and transported to the nearby processing plant where it is 
sized before being fed to the retorts. 

The Fushun plant consists of four nearly identical units consisting of 20 
retorts per unit. Each retort has a capacity of 100 tons. The Fushun retort 
used for shale pyrolysis is based upon the same principle as gas producers 

for the recovery of tar and operate as shown in figure 5. 
Basically, the retort consists of two firebrick lined, sheet iron cylinders 

superimposed upon each other and connected by a narrow annular section_ 
The fixed carbon is burned in the lower receptacle by injection of air and 
steam and the resulting gases pass through the upper section which acts as 
a distillation retort. The shale is further heated by the injection of recycle gas 
heated in a regenerator to about 550°C and injected near the annular opening_ 
Oil yield of the 5.5 degree oil shale is about 95 degree of Fischer assay_ The 

crude shale oil is delivered to a nearby refinery and converted to 40 percent 
gasoline, 25 percent kerosene, 20 percent paraffin , 10 percent wax and 5 
percent petroleum coke. 

TI1e exact status of the Fushun plant at this time is not known. The 
Chinese government had announced a goal of 200,000 barrels per day dur
ing the decade ending in 1969_ That this figure was attained is doubtful. 

Extensive new reserves have been reported in many part of the country_ 

One deposit in Pei-an, Manchuria, is said to have 120 million tons of oil shale 
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reserve. Other deposits exist in Honan, Yunan , Shansi-Shensi and Kwang. 
tung. 

The government has also opened a new oil shale plant at Mowming, 
Kwangtung Province, estimated to have a million-ton-per-year (8-12 thou
sand BPD depending on assay) capacity. No information is yet available on 
methods used at this plant. 

As the world oil shale situation now stands, mainland China is the only 
nation that meets a significant portion of its energy requirement with oil pro· 
duced from oil shale. It is estimated that oil shale accounted for one-third 
of China's oil production and one-fifth of its oil consumption 1n ] 963. 

OIL SHALE PROSPECTS IN BRAZIL 

Following World War II Brazil's National Petroleum Council began 
studies of the oil shale resources of that country. It was concluded after 
thorough investiga tion that existing processes did not meet commercial cri
teria and a research and development program was initiated to provide a 
suitable technology. For the past 15 years Petrobras, the Brazilian national 
oil company, has operated a series of pilot plants, evaluated two oil shale 
deposits, and now has under construction a 2,500 T j D prototype unit of a 
process specifically developed for the Irati oil shale of southern Brazil. Re
serves of this extremely large oil shale deposit which crops out for more than 
1,000 miles are in excess of 5,000 billion barrels. 

The location of the prototype plant is in the State of Parana about 70 
miles from the city of Curitiba. The shale crops out in 2 beds totaling about 
30 feet in thickness and can be strip mined . The average oil yield is about 
20 gallons per ton. 

The Petrosix process, (fig . 6), a contraction of Petrobras and Super
intendencia do Xisto, has been adapted from the U. S. Bureau of Mines Gas 
Combustion Process and is similar in many respects. The main deviation 
is the use of an externally heated gas stream to retort the shale rather than 
combustion in the retort. The purpose is to prevent dilution of the product 
gases thus allowing the recovery of sulfur and LPG as bypro ducts. 

The prototype retort was designed by Cameron Engineers and is being 
constructed by Brazilian contractors. Certain equipment has been purchased 
in the United States but most has been manufactured in Brazil. The con
struction schedule calls for start-up about a year from now. Commercial 
production could begin during the latter part of the decade if Brazil has a 
need for the oil and costs are competitive. Studies indicate that a 120,000 
TPD plant is of economic size. 

How does the Brazilian shale situation compare with our criteria? The 
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reserves are extremely large, mlOmg conditions are good, new technology 

has been developed a nd the scale of operati on contemplated is large. The 

point of most concern is raw material quality. Other economies must off· 

set a relatively low yield of oi\. All co nsidered there is a good likelihood of 

success. 

CONCLUSION 

Although a world surplus of oil seems indica ted for many years to come 

it is likely that the existing synfuel industries will continue in operati on and 

even expand in accordance with national obj ectives. In Brazil a n oil sha le 

industry probably will be justified to co nser ve foreign exchange. Canadian 

oil sand s processing may well reach 200,000 BPD by the end of 1<)80. As 

the advanced technologies now emerg ing are applied commerciall y, there may 

be other areas where synfuel production can be justified . Thus as we approach 

the end of this century the rich oil shale deposi ts in Thailand or 101\1' cost coal 

from Australia co uld become contributors to the world's energy suppl y. 
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PRELIMINARY DESIGN AND OPERATION 

OF A ISO-TON OIL SHALE RETORT 


A. E. HARAK," A. LONG, JR., ' AND H. C. CARPENTER
3 

ABSTRACT 

To extend the scope of the retorting studi es being conducted by the Bureau 
of Mines to include the retorting characteristics of oil shale pieces as large as 

4·fool cubes, a nominally sized I SO-ton batch retort was designed and con

structed at the Laramie P etroleum Research Center, Laramie, Wyo. This 

refractory-lined retort is 4.5 feet high by 1112 feet ins ide diameter, and is 

supported in a 92-foot·high steel superstructure . For the preliminary oper

ation the retort was loaded with 175 tons of mine·run oil shale obtained from 

a stockpile at the Burea u of Mines Anvil Points facility. This oil shale ranged 

in size from fines to one large piece weighing 7,500 pounds. The Fischer 

assay of the charge was 25.4. gallons per ton. The first experiment required 

24 days to retort the oil shale charge and resulted in an oil yield of 60.4 

volume percent of Fischer assay. Operating conditions were changed during 

the experiment to determine the effects of variations in air and recycle gas 

rates on the operation of the retort and the auxiliary equipment. Temperature 

measurements during retorting showed a fairly uniform distribution across the 

bed. Maximum bed temperature was 1630 °F. Pressure drop through the 

retort was small, never greater than 0.5 inch of water. The analyses of the 

stock gas indicated a low oxygen and high carbon dioxide content. Oil 

characteristics were similar to those observed in a 10-ton retort operated 

under similar conditions. The material balance showed a recovery rate of 
101.3 percent. 

INTRODUCTION 

For severa l years the Bureau of Mines has been actively engaged in a 

cooperative effort ' 2 with other Government agencies and with private industry 

in developing a technology for the economic recovery of shale oil from the 

broken mass of material resulting from a nuclear explosion in oil shale. It 

lChemical research engineer, ' Research chemist, "Project leader. All authors 
are with the Laramie Petroleum R esearch Center, Bureau of Mines, U.S. 
Department of the Interior, Laramie, Wyo. 
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has been estimated tha t the average shale f ragment s ize and the range of sizes 

in this broken mass win be considerably larger than are usually used in 

abovegro und retorts." To determine the retor ting characteristics of these larger 

pieces of oil shale, the Lara mie Petroleum Research Center has opera ted a 

10·ton retolt on charges of mine·run oil shale conta ining pieces as large as 

20 inches in two dimensions. Results of this research showed that yields of 
oil as high as 80 percent of th a t determined b y Fische r assa y can be obtained:! 

E xtendi ng the scope of this stud y to incl ude larger parlicles, up to 4-foot 

cubes, and to include g reater bed depths required co nstrucli on of a larger, 
ISO-ton retort. While this retort is mu ch small er than a nuclear chimney as 

proposed in one 11 uclea r experiment,' ~ results from this re to rt together with 

results from the 10·ton retort should g ive some ind ica tion of the effec ts of 

large changes in particle size on the retorting cha racteristics of oil shale. This 

b ackground informa tion is needed to design in situ processes in oil shale 

formations frac tured by nuclear a nd more conventi onal mea ns. These des igns 

must be based on kn owledge of the operating var iables required to produce 

the optimum q ua ntity of oil and on a n estima te of the total amount of the 

resource that ca n be recovered . This paper disc usses the preliminary design, 

operating procedure. and res ults of the first run usi ng such a retort. 

EXPERIMENTAL PROCEDURE 

RETORT D ESIGN 

The nominally s ized I SO-ton, batch.type retort shown in figure 1 is a 

refra ct9r y- lined, % ·inch·thick carbon steel cylinder with an opening at the 

top for shale loading a nd a hinged grate a t the bottom for supporting the 

shale bed. T he refractory lining consists of 6· inch·thick fi rebrick , backed up 

by 4. inches of insulating castable. The enti re lining is supported by a water

cooled ring having a rectangular cross sec tion of 11 inches by 12 inches. 

The re tort vessel is 45 feet high and 11 feet 6 inches inside diameter and 

is supported ill a 92.foo t-high steel superstructure. The hinged grate at the 

bottom of the vessel is opened by a hydra ulic mechanism to discharge spent 
shale from the unit. 

The flow d iagram of the ISO-tOil retort is shown in figure 2. A na tural 

gas burner, ra ted a t 0.5 to 4. million Btu / hr, is mounted on the retort lid to 
initi a te combustion of the shale bed. Roots- type" blowers are used to force 

air into the retort. An oil tank, mounted on load cells, receives liquid and 

gaseo us p rod ucts from the retort outlet, and most of the liquid is collected in 

this tank. From the oil tank outlet, the process gases and some oil and water 

" Reference to spec ific makes or models of eq uipment is made to facilita te un derstan d· 
ing and does not imply endorsement of such brands by the Bu rea u of Mines. 
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mist are piped to one of two cyclones and then to one of two demist tanks. 

The cyclones are piped in parallel so that one can be steam cleaned while the 
other is on line. The demist tanks, fitted with Brinks elements, are piped in 

parallel for the same reason. For simplicity, only one cyclone and demist 

lank are shown in figure 2. After passing through the blower, the gas stream 
splits: one part recycles to the top of the retort; the other vents to the stack. 

The stack is fitted with a natural gas burner to oxidize any combusible com
ponents in the gas stream. Control instrumentation is also shown in figure 2. 

Figure 3 is a photograph of the retort and some of the auxiliary equip

ment. The retort vessel and supporting superstructure are shown on the right 

side of the picture. Two demist tanks are located on the first platform, and 
the oil tank, mounted on load cells, is located directly below the demist tanks. 

The building at the left is the instrumentation control room. 

OPERATING PROCEDURE 

The test shale for this run was obtained from a stockpiled supply at the 

Bureau of Mines Anvil Points mine near Rifle, Colo. A size distribution 

curve of this ungraded shale is shown in figure 4. Photography was used to 
determine size distribution in the range of 4. inches to 20 inches by comparing 

the shale pieces in the photograph to an object of known dimensions. Screen

ing methods were used to determine the test shale size distribution in the 
range of 1 inch to 4 inches. Screen analyses of the minus I-inch size range 

(extrapolated section of tbe curve) were not made; however, previous size 
distribution data" of mine-run shale from tbe same mine show good correla

tion with the entire curve. Approximately 20 percent of the test shale had a 

major dimension larger than 20 inches. Included in this size range were four 

or five pieces measuring about 2 feet by 3 feet by 3 feet and one large piece 
as shown in figure 5. This block, the largest single piece retorted, weighed 

7,500 pounds and was centrally placed in the shale bed about 21 feet above 

the grate. The major axis of the block was placed horizontally in the shale 
bed. 

A 6-inch·thick layer of crushed rock, sized from lY2 inches to 3 inches, 

was initially placed on the grate to prevent an excessive amount of shale fines 
from falling through the I-inch grate openings during loading operations. 

A cylindrically shaped, 3-lon-capacity, bottom-opening bucket and a 

lO·ton hoist, mounted at the top of the superstructure, were used to convey 
shale into the retort. The bucket was designed to open automatically when 

it bottomed, and shale was released when the bucket was raised. 

During shale loading operations, a man was periodically lowered into the 
retort to level the bed and place thermocouples. At each 3-foot level of bed 

height, eight thermocouples were placed symmetrically in a horizontal plane 
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FIG URE 3.-1S0·ton retort and some auxiliary equipment. 

as shown in the upper left hand part of figure 6. A total of 112 thermocouples, 
wired to five temperature recorders, were used. 
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FIGURE 4.-Size distribution of shale used in I50-ton retort. 
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FICUIlE 5_-Dimensions and thelmocouple locations of 7,500-pound shale block_ 

The original stockpile at Anvil Points was sampled to obtain a Fischer 
assay value for the test shale. Nine separate 50-toil batches of shale were 

~rushed, sampled, and analyzed for oil content. The Fischer assay of these nine 

samples averaged 25.4, ± 0.9 gal/ ton, and this value was considered to be the 
assay of the test shale for this run. 

On October 29, 1969, the top burner was ignited and burned for 1Y2 
hours at a heat release rate of abou t 1 million Btu / hr. After shutting off the 

burner, air flow was started at 5,000 scfh and retorting progressed downward 
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The water-oil mixture produced in the retort drained into the oil collection 4,000 0 

tank. This tank was mounted on load cells, and a record of liquid product 'Downward velocity of the 800'F temper 

FIGURE 6.-Thermocouple arrangement and temperature profile of the shale bed 18 fee l 
above the grate. 

through the bed. The retort pressure was maintained at 2 psig for the entire 

run. The run continued for 24· days and operating conditions were changed 

as shown in table 1. Because this first run was a shakedown run, air and 

recycle gas rates were changed periodically to determine effects of these 
changes on the operation of the retort and auxiliary equipment. Air rates 

ranged from 4,000 to 7,500 scfh and recycle gas at 5,000 scfh was used 

with air for two test periods at a 1: 1 ratio. 

TABLE I.-Operating conditions lor ruT/. 1 0/ lSO-ion retort 

Date Days of Air rate, Recycle gas rate, Air-recycle 

1969 operation scfh scfh gas ratio 

temperature below the sponlaneous 
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production was made. At intervals when the collection tank was approximately 

half full, the water-oil mixture was drained to a mixing tank, thoroughly 

stirred, sampled, and transferred to a SOO-barrel tank for storage. This pro

cedure was repeated 14. times during the run. 

All of the gaseous product from the retort that was not recycled was 
metered and flared. This stack gas stream was arbitrarily sampled every 2 

hours for analysis by gas chromatography. For ease of operation two chrom

atographs were used: one to separate and determine carbon dioxide and the 

higher hydrocarbons, the other to determine carbon monoxide, oxygen, nitro

gen, and methane_ 

The run was terminated November 21, 1969. By that time the grate 

temperature had reached 500°F, somewhat lower tban the 600°F maximum 

allowable design temperature, and most of the shale in the retort had attained 

retorting temperature_ Air flow was stopped and recycle gas was circulated 

through the retort to cool the spent shale. This cooling prevents sponstaneous 

ignition of the shale when it is dumped and exposed to the atmosphere. After 

18 days of cooling, the maximum bed temperature was reduced to 240°F, a 

temperature below the spontaneous ignition temperature of spent shale. The 
retort was then emptied and the spent shale was weighed , sampled, and 

analyzed for oil content. 

TEST RESULTS 

The overall operation of the retort and auxiliary equipment was excellent 

and retorting continued smoothly for the entire 2tl.-day run. Pressure drop 

through the bed was about OJ inch of water for most of the run and gradually 

increased to O.S inch of water during the last 5 days of operation. Thermo

couples located throughout the bed provided data on temperature changes, 

maximum bed temperatures, and approximate retorting advance rates. The 
retorting advance rates were obtained by calculating the downward velocity 

of the 800°F zone_ Values obtainecl for these variables are shown in table 2. 

TABLE 2.-0perating conditions, maximum bed temperatures, and retorting 
advance rates for run 1 of ISO-ton retort 

o Maximum bed Approximate
1:15000 Air rate, Recycle gas temperature, retorting advance 

o scfh rate, scfh OF rate, inlhr' 
o 

5,000 0 1,4-90 1.0o 
5,000 5,000 1,240 .81:15000 
7,500 0 1,630 1.2 
4.,000 0 1,230 .5into the oil collection 


'Downward velocity of the BOO °F temperature 7.One.
record of liquid product 
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Maximum bed temperatures ran ged from 1,2:30o f lo 1,6:30or , and the 

rate of advance of the sooor zone ranged from 0.5 to 1.2 in / hr. As expected, 

higher air rates increased bed temperatures and in creased the velocity of the 

sooor zone. Using recycle gas lowered the maximum bed temperature about 

250°F and decrea sed the rate of ad vance of the hea ted zone from 1.0 to 0.3 

ill / hL This zone advanced throug h the large bl ock at a rate of abo ut 0.7 

in / hr somewhat slower thall through the res t of the shale bed at comparable 

operati ng cond iti ons (5,000 scfh air and 5,UUO scfh recycle gas). 

Figure 6 is an exa mple of the tempera tu re profile observed at various 

levels in the retort during the run. This fi g ure shows that all thermocouples 

at this level reached [lOO °F within 1 Y:z days and maximulTl temperatures were 

attained by all the rmuco uples within one-half day. This tempera ture profile 

ac ross the shal e heel during the hea tin g period was considered quite uniform. 

Thermocouple locations and dimen!'ions of the 7,500-pOlIlld shale block, 

located at midpoint in the shale bed , are shown ill figure 5, and fig ure 7 shows 

the temperature history of each thermoco uple as th e block was heated . The 

temperature at the cenler of the block reach ed the gOOor level about 1 Y2 days 

earlier than the temperature nea r the left edge. 1l1is unusual tempe rature 

behavior indicates the need for furth er sludies o f this type. The block reached 

a maximum temperature of 1310° F, and all thermoco upl es reco rd ed in excess 

1,4 00 I I 

.c-Thermocou ple 

1,200 I- S Y~BOl=TC~ No } ee nler 0' block ."··· r burned our 

o - ~ 

1,000 r ~ } l, Ir ed ge of bloc k \ 
\ 
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600 '"" 
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 '0'---0 _ 
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,.. ~ 
o L---.L--~,-----::---~,o " 

12 13 14 I~ 16 
TI M[ FROM START OF RUN, da ys 

FIGURE 7.-Tempera ture profile of 7,500-pound shale block retorted during run 

Number 1. 
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of lJ ooaf for about 3 days. 

Liquid recovery rates and run conditions are shown in figure 8. The total 

weight of liquid collected each day during the run is plotted in lb/day units. 

for the first 5 days, oil and water apparently collected on cold shale surfaces 

and little product was recovered. When the retort outlet temperature reached 

lOoof, a sudden surge was noted that reached a maxim lim of 4 ,620 Ib/dilY. 

After stabilizing at about 1,600 lb/day, the recovery rate again increased on 

the twelfth day, because of the higher air rate, to about 2,500 lb / day. A 

total of 2,695 gallons (GtL2 barrels) of oil and 1,680 gallons oJ water were 

collected during the run, and the oil yield was 60.4, percent of Fischer assay. 

Each time the oil recovery tank was drained , a sample was collected, and 

these sample locations are indicated on the curve. Water yield and relative 

amounts of distillate oil fractions for each of the 14, samples are shown in 

table 3. Simulated distillation'" was llsed to compared the relative amounts 

of distillate fractions of these samples. As shown in table 3, the composition 

of the samples remained essentially constant from the third to the thirteenth 

sample. The first two samples contained a higher percentage of naphtha and 

the final sample contained a greater proportion of heavy distillate and less of 

'Simulated distillation Ilsed is it GLC technique being developed by the Bureau of 
Mines 10 supplement the information that can be obtained from a crude shale oil. 

:;
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the lighter fractions. It should be pointed out that the distillation analysis 

shown includes only the distillate fractions. In addition to the distillate each 
of these samples contains some unknown amount of residuum. 

A comparison of the properties of a composite oil sample produced during 
this experiment with properties of oil from the lO·ton retort is shown in 

table 4,. This table shows that oils produced in the two retorts from similar oil 
shale charges are not greatly different. 

TABLE 3.-Watcr yield and relalive amounts of distillale oil fractions 

Sample number 2 3 4 5 6 7 B 9 10 11 12 13 14 

Water, pet 58.2 34.3 43.8 41.5 37.1 37.6 35.1 ,16.4 45.5 4·5.0 45.3 43.7 34.0 18.7 
Simpiated 

distillation, 
wt PCl1 

Naphtha 14 13 7 7 7 Ii 8 9 9 9 7 7 7 4 
Light 
distillate 38 39 41 41 41 41 41 4·0 39 39 41 41 40 34
Heavy 
distillate 4S 4S 52 52 52 53 51 51 52 52 52 52 53 62 

lThe weight percents shown are hased on total distillate and not on total sample. 
Residuum is nol included. 

TABU; 4·.--Oil yield and oil properties 
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FIGURE 9.-Selected gas analyses and TUn conditions [or run NunJber L 

for combustion. Carbon dioxide increased sharply from 11 to 26 percent by 
the third day and increased to 31.5 percent during the high air rate period. 
These ca rbon dioxide values, higher than would be expected from carbon 
combustion, are due to mineral carbonate decomposition. Figure 9 also indio 
cates that retorting conditions were not at equilibrium until approximately 
3\12 days after ignition. 

Table 5 lists operating co nditions and process gas analyses for all com· 
ponents determined. The values presented are averages for the duration of the 

retorting condition listed. Less than 3 percent of the gas was hydroca rbons, 
and about one·third of that amount was methane. The hydrogen concentration 
was low for the entire run. The amount of gas produced in the retort (stack 
gas rate minus air rate) varied considerably owing to changing conditions, 
and a maximum of 2,700 scfh was reached at the 7,500·scfh a ir rate. 

The spent shale appeared to co ntain very few unretorted pieces. Most of 
it was grey on the surface, but the centers of these p ieces were black owing 
to unburned residual carbon . A representative sample of the spent shale 
analyzed OA. gal/ton by Fischer aS53Y ,( 1.6 percent of the original assay), 

which indicates high retorting efficiency. The largest piece reco vered from 
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piece appeared to be completely retorted. The shale bed height decreased by 
7.8 percent during the run, primarily owing to breakage of the retorted shale. 
A total of 126.1 tons of spent shale was discharged. 

Table 6 lists the material balance for the run. Although a 1.3-percent error 
is noted, the overall closure is good. 

TABLE 5. 0perating conditions and gas analyses for run 1 of lSO-ton retort 

Operating conditions, sclh 

Re- Average stack gas COlllposillon, voJ pet 

cycle Stack Gas Higher 
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5000 0 64-30 14·30 .06 1.68 65.4·5 1.94 28.79 .90 .53 
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TARLE 6.-Material balance for run 1 to ISO-ton retort 
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DISCUSSION OF RESULTS 

The pressure drop through the shale bed for the run ranged from 0.1 to 
0.5 inch of water. These low values are due primarily to a void space of 
about 30 percent and relatively low gas velocities through the bed. This low 
pressure drop suggests that an ungraded shale bed of this size and assay will 
remain permeable during retorting. 

The rate of change of bed temperature and the maximum temperatures 
attained during this experiment are consistent with previous retorting experi

ence. Because of the large diameter of the retort vessel and the large particle
size range of the charge, a nonuniform temperature distribution across the 
shale bed was expected. Instead , only uniform temperature distributions as 
shown in figure 6 were observed at each 3-foot level in the retort. This uni
form temperature distribution seems to indicate that little channeling occurred 
in the bed. Using temperature data alone, the distance between the heating 
zone and the retorting zone cannot be defined. 

The approximate retorting advance rate at various operating conditions 
was determined by calculating the downward velocity of the 800°f temper

ature zone. Changes in run conditions after the system was stabilized show 
well·defined effects on retorting advance rates. future experimentation will 
include longer operating periods at constant conditions to try to confirm these 
data. 

Results of this first run indicate that large pieces of shale, weighing up to 
4 tons, can be successfully retorted. Temperature penetrati on through the 
7,500.pound block was good, and the temperature rise was similar to that in 

other areas of the bed. Other large pieces up to 9 cubic feet in size, located 
in the spen t shale rubble, were found to be completely retorted. future plans 
include placing a large shale block a few feet below the surface of the shale 
bed so it witi remain undisturbed and can be easily exposed for examination 
after a run. 

The oil yield was 60.4, volume percent of fischer assay. Prev ious operat
ing data with the smaller unit indicate that using recycle gas influences oil 

yield. Generally, oil yield was increased by using recycle gas up to approxi
matelya 1;1 ratio with air. Part of the future experimentation will be directed 
toward determining 
Analyses show this 
operated under simi l

optimum conditions to 
oil to be similar to oils 
ar test conditions. 

obtain 
from a 

higher 
smaller 

oil 
10

recoveries. 
-ton retort 

SUMMARY 

Based on the results of one run with the 150-ton oil shale retort, the 
following observations were made: 
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1. 	 The overall operation of the retort and auxiliary equipment was excellent. 

The even temperature distribution acro~s the bed was encouraging. 

2. 	 Pressure drop through the bed remained low (0.5 inch water maximum ) 

during the run , indicating that a column of ung raded shale of the size and 

assay used for this experiment will remain permeable at operating condi· 

tions discussed in this paper. 

3. 	Maximum bed temperatures ranged between 1230° and 1630°F, depending 

on operating conditions. 

4. 	 A large shale block , weighing about 4 tons, was successfully retorted. The 

retorting advance rate and temperature rise of the block were almost the 

same as that of the rest of trp bed at comparable operating co nditions. 

5. 	 Oil yield was 60.4 volume percent of Fischer assay . Results from the la
ton retort indicate that this value can be improved through refinemcnt of 

operation. 

6_ 	 Oil characteristics were similar to those from th e 10-ton retort operated at 

comparable test conditions. 

7. 	 Gas analyses showed few hydroca rbons and low oxygen and high carbon 

dioxide values. Mineral carbonate decomposition was evident. 

8. 	 The overall closure of the material balance was good_ 
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THE POTENTIAL FOR IN SITU RETORTING 

OF OIL SHALE IN THE PICEANCE CREEK BASIN 


OF NORTHWESTERN COLORADO 


3
PAUL M. DOUGAN, ' FRED S. REYNOLDS,2 AND PAUL J. ROOT

INTRODUCTION 

The development of alternatives to production of shale oil by the con

ventional mining / retorting approach has been a focus for considerable re 

sea rch by industry and government for a number of years. One of these, 
namely the production of oil from oil shale " in situ" or ill place, offers many 

attractive features. The potential benefits to be derived from the commercial

ization of an in situ process are both economic and aesthetic. The most 

significa nt of these is the absence of the costly and unavoidably disfiguring 

mining and waste disposal function s associated with a mining/ retorting oper

ation. Other potential bel1efi15 include: lower research and development cos15; 

lower capital cost of the initial operatioll; the use of convention al oil field 

equipment ; and lower labor cost per unit of production. 

Because of the potential benefits, a research program was initiated in 1961 

directed toward processing oil shale in s itu and producing oil from wells that 
differ lillie from cOllventional oil wells. 

THE PROCESS 

]n order to produce o il from oil shale at a significant rate, it must be 

hea ted to a temperature of at least 800 ° F . ] t is relatively simple to accomplish 

this in a closed vessel on the surface; however, there are some formidable 

economic problems particularly that of raising the capital investment for the 

size plants envisioned. To raise shale to this temperature in the g round (in 
si tu ) is considerably more difficult both in principal and in practice. The 

surface retorting vessel is a closed system and the shale being trea ted can be 

'Manager Oil Shale Research, Equity Oil Company, Salt Lake City, Utah. 
'Consulting Petroleum Engineer, Cummings, R eynolds & Associates, Fort 

Worth, Texas. 

'Professor Petroleum Engineering, University of Oklahorna, Norman, Okla
Iwmo. 
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graded as to size and placed in a manner which enables control of both flow 
and surface contact between the heating medium and the oil shale. An oil 
shale formation as found in situ is never a c10secl system per se and the matrix 
permeability is at best limited, with flow and surface contact controllable only 
in a very gross sense. 

The primary barrier to consideration of in situ methods of oil shale re
torting in the Green River Formation of the Piceance Creek Basin has been 
the presumed lack of permeability within that formation ,vhich would allow 
the necessary surface contact bet ween the oil shale and the heating medium. 
This presumed ahsence has caused many researchers to concentrate less on 
recovery or in situ retorting and more on fracluring techniques which will 
provide the required communication. 

As a result of drill stem tests and log analyses of 55 oil and gas exploratory 
wells and core holes drilled in the Piceance Creek Basin, it is apparent that 
there is, in fact, a zone of limited native permeability and porosity" or a 
"Permeable Zone" within the Piceance Creek Basin. ' This zone appears to be 
of large areal extent and contains very substantial reserves of oil if! place as 
oil shale. Figure 1 is a composite log of the Boies Core Hole No.1 (located 
in the center of the Piceance Creek Basin) showing the position of the "Perme
able Zone" with respect to common electric log markers and a histogram 
depicting oil yield in gallons per ton. The "Permeable Zone" in this well is 
approximately 560 feet thick and the average oil yield of the oil shale within 
the interval as measured by Fischer assay is approximately 30.5 gallons per 
ton. Thus, the in place oil for the "Permeable Zone" in the vicinity of this 
well provides incentive for in situ retorting research. 

The idea of using heated natural gas to retort oil shale in situ was con
ceived in 1961." The process, as conceived, consists of injecting heated natural 
gas into an injection well where the gas gives up its heat to the oil shale, 
thereby retorting the oil shale in place. The gas and evolved oil are then 
produced from a production well or wells where the gas and oil are separated. 
The gas is reheated, compressed and reinjected so that it can be used in a 
continuous recycling operation. 

This process has been tested ill the laboratory3 4 0 G and in a field project1 

which is currently in operation. Results to date indicate that a high gravity 
crude oil superior in quality to shale oil which is retorted conventionally can 
be produced In the laboratory and in the field. 6 

IN SITU RETORTING OF OIL SHA 

RESISTIVITY 

ZONE ~I--+__ __ 

FIGURE I .-Boies 

• Although oil shale is regarded as generally impervious, it can contain minute pores 
or hairline cracks, see column 2, Dougan U.s. Patent, No. 3,241,611. 
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THE MODEL 

After the laboratory and initial field tests of the process, work was begun 
to develop a mathematical model to simulate the field application based on the 

knowledge gained from the initial research. 
The model describes heat and fluid flow from a central injection well to 

four producing wells arralIged in a typical inverted five·spot pattern. The 
basic assumptions made in constructing the model are: 

1. The conductive heat transfer is two dimensional; horiontal and vertical. 
2. The convective heat transfer is one dimensional; horizontal. 

3. The fluid flow is one dimensiolIal; horizontal. 


Lj,. The fluid flow rate is such that a constant mass flow rate is realized. 

5. The average heat capacity of a unit volume of shale is the average for 


the matrix and the fractures. 

Figure 2a is a generalized reservoir profile which represents schematically the 
profile in a case where the entire permeable zone is not open to flow in the 
injection and production wells. Figure 21 represents the idealized reservoir 
profile used in the mathematical model. In a full scale commercial project 
where the production and injection wells would be completed so that the 
entire "Permeable Zone" is open to flow, figure 2b would be consistent with 
field practice. 

Table 1 lists the parameters which can be altered in studying oil shale 
reservOIrs. 

The model assumes a confined five·spot; therefore, complete validation 

INJECTION PRODUCTION 

FIGURE 2a.-Prolile of the reservoir llowlines (generalized case). 
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and is currently operating a sinl 
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TABLE I.-In situ oil shale pro, 
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Formation and Over 
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INJECTION PRODUCTION 
MASS IN: MASS OUT 
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HEAT FLOW 


UNOER8URDEN 

CONDUCTIVE HEAT FLOW ONLY 

FIGUnE 2b_-Ideali7..ed reservoir profile_ 

will require multiple fiv e-spot pattcrns to insure the confinemen t of heat and 

Auid Aow in th e central patte rn _ An experimenta l test of this magnitude has 

not been eco nomica ll y justified to da te; however, the company has co nstructed 

and is currently opera ting a sing le inverted five-spot experimcnt called th e BX 

Project in the Centra l Piceance Creek Bas in _' This proj ect has yielded valu

able da ta which tend to validate the modeL 

TAIlLE I.- In situ oil shale project - oil shale reservoir modeling parameters 

Injectio n Temperature 

Ov~rburden Temperature 

Initiol Temperature of Formation & Overburden 

Dis.tance Between Injec tion and Producing W ells. 

Radius. of Injection and P(oductian W ell 

Durotion of Inj ection Period 

Format ion Thidcnes.s. 

Net Enthalpy 01 The Injec ted Fluid 

Speci'ic Gravity of The Inj ected Fluid 

Ratio of Vertical to Horizontal Thermal Conductivity 

Fluid Injecfi on CoS.1 

Formation and Overburden Dens.ity 

Formatio n and Overburden Specific Heat Capacily 

Formation and Overburden Thermal Conductivity (t-Iorizontal ) 

Horizontal Permeability of Raw Shale 

Horizontal Permeability of Sp ent Shale 

Vis.cosi ty of The Injected Fluid 

Oil Content of Th e Shale 

Producing W ell Bottom Hole Pres.s.ure 

A real Sweep Efficiency 

Kinetics Cons.tonts 

Injection Rate 
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PATTERN SELECTION 

Econom ically successful appli ca tion of the process to in situ oil shale 

retortinc; will require inj ec tion ra tes hioher than those so far achieved . The 

inj ec tion rate is a {unction of p ressure, formati on interval be ing treated, aud 

well spac ing. 

F ield experi ence has shown tha t a t 900 0 to 1000°F , worki ng pressures 

{rom ] 150 to 1250 psio a re possible using specifica lly modified oi l field 

equipment, but hi gher pressures a t s imilar temperatures require exotic equip. 

ment whieh cann ot be eco ll om icall y justified a t this time. Hence, an inj ec tion 

pressure ill the ra nc;e of 1150 to 1250 ps ig has been used as para meter when 

choosing optimum formation interval and well spacing . 

Inj ec tivity is d irectly proportiona l to the {ormati on thickness being trea ted 

if uniform tra nsm iss ib i Iity is assumed ; therefore, a two· fold in crease in 

formation thickness will accommodat(~ a two-fold in crease in inj ec tion a t the 

same inj ec tion pressure. 

The spacing between inj ection wells a lso direc tl y inAuences inj ection rate. 

Closer spac ing all ows a higher inj ec tion ra te into th e sa me form ation interval 

at the sa me pressure, a nd converse ly wider spacing reduces the inj ecti on ra te 

a ttainable into the same formati on interval a t the sa me press ure. 

The obj ec tive ill choosing a pa ttern for in s itu development is to selec l one 

whi ch exploits th e m ax imum alllount of shale while yielding th e highest ra te 

of return 0 11 investment. Field tested operatin g conditioll s and equipmen t 

should be used as has ic parameters ill o rder to select the bes t pattern . Th ere· 

fore, the hyp othetica l inverted fi ve-spot pallerns studi ed for this paper had the 

common characleristics listed in table 2. The forma ti on characteri stics 

li sted in table 2 are believed to be reasonable for the area. The inj ec tion 

ra le a nd o th er operating co nditions are co nsidered to be obta inable based upon 

field experience. 

TABLE 2.- 1n situ oil shale project - pattern characteristics 
Formation Characteristics Operating Conditions 

Formation Thickness Injection Temp. 900' F. 
Treated 470 Feet Injection Press. 1150-1250 psi 

Formation Den sity 133.98 Ib / cu . ft . Initial Formation 
Kerog en (oil) Temperature 80' F. 

Concentration 27.2 gallton Injection Rate 12 MMSCF / day 

Areal Sweep 
Efficiency 78.25% 

Recycle Rale 
(Iololgas re
cycled/ total 
gas injected) 85% 

IN SITU RF.TORTING OF OIL SHALE I 
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pattern sizes are listed in table .3 . 
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FIGU IlE 3.- I n sitl! oi J shaJe pro jc 

TABLE .3.- / n situ oil shale project - co. 

Pottern Size l-Acre 

Distance From Injector 
to Producing Well 147 Ft. 

Project Life 3.42 yrs. 7. 

Number of Potterns 
Required to Develop 
One 40-acre Unit 40 

Total BTU Injected Pe r 
40-Acre Unit (over 
project life) 19,372M' BTU 20,5 

Gross Oil Recovery -
End of Proj ect life 22,866,250 24, 

Oil Recovery - End of 
3.42 years 22,866,250 9, 
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Four pattern sizes were selected for illustrative ana lysis usi ng the mathe

matical model. These patterns co ve red one, two, three and four acres. Eco 

nomics calculations were done on the basis of 40,acre development; thus, 

there would be 40 five·spots in a development unit on a one·acre pattern, 20 

five·spots for a 2·acre pattern , 13.33 five·spots for a 3-acre pattern and 10 

five-spots for 4.·acre pattern. Figure 3 shows a plan view of a typical 4,0·acre 

development using a two·acre pattern size. The computed results for the four 

pattern sizes are listed in table 3. 

0 0 0 0 0 
!21 ¢ !21 P 

0 0 0 0 0 PlAN view 

!21 !21 !21 fJ 
PATTERN SPACING: 1 ACRE 

OEVHOPMENT TII"'O : 40 ACRE 

0 0 0 0 0 0 

!If 
PROOUCTtON Wfll 

IN JEC TION WEll 

;J f}i !If .0 SC"'l£ · -= 1q~ flET 

0 0 0 0 0 
fJ f21 0 f21 

0 0 0 0 0 
IJ ¢ !21 ¢ 

0 0 0 0 0 

F[Gum: 3.- Tn sil.u oi l shale project - development scheme. 


TABL£ 3.-ln situ oil shale project - computed results - jonr pattern sizes 


Pattern Size I·Acre 2·Acre 3·Acre 4·Acre 

Distance From Injector 
to Producing Well 147 Ft . 208 Ft. 255 Ft . 295 Ft. 

Project life 3.42 yr<. 7.25 yr<. 11 .83 yr<. 14.91 yr<. 

Number of Patterns 
Req,uired to Develop 
One 40-ocre Unit 40 20 13 .33 10 

Total STU Injected Per 
40·Acre Unit (ove r 
project life) 19,372M'BTU 20,533M' BTU 22,331M'BTU 21,114M'BTU 

Gross Oil Recovery -

End of Project life 22,866,250 24,074 ,046 24,427,992 24,615,236 

Oil Recovery - End of 
3.42 years 22,866,250 9,262,386 5,795,857 4,318,619 

http:highe.st
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A cursory inspection of table 3 indicates the following interesting 

relat10nsh i ps: 
1. 	 The proj ect life increases as spacing and pattern size increase. 

2. 	 A spacing of one acre yields the most oil in a 3.42 year period, but the 

least oil for the projecllife. 

3. 	 Total oil recovery over project life increases as pattern size increases. 

4. 	 Yearly production rate cieci'eases as pattern size increases. 

Figure 4· is a graph of gross oil recovery for the four pattern sizes as 

applied to the development of a 4·0-acre tract and figures 5, 6, 7 and 8 are 

plots showing the temperature distribution for each pattern size at the termina· 

tion of each project. 

From the Etandpoint of oil recovery rate, an initial conclusion might be 

drawn from the analysis of the four patterns that the one-acre pattern is 

superior to the other three. If oil recovery rate were the only economic factor 
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PATT'N 
PROD . WellS INJ . WelLS 

SIZE 
NO. COST NO . COST 

$000 $000 

1 ACRE 54 2,434 40 3,840 

2 ACRE 30 1,380 20 1,920 

3 ACRE 22 1,012 13.3 1,277 

4 ACRE 18 828 10 960 
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crude in western Colorado. No d ' 

529 

499 

470 

441 

411 

382 

...... 313 

..... 2Q4'''~ 

~ '264 ~ 
~ '2JS:::i 
~ 200 t 
~ 176 

147 L'" ;;
118 ~ 
88 l 
59 

29 ~ ~. " "'-""'.'"-.LJ ___°[900- 
- -)00- ~_O~-b-'2JO-260280 )00800 _ - '-80 200 2'2 

In,co.on Produci ng 
W e ll HORIZONTAL DISTANCE - FEET W ell 

- ---w -..- 00. - - SO-woTtOlAO 160 

F1CUl1E 8.-Equity Oil Company: 4·acre study. 

of importance, this wo uld be tru e. H owever, further analysis will indicate 
tha t this conclusion is n ot valid. 

Table 4 shows the estimated capi ta l cost and yearly operating cost for a 

4.()·acre development using the four pattern s izes studied. 

FrcunE 7.- Equity Oil Company: 3·acre study. 
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TABLE 5.-111 sita oil shale project -
Lr. 

Gross ; Net 
Pott. 
Size 

Proi · 
Life 

Oil 
Prod. 

Oil 
Prod. 

(Yeors) (Millio n Bbl, .) 

1 A cre 3.42 22.9 20.0 

2 Acre 7 .25 24 .5 21 .4 

3 A cre 11 .83 24.7 21.6 

4 Acre 14 .9 1 24 .9 21.7 

.. Assumes 12 .5% royalty . 

" . Assumes producfion tox similar 1o 
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TABLE 4.-1n situ oil shale project - capital and operatin.g costs. 40 acre-
4,70- foo t interval 

PATT'N 
SIZE 

PROD. WELLS 
NO. COST 

$000 

INJ. WellS 
NO. COST 

$000 

' TOTA·l 
SURF. INSTAll NS CAP' l 

NO. COST COST 
$000 $000 

MSCF 
DAilY 

INJ. RATE 

OP. COST 
PER YR . 

$000 

1 ACRE 54 2,484 40 3,840 40 8,666 14,490 480,000 11 ,087 
2 ACRE 30 1,380 20 1,920 20 4,579 7,879 240,000 5,555 
3 ACRE 22 1,012 13.3 1,277 13.3 3,218 5,507 159,960 3,709 
4 ACRE 18 828 10 960 10 2,538 4.326 120,000 2,771 

TANCE - fEET 

);1 Company: 3·acre stud y. 

SPACING STUDY . 4 ACRl 

INJE(rION MA...1ElR:~lM~~~FiOAY 
INJECTION RA I 

TIME At PLOl IS YRS 

HMP IN DEGREES FAHRENHEll 

-----------------------.00 

4.acre stud y. 


ft ll.ther analysis win indicate
H owever , 

cost for aital cost and yea rly operating 

pattern sizes studied. 

Using the capi tal and operating costs shown in table 4 and a $3.165 / bbl 

value for the prod uced shale oil , a cash flow analysis was made for each of 

the four cases . The value of $3. 165 for produced sha le oil was selected for 

illustra tive p urposes onl y si nce it corresponds to the field price oj conventional 

crude in western Colorado. No disco unt was taken for the cost of denitro 

genati on or pipeline tar iff from the field site to a regional pipeline. The 

results of the cash flow a nalysis are shown in table 5. 

Figure 9 is a p lot oj the present value of future profit versus discount rate 

using each of the four pa ttern spaci ngs, and figure 10 is a plot of the present 

value of future profit versus spacing for disco unt rates of IS , 20 and 25 

percent. This analysis shows th at of the four cases studied, a spacing pattern 

of 2 acres per five·spot y ields the highest rate of return on investment, and 

TABLE 5.--111 situ oil shale project - cash flow anal)'s£s. 40 acre--470-foot 
interval 

Gross .... Ne t 
Pott . Proi · Gross Ope r. f: * Prod. Ope r.Oil Oil Inve stment
Size lile Income Expense Taxes ProfitProd. Prod. 

(Yea ,,) (Millio n Bbls.) . ..... . .... . .. (Mill ions 01 00110") ...... 

1 A cre 3.42 22.9 20.0 63.3 37.9 3.2 150 7 .2 
2 Acre 7.25 24.5 21.4 67 .8 41.2 3.4 7.9 15.3 
3 Acre 11.83 24 .7 21.6 68.5 42.0 3.5 5.5 17.5 
4 Acre t4 .91 24 .9 21.7 68.8 41.8 3.5 4 .3 19.2 

.. Assume s 12 .5 % royalty. 

• . Assumes production tax si milar to thot paid in Rio Blanco Count y, Colorado. 
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that the one·acre spacing pattern will yield the lowest rate of return. Any 

changes in capital and operating costs and oil recovery percentage will affect 

the present value of future profit and may alter the pattern choice. 

A summary of the potential economics for a 4O·acre development using 

the 2·acre pattern size is shown in table 6. 

Of primary importance in the economic su ccess of an in situ operation 

is the gas recycle rate. In the cases studied, 86 percent of the operating cost 

is the cost of makeup or new gas. 

•• ~ 
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TABLE 6.-ln situ oil sha.le project 
foot interval, 

Net Oil Recovered - Bbls. 

Recovery Time - Years 

Oil In Place Recovered - % 

Total Capital ___ .. _ .. _.. _._..__._._. __.._.. 

Capital Per Bbl. Recovered _.__._ .. _.__ 

Total Operating Cost ... .___ _._ 

Operating Cost Per Bbl. Recovered _ 

Production Taxes Per Bbl. 

Total Cost Per Bb\. Recovered __ .__ __.__ 


Revenue Per Bb\. Recovered _'_" _" ' _'_ 

Net Profit Per Bbl. .__._ .. _._. __.__._. ___." _' 

Rate of Return on Investment ___ ,, __.._ 
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86 percent of the operating c 

CONCLUSION 

In summary, the following points can be made: 

1. The oil shale reserves of the "Permeable Zone" in the Piceance Creek 
Basin are substantial and provide considerable incentive for in situ retorting 
research. 

2. Laboratory and field research has shown that in situ retorting of oil 
shale using heated natural gas is a feasible and potentially economic method 
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TABLE 6.-ln situ oil shale project - potential economics. 4() acres - 470· 
foot interval, 2·acre spacing. 

Net Oil Recovered - Bbls . .... ..... .. ..... ..... ... .. .... ... . 21,411 ,500 

Recovery Time - Years ........... ..... ....... .... ... .. 7.25 

Oil In place Recovered - % ...... ... .............. ... .. .. .. 70.2% 

Total Capital .. .... ..................... ..... .. .. ......... ... $7,879,000 

Capital Per Bbl. Recovered ....... ..... .................... $.37 

Total Operating Cost ....... ... ....... ... ..................$41,198,100 

Operating Cost Per Bbl. Recovered .. ........ ............ $1.92 

Production Taxes Per Bbl. Recovered.. ....... $.16 

Total Cost Per Bbl. Recovered.. ... .. ... ..... ......... $2.45 

Revenue Per Bbl. Recovered ..... ..... .. . .... ............ .. . $3.165 

Net Profit Per Bbl. ....................... ... .... ..... ..... .... ... . $.715 

Rate of Return on Investment 26.6% 


The amount of makeup or new gas required for inject10n was assumed 

to be IS percent of the daily injection rate for the cases studied. Since rates 

approaching this have been achieved in the field in an unconfined five·spot 
pattern, it is assumed that a rate as low or lower can be achieved in a confined 

project such as a 40·acre development using 20 five·spot patterns. In addi· 
tion, the economic calculations shown above assume that the project is charged 

for all gas purchased for injection during its life while, in fact, it is possible 
that there will be some return of capital as a result of blowdown at the 
termination of the project. 

For illustrative purposes, figure 10 displays the present value of future 

profit discounted at IS percent for the 4·acre pattern as a function of 

makeup gas required. It is important to note that a 5 percent increase or 
decrease in makeup gas requirement will cause a 5 million dollar change 
in present value of future profit. Also see figure 11. 
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FIGURE 1O.-In si tu oil shale project - present value of [ulUre profiL vs. spacing. 
4{)·acre - 470·foOL interval. 

for the recovery of oil from oil shale. 

3. Mathematical modeling studies using reasonable formation character

istics and experience ga ined by field testing indicate that a LJ.O-acre trac t with 
these characteristics should be developed on a 2-acre five-spot pattern spacing 
for the highest rate of return_ 

4. The economic success of an in situ project using the hot natural gas 

process is hi ghly dependent on the cost of natural gas and the percentage of 
makeup gas required to sustain the project. 

5. Relatively high injection rates are requisite to the Tecovery method to 

minimize heat losses and provide an adequate rate of return for the high 

initial investments and operating costs; therefore, the geometry of a project 
must be selected prudently to accomplish the Aow requirements within the 
pressure limitations_ 

6_ With the current price of oil in northwest Colorado, a royalty of 12~ 

percent and opt imum operating conditions, the indicated profit is only 62 

cents per gross barrel to the private investor. The implementation of a certain 

cabinet task for ce proposal for forcing down the price of crude oil will unduly 

delay the development of an important natural resource which is 90 percent 
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owned by the Federal Government. If a project were developed on Federal 

lands on the basis of 12Jf percent roya lty, it is conjectured that the public will 

realize 40 cents per barrel income with no risk capi tal from the Federal Gov

ernment ; whereas, if the price of crude o il is reduced materially, the p ubl ic 

will not experience any benefit in the foreseeab le future from this reso urce. 

Those of us that have fee o il sha le lands enjoy slightly more lati tude and 

courage for making the necessa ry investments for shale o il recovery . 

FIGURE 11.- Prcsent value of .future profit. Discoun ted cash flow vs. makeup gas. 
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RESOURCE APPRAISAL OF THREE RICH OIL-SHALE 

ZONES IN THE GREEN RIVER FORMATION, 


PICEANCE CREEK BASIN, COLORADO! 


JOHN R. DONNELL AND ROBERT W. BLAIR, JR. 

ABSTRACT 

The main oil-shale-bearing member of the Eocene Green River Forma
tion, the Parachute Creek Member, contains several distinct rich oil-shale 
zones that underlie large areas of Piceance Creek Basin in northwestern 
Colorado. Three of these have been selected for an oil-shale resource-ap
praisal study. Two overlie and one underlies the main saline zone in the 
Parachute Creek Member. The uppermost of these zones, the Mahogany 
Zone, is in the upper third of the Parachute Creek Member; it ranges in 
thickness from less than 75 to more than 225 feet and is the most persistent 
oil-shale unit in the Green River Formation underlying an area of more than 
1,200 square miles in the Piceance Creek Basin. The second rich zone is 
separated from the Mahogany Zone by a variable thickness of sandstone, silt
stone, or low-grade oil shale. This zone attains a maximum thickness of 
more than 250 feet and underlies an area of more than 700 square miles. 
The third rich oil-shale zone is in the lower third of the Parachute Creek 
Member. It underlies an area of about 300 square miles near the depositional 
center of the Piceance Creek Basin and attains a thickness of more than 150 
feet. The three rich oil-shale zones have total resources of 317 billion barrels 
of oil in the areas appraised. 

INTRODUCTION 

The Green River Formation of Eocene age underlies large areas in south
western Wyoming, northeastern Utah, and northwestern Colorado (fig. 1). 
The area described in this report makes up most of the Piceance Creek Basin 
in northwestern Colorado (fig. 1). In much of this area the Green River 
Formation consists of four members, in ascending order, the Douglas Creek, 
the Garden Gulch, the Parachute Creek, and the Evacuation Creek (fig. 2). 
The Douglas Creek consists of sandstone and minor amounts of algal and 
oolitic limestone; the Garden Gulch is mainly clay shale and low- to moder-

U.S. Geological Survey, Denver, Colo. 
1Publication authorized by the Director, U.S. Geological Survey_ 
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ate-grade oil shal e that grades into richer oil shale at the basin center; the 

Parachute Creek is almost entirely low-grade to rich oil shale that contains 

thin analc:itized tuff beds and thin sandstone beds, finely disseminated daw
sonite, pods of nahcolite, and beds of halite and nahcolite ; the Evacuation 

Creek consists of tuffaceo us siltstone and sa ndstone and minor amounts of 

low·grade oil shale and barren madstone. 
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were derived from an averaging program prepared by George Van Trump 
of the U.S. Geological Survey. This procedure involved averaging more than 
35,000 assays of oil shale. The oil·shale assay histograms of figure 3 were 
machine plotted by means of a computer program devised by Margaret 
Roberts of the U.S. Geological Survey. The machine plotting resulted in a 
tremendous saving of time and an accuracy much greater than that achieved 
by hand plotting. 

Most of the oil·shale assays utilized in this compilation were obtained 
from the U.S. Bureau of Mines Oil Shale and Petroleum Research Center, 
Laramie, Wyoming. 

CORRELATABLE BEDS AND MARKERS 

Because of the economic potential, the Parachute Creek Member has been 
studied thoroughly through the yea rs and ill it numerous correia table beds 

have been recognized and some of these have been mapped in the Piceance 
Creek Basin. Some of these beds are altered ash; others are rich oil shale. 
More recently, because of increased density of drilling, several horizons in 
the Green River Formation that have distinctive electrical resistivity char
acteristics have been recognized on electric logs and have been correlated 
across much of the Piceance Creek Basin. Two of these horizons, the black 
marker and the orange marker, are among the most useful because of their 
association with the oil-shale sequence. The black marker coincides with a 
lean oil·shale zone, the "B" groove, that delimits the base of the Mahogany 
Zone, the uppermost rich oil·shale sequence. The orange marker, in general, 

marks the lower limit of saline minerals, or of oil shale of potential economic 
interest. 

OIL-SHALE ZONES 

In addition to correia table beds in the Green River Formation, several 
correia table oil·shale zones may be differentiated on the basis of their overall 
high shale·oil content. 

The widespread occurrence of the rich Mahogany oil·shale zone has been 
known since the early 1920's. The Mahogany Zone was initially defined as 

the "Mahogany ledge" because of the ledging outcrops of the rich oil-shale 
beds. The Mahogany Zone virtually coincides with the Mahogany ledge but 
its extent is interpreted by oil yield; it can, therefore, be delineated in the 

subsurface by means of assay histograms. This zone has been the target of 
exploratory core drilling and has been the unit upon which most cost estimates 
have been made for proposed commercial oil-shale ventures_ In the last 15 

years numerous core holes have also been drilled through the oil shales that 
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underlie the Mahogany Zone. This drilling was stimulated by the high oil 
yield of rotary cuttings in wells that had been drilled for oil and gas in the 
Piceance Creek Basin. Initial assays of the core indicated the presence of a 
sequence of almost continuous rich oil shale to a depth of as much as 1,500 
feet below the top of the Mahogany zone near the middle of the Piceance 
Creek Basin. No distinct correlatable rich oil·shale zones below the Ma· 
hogany Zone were noted in the evaluation of these first assays, but as density 
of core drilling increased, and when cores were assayed at about I-foot 
intervals, it became apparent that rich oil-shale zones other than the Ma
hogany Zone were present and could be delineated and traced across a con
siderable area of the Piceance Creek Basin. 

The Mahogany Zone and two others, theR-6 and R-4., were selected for 
resource appraisal because of their persistence and their relative lack of 
contamination by beds of halite and nahcolite. In places in and near the 
centers of saline deposition, other zones are of equal thickness and richness, 
but the abundance of saline minerals so alters the oil-yield histograms as to 
make reasonable correlation of these oil-shale zones virtually impossible. 

DESCRIPTION OF ZONES 

Figure 3, showing a northwest-trending cross section in the Piceance 
Creek Basin, uses oil-shale assay histograms from three cores to delineate the 
three zones for which resources are calculated. The histograms represent 
about 1,000 feet of rocks that span roughly the middle third of the Parachute 
Creek Member. The three rich intervals are labeled, from top to bottom, the 
Mahogany Zone, R-6 zone, 'and R-4 zone. A sequence of lean oil shale that 
separates the Mahogany Zone from the R-6 zone is "B" groove, which coin
cides in part with the previously mentioned black marker. The interval 
between R-6 and R-4 contains oil shale that varies considerably in assay 
value. At well B (fig. 3) the rich oil shales in this interval are equivalent in 
thickness and value to the oil shale in adjacent rich zones; however, here 
the interval also contains thick interbeds of nahcolite and halite. The effect 
is an alteration of the histogram profiles in such a way that correlation of 
the rich shale sequences becomes very difficult. 

RESOURCE APPRAISAL OF SELECTED OIL-SHALE ZONES 

Three maps were compiled for each zone in computing the resources: 
(1) An isopach map showing basinwide variation in thickness of the zone, 
(2) an assay-value map showing the changes throughout the basin in the 

average assay value of the zone in gallons per ton, and (3) a resource map 
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FIGURE 3.-Northwest-southeast cross section showing correlation of rich oil·shale 
zones and oil-shale histograms. 

showing the potential shale·oil yield in the zone in thousands of barrels per 
acre. Resource tables were also prepared for each zone. 

The thickness of each zone in the subsurface can be determined with 
cOllsiderable accuracy from histograms where complete and detailed assays 
of a core are available. Where assays are incomplete or where the hole was 
not cored, the thickness of the zones can be determined fairly accurately from 
density, sonic, electrical, or other geophysical logs of the hole. 

The average assay value in gallons per lon of the rich oil·shale zones is 
derived by averaging the assay values of all samples in the zone. Where 
samples are missing the assigned potential oil yield is a value that corresponds 
to the value in the equivalent interval of an adjacent hole. Where the missing 
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interval is also missing in an adjacent hole, a value of zero is assigned. 
The resource map is constructed by calculating the potential shale-oil 

yield of each zone in barrels per acre for each data point. Isoresource lines 
are drawn, and the areas so delineated are measured by planimeter to 

calculate the resources in barrels. 
Resources are unappraised in areas where no assay information is avail

able on the value of the shale or where the average assay value of the zone 

is less than 10 gallons of shale oil per ton. 
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190 data points were used in the compilation of figure 4·. The Mahogany 
Zone of this area ranges in shale·oil value (fig. 5) from less than 15 gallons 
of oil per ton near the margin of the area to more than 25 gallons of oil per 
ton in the central and southeastern parts. The zone contains less than 100,000 
barrels of shale oil per acre in the southeastern and southwestern parts of the 
area and more than 300,000 barrels per acre in the north-central part (fig. 6). 
In an area of 1,132 square miles, resources of 164 billion barrels of shale 
oil are estimated for the Mahogany Zone .(table 1). In the heart of the 
deposit, the Mahogany Zone, in an area of 186 square miles, has an average 
oil content of 350,000 barrels per acre and a total resource value of 42 billion 
barrels of shale oi l. 
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TABLE l.-Oil-shale resources of the Mahogany Zone 
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Area oil resources 
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are estimated at 102 billion barrels of shale oiL In the richest part of the 
deposit, ullderlying an area of 113 square miles, the zone contains an average 
of 350,000 barrels per acre and a total resource of 25 billion barrels (table 
2). 

TABLE 2.-0il·shale resources of the R·6 zone 

Average shale 
Area oil resources Total resources 

(square miles) (thousands of barrels (billi ons of barrels) 
per acre) 
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666 102 
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R-4 ZONE 

The R-4. zone ranges in thickness from about 100 feet, along a west
trending line through the approximate center of T . 3 S., to more than 150 
feet just south of well B ( fig. 10). For the compilation of figure 10, 36 data 
points were used in an area of about 300 square miles. Most of these data 
points are in the north-central pert of the Piceance Creek Basin . Surface 
sections and the few cores near the margins of the basin indicate that the 
zone is missing along the eastern and northern margins of the basin except 
for a small area in the vicinity of T. 1 N., R. 97 W. The zone is thin and 
the values are lean along the southern and western margins of the basin. The 

average assay value of the R-4. zone ranges from less than 25 gallons of oil 
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per ton in the northwest corner, northeast corner, and southern half of the 
area to more than 4.0 gallons of oil per ton in the north-central part (fig. 11) ; 
resources are about 200,000 barrels per acre in the approximate center of the 
basin and more than 300,000 barrels per acre about 10 miles to the northwest 
in, the north-central part of the basin (fig. 12). In an area of 287 square 
mlles, the total resource of the R-4 zone is 54 billion barrels of shale oil. In 
the richest part of the deposit, 115 square miles, the zone contains an 
average of 350,000 barrels per acre with a total resource of 25 billion barrels 
(table3) . 
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barrels of shale oi l in the area patterned with the diagonally ruled line on 

figures 6, 9, and 12. In add ition, it is es timated that the three zones may 
have resources totaling 100 billion barrels of shale oi l in areas as yet unap· 
praised in detaiL 
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It is unlikely that any single product or group of products could be eco· 
nomically made to utilize all the spent shale waste from even one commercial· 
sized shale oil plant. The minimum economic·sized shale oil plant is probably 
25,000 to 50,000 tons of shale per day. A moderate sized brick plant is only 
200 tons per day or a moderate sized cement kiln is only 1,000 tons per day. 
Although in some cases the spent shale could be returned underground it is 
likely that large dumps will be the principle method of shale disposal. Some 
soil mechanics problems of such dumps of shale ash have been considered 
here. 

Spent shale from some retorts is black and contains 3·5 percent carbon. 
This is particularly true of that from retorts in which pyrolysis and com· 
bustion are separated. However, when the carbon is burned for heat recovery 
the shale may be partially or completely burned, calcined , or even fused and 
clinkered and be of a light color. Shale ash is here defined to be such burned 
material in the smaller and intermediate particle sizes. 

Spent shale may be more or less finely divided from the TOSCO recircu· 
lating ball retort or from retorts involving fluidization . Larger particle sizes 
have been ejected from the Bureau of Mines shaft retort. The Union Oil 
Company's up· flow shaft retort dumped large chunks of clinkered spent shale. 
Generalizations are difficult about disposal problems of such widely variant 
material, therefore the smaller size shale ash has been selected for detailed 
study. 

Finely divided shale ash resembles a sandy or silty soil in settlement tests 
or by the Proctor method, but the pozzolanic activity makes inadequate the 
usual Proctor method for determining the optimum water content for highest 
compaction and strength. Cohesion usually continues to increase at water 
contents beyond the optimum water for greatest compaction. The extent of 
formation of silica and alumina hydrates such as tobermorite gel, ettringite 
and low sulfate·sulfoaluminate is of at least equal importance to the dry 
density in predicting strength. 

Den.ver Research Institute, University of Denver. 

89 



90 QUARTERLY OF THE COLORADO SCHOOL OF MINES 

MATERIAL STUDIED 

Soil mechanics studies have been made using shale from the Colony Mine 

below the Mahogany Marker (designated B.M.) retorted in a TOSCO pilot 

plant recirculating ball retort. Raw shale from above (designated A.M.) the 

Mahogany Marker at the Bureau of Mines site was also collected. These two 

types of shale were burned at various temperatures and resiclence times after 
retorting, in either a laboratory entrainecl solids burner at about 0.6 second 
residence time, or in a rotating bed laboratory burner at \;2- to 2·hour 

residence times. Particle sizes were as shown in table 1. Chemical analyses 
were as in table 2. The material from particle size considerations is a silty 

sand. 

TABLE I.-Particle size analysis of shale samples 

Wt. 'I<, of Particles Smaller Than 

Tyler Screen No. Sample B.M. Sample A.M. 

3 100 100 

4 99.5 97.1 

8 87.9 90.4, 

20 72.4 79.4 

35 65.1 72.1 

65 54,.4- 61.8 

100 48.2 55.8 
150 4,1.0 50.5 
200 34.5 46.2 

270 :33.7 46.0 
325 28.6 4,1.5 

PREPARATION OF SPECIMENS 

In order to minimize the problems and expense of producing large quanti

ties of shale ash fired at various times, temperatures, etc., samples were 
prepared for physical testing which were considerably smaller than those 

usually used in standard soil testing. Thus, it was necessary to design and 

test smaller compaction equipment and compressive testing procedures for 
such equipment. Instead of the standard 4." dia. x 6" high compaction 

samples, miniature 1" dia. x 2" high samples were used. 

To maintain geometric similarity to the standard Proctor compaction test 

equipment (ASTM D698-66T Method A), a compaction hammer having a 

0.5-inch diameter head was made. Figure 1 shows a section through the 
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TABLE 2.-Chel 

Detcnni
nalion 

rup 
B.M." A.M. '" (llOOor·] 
til lIZ #6 

so;) wt. '70 2.63 .17 2.33 
9.32 9.36 4.33Total C 

Inorganic C 4,.41 6.27 4·.03 
.30Oq;anic C 5.41 3.09 

SiO., 33.07 29.38 

AI 203 
9.14 6.75 

Fe20a 3.24, 1.79 

CaO 17.56 18.90 

MgO 7.74 11.31 

Na20 .77 .71 
K 20 1.30 .90 

Sample No. 

1 B.M. Shale hom TOSe 
2 A.M. Shale relorted at 
4 n.M. Shale from TOS( 
5 H.M. Shale from lOSe 
6 B.M. Shale from TOS( 
7 n.M. Shale from TOS( 

compaction apparatus. It has a Y4 
the inside. Two aluminum disks I' 

located inside the pipe with a squan 
at both ends slides freely in the ;;qu 
to one end of the rod and a contro 

compaction device permits good COil 

ash per blow by controll ing the fa 

hammer. 
Several scale tests were rull on 

consistenc), of the density obtained 

miniature test equipment and the SI 
density and water content obtained 

25 blows, a hammer weight of 0.31 

correlated within 2 percent with t 

content obtained by Standard Proct 

the same material. (See fig. 2.) 
The compressive test samples II 

Twenty-five blows of a 0.312 poUtl< 

each liit for a 100 percent comp 

effort are shown as follows: 
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TABLE 2.-Chemical analysis oj material studied :D 
shale from the Colony Mine B.M." B.M.'" B.M '" B.M.* 

Determi B.M ' A.M." 0100 oF-l ht) (1300 oF -l hr) (l500 °F-l hr) 0700 °F-l hr)
retorted in a TOSCO pilot nation # 1 #2 #6 #4· #5 #7 

,bove (des ignated A .M. ) the 

cas also collected. These two 	 S03 wt. % 2.63 .17 2.83 3.07 3.53 2.76 
Total C 9.82 9.36 4.38 3.11 .74 .31 'es and res idence times after 
Inorga nic C 4 ..41 6.27 4.08 2.01 .32 .15 


burner at about 0.6 second 
 Organic C 5.41 3.09 .30 1.10 .42 .16 
y burner at Y2 - to 2-hour SiO., 33.07 29.88 

AI l O 9.14 6.75table 1. Chemica l analyses 	 3 
Fe20 3 3.24· 1.79 

size considerations is a silty CaO 17.56 18.90 
MgO 7.74 11.31 
Na 20 .77 .71 
K20 1.30 .90I shale samples 

Sa mple No. 
; of Particles Smaller Than 1 B.M. S)",k from TOSCO R etort - unburn ed 
)le BM. Sample A.M. 2 A.M. Shale retorled a t 923 °F - unburned 

4 13.111. Shale from TOSCO Relorl - burned al 1300 0 F for 1 hI'. 
S n.M. S haJe from TOSCO Retort - burned al 1500 °F [or 1 hI'.100 100 
6 B.M. Shale from TOSCO Retort - burned al 1l00°F fo r 1 hr.99.5 97.1 7 U.NI. Shal e from TOSCO R eto rt - burned at 1700°F fOT J. hr. 

87.9 90.4, 
72.4. 	 79,4, 

compaction apparatus. It has a 'J4 -inch outside diameter pipe threaded on65.1 	 72.1 
the inside. Two aluminum disks with square holes in the middle can be 54,,4 61.8 
located inside the pipe with a sguare key . A \!i -inch aluminum rod threaded4·8.2 55.8 
at both ends s lides freely in the octuare holes. A compaction foot is fastened 4-1.0 50.5 
to one end of the rod and a control weight is added to the other end. This34.5 	 46.2 
compacti on device permits good control over the energy imparted to the shale33.7 L16.0 
ash per blow by con trolling the fall hei ght and/or th e total weight of the4-1.5 
hammer . 

Several scale tes ts we re run on unburned hilt retorted shale to check the 

cO ll"istency of the density ()btain ed and to make a comparison between the 

miniature tes t equipment and the Stand ard Proctor eq uipment. The optimum 

ures, etc. , samples were density and wilter C() lltent obtained by using the miniature test eq uipment at 

bly smaller than those 25 blows, a h ammer weight of 0.312 p()unds and a fall height of L1Ys inches 

necessary to design and correlated within 2 percent with the optimum density and optimum water 

testing procedures for content obtained by Standard Proctor compacti () 1l test equipment when testing 

the sa me material. (See fig. 2.) 

The co mpress ive test samples were compacted in lifts of 0.4· inches each. 

Proctor compaction tes t Twenty.five bl ows o f a 0. :H2 pound hammer falling 4% inches were used on 

hammer having a each lift for a 100 percent compaction effort. Other levels of compaction 

a section through the effort are shown as follows; 
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FIGURE 2.-Comparison of moisture·density relationship for standard Proctor tests and 
miniature compaction tests on unburned, retorted oil shaJe. 

Wt. of Force 

Percent No. of Drop Hammer in.·lbs 

Compaction Blows inches lbs ram 

100 25 4·.86 .312 1.52 

80 25 3.90 .312 1.22 
4.0 25 l.95 .312 .608 

5 25 .780 .0975 .0760 

The samples were compacted in a l.06·inch inside diameter split mold 
which was held together with two steel rings containing set screws to apply 
the necessary holding force. A rubber membrane 0.03·inch thick and having 
an 1.0-inch inside diameter was put inside the mold. To secure a plane end, 
a l.OO-inch diameter aluminum disk 'y.j-inch long was fitted inside the rubber 
membrane. The mold, with membrane and cylinder, was tied to a steel base 
plate to firmly support it during compaction. The other end of the test speci
men was cut plane by a knife and an aluminum cylinder was inserted to secure 
firm contact with the specimen. 

The mold could then be opened and the test specimen, with membrane 
and end cylinders, removed. The rubber membrane was then securely fastened 
to the end cylinders by means of copper wire in order to avoid evaporation 
or absorption of moisture. The specimens were stored at constant temperature 
for the required number of days, generally after being dipped in wax and 
sealed individually either in screw-cap bottles or fused-sealed glass tubes. Wax 
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coating alone was used to water-proof tho~e specimens to be stored under 

water pressure. 

The unconfined compressive tests were performed <It 0 psi external pres

sure. A standard compressive test apparatus was modified by a variable 

speed electric motor and speed reduction gear. Because of the size of the 

specimens, this was required to bring the strain rate down to ASTM Speci

fication D2166. The proving rings for measuring the applied load of the 

unconfined tests had their movements measured by a O.OOOl-inch accuracy 

dial. 

COULOMB'S LAW OF SHEAR STRENGTH 

Coulomb's law of shear strenp;th under triaxial or lateral pressure condi· 

tions is 

S = c + p tan cf> 

where p is the normal pressure on the sliding plane, cf> is the angle of internal 

friction and c is the cohesion. Figure 3 shows these relations geometrically. 

-s f----t
c 

p 

FICURE 3.-Coulomb's Law. 

Dry uncemented sand has no cohesion but if minute patches of a cement 

such as calcium carbonate (or cohesive hydrates) bond the grains at their 

contacts, cohesion occurs. Cohesion then depends only on the strength of 

the bond and not on the moisture content of the sand' as it does for un

cemented sand. Cohesions possible by cementation are much greater than 

those possible clue to water surface tension in sand or silt, although in clay 

water surface tension can contribute considerable cohesion as the clay be

comes relatively elry. 
The angle of internal friction cf> for uncemented sand is about the same 

as its angle of repose and varies from about 28 degrees for loose round grains 
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to 4·6 degrees for dense well-graded angular grains. The angle of internal 

friction of a cemented sand is approximately equal to that of the same sand 

at the same void ratio in the un cemented conditions.' For silty sand the 

internal friction 1> is almost as great as for sand. 

Pore-water pressure u reduces the normal pressure p on the sliding 

plane and Coulomb's law becomes 

S = c + (p - u) tan 1> 

We assume that cohesion c is unaffected by pore water pressure in this 

discussion since it was assumed in the simpler Coulomb's law above that it 

was unaffected by the normal pressure p_ 

Terzaghi states that triaxial compressive strength tests should be used to 

determine the consolidated-quick shear strengths of silty soils because con

solidated-quick shear box tests on any soils other than soft clays are unreliable 

at best." Because of the relatively low permeability of silt and silty sand 

these soils, when saturated, are likely to fail in the field under conditions 

similar to those of the triaxial consolidated-quick tests." 

Quick increments of positive or negative water pressure appear during 

quick shear of saturated silty sand. If the soil is compacted denser than the 

critical density, the soil becomes looser and less dense, the void ratio greater, 

and the pore pressure less at the sliding plane than in the surroundings. The 

converse is true at densities less than the critical density.3 Thus, below the 

critical density the quick shrar strength is less than the slow shear strength" 

and above it the quick shear s trength is greater than the slow shear strength_ 

These effects are less defined as soil particle sizes become more widely graded. 

They also must become less defined as cohesive strength becomes higher due 

to cementation. Cohesion by cementation must reduce greatly the ability of 

a soil to become disrupted in a thick zone along the sliding plane_ The 

"sliding plane" then becomes a brittle or plastic-brittle fracture. 

For reason of simplicity and for reason of doubtful utility the effect of 

departure from critical density on pore pressure during shear has been 

neglected_ Moreover, only minimum water will be mixed into shale ash 

dumps and pore pressure will normally not build up unless the dump becomes 

saturated by ground water. 

The flatness of the Coulomb plots (from Mohr circle envelopes) experi

mentally found after some normal cementation has occurred has indicated 

that most shear strength data could be collected as unconfined compressive 

strengths rather than as triaxial compressive strengths. 

"During a slow shear failure the local pore pressure equalizes to that of the surround
ings because of permeability of the so il to water. 
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UNCEMENTED PROPERTIES 

Either burned or unburned finely divided spent shale from the samples 
collected resemble widely graded sand or silty sand when either dry or 
moderately moistened (before cementation occurs). Both materials are 
largely uncohesive in these states and are mobile under localized pressure or 
vibration. A continued dry density increase as the water content (and the 
associated "bulk") of the sand·like ash is reduced occurs in constant Proctor 
curves. Figures 4·12 show this effect for the longer burned shale ash studied. 
Figure 13 is for black unburned shale, and shorter burned ground and un· 
ground shale ash. The sandy nature of all the material suggests that it should 
be compacted by rollers, low pressure tires, caterpillar tracks, or vibration 
and that little consolidation can be expected before cementation makes the 
burned spent shale pile rigid . Settlement tests show that the ash, like sand, 
and unlike clay, is not plastic and does not consolidate before cementation. 
HauganG has concluded that the cemented strength seems to increase with in· 
creased compaction effort although the average dry density was not found to 
be increased significantly by the compaction. 
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CEMENTED PROPERTIES 

The unconfined compressive strength of shale ash after compaction and 
cementation can be correlated with time, water added, burning time, burning 
temperature, and starting shale type at 100 percent of Standard Proctor. 
Another correlation is with the quantity of cohesive hydrates formed at a 
given compaction. Both correlations are conservative when made at zero 
triaxial pressure during cementation and extended to field situations having 
a greater triaxial pressure, for a positive pressure effect on strength attain
meut during cementation has been found by Starek." 

The angle of internal friction '" shown by Mohr's rupture envelopes of 
shale ash in the process of cementation shows a gradual change with time 
from a high sandy-type angle to a flat concrete-type angle. As this happens 
the cohesion c increases causing au increase ill the unconfined compressive 
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strength (which at low rf> is t\vice the cohesion c).* Figures 14-19 show 

this effect for shale burned at 1300°F for one hour, as found by Starek." 

In figure 20 the lower curve shows the best line for the unconfined com

pressive strengths at 100 percent Standard Proctor of cemented shale ash of 
normal particle size range ( table I) and various burns plotted against a 

parameter which is the sum of the "Percent Weighted Hydrate Water." The 

nature of the components of this parameter is discussed later. The upper 

curve is for shale ash burned for 0.6 sec . at various temperatures and ground 
six hours in a laboratory ball mill before moisten ing. The strengths obtain

able on such grinding suggest that probably materials of construction could 

be fabricated from shale ash. 
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<This follows since from Mohr's rupture diagram' the compressive strength Ie is given 

rf> rf> 
by Ie = P tan 2 (45°+ - - ) + 2c V lan 2 (45°+ --- ) == 2c when p == 0 and rf> == o. 
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CEMENTATION AND ITS CHEMISTRY 

The rate of cementation of shale ash is similar to that in portland cement 
setting or lime-so il stabilization_' Figures 21, 22, and 23 show typical rates 

of attainment of unconfined compressive strength of shale ash_ The slrengths 

attained without extra grinding are comparable to those attained in lime soil 

stabilization_ (See figure 24,.) 

Diamond and K inter' have recently contradicted some of the hypotheses 

previously held 011 the mechanisms of lime stabilization of day soils. Cation 

exchange, flocculation , and carbonalion were discounted. Instead, they 

postulate (l) a quick ameliorative effect due to reaction at edge-to-face points 

of contact of day particles-within floes to produce very small amounts of 

cementitious species such as calcium and aluminum silicate hydrates which 

improve plasticity and reduce volume change, but is not adequate to fully 

stabilize soil. AIso postulated are (2) long-lerm reaclions where further 

amounts of lhese s ilica te hydrates in the voids within and between the floes 

develop and fully stabilize the soil. Although a "through-solution" mechan

ism was believed responsible for the long-term reactions the short-tenn ameli

oration was thought possibly due to a surface chemical reaction not dependent 

on prior dissolution of silica and alumina from the clay. 

The long-term soil stabilization reactions of Diamoncl and Kinter in

volving clays in soils are believed to be very similar to the pozzolanic reactions 

studied here involving shale ash. Although it is possible that some clay is 

contained in the ash studiecl it is not a necessary requirement since good 

pozzolanic qualities can be found in volcanic glass, opal, zeolite, and hydrated 

oxides of aluminum." Heat treatment frequently promotes the pozzolanic 

activity of these and some nonpozzolans. Clayey materials are also said to 

require heat treatment for best development of pozzolanic activity. 

The development of cohesion by the moistened shale ash is here attributed 

to formation of tobermorite gel, low sulfate-sulfoaluminate, the hexagonal 

C.A - 13H 20, the cubic C:lA . 6H20 and, less effectively, ettringite. The 

hardening of various pozzolanic cements gives various of th ese hydrates" 

and the hardening of portland cement does also. Several differences between 

the cementation of shale ash and the hardening of pozzoianic cement and 

portland cement exist, however. 

Pozzolanic cements vary in initial content of active species containing 

SiO~, AI ~O:l' and sulfate which react to form cohesive hydrates with lime. 
Therefore, they show a wide range of cohesive hydrate species ." II The lime 

can be added in the correct amount for highest strength whereas in spent shale 

ash it is already present from burning and must be taken as found if burning 
conditions are fixed. 
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Portland cement sets as the clinker dissolves and the cohesive hydrates 
form. Portland cement initially contains no lime but Ca (OH) 2 is a by

product which is formed proportionally as the cohesive hydrates are formed. 
The Ca (OH) 2 contributes no strength to the cement and apparently, as such, 

none to undried shale ash or lime-stabilized soils either. Shale ash, on the 
other hand, especially ullder intense burning conditions, can contain con

siderably more lime than can be used in forming cohesive hydrates . 
Pozzolan can be added to portland cement to unite with the Ca (OH h 

formed during normal setting and to reduce the heat liberated as the Ca (OH) 2 

forms. Additional cohesive hydrates are then formed and less portland ce
ment need be used in the concrete for a given strength. In low temperature 

burned shale ash setting at temperatures below 95 OF, an initial temperature 
rise is observed as lime is hydrated, thell the temperature decreases as 

Ca (OH) 2 units with pozzolanic active material to give cohesive hydrates in 
which the water is more loosely held. In better burned shale ash the en

dotherm is not seen (see fig. 25) but a vigorous exotherm is developed. 
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There is gene ra lly some ettring- ite in the cementing hydra tes o f spent shale 

ash. Some sulfa te required for its forma tion is probabl y derived from thermal 

decompos ition of p yr ite during the burning process. T he S02 and SO~ reo 

suiting therefr om may be adso rbed by th e M gO and CaO produ ced during 

buming . This wo uld result in fo r mati on of sulfi te and / or sulfate . Subsequen t 

mo ist a ir oxida ti on of the sulfite to sulfate is probable. 

Experiments to increase the streng th by add iti on of gypsum to laboratory 

ball mill g round sha le ash burned a t 0.6 sec. at vari ous temperatures were not 

successful. Diffe renti a! Scann ing Calo rime try indica ted th at the additional 

eUring ite fo rma ti on was a t the expense of eithe r low sulfa te·sulfoa lumina te 

or CIA . 13H~O . The rela tively low effec ti ve ness of euring ite as a glue in 

the sha le ash studied , as indica ted by the success of a n eUring ite we ighting 

fac tor of only 0 .28<) in the correlatiuns of fig ures 20, 27, 28, and 29, also 

indicates that little is to be gained in develo ping m uch ettring ite in shale ash. 

The possibility o f su lfa te attack, by sulfate·l aden gro und wa ter in equilibrium 

with calc ium sulfa te, on the hardened ma teria l resulting in eUring ite expan· 

sion ("cement bac illus") with strength loss should be furth er cons idered . 

Magnesium ox ide in most por tl and cements is cons ide red detrimenta l 

above about 5 pe rcen t because it is locked inside the cl illke r which slowly 

co ntinu es to hyd ra te after tubermo ritf' and ettr ing ite have fo rmed a fi g id 

stru cture. The Mg(OH )~ fo rmed has a g rea te r volu me th an the origina l 

MgO and th e expanding Mg (OR ):! crystals b reak up the ri g id cement struc· 

tures. Tlte f reely accessible MgO in the o il sh a le ash, however, has been 

found to h ydra te q uickl y befo re lI1u ch ri gid ity is achieved and th erefor e 

sho uld not g ive sli ch t rouhle. 

EF F ECT OF BURN ING T EMP ERATU RE AN D TIME 


ON CE MENT ATION 


High burning temper atures (l700 ° F ) ca use so me reductioll o f the pozzo· 

lanic act iv ity of sha le ash, p robabl y through sintering o f the pozzolanic silica 

and alumina, while low burning tempera tures (1100 °F ) result in no lime 

formation. Howeve r, a wide range of tempera ture is tolerable for reaso nably 

lon g term stre ng ths. Lime reacts, when moistened, with pozzolanic s ilica and 

a lumina to produce the co hesive hydra tes, a lthoug h sha le in whi ch lime has 

no t been produced also ge nerates some of th ese hydra tes. Ad dition of lime 

to shale ash , already co nta ining enough lime for reacti on with the ent ire 

pozzolanic content, was found , as expected, to prod uce no addition al qu antity 

o f cohesive hydr a tes. Well known second a ry additi ves which improve lime 

soil stabiliza ti on, )2 such as sodium hydroxide, ca rbona te, alum inate, or 

metas ilicate, alth ough not tested here, probabl y would a llow increased forma· 
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tion of cohes ive hydrates in lime-rich shale ash. Initi al rates of setting may, 

however, be undes irably in creased for shale dump use. 

The la rge amount of Ca (OH ) ~ possible ill ash form ed under high tempera

ture burning concliti ons conceivably co uld cause such ash, in spite of some 

formation of cohes ive hydrates, to take on characteristics o f g reen lime 

mortar. It would be strong wh en dried but weak when saturated. This has 

not been noted in most results of sa turated s trength tes ts, however. 

MEASUREMENT OF COHESIVE HYDRATES BY DSC 

Midgley' " examined set portlancl cement by differentia l thermal analysis, 

(DTA ) and fOl1nd a sha rp toberm orite ge l endotherm a t 127°C with his 

apparatu s. At a little lower temperature a free water should er occurred and 

at a little higher tempera ture an other shoulde r ca used by ettringite. At about 

5 25 °C a sharp endotherm of Ca (OI-I ) ~ occurreLl. So metimes the low-sulfate 

5u\fn -a lumin ate and C~A ' 1 3H ~0 E'ndotherms wer e seen at intermediate 

tempera tures. 

We have used a P erkin-Elmer differential scanning ca lorimeter ( DSC ) 

as an improved substitute for DTA on cemented shale ash to examine the 

cohes ive h ydra tes . A thermal conductivity gas anal yzer altachment con

nectecl to th e efHuent purge Jlitrogen from the sample compartment allowed 

measurement of the amo unt of wa ter evolved during each endotherm. By 

this appara tus quantitative measurements of the water evolved from the 

va riou s cohesi ve hydrates couill be made. 

Figure 26 shows a pair of typical DSC curves and assoc ia ted wa ter 

content curves of their in e rt purge gases. A special gas collec tion insert, 

to approx imately halve the orig in a l volume, was installed downstream of the 

sample compartment. This sha rpened the evolved water peaks. 

The "crimp-sea led" samples wer e ill the standa rd aluminum sa mple cups 

and lids supplied with the instrument. The lids were loosely crimped on 

with the stand a rd lool and a heating rate of 20° C per minute was used. In 

our early work with crimp-seal ed sa mples it was not possible to disting uish 

very well lw twe.en the endotherms and water emissions of tobermorite and 

eltring ite. Punching several pin holes in the lids did n ot change the situation . 

Eltring ite water a IllI to bermorite water was therefore lumped together and 

equall y we ighted (with some s uccess ) in vari ous ea rly reported co rrela tions 

with strength. Later work has shown much variability in the ra tio between 

the p urge gas water peak area pres umed to correspo nd to tobermorite and 

the calcium, calculated by ca lciulll materia l balance to have gone to form 

tobermorite . Since tlte streng ths correlate better with th e calcium calculated 

tobermorite water than with the purge gas, the water peak a reas are presumed 
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to be variable fo r g iven tobermorite con tents. This variahility is partly due 

to variable drying conditions but is possibl y also due to various types of 

tohermorite ge l. 
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It was found that inserting a teflon disk over the aluminum lid before 
crimping sealed the sample enough to increase the internal pressure, thereby 
causing the ettringite peak to move away from the tobermorite peak up to a 
higher temperature. This, along with use of a slower heating rate of 5°C per 
minute, allowed more accurate measurement of ettringite since there was less 
overlapping by tobermorite. The tobermorite, however, was overlapped by 
free water which in the crimp-sealed runs would have been previously 

removed in the dry nitrogen purge stream. 
Since the teflon seal withstood only about 4-20oK the teflon sealed runs 

were discontinued at this temperature. The peaks of "species X," "species 
Y," magnesium hydroxide, and calcium hydroxide were measured on the 
crimp.sealed type of rUll which could be continued up to 77,S °K. 

Total weight losses of water for both the crimp-sealed and teA on-sealed 
runs were determined by gravimetry after each run and dry sample weights 
calculated therefrom for use as a basis for reporting percent water for the 
various species. Some free water is lost in weighing the 16 to 18 mg samples 
before they are placed in the DSC apparatus, but free water was not calcu
lated from the free water area shown by the gas analysis curve, but by sub
traction of total water from all species from the total weight loss after a 
DSC run. 

USE OF CALCIUM MATERIAL BALANCE TO CALCULATE 
TOBERMORITE 

As mentioned before, a serious error appears to result from variation of 
tobermorite water peak area relative to the moles of tobermorite present. 
This error, together with some overlapping of free water and tobermorite 
peaks, resulted in a procedure for calculation of tobermorite indirectly by a 
calcium material balance. Sample calculations of the calcium material balance 
procedure are given below: 

For a 1325°F, 0.55 sec. burn run: Water Calcium 
Estimated initial CaO calcium 4.45%* 
EUringite, 3CaO 'AI~OJ ·3CaSO.\ '31HzO e = l.71% 0.28ge=0.495 % 
Species X, 3CaO'Ab03 'CaSO,'12HzO*** x = 2.57% 0.443x=1.15% 
(Low sulfate sulfoaluminate hydrate) 

Species Y never counted 0% 0% 

Ca(OH)2 0.69% 1.534,% 

Tobermorite, CaO.SiOz ' H20 t=LI23T= T=1.28% calc. "* 


1.44% calc. 

*for the 1160of, 0.63 sec. burn this is assigned to be 1.50 percent although there 
was never any direct evidence of CaO having been fOlmed. Probably most of this 
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X-RAY DIFFRACTION CONFIRMATION OF DSC RESULTS 

Ettringite has been identified in the 340-400'K crimped-sea led DSC peak 

by X-ray diffraction studies on mate r ials hea ted in test tubes in oil baths at 

progressively higher temperatures_ When this DSC peak disappears the 

ettr ingite X-ray diffraction pattern disappea rs also_ 

Tobermorite gel diffraction lines are difficult, if a t all, seen even in neat 

portland cemellt which contains much of this spec ies_ X-ray diffraction, 

therefo re, is useless in quantitative detection of that small amount of tober

morite gel formed in hydration of burned spent o il sha le_ We rely on 

Midgley's DTA conclusion" fo r our DSC identification _ 

Wet low-sulfa te sulfoaluminate hydrate was tentatively identified as a 

distinct pea k in the DSC curve of relatively fast sca n ra te at 4BOoK and dry 

low-sulfate suifoaluminate in a less distinct indication at about 4·60oK. The 

revers ibility of the hydra ti on and dehydration of the suspected respective 

forms of the low sulfa te-sulfoaluminate was then demonstrated, as previousl y 

dem onstra ted by Kantro and Copeland' " in hydrated portland cement, by 

X-ray and DSC studi es ill a typical sa mple of hydrated burned spent oil shale. 

This identified the approximately 538° K DSC peak in the stand ard faster 

scan rate c rimped-sea led runs as that of the wet and dry ca lcium monosulfo

aluminat e (low-sulfate sulfoalumina te hydrate) , respectively . Paradoxically 

the wet fo rm seems to dehydrate in the DSC at a higher temperature than the 

dry form. This may be due to control by activation energy requirements 

rather than equilibrium pressure requirements. 

Midgley and Rosaman" show the DTA peak of C~A ·Ca (OH )2 · aq_ (or 

C4A ' 13H2 0 ) to lie at a slightly lower temperature than that of low sulfate 

sulfoaluminate hydrate. Since this has been widely reported in so il s tabiliza

tion and pozzolana products we admit its possibility in our DSC peak for low 

sulfate sulfoaluminate which we call "Species X ." 

1.50 pel'cent Ca was from an easi ly attackable fraction of the va rious silicate 
mineral s in the burned shale. For the 1575 0 F, 0.60 sec. burn 6.90 percent is as
signed. These assignments are by trial and error to make the percent weighted 
hydrate vs. s trength correla tion s of ligures 27, 28, and 29 for the different burns 
sllperimpose. 

**T is simply from a calcium balance : t is calcula ted from T. 

** *Although the " Species X" purge gas wat er is believed to so metimes includ e water 
from the hexagonal 4CaO· AI 20 B . 13H20 I or C~A . 13H:!0) i l is to be noted tha t 
the ratio of Ca to water for this material is pra ctically the same as for 
3CaO'AI20~ 'CaS04 ' 12H20 as is al so its moles water to molecular volwne ratio. 
Since it is believed that the hexagonal C. A '13H20 proba bly has simil ar cohesive 
power to hexa gonal 3CaO· AI 20 3 ' CaS04 ' 12H20 no attempt has been made to dis
tin guish between them in thi s work and they are lumped together and called 
"Species X." 
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Identification of the Mg (OH) 2 and Ca (OH) 2 DSC peaks IS much easier 

and has been done by X-ray diffraction pattern correlation with DSC results . 

Gypsum peaks from gypsum additions have also been so correlated. The 

ability to measure Mg(OH)2 and Ca(OH )2 quickly by the DSC is very 

useful in detecting reaction of one or the other with pozzolanic active in

g redients, and the Ca(OH)2 value has been used in the calcium material 

balance method of estimating tobermorite . 

CORRELATION OF COHESIVE HYDRATE CONTENT 


WITH STRENGTH 


Figures 27, 23 and 29 show correlations of unconfined compressive 

strength at 100 percent Standard Proctor against the sum of weighted quanti 

ties of cohesive hydrates. Figure 27 is for 1160°F at 0.63 second burning 
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and 5, 10, or 20 percent water additions and ho lding times ranging from 2 
days to 200 da ys, figure 2S is for 1325 ° F at 0 .55 second burn ing, and 
figure 20 is for 1575 °F at 0.60 second burning. The weighting used con
siders the hydrate crystal volumes (estimated from the number of anions" in 

*1\1osl o f the volume of a cI-ysla l Slr uclure is delermined by the volume o[ the anions, 
in this ca se mostly oxygen ion. The number of anions per mole o f hydrale waler [or 
tobermorite is 1.6, [or e llrin gi le 1.68, and [or low sui [ale sulfoalulllinale 1.92. These 
a re close enough lO be ca ll ed the same va lue. 
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FIGURE 29.-Unconfined com pressive strength vs. hydrate water for shale ash burned 
at 1575°F. 

each ) to be the same per mole of DSC evolved hydrate water for each co
hesive hydrate species and weights these by 0.289 for ettringite, by unity for 
tobermorite, and by unity for the hexago nal hydrates, C4A '13H20 and low 
sulfate-sulfoaluminate. An estimate of the Ca of the CaO produced by cal
cination has been made for each burn to allow use of the calcium balance 
method of determining tobermorite. This is 1.50 percent, 4.45 percent, and 
6.90 percent for the 1160°F, 1325 °F, and 1575 °F burns, respectively. 

EFFECT OF LESS THAN 100 PERCENT PROCTOR ON STRENGTH 

If less than 100 percent Proctor is used in compacting the sample the 
strength is reduced, for given hydrate contents, as shown in figure 30 for Y2-, 
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I·, or 2·hour and various temperature burns, in which ettringite was weighted 
by unity and tobermorite was determined directly by DSC rather than tober· 
morite by calcium material balance. 

EFFECT OF SIZE DISTRIBUTION ON CEMENTED STRENGTH 

Figure 24 shows the effect of adding -200 mesh fines to the standard 
size range, BM, I300°F, I·hour burned shale ash studied (see table 1). The 
points shown are a cross·plot from other data and are therefore well averaged. 
An optimum water content of 10 percent for susceptibility to improvement 
of strength by fines exists. This also is an optimum water content for strength 
for the I300'F, I·hour bum BM shale ash. In general, other types of burn 
do not show a definite optimum water content between 0 and 30 percent 
water but a rounding off of strength and cohesive hydrate content with in· 
creased water content around 10 percent water is common. 1G 

TRIAXIAL EFFECT ON STRENGTH DURING SETTING·EFFECT 
OF PRESSURE ON GRAIN CONTACTS 

Laboratory experiments show that some strength gain occurs when setting 
occurs under triaxial pressure! This results in greater strengths but the 
pressure probably must occur before setting. Unconfined shear strengths of 
60·70 psi have been obtained under pressures simulating 75 foot·depths with 
10 percent water and only 10 percent Standard Proctor compaction, see figure 
32, (and also figs. 31,33, and 34.) for 1300°F, 1 hour burned BM shale. 

AVOIDING DISRUPTION OF INITIAL SET AND EFFECT OF 

TEMPERATURE, WATER ADDED, AND OTHER VARIABLES 


ON SETTING RATE 


To secure greatest strength, compaction should be applied soon after 
mixing with water to avoid disruption of initial set. Since the setting rate is 
lower at low temperatures, it would seem that these should be maintained as 
long as possible until compaction is finished. There is a threshold temperature 
of approximately 100°F, however, beyond which an irreversible exothermic 
conversion of hexagonal cohseive hydrates such as C~A '13H20 to cohesive 
hydrates such as cubic CoA '6H20 occurs. For this reason and the generally 
high initial MgO and CaO contents in shale ash, it is inevitable that with most 
calcinations this threshold would normally be crossed. 

For illustration, a final dump temperature of about 125°F can be taken. 
The long term (200·day) strength is usually not reduced much at this tern· 
perature and often the low initial strength (at 2 days) indicates a reasonably 
slow rate of setting. Assuming about 125°F temperature one may search for 

http:common.1G
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a burning temperature and water content to give reasonably low 2 day* 

strengths but reaso nably high long term strengths. Figures 35, 36, and 37 

derived from exper imental data such as in fig ures 21, 22, and 23 allow 
selection of such combinations. With 1160°F bum the 10 percent and 20 

percent water additions are reasonable, giv ing about 80 percent ad ditional 

strength in long te rm a t 200 days. With 1325 °F burn the 10 percen t and 

20 percent water "dditions g ive over 100 percent additional strength at 200 

days compared to 2 days st rengths. The 1575°F burn is poor for such action 

at 125of alth ough it is good at 80°F. 
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FICIJRE .%.--Tw()·day and 200·d ay slrf' nglhs for 1160 o F, 0.6 sec burned EM shale ash. 

SATURATED STRENGTHS 

Saturating lUO percent Standard Proctor shale previously cemented for 

15 days with water was found to merely ca use it to react to produce further 

co hes ive hydra tes and developmellt of more strength rather th an become weak

' Two days normally may be 100 long an inte rval to avo id undesired initial sel for 
vibrator compact ion or sel weakenillf( but is la ken as a n exampl e sin ce da ta is ava il· 
ab le at 2 days. 
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FIGURE ~6.-Two-day and 2oo-day strengths for 1325°F, 0,6 sec burned BM shale ash, 

ened when it contained excess lime (1325 and 1575°F burns). Weakening 
occurred with 1160°F burned shale given 15 day setting time. Thus, develop
ment of a "spring" or water table under a shale pile would apparently not 
weaken well-burned cemented shale ash. Further studies along this line 

should be done. 

SHALE DUMP STABILITY 

Disposal of spent shale ash from above ground retorting processes will, 

for the first few years of an industry, undoubtedly be in the box canyons, the 
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bottom of which are .500 to 1000 feet below the Mah oga ny M arker. With 

pl ants having capac iti es of 25,000 to 50 ,000 tons/day the d umps will reach 

a co nside rable depth. Oll e critica l p roblem, then, will be the sta b ility of the 

d umps at the open end of the ca nyon . The o ther problem will in volve pro· 

vis ion fo r water ru n·o ff . 

In regard to the stability o f clumps loca ted in the box canyons the major 

concern will be at the open end o f the ca nyon. From the eng ineering point of 
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view the commonest type of slope failure, and one which is most amenable 

to quantitative investigation , is the rotational shear slip which occurs in 

cohesive soils. A rotational slip is a large mass of material forming the slope, 

which slips OIl a curve commencing beyond the top of the slope and finishes 

near the toe as shown below, in which the whole mass included in ABCE 

rotates about the center O. 
In the absence of accurate information on the mechanical properties of 

the soils in the bottom of the canyons a detailed slope analysis is not possible, 

however, some general comparisons may be made which focus on the prob· 

lems which may be anticipated in building up deep dumps. 

Referring to the above diagram, if the foundation (X·X') upon which a 

dump is constructed is sufficiently rigid and the height D is increased when 

the slope angle is high , the dump will eventually fail in an area included in 

ABFA. If, however, the mechanical properties of the foundation below X·X' 

are poorer than the dump, it is likely that the foundation will fail first, 1Il 

which case an area included by ABCEA will slip. 

As all example, Hogentogler" shows a typical slope stability analysis of 

a typical "stiff clay" as shown below: 

Angle of Critical 
Angle of Weight of Cohesion internal Height of 

Dump Slope soil of soil friction dump 
Degrees lb./cu. ft. lb./sq. ft. Degrees ft. 

63 61 
45 100 1500 8 104. 

26 255 

14 1300 

With the organic matter and clay minerals which are probably contained 

m the soil of lhe bottom of the canyons it is thought that it will probably 

have characteristics similar to a medium clay or silty clay which have lower 

cohesive strengths, in the range of 200 to 1,000 lbs/sq. ft. 

From the compressive and triaxial strength tests of spent oil shale ash 

burned in the range of 1300°F with 10 percent water added, it is noted that 
the angle of internal friction is approximately 8 degrees and the cohesive 

strength is approximately ten times that of a stiff clay. Thus, the physical 

characteristics of the spent oil shale ash itself would allow higher angles of 

slope of the dumps and/or higher critical heights than shown for a stiff clay. 

However, because of the probable poorer mechanical characteristics of the 

soil in the bottom of the canyons it is likely that the foundation under the 
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shale ash dump will fail and cause the dump to fail unless a very low angle 

of slope of the dump is used. 

LEACHING OF SHALE ASH 

Twenty gram samples of shale ash burned at various conditions as well as 

retorted unburned shale were leached with 100 ml of distilled H 20 at room 

temperature. The leachings were carried out stepwise with the samples being 

centrifuged after 2 Lo 3 days and all possible leach solution decanted. Then 

100 m! of distilled H~O was again added, the sample was agitated, and allowed 

to set another 2 to 3 days with periodic shaking. The pH was measured on 

each cycle just before decanting. Leaching tubes were kept sealed between 

sampling to prevent carbonation of the water and subsequent precipitation of 

the Ca as CaCO:1. 

The results of the studies are shown in figures 38, 39, and 40. Analysis 

of leachings were made for Ca, Na, K, Mg, AI, and Fe, by atomic absorption. 

Only trace quantities of (less than 2 ppm) Mg, AI, and Fe were found. The 

K concentration of the first leaching was a maximum of 310 ppm, and de

creased to 70 ppm for the second leaching. 

Leaching tests show that a definite potential for high concentrations of 

Ca, Na and K (1:340, 950 and 310 ppm respectively) will exist from spent 

shale dumps if proper provisions are not made to prevent leaching of the piles 

by ground water or concentrated run-off from rain or snow. The conditions 

tested give only estimates of the possible maximum concentrations to be 

expected if ash were washed with large amounts of water before the pile had 

time to stabilize, such as a flash Aood washing a pile which had been dumped 

one or two days previously. Testing of stabilized samples by DSC indicate 

that much of the CaO present originally is reacted with silica and alumina 

pozzolanic material present to form insoluble calcium silicate hydrate and 

other hydrates after 2 to 7 days, if enough water was added originally to the 

ash. It is also noted that ill most cases the calcium concentration decreased 

rapidly after the first 2-day leach cycle. Also, the CaO near the surface 

which has not reacted with the pozzolan should slowly react with CO2 from 

the air to form insoluble calcium carbonate. Thus, the stabilized pile would 

probably be much less a source of water pollution by leaching of calcium 

than a fresh pile. Leaching tests should be run on a stabilized pile to verify 
this conclusion. 

The problem of water run-off will require close attention to guard against 

flash-floods which occasionally occur. The yearly rainfall in the deep valleys 

bordering the shale beds of the Green River Formation near Rifle and Meeker, 

Colorado, is 10-12 inches of water, while the high plateau on top of the Green 
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FIGURE 38.-Calcium leached from various shale ashes. 

River Formation has an average rainfall of 20-30 inches of water, most of 

which falls as snow. Since the evaporation rate in the area is on the order of 

90 to 100 inches of water per year, the yearly water run·off from the plateau 

and the canyons is relatively small. Of greater concern, however, is the oc· 
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casional flash-flood which may amount to 1.5 to 2.0 in ches of rainfall in a 

few hours. To handle the run-off from the plateau which drains into the 

canyons it will likely be necessary to either channel the water away from the 

canyons contai ning shale ash dumps or to instiiJ large conduits in the bottom 

of the canyons under the shale ash dumps. 
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FIGunE 4.o.-SodiuIn leached from various shale ashes. 

To handle the run-off from the shale-ash dumps from a flash-flood, it will 
likely be necessary to install a ~mall clam or retaining pond immediately 

downstream of the dump in order to catch the run-off from the dumps, as it 

will likely contain a considerable amount of silt which can be settled out 

before the run-off is emptied into the streams. 
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THERMAL ANALYSIS OF OIL SHALES 

EDWARD \VERNER COOK 

To obtain oil from oil shale, it is necessary to heat the shale_ To state this 
is to carry shale to Green River , but it does focus heat and heat transfer as 
central to the technology of oil shale development. For our present purposes, 
we will only be concerned with heat requirements. 

Although a knowledge of heat requirements for retorting oil shale is im
portant, surprisingly few studies have been reported l The most extensive 
were by the Bureau of Mines," which were invaluable during preliminary 
studies. However, much of the work was empirical, so few generalizations 
could be safely made. 

It was believed that a rational study wuuld enable one to predict with some 
confidence heat requirements under a variety of circumstances. 

First, we shall define the thermal process that will be considered. Assume 
Mahogany Zone Green River shale at 77°F (298° K) will be heated to and 
retorted at 891°F (7500 K) under anaerobic conditions. 

Then we may ask several questions: 
1. What is the total heat (or enthalpy) required to: (1) heat this shale 

from 77°F (298°K) to 8cH oF (750'K), (2) pyrolyze the kerogen, and 
(3) vaporize the products? 

2. What are the important parameters influencing any variations in the 
total heat required? 

3. What is the heat content (enthalpy) of the retorted shale at 891°F? 
Fortunately, the mineral distribution in Green River shale is quite con· 

sistent through the Mahogany Zone. In fact, this consistency has been em
ployed by Smith l as a basis for predicting the organic richness of shale by 
measuring the shale density. That is, variation in shale density depends only 
on the relative amounts of organic and mineral matter, the density of each 
being invariant. 

Thus, one may reasonably expect to calculate and predict the thermal 
requirements for retorting oil shale from the components. Although these 
calculations cannot be definitive because assumptions must be made, the re
sults should be confirmatory and reasonably predict variations in heat re-

Rocky Flats Research Center, The Oil Shale Corporalion, Golden, Colorado 
80401 
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quirements to be expected in a commercial operation. 

The distribution of minerals in Mahogany Zone shale is g iven in table I. 
The most important observation is that the minerals are predominately 

THERMAL ANALYSIS OF OIL 

a re dependent on the 

mosphere. Experimentally, 

determination" and the 

of ankerite decomposes (table carbonate and silicate (illite is a silica clay); so one may expect some de

composition will a lso occur. This will be discussed la ter. 

TABLE 

TABLE I.-Mineral composition 0/ Mahogany Zone Green River shale' 

MineralMineral Formula Percent 

Dolomite CaMg (CO:1 ) 2 32 
Calcite CaC03 16 

Quartz Si02 IS 

III ite 19 

Low-Albite NaAISi:1O~ 10 
Adula ria KAISi 30 s 6 

Pyrite FeS~ 1 
Analcime NaAISi~OG . H~O 1 

'From: Ref. 4.. 

In table 2, the mineral enthalpies are g iven." They have been calculated 

over th e temperature range of interest : 77°F to 891 ° F, as the latter is within 

the range for optimum retorting temperatures. A search of the literature did 

not reveal any va lues for illite or analcime; lOS cal /g was assumed for these 

minerals as reasonable for silicates. 

The closeness of valu es is importa nt, for it indicates that variation in 

relative abundance would have only a small effect on the mean value (except 

for pyrite, which is a minor component). 

We now must consider which of these minerals will decompose and to 

what extent under retorting conditions. Immediately, we may eliminate 

quartz, pyrite and the feldspa rs : low·albite and adularia. 

This leaves dolomite, calcite, illite and analcime to consider. In Green 

River shale, dolomite is actu a lly ankerite, that is, th ere is a bout IS percent Fe 

substitution for lVIg.' The net result is to lower the temperature of decomposi

tion somewhat." It is difficult to predict the temperature range or the extent 

of carbonate decomposition during shale retorting as these decompositions 

"More than most fields, thermodynamics is a babbl e of units with three different 
energy units in common use and an equal number of temperature scales. If th e result 
is confusin g, the author apologizes ; no attempt has been made to proselytize, but 
the metric system and oK have been retained through calcul ations to mainta in con· 
sistency with the published literature. Final results have been converted to British 
units. 

Dolomite 
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Analcime 

'Interpolated from Robie and Wal 
2Asswned values. 
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are dependent on the partial pressure of carbon dioxide in the retort at

mosphere. Experimentally, we have found that both in the Fischer-Schrader 

determination G and the TOSCO II Process, the equivalent of about 20 percent 

of ankerite decomposes (table 3) . 

TABLE 2.-Mineral enthalpies 

lone Green River shale
1 

(H750 - H29s ) 1 

Mineral Percent (cal/g)
Percent 

Dolomite 32 119.1 
32 

Calcite 16 112.6 
16 

Quartz 15 107.8 
15 

Illite 19 (l05) 2 

19 
Low·albite 10 107.5

10 
Adularia 6 102.0

6 
Pyrite 1 64.47

1 
Analcime 1 (l05) 2 

1 
!.Int erpolated from Robie and Waldbaum, U. S. Ceo!. Survey Bull. 1259, 1968. 
2AsslLmed val lLes. 

They have been calculated TABLE 3.-Mineral heats of decomposition 

301 °F, as the latter is within 

\ search of the literature did 
6.H 

. cal! g was assumed for these Mineral K cal/mol Cal/g 

t indicates that variation in Ankerite (Dolomite) 16.4·1 89.0 680-7801 

I t on the mean value (except Illite 

Analcime 
= 64 

(50) 
4,00-6952 

= 3003 
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. . made to proselytize, but 

alions to mainlain con· 

been converted to British 

lIn CO., atmosphere significantly lower in inert atmosphere. Ref. 5. 

2See R';f. 13. 

:'Loss of water: J. W. Smith, Private communication. Heat assumed. 


Fortunately, calcite decomposition occurs above retorting temperatures 

and need not be considered. 

Both illite and analcime lose water within retorting temperatures; complete 

decomposition is assumed. The heat required for analcime decomposition was 

not known: so 50 cal/g was assumed. However, analcime is a minor com

ponent and a large enol' here would be relatively insignificant. 

In table 4, the mineral contributions to the heat of l'etorting are calculated. 

Note that the total heats of decomposition amount to about 17 percent of the 

sensible heats required for the minerals. We may conclude that 232.7 Btu/lb 
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are required to heat the mineral components of Mahogany Zone shale from 

7rF to 891 ° F . 

136 

TABLE 4,.- Mineral heat of retorting 

Mineral Percent toH % Deco mposing Total (cal/g) 

Ankerite 

Illite 

Analcime 

32 

16 

1 

89.0 

64 
50 

20 

100 

100 

5.8 

12.2 

0.5 

Mineral (H 7GO - H2~S) 

18.5 

110.8 

129.3cal/g 
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TABLE 

-(H7GO H 29S ) 

t::.Hdec 

527 Btu l lb required to 

It is rather difficult 
kerogen. However, fron 

of Gra y·King assay of t ~ 
quired. Interestingly, th! 

vapo rization from Troub 

fo r heavy Braunkohle oi 

The organic matrix of oil shale is complex. Nevertheless, it is consistent 

and ma y be co nsidered to be of two general fra ctions: bitumen and kerogen. 

Bitumen is the lower molecular weight, so luble fraction . Kerogen is higher 

molecular weig ht , insoluble and the predominate frac tion. For our present 

purposes we shall ignore these differences and consider all the organic material 
as kerogen. 

Little work has been done on the heat co ntent of kerogen. For exa mple, 

Cane has calcul ated the specific heat of Glen Davis (Australia) kerogen from 
the atomic heats.'o 

Beca use of its importance in these calculations, we determined the enthalpy 

of kerogen directl y from a sample of kerogen co ncentrate kindly supplied by 

J. W . Smith of the Bureau of Mines in Laramie, W yoming. This kerogen 

concentrate had been found to have 9 1.4.9 percent organic matter. Enthalpies 

were determined over short temperature intervals and the values obta ined 

were used to solve Equation ( 1 ) by the method of least squares. 

(HT - H m) = a + bi T + cT + dT2 (1) 

where H is callg at T is 0 K. 

This particular equation was chosen in order to obtain specific heats 

directly from Equation (2) which was found most satisfactory for this type 
of material. 

d(HT - H 29S ) d 
cp == == c + - T - b1'-2 (2) 

dT 2 

After solution of the equation the residual mineral contribution was sub

tracted out, and the kerogen value was extrapolated to the temperature range 
of interest (table 5). 
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TABLE 5.~KeTogen enthalpy and heat oj decompositionVlahogany Zone shale from 

(H75o - H 298 ) 233 cal/g 

~toTting ~Hdec 60 cal/g 

293 cal/g 
composing Total (cal!g) 527 Btu/lb required to heat kerogen from 77°F to 891 °F. 

5.820 
12.2100 

0.5100 

18.5 
110.8 

129.3cal/g 

Nevertheless, it is consistent 

lions: bitumen and kerogen. 

fraction. Kerogen is higher 
te fraction. For our present 
nsider all the organic material 

~nt of kerogen. For example, 

vis l Austra 1ia) kerogen from 

we determined the enthalpy 

'pnc:entrare kindly supplied by 
Wyoming. This kerogen 

organic matter. Enthalpies 
and the values obtained 

(1) 

to obtain specific heats 

satisfactory for this type 

T - bT-2 (2) 

I contribution was sub

to the temperature range 

It is rather difficult to determine accurately the heat of decomposition of 
kerogen. However, from Cane's work on determining the heat requirements 
of Gray·King assay of torbanite, II we can calculate that 60 cal/g will be reo 
quired. Interestingly, this is about what one would calculate for the heat of 
vaporization from Trouton's Rule; it is also similar to Griif's calculations 
for heavy Braunkohle oil. 8 

9 

The total heat required then, to heat and retort kerogen from 77°F to 
8cn OF is 527 Btu/lb (table 5). 

It is probably 1I0W becoming clear that the major variation in heat reo 
quirements for retorting shale is the richness of the shale. Recalling that the 
mineral requirement is 233 Btu/lb we see that the organic requirements are 
over twice as large. 

Taking advantage of the uniformity of Mahogany Zone Green River shale, 

Smith has developed a relationship between Fischer Assay of shale and 
organic content of the shale: 12 

(organic matter, wt% shale) == 0.580 (oil richness, gal/ton) (3) 

From this, we derive a formula relating gross heat of retorting to shale rich
ness: 

liHrot'>l·t = 232.7 + 1.708 x (4) 

where ~Hl'ctUl't is gross heat of retorting in Btu / lb and x is shale richness in 

gal/ton. 
In table 6, several values have been tabulated for different shale richness. 

Notice that heat requirements increase about 17 percent in going from 10 

gal/ton to 40 gal/ton. 
The actual determination of heat of retorting is difficult. On a plant scale 

many days of operation and extensive instrument calibrations are required. 

In the laboratory, evolved heavy oils tend to condense within the calorimetric 
apparatus to make enthalpic determinations even more difficult. Nevertheless, 
the agreement between the values determined by the plant and calculated 

here is excellent. The calculated values are within 10 Btu/lb of actual values, 
or about 2 - 3 percent. 
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TABLE 6.-Heat Of retorting 	 percent) 

reasonably consta nt for M 
Gross heal of retorting (Bt u/ lb ) = 2.32.7 + 1.703 x 

Spen t shale from a 
Where x is oil richn ess in gal/toll 

tive sa mpl e. Enthalpies 

Sha le Ri chness Hea t Required The va lues were filled by least 

(gal/ ton) (Btu/ lb ) values are listed in table 8. 
on cooling spent shale from 

10 249.8 

20 266.9 
 TABLE 
30 283.9 


40 301.0 T (OK) 


Thus, it should be reemphasized that, even though the resul ts agree very 298 

well, severa l assumptions were made; so this equation should not be consid  400 

ered as ex cathedra but on ly as indicative of what the ma jor hea t variability 500 

will be in a commercial operatio n. 600 

Obviously, the mineral composition can vary cons iderably without affect 700 

ing the overa ll hea t req uirements, because en th alpies of most of these minerals 750 

are similar. Important exceptions are those minerals which will decompose Standard error 0 
between 77 °F and 39 l o F. Carhonates are the most likely min erals to be 

significan t in this instan ce. Of th ese, nahcolite and clawsonite a re most wide 221-.: Btu / lb relea: 

ly regarded as occurr ing with Green River shale amI whi ch we have not from 891°f to 'i 

already conside red. Therefore, their heats of decomposition were determined 
(tahle 7). 

TABLE 7.-Decomposition heals of ot/u,r shale minerals 1. a. McKee, R. H. , anJ LyJer, E 
n. DeLennin alion of Ihe he, 

~Hd Lion: Ind. Eng. Chem. 101lrDecomposition 
b. Zelen in. N. I., fayn lJcrg,

Mi nera l Formula Range, °C Cal/g Btu / lb Tek hoJo::;iya Sla iLseyoy Smo 
2. Shaw, R. J., 1947. Specific he 

Nahcolite NaHCO" 90-200 177 318 Iny.4151. 
3. Sohns, H. W .. and olhers, 19:=Dawsonite NaA I( OH) 2CO:1 325-400 '''''' 215 = 387 

En g. Chem. Jour., v. 4.3. p. 3, 

It should also be remembered th at any process which heats shale sig 

nificantly beyond 891 °F will a lso decompose more ankerite and , if sufficientl y 

high temperatures are reached, calc ite deco mposition will beg in. These add i

tional heats would have to be considered. 

After p yrolysis, one has a retorted shale at 891 OF. Since hea t may be 

recovered from this spent shale it i'i of interes t to determine its hea t content. 

As the mineral co mposition of Ma hogany Zone shale is reasonably constan t 

an d, as all shales contain approxi mately the sa me organic residues (5 - 6 

4,. Smith, 1. W .• 1969, TheoreLica 
shal es: U.S. Bu r. II lines Rei 

S. 	 Reddick. K. L.. 1968, Hea ls 0 

Analytical caiorimelry , Por 
Plenum Press. p. 297. 

6. 	 GoodfeJI ow, 1., Haberman, C. 
assay eq uipmen L, procedure 
Soc., Diy. Pelrol. Chem., Pr 

"This is only approximaLely I ruc, I 
ously, we are only discussin ::; spe 
com busl ion processes ha ye no or, 
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~ing 
percent) regardless of original richness:' spent 
reasonably constant for Mahogany Zone shale. 

shale enthalpy should be 

or, x Spent shale from a Fischer determination was employed as a representa. 

tive sample. Enthalpies were determined throughout the range of interest. 

Heat Required 

(Btu/ lb) 

The values were filled by least squares to Equation 1. The calculated smoothed 

values are listed in table 8. From this we calculate that 228 Btu / lb is evolved 

on cooling spent shale from 891°F to 77°F. 

249.8 

266.9 TABLE 8.-Spent shale enthalpy 
283.9 

301.0 

houo'h the results agree very 
;uattoll should not be consid· 

:at the major heat variability 

y considerably without affect· 

pies of most of these minerals 

inerals which will decompose 
e most likely minerals to be 

and dawsonite are most wide· 

nale and which we have not 

298 0 
400 20.28 

500 4.1.68 

600 67.22 

700 108.7 

750 126.9 

Standard error of estimate 0.5 cal!g 

228 Btu/II> released on cooling spent shale 
from 891 °F to 77°F. 

ecumposilioll were delermined 

)lher shale minerals, 
Btu / lb C Cal/g 

177 318 
215 =< 387 

which heats shale sig· 

ankerite and , if sufTiciently 
will begin. These addi-

OF. Since heat may be 

determine its heat content. 
is reasonably constant 

oronnie residues (5 - 6 
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THE RETORTING OF COAL, OIL SHALE AND TAR SAND 

BY MEANS OF CIRCULATED FINE-GRAINED HEAT 


CARRIERS AS A PRELIMINARY STAGE IN THE 

PRODUCTION OF SYNTHETIC CRUDE OIL 


ROLAND W. RAMMLER 

INTRODUCTION 

In recent years, the crude oil reserves of the world have increased at the 
same rate as the consumption. A consideration of the global figures suggests 
that adequate supplies of petroleum will be available during the next decades. 
On the other hand, it is a fact of economic and political significance that the 
reserves in the industrialized countries increase much more slowly than in 
the developing countries. In Western Europe the reserves have even de· 
creased. At the present time, about 70 percent of the petroleum reserves of 
the world are in the Middle East and in Africa in regions in which political 
crises are prevalent or impending. For the industrialized countries, the dis
crepancies between the consumption and reserves in various regions of the 
world are a strong urge to investigate whether oil can be recovered from other 
sources. The situation will probably not be changed to a large extent by the 
discovery of oil in the north of Alaska. 

The main starting materials for the production of synthetic crude oil are 
coal, oil shale and tar sand. In North America, where the consumption of 
petroleum increases more rapidly than the reserves, there are enormous de
posits of each of the three materials. This fact is another incentive toward 
the utilization of these unconventional oil reserves, which provide a reliable 
basis for a supply of energy for a long time to come. 

Numerous processes are available for the production of crude oil from 
coal, oil shale or tar sand. A process sequence which is suitable for all three 
starting materials includes a retorting step to produce oils, which are subse
quently hydrogenated. The present paper deals with an efficient modern 
retorting process, which has been commercially utilized for the flash car
bonization of coal and has been tested in technical-scale experiments using 
oil shale and tar sand. 

Lurgi GeseLLschaft fur Warme- und Chemotechnik m.b.h., Frankfurt/Main, 

Germany. 
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ADVANTAGES AND DISADVANTAGES OF THE PRODUCTION OF 

CRUDE OIL USING A DISTILLATION STEP COMPARED TO 


THE OTHER PROCESSES ','HICH ARE AVAILABLE 


The proceS8 combination~ u~ed tu produce crude oil from coal, oil shale 

or tar sa nrl differ p,reatly for the three raw materials and will be separately 

di~c u"ed for Pilch of the latter. 

LIQUf:FACTION OF COAL 

For coal as a starting material , a larp:e number of processes are available 

and may be cla~~ified in dependence on tlw operations which are performed, 

namely: 

direct hydrogenation of coal; ex traction of coal anfl hydrogenation 

of the extract; distillation o f coal anfl hydrogenation of the tar; 

gasification of coal anfl Fischer-Tropsch hydrocarbon synthesis. 

Except for the hyflro8'enatioll of the extract from coal, all procedures have 

already been performed on a largc scale. The same applies to the extraction it

self; the extraction product has then been procpssed to produce electrode coke. 

Approximate data relating to the oil yield, hydrogen consumption anfl capital 

reqllirpmcnt are compilpd in table ] for each of the four process combina

tions. The data Oil the capital requirements relate to a plant which is as

sembled ready for operation , without o/1site installations, such as storage 

facilities, workshops, railroad tracks, elc . In the table no such data have been 

furni shed on the capital requirement involved in ea rlier German plants using 

the I. G. process hecause these data can no longer be used Ior a comparison_ 

The data for the modern processes have partly been taken from publications 

by different authors or have been computed horn the information contained 

therein. For this reason , they may not be fully comparable.! ~ The data re

lated to distillation and Fischer-Tropsch synthesis are based on the processes 

proposed by Lurgi , co mprising a flash carbonization by the Lurgi Ruhrgas 

process, followefl by a hydrogenation of tar or a pressure gasification and a 

synthesis using fixed bed catalysts. 

It is apparent that the direct hydrogenation of coal results, above all, in 

a high yield of oil but involves also a high consumption of hydrogen because 

coal contains more oxygen than tar and the CIH ratio of 13-18 in coal is 

less desirable than the C/H ratio of 8-12 in tar. As the hydrogen consumption 

accounts for a very substantial part of the production costs, the high con

sumption related to the yield is significant. 

In this respect, the process comprising all extraction step has about the 

same advantages and disadvantages as the direct hydrogenation of coal. These 
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TABLE l.--Comparison 

Process 

( 

Liquid phase hydrogenalion of 

hight volatile biluminous coal al 

10,000 psi iolO ligllt oil and 

middle oil (I.e. process) 

Liquid phase hydrogenation of 

brown coal at 2850 psi into light 

oil and middle oil (I.e. process) 

Hydrogenation of Illinois-6-coal 

into gasoline by the H-coal pro

cess 

Exl raction of hituminous coal 

and hydrogenation of the extract 

inlo gasoline (CCC process) 

Liquid phase by hydrogenation 

of low·temperature tar [rom 

brown coal at 2850 psi into light 

oil and middle oil (I.C. process) 

Carbonization o[ subbituminous 

coal by the LR process, H, pro

duction from the carbonization 

gas and hydrogenation of the tar 

into light oil and middle oil 

Press ure gasification of subbi 

luminous coal and Fischer-Trop

sch sy nthesis with fixed-bed cal3

lYSIS 

'Capacity roughJy 50,000 BPD. 
'Roughly calculated value. 
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THE PROD UCTION OF TABLE I.-Comparison 0/ various processes to produce oil/rom coal 
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comparable.' 2 The data re 
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a pressure gasifica ti on and a 

of coal results, above all , in 

umption of hydrogen because 

IH ratio of 1.3-13 in coa l is 

As the hyd rogen consum ption 

.duction co ts, the high con 

~xtraction step has abo ut the 

Oil yield 
Process 

lbs/sh ton of 

a .m.f. coal 

Liquid phase hydrogena tion of 


Ili ght volatil e bituminous coal at 

122010,000 psi into li ght oil and 


middle oil (l .G . process) 


Liquid phase hydrogenat ion of 


brown coa l at 2850 psi into light 
 1060 
oil a nd middle uil (l .G. process ) 

Hydrogenalion of Illinois.6-coal 


inlo gaso lin e by 1he H-coa l pro
 1080 
cess 

Extraclion of bituminou s coal 

and hydrogenation of tlJ e ext rac t 780 
into gasol ine (CCC process) 

Liquid pllase by hydroge na tion 


o f low-I empel'a ture tar from 

300 

brown coa l at 2850 psi into light 


oil and middle oil (I.G . process) 


Ca rboniza tion of subbituminous 

coa I by I he LR process, H, pro

ducti ull frolll the carboni za tion 460 
gas an d hydrogena tion of the tar 

into light oil and middle oil 

Press ure gasifica tion of subbi 

tu mino us coal and Fisc her-Trop. 
700

sch synlhes is with fixed-bed cata

lysts 

Hz requirements 

SCF/ lb of 

product 

35 

27 

30" 

23 

9 

16 

o 

Investments' 
US$/annual 

sh ton of 

product 

85 

90 

50 

90 

hydrogenat ion of coal. These lCapacity roughly 50,000 BPD. 
2Roughly calculated value. 
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two processes differ ma inly in that the extract is filtered so that ash and in

soluble co nstitu ents of coal are separated before the hydrogenation, whereas 

in the hydrogenation of coal, these constituents a re passed through the reactor 

and are subseq uently separated from the products_ 

In the process which comprises a retorting step and a hydrogenation of 

the tar, both the yield of o il and the hydrogen consumpti on are low beca use 

a large amount of low -h ydrogen carbonaceous matter is separated as char 

before the hydrogenation_ Whereas part of that char was previously used to 

produce hydrogen, modern ca rbonization processes yield concentra ted gas 

which is suitable for the product ion of hydrogen. H ence, all char is available 

and is burnt in a nearby power plant, possibly without being cooled before. 

This process com bination is highly desirable as Lo its consumption figures and 

capital requirement. It has the disadvantage of relying on a combination 

of the carbonization plant and a power plant. 

The Fischer-Tropsch sy nthesi s differs greatly from the three other co m

binations. Characteristic are a medium oil yield and oxygen req uirements 

for synthesis gas production whereas hydrogen is not required. It has the 

a dvantage that the products are of high purity and highly suitable for a sub

sequent chemical processing_ The process has disadvantages th at it involves 

a high capital requirement and large amounts of water are formed by the 

reac tion of the hi gh-grade sy nthesis gas. The only plant in the Western W orld 

where oi l is produced from coa l is a Fischer-Tropsch plant. Nevertheless, it 

is difficult to predict whether hydrogenation or synthes is will be preferred in 

future applications o f this concept. 

It is not possible to rank the above-mentioned processes as to their de

sirability in view of th e foregoing considerati ons. It will be necessary to 

determine in each particular case which of the combinati ons is most advan

tageo us. Depending on local co nditions, the dec ision will be in favor of one 

process or another, just as in the past. During the Second World War, Ger

many produced up to 6_5 million metric tons of oil per year from coal. The 

total production was shared hy different processes approximately in the fol

lowing proportions: 

Hydroge nation of ta r 66% 

Hydrogenation of coal 24% 

Fischer-Tropsch sy nthesis 10% 

It is apparent that the process sequence involving a ca rbonization was 

previously preferred. Thi s process seq uence still has its advantages, pa rticu

larly where hig h-tar coal is available nea r consumpti on centers and char can 

be fired in a power plant. In combined opera tions using ca rbonization plants 

and large power plants, boiler coal ca n be devolatilized to prod uce large 
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amounts of ta r, the hydrogenation of which is less expensive than that of coal. 

DISTILLATION OF OIL SHALE 

Except for methods ca rri ed out in s itu , shale oil can be recovered virtually 

only by a distilla tio n in retorts. Whereas coal has already been hydrogenated, 

this process ca nn ot be applied to oil shale because its ash content is too high. 

As a comp rom ise between distillation and hydrogena ti on, the so-called hydro

torting process has been proposed, which calls for a distillation of shale under 

an elevated pressure in the presence of hot hydrogen. In vi ew of its basic 

concept, thi s proposal still falls within th e scope of distillation." 

Var ious retort systems have been proposed_ Preferred processes are those 

carried out under a tmospheric pressure_ Beca use the shale has a low oil con

tent , in most cases below 15 wt.-percent, a large amount of inert material 

must be passed through the retort. T he feedi ng of large amounts of shale and 

the removal o f d istillati on residue a lmost in the sa me amoun t involve consider 

able difficulties if the retort is pressurized . 

RECOVERY OF OIL FROM T AR SAND 

Whereas oil shale must be heat-trea ted to co nvert the oil-forming sub 

stanccs into oi l, in tar sands the oil is conta ined as such. The processing of 

tar sands therefore firstly involves the separation of tbe oil from the sa nd. 

T his may be effected by extracti on and distillation processes. Both processes 

have been investigated a nd have been proposed in different vers ions. 

The on ly existing plant which is used to process tar sand commercially 

performs all ex trac ti on with hot water. The ex tracted bitumen containin g 

about 1 percent solids is subjected to further process ing, the first step of which 

is a coking step. T he separation by extracti on has the disadvantage that it is 

difficult to separate the last few percent of solids from the oil, because these 

solids are ex tremely fin e particles. 

The separation of oi l from sand by distillation has the advantage that it 

results in a hea t· pretreated, fra cti onated dis tilla te. It has the disadvantage 

that the distillati on residue must be cooled and on ly part of the heat set free 

by sa id cooling can be used in the process. T hi s disadvantage is inevi table in 

the distillation of o il shale but ca n be avoided in the processing of tar sand 

if the latter is beneficia ted before the distilla tion by a n extraction conducted 

to remove part of the inert sand . The combin a ti on of a pre-beneficiation and 

distillation seems to provide a des irable process for a recovery of oil from 

tar sand_ 
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DESCRIPTION OF THE LURGI RUHRGAS PROCeSS AND ITS 
RESULTS WHf<:N APPLIED TO THE DISTILLATION OF COAL 

When a carhonizing proce~s is used in the production of synthetic crude 

oil , a fla sh carhonizaliOll using fine·grain ed heat carriers affords special 

advantages. In a comparison to prior processes, these advantages reside in 

very high throughputs, in hig her yields of tar and in th e production of a 

carhonization gas which is co nr-entrat c(l rather than diluted by combustion 

gases. All thrce improvements are of deci sive importallf'e for the economy. 

Another important difference from the ea rlier technology is the u"e of fine

grained coaL Such modern process is the Lurgi Ruhrgas (LR) process, which 

has been developed ready for commercial operation. 

DESCllIPTION or THE PIlOCESS 

The main feature of the LR process is the use of a circulating heal carrier 

consisting of thc fine.g rained c1wr that has heen produced in the process 

itself. Another essential feature resi(les in that the char is heated and 

pneumatically conveyed at the same time so that there is no need for a separate 

heater. The feed coa l has prderahly a particle size of under one·fifth inch. 

Certain deviations from this range are permissible. 

The process will now he explained with refere nce to figure 1, which shows 

a simplified How schemE'. The feed coal and the heat ca rrier consisting of 

hot char are continuously suppli ed to a mechanical mixer (1) , which ensures 

a fa st and uniform mixing of the two components as well as a very rapid 

equalization of temperature hetween the char and coal so that a major part 

of the carbonization takes place in the mixer. The res ulting gases and vapors 

are withdrawn at the end of the mixer, suhjected to dust co llection in a hot 

cyclone (2), and then supplied to a condensing system (3). The char which 

has been circulated as a heat carrier and the newly formed char fall jointly 

into the carbonizer shaft (4,), which serves mainly as a surge hopper to take 

up flu ctuations in the char circulation rate and enables an additional temper

ature eq ualization between the heat carrier and fresh distillation residue so 

that a subsequent degasincation can take place. 

The char leaves the ca rbonizeI' shaft at the lower end thereof and fl ows 

in hulk to the lower portion of the lift pipe (5). The dust which has been 

collected in th e hot cyclone is withdrawn from the plant as a by·product or 

also supplied to the lift pipe. In th e latter, the char is raised by combustion 

gases and is hf'ated at the same time. The combustion gases are produced in 

the lift pipe itself, into which preheated air is blown to ca use a partial com

bustion of the char. If a combustion of char is undesirable in exceptional 

cases, e.g., beca use formcoke is to he produced from the .fine char, it will be 
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FICURE I.-Simplified flow diagram for the LR process. 

necessary to supply both air and a fuel gas. Because the combustion takes 

place in the presence of large amounts of char, which immediately takes up 

the heat producecl by the combustion, there is no need to cool the combustion 

chamber by a recycling of flue gas or by the provision of cooling elements 

or other measures. This fact results in a high thermal efficiency_ 

The combustion gases are separated from the char in the separating and 

collecting bin (6) at the top end of the lift pipe. They are then subjected to 

dust collection in the cyclone (7). Before the combustion gases are dis

charged into the open, they are supplied to the waste heat-utilizing and fine 

dust collecting section (8). Where coal is used which has a high water con
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tent, the waste heat is preferably utilized in a dryer provided with means for 

coll ecting dust from vapors. 
The hot char which has been separated fr om the gases collects in the 

lower part of the bin (6) and flow s continuously and in bulk to the mixer 

(1 ) to complete its circula tion. The co ntinuous production of fresh char 
results in a surplus of r irculating char. This surplus is continuously with· 

drawn at a suitable point, e.g., from the carhonizer shaft (4) or the collecting 
bin (6). The circula tion of char is controlled b y gate valves provided in 

the ducts between the co llecting bin and the mi xer and between the carbonizeI' 
shaft and the lift pipe. The hulk /l ow in th ese cone!uits prevents n mi xin g of 

the combustion gases in th e lift pipe ane! f:oll ecting hin with the gases and 

vapors produced by the reaction. 
The close intermi xing of th e coal and the hot circulated char in a mechan· 

ica l mi xer is benefi cial in so far as, when caking coal is used, the formation 

of agglomerates, which would interfere with the char recycle, is avoided. 
This offers the substantial adva ntage that the LR process can also be applied 

to caking coa ls. Experiments have been carri ed out on a techni cal sca le to 

ca rbonize highly caking coa l baving Damm caking index values as high as 

29. The la tter figure corresponds to a Roga caking index value of about 45 . 
Where non -caking coal is to he ca rbonized, the mixer may be omitted in 

plants hav ing a small or medium capac ity unl ess a maximum yield of tar is 

required. Such mixer will be desirable in all la rge plants havi ng a throug hput 
of more than abo ut HO metric tons per hour beca use coal and char will then 

flow at such high rates that they would not mix adeq uately unless the mixing 

is enforced. 
Figure 2 gives an impression of the layout of an LR low-temperature 

ca rboniznti on plant, which has been erected in Yugos lavia . This first com

mercial plant se rves to produce 1,000 metric tons of char per da y from 
lignite. Detailed information relating to these operations is co ntained in a 

puhlication. ' 

YIELD AND QUALITY OF TAR 

The hea ting of the coa l in the mixer is faci litated by the large surface 

a reas of the fin e-grained hea t ca rrier and the feecl coal, which is also fin e
grained. Besides, the direct contac t results in a highly intense heat transfer 
of an order of 200 Btu (sq ft x h x OF ) so that each grain of coal is heated 

to the carbonizi ng tempera ture within seconds or fr ac tions of a second. This 

fl ash carbonization suppresses the thermal decomposition of the primary tar 
within the grains and results in mu ch higher yields of tar than a slow heating, 

such as is ca rried out , e.g., in a Fischer retor t. Further information on Ihis 
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FICURE 2,-LR Bash carbonization plant at Lukavac, Yugoslavia. 

point is contained in a plurality of publications.6 
7 89 

To arrive at a sufficiently high yield of tar, a secondary decomposition 

of the tar vapors in the hot part of the plant must be prevented. To meet this 

requirement , an optimum carbonizing temperature must be maintained and 

the res idence time of the tar vapors between the carbonizing reactor and the 

nrst condensing stage must be as sholt as possible. 

For all coals which have previously been processed on a technical scale 
it has been found that the optimum carbonizing temperature is about 600°C, 
with only small deviatiolJs below or above said value. To reduce the time 

for which the tar vapors are subjected to that temperature, the volume of the 
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carbonizing chamber proper must be as small as possible. This is accom
plished best by carrying out the carbonization in an mixer, which ensures a 

rapid transfer of heat so that the space requirement is minimized. This is 
another, highly important advantage afforded by the use of the mechanical 
mixer in the circulation system. To minimize the residence time of the vapors, 

they are withdrawn in practice at the mixer rather than at the carbonizer 
shaft. 

Numerous flash carbonization tests carried out in a continuously operating 
laboratory equipment have resulted in yields of tar between 129 percent and 
212 percent of the yield of tar in the Fischer assay; the term tar is applied 
here to all hydrocarbons which can be condensed. The experiments were 

carried out with different coals containing 19-45 percent volatiles in the ash
and moisture-free substance. It is not apparent from present recogllltlons 

why the yield of tar afforded by the Fischer assay is exceeded by different 

percentages with various coals. 

In a pilot plant having a capacity of about 0.5 short tons per hour, the 
yields of tar were in the same range as in the laboratory, with a variation of 
137-189 percent of the tar content ascertained according to Fischer with 

different coals containing 35-4-6 percent volatiles. These figures are based on 

dust- and water-free tar from flash carbonization. 

Tar produced by flash carbonization includes more high-boiling con

stituents than tar produced by a slow carbonization so that it contains some

what more C and somewhat less H. The C/ H ratio is between 11 and 12 in 

tar produced by flash carbonization as against 8 - 10 in tar from a conven

tional low temperature carbonization. Hence, the in creased yield obtained 

by the flash carbonization is virtually due to an increased yield of pitch_ 

Table 2 gives additional data relating to the quality of a tar produced by 

flash carbonization. In that table, the total amount of tar is divided into the 

three fractions heavy tar, middle oil and light naphtha as produced in the 

experiments. The respective yields are also indicated . More information on 

the properties of tar produced by flash carbonization is given in a Disserta
tion.LO 

Owing to the high yield of pitch, the heavy tar fraction amounts usually 

to 70-80 percent of the total tar content figured on the ash- and water-free 

basis. The dust content of the heavy fraction is between 4- percent and 10 

percent and depends mainly on the disintegration of the grains of coal during 

the carbonization and on the efficiency of the separation effected in the hot 

cyclone between the mixer and the first condensing stage. Certain improve

ments may be obtained if the dimensions of the cyclone are carefully selected. 
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TABLE 2.-QlUllity 0/ a 

Raw coal 
Type 
Volatile moiler (a.m.L) 
Tar content (a.m. f.) 
Caking index to Damm 

Percenlage on lolal 
Ultimate analysis 

Ash 
C 
H 
S 
N 
o 

Densily at 20 °C 
Dust conlent 
Conradson residue 

(in dust·free lar) 
Soflening point 

( Kramer·Sarnoll" ) 
Pour point 
Viscos ity 
Boiling anal)'sis 

Initial boiling point 
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as possible. This is accom	 T ABLE 2.-Qcwlity of a low-temperature tar from flash carbonization 

in an mixer, which ensures a Raw coal 
Jirement is minimized. This is Type Subbituminous coal 

by the use of the mechan ical Volatile matter (a. m.L ) 44.6 wI. % 
Tar content (a. m.L) 13.1 wt. %e residence time of the vapors, 
Caking index to Damm 6rather than at the carbonizer 

Heavy tar Middle oil Gas naphtha 

out in a continuously operating 	 Perce nfage on tolal tar wI. ;:-0 70.7 22.4 6.9 
Ultimate analysis of tar between 129 percent and 

Ash wI. % 1.57 0.16
assay ; the term tar is applied C 81.81 83.36 
ensed. The experiments were H 5.98 9.76 

-45 percent volatiles in the ash  S 0 .. 37 0.43 

trent from present recognitions N 	 1.01 0.33 
o 	 9.26 5.96assay is exceeded by different 

Dens ity at 20°C kg/Itt 1.259 0.950 0.738 
Dust content wI. % 9.3 0.02 

mt 0.5 short tons per hour, the Conl'adson residue 
( in dust· free tar) wI. % 45.3 1.06laboratory, with a variation of 

Softening point 
ned according to Fischer with (Kramer·Sarnow) 129 
les. These figures are based on Pour point - 19 

tion. Viscosity 6.85/ 200 1.62/ 20 
Boiling analysis lcludes more high-boiling con

Initial boiling point 85 33 
ization so that it contains some 5 vol. % disti llate 

i ra tio is between ] 1 and 12 in upto °C 164 47 
10 °C 179 51;t 8 - 10 in tar from a conven 
15 	 °C 191 54 

the increased yield obtained 20 °C 201 57 

an increased yie ld of pitch. 25 °C 207 59 


30 °C 216 62
quality of a tar produced by 
35 	 °C 225 64

of tar is divided into the 40 °C 234 68 

naphtha as produced in the 45 °C 243 71 


50 °C 253 74ted . More information on 
55 	 °C 261 78

is given in a Disserta 60 °C 269 82 
65 °C 278 85 
70 °C 287tar fraction amounts usually 	 89 
75 	 °C 295 95 

on the ash· and water-free 80 °C 3()L1. 102 
between 4. percent and 10 85 °C 313 108 

90 °C 120of the grains of coal during 
95 °C 	 138 

ration effected in the hot final boiling point °C 318 139 
stage. Certain improve distillate vol. % 89.5 97.0 

last runnings 1.5 0.5are carefully selected. 
residue and loss 	 9.0 2.5 
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Before its hydrogenation, the tar is subjected to dust removal, e.g., in that 

it is centrifuged or filtered after it has been diluted. There are also hydro

genating processes which tolerate dust in the feedstock. 

AMOUNT AND UTILIZATION OF THE CARIlONIZATION GAS 

To ensure a maximum yield of tar, all coals must be distilled at temper

atures of about 600°C so that the quantity of carbonization gas depends 

mainly on the volatile contents of the coal. Because the decomposition of 

tar is negligible in the flash carbonization, the same usually produces less gas 

than a slow degasification. For instance, only 254 SCF per metric ton 

(a.m.f.) were recovered from a coal having an extremely high tar content 

and containing 43 percent volatiles in the ash- and moisture-free substance. 

In laboratory experiments it was found that flash carbonization releases gas 

in a volume which is only about 60 percent of that indicated by the Fischer 

assay. In experiments carried out on a technical scale and using different 

coals, the yield of gas was between 220 and 500 SCF per metric ton of coal 
(a.m.f_) _ 

The composition of the product gas from two different coals is indicated 

in table 3. These .figures represent average values obtained in technical-scale 

experiments and are based on gas free from naphtha. It is apparent that the 

gases are not diluted by combustion gases so that they can be used in the 

production of hydrogen, in contrast to the earlier practice. Hydrogen may 

be produced from undiluted carbonization gases, e.g., in the following 

sequence of operations: 

Compression 

Total purification by the Rectisol process 
CO lolefin-shift conversion 
Stearn reforming 
Pressure conversion 
CO2 removal 
Methanation 

The resulting hydrogen is of high purity and may be used to hydrogenate 

the tar. If more than about 4.,000 SCF of carbonization gas are produced 

per metric ton of coal (a.m.f.), the resulting hydrogen will be sufficient to 

convert the tar into a crude oil of 20 - 40°API. The earlier process of gasify

ing char to produce the hydrogen was highly expensive in comparison to that 
modern procedure. 

RETORTING OF COAL, 
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TABLE 3.-Composition of carbonization gases
dust removal, e.g., in that 

:ed. There are also hydro
Raw coal 

;tock. High volatile Subbituminous 

Type bituminous coal coal 
~RBONJZAT!ON GAS Volatile matter (a.mJ.) wt. % 35.2 4.5.4 

must be distilled at temper

carbonization gas depends 

Tar content (a.m.f.) wt. % 
Caking index to Damm 

15.7 
18 

14.7 
2 

cause the decomposition of 
Gas analysis 

ne usually produces less gas 
H2S vol. % 3.3 	 1.7 

254. SCF per metric ton 
CO2 " 6_7 11.9 


extremely high tar content 
 N2 " 1.1 0.0 
and moisture-free substance O2 	 " 0.0 0.0 
h carbonization releases gas 	 CO " 12.0 15.8 
:hat indicated by the Fischer 	 Hz 14.8 22.0 
:al scale and using different 	 CH4 44.1 31.5 
) SCF per metric ton of coal 	 C2HG 7.9 6.1 

CzH4 " 2.3 5.8 
C2Hz " 0.0'0 different coals is indicated 
C3Hs " 7.8 1.3 .es obtained in technical-scale 
CsH6 " 3.9

phtha. It is apparent that the 

that they can be used in the 	 Density Ib/SCF 0.0569 0.0568 

lier practice. Hydrogen may Net calorific value Btu/SCF 840 710 
e.g., in the following 

FIRING OF THE CHAR 

The char is fine-grained, even when caking coal is fed. Some coals dis
process 

integrate or shrink when distilled; other coals swell slightly. As a result, the 
grain size distribution of the char differs from that of the coal and is finer, 
as a rule. 

Because the char is produced in very large quantities, it can be consumed 

only in dust-fired power plants. As coal can be ground more easily than char, 
it is a decisive advantage that fine-grained coal is subjected to carbonization. 

The char has a residual volatile content between 6 percent and 8 percent 

based on ash- and moisture-free substance. As a result, the char is highly 
reactive so that it can well be burnt in the boiler furnace. It is desirably 

supplied to the boiler furnaces without an intermediate cooling, at a temper
ature of about 600°C. This measure improves the inflammability and pro

motes a complete combustion of the char. The heat economy is also much 

may be used to hydrogenate 

ization gas are produced 

will be sufficient to 
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improved thereby hecause most of the heat which is used in the carbonizing 
step is discharged as sensihle heat of the char. 

From a technical point of view the problem of firing finely ground char 
in industrial plants is considered to have been solved. Some power plants 
in Germany in which pulverized semi·coke is fired have been operated for 
decades. The firing of uncooled LR char, however, requires special measures 
because this char while being fine.grained does not have the fineness which 
is required for firing pulverized fuel. The following basic measures may be 
adopted and are shown diagrammatically in figure 3: 

The hot char is directly blown into the furnace, which is provided 
with an after·burn ing grate for the coarser particles (A) 

The char is blown in directly; the carbon·containing ash is subse· 
quently ground and returned into the combustion chamber (8) 

The char is sifted; the coarser fraction is ground and collected to· 
gether with the finer fraction in an intermediate bunker before 
firing (C) 

All the char is ground in a central grinding station with tube mills 
for high·temperature service (D) 

Experiments using the above procedures have not been carried out so far. 
This should be done as soon as a serious project is to be handled in order to 
find out which of the measures affords the greatest advantage. A large.scale 
experimelltal plant for devolatilizing up to 10 metric tons of high volatile 
bituminous coal per hour at temperatures of about 900°C was operated in 
combination with a power plant, where the char, without being cooled and 

ground, was blown into a cyclone furnace arranged for a discharge of liquid 
slag. The combustion of the char accounted for only about 20 percent of the 

total heat generated in the combustion chamber; a major part of the heat 
was generated by the combustion of coal. That mixed combustion precludes 
exact conclusions as to the special character of the combustion of the char. 
It must be noted, however, that under constant conditions, i.e., when the LR 
char was blown at a constant rate into the combustion chamber, the degree 
of combustion and the boiler efficiency did not differ from the values obtained 
with coal alone. 

USE OF THE LR PROCESS TO DISTILL OIL SHALE 

Experiments carried out on a technical scale have shown that the LR pro· 
cess can be used to distill oil shale; this has been discussed in a publicationll 
The experiments were conducted in the same plant as those using coal. Whel1 
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FIGUnE 3.-Diagrams for firing LR char. 

processing oil shale, the plant has a capacity of about 0.8 short tons per hour. 

TEST RESULTS 

Experiments have been conducted so far with a European shale and an 

values obtained 
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American shale, which had oil conlents of 6 and 13 wt.·percent, respectively, 
according to the Fischer assay. In both caoes, the plant was operated without 

technological difficulties. One of the experiments was conducted through 
several weeks. When the experiments had been completed, an inspection of 

the plant showed that the equipment had remained clean and a thin crust had 

formed only at some places. 
The properties of oil shale may vary greatly, depending on its origin. 

This applies mainly to the mechanical strength of the distillation residue. 

Some shales form a relatively strong, granular residue. Others disinlegrate 
to form small friable particles. This depends mainly on the content of fixed 

carbon which remains in the residue after the dislillation. With some shales, 
this fixed carbon residue may be less than 1 percent; in others it may exceed 

10 percent. Residues having a high carbon content are usuaJJy stronger be· 

cause the organic matter acts as a binder. The strength of the residue de· 

pends also on the composition and structure of the mineral component of the 
shale. The removal of water of crystallization and, at higher temperatures, 

the release of CO2 from carbonates, usually result in a loss of strength. 

The distiJJation of the European shale resulted in a granular residue, which 

was so strong that it could be used as a circulating heat carrier. The Ameri· 

can shale, on the olher hand, disintegrated to a large extent and formed a 

residue having a major portion which was as fine as flour. When the particles 
disintegrate to such an extent that a granular residue is not left in the amount 

which is required as a circulating heat carrier, a suitable extraneous material, 

such as raw sand, must be added to the feedstock. Even in extreme cases, 
the amount of sand required in a large plant will be less than 1 percent of the 

shale feed rate. This figure is derived from experience gained in the operation 

of several commercial LR plants used to crack oils so as to form olefins and 

employing sand as a circulating heat carrier. Information concerning that 
application of the LR process is contained in various publications.12 

13 14 

Just as the coal, the shale feedstock has preferably a particle size below 

one·fourth or one·third inch. In a large plant it may be possible to process 

particles of up to one-half inch without a reduction of the oil yield or a 

change in other results. The experimental plant is sensitive to coarser particles 

so that difficulties arise when such large particles are fed. Hence, the LR 

process is suitable in the first place for processing naturally available fine

grained feedstock whereas the lump shale is processed in associated retorts. 

The LR process affords advantages, however, which justify an investigation 

whether it will be desirable to grind the lump shale to a particle size below 

one-third inch. This is apparently the case even with feedstock which is very 

hard and tough, such as Colorado shale. 
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The yield of oil is a function of the distillation temperature and of the 

throughput of the plant, as is shown in figure 4. The maximum yield is ob

tained at temperatures of about 530°C. The increase of the yield with the 

throughput feed rate is mainly due to the fact that a higher throughput in· 

volves a shorter residence time of the oil vapors in the hot part of the plant 

so that the cracking of oil is reduced. This shows that the kllowledge gained 

in the flash carbonization of coal can be directly applied to the distillation of 

shale. For this reason, we propose to use also in the distillation of oil shale 

a mechanical mixer as a distillation reactor proper and to provide the oil 

vapor outlet again at the mixer itself rather than at the distillation shaft. In 

the pilot plant equipped as suggested very high oil yields of over 100 wt.

percent of those indicated by the Fischer assay were attained. This proves 

the suitability of the proposal. 
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FIGURE 4.-Yield 0.£ oil as a function of the temperature at various feed rates. 

In the temperature range where optimum oil yields are obtained, about 

2 - 4 percent by weight of distillation gas are produced, dependi'ng on the oil 

content of the shale. The naphtha-free gas has a density between 0.06 and 

0.09 lb / SCF and a net calorific value of about 750 Btu SCF. Because the 

amount of gas is smail, the naphtha contained in the gas can be recovered 
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with a very small ex.penditure in a commercial plant. For this recovery, e.g., 

the raw gas may be scrubbed with a middle oil fraction produced in the 
process itself, or the naphtha may be condensed from the distillation gas 
when the same is compressed. It is desirable to recover the naphtha from the 
gas because this fraction is most valuable. The gas may be used to produce 
hydrogen or as a high.grade fuel gas. 

AFTERTREATMENT OF THE DUST·LADEN HEAVY OIL 

The amount of dust which is formed will depend on the degree to which 
the shale disintegrates as it is distilled. Part of the dust is entrained by the 

distillation gases and oil vapors. It is desirable to separate the dust before 
the gases and vapors are cooled and condensed. In view of the prevailing 
temperatures, the dust is preferably separated by high-duty cyclones. A 
small portion of the dust will always enter the first condensing stage. For 
this reason, the heaviest oil fraction contains dust whereas the subsequent 
ones are free of dust. It is suitable to select such temperatures that the first 
fraction is small and the dust is concentrated in a small amount of oil. Ex

perience has shown that the hot heavy oil can be pumped even when it con
tains up to 50 percent dust. 

TIle dust must then be removed from the heavy oil. Both thermal and 
mechanical methods are available for this purpose. The heat treatment may 
be carried out in the mechanical mixer of the LR circulation system. Experi
ments including a distillation of shale and a simultaneous recycling of heavy 
oil into the mixer have shown that this practice can be adopted. It will be 

more advantageous, however, to provide for the redistillation of the heavy 
oil in a separate LR unit using sand as a circulating heat carrier. In the 

operation of such unit, conditions may be selected which are optimum for 
the redistillation and there is no need to take a simultaneous distillation of 
the oil shale into account. The use of such additional LR unit may be par
ticularly desirable if several LR oil shale retorts are operated at one location 
so that the heavy oil from all retorts can be centrally redistilled. 

For a mechanical removal of dust from the heavy oil, the latter must be 

diluted , e.g., with light oil. Dust can be separated from the more fluid suspen
sion by sedimentation, filtering or centrifuging. It would be advisable to 
use two sedimentation stages, to thicken the sediment from the second stage 
in a machine, and to use the liquid decanted from the second stage as a 
diluent in the .first stage. The light oil is recovered from the dedusted heavy 
oil by distillation. 

FLOW SCHEME OF COMMERCIAL PLANT 

Figure 5 is a flow scheme of an LR plant for highly disintegrating shale. 
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This example admits of several modifica tions. After separation of the cir· 

culating material from the Aue gases in the collecting bin , the flue gases 

should be suppli ed to the waste heat-utilizing plant without fu rther dust 

collection. The was te heat-utilizing plant consists of an air preheater and a 

waste heat boiler, in which the Aue gases as well as the dust obtained as a 

dis tillation residue are coo led. The latter is mechanica lly and electrostatically 

separated from the gas down stream of the bo il er and is slightly moistened 

and then dumped at a suitable location . 

If the combustion air is prehea ted to 450°C in a heat exchange with the 

flue gases, the heat requirement for a large plant work out at about 4-50 

Btu / lb of o il shale. The distillation residue from m ost shales contains such 

an amount of organic matter tha t the same when burnt in the lift pipe gen

erates just suffic ient hea t to meet the requirement. In the normal case, just 

as in the carhonization of coal, only prehea ted air is blown into the lift pipe. 

If the comhustible maller in the residue is not sufficient for heating, part of 

the dis tilla tion gas or of the hea viest oil fraction or an extraneo us fuel is 

additionally burnt in the lift pipe. Conversely, some shal es leave a high

carbon residue, which co nta ins more combustibl e matter than is required 

for heating. Such res idues must be afterburnt to avoid a spontaneous ignition . 

There will ha rdl y be a surplus of solids in the circulation system. A tem

porary surplus is suitably removed from the reactor a nd cooled by being 

sprayed with water. 

The distillation gases and oil vapors are withdrawn at the mixer and are 

subsequently subj ected to du st separation in a cyclone . They are then cooled 

in several stages a nd condensed. The dust which has passed through the 

cyclone is removed by washing in the first condensing stage. In accordance 

with the flow scheme, the heaviest oil fraction, which is laden with dust, is 

pumped into the mechanical mixer of the circul a tion system and is redistilled 

there. This fraction might also be a ftertrea ted, e.g., by mechanical du st 

removal. 

THE DISTILLATION OF TAR SAND BY THE LR PROCESS 

The same plant which was used in the experiments retorting coal and oil 

shale has been employed in experiments to distill about 4.0 metric tons of raw 

sand of America n orig in, having an oil content of 9 - 10 percent by weight. 

As in the other experimen ts, a mechanica l mixer was used although the tar 

sand did not tend to cake. It was found that of all the feedstocks processed 

so far in the pilot plant, tar sand could be treated most easily_ 

TEST RESULTS 

The sand co ntent of the feedstock is suitable as a circulating heat carrier. 
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This is ill line with the outstanding feature of the LR technique to recycle 

the distillation residue, if possible. 

As in the processing of coal and oil shale, the yield of oil from tar sand 

depends on the distillation temperature. When the plant was operated at half 

the capacity the tar sand gave maximum oil yield at a temperature below 
450°C. With such low temperatures, disturbing deposits are formed along 

the path of the oil vapors from the mechanical mixer to the first condensing 

stage so that unduly high pressure drops occurred after some hours of opera
tion. for this reason, the experiments were mainly carried out at tempera

tures of about 500°C. Under these conditions, the plant remained clean over 
long operating periods and was easily controlled. 

In addition to the temperature, the degree to which the capacity of the 

plant is employed has a great influence on the yield of oil. As is shown in 

figure 6, the yield increased greatly when the throughput of the pilot plant 
was raised. A maximum of 1)0.2 percent by weight was reached when only 

62 percent of the heat transfer capacity of the plant was utilized The extrap

olation of the curve permits of a conclusion that about 95 percent of the 

oil content of the feedstock can be recovered as a distillate if the distillation 

temperatures are between 500 0 and 520°C. The great dependence of the 
yield on the degree to which the capacity of the plant is employed proves that 
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FtGURE 6.-0it yield in the distillation of tar sand as a function of the feed rate. 
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the co nditions used in the Aash ca rbonization of coa l are favo rahl e and a 
mechanical mixer is to be provided as the cliHiliing appara tus. 

The quality of Ihe oil recovered depends in th e first place on the starting 
material. It can be inAuenced by the operating conditions. If the plallt is 
controlled with a view to a maximum yield of oi l, the di!,lilla te will hardl y 
differ from the native o il , since yields of over 90 percent will be obtained. 
If the plant is opera ted at a higher temperature, the yielcl will be red uced 
and a certa in crackin g \ViII result so that Ihe qualit y of the oil is changed. 
In a test run resull:ing ill a n oil yield of 81 percent, the three fracti ons hea vy 
oil, middle o il and light oil were temporaril y mi xed ill the proportions in 
which they were recovered. This synthetic crude oil had at 20°C a viscosi ty 
of 258 centistokes, a surpri singly low setting point of -31 °C and, for dust
free oil, a density of 22 ° API. 

The heavy o il fracti on contained about 11 percent dust in the form of 
fin est particles, which had nol been separa ted in the cyclone before the first 
co ndensing step_ The remaining oil fra ctions co nta ined no d ust. The amount 
of en trained dust which enters the condensing plant Ill ay be reduced by two 
series-connected cyclones, which are specially dimenoioned for the present 
application. Besides, th e amount of du~t which is carried over depends on 
the content and th e var ti cle size di strihution of th e mineral constituellts in 
the feedstoc k. When these are very fine, e.g., in oil -laden diatomaceous 
ea rth , of which California has large deposits_ a t( rea t amount of dust can be 
entrained, just as in the processing of hi ghl y disintep;ra ting oil shale. If the 
carrier sand has onl y a small con tent of fin e fra cti ons below 100 microns, 
the di stillate will be co rrespondingly low in dust. The heavy oil fra cti on ma y 
be subjected to the same furth r.r process ing steps as the shale oil. Under 
favorable conditions, where the dust tra nsfer is loll' , the re is no 'need for such 
fu rther processing. 

Because the yield of oil is high, on ly a very small alllo unt of di stilla tion 
gas is produ ced. About 100 SCF of gas per metri c ton of tar sand were re
co vered in the experiment having all oil yield of :-n percent. Main constitu
ents are methane, eth ylene and hydrogen. 

The content of combustible matter in the solid distillation resid ues de
creases as the distill ation tempera ture rises. At an operating temperature of 
about 500°C, the average is about 0.5 percent by weight. The maj or portion 
of sa id content is supplied by the dust from the dis tillati on gas cyclone, ha ving 
a carbon content 01 about 3 percent. The particul ate solids whi ch have been 
withdrawn from the circu lati on system conta in onl y about 0.2 percent carbon 
because thi s material is contacted with an oxidizing atmosphere in the lift 
pipe so that organic co nstituents burn. This combusti on will suppl y part of 
the hea t which is required in the di still ation plant. The remaining hea t re-
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quirements must be covered by other fuels, such as distillation gas and heavy 

oil. 

USE OF BENEFICIATED TAR SAND 

The amount of heat required in the distillation plant per unit of oil 

throu~hput can be much reducer! if the tar sand is beneficiated. In an earlier 

paper it has already been proved numerically that in the distillation of raw 

tar sand most of the heat is consumed by the inert carrier sand and must 

subsequently be removed from such sand. ", H ence, a reduction of the sand 

content would improve the heat economy of the process, increase the oil 

throu~lrput capacity of a plant and also facilitate or eliminate the problem 

illvolved in the cooling of the hot distillation residue. 

If the raw sand is pretreated to Temove, e.g., 80 percent of the solids 

without changing the original oil-to-water ratio, the capacity of a givell LR 

circulating system will be approximately doubled. The solids may be removed 

hy extraction with water. Work of this kind has been reported in the litera

ture. H ; The hot water extraction already applied on a commercial scale gives 

a bitumen containing solids on wate r. This primary product would also be a 

very good feedstock for the LR process. 

PROPOSAL FOn A COMBINED PROCESS 

The advantages of the recovery by r!istillation of oil from beneficiated 

tar sand have led in the past to proposals for a COlllbination of a preliminary 

extraction and a subsequent heat treatment. J 
, ]f. A particularly desirable 

combination appears to be a process in whi ch the preliminary treatment is 

controlled to remove only a portion of tire sand, whereas in a subsequent 

,tage the beneficiated bitumen is subjecter! to a rapid distillation under the 

conditions called for by the LR process . 

The sand content of the beneficiated material is suitably selected so tlrat 

the heat content of the hot distillation residue to be withdrawn can be taken 

over in a heat exchanger by the combustion air required in the LR plant. 

The need for special equipment for cooling the hot sand is thus eliminated. 

This requirement will be met if the beneficiated material contains about 50 
percent sand or less. Hence, the beneficiating plant has the relatively s imple 

fUllction of removing only part of the sand. This offers tire advantage of low 

costs, since, by experience, the capital and operating costs involved in a 

process increase progressively if it is endeavored to approach an efficiency 

of 100 percent. further advantages of the combination reside in that the heat 

requirement of the beneficiating plant when operated with hot water can be 

readily met by the waste heat from the condensing plant. The distillation 

residue is cooled to about 150°C or less in the air preheater; it is best mixed 
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with wet tailings from the beneficiating plant and then disposed of. 

An LR plant for distilling crude or beneficiated tar sand diHers from a 

plant for the distillation of oil shale in accordance with figure 5 mainly by 

modifications to the condensation unit and the equipment for the utilization 

of waste heat. Further information on the distillation of tar sand by the LIt 

process are contained in a publication. l7 

CAPITAL REQUIREMENTS AND OPERATING COSTS OF THE 

PROCESS FOR THE THREE APPLICATIONS 

One of the large LR circu lation ~ystem5 which have been in successful 

operation for years is provided with two lift pipes, which discharge into a 

common collecting hin. The plant is located in Japan and cracks light oil to 

produce olefim, using sand as a heat carrier. An LR system of that size 

could process about 2,500 metric tons of predried coal or 3,800 metric tons 

of oil shale per day. When processing beneficiated tar sand containing about 

50 percent sand and .)0 percent oil, it could produce about 4,600 barrels of 

distillate per day. It is snggested to erect first a unit of this size for demon. 

stration and to contemplate the suhsequent addition of other units. No reason 

is seen why such units which are added later should not have twice or three 

times the capacity of the first unit when experience with a plant of cOI1\'en

tiona I size is available in the field of application concerned. Since future 

throughputs of 5,000-6,000 metric tOilS of coal or of 3,000-9,000 metric tons 

of oil shale per day or all output of about 10,000 barrels of distillate per day 

from beneficiated tar sand can be expected per unit, the LR process presents 

itself as a very efficient method and fulfills an important precondition for the 

production of synthetic crude oil. 

Plans have been prepared for all three fields of application and have been 

used as a basis for careful and realistic estimates of the capital requirement 

to be expected. The results of these calculations are presented in table 4·. The 

figures are based on United States prices and apply to a unit which is erected 

ready for operation. 

The cost estimates include the feeder for the feedstock, a circulation 

system with equipment for the utilization of waste heat and for the separation 

of dust from the exhaust gases, a complete condensing plant, structural steel

work, electrical installations, measuring and controlling iustruments, con

struction work, etc., within battery limits. The estimate covers also a scrubbing 

tower for removing naphtha from the distillation gas and a scrubbing oil

stripping plant associated with the tower. The estimate relating to a coal 

carbonization plant includes, moreover, a flash dryer. The estimates do not 

allow for offsite facilities, such as conveyors for the feedstock and the distil-
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TABLE 4.-lnvestment costs and tec/mical data on LR plants 

Investments 

Feedstock Subbituminous 

coal 

10% H 2O 

Oil shale 

12% oil 

Capacity 

Capital cost· 

265 sh tons coal/hr 

8.0 million US $ 

330 sh tons 

shale/hr 

7.7 million US $ 

Technical data 

Utilities 

Electricity kw 254{J 2300 
Cooling water 

GPM 1320 1720 
Low-pressure steam 

sh ton/hr 2 
Inert gas 

SCF/hr 950 750 
Feed water 

GPM 90 
Compressed air 

SCF 3700 3000 

Usable by-products 

Char (0% H~O) 
sh ton / hr 120 

Surplus gas 

SCF/ hr 930,000 260,000 
Waste hea t steam 

sh ton / hr 19 

Shift Personnel 

Superintendent 

man/shift 1 1 
Plant attendant 

man/shift 4 5 

Beneficiated 

tar sand 

50% sand 

30% oil 

10,000 barrels 

distillate/ day 

6.9 million US $ 

2400 

1060 

750 

220 

3000 

47 

1 

4 
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lation residue, equipment for the supply of utilities, roads, railroad tracks, 

workshops, etc. Not included either are, in case of coal carbonization, the tar 

dedusting facilities. if required, and in case of tar sand. distillation the bene

ficiation plant. 

The cost of each unit will be somC'what reduced if several units of a plant 

are erected at the same time. Further ~avings will be possible if a common 

condensing plant is used for two or more LR retorts, particularly in the pro

cessing of oil shale and tar sand, where only a very small amount of distilla

tion gas is produced. 

The operating costs will depend in a high degree on the rates of interest, 

depreciation, taxes, etc., which differ greatly from one location to the other. 

The costs of labor, power, water and other utilities and the credits for by. 

products may also vary appreciably in different places. For this reason, a 

calculation of the processing costs is not presented here. In table 4" the tech

nical data of the plants are compiled so that the costs can be estimated on 

the basis of the local prices. The table does not allow for a consumption of 

raw water, which may be needed to moistC'n the distillation residue. A re

liable calculation of the operating costs is required for each project. In such 

calculation, consideration should be given to the fact that in the joint opera· 

tion of several units, one operator may supervise cerlain sections of two or 

more units. The specific labor recjuiremenls are consequently reduced. 
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COAL LIQUEFACTION-A PROGRESS REPORT 

CHARLES H. RICE 

ABSTRACT 

Within the past decade significant advances have been made in developing 
coal liquefaction processes, and economic potentials approaching those of the 
conventional petroleum industry are being projected. The Consol Synthetic 
Fuels (CSF) Process is one of these. It is currently being investigated in a 
pilot scale operation. This paper reviews the significant pilot plant develop
ments and their impact on process economics. 

INTRODUCTION 

In 1962 the Office of Coal Research (OCR) was established to promote 
or accelerate developments which could create new markets for coal. During 
the past eight years this agency has supported the development of several 
very promising coal liquefaction processes. Four of these processes stand 
out from the point of view of scale and degree of development, and projected 
economics. They also cover a broad spectrum of coal liquefaction concepts. 

One of these processes is Project COED, an FMC Corporation develop
ment. l 2 Briefly, it is an improved fluidized carbonization scheme with 
relatively high yields of tar which can be converted to gasoline. It has been 
investigated in a continuous process development unit on a 100-lb-per-hour 
scale. A 36-ton·per-day pilot plant is currently under construction at the 
FMC Research Center at Princeton, N. J. 

The second development is the Hydrocarbon Research, Inc., H-Coal 
process. This process is an outgrowth of HRl's H-Oil development. It is 
based on the use of Cobalt-Nickel -Moly catalyst in ebullating bed reactors to 
hydrogenate coal-oil slurries directl y. Bench scale work in units with 
capacities as high as 200 pounds of coal per hour has been completed and a 
report describing these studies has been published.3 An economic analysis of 
the H-Coal development was made by HRI: In an independent analysis 
AMOC0 5 confirmed the attractive economic potential, but suggested further 
lab-scale work before a decision to build a pilot plant is made. 

The third process is the Low Ash Coal development of the Pittsburgh and 

Consolidation Coal Company, Resea,rch Division, Library, Pennsylvania_ 
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Midway Coal Compally-a subsidiary of Gulf Oil Company. This is essen · 
lially a relatively high pressure coal extraction scheme which produces a 

low·ash fuel from coa l. The bench scale development is essentially completed 
and a report on the work published." The project has reached the stage where 

a pilot plant has been designed, but conslruction has been delayed due to lack 

of funds. Although lhe objective of this scheme is to produce a low ash, low 

sulfur fuel the product co uld also be further processed to gasoline as in lhe 
fourth and final scheme-lhe Consol Syntheti c Fuels (CSF) Process. 

The CSF process employs coal exlraclion to p roduce a deashed ex tract 
which is subseq uently hydrogenated to a distillate. The distillate, often 

referred to as "synthetic crude," is processed to gasoline via conventional 

petroleum technology . The extraction sleJ.l differs from the P & M scheme in 
that hydrogen addition is accomplished by transfer fr om a hydrogen donor 

solvent rather thall directly. Thi s permits less severe opera ting conditions to 
be employed, i.e. , lower pressure and temperature. 

Of these [our processes, the CSF Process has reached the farthest stage 

of developmell t. It was origiually cOll ceived from work carried out at the 
R&D Division of Consolidation Coal Company dllring the late 19ctO's and 

early 1950's. Bench scale devel opment of the crili cal steps in the process was 

carried out in the late 1050's and early 1960's. In August 1963, the Offi ce 

of Coal Resea rch initiated a program with Consol-called Project Gasoline

to accelerate the development of Ihe CSF Process. This program included 
additional bench scale work followed by lhe comlruction and operalion of 

a 20 TPD pilot plant in Cresap, W. Va. 7 
x Fully inlegrated operation of the 

pilot plant was achieved in July , 1969, aiter some delay due to a number of 

unusual problems-primarily mechanical in nature. The major pilot plant 

variables are currentl y being systematically explored. 

Some mention should be made of th e other o rga nizations, besides those 

referred to above, actively investigating coal liquefaction. This work is 
privately funded and few details are available. Notable in this group is Esso, 

who in 1967 announced a significant effort in this area, including acquisition 

of large coal reserves, co mmercial coal mining, and research in coal liquefac
tion. 

In this paper the significa nt Project Gasoline pilot plant developments 

are briefly rev iewed and their impact on process economi cs summarized. 

PROCESS DESCRIPTION 

Beca use of the comp"Jexity of the scheme, the various processing steps 

have been grouped together into blocks. The relationship between these 

blocks is briefly outlined with the aid of figure 1. 
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Block I includes all coal processing steps. Its main function is production 
of extract. In addition, char suitable as boiler fuel and tar acids are produced 
as by-products. Off gases from the various operations are sent to Block IV for 
clean-up and recovery. The hydrogen donor solvent from Block II, after use 

in the extraction step, is sent to Block I II and processed to gasoline. 

In Block II the extract is hydrogenated to produce a wide boiling range 
distillate which is split into low and high boiling cuts. The higher boiling 
fraction is .first sent to Block I as hydrogen donor solvent for the extraction 

step and is then recovered, combined with the lighter Block II distillate, and 
sent to Block III as "synthetic crude." Hydrogenation is accomplished in 
stages using a conventional Co-Ni-Mo type hydrocracking catalyst in the 
ebullating bed type reaction system. 

In Block III the synthetic crude is processed to gasoline via conventional 
petroleum processes. This includes hydrofining, hydrocracking, and reform
ing. 

Block IV includes most of the gas processing operations. Acid gases are 
removed from the off gases from Blocks I, II and III in an activated hot 

potassium carbonate system. Butane is recovered for gasoline vapor pressure 
control and the clean gas is utilized in hydrogen manufacture as feed to a 
steam-methane reformer. In the case where all hydrogen is produced via 
steam-ethane reforming, the net gas deficiency is made up by pipeline gas 
purchase. The foul liquor streams from the hydro operations in Blocks II 
and III are also processed in Block IV for recovery of ammonia and hydro
gen sulfide. The hydrogen sulfide from this operation, combined with that 

recovered in gas clean-up, is converted to sulfur in a typical modified Claus 
plant. Sulfur and ammonia are sold as by-products. They are included to 
eliminate pollution problems. 

Not shown in figure 1 is Block V which includes all the necessary utility 
and offsite facilities to support the complex on a grass roots basis. 

Block I, which contains most of the novel features of the CSF process, is 
outlined in more detail in figure 2. Raw coal is crushed, dried and pre-heated 
in the Feed Preparation section. The -] 4, mesh product is sent to Extraction 
where it is slurried with solvent, heated to reaction temperature, and extracted 
in a staged mixing vessel. The slurry product from this operation is then sent 
to Residue Separation where the residual unconverted coal solids and ash are 

separated from the liquid phase which contains the solvent and coal extract. 

A two-stage hydroclone system is used in the latest Residue Separation 
design with a solvent wash introduced in the second stage to improve extract 
recovery. Underflow from the waoh stage containing solids, solvent, and some 
extract is sent to Low Temperature Carbonization (LTC) for solvent recovery. 
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Here it is joined with the ca rbonization of h ydro residue from Block II. In 

addition to solvent recovery, some ta r is l~enerated in the LTC operati on 

from which tar acids are recovered . The remainder of the ta r (not shown in 

fig . 2) is blended with the extract. Char from this opera tion is sold as boiler 

fuel after meeting pl a nt fu el. requirements. 

The overA ow from the Res idue Sp-pa ratio ll s tep containing extrac t, solvent, 

and a small amounl of hll e solids is sent to di"lillation fo r Solvent Recovery. 

The hi ghe r boiling soh'ent cut is recycled and th e lower boiling c ~t sent to 

Block III fOt' proces"ing to gasoline. E xtract recovered from this opera tion 

is Water Washed to reduce its ash level and then sent to Block II where it is 

hyd rogen ated. 

In genera l, where hi gh rank bituminous coals are involved the h ydrogen 

donor cap ac ity o f the make- up solvent from Block II is sufficient to meet the 

demands of th e ex tracti on step. When lower ranking coals a re co nsicl ered

typ ica l of weste rn strip mi ne locations- th e h ydmgen trans fer requirement 

of the extract ion Hep frequentl y exceeds tha t whi ch is ava ilable from the 

make-up solvent. In such cases it is necessa ry to subject the recycle so lvent 

to a mild hydrogen a tion to convert the naphthenic type co mponents of the 

so lvent to tetralin types. This is the r easo n fo r the Solvent Rehyd m step 

shown in figure 2. 

PILOT PLA NT OPERATIONS 

The pilot plant is a 20 TPD fa c ilit y located a t Cresap , W. Va . Its prim ary 

obj ectives are to prove out and obta in design data for the scal e·up of Block I 

and II operati ons. A complete descrip tion of thi s plant has been publi shed by 

the Office o f Coal Researcb. ' It includes the 8ame processi ng units as Blocks I 

and II just described with the exception o f Solvent Rehydro and Tar Acid 

Recover y. Solvent Rehyrlro is not required with the Pittsburgh sea m coal 

be ing used in the program and there is no need to demonstrate Tar Acid 

recove ry. 

Sta rt-up and initial operation of th e p ilot pla nt through June, 1068 have 

been described in a repo rt which has al so been published by the Office of Coal 

Resea rch." The most significa nt development during these early opera tiolls 

involved the switch from pressure precoat filtr ation to hydroclones in the 

Res idu e Separa tion Step. 

The orig inal pilot plant des ign provided fo r testing three types of solids 

sepa ration equipment, i.e., filters, centrifu ges and hydroclones. The operating 

cond iti ons for this step-ca 150 psig and 600 °F-fall outside the range of 

commerc ially ava ilable rotary precoa t pressure filters and centrifuges. Conse 

quently, specially designed equipment was required for these operating condi-
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tions. Mechanical difficulties were experienced during initial operation of 
these units and after numerous modifications it became obvious that , although 

feasible, major mechanical redesign would be necessa ry to obtain operational 
reliability. Work was initiated ill thi s direc tion. In the interim , however, 

hydroclones were tested and the results were so encouraging it was deci ded 

to shift the program emphasis to fully explore their capabilities and impact 

on the overall process. 
A brief review of the status of the key sec tions of the plant will serve to 

outline the problems which Ilave been enco untered, the accomplishments to 
date, anel the objectives which remain to be expl ored. 

Extraction: This unit has operated at design coal feed rate and solvent 

coa l ratio. No process operability problems of consequence are evident and 
and yields agree with those predicted from bench scale results. Determination 

of maximum capacity and minimum operable solvent/coal (S / C) ratio 

rema in as desirable seco ndary objectives. 
Several mechanical problems had to be solved before reliable sustained 

operation of this unit was achieved. These included: 

1. 	 The development of mechanically reliable bearings and seals fo r slurry 

mixers ope1'a ting at 700 °F and 150 psig. 
2. 	 The development of erosion resistant control valves. 

3. 	 The development of check valves for reciprocal pumps handling slur· 

ries. 

Residue Separation: The hyd roclone system has proven to be very reo 

liable. The major mechanical problem involved development of mechanicall y 

reliable centrifugal pumps to hall die slurries at 700°F and 150 psig. Al

though hydroclones have been used for many purposes, including dewaterin g 
of coal, the process conditions for this operatioll appear more or less novel 

alld no similar previous experience was available for guidance. As a result, 

considerable effort has been expended exploring the variables of this oper· 
ation. One, two, and three stage hydrocl ones have been tested over a wide 

rallge of solvent diluti ons. Both 2·inch and 3·inch hydroclones have been 

tried with a variety of combin alions of feed , overflow, and underflow orifice 

diameters. From this work the two stage system appears most attractive. 

Although the number of variables involved make it difficult to fully optimize 
this system, sufficien t data have been accumulated anel correlated to set condi· 

tions such that sa tisfa ctory res ults are attained. 

Low Temperature Carbonizalion: The original pilot plant carbonizeI' was 

designed to handle a relatively dry filter cake from the res idue separation 

section. The switch from fllters to hydroclones resulted in a significant change 
in the character of the ca rbonizeI' feed and required modification of the unit. 
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These changes included a reduction in th e diameter of the fluid bed car· 

bonizer, development of dispersion devices for the slurry feed to the carbon· 

izer, and extensive modifica tion of the down stream condensing train. Oper. 

ation of thi s modified unit feeding hydroclone underflow slurry has proven 

entirel y successful. 

Extract Hydrogenation: This system has suffered some maj or mechanical 

problems which until recently have affected progress in obtaining data on 

this key step. Solution of these mechanical problems required: 

1. 	The development of reliable cen trifugal pumps to operate at 875°F 
and up to 4,200 psig on hydrogenated oils con taining solids. 

2. 	 The development of piping closures capable of leak.proof operati on at 

th e above conditions and und er the stresses imposed by th e pilot plant 
system, including repeated startup <lnd shutdown. 

Heat losses were also found to be a problem and additional high pressure 

recycle liquid hea ters had to be installeCl in order to operate the staged 

reactors at des ired temperatures. The necessa ry equipment modifica tions have 

been made to eliminate these problems a nd during the most recellt run the 

unit performed well. From a process point of view, the results have been 

enco uraging, but inconclusive. The important variables affecting ca talyst life 

and yields remain to be explored. 

Extract Water Washing : The purpose o f this operation is to remove 

water soluble ash components remaining in the extract followin g Residue 

Separation in order to improve ca talyst life. It is not planned to operate this 

unit until after ca talyn life without water washing has been determined. 

It is interesting to note that the mechani cal problems which have been 

experienced are primarily related to th e uniqu e requirements of pilot sca le 

operation and to particular equipment installed at the Cresap pilot plant. In 

general , commerc ial in stallations in co rporating all of these features have been 

operated success fully. 

Within the past year all of these plant rev isions and equipment modifica. 

tions have been completed. Since that time excellent progress has been 

achieved. The plant has been operated as an integrated whole for eX lended 

periods of time. These periods have been sufficiently long to establish a closed 

natural solvent loop and demonstrate adequate hydrogen donor capaci ty at 

design coa l feed ra te. The most recent run opera ted for 34·5 hours feeding 

coa l, with 274, hours of integrated operation. No process operability prob. 

lems were encountered and the run was terminated voluntarily after the 
objectives were accomplished. 
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PROCESS ECONOMICS 

Pilot plant operations have required some modification in the com mercial 

design concept. A full scale re·evaluation of the commercial potentialities of 

the process has been made which includes these la test pilot plant data. This 

re·evaluati on is covered in detail in the "Summary Repo rt on Proj ect 

Gasoline" currently bei ng published by the Offi ce o f Coal Resea rch and 

should be available shortly." 

Tbe stud y is fairly hroad. It covers two plant loca tions and coal types. 

These are: 

1. 	 All Ilb:nois loca tion typical of the deep mine, high volatile bituminous 

coal regions of the mid·west and east , and 

2. 	 A Monlallo- loca tion representative of the strip mine subbituminou s 

reg ions of the Western States. 

Since the source uf hydrogen is probably the most s ignificant variable affect

ing overall ecoll omics, three sub·cases for each of these general cases were 

develoJlE'd . These sub·cases differed in the method of hydrogen manufacture. 

The basic sub ·case emplo ys conventional steam·methan e reforming while the 

other two employ varialJts o f the Consol CO~ Acceptor Gasification process. 

Concern about the long term s upply of methane req uires contilJued can· 

sidera ti on of alternate sources of hydrogen and the Consol CO~ Acceptor 

Gasification process is readil y adapted to this purpose. H owever, it is clear 

today, tha t at current prices for natural gas, the most attractive so urce of 

hydrogen is the well·demonstrated stea m·meth<lne reforming process. This 

review of p rocess econom ics will be limited to the basic s team·methane re 

forming sub-cases . 

Feeel coal analyses for the two locati ons are shown in table 1. The 

Illinois coal analysis is s igni fi cantl y lower in oxygen and higher in sulfur 

and ash than the iVIontana coal. This is typical of the differences between the 

mid·west high volatile bituminous coa ls and the western subbituminous coa ls. 

Overall eco nomic summaries of the two cases are shown in table 2. These 

studies are based on cost indi ces preva iling during the firs t half of 1969. 
Plant design capacity was nominally set a t 60,000 BPSD with a 90 percent 

operating factor. Although the plant loca tions and coa l types are widely 

different, very little overall difference is noted between these two cases. The 

higher hydrogen co nsumption for the Montana case is the result of the higher 

hydrogen transfer requirement for this coal in the extraction step. This is 

reAected in the somewhat hig her purchased gas requirement and hi gher plant 

investment. The cos ts associated with these items, however, are more than 

offset by the significantly lower cos t for the strip-mined Montana coal com· 
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COAL LrQlJpr,' cnoN-

TAnLE I.-Feed coal analyses 

MOl/wn a Illinois 

Percent Moi~ture. as received 	 2-1.0 14.4, Gasoline, BPSD 
Ultimate ilnalyses, IFI ;; MF T<11" Acids, MM Ihlyr 

H 4.5 -'lA, Phenol 

C 69.8 6+().0 Cresols 

N 1.0 1.2 Sulfur, LTPY 

o H.·I, 8.3 Ammonia, TPY 

S 0.9 5.8 Cha r Sa les, MM Btu/ hr 

Ash 9.4 15.. 5 KW Equ iv. 

100.0 100.0 

TA~ 

T", Il l.l ·; '2.-0verall economic .I1l.lI/.llIary 

Gasoline Proclucl ion. BPS!) 
Coal Consumption, MM TPD 
Purchoscd Gil", Mivl SCF' U 

Hydl"ogf'1l COIlSUlllpt iun, 	!VTM SCFD 
SCF/BBL 

Capilal R equirelnents 

Plant In vestnlt'nl. $MM 
Worki ng Cap ilal, $MM 

Refinery Gate Ca solilw Cos t, (/gaL 

MOf1/'Ol/n. 

60,1)00 
0.0 
llg 

!]20 
O,()OO 

225 
32 

11.8 

Ilhnois 

ol,LIOO 
8.6 
<)1) 

350 
5,700 

20<) 

34

12.1 

Manu/acillring Costs 

Coal at $2.00/$ LOO pi 
Pu rchased Cas at ,)5¢1 
Labor, Ma in!. , Ohd., T 
Royalties 
Elect ricity at 5. 1/ 5':\ r 
Chemicals and Ca tal yst 
Interest 011 W.e. ill 6o/t 

Total Direct Costs 

pared to the def'p·rn inecl 	 Illinois coal. 
Product sUlll lllaries for the two cases are indi ca ted in table 3. Crcd it was 

taken [or :'U: iVJNllb per yea r of phenol and 20.0 iVIJvI lb per year of cresols 
at 6.0 and] S.Or,'- per Ih resjl<:'ctively. The2e quantitips represent onl y a fra c· 
ti oll of the ilvilibiJ l,; lar acids. SuHu r ilnd amlllo llia sa les are higher for tb e 
Illinois case. refl ecti ng th t' higher sulfur and ni trogen content of the feed 
coa l. These jJ lw luclS wen ' <Tt'rlitt'ci ill :j; 2.'i per lOllg 1011 for sulfur and $25 
per ton lor amlllonia . Char sales arc sign ifiCan t and wou ld require a large 
power plant consumer. 

Overall cost sUllllllar ies are shown in tabl e .:]. The base coa l costs used in 

Capi tal Charges, 20% 

Total 

R evenues 

Char 
Tar Acids 
Sulfur and Ammon ia 
Gasoline (by difI.) 

Total 
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analyses TABLE 3.-Product summaries 

Monwno Illinois 

2"1.0 14.4· 

4.5 4A· 

69.8 61·.8 

1.0 1.2 

H.Ll. 8.3 

0.9 5.3 

9.4. 15.5 

100.0100.0 

OIllIC Sl/nUlI.ory 

l!lin ois IVIolliOlln 
6] /100 GO,800 


').0 
 8.6 
Iy)118 

35012O 
G,I)()O 5,700 

209225 
3/). :-\2 

12.111.8 

indicated in table 3. Credit was 
20.() MM Ib per year ul cresols 

quantities rejJre~ent only a frac
ia sales are higber for the 

nilrocen cuntp.nt of the feed 
c

1()1l" lon for sulfur and &25,.., 

',tnt alld would require a large 

I. The base cua I custs used in 

Gasoline, BPSD 

Tar 	Acids, MM Ib / yr 

Phenol 

Cresols 

Sulfur, LTPY 

Ammonia, TPY 

Char Sales, MM Btu/ hr 

KW 	Equiv. 

Monwna 
60,800 

3.8 
20.0 

39,600 
50,600 

3,960 
442,000 

TAllLE 4 .. -0verall cost summary 

iVlannjacluring Costs 

Coal at $2.00/$ LOO per ton 

Purchased Cas at :>'SNMSCr 

Labor, Maillt., Ohel., Taxes & Ins. 

Roya lties 

Electricity at 5.1 /5.B mil/KWH 
Chemicals and Catalyst 

Interest on W.e. at 6 '/0 

Total Direct Costs 

Capital Charges, 20% of IllY. 

Total 

Revenues 

Char 


Tar Acids 


Sulfur aHd Ammonia 


Gasoline (by cliff.) 


Total 

Monlana 

$iMM/yr ¢/gal 

18.0 2.2 
12.9 1.6 
17.9 2.1 

1.5 0.2 
2.7 0.3 
7.6 0.9 
1.9 0.2 

62.5 7.5 

45.0 SA 

107.5 12.9 

3.1 OA
3.2 0.4
2.3 0.3 

98.9 11.8 

107.5 12.9 

Illinois 
6] ,400 

3.8 
20.0 

180,000 
64,000 
4.,260 

475,000 

Illinois 

$MM/ yr ¢/ gal 

34..4 4·.1 
11 .3 1.3 
16.6 2.0 

1.5 0.2 
2.7 0.3 
7.5 0.9 
2.0 0.2 

76.0 9.0 

4-1.9 4·.9 

117.9 13.9 

6.0 0.7 
3.2 0.4 
6.1 0.7 

102.6 12.1 

117.9 13.9 
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this st ud y are $2.00 and $4.00 per ton (as receiverl ) for the str ip and deep 

mined coals, respectively. Purchased gas is pri ced at 3S¢ per MSCf for both 

cases. P ower at 5.1 and 5.B mills/ KWH, respectivel y, reAect the higher 

fuel cost for the Illinois location. Capital charges at a rate of 20 percent of 

plant investment per yea r cover depreciation , income taxes and profit. 
The char is credited at fu e l va lue di scounted 10 percent below coal price. 

Note that although it is a large fu el suppl y. its by-prorl uct crerlit in terms o{ 
cents per gallon o f gaso line is not overwhelmin g. 

The gasoline costs are for refiner y ga te products having an average 10 Ib 

R eid vapor pres'O ure co mJlo~ed of 60 percent regular brand at 95 CrR·R. and 
4,0 percent pn~mium atl 01 CFR·n..·" r-or ori entati on. during the 196B·GO 
period , repo rted hulk sail' spot pri ces in the Chicago area averaged 12.1 ¢ 
per gallon for reg ular amI I :{.::( per gallon for premium g rade gasolines. 
The price for a 60/ ,10 hlf'nrl . as ll ,wd in this >, tud y. woulrl average slightly 

less than 12.8¢ pf'r gallon. 

DEVELOPMEN T PROGRAM 

The technica l des ign hases for this stucl y were defin ed in continuous bench 
scale tests and, to a , i!!- nificant extent, confirmed in the pilo t plant operations. 

Two prima ry area5 l<''luirt' addilional pilot plant study. These are: 

1. 	 Demonstral ion o f <'x l ract hyd rop;enal ion yield s and catal ySl Ii fe with 

and without willer washin~ o f extrac t, and 

2. 	 measu rement of solvent losses in coal extraction and ancillary steps 

under .steady state co nditions. 

III addition , work with subbituminous roa ls has bee n limited to batch extrac

tion st udies in which yields and hydrogen transfer req uiremen ts were defined. 

Some bench and pilot sca le work is also required in this area to provide 

definitive data for co mmercial design purposes. 

SUMMARY 

The development of coa l liquefac tion processes is proceeding at a moder· 
ate pace and res ults to date co ntinue to be promising. At least fOllr major 

coal liquefaction processes have been and a re being explored on a significant 

scale. These a re: Projec t Gasoline, Projec t COED. H-Coal Process, and Low 
Ash Coa l Project. 

Project Gasoline is farthest advanced by virtue of the pilot plant oper· 

ations curren tl y in progress. Despite delays resulting from many mechanical 

"No TEL is required 10 meet the regular brand oc tane specification. The premium 
grade requires 1.6 CC TELl gal. 
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problems, the pilot plant program to date has yielded very encouraging 
resu lts. An economic evaluation of the process, based on these results, reo 
affirms the conclusion that gasoline can be produced to sell at the refinery 
gate in the range of 11-13¢ per ga llon. 
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A SYNTHETIC FUELS INDUSTRY BASED ON 

ROCKY MOUNTAIN COALS 


R. TRACY EDDINGER,' ARVID H. STROM," AND RALPH BLOOM, JR.3 

INTRODUCTION 

The great abundance of coal in this country is an asset which will become 
increasingly important in meeting the energy demands of this Nation in the 

future. Coal can be directly converted to power, or may be processed to 

produce more valuable products and fuels for power. Direct application of 
coal to the total energy requirements of the United States is not likely. The 

principal direct outlets should continue to be the electric utilities and the 
ferrous metals industry. However, the market for coal can be broadened by 

construction of coal·conversion complexes to produce oil and gas to supple
ment, and even replace, supplies of petroleum crude oil and natural gas. 

Considerable progress has been made in the last ten years in the develop
ment of economic processes for pyrolysis, liquefaction and gasification of 
coal. The principal stimulus has been Federal Government funding of re

search and development efforts carried on by industry through the Office of 
Coal Research, Department of the Interior. 

The objective of the Office of Coal Research in sponsoring the work 
under Project COED (Char Oil Energy Development) is to increase the 

utilization of coal by upgrading coal to more valuable forms of energy. The 
COED process achieves this objective by the multistage fluidized·bed pyrolysis 

of coal to produce a synthetic crude oil, hydrogen or pipeline gas, and a char. 
FMC Corporation has worked on this project since 1962. During the past 

year, FMC surveyed the commercial possibilities for this process. We will 
present the highlights of this study relative to candidate plant locations in the 

Rocky Mountain area. We will also present a venture economic analysis for 
one of the more attractive situations. 

At the present time a pilot plant is uncler construction for the COED pro
cess. This plant is being constructed at the Chemical Research and Develop

ment Center of FMC at Princeton, New Jersey. It will process 36 tons of 
coal per day, and hydrotreat 30 barrels of oil per day. The objectives of the 

pilot program are to obtain engineering data for the design of a commercial 

lkiarwger, Project COED; 2Senior Research Engineer; 3Manager, Process 

Development, FMC Corporation. 
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plant, prove the value of the product oil, char and gas, and show the economic 
feasibility of the process. Additionally, investigation of certain process im
provements and modifications will be conducted. 

DEMAND FOR PRODUCTS 

As part of the FMC commercialization study, a survey was made of the 
market potential for the products---char, oil ann gas--in the Rocky Mountain 
coal areas. The venture concept generally assumed was the location of the 
COED plant adjacent to the site of a large mine-mouth power generating 
station. Char was assumed to be supplied to the power plant by conveyor 
belt, and synthetic crude oil to a nearby refinery by pipeline. The principal 
markets evaluated for the gas as hydrogen were ammonia production or 

petroleum hydrocracking. 
Char sales are important because of the large volume which must be con

sumed. Although it is not included in the scope of work for the COED 
project, gasification of the char to pipeline gas is a logical complement to 
our work. Encouraging work has been carried oUl with the COED char under 

several of the OCR·sponsored gasification projects. We expect that gasifica
tion will enhance the COED economics, and open additional markets for the 

process. 
Power generation is the only known market today with sufficient volume 

dema'nds for the cha!'.' Fortunately, the projected future power requirements 

indicate a need for substantial capacity additions in all parts of this country. 
The most recent projections were published by the Energy Policy staff of the 
Office of Science and Technology.' The peak electrical demand projections 
for the Western Power Survey Region (see fig. 1), relative to 1970, are 

double for 1980 and four times greater for 1990. 
There will be a dramatic expansion of coal-based electrical power in the 

West in the 1970's.' The southwestern United States, principally Southern 
California, is reported to require 30,000 megawatts of additional power by 

1980: Plants under construction, planned or being considered in the Rocky 
Mountain 'area are shown in figure 2. Much of this power will be utilized in 

Southern California. These include a 2,300-megawatt generating plant under 
consideration for Page, Arizona, to be known as the Navajo plant. The pro· 

posed Kaiparowits Plateau plant, projected up to 5,000 megawatts in size, 
moved closer to reality last October when the Department of the Interior signed 
water and related power coordination agreements. Construction of this project 

could begin in mid- or late· 1970's. Up to 3,000 megawatts is planned for 
San Juan, New Mexico, Two 750-megawatt units 'are being built at Four Cor

ners, with the first going into service in 1969. Two 750·megawatt units are aJ-
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FtGURE I.-National power survey regions." 
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so being built at Mohave in Nevada , with operation by 1972. Three SOO-mega

watt units were announced for construction at Rock Springs, Wyoming_ The 

first unit has been slated for ~el'l' ice in 197cJ; the other two in 1975 and 

1978_ In addition to those indicated in figure 2, Utah Power and Light has 

revealed that it will build a 3:10-megawatt plant for operation within the 

next five years at a site yet to be selecled. Char from a COED plant process

ing 3.S million tons of high-volatile bituminous coal per year will provide 

sufficient char to fuel a SUO-megawatt boiler. 

Projections of petroleum proceosing indicate a continued increase of 2 to 

3 percent per year rising from a U lVIM bbl/d processing rate in 1969 to 

18 MM bbl/d in ] 980. The potential for meeting this increased demand 

from North Slope reserve3 ill Alaska, imports or synthetic sources is SUJll 

marized in table 1. -. The extent of the reserves in the North Slope are not 

known, but, as a result of the lease bidding ill September 1969, it is apparent 

that they clo not exceed-JU billion banels. At the time this paper was written, 

the future of import controls 011 lower-cost, foreign crude was undecided. 

Both of these factors are imjJor!ant in estimating when there will be a demaml 

for oil from coal. However, there should be a market even today for a high 

quality synthetic crude oil from coal, such as produced by COED, especially 

if its value is related to petroleum economics. 

TABLE ] _- 1980 oil production vs. demand 
----_._-- 

MM/bbl Per Day---_.. --  - -
Projected 

U.s. North Slope 

Year Demand Productioll Production Deficit 

SYNTHETIC FUELS 

might be found by 

also open the door 

from COED char 

cracking and 

produced from nat 

possible shortage of 

from coal may 

Yields and 

ment unit on six coals 

un i[ operated at a 

processed and product 

index is a ratio of the 1 

and processing. 

TAB 

Cole 

Coal Bea 

Btu / lb 12,8C 

Est. Price, $/ton 3.( 


1968 12.9 9_1 0 .3.8 
1980 18.2 9.5 2.sa 6.2 

5.0b 3.7 

aIf reserves are 15-20 billion bbl. 
hIf reserves are 30-4D billion bbl. 

Of the potential products from a COED plant, high Btu pipeline gas may 

be the one in greatest demand. Shortages of natural gas are beginning to 

appear now, even though the reserve ratio as of December 31, 1968, was 

1'1.8 years. This ratio was substantially lower than the 15.9 years of Decem

ber 31 , 1967. 1968 was the first year, since records were started in 194-6, in 

which gas consumption exceeded the confinned additions to the recoverable 

reserves_ If the collected gas price were permitted to increase, new reserves 

Yields per Ton 
Char, ton 0., 
Crude Oil, bbl U 
H~, sd 12,O( 

Relative Profit 

Index 

The Rocky i'vlounta 
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might be found by exploration, helping the situation. Such an increase would 

also open the door for pipeline gas from coal. Production of pipeline gas 

from COED char should be investigated vigorously as a means of upgrading 

the value of the char and helping to meet the demand for gas." 

Hydrogen is not yet a merchant product, although it is planned for the 

Houston , Texas, area. 7 Large volumes of hydrogen are consumed in hydro· 

cracking and ammonia manufacture. For these uses the hydrogen is generally 

produced from natural gas as part of the plant olleration. In view of the 

possible shortage of natural gas mentioned above, a large market for hydrogen 

from coal may develop in some localities. 

ANALYSIS OF POTENTIAL VENTURE LOCATIONS 

Yields and processing data were obtained ill the COED process develop· 

ment unit 011 six coals of various ranks from the Rocky Mountain areu. This 

unit operated at a rate of 100 pounds of coal per hour. Data on the coals 

llrocessed and pt'Oeiuct yields are summarized in table 2. The relative profit 

illdex is a ratio of the value of the products to the combined cost 0.1 the coal 

and processing. 

TABLE 2.-Summary of PDU results 

vs. deman.d Wyoming 

Colo. Utah New Mex. Rock Wyoming Montana 
Day Coal Bear King McKinley Springs Glenrock Colstrip 

Projected 
Btu/lb 12,800 12,700 10,800 12,4,80 7,500 8,720ortll Slope 

Deficit Est. Price, $/ ton .'3.00 3.00 3.00 3.00 1.50 1.50Production 

Y ie&.Zs per Ton 
:3.8o Char, ton 0.4·3 0.38 0.29 0.37 0.30 0.37 
6.22.5a 

Crude Oil, bbl 1.'1.0 1.37 0.<)3 1.14- 0.42 0.37 
3.75.0b 

H t , sci 12,000 12,400 15,300 12,000 8,300 5,400 

Relative Profit 

Index 1.9 1.8 1.6 1.6 1.1 0.9 

t, high Btu pipeline gas may 

atmal p,as are beginning to 

December ;·n , 1968, was 

lhe 15.9 years of Decem· 

. were started in 19-16, in 

additions to the recoverable 

tu increase, new reserves 

The Rocky Mountain coal.bearing areas contain about 30 percent of the 

United States coal reserves.B Some of this coal uppears to be most desirable 

for COED processing. Most of the reserve is relatively low·runk coal, which 

lies in thick seams uncleI' light bureien. It can be strip· mined at low cost . 

There is considerable interes t in utilizing these coal reserves for conversinn 

to oil and gas to increase industrialization. 

http:1.14-0.42
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Some of the lowest production-cost bituminous coal is at Four Corners, 

New Mexico, and Black M esa, Arizona-the former is used for mine-mouth 

power productio n ; the latter will be used for Mohave, Nevada, and Page, 

Arizona , power production_ 

One o f the best coals eva lu ated for the COED process is hi gh-volatile B 

bituminous coal from the U tah A sea m, a va ilable in Carbon and Emery 

Counties of centra l Utah_ One mine- mouth po wer plan t exists here, and rights 

have been granted for 50,000 acre-feet o f Green Ri ver water pel' year which 

could suppo rt another la rge plant ill or nea r the coal reserves_ A western 

Colorado coal fr om the Bear Coal Mine a lso gave excellent results in COED 

processing. 

Produ ction a nd sale of motor fu els from Utah coal in Utah may be 

economica lly advantageo lls. A Utah law provides exempti on from local and 

state taxes for such fuels." This provi sion in the la w has neve r been tes ted . 

The sa le of hydrogen in the quantities th at a re economica ll y desirable for 

a COED operation are difficult to envision in any part o f the Rocky Mounta in 

area , except for supply ing an adjacent coal hydrogena tion plant or fo r hydro

cracking oil in a re fin e ry. Currently, there is little hydrocracking performed 

in western refineries, except in Southe rn Cal ifo rnia . 

Ammonia p rodu cti on in the West is small. Although consumpti on in the 

Mounta in S tates is expected to in crease 100 percent b y 1974, the total esti

mated demand at th at time wo uld only be s ufficient to consume the hydrogen 

from one 10,000 ti d COED plant. 

The ver y la rge reserves o f subhituminous coa l in no rtheastern Wyoming 

and Montana a re exemplified hy the Colstrip and Glenrock coals evalu ated in 

the PD U. Some of this type o f coa l is repo rted ly being so ld for as low as 

$1/t at the mi ne, whi ch is just sli ghtl y over 6¢ / MM Btu . 

Unfortun ately, the y ie lds of char, o il and gas from these low- rank, high

moisture, subbituminous coa ls were low. The low coal cost does not make 

up for the low product yields. As was seen in ta ble 2, the coa ls are inferi or 

to h ighe r-pri ced, higllP r rank coa ls, such as the Utah A-seam , on a rating 

basis o f the dolla rs of sa lable produ cts per doll ar cost of coal plus p rocess in g. 

One of the principal problems related to locating a power plant or a COED 

process plant in the Rocky Mounta in area is the ava il ability of wate r in 

sufficient qu antities and suitable for cooling purposes. Generally , the coal 

reserves are not in the vicinity of water sources. In these instances the two 

plants would be loca ted at the water so urce, wi th coa l being unit -tra ined or 

pipe lined to the COED pl ant. Othe rwise, ai r cooling would have to be con

sidered , but th is wo uld add substa nti a lly to the capital cos t of the pl ants. 
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COMMERCIAL PLANT ECONOMICS 

For this venture analysis, a commercial COED plant was selected in Utah. 

A high yield of synthetic crude oil was obtained from the Utah A-seam coal, 

and steady operation of the process development unit with this coal was easily 

attained_ 

DESIGN BASIS 

The process design and detailed cost estimate were based on the processing 

of 3_5 MM tons per year of Utah A-seam coaL This coal contains 6 percent 

moisture and has the ultimate analysis shown in table 3. 

TABLE 3.-Analysis of Ut,ah A-seam coal 

Wt %, 
Dry Basis 

Carbon 74.8 
Hydrogen 5.5 
Nitrogen 1.4 
Sulfur 0.5 
Oxygen 11.7 
Ash 6.1 

Total 100.0 
Heating Value 13,530 Btu / lb (dry) 

PROCESS DESCRIPTION 

Flowsheets were developed for a COED commercial plant processing 3.5 
MM tons per year of Utah A-seam coal (10,600 tons per day, 330 operating 

days per year). The Aowsheets were based on information developed in the 

process development unit (l ton/ day) and concepts developed dur1ng the 

design of the pilot plant (36 tons/ day). These Aowsheets were used to est1

mate the fixed capital. No specific site was specified_ A portion of the COED 

product gas was used for process heat. 

A simplified diagram of the COED process is shown in figure 3. Coal is 

crushed and dried, and then pyrolyzed in several stages. The product char 

is sent to an electrical power plant. The raw oil and gases are separated. The 

gases are reformed with steam to produce hydrogen. A portion of the hydro

gen is used to hydrotreat the oil to produce a synthetic crude oil. The excess 

hydrogen can be sent to an ammonia plant or oil refinery; the syncrude, 

also to an oil refinery. 
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generate engineer 
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understanding of " 
Operation of this 

Three cases 
cases demonstrate 
the capital 
coal per year. It 
that part of the 
hydrogen is made t, 
Case I, is used as F 
fuel gas at coal valu 
gen. A portion of I 

process fuel. The f 
The capital cost summary updated to September 1969, is presented in 

presented in table 5. 
tabl e 4. The estimate includes direct costs, 32 percent indirect costs, and a 

according to hydr~
normal 10 percent co ntingency. 

TABLE 5.-i 
TABLE LI.-Capital cost summary 

Case 
Coal Preparation $2,045,000 
Pyrolysis Stage 1 4,040,000 Coal Preparation 
Pyrolysis Stages 2, 3, & 4. 2,990,000 Drying & Stage 1 I 
Oil Recovery 3,287,000 Stages 2, 3, & it Py 
Oil Filtration 1,063,000 Oil Recovery 
Hydrotreating 8,120,000 Oil Filtration 
Hydrogen Plant 8,650,000 H yd rotreating 
General Facilities 2,670,000 Hydrogen Plant 

General Facilities 
Total $32,865,000 

10% Contingency 3,305,000 Total Fixed ea 

Total Fixed Capital $36,170,000 The utility reqt 
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Inflation is the major contributor to the increase in capital cost for a 
commercial plant since the first estimate was made in 1963. At the present 
time, a large pilot plant is under construction. This plot plant is required to 
accomplish the developmental work planned for the program. One of the 
major concerns of this pilot plant will be to lower the capital requirements 
for a commercial plant. Investigation of certain process improvements and 
modi.fications will be carried out. Operation on the larger scale will also 
generate engineering data of grea ter reliability for scaling lip to a commercial 
plant. This phase of the project is necessary for firming up the process, 
establishing the best locations for mine and plants, and establishing a firm 
understanding of the nature of the market and the prices of the product. 
Operation of this pilot plant is expected to start in May 1970. 

Three cases are presented for the processing of Utah A·seam coal. The 
cases demonstrate some of the flexibility of the process. Case I is based on 
the capital estimate just presented for a plaut processing 3.5 MM tons of 
coal per year. It assumes that the process gas is upgraded to hydrogen, and 
that part of the process gas is used as process fuel. For Case II, only su ffici ent 
hydrogen is made to hydro treat the oil. A portion of the process gas, as in 
Case I, is used as process fuel. The balance of the process gas is sold as a 

fuel gas at coal value. In Case III all of the process gas is upgraded to hydro· 
gen. A portion of the product char is gasified to producer gas and used as 
process fuel. The fixed capital estimates for each of these three cases are 
presented in table 5. The estimate for the hydrogen plant section was adjusted 
according to hydrogen capacity as req uired. 

TABLE 5.-Fixed capital estimate fOT 3.5 MM TPY COED plant 

Case II III 
$2,045,000 

4,040,000 
2,O90,000 
3,287,000 
1,063,000 
8,120,000 
8,650,000 
2,670,000 

$32,865,000 
3,305,000 

Coal Preparation 
Drying & Stage 1 Pyrolysis 
Stages 2, 3, & 4 Pyrolysis 
Oil Recovery 
Oil Filtration 
Hydrotreating 
Hydrogen Plant 
General Facilities 

Total Fixed Capital, $M 

2,250 2,250 2,250 
4,450 4,450 4,450 
3,290 3,290 4,290 
3,620 3,620 3,620 
1,170 1,170 1,170 
8,930 8,930 8,930 
9,520 6,050 17,000 
2,940 2,940 2,940 

36,170 32,700 44,650 

$36,170,000 The utility req uirements and the prod uct yields for each of these three 
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TABLE 6.-Utility requirements and product yields 
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Case I II III 

Utilities 
Electricity, 

kw 28,800 23,400 
Cooling Water, 

gpm 12,160 9,580 
Process Water, 

gpm 1,870 1,600 
Boiler Feed 

Water, gpm 600 450 

Products Per Day 
Char, tons 5,260 5,260 
Oil, bbl 14,200 14 ,200 
Hydrogen, scf 47.5MM (in 95 % H2 

stream) 
Fuel Gas, scf 38.8MM (as 576 Btu/ 

cu ft gas) 

38,500 

16,300 

2,300 

840 

3,670 
14,200 
141.4MM 

SYNTHETIC FUELS 

Utilities 

Cooling Water, 
Process Water, r, 

Boiler Feed W 

Labor and 

Labor, $/hr. 
Supervision , % 
PAC, % of labor 
Overhead, % of 
Plant Labor 

Raw Materials 

cases are presented in table 6. The cooling water requirements are for the 
circulation of water through cooling towers . The process water requirement 
is primarily for cooling tower makeup. It is assumed that both the process 
and boiler feed water are purchased from the adjacent power plant. 

The manufacturing costs are presented ill table 7. Coal is purchased at 
$3.00 per ton; oxygen, at $6.00 per ton. Labor is priced at $60,000 per 
shift-man year. Taxes and insurance are set at 2 percent; maintenance and 
supplies,S percent; and depreciation,S percent. 

The process economics for the three cases are presented in table 8. For 
these calculations, a 20-year straight-line depreciation was used. The percent 
return on investment before taxes varied from 13 to 25. The effect of capital 
costs on the percent return for Case I is presented in figure 4·. An increase 
in the capital cost from $35 MM to $40 MlVI would lower the percent return 
from 18.5 to 14.5. 

The effects of the cost of coal and of the value of oil on the percent return 
for Case I are presented in figures 5 and 6, respectively. Coal represents the 
major manufacturing cost. An increase in the cost of the coal of $ l / ton 
would lower the percent return before taxes nearly 11 percent. Similarly, 
the product credit for the oil is the major profit maker. A decrease in the 
value of the oil of $ l / bbl would lower the percent return before taxes about 
13 percent. 

Coal, as rec'd., $/ 
Oxygen, $/ton 

The product cha 
heating value. The ( 
requirements for thl 
that might justify a 
larger surface area I 

as the coa\. Becam 
possible to operate 
improvement in heal 
preferred fuel for r 
power. Large-scale 
produced sufficient ( 

Hydrotreating st 
Company, subsidiar 
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tion and other treatl 
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TABLE 7.-Manufacturing costsInd product yields 

III 


4,00 38,500 

580 16,300 

.600 2,300 

450 840 

,260 3,670 

,200 14,200 
141.4MM 

L8MM (as 576 Btu/ 
eu ft gas) 

water requirements are for the 
The process water requirement 
assumed that both the process 
adjacent power plant. 
table 7. 

is priced 
2 percent; 

are presented in table 8. 
ion was used. 

13 to 25. 
in figure 4. 

cost of the coal 
y 11 percent. 

fit maker. 

Coal is purchased at 
at $60,000 per 

maintenance and 

For 
The percent 

The effect of capital 
An increase 

uld lower the percent return 

of oil on the percent return 
. Coal represents the 

of $1/ ton 
Similarly, 

A decrease in the 
t return before taxes about 

Utilities 

Cooling Water, ¢/M gal. 2 

Process Water, ¢/M gal. 10 

Boiler Feed Water, ¢ / M gal. 40 

Power, mils/Kwh 6 


Fixed-Capital-Dependent Charges, % 
Taxes and Insurance 2 

Maintenance and Supplies 5 

Depreciation (20-yr. st. line) 5 


Labor and Overheads 

Labor, $/hr. 3.45 1 
Supervision, % of labor 10 l $60,000 per 
PAC, % of labor and sup. 20 ( shift-man year 
Overhead, % of labor, sup. and PAC 50 J 
Plant Labor 20 shift-men year 

Raw Materials 

Coal, as rec'd., $/ ton 3.00 (1l.8¢ / MM Btu) 
Oxygen, $/ ton 6.00 

PRODUCT VALUES 

The product char is credited at 90 percent of coal cost, based on gross 
heating value. The discount was made to allow for possible increased capital 
requirements for the power-plant boiler. However, there are considerations 
that might justify a higher price for the char. The char product is dry, has a 
larger surface area than the coal, and has nearly the same net heating value 
as the coal. Because of the low hydrogen content in the char, it may be 
possible to operate a boiler with a lower stack temperature, effecting an 
improvement in heat efficiency. For the same reason, the char also may be a 
preferred fuel for magnetohydrodynamics (MHD) generation of electrical 
power. Large-scale combustion tests are planned after the pilot plant has 
produced sufficient quantity of char for such tests. 

Hydrotreating studies were carried out on COED oil by ARCO Chemical 
Company, subsidiary of Atlantic Richfield Company, under their Project 
Seacoke. The first work by ARCO in 1966 was single-stage hydrotreating. 
Projected refinery processing of that oil necessarily included caustic extrac
tion and other treatment because of the relatively high oxygen and nitrogen 
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TAI3LE 8.-Process economics 

Case II III 
Product Gas Hydrogen Fuel Gas Hydrogen 
Process Fuel Gas Gas Char 

Fixed Capital, M1\1$ 36.17 32.70 44.65 
Working Capital, MM$-7'/o 2.53 2.29 3.13 

Total In vestmen t 38.70 34,.99 4,7.78 

Manufacturing Costs, MM.$ / yr. 

Coal @ $3.00/ ton (ll.B¢ / MM Btu) 1050 10.50 10.50 
Oxygen @ $6.00/ ton 1.73 1.73 1.73 
Utilities 1.70 1.39 2.36 
Taxes, Insurance, Maint. & 

Depreciation 4, ..34, 3.93 5.36 
Labor, Supplies, PAC, & 

Overhead 1.20 1.20 1.44 

Total Manufacturing Costs 19.4,7 18.75 21.39 

Product Value, MM$/ yr. 

Char @ $2.7S/ loll 4.78 4.78 3.33 
Oil @ $4..00/ bbl 18.80 18.80 18.80 
Hydrogen @ 25¢ / M scf 3.90 11.70 
Fuel Gas @ 11.8¢/MM Btu 0.87 

Total 27.4.8 24.4.5 33.83 

ASR  5% Sales 1.38 1.22 1.69 

Net Sales Value 26.10 23.23 32.14 
Gross Profit 6.63 4..4.8 10.75 
Net Profit (50 % Tax) 3.31 2.23 5.38 

Percent Return (Before Taxes) 17..3 12.8 22.5 
Discounted Cash Flow, % 13 10 16 
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content. In 1968, ARCO co nducted two·stage hydrotrea ting studies on this 

same oil. There was a marked improvement in oil quality after the second 

stage of hydrotreating. It 11 0 longe r was ~ecessa ry to caustic·extract the oil, 

and the processing becanw less complex. Subsequent work by ARCO showed 

it possible to ge t this same quality of oil in a single.stage hydrotreatment. 

On the basis of this work ann considering the unique character of the oil, 

we have estimated a value for it of $4.00/bbl. This reflects the hi gh naphth. 

enic and aromatic content of the syncrude oil, and the zero sulfur and lack 

of residuum in it. Additionally, there could be a premium value for this oil 

with the shift in emphasis to non · leaded gasolines. 

Hydrogen is credited at 2S cents/Mscf for 9S percent purity . This value 

was affirmed as reasonable by seve ral petroleum refiners. In this case the 

utility of the product does not need to be demonstrated. For the case where 

the process gas is sold as a fuel gas, coal value is used . 

Confirmation of the product credits for the char and oil used in this 

economic study will require more extensive andlarger.scale tests. One of the 

major functions of the pilot plant will be to produce the materials needed for 
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these tests. These data are needed for a better definition of the economics of 

the process. 

COED·BASED COMPLEXES 

A coal·conversion complex can be envisioned. It would include pyrolysis, 

extraction, gasification, and other unit operations and processes to convert 
coal and intermediates into more valuable, marketable products. Such a 

potential complex is graphically depicted in figure 7. 

COED pyrolysis of coal yields gases rich in hydrogen which afford a 

low·cost source of techni cal·grade hydrogen. Coal-solvation processes use 

hydrogen for achieving a high conversion of the carbon fraction of the coal 

to liquid and gaseous hydrocarbons. However, they require more hydrogen 

than that available from the process to produce a high quality syncrude. Thus, 

it appears desirable to consider a combination of pyrolysis and solvation. A 

high yield of high-quality syncrude and chemical products would result, 
utilizing coal as the only raw material. 

In the scheme, the prepared coal is divided into two fractions to provide 

separate feeds for the solvation and pyrolysis plants. The product from the 

pressurized extractors in which solvation is carried out is fed to a separation 

unit. The bottom slurry from this unit is fed to the pyrolysis section in 
addition to the coal feed. The vapors from the extractors are combined with 

tbe vapors from the pyrolysis plant to provide a single stream which goes to 

gas processing. The oil can be sold as a syncrude or processed at the site in 

a refining and chemical plant to finished products and solvent for recycle to 

the extraction plant. The gases are processed to hydrogen, all of which is 

consumed ill the refining and chemical plant. The ratio of solvation to 

pyrolysis is selected to achieve a hydrogen balance. Thus, the hydrogen yield 

determines the fraction split of the coal between the solvation and pyrolysis 

sections. Char from the COED unit can be sold as a fuel product or might 
be further processed to gas. Use of advancements in technology, such as 

MHD power generation fueled by the char product, could enhance the eco· 

nomic viability of such a complex. An approach along these lines has been 

patented by Neal P. Cochran of the Office of Coal Research , figure 8. '0 

It is difficult at this time to make an economic evaluation of a complex, 

such as that discussed here. The data presently available for separate pro· 

cesses is insufficient for developing detailed, combined material balances, 

engineering flow diagrams, energy balances, identification of product quality, 

and, therefore, economic analyses. It is believed, however, that such a com· 

plex is feasible using available technology. 

There are many benefits which would accrue to the region where a large 
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FlcunE B.-Power·fuel complex. 

coa l-processing complex was loca ted. Some of the important benefits are 
listed below: 

1. 	 The complex represents a very large capital investment (potential of 
hundreds of milli ons of dollars ), which affords substantial economic 
development of the region. 

2. 	 Greatly increased tax revenue for all go vernment levels would be 
realized. 

3. 	The mines, processing plants and periphera l busin ess (housing, etc. ) 
would offer a large employment potential. 

4·. Erection of comp lexes in the rural coal mining areas should attract 
workers from the urban areas and tend to reduce present migration 
to large cities. 

S. 	Upgrading the value of coal represents an efficient way of practicing 
conservation of a valuable na tural resource. 

6. 	Proven domestic oil and gas resources are measured in terms of tens 
of years. Coal resources are available in the order of magnitude of 
thousands of years. At the present time, the United States is essentially 
self-sufficient in energy supply. However, if this independence of other 
nations for energy supplies is to be maintained , production of oil and 
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gas from coal must become technically and eco nomically viable. 

7. 	 Coal is heavily bound to electr ic power generation, which has shown 

strong and continued stead y growth. This indicates substantial growth 

of demand for coa\. H owever, the coal industry is also vulnerable to 

whatever changes in technology the electric p ower industry incor· 

p orates which may reduce the use of coa l. Coal convers ion places coal 

in a stronger competiti ve posi ti on in the total fuels market. 

In summary, the maj or coal- rese rve a reas of the Rock y Mo unta in area 

were sur veyed to determine where th e COED process could be commerciali zed. 

These tremendous reserves of low-cost coals ca n contribute to the further 

economic and industrial growth for th ese states . Conversion of these coals 

to low-cost electrical energy, sy nthetic liqu id fuel s and pipeline gas is the 

start. The addition of petrochemical and e n ergy ·ba~ed industri es witl follow. 

These developments witl be dependent upon continuing the process resea rch 

and development program sponsored by the Office of Coal Research , and 

continuing co mmercial development programs such as th ose now being 

carried out b y FMC Corporati on. 
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LIQUEFACTION OF SOME WESTERN COALS 

R. E. WOOD, L. L. ANDERSON AND C. R. HILL 

The short residence time coal hydrogenation reactor on the campus at the 

University of Utah was assembled under an Office of Coal Research, Depart. 

ment of Interior, contr·act to study the conversion character of some Western 
coals. This reactor is unique among coal hydrogenation devices in that solid· 

gas reactions are utilized and residence times are very short. 

The schematic diagram of the reactor assembly is shown in figure L The 
coal is fed from the hopper (Vessel B) to the top of the reactor (Vessel D) 

by means of a screw conveyor. The coal is permitted to fall through the 

heated and pressurized zone of Vessel D and on into the quench tank (Vessel 

E). 'The reactor can be heated to 700 °C and pressurized to 5,000 psig. The 

off gases from the reactor pass through a filter, ~ dry ice-acetone trap and 
are then recirculated to the top of the reactor. The build.up of methane and 

ethane in this gas is monitored by gas chromatography (F & M Model 

number 720) after each test. 

Because the coal particles are allowed merely to fall through the heated 
and pressurized zone, the residence time depends only on the time required 

to fall through the length of the heated zone. The heater can be operated in 

sections of about one foot each so the control of residence time lies in the use 

of single or combinations of heater sections. Residence times of the order of 
0,08 to 0.33 seconds are possible in this fashion. Conversions of coal to 

gaseous and liquid products are of the order of 70 to 80 percent ·as a rule 

and can be as high as 85 percent with this equipment. 

The liquid fraction produced in this reaction is a heavy oil containing 

approximately 15-30 percent hexane insoluble material (asphaltene). The 

gases produced amount to 10·25 percent of the coal solids. 

The total liquid fraction can be converted to gasoline and diesel type 

liquid fuels in a second stage of hydrogenation. Qader used a static bed 

reactor operated at 490°C, 2,000 psig and with a nickel sulfide·tungsten 
sulfide on silica·alumina catalyst to show this conversion. t He calculated that 

the two stage process, (a) free-fall hydrogenation of coal to produce a heavy 

Department of Mineral Engineering, University of Utah, Salt Lake City, 
Utah 84112. 
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HI Gil PRESSURE r.AS STORAGE QUENC H TNIK ,~OTOR-OR I VE 
COAL HOPPER FILT ER VALVE 
IIY OROGDI PRE HEATE R CO~PRESSOR GAS BOTTLE 
RE ACTOR II URY - !CE AcrTO'IE TRAP 

FIGURE l.-Schemaric diagram of O.C.R. free· fall coal hydrogenation unit. 

oil and (b) stati c bed refining of the heavy oil , would result in 2.32 barrels 

of gasoline, 0.33 barrel s of diesel fu el, 14.0 ,000 cu ft of C 1- C! gases and 

560 lbs of char from one ton uf coa l. One hundred and twenty pounds of 
hydrogen would be required for this conversion. 

The da ta of this paper were ga thered from tests made on two coals, 

Coalville, Utah , and Hiawatha , Utah. The Coalville sample is a subbitumin· 

ous, freebuming coal that has littl e or no coking charac ter. The Hiawatha 

materia l is a hi gh volatile bituminous coa l with only slight coking character 

but it is not Ireeburning. The proximate and ultimate analyses of these coals 
are given in table 1. 

TABLE I.-Proximate and ultimate allalyses 0/ coals 
'-- - - - -

Volalile Fixed O~% 
Ash Moisture Maller Carbon H~% C% N~'X, sex, lDiff.) 

30O. uOO~Coalvill e 2.83 ~.44 ' l0 .00 4.3 78.5 1.7 1.18 8.65 
Hiawatha 5.51 3.20 43.33 4.7.96 4.0 70.0 1.8 0.40 5.15 

Data previously presented indica ted that optimum conditions fo ), oper-
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ation of the first stage of hydrogenati on were near 515 °C, 2,000 psig hydro

gen, 10 percent tin as SnCI~ '2H~O as a catalyst,S grams per minute feed 

rate and a particle size of -40 + 60 mesh." fi gure 2 shows the percent con

version to gases and liquids and the lot'll conversion to be expected at different 

temperatures with th e oth er parameters as indicilted. The data of figure 2 is 

tabulated in table 2. The decrease ill liquid yield and the continued increase 

of gas yield above 5 15 °C makes this temperature ·appear to be optimum for 

liquid producti on. Pressures above 2,000 ps ig do not affect the yield. 
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FIC Uln; 2.- Convel'sion of Spr in g Canyon, Utah. coal at varioll s temperal ures. 

Two importan t diffi culties have been apparent in the operation of this 

hydrogenation ullit from the inception of the project. Both are related to the 

size of the apparatus and would be somewhat alleviated in a pilot plant or 

larger unit. The first of these problems has to do with the feedin g of fine coal 

from the hopper. The coal tell cis to bridge over, or arch, in the hopper rather 

than falling to wh ere the auger ca n push it in to th e reacto!'. Moisture ancl 

an increase in fin e r particle size mater ial tend to aggrava te this condition . 

This problem ciln be solved by us ing coarser particle size samples, by adding 

coke o£ the same particle size, by agglomeration of the fin es with starch or a 

similar binder or by the use of mechani ca l stirring in the hopper. The first 

mentioned of these method s is the best solution prov idecl the particles are 

small enough to g ive the des ired reaction in the process. 
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TABLE 2.--Conversion of Spring Canyon coal Lo gaseous and liquid products 

Reaction Percent Percent Percent 
Test # Temperature °C Conversion Liquids Gas 

--- - . 

1 LIDO 39.3 23.2 16.1 
2 450 52.3 31.3 21.0 
3 450 54.0 33.0 21.0 
4 515 74 .. 2 44.5 29.7 
5 515 74.0 45.0 29.0 
6 515 72.6 4.2.7 29.9 
7 600 74.9 34.. 1 40.8 
8 625 73.8 30.6 43.2 
9 625 76.0 32.6 40.5 

10 	 715 75.2 26.6 48.6 

Sample: Spring Canyon Coal 

Practic1e Size: 4D - 80 mesh 

Catalyst: ]5% SnCl~'2H20 by weight 
Weight Ratio: 1: 1 Coal to Coke 
Hydrogen Pressure: 2,000 psi 

Feed Rate: 5 g/min 

The second operational problem with the device is that coal particles 
passing through the reactor hot zone become partially converted to liquids 
and are very sticky. If they are permitted to touch the hot walls of the reactor 
they will adhere, become devolatilized and remain as a coke or char. This 
build.up of solids continues during the course of each test and would result 
in complete bridging of the Jeactor if sufficient coal were treated. In much of 
the early testing done with this reactor the build-up of solids was considered 
to be part of the process and the resulting products were accepted as pyrolysis
hydrogenation products. Since this build·up of char limits the charge size 
it makes the process batch rather than continuous in nature. As a result 
considerable effort has gone into the investigation of means to reduce the 

sticking of solids in lile hot zone. 
The most successful procedure for reducing the sticking of coal solids in 

the reactor has been in surface oxidation of the coal prior to placement in 
the hopper. This procedure has been used to produce nonagglomerating coal 
from coal which normally cokes. A procedure for accomplishing this in a 
fluidized bed at 725 OF to 750°F in an oxygen enriched atmosphere is given 

by Kalvlick and Lee.s For our purposes surface oxidation was accomplished 
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JailO gaseous and liquid products 

PercentPercent 
Gas 

on Liquids 

16.123.2 
21.031.3 
21.033.0 
29.744..5 
29.04.5.0 
29.94.2.7 
40.334.1 
4.3.230.6 
40.532.6 
43.626.6 
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and controlled by drying each coal charge at a fixed temperature and time 

prior to hydrogenation. 
figure 3 (data in table 3) shows the effect of varying drying (oxidation) 

times at HO°C on samples of -100 mesh Coalville, Utah, coal. The upper 

portion of th is figure shows the solids distribution in the hot zone and the 

quench tank. Solids in the quench tank is a desirable condition and solids in 

the hot zone is an undesirable condition. Ideally, the hot zone solids should 

he reduced to near zero, but for our tests at present the goal is to reduce this 

numher to ten percent of the charge fed to the reactor. No catalyst was used 
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with the coal charges on lhis series of tests, resulting in decreased conversion 
and decreased slicking from a normal test with catalyst. The lower portion 
of figure .C; shows the plOduct distribution after hydrogenation from the same 
samples shown in the upper portion of the figu reo Longer oxidation periods 
drastically reduce the ~oljds build-up in the hot zone but the surface oxidation 

results ill markedly less reaction with the hydrogen and consequently less 
conversion of coal ,01 ids to liquid and gaSf"OUS fuels. 

TABLE 3.-EfJccl of surface oxidation on solids and product distribution 

Solids Distribution, 

Drying 
Hours 

Perant 

Quench Hot Product Distribution. Percent 

Test # at llO ' C Tank Zone Solids Liquids Gases Conversion 

77 IlL!, m.6 2.4, 68.3 10.1 21.6 31.7 

81 18 17.S 35.6 45.6 14.8 39.6 54.4
32 68 50..3 10.7 6004. 13.7 25.9 39.6 

Sample: Hiawatha, Utah, Coal 

Reaction Temperature: 480°C 
Particle Size: -100 mesh 

Feed Rate: 20 g/min 
No Catalyst 

Hydrogen Pressure: 2,000 psi 

The effect of drying temperature on coal charges dried for 18 hours is 
shown in figure 4. (data in table 4). There is a dramatic decrease in the 

percent of original solids retainer! in the hot zone for a temperature rise 
from 110° to 130°C. This is shown in the upper portion of figure 4. The 
lower portion of figure fj. shows that conversion is greatly decreased with 
greater surface oxidation. The indication for both increased drying time and 
temperature is that although more solids will pass through, the desired COll

versions will be decreased. III fact, a general observation with respect to the 

operation of this particular device is that those conditions which tend to give 
high conversion of coal also tenr! to cause the solids to stick to the reactor 
walls. 

With a fixed pretreatment procedure of drying coal charges for 18 hours 
at 128°C it was possible to investigate the variables of temperature, feed rate, 
catalyst concentration and particle size. Coalville, Utah, coal was used for 
the majority of the tests. This is a freeburning, subbitulllinous coal with 

only a minimum agglomerating tendency, as mined. It was still necessary 
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to oxidize the particle surfaces on sa mples of -80 and finer coal to min imize 

the build up of solids . 
The upper portion of figure 5 (data in table 5) shows the variati on of 

solids in the reac tor and quench tank as a function of feed rate in the range 

5 to 50 grams per minute. No consistent differences are shown. The lower 

portion of figure 5 shows the conversions measured for the same samples. 

The 5-gram-per-millute rate was used for subsequent tes ts because the liquid 

conversion was highest and gas conversion lowest for this feed rate. 
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TABLE 4,.-Effect of drying temperature or solids and product distribution 

Solids Distribution, 
Percent 

Drying Quench Hot Product Distribution, Pe rcent 

Test # Temp. oC Tank Zone Solids Liquids Gases Conversion 

81 
84 
85 
86 
91 

Test # 

126 
131 
130 
128 
129 

110 17.5 :1.'i.6 115.6 
184 72.4, 15 79.6 
11\5 73.1 1.7 77.4· 
128 66.6 ., ') 

.-).d 65.9 
132 69.4 3.6 66.9 

Sample: Hiawatha, Utah, Coal 
Reaction Temperature: 420°C 
Particle Size : -100 mesh 
Feed Rate: 20 g/ min 
Catalyst: None 
Hydrogen Pressure: 2,000 psi 

14.8 39.6 54..4
3.8 16.6 20.4 
4.3 18.3 22.6 

12.7 21.4 34·.1 
14,.6 18.5 33.1 

TABLE 5.-Effect of feed rate on solids and product distribution 

Solids Distribution, 
Percent 

.~-. --

Product Di stribution, PercentFeed Rate Quench Hot 
g/ min. Tank Zone Solids 

5 52.8 8.3 31.0 
5 52.0 14.8 36.2 

20 4,0.3 19.0 35.9 
35 48.0 13.8 34,.0 

50 54.6 13.8 42.1 

Sample: Coalville, Utah, Coal 
Reaction Temperature: 557°C 
Particle Size: -lUO mesh 
Catalyst: SnCl~'2H~O 
Catalyst Weight Ratio: Sn/ Coal 0.10 
Coke Addition: None 
Hydrogen Pressure: 2,000 psi 

Liquids Gases Conversion 

55.0 14,.0 69.0 
4,2.4 21.4 63.8 
33.2 30.9 64.1 
35.1 30.9 66.0 
38.5 19.4, 57.9 

LIQUEFACTION OF So 

70 

t;:~ 60
W 
2;! 
~ 

c..L SO 

40 

~L 30 
0 

'" 
~1 20 

10 

80 

70 b. 

.... b. 
z 
~ 60'-' 
"" EJ~ 
0.. 

Z 50 

~ 
0 

.... 
8=> 

'" 40 
"" .... 

0'" Q 
30 ~.... 

,-' 
B 

~ 
0 20 ~ 

A 
10 

FICURE 5.-Distrib 

Figure 6 (data in ta 
upper portion shows th, 
the lower portion shO\\ 
The ratio of weight of ~ 

measure of catalyst coni 
seen to occur near a ra 



209 LIQUEFACTION OF SOME WESTERN COALS
)0 SCHOOL OF MINES 

I product distribution 

FIGUfiE 5.-Dislribution of solids and products as a function of feed rale. 

Figure 6 (data in table 6) shows the effect of catalyst concentration. The 
upper portion shows the effect on solids distribution is minor, if any, whereas 
the lower portion shows that the effect on product distribution is marked. 
The ratio of weight of Sn to weight of coal (dry ash free basis) is used as a 
measure of catalyst concentration. The best results for liquid production are 
seen to occur near a ratio of 0.10 Sn/Coal. 
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FIG URE 6.- So lids and product 	 distribul ion as a fun clion of ca lalyst concentration 
(Sn as S nClz ·2H:!O). 

Fig ure 7 (clata in tab le 7 i shows the solids and product di stributions for 

samples of Hiaw atha, Uta h, coal, a high volatile bituminous coal , at temper 
a tures fr om 475 ° to 6 10°C. The choice of condi ti ons here for best conversion 

to l iqu id products appea rs to be near 575°C. 

FIGURE 7.-Solids and product 
( 

Wei ght Sn l Quench 
T est # Wt. Coal Tank 

147 0.018 55.4 
145 0.061), 4·0.7 
14·6 O.nB 51.3 
144 0.169 62.0 
143 0.231 55.5 

Sample: Coalville 

Hydrogen 

Feed Rate: 5 
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TARLE 6.-EfJecl all catalyst concentration on solids and product distribution 

Solids Dis tribution, 
P ercent 

Weight Sn l Quench Hot Product Distribution, P ercent 

Test il Wt. Coal Tank Zone Solids Liquids Gases Conversion 

o QUEHCH TANK 
8 II OT ZOIIE 

8 
0 .25Q.1S O. 

TI ill JEIGIIT CO~L 

~ ... 

o SOLIDS 

8 LIQU IDS 

A GASES 

... % COilVERSIOl1 

o 

as a fun clion of caialysl concentration 

·2H~O). 

solids and procluct distributions for 
volatile bituminous coal, at temper

of courlition!3 here for best conversion 
0c. 

147 0.Gl8 55.4 7.8 50.6 
ltJ,5 0.064 tlO.7 12.7 23.9 
146 0.118 51.3 ltJ.2 19.1 
144 0.1 6IJ 62.0 8.2 28.8 
}!1.3 0.231 55.S 8.4 19.5 

Sample; Coalville, Utah, Coal 
Reaction Temperature : 578°C 
Particle Size: -100 mesh 
Catalyst: SnCI2 '2H20 
Hydrogen Pressure: 2,000 psi 
Feed Rate : 5 g/min 
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F1GU llE 7.-Solids and product dis tributions as a function of reaction temperature. 
( Hiawatha, Utah, Coal.) 
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TABLE 7.-Effect of reaction. temperature on solids and product distribution 

Solids Distribution, 

Percent
Reaction 

Product Distribution, Percen t
Temp. Quench Hot the amount required

Test # °C Tank Zone Solids Liquid s Gases Conversion 
solids distribution and 

121 475 65.1 3.4 43.1 33.2 18.7 51.9 Coalville Coal with 

120 516 59.3 4.4 45.1 36.7 18.2 54.9 	 generation was done at 

118 	 557 4.6.3 9.7 27.9 52.4 19.7 72.1 hydrogen per minute 
varied from 0.02 to116 557 47.1 7.3 28.9 42.5 28.6 7Ll 

134 578 47.5 ILl 28.8 49.0 22.2 71.2 

164 578 50.5 9.0 26.9 53.6 19.5 73.1 TABLE 8.-Effect of 

138 599 33.9 7.4 26.5 42.1 31.4. 73.5 

119 600 4.0.6 9.5 26.1 47.6 26.2 73.8 

139 64,0 33.7 18.8 24.7 45.4. 29.9 75.3 

Sample: Hiawatha, Utah, Coal Weight Zn/ 
Test # Wt CoaJParticle Size: -loomesh 


Catalyst: SnCI2 '2H2O 

176 0.020 68.8 

Catalyst Weight Ratio: Sn/Coal 0.10 
171 0.041 65.0 

Hydrogen Pressure: 2,000 ps i 
172 0.051 69.6 

Feed Rate : 5 g/min 
169 0.060 54.. 2 

Although th e history of the use of till compounds as catalysts for coal 
hydrogenation is long and impressive there are also many associated dilfi· 
culties.~ 4 " "7 Tin compounds are expensive, and difficult to apply effectively 

to coal surfaces. The chlorides especially are corrosive and unstable in the 
presence of moisture and heat and the difficulty of recovery of tin from the 
solid residue is equivalent to the recovery of tin from its ores. These problems 
are accentuated in connection with the free-fall reacto r since large amounts 
of catalyst are required. Consideration of these factors has led to the use of 
ZnCl2 as a replacement for SnCI2 ·2H20. 

ZnCi2 as a catalyst for coal hydrogenation has some obvious advantages 
over SnCI2 ·2H20. It is readily water soluble and is therefore easily applied 
to the coal. SnCl~ '2H 20 must be dissolved in HCI or an organic solvent for 
treating the coal and when the coal is dried, HCI is evolved. This is expensive 
in that the acid itself represents considerable cost unless it is recovered. Re
covery would require both time and equipment. The SnCb' 2H~O is con
verted in the drying and heating process to a hydroxy chloride, perhaps 
Sn4(OH)6Ci2 or Sn3 ( OH)4'Sn(OH)2Ci~ and is not readily recoverable 
even with strong HCI. On the other hand, ZnCI 2 is water soluble, and is not 

170 0.081 62.6 

163 0.093 59.8 

159 0.075 50.4

161 0.032 55.7 

Sample: Coalvill 
Particle Size: 

Catalyst: ZnCb 
Hydrogen Pressu 
Feed Rate: 5 gil 
Reaction Temper, 

The varying amount 
though slightly more solid 
of catalyst. This is relate, 
line reaches its peak in th 
wise, the liquids producti, 
is only slightly above the 
has an additional advanta, 



HE COLORADO SCHOOL OF MINES 

on solids and prodnct, distribution 

Product Distribution, Percent 
ConversionGasesLiquids lids 

51.9lS.733.23.1 
54.918.236.7:i.l 
72.119.752.47.9 
71.12S.642.53.9 
71..222.249.0:3.3 
73.1 19.553.6~6.9 
73.531.4.42.1~6.5 
73.826.24.7.626.1 
75.329.945.4.24.7 

LIQUEFACTION OF SOME WESTERN COALS 

altered in the coal drying or reactor processes and can be more readily re
covered from the coal residue after reaction. 

In consideration of these factors, a series of trials was made to estimate 
the effectiveness of ZnCI~ as a coal hydrogenation catalyst and to measure 
the amount required for best results. Figure 3 (data in table 8) shows the 
solids distribution and the product distribution for samples of -40 mesh 
Coalville Coal with varying amounts of ZnCl t added. In each case hydro
generation was done at 2,000 psi, 578°C, 5 grams per minute and 60 liters of 
hydrogen per minute gas flow. The zinc to coal (dry ash free basis) was 
varied from 0.02 to 0.09. 

TABLE 8.-Effect of catalyst concentration (ZnCI2 ) on solids and product 
distribution 

Solids Distribution, 
Percent 

Weight Znl Quench Hot Product Distribution. Percent 

Test # Wt Coal Tank Zone Solids Liquids Gases Conversion 

·1 0,10 

tin compounds as catalysts for c~al 
are also many associated ddfl
and difficult to apply effectively 

are corrosive and unstable in the 
ifTiculty of recovery of tin from the 
of tin from its ores. These problems 

. lar"e amounts lree-fall reactor smce b 

lhese factors has led to the use of 

has some obvious advantages 
and is therefore easily applied 

in HCl or an organic solvent for 
HCi is evolved. This is expensive 

, cost un less it is recovered. Re
. t 1-he SnCI.,·2H.,O is conU1pmen . - .

to a hydroxy chlonde, perhaps 
and is not readily recoverable 

ZnCI" is water soluble, and is not , 

176 0.020 68.8 7_6 42.8 41.0 16_2 57.2 
171 0.04.1 65.0 9.4 32.9 49.1 18.0 61-1 
172 0.051 69.6 6.9 28.6 57.1 14.3 71 A, 

169 0.060 54.. 2 18.8 23A. 51.9 24.7 76.6 
170 0_081 62.6 10.4 23_1 53_5 23.4 76.9 
163 0.093 59.8 12.0 25.7 4.8.6 25.7 74,.3 

159 0.075 50A, 19.5 23.3 52.6 24.1 76.6 
161 0.032 55.7 14.3 29.9 4SA, 24.7 70.1 

Sample: Coalville, Utah, Coal 
Particle Size: -40 mesh 
Catalyst: ZnCl2 

Hydrogen Pressure: 2,000 psi 
Feed Rate: 5 g/min 
Reaction Temperature: 578°C 

The varying amount of ZnCl2 has little effect on solids distribution al
though slightly more solids are retained in the hot zone with higher amounts 
of catalyst. This is related to the increased conversion. The coal conversion 
line reaches its peak in the area of 0,05 to 0.06 Zn/Coal weight ratio. Like
wise, the liquids production is a maximum at this point and gas production 
is only slightly above the minimum. These observations indicate that ZnCb 
has an additional advantage to those previously mentioned, that of requiring 
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FIGURE 8.-Solids and prod uct distributions as a function of catalyst concentra tion 
(Zn as ZnC1 2 ) . 

only half the concen tration needed for SnCl~· 2H~O. However, it is apparent 
that the yield on conversion is two or three percent lower for ZnCl2 than for 
SnCJ 2 ·2H20. 

The effect of particle size is shown in figure 9 (data in table 9). Samples 
of Coalville coa l, ground to -10, -20, -40, -60, -80, and -100 mesh 
were dried for 18 hours at 128°C with a catalyst ratio of 0.05 Zn to coal. 
These samples were then fed to the reactor at 5 grams per minute, 578°C 
and 2,000 psi of hydrogen. The upper portion of this figure shows that the 
coarser particles tend to stick more than the finer sized particles. The lower 
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FICU~E 9.-So1ids and product distribution as< a fun ct ion o f particle size. 

portion shows that conversion is not affected by particle size although liquid 

production does increase with fin er size. Since the coarser size samples feed 
more readily from the hopper to the reactor the choice of -60 or -40 mesh 
has been made for subsequent work. 

Although the operational difficulties with the current hydrogenation 
reactor have prevented its use in a truly continuous fashion, this can perhaps 

be alleviated in a larger unit. For this reason, plans have been made to build 
and operate a unit with approximately a factor of 10 increase in capacity. 

This unit will permit an extrapolation to a 50-ton-per-day plant. Such a plant 
would permit precise predictions of process economics which are not possible 
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with either the bench scale or the intermediate units. 

The fact that residence times of the order of 0.1 to 0.3 seconds are ade

quate to convert coal to liquid and gaseous fuels in good yield leads us to SOME 
believe that a high throughput unit can be built and operated economically. 

TABLE 9.-Effect of par/ide size on solids ani! product distribution 

Solids Distribution, 

Percent 


Product Distribution , Percent
Panicle Quench Hot 
FACTSTest # Size Tank Zone Solids Liquids Gases Conversion 

174 -10 52.3 20.7 27.1 47.6 25.3 72.9 
165 -20 4-6.1 19.5 20.7 4.6.9 32.4. 79.3 
159 -LtO 50.4. 19.5 23.3 52.6 24.1 76.6 
166 -60 60.1 12.6 24..9 56.0 19.1 75.1 
167 -80 59.3 1.3.7 21.8 59.0 19.2 78.2 
149 -100 58.0 9.4 24.5 46.1 29.4. 75.5 

Sample: Coalville, Utah, Coal 

Reaction Temperature: 578°C 
Catalyst: ZnCl~ 

Catalyst Weight/Coa l Ratio: (Zn/Coal) 0.07 
Hydrogen Pressure: 2,000 psi 

Feed Rate: 5g/min 
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SOME SOLUTIONS FOR FUTURE GAS SUPPLY 

H. M_ SAMPSON 

FACTS LEADING UP TO PRESENT GAS SUPPLY PROBLEM 

In speaking to you today, I want to make it clear that I am not an econo
mist and I am not a lawyer, so the opinions I am giving are those of one 
who has been involved for over fifteen years in buying, selling and managing 
activities in natural gas and other products. 

FACTS 

ECONOMICS 

As recently as 1044, the natural gas industry in the United States supplied 
only 12 percent of the Nation's energy . Today, gas supplies are 37 percent. 
On the surface this phenomenal growth appears to be one of the most dramatic 
supply and demand stories in economic history. I am go ing to raise some 
questions about the wisdom of this phenomenal growth in relation to the 
state of the industry as a result of it. 

During World War II , the great need for steel for wartime purposes 
retarded expansion of large diameter gas transmission lines. During the same 
period , the prices of solid and liquid fuels were from two and in some areas, 
as much as three times as much as that of natural gas. This price situation 
brought about a demand for gas and an imbalance in the supply-demand 
relationship_ 

With this great disparity in fuel prices favoring a superior fuel, a race 
was started, unlike any in our history-a race to supply the vast demands 
for gas. The scramble for pipe and materials, the flood of certificate applica
tions to the Federal Power Commission brought on an allocation of available 
gas--the Nation was faced with a period of gas rationing until sufficient trans
mission capacity could be provided. The industry growth rate in the first 
decade after World War II was about 9 percent per year. Prices in the field 
began to rise under the normal situations created by a supply -demand im-

Vice President, Northern. Natural Gas Company. 
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balance a nd since such prices s tarted from a very low level lhese increases 

appeared dramatic to say the least. Under usual market conditiolls, the hi gher 

prices would have a deterrent eHect on market growth. The higll(~r prices 

also acted as a stimulu s to explore for and develop more gas. BOlh of lhese 

tended to bring the suppl y-dema nd imha lan ce hack in line. 

REGULATION 

At the po int in time that normal economic furces were working to correct 

the supply-demand imbal a nce created by low pri ces and ex trem ely high de

mand-the unpopularity a~suciated with the llllmerous rate increases ii led by 

Inters ta te Pipe Lines to correct the situation-reHecting, in large part , in

creases in field costs, bwught abuut regulations uf producer prices. The 

Federal P o wer Commiss iun is empowered by an act of Cong ress to regulate 

the flow of gas in interstale co mmerce. Most of us, prior to 1054, thought 

that the produc ing segmen t of the industry was spec ifically excluded from 

reg ulations under the Natlllal Gas Act. We a~sumed that lhis segmen t of 

the industry was the " bal ance whee l" in whi ch the laws of supply and demand 

would operate effectively. P o litica l consideralions however overcame this 

concept and the producers were regulated. The demand co ntinu ed to SOil r 

and after a very few years the proclu cers, when convinced that their field 

prices were under reg ulation " for r eal", re Aected this situalion by trans

ferring their ri sk dollars to areas of endeavor, more in line with the oppor

tunity to earn on s uch dollars. 

The r esull was and is an even grea le r distortion of the supply-demand 

imbalance. Regulators lhen overcompensated under this new reg ulalion in 

trying to protect the consumer from the s landpoint of price, with the result 

tha t they have fail ed to prOlect the co nsumer on supply. TIle sanctity of 

contracts was se t aside, es tablished prices were se t back , price escalalion 

was prevenled, contract terms ancilermination dates were rendered inoperative 

and the other mechanics that a re used in any induslry to correct a supply

demand imbalance were destroyed. Transmission companies and producers 

have been fruslrated to the point that th ey are now confused as to how to 

solve the problem of suppl yi ng the co nsum er with his future needs for gas 

within present regulatory poli cies. 

The decision of the Commission in the Permian Basin rale case, handed 

down in 1065, some 11 yea rs after the producers came unde r regul ation, 

es tablished a concept for producer prices under which the produ cing industry 

has stated that it cannot recover its costs. The actions of the producing 

industry speak louder than all the word s contained in the enormous reco rd 

that preceded this dec ision. The fac ts are that the producers have refused to 

SOME SOLUTlONS 

commit dollars in 

regula tion. The si 

present a target 

for the mosl part is, 

and utilization of 

The record sh 

prod ucers have 

unless sufficient 

tion and drilling neces 

demand. 

The Com mission h 
economic theOl·i(~s [ror 

the voices of lIlen wll! 

Dr. Miltoll Freicli 

asb the q(J t'~ ti()n , "0 

then simply have the 

the product which is 1 

certa inly clear that lh 

producer price regula 

pendent producers are 

DEFINITI 

FUTURE GAS RE 

The total alllount 

States is approximalel 

has been consumed 51 
quiremenls for on!y II 
This would mean that 

each year for the n( 

trillion cubic feet the 

The average volume c 

and revisions) for thE 

In fa ct in 1963 prodl 

first time that produci 



: OLORADO S Cl-IO OL OF MINES 

very low level these increases 

.1 market conditions, the hi gher 

;et growth . The higher prices 

velop more gas. Both of these 

back in line. 

forces were working to correct 

pri ces and ex tremely high de

lumerou s rate increases filed by 

J- leAecting, in large part, in

li ons of producer prices. The 

an act of Congress to regulate 

t of us. pri or tu 1954·, thought 

was specifica lly excluded from 
> a,sull1ed that th is segment of 

1 the Ja ws of suppl y and dema nd 

rations however overca me this 

The demand continued to soar 

when convinced tha t their fi eld 

eRected this situ ation by trans

)1'- more in line with the oppor

clistortioll of the suppl y-demand 

under this new regula tion in 
'nt of price, with the result 

0 11 suppl y. The sa nctity of 

set back, price escal ati on 

dates were rendered inoperative 

industry 10 correc t a supply 

compa nies and produ cers 

\l OW con fu sed as to how to 

with his future needs for gas 

Basin ril te case, handed 

ucers came under regulation , 

which the produ cing iudustry 

I actions of the producing 

ned in the enormous record 

producers have ref used to 

SOME SOLUTIONS FOR F UTURE GAS SUPPLY 219 

commit dollars in the high risk business of exploring for gas under this 

regulation. The simple facts of life are that no government regulation can 

require a man or a co mpany to invest their funds in such a high risk venture. 

The forego ing factors highlight some of the problems we face in the 

natural gas industry. Profit is the motivating force, the !la me of the game, 

and no producer has unlimited fund s. He will invest them where the g reatest 

return is anticipated. In this he is no different from the rest of the industry, 

e xcept that the haza rds are greater for him. And dry natural gas does not 

present a target y ielding maximum return. The search for gas has been, and 

for the m ost part is, incident to ancl suppOl'tP-d by the profits from production 

a nd utilization of crud e oil. 

The record shows that ill all appropriate Federal Power Commission cases 

producers have repea tedly emphasized that a gas shortage wo uld develop 

unless suffi cient incentive were provided that would bring fort'h the explora

tion a nd drilling nece;;sary to kep-p ga s supplies in balance with the increasin o' 

demand. 0 

The Commiss i.on however, chose to listen to those who expounded different 

economic theories from the producing industry, but unfortunately, these were 

the voices of men who were not ri sking an y do lla rs. 

Dr. Milton Freidman, Prnfrsso r of Economics ilt Chicao.o Universit), '" ,
asks the qursti nn, " Do yo u want to produce a ;;hortage 01 any product?

then s imply have, the gu vernment fi x and enforce a legill maximum price on 

the product which is less than the price that would otherwise prevail." It is 

certainly clear thaI the time has come for the Commission to recognize that 

producer price reg ula tions must provide greater ecoll omic incentive if inde

pendent producers are to sea rch actively for new supplies of natural gas. 

DEFINITION OF THE GAS SUPPLY PROBLEM 

F UTURE GA S R EQUIR EM CN TS HAVE OUTSTRIPPED NJ::w S UPPLY 

The to tal amount of natural gas that has been produced in the United 

Statp-s is approximately 300 trillion cubic feet-anel one-half of this amount 

has been consumed since 1957. Reliable estimates indicate that the gas re

quirements for only th e next 12 years will be another 300 triiJion cubic leet. 

This would mean tha t au a verage of 25 trillion cubic feet must be discovered 

each year for the next 12 years_ This average amount exceeds by one 

trillion cubic feet the greatest all10unt of gas ever found in any one year. 

The average volume 01 new rese rves found (new discoveries, plus extensions 

and rev is ions ) for the past 12 years has bee n less th an 19 trill ion cubic feet. 

In fact in 196tl p roduction of gas was 5.6 TCF more than was found-the 

first time tha t production ever exceeded the qu antity of new reserves found. 

http:Commissi.on
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OIL PRODUCERS Do NOT U SUALLY LOOK SOLELY FOil GAS 

The producer would prefer to discover oil , since on the average it IS 

much more profitable on a per acre basis and contributes more to their inte

grated activities_ The petroleum industry seeks the areas of maximum dis

covery potential such as North Slope of Alaska, Continental Shelf Offshore, 

and -fo reig n a reas-thereby placing substantial amounts of exploration fund s 

in other areas_ 
With the introduction of area field prices suppressing development of 

rea listic .field gas rates, the small wildcatler drilling co mpany has been forced 

out. It is fairly well recognized that the independent drilling operator finds 

a high percentage of new field s discovered . With the wildcatter gone, there 

are very few companies willing to ri sk the investment in the very low dis

covery-to-drilling rate that is necessary to find new supplies. 

D ECLINING DELlVERAnILlTY OF EXISTING R ESER VES 

It is ax iomatic that as gas expansion reservo irs approach exhaustion they 

produce at lo wer rales of production due to th e lower gas pressure ac ting as 
the propellant to move gas from the voids in th e reservoir to the well bore 

for recovery. Accordingly, the actual period of time durin g whi ch a fi xed 

annual rate of produclion ca n be recovered from a given volume of reserves 

is several years less than sta tistically indicated by the reserve to prod uction 

ratio_ 

COST P ER SUCCESSFUL GAS WELL HAS B EEN INCREASING, WHI LE AVERAGE 

QUANITY FO UND PER WELL HA S NOT I NC REASED PROPORTIO NATELY 

According to the Joint Assoc iati on Survey of Industry Drilling Costs, 

sponsored b y American Petroleum Institule, lndependent P etroleum Assoc i

ation of America and Mid-Continent Oil & Gas Associalion, the avera ge cost 

of drilling and completing a gas well increased nearl y 50 percent during th e 

ten-year period 195<)-1968, from $ 100,700 to $148,537 per we ll. During 

the same period the average volume of nonassocia ted gas found per gas well 

increased approximately 4. percent , from 3.51 MCFI well to 3.65 BCFI welL 

ALL CLASSES OF GAS W ELL DIlILLlNG ARE DOWN SI GN IFI CANTLY 


FROM THE PEAK R EACHED IN 1961 


In 1961, the number of well s completed as gas wells in the forty -eight 

states reached a hi sto rical maximum of 5,432. In 1963 this number had 

declin ed to 3,373, for a decline of more tha n 33 percent. Exploratory wells 

completed as gas wells, which found new fields and new reservoirs, decl ined 

from 561 to 261, for a decline of more than 50 percent. Development wells, 
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including extension wells, completed as gas wells declined from 4,921 to 

3,117, for a decline of more than 36 percent. 

PRESENT STATUS OF GAS SUPPLY 

Noting the recent FPC staff report on national supply and demand which 

predicted, among other things, a drop in the RI P ratio from 14..6 to 10.2 

by the end of 1973, Mr. Nassikas, FPC Chairman, declared thilt such decline 

" ... must be halted or the ilvailability of supplementill sources of gas must 

be increased; the constraint of an inadequate supply on industry growth and 

the national economy is unilcceptable to me." 

Chairman Nassikas further asserted that , " ... if the present area rate 

structure proves to be inadequate to induce the requisite exploration, dis

covery and production of gas, or if other regulatory restrictions stifle indus

try's incentive or ability to attract or invest the necessary capital to meet 

energy demands, then we must take such regulatory action, after heariug, as 

may be required to protect the public interest," and " .. . if past regulatory 

practices have contributed to the supply problem, we should not hesitate to 

critically re-examine these practices with a view to reversing undesirable 

trends. " 

I cite these statements to indicate that Chairman Nassikas is alert to the 

serious implications of the present gas supply situation. The practical prob

lem, however, is how do we eliminate the "if" in the statements of "if the 

present area rate structure proves to be inadequate" and "if past regulatory 

practices have contributed to the supply problem. _ .", in the minds of the 

Chairman, the other Commissioners and just as importantly in the minds of 

Congress who to a large degree create the favorable or unfavorable climate 

in which the Commission must operate. 

As a man involved in making dollars business decisions for my company, 

J respectfully suggest that the "ifs" have already been loudly ilnswered in the 

level of activity of the producing industry over the past years. I might add 

my company is not currently financially involved to any meaningful degree 

in the producing industry. 

As the Chairman mentioned, the Federal Power Commission must operate 

within the legal framework that delineates their responsibility. However , in 

my opinion, we have carried "due process" to the point of ridiculousness. 

Hearings that should take weeks to conclude-take months or more usual

ly years. Projects that are necessary to solve the urgent gas supply problems 

should be conceived and constructed in one year-but are now taking two or 

three. Why? Because under the guise of "due process" the very consumer 

whose interest is alleged to be protected is being deprived of the availability 
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of the prod uct. P a rties wh ose intere~ts are so remote that the la yman can not 

understa nd where thev even fit are a hle to obtain delay after delay charg ing 

"due process" wou ld be violated. I am not , uggest in g that we eliminate 

" due process"- I am suggestin g it 's time th at the rules already in t'x istence 

he adherred to . 

URGENCY OF SOLVlNG THE PROBLEM 

Numerous m embers of Con;oress, gove rnors and the FPC Commission 

have publiccllly s tated wry ft'c E' ntl y that evidence is mounting that th e supply 

of natural gas is dimilliohin;o 10 criti ca l levels in relation 10 the demand. On 

the basis of current trench. " . . . onl y a few yea rs rema in before demand ,viII 

outrun supply." 

The National Supply -delllilnd Est imates Section of the Anal yses and Pro 

cedure divi"ioll in Fed era l Power C()mmis~i()n 's Burea u of Naturill Gas reo 

lensed a repo rt Ins t year 0 11 th e gas sUjlply situation. The staff report states 

that there is mounting evidence that the nation's natural gas supply is dimin

ishing to criticill levels in relation to demand. The report ca lls for a maj or 

new govellllTlcnt-industry prog ram to a~s llre continued grow th of gas service 

during th e next dec-ad". Th e staff predirts th a t if presen t trends in dema nd 

and supply continue " .. . ()nly a rew years remain hefore demand will out

run suppl y." 

Following il re , ome o[ the specific findin gs in the staff st ud y : 

1. 	 The na tional RI P ratio (t'Xcluding Alaska ) will drop from 14.6 now 

to 10.2 by the end of 1073 . 

2. 	 Even a "substanti il l improvement" in reserve additions over th e record 

of the past fiv e years "wiII not prevent the RI P rati o from dropping 

to about lJ in 1073." 

3. 	 "Under no foresel"a hle circulllstanre<; will it be possible to hold the 

RI P ratio at its prl"sent level. " 

4. 	 The RI P rati o fo r so uth Louisiana will drop to the "critical" level of 

8 in EJ73, after which production g rowth will be at progressive slower 

rates. 

5. 	 The uncommitted portion of the total present proven reserve inventor y 

will have been exhausted by 107-1·, a t which time the gas indu str y's 

capacity for growth " will be limited ." 

6. 	There is no shortage of undi scovered gas reserves-but the problem 

is to turn the gas from the undiscovered to the proven ca tego ry. 

7. 	The U. S. gas industry and its customers "will be increasingly de

pen dent on supplementary so urces of gas in the years beyond 1973 

and parti cularly during the 1980's." 
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8. 	The most promising supplementary sources are: synthetic gas from 
coal, which may be competitive with pipeline natural gas by the end 

of the next decade; LNG imports by tanker; Alaskan natural gas, 
particularly on the North Slope; and Canadian imports. 

The report points out that during most of the 4,o-year history of the in· 

dustry, production has kept IJace almost automatically with the rising de

mands-but in 1963 new gas found dropped short of production. 
To meet requirements, domestic production must rise to 25.6 trillion 

cubic feet by 1973, with total proven reserves whittled down from 282.1 

trillion to 261 trillion cubic feet during this period, when the RIP ratio will 
then reach 10.2. 

But the staff said it doubted the national ability to produce 25.6 trillion 
feet five years hence, and there is the "distinct possibility" that overall pro· 

duction shortages will be experienced in 1973. 

A drop below 10 in the RIP ratio would "mean extremely serious supply 

problems in several areas and in the industry generally," the study warned. 
The report made clear it was lIot proposing a government-sponsored 

"master plan" for the gas industry. 

"We are recommending," it added, "prompt government initiatives to 

meet an urgent national problem ...." 

SOME SUGGESTED SOLUTIONS 

Generally, the gas transmission companies which have been in business 

these past forty years, have never had control of the basic element of their 

business-their gas supply. As a matter of fact the regulatory agencies have 
made it nearly impossible for the gas lransmission companies to have such 

control. 'Thus, the sixth largest industry in the United States with vast 

financial resources, finds itself in a nearly insoluble dilemma while desperate

ly seeking a solution to the future gas supply problem. Likewise the Federal 
Power Commission is faced with the necessity of finding a solution which 

will allow it to meet its responsibility to the consumers as authorized and 
directed by the Natural Gas Act. 

Solutions would seem to be possible which fall within the physical and 

financial capabilities of the gas transmission companies and under the regu

lations established by the Federal Power Commission if everyone recognizes 

the princiJ-lle upon which finding new supplies of gas, oil or any other energy 
source are based. 

The producers upon whom the gas transmission companies have depended 

for the purchase of their gas supply will choose their areas for exploration 
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investment which best fit their business requirements and areas where the 

most satisfactory return on their capital can be realized. The gas transmis
sion companies' areas of interest are dictated by the location of their primary 

pipeline facilities. Under existing conditions in the United States today the 

producers are co mmitted to spending their principal explora tion funds outside 

of those areas in which the establ ished pipeline systems are located. It is 
therefore increasingly obvious that the producer will not continue to solve 

the gas transm ission companies' supply problems. Consequently the gas trans

missio'n companies must solve their own supply problem. It is not the function 

of the Federal Power Commission to solve the industries' gas supply problem. 

It is, however, its obligation to create a climate which will permit the pipelines 
to solve their own problem while protecting the consumers' interest. 

Now the time has come for the Federal Power Commission to permit the 

pipeli ne companies to narrow this wide gap of supply and demand by per
mitting field price relief when it ca n be demonstrated that such relief is 

required. It is obv ious that the Federal Power Commission has made a turn 

in that direction wh en it issued its Opinion No . 568, October 7, 1969. The 

encouragement to pipeline companies see ms to be intended-the ques tion is 
whether the Federal P ower Commission will permit current and realistic 

costs to be adequately reflected in the field price. I suggest also that the 

finding success of pipelines drilling in the co nfined areas cannot be as success
ful as a producer who can average costs over wide areas. 

It follow s then, that one solution to the gas supply problem would be for 

the transmission co mpanies to explore actively for n ew reserves of gas at 
levels which would require substantial sums of mOlley . 

GAS FROM CANADA 

Canada offers the second maj or source of natural gas for the United 

States_ The Canadian P etroleum Associati on in ea rly 1969 es timated Cana

da 's uuimaJ.e reco verable natural gas reserves at 725 trillion cubic feet, in

cluding 270 tr illion cubic feet in Western Canada Sedimentary Basin . Proven 

reserves approach 50 trillion cubic feet and present annual Canadian con

sumption of a little over 1 trillion cubic feet. 

Late last year the National Energy Boa rd staff released a study entitled 

"Energy Supply and Demands in Canada, and Expo rt Demand for Canadian 

Energy, 1966-1990_" Such assessments are necessary for the Boa rd to dis 

charge its statutory fun ctions, including the determination of Canadian re

quirements and co nseq uently any surpluses of natural gas and electricity in 

relation to application for export licenses. In rega rd to natural gas the Na-
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tional Energy Board staff study developed a United States demand supply 
balance in order to estimate future demands from Canada. The study indicates 
that 1.4 trillion cubic feet would be required ill the United States in 1975 
(more than double the volume of net exports in 1968) and 12.0 trillion in 

1990. 

The key question facing the National Energy Board is the method of inter· 
preting present gas reserves and future needs. This, in turn, will provide the 
basis for establishing Canada 's gas-expurt policy. And it will allow the Board 
to rule on five current applications for constructiull of gas lines calling for 
additional exports tu the United States of about 8.7 trillion cubic feet during 
the next 25 years. One of the companies is Consulidated Natural Gas Limited 

of which I am president. We are seeking to export at this time about 1.5 
trillion cubic feet in a 25-year period. The Canadian natural gas industry is 
in its infancy. The present producing Provinces have just scratched the 
surface with great success. The vast frontier of the Northwest Territories, the 
Arctic Islands, the Hudson Bay ,md the Atlantic offshore hold fantastic po
tential for oil and gas in Canada. The regulatory, economic and political 
climate in Canada appears to be very favorable to encourage exploration and 

development of this great potentiaL 

I would suggest we give seriolls consideration Lo a North American Cunti
nental Energy Policy at least as such relates to oil and gas. 

ALTERNATE FUELS 

Inasmuch as the entire Hydrocarbon Symposium has been dedicated to 
synthetic fuels and progress reports have been made by experts in each field, 
I will only briefly comment on a few. 

1. 	 Gasification of Coal 

At current rate of coal production these resources would last about 
1,600 years. Coal and lignite beds contain the largest storehouse of 

energy of any of the fossil fuels. We are all aware of the efforts being 
made by private and government forces to gasify these solid fuels. It 
appears that if the technical advancement now being made continues to 
improve, gas from coal at competitive prices is on the horizon. The 

supply-demand outlook suggests that changes in future gasification 
processes and construction will be gradual, as synthetic gas from coal 
and lignite is phased in to supplement the conventional findings and 
supply of natural gas. Our proposed pipeline from Canada cuts 
through the lignite deposits of North Dakota-thus gas produced from 
lignite will have a ready physical connection to large markets. 
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2. 	 Natural Gas Liquids and LNG 
In 1060 nntu!"<ll f!:as liCJuids produced in the Uniterl States were of the 
order of 18 billi,)!] gallons. Since thell thi s production has doubl ed. 
The rate of g rowth of liqu irls has been about the ~arm; as th at of natural 
gas. Storage for peak shavin t: h il~ douhled twi ce in the last six years. 
As LNG plants are placed on stream and the eC'onomics of this form 
of gils energy are ex pl ored, thpre is a growin l-; awareness on the part 
of corporate pl il nnel"s th at LNG hils iI r ightful pl ilce in the futu re energy 
pictUl'e. 

The J1l o~ l: recent development co nce rning the importiltion of LNG 
for iI distribution company u~e is the :20· yeil r contrilct Philadelphia 
Gas Works made with Venezuelil calling: for delivery of 500 iVIMCF / d. 

An oth er example of the role LNG will pl ay in a so lution to the 
future gns suppl y problem is a recent ilcl ioll hy EI Paso Na turil l Gas. 
El Pa~o hilS contracted with So natrach, the natural oil ilnd gils firm of 
Algeria fo r the importation of iI hillion cubi c f<~t't a day Iiquirl natural 
gas into the pastern part of th e Uni ted Stntes. Assuming pro mpt gOY · 
ernm ent approval, deli very of this LNG is expected to be ull a perma· 
Jlent basis by 1()?:;' El Pn~o statt's that other supplementa ry suppli es 
such as th o~e whir·h lll ily he deri Vf>cl from gasificati on of COil I and 
nu clear stimulation of gas rese rvoirs ('ann ot he made aVil ililble rapidl y 
as importation of LNG, alth(lIl !;!h they will eventually milke significant 
contributions towilrd ~oJving United Slil t('S t'llergy problem!' . 

,'3 . 	Tariff (lfld Rate Stmclilrc O'(fflgC.l 

Most pipeline companies have had to improve their effi ciency ilnd 
maintain iI co mpetitive position by establishing a high 10ild factor 
system. HistoricillI y this hilS provided the transmission co mpil nies the 
lowest possihle delivered nnit cost. For the most part this has been 
brought about hy the Iil rge vo lume interruptihle sa les-primarily 
boiler fu el to electric generation power plants. 

With the increasin p: demand for gas and the problem of obtil ining 
new gas supplies to satisfy these incTeased requirements, it now be· 
comes necessil ry to study the ultimate use of the gas. Everyone kn ows 
that the benefits of a hi gh load factor in a transmission compil ny ilC· 
crues to the eco nomic benefits of all ultimate consumers. In 1968 the 
residential and co mmercial cl ass of customer in the United Stil tes only 
consumed about ,,{o percent of the total gas requirements. This is ap· 
proximately the same perce ntilge as the industri al customer. The in· 
terruptible co nsumer used about 21 percent in add ition to these 
amounts. In other worels the industri al and interruptibl e consumer 
used about one·half of all the gas requirements-about 11 trill ion cubic 
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feet. To illustrate. if the a verage wholesale price of natural aas was 

SO~~ per 1,000 cubic feet instead of the present 3S¢, no gas :hortage 

would exist. Of course a lot of markets would disappear. However 

the higher price level would encourage exploration for natural gas and 

allow supplemental sources of gas such as LNG and gasification of coal 

to be introduced as they are needed. Although natural gas might not 

then enjoy having captured over 30 percent of the energy market in 

the United States, it would perhaps, be in a much sounder position as 

a reliable, long-term source of a premium fuel. Let's face it, the 

American public is today enjoying a tremendous saving using natural 

gas as a fuel. In this regard Dr. Richard J. Gonzalez, a renowned 

petroleuJ1l economist, estimates the American consumer realizes a sav

ing of about 5 billion dollars a year on natural gas under the price of 

the cheap~st alternate fuel. 

Estimates of gas requirements for the future indicate that these 

percentages of gas for domestic and commercial uses will remain about 

the same while industrial and interruptible requirements would increase 

if there were ample supplies at present day costs. It may become de

sirable to me coal, oil and atomic energy to displace the fuel in boilers 

for power generators and permit the gas so displaced to flow to the 

domestic and commercial customer and thereby extend the life of the 

proven reserves, as well as those new supplies yet to be discovered. 

The pollution problems that are currently with us , and some argue 

would be worsened by this approach, cannot be corrected by continuing 

the use of a premium fuel at low prices which exhaust the supply avail

able for higher uses. 

Tariff revision and terms of contracts may be required to be altered 

to bring about this condition. 

4.. Certainly the vast deposits of oil shale offer a significant potential con

tribution to the future energy problem. 

5. 	Additional gas supply from nu.clear blasts also promises to aid recover

ability of gas from formations of low permeability. 

OBSERVATION 

These supplements to conventional natural gas production in this country 

can hopefully alleviate our critical supply problems of the future. There are 

l~rge quantities of natural gas to be found in this Nati on and present indica· 

tlOns are they can be found at a less expense than these alternates. Only the 

drill bit will provide the answer as to the presence of such reserves. 

In the final analysis the continued stability of the natural gas industry 
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lies, for the most pa rt, with the F ederal P ower Commiss ion which must serve 

the ultima te welfare of the consuming public . The Commission must provide 

creative and forward looking regulati ons and fa ir treatment to all segments of 

the industry. The Commission mu st provid e the means for permitting inter· 

state pipelin es to be co mpetitive at the produ ction end of the business. 

wise the p ipeline and distribution compa nies must submit to the Commi ssion 

recommended solutions to the suppl y problem th a t will provide a 

In thi s rega rd , there appea rs to me to be a g laring omission in the or· 

ganizational se t·up involving o il and gas. There is little questi on that o il and 

gas are almost entirely dependent upon one a no the r as far as discovery and 

development. Yet th e Federal Power Commi ssion has nothing wha tsoe ver to 

do with oil. T o my knowledge the Federal P ower Commission has no o ffi c ial 

ad viso ry capac ity on government o il policies. Yet the na tural gas over which 

the Federal Power Commission has j uri scl ic ti on is hi ghl y dependent on the 

search for oil. In Canada , the Nati onal Energy Boa rd ac ts as adviso r to the 

government on hoth ni l and gas. I would suggest th a t some e ffo rt be made 

to assign more respo ns ihility in one a rea for oil and gas. 

In summary, now is the time for acti on with a sense of urge ney . No useful 

purpose will he ser ved by fault findin g a nd a ttempting to place the bl ame for 

shortage. No useful purpose will he "ervecl hy academic studi es and exer· 

c ises. N ow is lhe time to ret urn to the rea l world of free enterprise and a 

rej ection of the unreal and unworkahle lheo ri es thal have res ultecl in unw ise 

reg ulati on in the first instance. 
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ALBERTA'S SYNTHETIC CRUDE OIL DEVELOPMENT 

POLICY 


GEORGE W. GOVIER 

My talk will not be a technical one, but will deal broadly with the policy 

ot the Alberta Government aud the Oil and Gas Conservation Board in con· 
nection with the commercial exploitation of Athabasca type oil sands. I wish 

to cover four topics: 

First I will try to give you a perspecti ve by reference to the production, 

markets, reserves and productive capacity of the conventional oil industry in 
Alberta. Second, I will try to explain why we teel government regulation of 

synthetic crude oil production is necessary . Third , I will outline the actual 
policy in Alberta, and finally , I will venture an opinion concerning the future 

commercial development of synthetic crude oil in Alberta. 

Before I start, perhaps I might give some background on the Oil and Gas 

Conservation Board itself. It is an oil and gas conservation agency with duties 

and powers somewhat like your Colorado Oil and Gas Conservation Com

mission, the Texas Railroad Commiss ion, or other state regulatory authorities. 

We are a three·man tribunal appointed by and responsible to the Government. 

We have a staff of 280 people, one-third of whom are technical or professional 

people. We have an annual budget of about $3 million. We are financed 50 
percent by an appropriation from the Provincial Government, and 50 percent 

by a direct tax which we, the Board, levy on the petroleum industry in Alberta. 

The principal duties of the Board involve the regulation of the drilling 

and production operations of the conventional oil industry. This regulation 

is carried out in the interest of conservation, prevention of waste, safe and 

efficient practice and the protection of correlative rights. In addition, the 

Conservation Board has two other specific responsibilities. These are the 

regulation of the export of gas from the Province of Alberta and the regula

tion of the development of bituminous sand deposits, or oil sands as we refer 

to them. Finally, the Board serves in an informal way as a technical advisor 

to the Alberta Govemment on overall oil and gas policy. 

Perhaps now I can turn to what I consider the background, the setting in 

which we have devised a policy for the regulation of the synthetic crude oil 

industry. This is the situation with respect to the conventional industry. 

Chairman, Alberta Oil and Gas Conservation Board. 
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would like to speak very briefly about the production and disposition of crude 
oil from Alberta which is summarized on figure 1. The figures relate to 
calendar year 1969. The significant fact is that Alberta is the largest producer 
in Canada. It produces a surplus to its own requirements of some 787,000 
barrels per day. This flows by transcontinental pipeline systems to markets 
in western Canada and western United States and also to eastern Canada and 
the northern tier states. In 1969 the total exports of Canadian oil to the 
United States were 554,000 barrels a day. You will note what a substantial 
proportion this is of tbe total production. You also see that eastern Canada 
imports a substantial amount of crude oil. This is a matter not only of some 
interest, but, I know, of some concern to many people here in the United 
States. But these are simply the facts. 

Figure 2 gives an indication of the historica l growth both in initial re
serves of conventional crude oil and in remaining recoverable reserves. You 
will notice that the remaining recoverable reserves today stands at about 7.7 
billion barrels. Both of these curves have been forecast along the upper curve. 
You will see lwo forecasts ; one a high and the other a medium projection. 

We believe these two projections define the most probable range . Subtracting 
anticipated production 'which is discussed in figure 3 from this forecast of 
initial reserves gives a range for remaining recoverable reserves. I think it 
is rather significant to see thal on these figures Alberta 's remaining recover
able reserves of conventional crude oil will likely peak out by about 1976 
and will not likely exceed 10 billion barrels of remaining recoverable oil. 

Figure 3 shows the market demand and the productive capacity for Al

berta crude oil. You will note that the lowest line on the curve shows growth 
of market demand over the years and the demand now standing at somewhere 
around 680,000 barrels a day. This is the total demand for conventional 
crude oil which as shown in figure 1 flow s to several regions of Canada and 

much of it comes into several regions of the United States. That demand has 

been forecast as indicated again with the two curves shown, the lower-most 

curve is the curve of forecasted demand for conventional oil alone; the upper 

curve is co nventional crude oil plus synlhetic crude oil. The forecast has been 

based on a continuation of rather normal growth circumstances. The assump

tion is that Canadian oil will continue to flow into United States markets at 

rates reflecting a normal growing situation. The forecast takes into account 

of the impact, as well as we are able to reflect it , of anticipated new develop

ments in other parts of Canada, which would share in the market for Alberta 

crude oil. It also takes into account of the impact of Alaska production on 

the United States supply-demand picture, and of the net effect on Canada. 

The middle curve shows the current well-head productive capacity and you'll 
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FIGlJIlE 2.-Recoverable reserves of conventional crude oil in Alberta. FIGURE 3.-Market 

notice that this s tands at something like 1.6 milli on barrels per day as com reservoirs were equip 

pared with the total production of around 650,000 barrels per day reflected them at MER capacity 

by that figure . The upper curve is the approximate reservoir MER if all Figure 4, shows tl 
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FIGURE 3.-Market demand and productive capacity for Alberta crude oil. 

reservoirs were equipped with the mechanical equipment required to produce 

them at MER capacity. 
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ducing at about 45 percent of its developed well-head capacity. However, on 
the basis of forecasts of production it would reach 100 percent of its de
veloped well-head capacity in the period between ] 975 and 1985, probably 
around 1980. 

Figure 5 is a schematic map of the Province of Alberta, showing the 
principal deposits of oil sands. The major Athabasca deposit is shown. 
Others perhaps less well known but nonetheless important are the Cold Lake 
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deposit, the Peace River deposit, and the Wabasca deposit. The lower part 

of the diagram shows the estimated recoverable re~el'ves of synthetic crude 

oil from these deposits, and the figure , which is a conservative one, is 350 
billion barrels. To put these figures in perspective, figure 6 shows the present 

remaining recoverable reserves of crude o il and natural gas liquids in Alberta 

and the figure I just quoted for the Athahasca and other oi l sands areas. 

7.6 
CRUDE OIL 

1.9 
NATURAL GAS 

LIQUIDS 

340-350 
SYNTHETIC CRUDE OIL FROM 

ATHABASCA AND OTHER OIL SANDS 

FIGURE 6.-Proved recoverable rese rve" of liquid hydrocarbons in Alberta - billions 
of barrels 

That is the background and upon consideration you can see a real conflict 

m public and industry interest. On the one hand we have a conventional 

industry which since 1950 has been producing substantial ly below its capacity, 

and in the decade from 1955 to 1065 actually declined from producing at 

60 percent of productive capacity to 4.0 percent. It is only in the last few 

years that the cOllventional industry has been producing at signi.ficantly above 

40 percent of well· head capacity. This is a serious situation on the one hand. 

On the other hand we can see that with even normally anticipated growth in 

market, the Alberta conventional industry will he unable to supply the market 

indefinitely. It is a matter of judgment when the Alberta industry will in 

fact reach its capacity but this will probably be in the early 1980's. Even 

before and certainly after this time a very substantial and growing supply of 
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synthetic crude oil would appear to be necessary. 
Faced with these two conAicting interests, the Alberta Board and the 

Government over the period 1962 to 1968 devised what we refer to as the 

oil·sands development policy. This has been modified somewhat in detail 
over the past 7 or 8 years, but the intent and the basic concept has not been 

changed. I think the intent can best be expressed by quoting a statement 

made in October 1962 by the then Premier of Alberta, Ernest Manning, that 

the policy would " ... provide for orderly development of oil sands in a 
manner to supplement hut not displace production from the conventional 

industry. " 
The policy itself contains four principal points and I would like to speak 

on each of these separately. First, with respect to experimental operations, 

the policy offers every possible encouragement. Field tests are authorized 
with a minimum of restriction, there are no public inquiries or hearings and 

there is a minimum of red tape. The experimental program must be outlined 

to the Oil and Gas Conservation Board, but the details are kept completely 

confidential. Many experimental projects have been initiated and there are 

currently nine of these active in the Athabascaand Cold Lake areas. 

Turning now to initial commercial development, the policy, as first enunci· 

ated, provided for an initial commercial development of a scale repre· 
senting something of the order of 5 percent of the total market demand not· 

withstanding that it might have a modest adverse effect on the market oppor· 

tunity for the conventional industry. Under this provision of the policy, a 

proposal by Great Canadian Oil Sands, Ltd., for an operation at the scale of 

45,000 barrels per day was approved by the Board and the Government. The 
very expensive plant was built in late 1967 and commercial operation was 

started. There were a number of problems encountered; some of them antici· 

pated such as ones relating to excavation, conveying, etc., of a very difficult 

material. Other problems however, such as those encountered in steam 
generation, were not anticipated. Problems in the coking and the unifining 

sections of the plant have also plagued the operator during the past year. 

During calendar year 1969, the average vroduction from the Great Canadian 

Oil Sands plant was just about exactly 60 percent of its authorized quota of 

45,000 barrels per clay , or 27,000 barrels per day. During 1969, however, 
there were months when the plant operated at or very near its full quota of 

45,000 barrels per day. It is anticipilted that during calendar year 1970 

that the plant will reach a sustained level of production at 45,000 barrels per 

day. 
The third pilrt of the oil sands development policy relates to the kind and 

extent of commercial development, beyond the initial development, which 

would be appropriate during the period before which the conventionill in· 
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dustry is producin g a t or fa irl y close to its producti ve capacit )'; in 

words, during the per iod hetween nnw and say the end of this decade. 

policy here is that furth er co mm erc ial operati ons in the oil sa nds area would 

be appTovecl unl y if the p roposed operations met one of two tests. The 

test would be th at the produ cts f ro m the operati on would go to markets which 

were cOllsiclered hy th e Board and th e Government to be beyond 

geographicall y or econn mica ll y, of the conventi onal ind ustry. The 

tes t relates to prod uct io n of synthetic crune o il to serve new markets that are 

not currentl y be ing se rved hy Alberta, hut which mi g-ht be cons ideren 

within the economi c raniu s for Alherta crude oil. Such markets are re ferred 

to as " new within reach" markets. The policy prov ides th at the develope r 

of " new within reach" ma rkets would be ent itlecl to serve them to an ex tent 

of 50 percent from synthetic c rud e o il with the oth er 50 percent be ing served 

from co nvention al crude o il under the normal prorati on system. 

You are all aware th at under this part of the policy, th e Board and the 

Government rece ived a n appl ica tion from a grou p of compa nies : Imperial 

Oil Ltd., Cities·Se rvice, Atlanti c Richfield amI Roya li te, a Canadian sub· 

sidi a ry of Gul f. The group has an ope ratin g company, Syncrude Canada 

Limited . The p roposal of the g roup was for an opera tion to produce 80,000 

ba rrel s a day of sy ntheti c crude oi l. Of this total .30 ,000 barrels per day 

woul d go to "beyond reac h" ma rkets. Tha t is, spec ialt y ma rkets !Dostly in 

eastern ( anana not a va il able to the co nventi onal industry. T he other 50,000 

barrels a da y would reach new " within reach" markets whi ch the group said 

they would find , in an amount of 100,000 barrels a day. Thus 50,000 barrels 

per day or the new ma rkets would be ava ilable for the conventional industry 

and 50,000 barrels per day would be serven by new synthetic crude oil pro

duction. The S yncrude appli ca tio lJ was cons id ered alId approved, and th e 

gr oup now has auth ority to procep.d . The group is currently appraising its 

position bear ing in min d certa in proposed changes in Can adi an Federal in 

co me tax de velopments in Alaska and oth er factors relating to the overall 

eco nomics of the project. The business judgment of the g roup will determin e 
whether they proceed or not. 

The fourth and fin al par t of the oil sa nds development policy relates to 

the time when the co nventional industry is approaching full capacity. At this 

time fu rther synthetic crud e oil pl ants would be a uthorized wh en the indica 

tions were that the life index of the co nventi onal crude oil was declining to a 

level whi ch in the absence of furth er oil sands development might reach 12 or 

13 years. Supplementar y reproduction of synthetic crude oil would be 

authorized a t a scale a nd at a time to prevent the co nventional industry life 
index from falling below 12 to 13 years. 

Let me now say a word or two about future developments. Firs t I would 
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expect that we will see continued interes t in experimental activity. Second, 

we will see the full scale successful operation of our .first commercial plant 

of Great Canadia n by mid -E n O. Third , we will see the co mmencement of 

operations by the SYllcrude group by 1<'>76-77. We mayor may not see other 

projects servi ng " beyond reach" or " new ma rkets" in the period 1975 to 

1980. There is no way of predicting this. The policy provides for the possil 

it)', but it depends on a great many things. I think we will see very substantial 

a nd continual further commercia l development to supplement conventional 

production with the furth er synthetic production ac tually starting in the early 
1980's. Thi s is indicated in fig ure 7. 
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The upper part of the fi gure g ives the historica l trend of the life index 

of the conventi onal industry to the end of 1968 and a forecast of that index, 

assuming the higher reserve growth fi gure referred to in fi gure 2. The lower 

part of the fi g ure presents the forecast ass umin g th e medium reserve growth 

rate. The shaded band across the fi gures co vers the 12 to 13 yea r range in 

the life index. These fi gures indicate tha t the life index is going to continue 

the r a ther steep plunge tha t it now has commenced . F ig ure 8 is much the 

sa me as fi gure 7 except that the ti me scale is expanded fo r the decade 1975 

to 1985. T he upper pa rt o f the fi g ure suggests that tw o additiona l synthetic 
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crucle o il pl ants of a rhitrarily selected sca le of 150,000 and 200,000 would 

be necessary in the peri od 19H2 to 1\,)34. The lowe r part of the figure co r· 

responding with the medium reserve g rowth fo recast shows a similar situation 

but starting ea rlier. The s ignificant and important thing is th at in order to 

serve the markets that are co nservatively estimated to be available in the ea rl y 

]980's, Alberta will need an additional synthetic crude o il plant of the scale 

of 150,000 to 200,000 barrels a day every year or two. 

To bring these remarks to a conclus ion, let me say that Alberta and Canada 

are extremely fortunate to have the enormous reserves of the Athabasca and 

similar oil sa nds. In my judgment it is inevitable r ega rdless of Alaska, reo 

gardless of northern Canada, that Alberta, through its Athabasca deposit will 
beco me a maj or so urce of supply o f synthetic crude oil for all of North 

America . I d on't say the only so urce, but I say that it is inevitable that it 

will beco me a milj or source. I believe that, g iven the circumstances under 

which Alberta's conv entional industry is operating, Alberta's policy for th e 

development of sy nthetic crude oil is so und. I think it has beel! effect ive in 

encourag ing experimental work and the appropriate amount of commercial 

development at thi s time. Finally, I believe th at there is a massive opportullity 

for industry to be ready for the very large development which appears to be 

necessary in th e ea rly 1980's. If we are to hav e furth er synthetic crude oil 

production at th e rate anticipated in the early 1930's detailed planning mu st 

start b y the mid 1970's. 






