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T. R. Galloway 
Chemical Engineering Division 
Lawrence Livermore Laboratory, 
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Summary 

In the production of synthetic fuels using fusion 
reactors, an i n i t i a l sconing was done of the 
application of fusion reactors for providing economic, 
high temperature process heat for the high efficiency 
production of shale o i l In underground retorts. 

In the time frame beyond 2005, fusion reactors are 
likely to make their f i r s t appearance when the o i l 
shale industry wi l l probably be operating with 20X of 
the production derived from surface retorts operating 
on deep mined shale from in situ retorts and 80X from 
shale retorted within these 1n situ retorts using 
relatively fine shale uniformly rubblized by expensive 
mining methods. 

We have developed a process where fusion reactors 
supply a G00"C mixture of nitrogen, carbon dioxide, 
and water vapor to both surface and in situ retorts. 
The surface retorts are operated at nigh flows and 
yields using water for temperature control. 

The in situ production is accomplished by Inert 
gas retorting, without oxygen, avoiding the burning of 
oi l released from the larger shale particles produced 
In a simpler mining method. We found that these 
fusion reactor-heated gases retort the oi l from four 
50x50x200m in situ rubble beds at high rate u" 40m/d 
and high yield ( I . e . , 95% F.A.), which provided high 
return on investment around 20% for the syncrude 
selling at $20/bbl, or 30% i f sold as $30/bbl for 
heating o i l . 

The bed of 600°C retorted shale, or char, le f t 
behind was then burned by the admission of ambient air 
in order to recover all of the possible energy from 
the shale resource. The hot combustion gases, mostly 
nitrogen, carbon dioxide and water vapor are then 
heat-exchanged with fusion reactor blanket cool tint 
flew to be sequentially introduced into the next 
rubble bed ready for retorting. 

The advantages of this fusion-driven retorting 
process concept over present day concepts are s 
cheaper mining method, high yield and higher 
production rate system, processing with shale grades 
down to 50 fc/mg (12 gpt), improved resource recovery 
by complete char ut i l izat ion and low energy lesses by 
leaving behind a cold, spent bed. 

Need for Synthetic Fuels from Fusion 

There is presently within the U.S. a strong 
incentive to pursue an agressive synthetic fuel 
program to augment the dwindling supplies of refinable 
crude o i l from our national supplies and from abroad. 
The time frame for a ful l-scale synthetic fuels 
industry would be expected to be beyond year 2005, 
with the f i r s t emergence of coal gasification, surface 
and in situ o i l shale extraction and heavy o i l 
production expected around 1985. 

The physics of fusion is evolving nicely now as a 
world-wide effort , with large physics scale machines 

* This work was performed under the auspices of the 
U.S. Department of Energy by Lawrence Livermore 
Laboratory under contract No. W-7405-Eng-48. 

l ike TGKAMAKS: JT-60 JFJ, T-20, TFTR and HFTF MIRRORS 
under construction. These machines are primarily 
directed toward electric power production. The time 
frame looks l ike the f i r s t appearance for a 
demonstration fusion electric power plant to be around 
20051*2 as in F1g. 1. Since the majority of the 
U.S. energy needs Involve non-electric uses such as 
transportation, space heating and Industrial process 
heat, there 1s a need for addressing synthetic fuels 
ft'om fusion to serve these other energy needs. An 
excellent summary of the present thinking 1n this area 
has been prepared by Larry Booth3 for DOE, where 
electrolyt ic, themiochemical and direct radiolytic 
cycles are addressed primarily for hydrogen 
production. Oscar Kr1kor1an has broadened the scope a 
l i t t l e In a proposal^ outlining novel concepts for 
chemical process application. Professor Fred Ribe and 
co-workers at University of Washington have nearly 
completed a conceptual design for a fusion driven 
coal-gasification process, and a University of 
Connecticut groups 1s working on fusion driven 
electrolytic hydrogen-gasification and coal process. 
Recently the scope was further broadened" to Include 
in addition to hydrogen production, coal-gasiflcatlon 
and oil shale retort ing. 

I t is the purpose of this paper to provide an 
i n i t i a l scoping study of the application of fusion 
reactors* for providing a high temperature inert f l u id 
for underground retorting of o i l shale. We w i l l f i r s t 
examine the present status of in situ o i l shale 
extraction and identify which process steps can be 
improved by fusion, then lay out a fusion-driven 
process concept, and f inal ly assess i ts merits and 
shortcomings. 

Oil Shale Extraction — Present Status 

There are precious few overviews of the status of 
the U.S. o i l shale program'"". i n summary, i t can 
be stated that the latest estimate of economically 
recoverable oi l is 600-700 b i l l ion barrels (out of 1.8 
t r i l l i o n barrels in place) in the Green River 
formation in the Colorado - Wyoming - Utah area. 
There are also massive (3 t r i l l i o n barrels in place) 
lower grade shale deposits in the eastern U.S., called 
Antrim shale, only a small portion of which is 
economically recoverable. 

The present activi t ies of the U.S. can be broken 
down into (1) surface processing act ivi t ies where 
shale is mined and brought abo'.e ground for retorting 
about 600°C and (2) in situ processing, where 
combustion driven retorting is carried out 1n 
underground mines. 

Surface processing technology presently involves 
activit ies in direct heating, where either air or 
oxygen is introduced into the retort ing vessel 
containing crushed shale. Oil product or residue 

* Although this study has addressed the application of 
fusion reactors, other high temperature gas sources 
can be used as wel l , such as high temperature gas 
reactors (HTGR's) and concentrating solar collector 
systems. 
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shale char is burned to supply the energy to heat the 
retort feed gases. There is also an indirect heating 
mode where a heat-carrying medium such as inert gas or 
recycled gas, is passed through the bed. The TOSCO 
process mixes externally heated hot ceramic balls with 
the shale to supply the heat. 

Both process concepts (direct and Indirect 
heating) for surface retorts are delayed because of 
serious environmental problems with disposing of the 
150,000 tons/day shale per 100,000 bbl/day module in 
the plant and with the large amount of water consumed. 

In situ processing was developed to correct many 
of these problems. In situ techniques can be applied 
to deeper deposits and to lower grade shales; thus, 
recovering a larger fraction of the resource in 
place. There is some basis for hope that shale grade 
down to 75 i/mg (15-20 gal/ton) would be retr iev­
able. OOE's activit ies are best surrmarizedlS as 
follows: 

"Although in situ conversion offers several 
potential advantages, no single version is applicable 
to the f u l l range of oil shale deposit types. 
Consequently, DOE's research and development program 
is focused on several variations of in situ 
retort ing. In general, the variations can be grouped 
under two broad categories: (1) modified in s i tu , 
where a void is created by mining or leaching; and (2) 
true in s i tu , where the 2one is rubblized and retorted 
without creating a manmade void. 

"Vertical modified in situ techniques are believed 
to offer the most promise for early development and 
ari especially attractive for deeper and very thick 
(more than 300-feet) deposits. In October 1977, DOE 
signed a contract for a multiphase program with 
Occidental Petroleum Corp.* to develop a vertical 
modified in situ process at Occidental's Logan Wash 
site in Garfield County, Colo. In Occidental's 
process, about 20 percent of the shale is mined to 
form an underground compartment. The surrounding 
shale is broken up and expanded by explosives to 
create a kind of underground chimney f u l l of rubblized 

Reference to a company or product name does not 
imply approval or recommendation of the product by 
the University of California or the U.S. Department 
of Energy to the exclusion of others that may be 
suitable. 

shale. From the top of the chimney, a small amount of 
o i l is Ignited and the retorting begins. Combustion 
In the chimney moves slowly downward as shown in 
Fig. 2 - typically 1-2 feet per day - and the heavy 
oi l produced flows by gravity to the bottom where 1t 
Is collected and pumped oi'tslde the mountain. 

"A horizontal true in situ technique being 
developed by DOE and the Geok1net1cs Oil Shale Group 
is currently applicable only to very shallow depth 
formations (less than 100 feet of overburden). 
Conventional mining is not used. Instead, explosives 
expand and rubblire a bed of shale l i f t i ng the surface 
of the ground noticeably. The f irm, with DOE support, 
is conducting laboratory investigations and f ie ld 
development and demonstration tests through a series 
of prcgressively larger retorts in Uintah County, Utah. 

"A vertical true in situ process is also under 
development by DOE for processing the leached zone in 
deep, thick shale beds in Colorado. The process uses 
the void space created when the water-soluble salts 
orginally distributed throughout the 500-foot thick 
seam were dissolved by naturally occurring 
groundwater. Because the zone is a saltwater aquifer, 
direct combustion methods are not applicable. The 
concept being tested, under a contract with Equity Oil 
Co., involves passing superheated steam through the 
fu l l thickness of the leached zone to achieve the 
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F i g . 3. Projected development of an o i l shale 
Indus t ry , 

required r e t o r t i n g temperatures. Tests of t h i s 
process are underway In Rio Blanco County, Colo. 

" I n add i t ion to these major In s i t u e f f o r t s , DOE 
is also conducting research on advanced concepts 
inc lud ing microwave and radiofrequency processing and 
vacuum r e t o r t i n g . 

"DOE has also contracted w i t h Dow Chemical Co. , 
Mid land, M i c h . , to study underground g a s i f i c a t i o n o f 
the Antr im o i l shale in Michigan. For the past 20 
years , Dow has conducted an experimental program w i t h 
t h i s type of sha le . 

"Under a 4-year program w i th DOE which beg tin i n 
1976, Dow is assessing fou r methods f o r the chemical 
exp los ive and hydrau l i c f r a c t u r i n g of Antr im shale in 
p lace. The r e t o r t i n g w i l l take place underground with, 
a minimum of disturbance to the environment. 

"DOE has also begun a program to tes t a process 
f o r adding hydrogen to lower q u a l i t y shales dur ing the 
r e t o r t i n g process. Using t h i s technique, useful f u e l s 
may be obta ined from shale format ions p r e v i o j s l y 
considered u n l i k e l y candidates f o r development due tc 
low o i l y i e l d under normal cond i t i ons . This technique 
could be p a r t i c u l a r l y b e n e f i c i a l i n the Eas t . " 

The t im ing f o r the deployment of an o i l shale 
i ndus t r y is best summarized in F i g . 3 by H u t c h i n s 1 3 . 
In s h o r t , w i t h a $3/bbl tax c r e d i t , a mature indus t ry 
is expected to be in place s t a r t i n g by 2005 and 
l a s t i n g at l eas t through 2050, when fus ion technology 
i s expected to be mature. 

The key to the longer term development of a U.S. 
o i l shale i ndus t r y appears, at t h i s t ime, to be the 
deployment of a pioneer venture modi f ied in s i t u 
(VMIS) p l a n t . Surface r e t o r t i n g i s expected to occur 
f i r s t , once the p o l i t i c a l and environmental issues can 
be reso lved, and then the deeper, lower grade deposi ts 
can be exp lo i ted by VMIS i n combination w i th sur face; 
to be fo l lowed l a t e r by pure i n s i t u technology aimed 
at the even lower grade, dispersed deposits in the 
Eastern p o r t i o n of the U.S. So i t appears t ha t a 
f us ion -d r i ven process ought to address the in s i t u 
processes - - f i r s t VMIS and then l a t e r , t rue in s i t u , 

VMIS technology, at present , su f fers from o i l 
y i e l d losses from oxygen pene t ra t ion from behind the 
combustion f r o n t fo rward, i n t o the r e t o r t i n g f r o n t . 
Mining improvements in rubble bed prepara t ion are 
being d i rec ted toward achieving beds w i t h more uni form 
f low and higher sweep e f f i c i e n c y and o i l y i e l d . 

Another approach is to u t i l i z e the e x i s t i n g imper fec t 
rubble bed and by apply ing advanced methods of process 
c o n t r o l , * 6 get an acceptable performance. These 
methods are d i r e c t e d at us ing preburn 
cha rac te r i za t i ons o f the bed and man ipu la t ion o f feed 
gas p rope r t i es and composit ions i n order to min imize 
the co-ming l ing of oxygen w i t h the r e t o r t e d o i l and 
the associated loss in y i e l d . I f these kinds o f 
remedies f o r the VMIS process are too complex or 
expensive, then the U.S. e f f o r t may be red i rec ted 
toward Ine r t f l u i d r e t o r t i n g . 

Both sur face and In s i t u processing techniques can 
be improved w i t h the a v a i l a b i l i t y of an i n e r t {no 
oxygen) high temperature (600-800°C) f l u i d source. 
The advantages o f i n e r t gas r e t o r t i n g i n sur face 
r e t o r t s were c a r e f u l l y o u t l i n e d by A l l r e d " . The 
f o l l o w i n g advantages are claimed f o r the use o f 
superheated water vapor; (1) increased y i e l d s of o i l 
and gas, (2) lower r e t o r t i n g temperatures, (3) 
s i m p l i f i e d o i l recovery technology, (4) higher energy 
q u a l i t y product gases w i th Increased hydrogen con ten t , 
and (5) more env i ronmenta l ly acceptable r e t o r t e d 
shales. The key po in t i n favo r of water vapor 1s t h a t 
i t does not act merely as on I n e r t gas, hut as a 
chemical ly r e a c t i v e feed t h a t produces l a r g e r than 
normal q u a n t i t i e s of hydrogen and higher y i e l d s . 
Comparing n i t rogen and carbon d iox ide w i t h water vapor 
shows that o i l y i e l d s of 110% of F ischer assay are 
achievable i n a l abora to ry environment at temperatures 
of 500°C, w i t h steam achieving t h i s y i e l d at 
temperatures as low as 450°C. Consequently, steam 
or mixtures w i t h steam are p a r t i c u l a r l y des i rab le . 

At higher temperatures (500 to 800° C) other 
react ions occur which begin to degrade the energy 
e f f i c i e n c y o f the process. For example, minera l 
carbonate endothermic decomposlt ionlo begins to 
occur at 500°C, depending on the concent ra t ion of 
the steam i n tine feed (500 "HI w i t h 65% steam and 
550°C w i t h 20X steam) as shown in F igs . 4 -6 . Shale 
char reacts w i t h CO? beginning at 660°C and w i t h 
steam at 600°C,19,20 a s s n own in F i g s . 7 and 8 . 
These react ions reduce the amount of energy tha t can 
be released from d i r e c t carbon o x i d a t i o n . There are 
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also the endothermlc decompositions of Kerogen and the 
release of bound water, but these are about an order 
of magnitude less significant In energy consumption 
than the mineral and char reactions. 

From this discussion, i t 1s clear that above 
500°C, the energy efficiency of the process depends 
on the balance between the various heat sinks and the 
heat released by combustion of the shale carbon, 

Fig. 5. Oil shale -- CO2 atmosphere. 

| 40 

1 ' 1 ' 1 

Product! / / _ / / / 
- Mili'itt S^l 

/ / 
~ Mafwinht - . / 

MgO -7^7^-

released hydrogen, methane and heavier hydrocarbons 
and of any oi l product. This balance depends strongly 
on the composition of the feed and product gases 
{ i . e . , water vapor and hydrogen content, etc.) and the 
process conditions and process control - strategy used 
to operate the in situ retort . In general, from this 
evidence, a rough optimum shale particle temperature 
Is expected to be around 6Q0JC. 

The rate of r e t o r t i n g 2 1 * " 1s another key 
process variable. As shown In Fig. 9, higher heating 
rates decompose the kerogen faster and remove the oi l 
products faster before they can be coked, cracked or 
burned. The high heating rates are achieved by high 
sweep gas throughput and large temperature driving 
forces. The high heating rates In the range of 1,000 
to 10.000°C/hr were achieved 1n a fluldlzed bed of 
shale and the upper point 1n F1g. 9 by rapid heating 
of a sphere. At these high heating rates, rapid heat 
transfer to the shale particles is required and for 
surface retort ing, this can be achieved In a fluldlzed 
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Fig. 7. Rate of reaction of steam and CO2 in 
char gasification. 
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bed, such as used by Hines 2 2. For in situ retorts, 
i t appears that high sweep gas rates and high 
temperature driving forces are needed. 

Fusion-Driven Retorting of 011 Shale 

Now that we have established the most l ikely 
timing for a U.S. Oil shale industry and for the 
appearance of the demonstration fusion reactors,, and 
we have outlined the potential areas where 
fusion-driven process steps appear valuable, we can 
propose an overall conceptual design in Fig. 10. 
Here, we show three rows of in situ rubble beds at 
different stages of the process: The f i r s t row on the 
le f t shows the rubble beds of shale ( i . e . , a group of 
four 50x50x200m) at different stages of the mining 
operation; the f i r s t module in the center row is being 
retorted with hot gases around 600°C, and in the 
right-hand row, a module 1s undergoing char combustion. 
Adjacent pairs are processed, moving in a z1g-2ag 
pattern down the last two rows. Start-up is planned 
by slowing the flow by half and feeding cool ambient 
combustion gases from one combustion driven retort . 

The process has the f o l l o w i ^ operational 
features: The mining operation can be done using the 
more economic horizontal shaft operations , where sub-
level caving, stoplng, or other d r i l l i ng , blasting and 
rubblizing operations can be done on the ceiling or 
f loor. This approach makes the best continuous use of 
the mining machinery in horizontal tunnels (avoiding 
costly hauling operations of this equipment to and 
from the surface) and avoids 'J.e costly intermittent 
operations that would be involved i f one retort were 
mined and then burned. This arrangement also 
maintains a physical separation between retorts 
undergoing combustion and those undergoing mining — 
thus, minimizing the opportunity for contaminating the 
mining worker's breathing atmosphere through leaks of 
carbon monoxide or hydrogen sulf ide. 

After the f i r s t pair of modules in the second and 
third rows is processed, the flow is switched about 

once a week to the next pair for processing. This 
assures continued use of the fusion plant heat and 
allow* added time and operational f l e x i b i l i t y . 

Tht shale rubble is f i r s t subjected to hot 
combustion gases at fiOO°C without any oxygen. We 
have shownlo that this approach eliminates the 
problems associated with oxygen "fingering" Into (and 
destroying) the oi l product. As the retorting front 
moves down the retort at superficial velocities around 
40m/day, cool ( I . e . , 80°C) gases plus o i l product 
pass out the bottom of the retort . The o i l product 
consists of a l iquid phase which is collected and 
removed and a vapor-mist phase which is fed to a 
series of cooled gravity and demlster separators, 
designed to capture 99% of the fine o i l mist. These 
exit gases wi l l remain cool unti l the retorting front 
approaches the bottom of the rubble bed, at which 
point the temperature wi l l start to climb toward 
600°C. The retorting operation would be terminated 
when the temperature reached 5QO-550°C. 

A hot spent shale bed is le f t after the retorting 
operation Is completed. The shale remaining contains 
a substantial amount of carbon that was not carried 
off In the retorted o i l . This carbon is lef t over 
when a portion of the kerogen 1s unconverted or as 
some ot the oi l is coked. This combination of carbon 
sources leftover 1s called char, and can be further 
processed to recover a significant fraction of 
additional energy. In addition, this spent bed of 
shale is hot, 600°C, and we do not want to leave 
this energy wasted 1n the ground. Me believe the heat 
balance is favorable enough for a 600°C bed with 
gases exiting around 350°C, so that char can be 
combusted down to ^ery low carbon levels. 

So cool air can be admitted to this spent shale 
bed, as shown 1n Fig. 10, wereupon Ignition w i l l 
spontaneously occur" and combustion wi l l begin. 
The combustion front wi l l be driven down the bed by 
means of the cool air being fed to the bed. 
Combustion of char occurs evenly and does not exhibit 
the serious non-uniformities 2 4 1n air combustion 
driven retorts. The hot gases leaving the spent shale 
beds consist mainly of nitrogen, carbon dioxide and 
water at about 350°C and are fed to the fusion plant 
heat exchangers for further heating to 650°C so they 
can then be fed to rubble beds for retorting. These 
spent beds are burned unti l the exit oxygen 
concentration roaches 5% or so. We do not wish to go 
highpr since we want to avoid oxygen in the inert gas 
retort operation. 

io& 

Fig. 10. Concept of fusion-driven 
oil-shale-retorting process. 



Assessment 

Now tha t we have presented the process concept, 
l e t us b r i e f l y examine the economic imp l i ca t i ons . He 
have used the basic lGW( e \ Tandem Mi r ro r Reactor 
(TMR) costs25 (1977 d o l l a r s ) of S980 (Kw{ ? ) ) f o r 
the higher beta c e n t r a l - c e l l and design minus the 
generat ing t u rb ines , condensers, cool ing towers and 
associated hardware. The opt imized po in t design p lan t 
operates at an overa l l thermodynamic e f f i c i e n c y of 
0 .34 . We assume tha t the thermal power normally fed 
to the e l e c t r i c - g e n e r a t i n g tu rb ine system of 2.844 
GW(t) would be ava i lab le to heat these gases at the 
same thermodynamic e f f i c i e n c y and the e l e c t r i c power 
from the d i r e c t converters of 620MW(e\ i s ava i l ab le 
f o r p lan t use and f o r g r i d . This gives us a thermal 
energy cost of $350/Kwm to feed the o i l shale 
preross . 

I f we assume tha t the average grade of the 
ruhb l ized bed to be r e t o r t e d is 100 fc/mg (24 
g i l / t o n ) , and we operate in the temperature range 
around 550°-600°C, then the thermal requirements 
w i l l b a s i c a l l y Involve kerogen decomposition (0.045 
GJ/Mg) and the release of bound water from the var ious 
minerals {0.041 GJ/Mg). Since we are designing f o r 
low temperature ( i . e . , 55O-600°C) and rap id 
r e t o r t i n g ra tes , we plan to avoid any s i g n i f i c a n t 
mineral decomposit ion. 

The ra tes of r e t o r t i n g can be approximated 
s i m p l y 2 ° , a s was done fo r steam. Then, the 
r e t o r t i n g ra te necessary to compute o i l p roduct ion 
ra te is given approximately by the f o l l o w i n g 
express ion: 

Where g and s denote gas and shale phases, p the 
d e n s i t y , Cp the heat capac i t y , E the bed voidage and 
V g th i ; s u p e r f i c i a l gas v e l o c i t y fed to the bed. 
Thus, the o i l product ion can be c a l c u l a t e d " as 
f o l l o w s : 

P = SE Y G V r f p s ( l - e ) 

P = SE Y G pgVg £ E S (2) 
Cps 

Where SE is the sweep e f f i c i e n c y of th? rubble mine, Y 
is the r e t o r t i r j y i e l d , G the shale grade, and P i s 
the product ion ra te i n Kg/m 2-day (equ iva len t t o 
29,000 bb l / ac re -day ) . 

In order to use t h i s express ion, we need to use 
the process concept i n F i g . 10. F i r s t , the f us ion 
p lan t heats the N?. 0? , HgO gas stream from 350 
to 650°C using 85%J of the 2.844 GU( t) a v a i l a b l e 
heat , which corresponds to a t o t a l gas mass f low of 
p gVg=7.5 Mg/s. For a sweep e f f i c i e n c y of 85% 
and a y i e l d of 60%, Eq. 2 produces an o i l p roduct ion 
ra te of 32,000 m3/day (or 235,000 b b l / d a y ) , t h i s 
corresponds to a r e t o r t i n g ra te ( v i a Eq. 1) of 415,000 
m3/day. I f one were to use the r e t o r t modules i n 
F i g . 10 w i t h a 10,000m 2 cross sec t i on , the ra te 
would be 41.5m/d, which is ten times t ha t i n our 
present combustion-driven p i l o t re tor ts*** t h ^ t have 
been operated up to 4.4m/d. Surface r e t o r t s , on the 
other hand, have been operated up to 6 0 m / d 2 7 . An 
example is B r a z i l ' s Pet ros ix r e t o r t 2 7 operat ing at a 
shale so l i ds throughput o f 2,000 Mg/d using I n e r t gas 
at 30 m/d. This s i g n i f i c a n t d i f f e rence in ra tes is 
the r e s u l t of the sma l le r , more uniform shale 
p a r t i c l e s and the temperature con t ro l used in surface 
r e t o r t s and the lack of oxygen which would otherwise 

*S5X is a t y p i c a l thermal e f f i c i e n c y of surface i n e r t 
ga? r e t o r t s . 

destroy o i l . We also note t ha t i n I n e r t gas r e t o r t i n g 
higher heat ing rates are b e n e f i c i a l as shown in F i g . 9 . 
Our t y p i c a l heat ing ra tes f o r f i e l d - s c a l e combustion 
r e t o r t i n g are expected to be around 50°C/h; whereas, 
i ne r t gas r e t o r t i n g can achieve 1000°C/h, or so. 
When we t r y to push combustion dr iven r e t o r t i n g 
f a s t e r , we f i n d we must use Increasing amounts of 
steam in order to keep the combustion peak 
temperatures below the s i n t e r i n g temperature of 
1100°C. 

Consequently, t h i s f u s i o n - d r i v e n process can be 
super ior economical ly to combustion dr iven r e t o r t i n g , 
i f we s t r i v e f o r considerably higher r a t e s . The seam 
th ickness r a r e l y exceeds 200m and to ma in ta in a 
reasonable aspect r a t i o of the bed fo r high sweep 
e f f i c i e n c i e s , we have aimed f o r f ou r r e t o r t modules of 
dimensions of approximately 50x50m, w i t h an upper 
l i m i t of around 70x70m. There are also problems w i t h 
room and p i l l a r mining in support ing the top roof w i t h 
la rger dimensions. This then places the r e t o r t i n g 
ra te f o r a s i n g l e r e t o r t module In the range 20 to 
lOOm/ri. I f we Int roduce the added complexi ty of 
feeding hot gas to say fou r 50x50m r e t o r t modules, we 
could operate at 40m/d. The complexi ty of m u l t i p l e 
modules in mining operat ions and process con t ro l would 
undoubtedly add somewhat to the cos t . However, there 
is the advantage of i nd i v i dua l f low con t ro l to the 
fou r separa te ly . 

Next we have to examine the heat requirements of a 
t y p i c a l process module cons i s t i ng of f ou r 50x50x200m 
r e t o r t s operated on a 5 day cyc le . As we presented 
e a r l i e r , the heats of kerogen decomposition and 
release of bound mineral water t o t a l 0.086 GJ/Mg. I f 
we operate our process w i t h 2.4 GWm of fus ion heat 
at a thermal e f f i c i e n c y of 85%, which is t y p i c a l of 
surface r e t o r t s , at a r e t o r t i n g ra te processing 
900,000 Mg/d (1 m i l l i o n tpd) of sha le , we w i l l produce 
37,000 M3/d (235,000 bb l /day) of o i l product w i th a 
heat consumption of only 0.93 GW(t) f o r kerogi . i and 
bound water. I f any mineral carbonates are decomposed 
In the process, owing to excess steam or temperature 
"hot spo t s " , a po r t i on of the 0.6 GJ/Mg endothermic 
carbonate decomposition heat would qu i ck l y consume the 
remaining process heat. For example, i f about 20% of 
the carbonates were decomposed, the energy v/ould 
halance. We be l ieve t h i s is a reasonable expec ta t ion 
f o r rubb le beds that w i l l e x h i b i t f low non-
u n i f o r m i t i e s . In t h i s opera t iona l concept, the 
mineral provides a so r t of " sa fe t y " temperature 
c o n t r o l . 

Now, w i t h t h i s bas i s , we can examine the economic 
imp l i ca t ions f o r the f u s i o n - d r i v e n o i l shale r e t o r t i n g 
process. The bases f o r the aconomic analys is are 
given i n Table 1 and compare f avo rab l y w i t h 
o t h e r s 2 7 ' 2 8 r epo r ted . Standard economic p rac t i ces 
have been u s e d 2 9 . The p r i ce o f the syncrude or f u e l 
o i l product w i l l depend on p o l i t i c a l and market 
f a c t o r s , such as the congressional passage of a $3/bbl 
tax subsidy f o r shale o i l , p r e v a i l i n g i n t e r e s t r a t e s , 
the cost of p r e r e f i n i n g or upgrading of syncrude 
su i t ab l e f o r convent ional r e f i n e r y feedstock ( i . e . , $8 
to 10/bb l ) or f u e l o i l , the OPEC and/or spot market 
p r i ces of crude, e tc . These and other f a c t o r s , as 
they in f luence an o i l shale i n d u s t r y , are discussed 
e l s e w h e r e 2 7 . 

Another c r i t i c a l f a c t o r 1n t h i s analys is is the 
ra ther considerable delay of income cashflow dur ing 
mine development and p lan t c o n s t r u c t i o n . I t i s of 
great economic importance to car ry out as much as 
poss ib le of t h i s cons t ruc t ion i n p a r a l l e l . One o f the 
key advantages of t h i s f u s i o n - d r i v e n process concept 
i nvo l v i ng i n e r t gas r e t o r t i n g i n s i t u is t h a t most of 
the mine development and p lan t cons t ruc t i on can be 
done i n p a r a l l e l A proposed p r o j e c t plan i s 
envisaged i n F i g . 1 1 . Mine development we v i s u a l i z e 
as i n v o l v i n g a la rge i n i t i a l stage ( f rom $500 to 53600 
m i l l i o n d o l l a r s ) where major v e r t i c a l shaf ts are sunk 



and major ho r i zon ta l d r i f t s and tunnels cons t ruc ted ; 
fo l lowed by a much lower leve l phase where i n d i v i d u a l 
modules are rubb l ized and completed at a ra ther r ap id 
r a t e . Deta i led d iscussion of mining methods is beyond 
the scope of t h i s r epo r t ; however, they are summarized 

TABLE 1 . Economic Assumptions (Ju ly 1979 Do l l a r s ) 

" T T s t a r t - u p 2005. 
2. 20-year p l a n t . 
3. 25% loan at 12% interest (75% equity). 

4. Pr ice of syn the t i c crude increases 14% per year . 
5. Sur f rue p lan t cos t : S400M. 
6 . Fusiun p lan t cap i ta l cost less generat ing 

t u rb ines , condensers, coo l ing water tanks, and 
converted hardware: $995M. 

7. 4% of c a p i t a l f o r rec lamat ion , environmental 
cos ts , land taxes, r o y a l t i e s , e tc . 

6 . Mining and rubb l ized costs at $8/bbl and 
esca la t ing at 8% per year . 

9. Financing at S132H. 

10. Operat ion, maintenance, admin is t ra t ion and other 
burden $2/bbl and esca la t ing at 8% per year . 

11 . No Investment tax c r e d i t . 
12. No deplet ion allowance. 
13. No product ion or severance taxes. 
14. Mine development: 4 years . 
15. Plant cons t ruc t i on : 4 years. 

Task 

1. Mine development - ^ '*-
2. Fusion plant construction / ^ 
3. Surface plant construction / \ 
4. Retorting / . — ,, , — I T S 

I I I I I I I I I I I I I I I I I I I I I 
2 4 6 8 10 12 14 16 IB 20 

Year 

F i g . 11 . Timel ine f o r proposed p r o j e c t . 

TABLE 2. 

6 8 

Payout per iod 
(years) 17 13 

DCF ROI (%) 
w/0 subsidy 2.42 5.35 

DCF ROI {%) 
w/ subsidy 2.86 6.00 

elsewhere ( 5 , 7 -9 , 27 and 28 ) . There are several 
mining methods tha t could f i t t h i s k ind of t i m e l i n e . 

The amount of low leve l t r i t i u m contaminat ion o f 
the i ne r t r e t o r t gas appears to be acceptable since 
the blanket coolant is heat exchanged w i th the I n e r t 
r e t o r t gas at about 650°C and at t h i s low 
temperature t r i t i u m permeation out of the b lanket 
coolant w i l l be under 10 C i / d a y 3 0 . The blanket 
coolant is processed w i t h a s l i p - s t r e - -scavenger 
system to keep the blanket coolant t t jm leve l down 
to acceptable l e v e l s . 

The economic r e s u l t s are shown in Table 2 . We 
Inc luded the cash f lows i n Table 3 and gave a sample 
c a l c u l a t i o n f o r the f i r s t case of $ 6 / b b l . We costed 
the min ing , p l a n t , operat ions and maintenance, 
f i nanc i ng and burden in a parametr ic study w i t h 
vary ing syncrude or heat ing o i l p r i c e ( Ju l y 1979 
d o l l a r s ) . The resu l t s show tha t the p r o j e c t Is 
a t t r a c t i v e [* e . , PCFROR between 15 and 30%) f o r 
syncrude or heat ing o i l p r i ces from $17 to 3 0 / b b l . We 
also looked at the s e n s i t i v i t y to a U.S. Federal 
$3/bbl tax subsidy appl ied at product ion (4 years 
a f t e r p r o j e c t beglnnning) and found the incent ives to 
be very modest. 

These r e s u l t s in Table 2 compare favorab ly w i t h 
the Calony S t u d y " , which found f o r 1n s i t u 
e x t r a c t i o n and some surface r e t o r t i n g a DCFROR between 
10 and 13% when the syncrude p r i ce (cor rec ted by 8% 
per year to Ju ly 1979 d o l l a r s ) was between $19 and 
2 4 / b b l . In 1974, t h i s was not considered good enough 
f o r con t inu ing the Colony program. Today (Sept . 
1979), prime i n t e r e s t ra tes are running as high as 
14%, consequently, corporate Investments would 
probably not be made unless DCFROR 14% depending on 
the degree of r i s k . And today there are several 
programs^ look ing at the f e a s i b i l i t y of s e l l i n g 
shale o i l as a heat ing o i l ( a f t e r d e n l t r l f i c a t l o n ) f o r 
around $30/bbl f o r use in spec ia l low N0 X 

combustors. Thus, $20/bbl at a DCFROR 20% f o r 
syncrude or $30/bbl at 30% should be a t t r a c t i v e f o r a 
f us i on -d r i ven process, given the p .e-ex is tence of a 
fus ion reac to r , tha t was the premise f o r t h i s s tudy. 

This is approximately the economic p o s i t i o n t h a t 
the syncrude or ien ted o i l shale i ndus t r y is i n today. 
I f we add roughly $8/bbl f o r p r e r e f i n i n g or upgrading 
costs in order to produce a r e f i n e r y feedstock crude 
t ha t w i l l be purchased, the p r i c e of around $28/bbl is 
c lose to the present spot market p r i c e . And the use 
of shale o i l as a hea t i r $ f u e l o i l appears to be new 
and upcoming. So a f us i on -d r i ven o i l shale r e t o r t i n g 
process is s i g n i f i c a n t l y b e t t e r , and c e r t a i n l y no 
worse, than the present convent ional o i l shale 
" i n d u s t r y " . 

This b r i e f scoping study has shown tha t the 
f us i on -d r i ven r e t o r t i n g of o i l shale looks a t t r a c t i v e 
enough at t h i s rough ear l y s tage, t ha t comments and 
suggestions f rom the techn ica l community and f u r t h e r , 
more de ta i l ed conceptual design s tud ies should be made. 

Economic Resu l ts . 

Syncrude p r i ce ($ /bb l ) 

T5 H 17 20 25 30~ 

10 9 8 7 6 5 

7.74 11.3 16.1 19.7 24.6 30.3 

8.54 12.4 17.4 21.2 26.5 32.6 



TABLE 3. Cash Flows ( M i l l i o n s of Only 1979 D o l l a r s ) . 

Income Mining & om 
$/bbl +14% Retorting $2/bbl Accum. Cash 

Vear Annual Accum. SB/bbl + 8* + 8* Financing Costs Flow 

1980 0 0 500 0 17>! 674 -674 
1981 0 0 1200 5 174 2053 -2053 
1982 0 0 1600 10 174 3837 -3837 
1983 0 0 1600 30 174 5641 -5641 
19B4 800 800 730 80 174 6625 -5825 
1985 912 1712 788 86 174 7673 -5961 
1986 1039 2751 851 93 174 8791 -6040 
1987 1185 3936 919 101 174 9985 -6049 
1988 1350 5286 992 109 174 11260 -5974 
1989 1540 6826 1071 117 174 12622 -5974 
1990 1755 B5B1 1156 126 174 14078 
1991 2001 10582 1249 136 174 15637 
199? 2221 12863 1349 147 174 17307 
1993 2601 15464 1457 159 174 190?7 
1994 2965 18429 1574 171 174 21016 
1995 3380 21809 1699 185 174 23074 
1996 3853 25562 1835 200 174 25283 
1997 4393 30055 1982 216 174 27655 
1998 5009 35064 2140 233 174 30202 
1999 5710 40824 2312 252 174 32940 
2000 6509 47334 2497 272 174 35883 
2001 7420 547M 2696 294 174 39047 
2002 2459 63213 2912 318 174 42451 
2003 9644 72857 3145 343 174 46113 

ROI " 2.42« 
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