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FOREWORD

If one word had to be chosen to describe the oil shale situation, I

believe that word would be
"change."

From one year to the next, there are

significant changes in the political, economic, environmental, and social

aspects of the industry. In the early 1970s, the environmental viewpoints

not only changed 180 degrees but their impacts on oil shale development be

came more significant by many orders of magnitude. In addition to this, the

political atmosphere changed from one of encouragement to one of laws and

regulations designed to prevent development.

There was a slow amelioration of these impacts during the latter part

of the 1970s, and, in the last year of the Carter administration, programs

were initiated to provide economic support for programs to commercialize

shale oil production. The change in administrations caused a change in

emphasis and the apparent direction now is to greater reliance on private

funds and development.

The continued increases in fuel costs and inflation have had mixed

influences on the economic viability of shale oil production, but present

indicators point strongly to expansion of pilot plant processes to commer

cial size operations. Unless there are major unforeseen impacts on the

construction and development phases now underway, there should be a pro

duction of 50,000 to 90,000 barrels per day of shale oil by the mid-1980s.

Only then will the real problems associated with commercial shale oil produc

tion be known. Major problems, if any, may be entirely unexpected while

those predicted today may turn out not to be problems at all. If the latter

is the case, the papers presented at this symposium may have been a major

factor of prevention because many deal with potential problems and their

solutions.



As is usually the case, the values of the symposium and its proceedings

are due to the efforts of the participants: the authors presenting papers,

their companies who encouraged them in their work, and the attendees who

participated in discussions. These efforts are very much appreciated.

James H. Gary

Professor of Chemical and
Petroleum-

Refining Engineering
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TO: Attendees of the 13th Oil Shale Symposium

The Proceedings of the 13th Annual Oil Shale Symposium had some

omissions which I wish to correct.

On page 100a there are comments by Dr. Rex Ellington of Occidental

Oil Shale Corporation on the paper "Sweep Efficiency Modeling of Modified

In-Situ
Retorts,"

given by Dr. J. H. Campbell of Lawrence Livermore Lab

oratories. These comments were made by Dr. Ellington during the discussion

period at the Symposium after Dr. Campbell's presentation but they are not

properly acknowledged in the Proceedings nor is Dr. Campbell's response in

the printed proceedings. Both should have been included.

I am sorry for these omissions and the inconvenience which may have

been caused.

Sincerely,

James H. Gary
Professor



RESPONSE TO R. ELLINGTON'S COMMENTS ON

"SWEEP EFFICIENCY MODELING OF MODIFIED IN-SITU
RETORTS"

J. H. Campbell

Lawrence Livermore National Laboratory

There are two major points to the comment by R. Ellington. The first is

that tracer data is of "limited value in predicting retort operating

behavior,"
and the second is that Retort 5 had a much poorer sweep efficiency

than we predicted.

The first point we disagree with. Tracer data and supporting model

calculations can provide wery useful information as to the permeability

distribution within a retort bed and the likely path the retorting front will

take (given a particular inlet gas configuration and ignition sequence). In

fact, ideally one should use the information from the tracer tests analysis to

determine the best method (or at least optional methods) for igniting the

retort and injecting reactant gases. Retort 5 provides an excellent example

of this. Even a cursory examination of the Retort 5 tracer data shows a large

channel near the middle front of the retort. Therefore, during processing one

would probably avoid igniting and injecting gases near the central area of the

retort and instead attempt to establish and spread the retorting front from

the walls and back of the bed. The point is that the tracer data coupled with

model calculations would have provided a very good prediction of the Retort 5

performance. I'd be very surprized if the engineers at OOSI ignored this

information in developing their processing plan.

The second part of Ellington's comment we cannot argue with. Our intent

in analyzing Retort 5 was merely to illustrate, with a practical example, how

critical the problem of sweep efficiency can be. We point out on page 91 that

"It is important to note that the above results are preliminary and

based on a simplistic model used to characterize the bed porosity

based solely on the tracer
data."

The goal of our discussion was to show that a 20% retort yield (as in Retort

5) does not necessarily mean that 80% of the oil was lost or degraded, but

instead that a large portion of the shale rubble was not processed. The



only reason that we relied solely on the tracer data was due to a lack of any

detailed description of the Oxy 5 retorting operations. (The comment by

Ellington is longer and more complete than the entire retorting-phase

description given in Occidental's Retort 5 summary report.)

One final comment needs to be made concerning Figure la and lb presented

in Ellington's discussion. These are only partial plots of the data and

therefore perhaps slightly misleading. We have included copies of the entire

data to illustrate this point (Figures 1 and 2, attached). Note that the exit

temperature does increase up to date 6/5 but then appears to reach a steady

state (between 200-300F) for the remainder of the run. Also, the oil

production does not go to zero on 6/5 (as Ellington's Figure la implies), but

instead oscillates around a value near 50 bbl/day (at times reaching 100

bbl/day). Although some of these results may still be consistent with

Ellington's comment, a more complete description of the operation of Retort 5

would be useful; hopefully Occidental will be able to provide this in the

future.
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ABSTRACT

The economic advantages of large areal-

extent retorts form the base for the design

of the retort presented in this paper. Prob

lems that could result from its size are

delved into, and a prototype test retort sug

gested for their identification, intensity,

and resolution.

INTRODUCTION

The terms oil shale and shale oil are

unfortunate misnomers. We all know that

there is no oil per se in the shale we are

dealing with, and that the oil that concerns

us here is derived from the destructive dis

tillation of a bituminous mineraloid con

tained in the shale, called kerogen. Based

on those facts I propose the more realistic

words
'keroshale'

in lieu of oil shale, and

of
'kerogol'

instead of shale oil. This

nomenclature will be used throughout this

exposure .

We are now at the threshold of creating

a vast new industry as rapidly as possible.

Never has the need for the creation of a new

industry in this nation been as great as it

is today for the prompt development of a

kerogol industry, and vast would be the word

for it. I have seen projected eventual pro

duction figures of over 600 million barrels

(95 million kl ) per year of kerogol from the

Green River Formation alone. If-and-when

such volume of production is attained, it

would represent a reduction in our adverse

balance of international payments of close to

$20 billion per year from this source of syn

fuels alone and help reduce our dependence on

foreign oil to manageable figures.

Today we have the technology capable of

resolving whatever unforeseen problems of a

developmental and operational nature may con

front us during the embryonic stages of the

industry. The economic factors are now

favorable and will become more so as OPEC

raises prices and/or oil exports from those

nations are curtailed for political or belli

cose reasons.

In the area of economics it is a truism

that the more units produced in any manufac

turing operation, the lower will be the cost

per unit produced. This truism applies to

the cost of producing kerogol, and this

calls for large area underground retorts.

Now, aside from those areas in the

Basin in which it may be more feasible to

proceed otherwise, I am convinced that much

of the retorting of keroshale must be con

ducted underground. Consider the following:

for total surface retorting it takes,

roughly, from two to three tons of average

grade keroshale to produce one NET barrel of

kerogol. This means that when-and-if ever

we were to reach the contemplated future

goal of 600 million barrels (95 million kl )

of kerogol per year, as much as 1.8 billion

tons of keroshale would have to be mined

yearly or, more strikingly, about 5 mil

lion tons per day, and this from a rela

tively restricted area. An inconceivably

vast operation and, realistically, probably

environmentally inacceptable. Also, and for

economic reasons, the mining of keroshale

for total surface retorting would need to be

done selectively, leaving behind large ton

nages of lower grade rock representing a

vital and, under today's pressures, an

indispensible energy resource. Add to this

the tonnages of higher grade shale that

would be left in the pillars protecting the

selective mining operation, and all this

adds up to unacceptably irretrievable losses

of a vital' commodity. I fear that this im

portant consequence of total above-ground

retorting has not been given sufficient con

sideration .

However, the underground retorting of

keroshale does not begin to eliminate the

need to retort some of the shale in surface

retorts. We all know that in order to re

tort the keroshale underground effectively

it should be rubbleized to as close to the

ideal retortable fragment size as possible.

Also, we all know that a fragmented rock

occupies more space than it did before frag

mentation and therefore, in an underground

retort, a certain amount of its shale must

be mined out in order to create within the

retort the additional space needed to accom

modate the increase in volume of the frag

mented shale. This mined shale, which would



amount to between 20-25%, and which for this

exercise I have taken at 23% of the retort

volume, must be hauled to the surface and

retorted above ground. If eventually

throughout the industry 1.8 billion tons of

keroshale were to be processed by both

methods in order to obtain the projected

600 million barrels (95 million kl) per year

of kerogol, then about 77%, or 1.39 billion

tons would be retorted underground, and 23%,

or 410 million tons retorted in surface

installations. These are the basic parame

ters .

THE CASE FOR LARGE AREA RETORTS

To me it is obviously inevitable that

eventually, for economic reasons, the under

ground retorting of keroshale will be con

ducted in large area underground retorts.

Therefore, the function of this paper is to

disclose a design for large area retorts and

to discuss its problems and advantages. The

design is based on simplicity and flexibil

ity. This retort is divided into panels

that are separated from each other by verti

cal open stopes which provide the 23% void

space I have used here for accommodation of

the volume increase gained by the fragmented

shale. Thus one lateral dimension of the

retort is determined by the number of panels

designed into it, and the other by the de

signed length of the panels.

Ideally, the volume-increase accommodat

ing space should be just sufficient so that

the fragmented keroshale will fill, or near

ly fill, the retort. In a large area retort

any spaces which after fragmentation may

still exist between the top of the rubble

mass and the roof of the retort, will become

filled by chunks and slabs decrepitating off

the roof of the retort spanning the void

areas below.

This decrepitating action I have termed

"degrading
sloughing,"

and is based on the

fact that a span of rock -in this case the

roof of the retort- extending for a distance

between vertical supports has its underside

under tension and its upper side under com

pression. When the tensile strength of the

rock is overcome by the weight above the

span, cracks will develop in its underside

and these will progress upward into compres

sive zones. Chunks and slabs of rock will

continually break off the bottom of the span

following the upward progress of the cracks,

but the intensity of both of these actions

degrade eventually to the point of cessation

under the abetment of the third factor, the

attainment of solid contact between the top

of the rubble and the roof of the retort

brought about by the chunks and slabs

sloughed off the roof of the retort. Once

this degrading action ceases somewhere

within the compression zones of the overbur

den above the retort, no subsidence effect

will manifest itself on the surface. The

significance of this is, that based on such

a concept, underground retorts of suffi

ciently large areal extent can be designed

to represent enough kerogol to bring its

unit cost of production down to an economi

cally acceptable level.

Further, it would appear from tests

conducted at the Laramie Energy Research

Center, described in a paper authored by

J. Ward Smith, W. A. Robb, and N. B. Young

of said Research Center, published in the

11th Symposium Proceedings of the Colorado

School of Mines, that keroshale subjected to

burning-front retorting develops, or retains,

competent supportive strength, and I quote

from the forenamed gentlemen's
"Conclusions"

on page 110 of said Proceedings:

"Sintering, accompanying solid-state

reactions, enhances residual compres

sive strength of the spent shale.

Because the average shale grade avail

able for in situ combustion develop

ment limits bulk-volume loss during

processing, a retort bulked full

before processing will, after retort

ing, still be virtually full of resi

due capable of supporting overburden.

Subsidence problems are minimized.
"

(Writer's underlines)

All the foregoing form the bases for

the proprietary large-scale retort design,

which is shown in schematic cross-section in

Fig. 1. I have stated that the retort is

divided into panels. These panels are



90 feet wide (27.5 m) and are separated from

each other by vertical slot-shaped stopes

27 feet (8.2 m) across that extend the full

length of the panels and reach from the

floor to the roof of the retort. This par

ticular retort consists of four full panels

and two half-panels, one half-panel against

each retort side-wall. Thus the areal

extent of the retort may be varied through

the number and length of the panels provided

in the design. The vertical dimension of

the retort is another matter, for that is

dictated by the retortable thickness of the

keroshale column to be processed at any

given site.

For the purpose of this exposure, a

retort height of 500 feet (152 m) with an

average kerogol content of 20 gallons (76 1)

per ton has been assumed. The lateral

dimensions of this 4-and-2 (4 full.+ 2 half-

panels) retort are 597 feet (181 m) to the

side covering 8.2 acres (3.31 ha). Such a

retort would hold in situ close to 12 mil

lion tons of keroshale containing over 5.6

million barrels ( 890, 000 kl ) of undistilled

kerogol .

Of the above in situ tonnage 23% or

2.75 million tons containing 1.29 million

barrels (205,000 kl ) of kerogol would need

to be mined and retorted above ground.

Therefore, when this retort is ready for

operation, it would contain 9.24 million

tons of keroshale with 4.3 million barrels

(700,000 kl) of undistilled kerogol. These

figures are of substance, but given the

proper physical conditions I don't visualize

anything less than this for favorable areas

within the Green River Formation. However,

the flexibility of this retort design per

mits it to be of any size dictated by cir

cumstances. For instance, a 2-and-2 retort,

that is, a retort consisting of two full

panels and two half-panels, would be
364'

x
355' (111 m x 108 m) and cover 3 acres

(1.20 ha). Such a retort,
500' (152 m) high

and at 20 gallons (76 1) per ton, would con

tain in situ over 2 million barrels

(318,000 kl) of kerogol; and one consisting

of only two half-panels separated by a ver

tical stope would occupy 0.39 of an acre

(0.16 ha) and contain about 278,000 barrels

(43,000 kl).

FIGURE 1

Figure 1 is a schematic cross-sectional

view of a 4-and-2 retort showing a lateral

termination on the left against the retort-

separating wall (12); a portion of a contig

uous retort is shown beyond the separating

wall. The center of the retort is at the

intersection of the two main passageways

(3). Two full panels are shown to the left

of center, with a half-panel beyond that

against the separating wall (12). To the

right of center only one panel is shown,

though the retort continues for 2 1/2 panels

from its center in that direction.

1 - is the retorting chamber prior to

blasting. This is not to scale, but

represents a height of 500 feet

(152 m). Notice that no ancillary

drilling levels are shown; their

absence in the figure does not

alter the general scheme. However,

in actual practice it probably

would be necessary to provide

intermediate drilling levels in

order to assure parallelity of

the blast holes, for this is impor

tant in obtaining the same fragmen

tation effect from all the blast

holes .

2 - Overburden above the retort, con

taining the uppermost drilling level

which will become the process con

trol level.

3 - Main entries crossing each other at

right angles over the center of the

retort and continuing on over the

centers of other contiguous retorts

and to servicing shafts. These pas

sageways can be equipped with bulk

head doors (not shown) at strategic

locales in order to isolate given

areas in case of need.

4 - Drilling galleries which, for this

exercise, are shown on
15'

(4.6 m)

centers;
8' (2.4 m) wide, with 7'

(2.1 m) thick pillars between them.



Fig. 1. Vertical section through center of retort,

These galleries are driven from one

of the main entries (3) perpendicu

lar to it and parallel to the other.

5 - Mined out vertical stopes to provide

the voids necessary to accommodate

the volume increase of the frag

mented keroshale. These stopes are

27' (8.2 m) wide, run the length of

the panels, and reach from floor to

roof of the retort; they are driven

at intervals of
117' (35.65 m)

center- to-center and separate the

panels from each other.

6 - Main entries to the pumping level.

These can be located in the same

vertical planes as those in the pro

cess control level (3), cross each

other at right angles under the cen

ter of the retort, and continue on

under the centers of other contigu

ous retorts and to servicing shafts.

These entries are also equipped with

bulkhead doors (not shown) at stra

tegic sites for isolation of given

areas in case of need.

7 - Substantial horizontal pillar, or

sill, isolating the pumping level

from the retorting zone.

8 - Fluids collecting sumps (see Fig. 5)

located at about
100' (30.5 m) inter

vals along the bottom of the vertical

stopes at the tops of the raises.

K - Retort draining galleries.



9 - Raises driven from galleries (K)

under the centers of the stopes and

up to their bottoms at 100' (30.5 m)

intervals. These raises serve the

following functions:

a) Mine out the vertical stopes (5).

b) Mine out the ancillary drilling

levels (not shown) at planned

vertical intervals within the

retorting zone.

c) Serve as chutes to drop the mined

keroshale into temporary draw

bins in the pumping level for

tramming to the nearest shaft and

hauling to the surface.

d) Hold at their tops the retort-

draining sumps (8).

e) Contain the sumps-draining
down-

pipes (10) that conduct the re

tort products to specially de

signed separators (PP).

10 - Sump draining pipes.

11 - Blast holes. These are drilled from

the five galleries (4) over each

panel (ancillary drilling levels not

shown). Notice that the rows of holes

closest to the vertical stopes (5)

bottom out almost at the planned bot

tom of the retort. The next rows in,

bottom out five feet (1.5 m) higher,

and the center rows five feet higher

than the second rows. The purpose of

this is to induce a grade on the floor

of the retort to slope it toward the

bottom of the stopes where the drain

age sumps are located. Admittedly, a

rough and uneven slope, but in time,

process and/or formation waters should

float the kerogol out of any irregu

larities in the retort floor where the

oil may have formed pools. Prior to

blasting, a pre-selected number of

these holes are cased and cemented

through the floor pillar down to the

roof of the retort, leaving the upper

ends of the casings protruding above

the floor of the process control

level. All blast holes, including the

cased ones, are then explosively

charged up to the planned roof of the

retort and stemmed above the charge

up to the floor of the level. Other

non-blast holes will also have been

drilled through the floor pillar, to

be left open during the blast for the

purpose of relieving the tremendous

gas pressure that will develop with

in the retort due to the blast. If

deemed necessary the protruding ends

of the casings may be capped or

valved prior to blasting.

Blasting then would proceed two

panels at a time possibly in the

following sequence: fire simultan

eously the rows closest to the

stopes; a few seconds later, after

settling of the fragments and relief

of the gas pressure, blast the next

inner rows simultaneously and,

after a pressure-relief time; blast

the center-of-panel rows. This

blasting sequence, not given here

in detail, furthers the fragmenting

action through the impact resulting

from blasting the rows against each

other .

After blasting the retort and clear

ing the fumes that will have come up

into the process control level

through the pressure relief holes,

drilling is resumed, but this time

through the cased holes. These are

drilled through
the-

stemming and on

to pre-planned varying depths within

the retort rubble, including some to

the bottom of the retort. These re-

drilled holes are double-cased by

running smaller casing strings down

inside the original casings to hole

bottom. The annular spaces between

the two casings are cemented and the

tops of the inside strings equipped

with through valves (see Fig. 4).

This arrangement provides a direct

connection between the process con

trol level and a multiplicity of

zones within the retort.



All of the cased holes are inter

changeable in their functions: hot

retorting gas injection and circula

tion, or ignition, if a burning front

is preferred as a retorting medium;

temperature and pressure measure

ments and control; re-ignition of

snuffed-out burning fronts; control

of the horizontal and vertical ad

vance of the burning front as well

as its rate; extraction of mists,

vapors and gases; sampling within

the retort, etc., etc. Many of these

functions would be automated.

Fig. 2. Schematic plan of the process control level.

FIGURE 2

Schematic^plan view of the process con

trol and uppermost drilling level.

4 - Drilling galleries. The dots repre

sent the blast holes.

5 - Vertical stopes within the retort

below, shown in projection as dashed

lines.

12 - Wall pillar separating
contiguous

retorts.

This 4-and-2 retort, as has been indi

cated before would contain, after mining out

the
rubble-expansion

voids 4.3 million bar

rels
(700,000 kl) of kerogol at the assumed

average of 20 gallons (76 1) per ton of
kero-

shale. This is, of course, contained kero

gol, not recoverable kerogol.

FIGURE 3

Schematic layout of 42 contiguous re

torts which, together with the walls between

retorts, extend over 440 acres (178 ha), or

about 0.7 of a square mile (1.81 sq. km).

This 42-retort complex, at 20 gallons (76 1)

per ton and a retortable height of 500 feet

(152 m) would contain in situ over 235 mil

lion barrels (over 37 million kl) of kero

gol, less the 35,000-40,000 barrels (5,565-

6,400 kl) of kerogol contained in the nine

servicing-shaf t pillars provided in this

design. The walls separating the retorts

have been included only in the areal extent

10



CENTER

OF RETORT

Fig. 3. Scheme of forty-two retort complex. Plan

view at process-control level horizon.

of the system and not in the kerogol content

calculations.

3 - Main entryways crossing each other

at right angles over the centers of

all the retorts and leading to serv

icing shafts.

12 - Wall pillars between retorts.

45 - Servicing shafts and shaft pillars.

FIGURE 4

This figure shows at the bottom one of

the double-cased drill holes protruding

through the floor of the process control

level. The upper drawing is that of a

simple portable apparatus, less than one

meter long, that could be used for lowering

and raising instruments into the retort

-through the casing- and taking samples.

FIGURE 5

Schematic drawing of one of the retort-

draining sumps fitted hermetically over the

top of a raise. This sump could consist of

a steel bowl, 20 or so feet (6 m) in diame

ter, well lined with refractory material and

having protecting I-beams fastened to its

rim (27) at
4"

or
5" (102 or 127 mm) spac

ing. These I-beams serve the double purpose

of protecting the sump from the blast and

also to screen out larger rock fragments

from entering the sump. A hole in the bot

tom of the bowl permits the insertion of a

drain pipe (10) which is centered by a

flange (31) welded to both. The weight of

the pipe is additionally supported by props

within the raise. The top of this pipe is

equipped with a grid of .75 inch (19 mm)

trapezoidal steel rods welded to its lip

(28) at .75 inch (19 mm) spacings. These

11
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Fie. 4. Process control cased hole

prevent rock fragments larger than .75 inch

(19 mm) from entering the drain pipe.

FIGURE 6

Shows a schematic arrangement of one of

the retort-draining systems. (29) are ears

welded to the outside of the down-pipe; (30)

are props, of say angle-iron, fastened to

the ears and imbedded solidly into the side

of the raise (9). (10) is the drain pipe

for conducting the fluids to specially de

signed separators (Patent Pending) to sepa

rate the gases, liquids, and rock crud that

will come down with the oil. (6) is the

pumping level.

FIGURE 7

Schematic layout of the main operating

equipment in the pumping level. (6) are the

main passageways; (39) are the separator

chambers; (41) the separators; (40) are the

Fig. 5. Scheme of a retort draining sump,

Fig. 6. Scheme of retort draining system.

valved inlets into the separators; (38) are

the pipelines carrying the liquids from the

separators to the pumps. Also, there would

be gas lines from the separators to

12
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Fig. 7. Schematic layout of the main operating equipment in the pumping level

compressors, these are not shown. (42) are

the pump rooms; (43) the pumps; (44) the

high-pressure lines from the pumps to the

shafts and up to the surface; (45) is one of

the shafts with its protecting pillar.

OBSERVATIONS

Three principal areas for serious con

sideration present themselves when reviewing

the pros and cons of underground retorts of

large areal extent. These main considera

tions have to do with economics, environment,

and safety.

On the economics side it has been stated

that in a properly conducted producing opera

tion the greater the number of units produced

the lesser the cost per unit will be. This

being so, the larger the retort the less it

should cost to produce a unit of kerogol.

Sums of the financial magnitude represented

by the several million barrels of contained

kerogol per retort, even though reduced to

its recoverable yield, should prove more

than sufficient to finance all costs of a

capital and operational nature right up to

its delivery to a refinery. Then, besides

the primary product itself -kerogol- addi

tional benefits can be derived from a re

tort after recovery of its drainable oil.

These would be:

a) The utilization of the enormous

amount of heat energy contained

in the millions of tons of hot

rubble remaining in a depleted

retort.

b) The potential heat energy repre

sented by the undrained rubble-

adhering kerogol remaining in the

depleted retort.

c) The potential heat energy repre

sented by process-formed carbon

13



within the retort.

The above last two items, if igniteable

under the conditions that may prevail within

the retort, together with the heat energy

remaining in the rubble, could go a long way

toward meeting the heat requirements of the

next retort to be activated through inert

gas circulation between the two retorts.

Additionally, there may exist the pos

sibility of extracting some of the leachable

sodium minerals that may be present in the

retort in certain parts of the Basin. All

the necessary equipment to accomplish this

operation would be there already.

Unfortunately, no real valid experience

along cost lines has as yet been developed

to permit the preparation of a reliable pro

duction cost estimate on a large area retort.

Undoubtedly, a calculated approximation to

such cost could be developed through a col

laborated effort by experts in the variety

of disciplines that would be involved in the

preparation, equipment, and operation of the

retort.

As regards the environment there exist

four principal fields of inquiry:

1 - The effect on the surface of a large

area retort.

2 - Disposal of the spent shale from the

surface retorting operation conducted

on the keroshale mined out for supply

ing the voids in the retort to accom

modate the volume expansion of the

rubbleized shale.

3 - Disposal of contaminated process-

made waters and formation waters

pumped to the surface with the

kerogol. In this respect I do not

advocate separating the water and

the oil underground. For one thing,

doing so would call for two separate

liquid pumping systems, and for

another, I believe that the associa

tion of the water with the kerogol

will help to pump the latter.

4 - Effect on the environment of the

enormous amount of heat-energy

remaining in the millions of tons

of hot rubble within an exhausted

retort of the dimensions I have

discussed.

Taking these items in the order

given:

1 - I have already discussed my belief

that the degrading sloughing action,

through which chunks and slabs of

rock decrepitate off the roof of

the retort will create a suppor

tive contact with the mass of

rubble in the retort which, to

gether with the abatement of the

upreaching degrading cracks as

they enter compressive zones up

in the overburden, will preclude,

or minimize to acceptability sur

face subsidence.

2-3 - The next two concerns, the disposal

of spent shale from the above-

ground retorting operation, and

the disposal of contaminated waters

pumped up with the kerogol, have a

mutual solution. The two can be

combined into a slurry and pumped

back into various zones of the

depleted retort upon completion

of other necessary steps. Perhaps

the contaminated waters could be

treated for purification before

combining them with the spent shale.

4 - The remanent heat energy in the

retort can be decreased and re

covered to advantage in a number of

ways :

a) Injecting inert gases into the

hot retort, such as may result

from the generation of electri

city through the burning of the

low b.t.u. gases produced from

the surface retorting opera

tion, and circulating these

gases through the next retort

to be activated by means of its

own cased holes. Thus, part of

the heat energy in the depleted

retort would be transferred to

the fresh retort (up to the

14



economic point) for either, just

pre-heating or for actual retort

ing. In the latter option, after

circulation between the two re

torts has been stopped, it can

be continued within the fresh

retort, up-heating the gases to

retorting temperature through

the proper facility. One promis

ing possibility for accomplishing

this is stated in the third para

graph under this heading ("Obser

vations"). That is, up-grading

the temperature of the depleted

retort by igniting its residual

oil and carbon, and continuing

to transfer this heat to the new

retort.

b) After completion of the heat

transfer to a fresh retort, the

temperature of the depleted re

tort will still be quite high,

perhaps in the 400-500 degree F

(204-260 C) range. This tempera

ture can be lowered further to

advantage through the injection

of water for the creation of

steam and generation of electri

city.

Then, if there are leachable

sodium minerals in the rubble and

the economics permit, continue

injecting water into the retort

with whatever additives may be

necessary for their recovery.

c) The final step in this sequence

would be the injection of the

slurry into the retort. It is

important that the retort be as

cool as possible before injection

of the slurry. Ideally, its

temperature should be below the

boiling point of water so as not

to dry up the slurry and impede

its mobility.

Safety is provided, as far as possible,

by the complete isolation of the retort

proper from the working areas, as shown in

Figure 1. Then the location of bulkhead

doors at strategic points within the main

entries and working areas are positive fac

tors, plus the multiplicity of alternate

passageways to a number of shafts, shown in

Figure 3, provide additional precautionary

measures.

The factors of ventilation and of high

temperatures in the working places are not

discussed here. Suffice it to say that

sufficient ventilation would need to be

supplied to sweep out all noxious and com

bustible gases that may show up in the work

ing areas and to lower the ambient tempera

ture to an acceptable level.

A TEST RETORT

We must admit that in spite of the con

siderable work that has been done toward

developing data that could apply in the

design of retorts, much of it has ben con

ducted through simulations and on scales too

small for confident acceptance of the re

sults. Therefore, there really being no

valid and complete data to throw into a

computer calls for empirical means for its

development.

Some of the information that needs to

be developed includes the following:

1 - The thickness of the horizontal

pillars that separate the retort

from the upper and lower working

areas in order to withstand a blast

of the magnitude required for

rubbleizing a large area retort.

2 - After the blast, determine the

upward reach into the roof pillar

of the degrading cracks and of sub

sidence on the surface. For this

latter purpose it would be neces

sary to install a grid of bench

marks on the surface over the

retort area, and three or more

datum level stations away from the

retort area from which surface sub

sidence effects could be detected.

3 - The system of blasting that would

be the most effective and efficient

for producing the most desirable

rubble fragment size. That is,
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blast-hole bore, blast-hole spac

ing, type and quantity of blasting

medium, etc.

4 - Effect of the blast on the cased

holes and on the retort draining

systems .

5 - Identification of hitherto unknown

factors and problems that may

reveal themselves in an empirical

test.

In order to develop valid information

requires the design, construction, and oper

ation of a prototype retort. In areal

extent it should be no smaller than a 2-and-

2 retort, that is, two full panels and two

half-panels. The dimensions of this retort

would be 364 feet by 355 feet (111 x 108 m)

and occupy 3 acres (1.21 ha); extensive

enough to yield valid data on surface effect

and upward reach of the degrading cracks.

The test retort need not be of full vertical

extent, perhaps 100 feet (30.5 m) would suf

fice to render all the information sought.

With these dimensions, and with an average

kerogol content of 20 gallons (76 1) per

ton, this retort would contain in situ over

400,000 barrels (63,600 kl ) .

FIGURE 8

Scheme of the test retort.

1 - The retort zone.

2 - The overburden pillar above the

retort.

3 - The drilling and process control

level and entry from the shafts.

Two shafts are provided for through

ventilation and alternate escape

routes; this is a requirement.

4 - Drilling galleries.

5 - Vertical stopes for accommodation

of the increased volume in the

rubble .

6 - Pumping level.

7 - Horizontal pillar between the

retort bottom and the pumping

level .

8 - Sumps.

K - Retort draining galleries.

9 - Raises from the pumping level to

the bottom of the retort.

10 - Sump drainage pipes to the sepa

rators.

11 - Drill holes.

FIGURE 9

Horizontal section across the process

control level.

3 - Main entry.

4 - Drilling galleries.

5 - Projection of the vertical stopes;

dashed lines.

11 - Drill holes.

After the test retort has been fully

prepared, drilled, blasted, and the blast

fumes that would come up into the process

control level through the relief holes

cleared, the following data-developing

procedures would be conducted:

a - Examine the effect of the blast

on the process control level with

particular attention to the cased

holes. This examination is re

peated over a number of days until

it is deemed that sloughing and

settling equilibrium has been

attained inside the retort.

b - From inside the process control

level drill core holes downward at

an angle for the purpose of dis

covering the location and upward

reach of the degrading cracks that

will have formed in the pillar

that isolates the process control

level from the retort. These data

would be applicable to the deter

mination of the thickness that the

horizontal pillar should have to

insure personnel safety and protect

the process control level.

c - Sink winzes from the floor of the

level down to the top of the rubble

for study of the rubble volume

expansion with regard to the ade

quacy of the space provided for it.
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Fig. 8. Scheme of the 2-and-2 test retort.
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Fig. 9. Test retort plan view at process control level horizon,
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Also for study of the fragmental

composition of the rubble as a guide

to the design of the most effective

blasting system for obtaining the

most desirable retorting fragment

size. As a matter of fact, the

division of this retort into four

areas represented by the two full

panels and two half-panels, permits

the testing of four different plans

of blasting under realistic condi

tions. Certainly, out of the four

systems that would be tried, knowl-

edgeably designed by blasting ex

perts, one of them should emerge

as the most effective for blasting

underground keroshale retorts.

d - Drive a crosscut from the shaft

spiling through the rubble to the

sumps, for study of: the fragment

sizes; the protective adequacy of

the I-beams over the sumps; the

screening effect of the grid over

the drain pipe, and; the hermetic

seals between the sump bowls and

the top of the raises.

e - Inspect the pumping level below the

retort for any effect that the blast

may have had on it.

f - Check for surface subsidence over

a period of time through the bench

marks and datum level stations set

previously on the surface.

One could go on for pages on the multi

plicity of comprehensive and valuable data

that could be obtained from such a test

retort, including the detection of unfore

seen problems that would arise. Then upon

completion of all studies at this stage and

of full repairs from blast effects where

needed, the secondary drilling of cased

holes to various depths within the retort

would follow, together with the filling in

and plugging of the winzes to the rubble and

of the crosscuts to the sumps. Then, after

all equipment and
instrumentation were in

stalled, the retort would be activated,

either through a burning front or gas circu

lation. The choice of a retorting
medium

would be up to the process engineers, of a

discipline apart from that of mining engi

neers whose function would cease upon com

pletion of the retort preparation.

The retorting phase of the operation

should contribute a substantial amount of

valuable data on numerous phases of the pro

cess, such as instrumentation, automation,

yield, economics, process control, equip

ment, heat energy in the hot rubble after

retort depletion, feasibility of utilizing

the heat energy represented by residual oil

and carbon in the retort, etc. And all of

it under a realistic production operation.

Obviously, the cost of such a compre

hensive test would be very substantial, but

the magnitude of the industry to be devel

oped, plus the dire need for its products,

dwarfs the cost of whatever well oriented

preceding guiding efforts may have to be

made to bring it promptly about.
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STRUCTURAL ANALYSIS OF MODIFIED IN SITU OIL SHALE RETORTS*

A. K. Miller and L. S. Costin
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ABSTRACT

Structural analysis, using modern numerical

techniques, can assist in identifying potential de

sign problems and can provide guidance in the

selection and placement of instrumentation used to

measure the structural response of modified in situ

retorts. This paper presents the results of such an

analysis of a typical retort configuration. In

this analysis, the effects of kerogen content, mate

rial anisotropy, local stratigraphy and rubble

loading on the resultant stresses and displacements

are considered and the results are compared to a

baseline calculation where the oil shale is con

sidered to be isotropic, homogeneous and of nominal

kerogen content. In addition, an orthotropic mate

rial failure model which predicts the failure of oil

shale under complex combined states of stress is

presented and incorporated into the analysis.

Regions where the combined stress state causes the

material to most nearly approach the failure con

dition are identified. Such results assist in

locating regions where future stability analysis

should be concentrated and suggest possible sites

for the location of stress and displacement measure

ment instrumentation.

INTRODUCTION

Structural analysis, using modern numerical

techniques, can assist in identifying potential de

sign problems and can provide guidance in the

selection and placement of instrumentation used to

measure the structural response of modified in situ

retorts. Such analyses are also useful in inter

preting the data collected from in situ instrumen

tation. In this paper we present the results of

a preliminary analysis of a typical retort. The

primary goal of this initial effort was to perform

a parameter sensitivity study to determine the

degree to which various material and geometrical

* This work was supported by the United States De

partment of Energy (DOE) under Contract DE-ACOU-

76-DPOO789.

**A U. S. DOE Facility.

variables affect the computed stress and displace

ment fields around a retort cavity. In this way,

the most significant parameters can be identified

and included in further, more detailed analyses.

A conceptual view of a bank of vertical in

situ retorts is shown in Figure la. For a commer

cial operation these banks of retorts would be

repeatedly spaced across the production field. The

basic layout and size scale, as shown in Figure 1,

are taken from the design proposed by Occidental

Oil Shale, Inc. [1]. The retorts are usually

arranged in multiple sets with a thick supporting

pillar running between adjacent sets. Within each

set, the individual retorts are separated by thin

pillars which act more as gas barriers between re

torts than as a structural support. Each retort

has approximately a square cross section (plan view)

and a height to width ratio of two. Approximate

dimensions are shown in Figure 1.

A conservative method of analysis of a bank

of retorts is to neglect any support which may be

provided by the thin wall separating individual re

torts, and to assume that a condition of plane

strain exists. This allows the problem to be re

duced to two dimensions, while the assumed repeti

tion of cavities provides planes of symmetry which

are used to reduce the region of analysis to in

clude only one-half of a retort cavity and one-half

of a supporting wall. Such an analysis zone is

outlined in Figure lb.

Several additional factors, other than the

retort geometry, may have an effect on the struc

tural response of the retort. These include the

amount of overburden, the presence of shale rubble

in the cavity, the regional temperature distribution

during retorting and the unique physical properties

of each major layer of shale through which the re

tort is constructed. The approach of the analysis

presented here was to vary individual parameters

in order to determine which have a dominant effect

on the structural response. To do this, a baseline

calculation of the response of the analysis region

was first performed using a finite element computer
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code in which it was assumed that the oil shale was

a homogeneous, isotropic, linear elastic material of

nominal kerogen content (100 ml/kg, 25 gpt). In

addition, it was assumed that the overburden was 230 m

and that the rubble contained in the retort cavern

could be neglected. Following the baseline computa

tions, the loading of the retort structure by the

rubble was addressed. Additional material parameter

variations were then added which included the trans

versely isotropic nature of the oil shale as well as

the strong dependence of the physical properties of

the shale on kerogen content. Finally, a new brittle

failure criterion which has been adapted from com

posite material applications was incorporated into

the calculations. This criterion makes it possible

to describe the anisotropic nature of failure in

layered materials. With the failure criterion in

cluded in the analysis, specific regions in the re

tort structure where failure may be imminent can be

identified for further, more detailed, analysis.

Baseline Calculations

The baseline calculations were performed using

the geometry shown in Figure lb. The shale was

assumed to be an isotropic, homogeneous, linear

elastic material with a Young's modulus of 16.0 GPa

and a Poisson's ratio of 0.20. The applied loading

included both a gravitational body load and an over

burden pressure applied to the upper surface of the

modeled region.

Since the results of this computation are to be

compared to those from calculations in which both

material properties and loading were varied, contour

plots of the displacement and stress fields were

prepared. Contour plots of the horizontal displace

ment, horizontal normal stress, vertical normal

stress, and maximum compressive normal stress for

the baseline case are shown in Figure 2. The numeri

cal values corresponding to each contour are given

in the first columns of Tables 1 through h. These

plots show that the support wall is in a state of

nearly uniform vertical compression, whereas the

horizontal normal stress is very small in the central

portion of the wall and is nearly tensile. In

addition, sharp stress concentrations (especially

shearing stress) exist at the corners of the cavity.

Effect of Rubble Loading

In order to assess the extent to which the

rubble in the retort cavity affects the stress

distribution in the supporting structure, a verti

cally distributed stress was added to the inner

wall and floor of the cavity. The stress distri

bution used was that presented by Carley and
Thig-

pen [2]. In their formulation, the load exerted

by the rubble depends on an internal friction

coefficient. Three calculations were performed

using different angles of internal friction: 0
,

17.5
and 35. The

35

angle corresponds to the

maximum value for internal friction found in the

literature r253]> whereas the 0 represents the

opposite extreme in which the rubble acts as a

lithostatic fluid.

Although the extremes of possible rubble

loading of the support walls, from no rubble loading

to a lithostatic loading, were analyzed, there was

very little difference in the displacement and

stress fields among the four cases considered. The

contour plots shown in Figure 2 are applicable to

all four rubble loading conditions. The small

changes in the numerical values associated with each

contour with increasing rubble loading can be found

in Tables 1 through k. Briefly, these calculations

indicate that the physical character of the rubble

and its resultant loading of the support wall have

little effect on the retort structure, at least

before the retorting process begins. Therefore, the

rubble was neglected in subsequent calculations

in which the physical parameters of the oil shale

were varied.

Brittle Failure Model

In order to identify regions where macroscopic,

brittle failure is imminent, a failure criterion

must be included in the analysis. The most common

failure criterion used for rock is the Coulomb-Mohr

theory [h"\, however, this theory is limited to iso

tropic materials and does not correctly model the

failure characteristics of oil shale under complex

states of stress. Thus, for the study presented

here a higher order failure criterion was used which

models most of the important features of brittle

failure in layered, transversely isotropic materials.

The model, originally proposed by Priddy [5] for

use with composite materials, is a cubic polynomial

in stress space:

W = 1 + I + I'. II + f-III (D
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Table 1: Contour Values for Horizontal

Displacement Plotted in Figure 2

With Rubble Loading

Contour

Number

No Rubble

mm*

a
=
35

a

mm*

,

=
17.5

mm*

a
=
0

mm*

1 -0.18 -1.80 -1.88 -2.21

2 2.59 0.08 1.04 0.56

3 5.36 4.11 3.96 3.35

4 8.13 ^.06 *.88 fi.12

5 10.90 10.01 9.78 8.89

6 13.97 12.98 12.70 11.68

7 16.46 15.93 15.62 14.45

8 19.23 18.87 18.54 17.25

9 22.00 21.82 21.46 20.02

10 ?4.77 24.77 ?4.38 '2.81

?Positive displacements are directed into the cavity

Table 2: Contour Values for Horizontal

Normal Stress Plotted in Figure 2

With Rubble Loading
Contour No Rubble a =

35
a =

17.5
a
=0

Number MPa* MPa* MPa* MPa*

1 13.06 13.35 13.14 12.13

2 11.44 11.70 11.54 11.17

3 9.82 10.05 9.94 9.26

4 8.20 8.40 8.34 ^.35

5 6.58 6.76 6.74 6.40

6 4.96 5.11 5.14 4.97

7 3.34 3.46 3.54 3.54

8 1.71 1.82 1.93 2.11

9 0.09 0.17 0.33 0.68

10 -1.53 -1.48 -1.27 -0.75

?Negative values indicate tension,
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Table 3: Contour Values for Vertical Stress

Plotted in Figure 2

With Rubble Loading
Contour No Rubble a =

35
a = 17.5 a =

0

MPa* MPa* MPa* MPa*

1 20.88 21.28 21.18 20.15

2 18.56 18.91 18.82 17.91

3 16.24 16.55 16.47 15.66

4 13.91 14.18 14.11 13.42

5 11.59 11.81 11.75 11.18

6 9.27 9.44 9.49 8.94

7 6.94 7.08 7.04 6.70

8 4.62 a. 71 4.69 4.46

9 2.30 2.34 2.33 2.22

10 - 0.03 -0.03 -0.03 0.03

?Negative values indicate tension.

Table 4: Contour Values for Maximum Compressive
Stress Plotted in Figure 2

With Rubble Loading
a =

35
a = 17.5

a = 0

MPa

22.68

>0.19

18.99

15.20

12.71

10.21

7.72

q.22

2.73

0.23

Contour No Rubble

Number MPa

1 23.76

2 ?1.15

3 18.54

4 15.93

5 13.32

6 10.72

7 8.11

8 5.50

9 2.89

10 0.28

MPa MPa

24.04 23.91

1.40 1.28

18.75 18.65

16.11 16.02

13.47 13.39

12.74 10.76

8.18 8.13

5.53 5 50

2.89 2.87

0.25 0.24
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where W =

g

I = d

l'=eT

II = second stress invariant

III = third stress invariant

and a is the six component stress vector; A, d, and

e are tensor material parameters and f is a scalar

material parameter.

For a transversely isotropic material, equation

(1) reduces to a form which requires ten material

parameters to completely specify the surface. Using

the assumptions regarding biaxial behavior and the

surface closure requirements outlined in [5], the

model is further reduced to one in which only five

material quantities need be specified. These are:

the uniaxial tensile and compressive strengths, both

parallel and perpendicular to the bedding and the

shear strength normal to the bedding (t^-., if the

1,2 directions are in the bedding planes and the 3

direction is perpendicular to the bedding). Thus,

the entire failure envelope can be determined from

the results of a few simple laboratory tests. It

should also be noted that since equation (l) is an

invariant form, the model is easily incorporated

into a numerical computation scheme.

The model parameters were determined from a

combination of test results from our own work and

from data reported in the literature \6-9~\. A

complete set of material constants, given in Table

5, was determined for four different kerogen con

tent shales from the Piceance Creek basin (80

through 200 ml/kg in increments of kO ml/kg). Thus,

brittle failure as a function of both stress state

and kerogen content was included in the calculations .

Although the model (Equation (l)) can be

represented by a surface in six dimensional stress

space, some of the features of the model are more

easily illustrated by looking at a two dimensional

slice through the surface. Two different slices of

the failure surface are shown in Figure 3. Figure

3a is the failure envelope for biaxial loading in

which one stress is parallel to the bedding and

the other is perpendicular to the bedding while the

third principal stress is zero. Note that the

addition of a small compressive stress parallel to

the bedding increases the compressive failure

strength perpendicular to the bedding; however, the

addition of a small compressive stress perpendicular

to the bedding provides a substantially greater in

crease in the compressive strength parallel to the

bedding. Thus, the bedding planes, which form

natural planes of weakness, have a substantial in

fluence on failure under multiaxial loading. In

Figure 3b the results of a series of triaxial tests

on 80 ml/kg oil shale are compared to the model. In

these tests the confining pressure, o\
=

On> i-s

constant and applied parallel to the bedding. The

compressive stress perpendicular to the bedding, a_,

is then increased to failure. As shown in Figure

3b, model predictions and the experimental results

are in good agreement. Comparisons of experimental

data with model predictions for other, more complex,

states of stress, such as compression-shear, have

also produced good agreement [9]

In the analysis presented here, the failure

model is incorporated into the calculations so that

the stress state at each point in the retort can

be compared to the stress state that would cause

failure if loading were increased in a proportional

manner. In this way, the portions of the structure

which are closest to the failure envelope are

determined.

Incorporation of Material Anisotropy into the Analysis

The effect of including the transversely iso

tropic nature of oil shale into the analysis was

studied in the next set of calculations. In these

calculations, the shale was modeled as a homogeneous

material having a nominal (100 ml/kg) kerogen con

tent but with both transversely isotropic elastic

and strength properties as denoted in Table 5.

Small changes in the numerical values of the

displacement and stress fields were noted when com

pared to the baseline calculations. Specifically,

the horizontal displacement of the support wall into

the rubble cavity decreased slightly, and the hori

zontal normal stress increased slightly throughout

most of the analysis region. Also, a somewhat

longer vertical section of the support wall showed

either zero or a slightly tensile horizontal stress

when compared to the baseline calculations . How

ever, the general nature of the displacement and

stress fields remained the same as those determined

from the baseline calculations . The contour plots

shown in Figure 2 remain good general descriptions

of the structural response for this case where the
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Table 5: Mechanical Properties of Oil Shale

Elastic Properties

Grade

m/Kg

El
GPa

E3
GPa

v12 v13 Gl3
GPa

80 23.0 17.0 0.20 0.20 7.1

120 13.0 11.0 0.22 0.22 4.5

160 Q.O 7.0 0.26 0.26 2.8

200 4.0 5.0 0.28 0.28 2.0

Failure Model Parameters

80

120

160

200

FC1 FC3 FT1 FT3 FS13

MPa MPa MPa MPa MPa

109.0 105.0 13.0 8.0 8.0

Q'l.O ^6.0 11.0 7.5 8.0

73.0 87.0 9.2 7.4 8.0

"'0.0 80.0 8.7 .8 t.O

E^
- Young's Modulus Parallel to tne beading planes

E
- Young's Modulus Perpendicular to the bedding planes

v12
~ Poisson's Ratio for Relative in-bedding-plane strain

v13
~ Poisson's Ratio for Relative out-of -bedding-plane strain

G13
- Cross-plane Shear Mod'ilus

FC1 - Uniaxial Compressive Strength parallel to the bedding planes

FC3 - Uniaxial Compressive Strength perpendicular to the bedding
planes

FT1 - Uniaxial Tensile Strength parallel to the bedding planes

FT3 - Uniaxial Tensile Strength perpendicular to the bedding planes

FS13 - Shear Strength in the 1-3 direction
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oil shale is homogeneous and transversely isotropic.

The inclusion of the failure surface in the cal

culations gives an indication of the locations in the

analysis region where the combined state of stress

most closely approaches the failure surface. Figure

k is a contour plot of the ratios of the magnitude

of the stress space vector to the magnitude of a

collinear vector intercepting the failure surface.

The contours shown in Figure k indicate that, although

the maximum magnitude of the stress state is only

approximately 20% of the strength of the oil shale,

the region which is most nearly approaching the

failure limit is in the center of the roof.

Incorporation of Kerogen Related Stratigraphy

A
"generic"

stratigraphic description of the

kerogen content through the depth of the support wall

is shown in Figure lb. This stratigraphy was incor

porated into a set of calculations in which the oil

shale structure was no longer considered to be homo

geneous but stratified, and each stratum is given the

appropriate transversely isotropic physical properties

corresponding to the kerogen content assumed for it

(see Table 5).

The deformations and the vertical normal stress

distribution resulting from these calculations are

essentially the same as was found for the baseline

conditions. However, the horizontal normal stress

distribution was discovered to fluctuate rapidly from

tensile to compressive through the depth of the wall.

This is a result of a strong interaction between the

lean strata and the softer, rich strata. A contour

plot of the horizontal normal stress distribution is

given in Figure 5a showing the variation of this

stress through the depth of the wall.

Incorporation of the failure criterion into

these stratigraphic calculations shows that identifying

the location where the stresses in the oil shale

structure most nearly approach the failure surface is

no longer a simple matter. The contour plot of the

stress to strength ratio (the failure ratio) shown

in Figure 5b indicates that the area in the center

of the roof above the cavity is still a location

where the combination of the stress warrants more

carefully defined analysis. However, the interaction

of the lean and rich strata at other locations in

the analysis region creates stress combinations which

appear to be approaching the failure surface as

rapidly as the region in the center of the roof. In

fact, a region in the center of the retort wall

located approximately one third of the cavity height

down from the top of the cavity is where the stress

combination most nearly approaches the failure

surface. This condition is strongly dependent on

the assumed
"generic"

stratigraphy, specifically

the relative kerogen content assumed for a particular

stratum and its two neighboring strata, and therefore,

should not necessarily indicate that this region

needs more detailed evaluation until more stratigraphic

detail is obtained.

An additive effect of the shear stress concentra

tion at the corners of the retort cavity and the

shear stress created by the interaction of the strata

cause the increasing failure ratio contours shown

in the roof near the upper cavity corner. Again,

the magnitude of this ratio is dependent on the

relative kerogen content of the adjoining strata,

but the existence of such an area indicates that

additional detailed analysis of the roof may be

warranted. In a more immediate sense, these cal

culations indicate that structural response instru

mentation should be concentrated both near the center

and at the corners of the roof region.

CONCLUSIONS

Some general observations can be drawn from

these initial parameter sensitivity analyses. Before

discussing these observations it should be emphasized

that there has been no attempt to evaluate the

stability of vertical modified in situ retorts.

These analyses were intended only to provide

guidance for determining where future detailed

evaluations should be focused and where instrument

placement should be concentrated to best document

the more critical structural behavior.

From the results presented here it can be con

cluded that:

1. The vertical normal stress in the support

walls is not excessive when a 230 m overburden is

considered. The horizontal normal stress is

generally small and in fact nearly tensile in the

vertical center of the support walls. Sharp stress

concentrations are noted at the retort corners in

all calculations.

2. The loading on the structure due to the

rubble in the cavity is not significant, at least

before the retorting process begins. However,

evaluation of the physical character of the rubble
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CONTOUR VALUES

CONTOUR

NUMBER

1

2

3

4

5

6

7

8

FAILURE

RATIO

0.004

0.03

0.06

0.09

0.12

0.15

0.18

0.19

Figure h: Failure Parameter Ratio Contours for Homogeneous Oil Shale Model
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CONTOUR VALUES T^Sf CONTOUR VALUES

CONTOUR HORIZONTAL

NUMBER STRESS MPa

1 4.83

2 4.78

3 3.83

4 2.87

5 1.92

6 0.96

7 0

8

9
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Figure 5: Horizontal Normal Stress and Failure Parameter Ratio Contours for

Stratigraphic Analysis

29



and its interaction with the support walls during or 2.

after retorting may prove necessary in the future.

3. The inclusion of the failure model describing

the anisotropic failure nature of bedded oil shale

into the stress calculations has demonstrated that

the combined stress state in the roof region of the 3.

retorts is approaching the failure surface more rapid

ly than other regions in the structure. This in

dicates that future detailed stability analyses should, k,

perhaps, focus on that region.

k. Under the assumptions of linear elasticity, 5.

an interaction occurs between strata of high kerogen

content shale and those with a more lean kerogen con

tent. The strong dependence of the physical properties

of oil shale on the kerogen content creates alter- 6.

nating strata of differing elastic properties. The

restraint of the richer strata by those more lean in "J.

kerogen creates horizontal tensile stresses in the

lean strata and additional shear stresses in all

strata in comparison to a baseline situation where 8.

the material is considered isotropic and homogeneous.

Although time-dependent relaxation may reduce the

magnitude of these effects below those predicted by

the current calculations, future stability analyses 9

should probably consider the effect of the stratigraphy

of the region.

Much more detailed computations will need to be

made in the future to evaluate the long-term stability

of vertical retorts . The effects of temperature on

the oil shale structural properties will need to be

evaluated and included. The discrete features of the

oil shale, such as possible incompetent bedding

planes and joint systems, must be considered. Finally,

the time-dependent deformation of oil shale, which is

enhanced by elevated temperatures, will be needed to

accurately calculate the structural response.
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DYNAMIC FRACTURE AND FRAGMENTATICN OF OIL SHALE: APPLICATICN OF A NUMERICAL MODEL TO A BLAST
DESIGN*

R. R. Boade, M. E. Kipp and D. E. Grady

Sandia National Laboratoriest

Albuquerque, New Mexico 87185

ABSTRACT

A portion of Sandia
'

s rock mechanics program has

been directed at the study of the fracture and frag

mentation properties of oil shale, with a goal of de

veloping computational procedures for use in designing

and/or evaluating blasting concepts for preparing in

situ retort beds. A variety of experiments have re

vealed that the failure phenomenon in oil shale is

hicfrily strain-rate dependent. Data from the experi

ments have provided a base for a computational model

for dynamic fracture and fragmentation. This model

has been incorporated into a two-dimensional wavecode

called TOODY and is now ready for rudimentary assess

ments of practical blasting schemes. Such an appli

cation has recently been undertaken for a modified in

situ blasting concept which uses an array of vertical

ly oriented explosive charges configured and sequen

tially detonated in decks. The charges are in bore

holes drilled frctn a horizontal surface (floor or

back) of a mined cavity. Within each deck the charges

are in a square pattern. From deck-to-deck, the posi

tions of the square patterns alternate so charges in

one deck are centered with respect to charges in an

adjacent deck. The computational procedures have

been used to evaluate the fracturing and fragmentation

that occur in the rock surrounding each charge and

to determine some of the key parameters of the

blast design (spacing between charges, burden thick

nesses, explosive quantity requirements, etc.).

I. INTRODUCTION

The extensive oil shale resource of the United

States has in recent years received considerable

attention as one of the potentially viable sources of

energy for the decades to come, particularly as a

source of liquid fuel. Although some of this resource

is amenable to processing using surface techniques, in

order to optimize resource utilization, and minimize

adverse environmental impacts, in situ methods are

being considered to augment surface methods.

*This work was supported by the U. S. Department of

Energy (DOE), under Contract DE-AC04-76-DP00789 .

tA U. S. Department of Energy Facility.

The vertical modified in situ (VMIS) approach is

one of several in situ processing concepts that have

been considered for use. As with other modified in

situ methods, bed preparation involves rock removal by

mining to introduce void, followed by a blasting oper

ation to fragment the rock and distribute the void

throughout the rubble bed. The key feature of a ver

tical modified in situ retort is that a rubble bed

would be prepared to facilitate downward propagation

of a combustion front after its initiation at or near

the top of the retort. Product recovery would be at

the bottom of the retort. In general, the vertical

dimension of such a retort are greater than horizontal

dimensions and the primary appliction of the VMES

approach is in comparatively thick oil shale deposits.

The success of any modified in situ processing

concept depends to a large extent on the bed prepara

tion operation. At this time, quantitative require

ments for a suitable retort bed are not known, but

it is generally agreed that the parameters which

control the efficiency of the retorting process with

regard to hydrocarbon yield include fragment dimen

sions, void fraction, and permeability, along with

the uniformity of these quantities throughout the

rubble bed. Since, for a given retort, these para

meters are established once and for all during bed

preparation, it is very important that the mining

and blasting operations be carefully conceived and

executed, and that all pertinent physical phenomena

be understood as thoroughly as possible.

Efforts to acquire information needed to properly

design underground oil shale retorts have been under

way for several years at Sandia National Labora

tories,1-10
and at other agencies11-21 as well.

Much of the work at Sandia has been directed at an

experimental assessment of the response of oil shale

to dynamic loads of the type induced by explosive

detonations, and at the development of computational

methods to simulate explosive blasts. While addi

tional refinement and development remain, the work

has now progressed to the point where computational

procedures can be used as aids in designing and

evaluating specific blasting schemes.

31



This paper presents the results of a study that

was performed to obtain a rudimentary assessment of

a blasting concept for preparing a vertical modified

in situ retort. We believe the concept has a number

of distinct advantages over blasting concepts examined

or used in prior studies. The blasting concept under

study, which will be described in the next section

of this paper, employs decking and oharge deployment

features which are first intended to enhance fragmen

tation, and then to provide for effective distribution

of available void volume through the rubble bed by

allowing comparatively free movement of the fragments

in the direction of the prepared cavity, or cavities.

Insofar as is known, the main characteristics of this

blasting concept do not replicate or resemble those

of other concepts examined or considered in the past

by other organizations. We therefore present this

blasting concept as a new method for preparing verti

cal modified in situ retorts. Most, if not all, of

the key features of the blasting concept have been

considered in the evaluation conducted to date; not

all design parameters have been quantitatively speci

fied, however. Areas in which additional research

or testing is needed are identified.

Section II contains a detailed description of

the blasting concept, followed in Section III by a

discussion of the computational procedures that were

used in evaluating the blasting concept. The results

of the computations are also considered in Section

III. Finally, in Section IV, the results of the

study are summarized and conclusions are presented

along with recommendations for continued study.

This paper is not intended to be a complete dis

cussion of the work that has been done in connection

with the blasting concept. Such a report is currently

in preparation.

II. DESCRIPTION OF BLASTING CONCEPT

General Discussion. The essential features of

the blasting concept considered here are illustrated

in Figure 1. The explosive charges are emplaced in

boreholes drilled perpendicular to the upper face of

a cavity that has been mined in a subterranean oil

shale formation and, as can be seen from the eleva

tion view of Figure 1, are configured in decks.

Three decks are shown in the figure, but there could

be more, or less (two). In the horizontal directions

the charges are positioned in square arrays, as is

depicted in the plan view. The square arrays are

positioned so that a charge in the interior of one

deck is centered between a cluster of four charges

in an adjacent deck. The detonation initiation point

for each charge is at the end of the explosive column

opposite the free face. The deck by deck initiation

Detonators

^7\
Deck 3

ELEVATION VIEW

e e e 6 o e e

e o o o o o e

e o o o o o e

e o o o o o e

e o o o o o e

F

OOO*

o

e

o

o

o

e

e

...ft

Charges In Decks 1. 3, 5 --- Charges In Decks 2, 4, 6 -

Length i{, Lj, L5
--- O Length L?. L4. Lfi

---

Length L. L^. L^
--

PLAN VIEW

FIGURE 1. ILLUSTRATION OF BASIC FEATURES OF BLASTING CONCEPT.
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of detonation would be sequential, starting with the

charges in Deck 1, then those in Deck 2, etc. Delay

intervals between decks would be on the order of

tens of milliseconds. Within each deck, all charges

could be detonated simultaneously, or they could be

detonated in a prescribed sequence. If the sequen

tial option is selected, delay intervals would be on

the order of milliseconds, i.e., short compared to

delay intervals between decks. Simultaneous detona

tion within decks will be assumed in subsequent

discussions and illustrations in this paper.

The illustration in Figure 1 shows the mined

cavity below the rock to be blasted. Actually the

elevation view could be inverted to place the cavity

above the rock to be blasted. This latter option has

some advantages in that it would facilitate drilling

the boreholes and emplacing explosives and detonators.

It would, however, make the task of installing plumb

ing for product removal more difficult. In the next

subsection we will consider a variation of the blast

ing concept depicted in Figure 1 which involves mined

cavities both above and belcw the rock to be blasted.

A multiple cavity blasting concept has also been con

sidered by Occidental Oil Shale,
Inc.

17
and perhaps by

others as well.

The various basic characteristics of the blast

ing concept illustrated in Figure 1 have certain

advantages in comparison to characteristics of other

blasting concepts. The decking, for example, together

with the attendant sequential detonation of decks,

provides a means to get relatively large quantities

of rock into motion toward the cavity. This is illus

trated in Figure 2 for a case in which three decks are

detonated sequentially. The rock motion initiated by

detonating Deck 1 causes a new free face to be formed

at some depth into the rock from the original free

face. Detonation of Deck 2 causes additional rock

motion and the formation of another free face. Simi

lar events occur with the detonation of the third

deck.

The contours of the free faces formed by the de

tonations will depend on the parameters of the blast

design (spacing between charges, burden thickness,

charge diameters and lengths, etc. ). With large spac-
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ings, the explosive charges in each deck will act

essentially independently and the free-face contour

formed will be a composite of crater profiles produced

by individual charges. A single charge in such a

case, assuming that it is suitably positioned relative

to the free face and sufficiently large to eject

fragmented rock, will produce a crater with a nominal

ly conical profile. Thus, the free-face contour

formed by a deck of widely spaced charges will be a

set of cones. As the spacing between charges is

decreased, the cones will first overlap (intermediate

spacing) ; further decreases in spacing will cause the

free face formed to tend toward a flat surface running

through the explosive columns a short distance from

the detonation initiation points. There will of

course be distinct perturbations in the planar surface

at and near the positions of the charges. As will be

seen later in this report, the intermediate spacing

configuration is the case for which the blasting

concept we propose has its greatest potential.

The foregoing comments about free-face contours

are in large part based on an examination of experi

mental observations reported in Reference 20 and

pertain primarily to the case in which the charges in

a given deck are detonated simultaneously. In this

context, simultaneous detonation means that the time

interval between detonation initiation in neighboring

charges is a small fraction (about 1/10 or less) of

the time required for a stress wave to transverse

the rock zone between the charges. Satisfying this

condition will ensure that stress waves induced in

the rock by the detonation of one charge will inter

act with stress waves induced by a neighboring charge.

Interactions of this type can result in enhanced

fragmentation and fragment ejection. The tendency

toward a nominally planar free face with decreasing

spacing between charges is caused in part by an

increase in the effectiveness of stress-wave inter

actions .

Independent of whether the charges in a given

deck are detonated simultaneously or not, the bulk

of the fragmentation per se is completed during the

first few milliseconds after the detonations have been

initiated, i.e., during the period when strong stress

waves are propagating through the affected rock.

Subsequent motion of the fragmented rock is influenc

ed in part by the conditions established during this

early time period, and also by the high-pressure ex

plosive gases which move from the vicinity of the

charges into the crack network now existing in the

rock. To be sure, these gases can produce additional

fractures, but it is the conjecture of this paper

that gas-induced fractures constitute only a small

portion of the total. This conjecture is consistent

with conclusions reported in Reference 22.

If delay intervals between decks are properly

chosen, the initial fragment motion produced by de

tonation of the second and subsequent decks will

be comparatively unrestricted because of the relief

provided by the rock motion induced by detonation of

the preceding decks. One of the more important fea

tures of the decked charge configuration is that the

material affected by each of the decks moves essen

tially independently of material affected by the

other decks, at least until the time the motion

becomes restricted because the. available void volume

is being filled by the expanding rubble. This is in

contrast to an alternative blasting concept in which

only one set of comparatively long explosive charges

are used to fragment and move a quantity of material

equivalent to that in the three-deck illustration of

Figure 2. Figure 3 shows an illustration of a
"one-

deck"

blasting configuration which can be compared

to the illustration in Figure 2. For the one-deck

case, the motion near the original free face is simi

lar to that for the three-deck case; deeper in the

rock mass, however, because of the absence of relief,

there is very little motion in the direction of the

/

- ? * ? *

\
I l i ' 1 J

1

Free Face

FIGURE 3. ILLUSTRATICN OF ROCK MOTION INDUCED BY
DETONATING A "ONE

DECK"

ARRAY OF CHARGES.
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cavity and much of the explosive energy is wasted in

simply deforming the rock.

The desired situation in any case is for the

rock near the free face to move through the cavity

and for the rock near the detonation-initiation ends

of the charges in the final deck to be fractured but

to remain nearly stationary. Between these two ex

tremes, the total rock motion must vary linearly

with vertical distance if the void volume originally

in the mined cavity is to be uniformly distributed

through the resulting rubble bed.

There are of course methods to implement decking

which are different from the approach depicted in

Figure 1. An obvious example (see Figure 4) is to

place the explosive charges in all decks in a single

set of boreholes and to fill the portion of the

boreholes not occupied by explosive with some type

of stemming (e.g., sand, drill chips, etc.). This

approach has an advantage in that it reduces the num

ber of required boreholes in comparison to the ap

proach which we propose; however, there are some

disadvantages. One is that the stemming between

two charges in one borehole will be prone to be

driven by the detonation of one charge into the

second charge, thereby causing the undetonated explo

sive to be compacted, or "dead pressed". Many common

explosives, when subjected to such compaction, become

desensitized; i.e., a high^order
detonation wave will

not be sustained while the explosive is in a compact

ed state. This disadvantage can be eliminated by

selecting an explosive that is not subject to
desen-

sitization, or by stemming with some type of rigid

material (e.g., a grout or cement that sets firmly

in the borehole). These solutions, while feasible,

are not without cost; thus, some of the savings

gained by drilling fewer boreholes will be negated.

It should be noted that the blasting concept pro

posed in this report also involves the use of stemming

to isolate two or more explosive charges in the same

borehole. In this case, however, the stemmed portion

of the borehole between a pair of charges is very

long, a feature that will effectively mitigate, as

well as delay, the motion of the stemming at the

interface with the undetonated explosive. It is

clear that the extra lengths of the stemming columns

will reduce the probability for desensitization of

the undetonated explosive; nonetheless, the selection

of a stemming material must be made only after careful

study and testing in an environment similar to that

expected in an actual application. Past experience

indicates that irregularly shaped, dry rock chips

(e.g., crushed gravel) are effective stemming materi

als because they tend to "lock
into"

the boreholes

when subjected to the loads induced by an explosive

Two Sets of Boreholes One Set of Boreholes
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FIGURE 4. COMPARISON BETWEEN FREE-FACE CONTOURS FOR TWD DECKED CHARGE OONFIGUPATICNS .
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detonation. Smooth surface sand granules and liquid

saturated chips or granules are not as effective.

While the reduced probability for desensitiza-

tion of undetonated explosive is a distinct advantage

of the decking scheme proposed in this report (in

comparison to a scheme using only a single set of

boreholes), there are other advantages which are per

haps more significant (since alternate solutions to

the desensitization problem can be devised. ) One

primary advantage pertains to the relation of the

charge configuration of one deck to the contour of

the free face formed by the detonation of the preced

ing deck. This is illustrated in Figure 4, where

the charge configuration we propose is shown on the

left side of the figure and the configuration employ

ing one set of boreholes is shown on the ric^it side.

Both illustrations correspond to the intermediate

spacing case discussed earlier. On the left side of

Figure 4, the explosive charges in the second (or

third) deck lie directly above the most massive por

tions of rock left in place after detonation of the

first (or second) deck. This is a desirable situation

because of the nature of stress wave propagation from

explosive columns which are detonated in the manner

indicated in Figure 1, i.e., with the detonators at

the ends of the columns opposite the free face.

The illustration in Figure 5 shows that the high

est stress amplitudes for Deck 2 (and 3, 4, etc.)

will be regions containing the largest volumes of rock

left after detonation of the previous deck. Thus,

by alternating the lateral positions of the square

charge arrays from deck to deck, it is possible to

bring to bear the greatest capacity for rock damage

in the region where it is most required. This is not

true of the configuration in which charges in all

decks are placed in a single set of boreholes.

The contour of the free face formed after deto

nation of a deck of intermediately spaced charges

also provides an advantage because the shape lends

itself to effective generation and propagation of ten

sile stress waves after the reflection of compressive

waves produced by detonation of the next deck. Be

cause of the angled character of the free face, the

tensile waves will tend to converge in the zones of

rock directly beneath the charges from which the

compressive waves originated (see Figure 5). The

resulting interactions can cause a greater degree of

fracturing than would have occurred if the surfaces

Spherical Waves

from Deck 2 Char

Reinforced Stress

Amplitudes

Deck 1

Charges

New Free Face

* Original Free Face

FIGURE 5. ILLUSTRATION OF STRESS WNE PROPAGATION

FOR A CHARGE IN DECK 2 SHOWING WHERE

STRESS REINFORCEMENT OCCURS.

had been planar or if the charge configuration and

surface contours had been like those on the right

side of Figure 4.

The stress wave interactions occurring in re

gions of rock that have been affected by previous

detonations will be subject to changes in rock proper

ties produced by the detonations. Regions where

conditions may have been altered most significantly

are between and/or near the charges of the deck just

detonated; rock in these regions may have experienced

considerable damage but not enough to be dislodged and

ejected. Stress waves traversing these regions will

undergo internal reflections of various types which

will lead to the development of shear and tensile

stresses and also to dispersion of the transmitted

waves. The rather complex stress wave interactions in

this region may lead to the formation of additional

fractures, or already existing fractures may be ex

tended to form fragments.

Previously in this subsection we touched briefly

on the subject of fragment motion, indicating that

if the void volume of the mined cavity is to be

distributed uniformly through the retort, the rock
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fragments formed near the original free face must

move through the entire cavity while the fragments

formed near the detonators of the last deck must

remain nearly stationary; between these two limits,

the fragment motion must vary linearly with vertical

position. The degree to vrtiich this can be achieved

depends en several factors of which the desired void

fraction, or porosity, is probably as important as

any. Modified in situ oil shale processing operations

conceptionally are based on assumed porosity levels

which range from about 20% to about 45%. In some

respects, there is a distinct advantage in striving

toward low porosity levels because of the reduced

mining requirement, but there are also some inherent

difficulties associated with the preparation of such

beds which may make the higher porosity levels more

attractive. In this paper, we will stop short of

recommending a specific porosity level for the design.

We do, however, offer the following comments which

tend to support porosity levels near 40%.

In general, if irregularly shaped fragments are

allowed to fall freely into an open volume, they

will come to rest with nearly random orientations

and the porosity of the resulting rubble pile will

be between about 40 and 50%.23, 24 Porosity levels

below this range have been realized by selectively

adjusting the fragment size distribution so that the

space between large fragments is occupied by small

fragments. 24 still lower porosity levels are pos

sible, but this would require extraordinary efforts

to create suitable fragment size distributions or the

use of special techniques to cause fragment orienta

tions to be non-random. This implies that the rota

tion of the fragments as they move toward their

final locations must be restricted.

Statements made previously in this subsection

indicate that the bulk of the rock fragmentation in

an explosive blast occurs during the early-time stress

wave propagation. It is the events that occur during

the subsequent motion of the fragments which will

determine porosity and permeability conditions in a

retort. If the final porosity level is to be signi

ficantly less than that which would be consistent

with randomly oriented fragments, it is necessary

that the fragments rotate only slightly from their

original orientations. Should an average fragment

rotate as little as 90, the resultant fragment orien

tation will be effectively random, which would leave

the rubble bed with a porosity of about 40% or more.

Thus, an effective rubbling blast for a low porosity

retort would require that the rock move into the

cavity as a collection of fragments that retain a

high degree of coherence with respect to their origi

nal orientations. Whether or not this is possible is

subject to some question, particularly for the first

deck of a multideck configuration because of the

relatively large distance the fragments must move

before coming to rest. The same would be true for

the rock nearest the original free face of
single-

deck configuration. Thus, in either case there would

be a strong probability that much of the available

void volume would be concentrated toward the lower

portion of the rubble bed. This lends strong support

to a recommendation that the blast design be based

on a porosity level of near 40% rather than the

lower value.

Some additional support for a porosity level

near 40% comes by considering the events which occur

near the lateral boundary of the blast zone. In

this region there is a sharp demarcation between

material that is expected to be fragmented and moved

downward and material that is expected to remain

intact and stationary. It is not likely that frag

ments along this boundary will simply slide downward

without rotation, but rather that considerable tumbl

ing will occur. Furthermore, the tumbling of frag

ments adjacent to the boundary will cause those frag

ments located in nearby regions also to tumble the

greater the vertical travel distance, the greater

will be the horizontal distance from the boundary

where the effect will be important. The consequence

of this will be that the average porosity in the

peripheral regions of the retort will be relatively

high on the order of 40%. This will be true for

all cases, those designed for average porosities of

20% as well as those designed for higher levels.

For retorts designed for average porosities near

40%, the tumbling phenomenon near the periphery of

the retort will present no particular problem if all

other features of the blast are acceptable since the

porosity will not change significantly near the boun

daries from the average value in the interior. For

retorts with low average porosities, say 20%, one

would expect the porosity near the periphery to be

greater than in the interior. This nonuniformity in

porosity will lead to nonuniform permeability across

the retort, with a strong tendency for reduced resis

tance to fluid flow in the high porosity regions;
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therefore there would be a high probability for

channelling in the peripheral regions of the retort

which would lead to decreased efficiency in product

recovery during retorting. Designing the retort for

an average porosity of about 40% would reduce the

chance for nonuniform flow characteristics.

An illustration of how porosity level may vary

through a rubble bed is shown in Figure 6. Additional

research is needed to devise methods to avoid these

conditions.

AFTER FRAGMENTATION BUT BEFORE

SIGNIFICANT FRAGMENT MOTION

AFTER FRAGMENT MOTION

FIGURE 6. ILLUSTRATION OF HOW NON-UNIFORM BED

CONDITIONS CAN OCCUR IF THE PROBABILITY

FOR FRAGMENT ROTATION VARIES WITH POSI

TION IN THE REGION WHERE THE FRAGMENTS

ARE FORMED.

In the diagram of the blasting concept proposed

in this report (Figure 1), it should be noted that

the charges around the periphery of the even-numbered

decks are longer than those in the interior regions.

Additional explosive is included here for two reasons .

First, the charges around the periphery of the decks

do not have benefit of adjacent charges exterior to

the blast zone, so somewhat less rock damage and ejec

tion can be expected; the additional
explosive in the

even-numbered decks is expected to compensate for the

relative ineffectiveness of the odd-numbered decks.

The second reason is that the additional explosive

will result in a local increase in the effective pow

der factor, i.e., in the ratio of the mass of explo

sive used to the mass of rock affected. Such a modi

fication should lead to an increase in the number of

small fragments in comparison to the nimiber of large

fragments; this would in turn lead to an increase in

packing efficiency within the rubble, and hence to a

reduction in permeability in the peripheral portions

of the retort. This should tend to decrease the pro

bability for channelling in the peripheral regions

during retorting.

Two-Cavity Version. The basic configuration of

the blasting concept proposed in this report and

discussed in the previous subsection can be readily

modified to take advantage of the desirable features

that result from placing the mined cavity above the

blast zone as well as those that result from placing

the cavity below the blast zone. Figure 7 illustrates

one method for doing this which involves three decks

of charges. This configuration is achieved simply by

MINED CAVITY
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Dec
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MINED CAVITY

FIGURE 7. VARIATION OF BLASTING CONCEPT WHICH

INVOLVES TWO MINED CAVITIES AND BLAST

ING IN BOTH THE UPWARD AND DOWNWARD

DIRECTIONS.
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replacing the portion of the elevation view of Figure

1 above Deck 2 with a mirror image of everything below

a plane passing through the detonators of Deck 2. In

this case then, except for the inversion, the upper

most deck is identical to the lowest deck; the charges

in these two decks would be detonated together, either

simultaneously or in some sequence. The middle deck

is actually two Deck 2's placed end-to-end. The deto

nators in this case would likely be placed at the

level of the symmetry plane, although some advantage

may be gained by using two detonators in each explo

sive column, with one placed a short distance above

the symmetry plane and the other placed an equal

distance below the plane.

The configuration in Figure 7 is a rather simple

modification of the basic blasting concept discussed

in the previous subsection. This modification can

be extended by moving the symmetry plane to another

location in Figure 1, e.g., to the level of the deto

nators in Deck 3.

In any case, there are a number of advantages

that can be realized by using the modified approach.

First, the mined cavities both below and above the

blast zone facilitate the performance of several tasks

associated with the overall oil recovery operation.

The borehole drilling, for example, can be readily

performed from the upper cavity as can be the emplace

ment of explosive, detonators and stemming. Similarly,

the lower cavity provides access needed for installa

tion of plumbing for product removal during retorting.

In addition, the option to detonate pairs of decks

together simplifies the detonation procedure and in

some cases also eliminates any possibility of explo

sive desensitization due to detonation-induced stem

ming motion. The latter advantage would exist for

the configuration in Figure 7 since in this case

charges in the uppermost and lowest decks occupying

the same borehole would be detonated simultaneously,

independent of whether or not all charges in the two

decks were detonated simultaneously.

In subsequent discussions of this report, the

explosive configuration involving two cavities will

be given essentially the same consideration as the

configuration involving only one. In the computation

al discussion it will be noted that the symmetry

plane of the two-cavity version in fact facilitates

the performance of the calculations.

Explosive Deployment Considerations and Powder

Factors. The characteristics of a rubble bed depend

on a number of parameters pertinent to the blast

design, with one of the most important being the

powder factor, i.e., the mass of the explosive used

divided by the mass of the rock ejected by the blast.

The powder factor is usually expressed in units of

pounds of explosive per ton of rock (1 lb/ton
=

0.501 kg/tonne). Obviously, the larger the powder

factor, the more severe will be the effects of the

blast. Blasting designs with large powder factors

will generally result in rubble piles with compara

tively small fragments, while the inverse is true for

blasting designs with small powder factors. In most

conventional blasting operations (quarry blasts, road

cuts, mining, etc.), powder factors are less than

about 0.5 lbs/ton. The objective of such blasts is

to break up the rock into fragments which are small

enough to be handled with available equipment (e.g.,

front-end loaders, trucks, conveyors..). This may

mean that meter-sized blocks are acceptable; even

larger blocks may also be acceptable since in many

cases postblast splitting treatments may be performed

to further break up those blocks which cannot be con

veniently handled.

In oil shale blasting, requirement are consider

ably more stringent than in conventional blasting,

largely because of the need to control fragment size

distributions. From a retorting standpoint, it is

important to avoid excessive concentrations of either

large or small fragments; it is a foregone conclu

sion, however, that it will not be possible to attain

the most desirable rubble bed conditions, namely

something like a bin-full of grapefruit-sized frag

ments. Therefore, some compromises are necessary in

designing oil shale blasting events. Powder factors

larger than those used in conventional blasting are

required to reduce the probability of leaving large

chunks or boulders in the rubble bed; on the other

hand, powder factors must be kept smaller than some

as yet unknown limit to prevent pulverization of sig

nificant fractions of the oil shale. Determining an

optimal powder factor will require information from

field experimentation beyond that which is currently

available. Data from prior studies1^' 1^ 20 have

indicated that acceptable results may be realized

with powder factors in the range between 1.5 and 2.5

lbs/ton.
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The numerical value of the powder factor, of

course, is not the only consideration; how it is

achieved with regard to geometrical configurations

and explosive behavior is also of importance. For

example, a given powder factor can be achieved with

an infinite number of charge mass, charge spacing com

binations. Furthermore, the performance properties

of some commercial explosives depend strongly on the

size and/or shape of the charge. In the case of AN

FO, detonation pressure (Pqj) and detonation velocity

(D) are markedly greater for large diameter charges

than for small diameter charges, with Pqj and D,

respectively, being 3.6 GPa (5.2 x
IO5

psi) and

4.2 km/s (13,800 ft/s) for a 20-cm (8-inch) diameter

charge and 2.4 GPa (3.5 x
IO5

psi) and 3.5 km/s (11,500

ft/s) for a 10-cm (4-inch) diameter charge.25 An

explanation for the difference is that with the small

diameter charge a lesser portion of the available

chemical energy is released promptly (i.e., during the

rise of the detonation wave front) than with the large

diameter charge; the remaining energy may be released

at later times and would tend to extend the duration

of the stress pulse beyond that which would exist

if the energy release had occurred more rapidly.

The blasting concept proposed here is based on

use of comparatively small diameter charges [12.7-15.2

cm (5-6 inches)] of AN-PO, a choice vtfiich leads to

correspondingly small spacings between charges. This

approach was selected because it causes the effect of

the explosive to be spread more uniformly through

the rock mass than would an approach based on the

use of larger diameter charges.

With any charge configuration, the degree of rock

damage will be most prominent in the immediate vici

nity of the charges; in these close-in regions, con

siderable crushing is likely and hence also a high

concentration of small rock fragments. In the more

remote rock regions between the charges, rock frag

ments will be larger. The difference between the

close-in and remote regions will be less pronounced

with small diameter charges of AN-FD than with large

diameter charges, in part because the lower initial

stress amplitudes lead to a reduction in the severity

of rock damage near the charges. This implies that

a lower percentage of the available energy from the

charge is wasted on excessive damage near the charge

in the small diameter case; when this conclusion is

coupled with the fact that energy release periods,

and hence stress pulse durations, are longer, it can

further be concluded that a greater percentage of the

energy becomes available for producing the desired

results in the more remote regions of the rock.

While the relative difference between close-in and

remote regions is less pronounced for small charges

than for large charges, it is also true that the zone

of rock influenced by each small-diameter charge is

smaller than that influenced by a large-diameter

charge; this effect must be compensated for by reduc

ing the spacing between charges.

To provide information for use in defining a set

of credible blast parameters, powder factors were de

termined as a function of charge spacing for several

of the configurational options which fall within the

framework of the blasting concept proposed here. The

results of preliminary fragmentation calculations,

which will be discussed in the next section, were used

to define seme of the needed geometrical parameters

and determine the powder factors. Dimensions selected

for burden thicknesses and charge lengths pertinent to

the first and second decks of the charge array are

Bi
= 1.2 m (4 ft), L;l

= 2.1 m (7 ft), B2
= 0.9 m

(3 ft) and L2
= 1.8 m (6 ft) (see Figure 1 for defini

tion of symbols). Charge diameters were 12.7 cm (5

inches) for Deck 1 and either 12.7 or 15.2 cm (5 or 6

inches) for Deck 2. The AN-FO was assumed to have

been loaded and packed to a density of 0.95 g/cnP

(59.3 lbs/ft^) and the oil shale was assumed to be

homogeneous with a density of 2.1
g/cm^ (131 lbs/ft^).

In determining powder factors, only the first

two decks were considered; results for the third and

subsequent decks would be identical to those for the

second deck. Geometrical options that were be con

sidered include cases in which the free-face contours

formed after detonating a deck of charges are inter

secting cones and also cases in which planar surfaces

are formed. Mixed cases were also considered, i.e.,

cases in which a planar surface is formed by the deto

nation of one deck while a contour of intersecting

cones is formed by the detonation of the other deck.

In addition, the configuration involving mined cavi

ties above and below the blast zone was considered.

Powder factors in all cases were determined by cal

culating the mass of the ejected rock that can be

associated with a single explosive charge in the con

figuration under consideration. Examples of two pow

der factor determinations are shown in Figure 8. For
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FIGURE 8. POWDER FACTOR DETERMINED FOR TWO VARI

ATIONS OF THE BLASTING CONCEPT. TOP

GRAPH IS FOR TWO DECKS OF A MULTTCHARGE

ARRAY. BOTTOM GRAPH IS FOR THE LOWER

HALF OF A CASE INVOLVING UPWARD AND DOWN

WARD BIASTTNG INTO TWO MINED CAVITIES.

each graph, the geometrical configuration assumed for

the ejecta is shown in the upper right.

The top half of Figure 8 shows powder factors

for the case in which the contours left by the deto

nation of both decks are intersecting cones. As was

previously stated, the blasting concept proposed here

should have its greatest effectiveness when designed

to achieve these types of free-face contours. Exami

nations of the curves in the upper half of Figure 8

indicates that powder factors for the first deck of

charges are much larger than those for the second

deck when all charges have 12.7 cm (5-inch) diameters.

Increasing the diameter of the charges in the second

deck to 15.4 cm (6 inches) makes the powder factors

more nearly the same for both decks. Values of about

2 lbs/ton are realized at a spacing of about 2.4 m

(8 ft); this spacing was taken essentially as a

standard for additional examination in the computa

tional work discussed in the next section.

The calculation of powder factors simply on the

basis of an assumed quantity of ejected rock is some

what misleading in that it ignores the effects of

the explosive which do not result in ejection. This

is important for the material lying between charges,

which may be heavily damaged but not ejected. Thus,

part of the effect of the Deck 1 charges is to pre

pare rock for ejection by the Deck 2 charges.

Powder factors for the configuration involving

two mined cavities are plotted in the lower part of

Figure 8. This graph is based on the formation of

intersecting cones by the charges in the first deck

and that all the remaining rock is ejected by the

charges in the second deck. The preparation of rock

for ejection is important here too, so comments

about the possible misleading nature of calculated

powder factors are appropriate.

III. FRACTURE AND FRAGMENTATION CALCULATIONS

Description of Fragmentation Model. The appar

ent threshold for material failure in terms of applied

stress as well as the size distribution of the rock

fragments are closely linked to the loading condi

tions; in particular, they are related to the rate at

which the material is strained (see Figure 9). At low

strain rates, the failure threshold is low and the

fragments are large because only a few large cracks

dominate the fracture process. At higher strain

rates a small number of cracks cannot relieve the

rapidly increasing tensile stress; thus, more cracks

participate in the fracture process. As a result,

the failure threshold is higher and the fragments are

smaller.

The overall trend of fragment size versus ten

sile strain rate shown in Figure 9 is particularly

important in blasting since the rock surrounding an

explosive charge may experience strain rates over the

entire range in the graph. The strain rate may range

from IO2
to 10^ s-1

near the charge, and decay to 10

s-1
and lower at large distances. Furthermore, inter

actions of compressive stress waves with free surfaces

can produce tensile waves with strain rates as high

as
IO-* to

IO4
s-1. Consequently, we would expect to

see high failure thresholds and small fragments near

an explosive charge and near free surfaces, and pro

gressively lower failure thresholds and larger frag-
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ments at greater distances from the charge.

Through the oil shale rock mechanics program,

we developed a model of the fracture process which

incorporates the experimental observations in Figure

9. The model is based on a numerical description of

the activation and growth of an inherent distribution

of flaws and cracks that are characteristic of rock

materials. Static fracture stress depends on the sta

tistical distribution of flaws, while dynamic fracture

stress depends, in addition, on the time-dependent ac-

tiviation, growth, and coalescence of the flaw struc

ture during the fracture process.

Modeling and computational efforts have been dir

ected primarily toward the first stage of fracture and

fragment development, i.e., the events which occur

during the period when stress waves interact with the

material, causing cracks to activate and grow and

fragments to be formed; very little mass motion

occurs during this period.

Our approach to the modeling of dynamic
fracture

has been to define a parameter D, called the damage,

which quantifies the extent of degradation of rock

strength due to fracture. In the terms of rational

continuum mechanics, D is an internal state variable

and represents the fraction of material volume that

has lost its load-carrying capability. The change

in D from its initial value of zero (undamaged) to

1 (completely fractured) is described by a
first-

order differential rate equation with parameters de

rived from data like those in Figure 9.

In addition to the damage rate equation, which

is required to obtain the proper stress^wave response

of the material, another rate equation included in

the model predicts the mean fragment size.

We have incorporated these rate equations into

a two-dimensional stress-wave propagation computer

code, TOODY. By appropriate choice of dynamic mater

ial properties for explosives and rocks, the explosive

detonation together with the early-time stress-wave

propagation in the surrounding rock and the subsequent

rock fracture can be simulated.

It should be noted that the computational model

has been developed using data from small-scale labor

atory experiments only. The validity of the model for

practical, larger-scale applications has, however,

been verified on the basis of data from other experi

ments. One such experiment is depicted in Figure 10.

In this case a small charge of C-4 explosive was deto

nated in a meter-size block of oil shale. One surface

of the block was mounted on a low density foam to

simulate a free surface. The remaining portions of

the block were encased in a rock-matching grout to

eliminate reflections of stress waves at these sur

faces. After the shot the block was sectioned to

reveal the effects of the shot. The observed fragment

dimensions are compared with calculations in Figure

10.

Another experiment which was simulated with the

computational model was conducted by the Los Alamos

National Laboratory in Colony Oil Shale Mine in Colo

rado. This experiment involved the bottom-detonation

of a 0.75-m (2.5 ft)-long, 5.2 kg (11.5 lbs) cylin

drical charge of AN-PO in a 0.1-m (4.0-inch) -diameter

borehole drilled 2 m (6.6 ft) into the floor of the

mine. Loosely fractured rock from the resulting

crater was excavated, and crater profiles were deter-
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mine The measured crater profiles are shown along

with the results of the calculation in Figure 11.

In both the experiment and simulation, the bulk

of the fractured rock lies between the top of the

explosive charge and the free surface. The calculated

damage region, which was defined as the region in

which the damage parameter, D, was greater than 0.2,

appears to be a good representation of the actual

crater.

The mean fragment sizes predicted for this explo

sive geometry are also shown in Figure 11. The small

est mean fragment sizes are in region A, near the ex

plosive charge and the free surface. The mean frag

ment dimensions gradually increases with distance

from the explosive as expected.

Based on a comparison between calculations and

measurements, it has been concluded that the damage

contour for D = 0.2 represents a good criterion for

determining whether or not material has been damaged

sufficiently to be ejected. This is true except in

the region near the charge, in particular near the

lower portion of the charge. In the remaining re

gions, discrepancies between measurements and cal

culations generally have magnitudes comparable to

fragment dimensions. The level of agreement evident

in Figure 11 is considered to be about as good as can

be achieved in a cratering experiment because of the

Floor

Crater

Profiles

Crater

Profiles

FIGURE 11. CALCULATED DAMAGE PROFILE AND FRAGMENT

DIMENSION CONTOURS AND MEASURED CRATER
PROFILES (AT

90

INTERVALS AROUND CHARGE)
FOR ONE OF LANL'S CRATERING EXPERIMENTS
IN THE COLONY MINE.

43



possibility that the largest of the fragments, which

are near the boundary of the crater, may in fact be

only marginally formed and thus may remain in place.

Discrete features of the rock formations, such

as joints or faults, can also have a strong influence

on results. In fact, the Los Alamos experiments in

the Colony Mine have indicated that in most single

charge blasts, the discrete features of the formation

have a dominant effect on results, at least in the pe

ripheral regions of the crater. For events involving

simultaneous detonation of an array of borehole char

ges (the experiments have involved four charges in a

square pattern), the influence of formation features

is diminished in regions where interactive processes

are pronounced, i.e., in the interior of the charge

pattern.

In the calculations involving explosives dis

cussed previously, as well as those to be considered

in the next subsection, the explosive energy sources

were treated by assuming isentrcpic release of energy

in a gas frcm the Chapman-Jouguet point of the explo

sive. Information for AN-PO were based on the work

reported on in Reference 27.

Computational Assessment of Blasting Concept.

The computational procedures discussed in the preced

ing subsection were applied to the blasting concept

proposed in this report by considering the charges in

Deck 1 and Deck 2 on an individual basis. Calcula

tions for a Deck 2 charge are assumed to be valid for

charges in subsequent decks, if such decks are includ

ed in the blasu design. Representative geometries

assumed for the calculations are depicted in Figure

12. The geometries shown are for cases in which

symmetry planes were assumed, i.e., for the variation

of the blasting concept involving two mined cavities.

The symmetry plane is formed in the calculation by

imposing a boundary condition which prevents motion

normal to the plane; the effect of this is to create

a situation in which everything existing or happening

on one side of the plane (below the symmetry plane

in Figure 12) also exists or happens as a mirror image

on the opposite side of the plane. Cases involving

no symmetry plane can be simulated by moving the boun

dary to a location that is sufficiently remote to

cause interactions at the boundary to occur late

enough or to be too weak to have an effect on events

DECK 1 CONFIGURATION

L Symmetry
"

DECK 2 CONFIGURATIONS

Ll !

I

Detonator

Explosive

Free Face

Axis of

Rotation
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\
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FIGURE 12. GEOMETRIES USED FOR FRAGMENTATION CALCULATIONS TO EVALUATE THE BLASTING CONCEPT.
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occurring near the charge.

Three geometrical configurations are shown in

Figure 12, one for a Deck 1 charge and two for a

Deck 2 charge. In each case, the axis of the charge

represents an axis of rotation for the entire config

uration. The free face for the Deck 1 geometry is

the original surface of the mined cavity, while the

free faces for the two Deck 2 geometries are intended

to be representative of the surfaces left after ejec

tion of cones of fragmented rock by detonation of the

Deck 1 charges. Because the charges are in a square

array, because the Deck 1 and Deck 2 charges are not

co-axial, and because the geometry for the calcula

tions is constrained to be axially symmetric, it is

not possible to assess the fragmentation characteris

tics of a Deck 2 charge in a single computation.

Thus, two geometrical configurations were used to

bracket the response. One of the configurations

shown in Figure 12 represents a diagonal cut of a

vertical plane through the array of charges; this

plane intersects both Deck 2 and Deck 1 charges

( see Figure 13 ) . The other configuration represents

a rectanglar cut of a vertical plane through Deck 2

charges; in this case, the nearest Deck 1 charges

are a distance of S/2 on both sides of the plane.

For the diagonal cut configuration, the axis of a

cone for a Deck 1 charge lies -in the vertical plane

so the plane cuts the cone along a straight line,

the
45

line designated as "free
face"

in Figure 12.

Deck 1 Charges

O Deck 2 Charges

FIGURE 13. PLAN VIEW OF CHARGE CONFIGURATION IDENTI

FYING THE PLANES OF RECTANGULAR AND

DIAGONAL CUTS THROUGH THE ARRAY OF CHARGES.

For the rectangular cut, the vertical plane inter

sects a cone, or rather a pair of intersecting cones,

along a conic section which is represented by the

curve labelled
"actual"

in Figure 12. For simplicity,

and without loss of accuracy, the straight line label

ed
"used"

was assumed for the calculations instead

of the
"actual"

curve. At radial distances beyond

S/2 for the rectangular cut and for the diagonal

cut, the free faces were assumed in the calculations

to be horizontal surfaces; this also was done as a

simplification measure and can be justified because

the regions of interest lie at radii smaller than S/2

or S/v2 in the two respective cases.

The results of the calculations are shown in

Figure 14. The first of these (Figure 14) depicts

regions of damaged rock produced by detonating iso

lated (Deck 1) charges. The shaded areas identify

regions of rock where the calculated level of damage

(value of the parameter, D) was determined to be

greater than 0.2; thus, according to our previously

stated criterion, rock in the shaded regions would

be ejected by the blasts . Each damage region consists

essentially of two parts, the portion near the free

face and the portion near the charge and extending

5-inch Diameter,
6 - ft Long Charge

Free Face

5-inch Diameter,
7 -ft Long Charge

FIGURE 14. CALCULATED DAMAGE PATTERNS FDR TWO DECK 1

CHARGES WAVING DIFFERENT LENGTHS.
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toward the free face. The latter portion is due to

the tensile stress wave which forms immediately be

hind the detonation-induced compressive wave while

the portion near the free face is due to the tensile

wave generated when the compressive wave reflects

from the free face.

Two different charge lengths are represented in

Figure 14, 1.8 m (6 ft) and 2.1 m (7 ft). In both

cases, the detonators are at the ends of the charge

columns opposite the free faces, charge diameters are

12.7 cm (5 inches), and the distance from the free

face to the charge is 1.2 m (4 ft). The dashed line

in each illustration defines the boundary of the

cone of rubble which we have previously stated would

be ejected by an isolated charge. The line is drawn

at
45

relative to the charge axis and intersects

the charge at a distance of 1.5 m (5 ft) from the

end of the charge opposite the detonator. As is evi

dent, the profile of the damaged region does not coin

cide with the dashed line for the shorter charge.

The addition of 0.3 m (1 ft) of explosive to the

charge column produces enough additional rock damage

to bring the profile of the shaded region nearly

into coincidence with the dashed line.

Figure 15 shows damaged regions for charges in

Deck 2. Three cases are shown, one for a diagonal

cut configuration with no symmetry plane, one for a

similar case with a symmetry plane, and one for a

rectangular cut with a symmetry
plane. These are

shown for illustrative purposes to demonstrate repre

sentative results for the various types of calcula

tions that were made.

The assessment of the overall fragmentation char

acteristics of the blasting concept under study was

conducted by graphically constructing composite il

lustrations of damaged regions around arrays of charg

es using plots like those in Figures 14 and 15. An

example of such a composite is shown in Figure 16

for a three-deck blast design with geometrical para

meter values (see Figure 1 or 12) of B^
= 1.2 m

(4 ft), L;l
= 2.1 m (7 ft), B2

= 0.9 m (3 ft), L2
=

1.8 m (6 ft), S = 2.4 m (8 ft), and charge diameter

(Dc) = 0.15 m (5 inches). This illustration is for

a diagonal cut through the charge array so the charges

in all three decks are in the same vertical plane. It

is clear from the figure that the array of charges as

configured produces essentially complete coverage in

sofar as damage is concerned. There are a few regions

which are not shaded; these are present because they

were not specifically included in the calculations for

the second and third decks and not because they iden

tify regions which are actually undamaged.

The illustration for the diagonal cut through

the charges represents a severe test of the charge

Symmetry Plane

Free Face

5-inch Diameter,

6 -ft Long Charge

5-inch Diameter,

4-ft Long Charge

5-inch Diameter,

6 -ft Long Charge

FIGURE 15. CALCULATED DAMAGE PATTERNS FOR THREE GEOMETRIES REPRESENTING DECK 2 CHARGES.
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configuration, at least with regard to the assessment

of the horizontal spacing aspects because in the dia

gonal direction the distance between charges is a

maximum (y2 S in comparison to S in the rectangular

direction). Consideration of a rectangular cut will

be given later in this section. The rectangular cut

presents a severe test of spacing between decks be

cause of the comparatively large distance from (for

example) a Deck 2 charge to the surface left after

detonation of the charges in Deck 1.

On the basis of the computational analysis of

the blasting concept, it is felt that the parameters

assumed in constructing the illustration in Figure

16 represent a near optimal set. This can be seen

by considering the various damage contours shown in

Figures 14 and 15. For the Deck 1 charges, for

example, shown in Figure 14, the 2.1-m (7-ft)-long

charge when positioned 1.2 m (4 ft) from the free

face, has a damage pattern that will blend nicely

with the damage of a neighboring charge in a con

figuration with spacing (S) of 2.4 m (8 ft), which

is equivalent to a diagonal
.

separation of (8V2 ft).

A composite of fragmentation patterns for a

rectangular cut through the charge array is shown in

Figure 17. This illustration is for the specific case

in which two mined cavities are included in the blast

design, i.e., for the case in which a symmetry plane

exists at the level indicated in Figure 17 . The major

point of the illustration is that the fragmented re

gion for Deck 2 readily reaches the surface assumed to

be left after the Deck 1 charges have been detonated.

Figure 18 shows the fracture patterns for the

two-cavity option for a diagonal cut throu^i the

charge array. Two detonation options are shown here.

One option has a single detonator in each Deck 2

charge at the level of the symmetry plane while the

other option has a detonator 0.61 m (2 ft) below the

symmetry plane; placement of a detonator off the sym

metry plane implies that there is a second detonator

in each column located above the symmetry plane. Use

of a pair of detonators for each of the explosive col

umns introduces interactions between the stress waves

Deck 1 Charges
Deck 3 Charges

eck 1

Deck 2 Charges

ck 1

Free Face

FIGURE 16.

Free Face

ILLUSTRATION OF DAMAGED REGIONS FOR A

THREE-DECK CHARGE ARRAY SHOWING THAT THE

BLASTING CONCEPT PROPOSED HERE GIVES GOOD

COVERAGE IN TERMS OF ROCK FRAGMENTATION .
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Symmetry Plane

Free Face

FIGURE 17. DAMAGED REGIONS DEPICTED ALONG A RECTAN

GULAR CUT THROUGH THE CHARGE ARRAY.

induced in the two halves of the columns; these inter

actions enhance fracturing near the symmetry plane.

This approach was considered as a method to reduce

the size of the non-shaded region between the charges

in Deck 2. Actually, it is probably not necessary to

do this. Recall that the calculations do not account

Deck 2 Detonator

Displaced 0. 6 mi

from Symmetry P

for interactions between stress waves from neighboring

charges. These interactions are expected to be strong

and to significantly increase the fragmentation bet

ween the charges.

Another illustration of fragmented regions is

shown in Figure 19. This one is included to point out

some of the differences that exist between the charge

configurations of the blasting concept proposed here

and the configurations of two alternate blasting con

cepts. All three cases in Figure 19 are based on a

total rock thickness (free face to symmetry plane)

of 5.8 m (19 ft) and have a total of 3.7 m (12 ft)

of AN-FO in 12.7 cm (5 inch) diameter boreholes.

The calculations for the three cases were performed

using similar procedures except for a slight variation

for the decking option using one set of boreholes.

In this case the Deck 2 calculations directly used

the conditions established by the detonation of a

Deck 1 charge; i.e., no new free face was assumed

like those shown in Figure 12. It is clear that the

unshaded regions for the single deck charge array

and the two-deck array utilizing one set of boreholes

are larger than for the two-deck array utilizing two

sets of boreholes. It must again be noted that in

Detonators

Detonators Symmetry Plane

Face

Deck 2 Detonators

at Symmetry Plan

FIGURE 18. DAMAGED REGIONS FDR TWO DETONATION

OPTIONS FOR THE VARIATION OF THE BLASTING

CONCEPT INVOLVING UPWARD AND DOWNWARD

BLASTING INTO TWO MINED CAVITIES.

Free Face
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Symmetry Plane Symmetry Plane

Free Face

FIGURE 19. DAMAGED REGIONS FDR THREE BLASTING CON

CEPTS; ONE INVOLVES A SINGLE DECK OF

RELATIVELY LONG CHARGES, ONE INVOLVES TWO

DECKS WITH ONE SET OF BOREHOLES, AND THE

OTHER INVOLVES TWO DECKS WITH TWO SETS OF

BOREHOLES. ALL BOREHOLES ARE 5 INCHES IN

DIAMETER. TOTAL CHARGE LENGTHS IN EACH

CASE IS 12 FT AND THE DISTANCE FROM THE

SYMMETRY PLANE TO FREE FACE IS 19 FT.

no case do the calculations account for the inter

active effects of neighboring detonations.

One aspect of the computations which has not

been addressed in this paper pertains to fragment

dimensions. As was indicated earlier, this can be

considered with the model and to a limited extent

has been. More of this work is currently in progress

and will be included in the final report of the

evaluation of the blasting concept. For now, it is

sufficient to draw attention to Figure 11 again and

comment that the fragment dimension profiles around

the charges of the blast array we propose are similar

to those shown in the figure.

IV. SUMMARY AND CONCLUSIONS

The fracture and fragmentation aspects of a

proposed multiple charge, multiple deck blasting con

cept for preparing a vertical modified in situ oil

shale retort have been evaluated using a computational

technique developed through
Sandia'

s oil shale rock

mechanics program. The calculations provided infor

mation needed to determine suitable charge dimensions,

spacings between charges in each deck, and separa

tions between decks and also showed that adequate

rock breakage was achieved with the blasting design.

The basic charge configuration of the blasting concept

was selected to make effective use of the explosively

ee Face

induced stress waves to fragment the rock and also

to provide a means (through the decking feature) to

transport the fragments from their original locations

to their final resting places within the rubble bed.

Only the fragmentation aspects of the blasting con

cept, which are principally identified with physical

processes occurring during the first few milliseconds

after a detonation, were addressed with the computa

tional model.

The equally important fragment motion phenome

non, which involves processes occurring over a time

period of several hundred milliseconds, was not spe

cifically addressed and remains as an item that will

require additional attention. The importance of frag

ment motion lies in the fact that the overall poro

sity, and hence permeability, of the retort depends

on the degree to which the fragments rotate as they

translate.

If an average fragment rotates as little as a

quarter turn, the fragments will effectively be ran-
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domly oriented in the rubble bed and the resulting

porosity will be on the order of 40%. On the other

hand, if only slight (much less than a quarter turn)

rotation occurs, the porosity can be appreciably

less than 40%.

A question then arises about the uniformity of

porosity and permeability because the probability for

rotation will depend on the initial location of a

fragment. Fragments initially located near the mined

cavity into which they must move will be highly prone

to rotate since they have a comparatively long dis

tance to travel. Likewise, fragments located near

the lateral boundaries of a retort will also tend to

rotate; in this case, however, the tendency to rotate

is due to the interaction between the moving fragments

and the adjacent stationary and intact oil shale.

Fragments located well away from the boundaries may

retain their original orientations to a high degree

and thus may collectively form a zone having low

porosity. The obvious consequence of non-uniform

porosity is a propensity for channelling during re

torting which would cause less than optimal effici

ency with regard to product recovery.

The blasting concept proposed here has features

which we feel have the potential for providing good

quality in situ retort beds. Numerous variations to

the basic design can lead to avoidance of many of the

problems common to in situ bed preparation. For

example, altering the charge configuration near the

peripheral regions of the blast zone nay cause a

variance in the fragment size distribution vrtiich in

turn may reduce the potential for channels. This

variation, and others, are currently being examined.

Other features of the blasting concept which are

currently receiving attention include the detonation

timing aspects, both within individual decks as well

as frcm deck-to-deck. The detonation timing require

ments are being examined in the light of currently

available commercial blasting equipment. Some modi

fications or improvements to current technology may

be required.

At this time it is our belief that the blasting

concept proposed in this paper shows premise for being

a viable bed preparation technique for vertical modi

fied in situ oil shale processing, but does require

experimentation to develop and verify operational

features of the concept.
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LUMPED MASS MODELING OF OVERBURDEN

MOTION DURING EXPLOSIVE BLASTING

J. T. Schamaun
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Division 4747

Albuquerque, NM 87185

ABSTRACT

The in situ extraction of oil from most oil

shale beds is highly dependent upon explosive frac

turing and rubbling of rock in a controlled and pre

dictable manner. Besides the rubbling requirement,

it is also important that the surrounding rock remain

competent to minimize fluid leakage during processing.

For rubbling concepts in which the overburden is

explosively lifted to provide the required void in

an oil shale zone, an engineering lumped mass model

has been devised to describe the motion of the over

burden. The model simulates the overburden as an

array of interacting lumped masses which are loaded

from below with a time-dependent force to approximate

the explosive load. Correlation with experimental

data obtained from field blasting operations shows

that this model will provide an adequate approximation

of overburden behavior. The basic features of the

model are described in the report along with the

correlations with field data. Results from several

parametric studies are also, presented which were

used to aid in blast design. This lumped mass model

can be extended to include other parameters and has

potential for the study of other related blasting

situations.

INTRODUCTION

One of the "synthetic
fuels"

presently being

studied is oil derived from oil shale, a sedimentary

rock which contains an organic solid called kerogen.

The conversion of oil shale kerogen into liquid and

gaseous products is the focus of considerable research

in the U. S. at present.

Kerogen is converted into usable fuels by heating

oil shale in an oxygen-controlled environment. The

resulting fluids, shale oil in particular, is then

subjected to additional refining in a manner similar

to that used for conventional crude oil.

Although the retorting process can be done is a

variety of containers, in situ methods use the sur

rounding rock as the retort container. The rock

within the retort zone must be permeable to permit

flow of gases and/or liquids to heat the rock and

recover the product fluids. Further, process require

ments necessitate control of the degree and extent

of the permeability of both the retort zone and the

surrounding rock.

A common technique used to increase in situ

permeability involves the use of chemical explosives.

The explosive not only fractures the rock, but also

moves the broken rock, permitting the translation and

rotation of individual pieces, thereby creating a

rubbled zone. Good rubblization requires large-scale

motion of the fractured rock and in seme cases signi

ficant motion of the adjacent rock.

At least two in situ oil shale processing con

cepts currently under investigation employ explosive

fracturing to prepare underground retorts. In a

modified in situ blasting configuration, an initial

void is created by mining; subsequent blasting breaks

and heaves the resulting fragments into the void.

A second method requires large ground (overburden)

motion to create the void necessary for fragment

movement. An analysis technique is presented in

this report which deals with the latter retort bed

preparation concept. The work considered is a direct

result of an attempt both to understand and to predict

the overburden motion during blasting. This type of

model, while being developed to examine overburden

motion is not restricted to this particular geometry,

but has potential use in other blasting operations.

BLAST DESIGN

The use of explosives to fracture and move rock

is very common today. The most common technique is

that used for quarry or bench blasting. 1 This method

uses vertically-drilled blast holes (Figure 1). The

first set or row of blast holes fractures the rock

between the blast holes and the free face and moves

this broken rock in a direction that is nominally

perpendicular to the free face. For good results, a

free vertical surface should be present to permit free

or uncontained motion of the fractured rock.
2

To

begin a bench, i.e., to form an initial free face, it

is often necessary to blast in a very confined geo

metry, normally called a
"cut"

(Figure 2). In this

situation the fractured rock must be moved up to

clear a hole which is used as the forward side of the

bench. Considerably more explosive is required to
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FREE FACE

ROW SEQUENCE

12 3 4 GROUND SURFACE

EDRILL HOLE

WITH EXPLOSJVES

BEFORE BLASTING

rubblization in a region where the proposed retort

zone is close to the ground surface, i.e., close

enough so that the overburden can be moved upward

sufficiently with explosives to introduce adequate

porosity into the retort zone. In an operation of

this type by Geokinetics, Inc. ,
explosive is placed in

the bottom of a series of blast holes drilled from the

ground surface (Figure 3). The desired result is to

raise the rock material overlying the explosive zone

BROKEN ROCK

AFTER BLASTING

FIGURE 1. CROSS SECTION, EENCH BLASTING

FREE FACE

GROUND SURFACE

DRILL HOLES

'WITH EXPLOSIVE

GROUND SURFACE

DRILL
HOLES-

OVERBURDEN

^^^>i^^0k^w^M^m^on- SHALE 20NE%

EXPLOSIVE

BEFORE BLASTING

BEFORE BLASTING
AFTER BLASTING

AFTER BLASTING

FIGURE 2. CROSS SECTION, SINKING CUT

break the same volume of rock in this case than in a

bench blasting geometry.

The blasting requirements for in situ oil shale

rubblization are more complex than those for conven

tional bench
blasting.3 Let us new consider the

specific blasting problem associated with in situ

FIGURE 3. CROSS SECTION, OIL SHALE RUBBLIZATION

and to fracture and tumble the rock within the

explosive zone, creating a rubbled, permeable region

which can be retorted directly. In this geometry,

the amount and quality of the rubblization depends

upon the degree to which fragment motion has been

contained by the overburden. In an alternate rubbling

concept, the partial-void ("cut") region created by

lifting the overburden and some of the rock in the

explosive zone is utilized as a free volume region

into which rock from an adjoining region can be moved

laterally into the
"cut"

using additional explosive

detonations. This alternate concept would thus be

carried out in much the same way as conventional

bench blasting, with the exception that the overburden

is maintained above the rubbled zone to act as part

of the container for the subsequent retorting.
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ANALYSIS METHODS

In the past, the blast design, which includes

the quantity of explosive, the timing sequence, and

the blast hole size and spacing, have been based pri

marily on empirical
methods.1'2 These methods have

evolved through years of experience, mainly with

quarry and tunnel blasting. The use of "powder

factors", which relate the amount of explosive to the

quantity of rock to be broken, are common to these

empirical methods. Although this empirical approach

has been adequate for most standard blasting needs,

recent applications have led to requirements for more

elaborate design and analysis methods.

One of these methods involves comparison of the

total explosive energy to the requirements for rock

fracture and motion. In this manner, wasted energy

can be isolated and designs improved.

The use of shock wave computer solutions, which

include detailed physical descriptions of explosive

detonations and the resultant shock wave interactions

with adjacent rock, are becoming more
commonplace.^-^

These techniques provide a very good solution to the

early time explosive-rook interaction problem. One

major disadvantage, however, is the difficulty in

extending the solutions to longer times when the bulk

of the fragment motion occurs.

Structural finite element programs are also use

ful, particularly for examining the gross motion

of rock affected by the detonation.7-9 This method

can incorporate cctiplex geometries and can analyze

motion for late times. These programs will not, how

ever, handle the details of the explosive detonation.

The analysis method discussed in this report is

the lumped mass method.
10,11 Like the finite element

approach, this technique is not useful for analyzing

the detailed explosive behavior, but will provide an

approximate solution for rock motion induced by the

explosive event. Although this method is the topic

of the remainder of this report, it should be noted

that the assessment of the blasting design can be

best made by using a combination of all the tools and

techniques which are available.

LUMPED MASS ANALYSIS

The lumped mass analysis method is based on the

idea of concentrating or
"lumping"

a continuous solid

material at discrete locations. in, 11 The response of

these interacting lumped masses to various loading

conditions constitutes the analysis.

This method is general, and can be used in three-

dimensional analysis. For this study, however, the

three-dimensional geometry was approximated by con

sidering a vertical slice through a typical retort

(Figure 4). The effects of either lateral or longi

tudinal variations can be studied by changing the

slice orientation.

PLAN VIEW

VERTICAL SECTION A-A

FIGURE 4. RETORT BLASTING

The overburden zone in this example was divided

into a series of masses (Figure 5). The general

overburden motion can be represented by a single mass

through its depth, and a series of masses along the

retort length. Since the lateral (y direction) motion

in the overburden is small, it was not included in

this analysis. Each mass has only one degree of

freedom, the vertical motion.

-GROUND SURFACE

TTT

FIGURE 5. LUMPED MASS GEOMETRY
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The equations of motion of each mass can be

written after all loads on the masses are defined.

The free body diagram in Figure 6 shows the loads

applied to mass I . Since the problem is highly

gravity-dependent, the weight of the lumped mass,

WT(j), must be considered.

Based on these loads and the free body diagram

given in Figure 6, the equation of motion of mass I

can be written:

m(i) x'(I)
=

-wr(I)+v(I+1)-v(I)+p(I)

where

M(l + 1)

FIGURE 6. FREE BODY DIAGRAM

The interaction between adjacent masses is acco

modated with shear forces, V(j). The magnitude of

these forces is equal to the shear stress times the

shear area. The shear behavior is considered per

fectly plastic. Other assumptions can be included

if desired. The direction of the shear force is

dependent upon the relative velocity difference be

tween adjacent masses.

The loads contributing to the mass motion are

due to the explosive below the overburden. The

effects of the explosive are integrated over the

lower overburden surface to produce concentrated loads

P(j) defined in two ways: 1) The load is taken as a

time-dependent quantity, whose characteristics are

set at the beginning of the analysis based on explo

sive characteristics. 2) The load on any mass is an

interactive function with the vertical notion of

that mass. This permits an interaction between the

load magnitude and the volume increase of the explo

sive gases due to overburden motion. This option

most nearly approximates the explosive gas behavior

and was used primarily in this study.

Load I, is the load due to an initial short-

duration pressure pulse. The time duration is so

short that only the integrated pressure-time, impulse,

is important. This impulse is accounted for by a

simple velocity change due to conversion of impulse

to momentum. (Velocity change is equal to the impulse

divided by the mass.) The magnitude of the impulse

is dictated by the explosive behavior.

M(j)
= mass of lumped point, I

X(i)
= acceleration of lumped point, I

WT(j)
= weight of lumped point, I

V(j+i)
= shear force at right side of lumped

point, I

V(j)
= shear force at left side of lumped

point, I

P(l)
= applied load at lumped point, I

The initial velocity boundary condition for mass I is:

k(D

ill

'(I)

where

X(j)
= initial velocity at lumped point, I or

velocity after application of impulse

I
(j)

= impulse at lumped point, I

An equation of motion for each mass can be

written. The resulting set of equations which are

coupled by the shearing forces can then be solved.

COMPUTER PROGRAM IJUMP

A Fortran computer program, IJUMP, was written

to provide the numerical solution of the lumped mass

equations of motion. Due to the non-linear nature of

the equations resulting from the shear coupling, a

time step method was used for the integration of the

equations.

Program IJUMP consists of four parts:

1) Input. The geometry, material properties

and input forces are read. The masses are calculated,

and all parameters are initialized a zero time.

2) Differential Equations. The differential

equations for each mass are defined from the initial

constants and the relative motion of adjacent masses.

3) Tine Integration. This portion of the pro

gram handles the time integration for one time step to
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the next by means of a Newmark-Beta integration

scheme. The program loops through this integration

until it reaches the final solution time.

4) Output. In addition to standard printed

output, two subroutines have been written to provide

plotted results. The first provides a time history

plot of relevant parameters. These include displace

ment, velocity, relative displacement, and forces.

Spatial plots are provided by the second plot package.

The plots depict displacement versus distance along

the retort axis, i.e., distorted shape profiles.

Examples of both types of plots will be shown in the

following sections.

Although Program IJUMP was implemented on a

large scientific computer (CDC7600), the main program

will run on most small computer installations. Only

the plotting subroutines need to be changed for use

on other computer systems.

CORRELATION

The validity of this type of analysis, which was

based on engineering approximations, can be best

verified by comparison with experimental results. A

large amount of field test data has been obtained by

Sandia National Laboratories during retort blast tests

at the Geokinetics, Inc. site near Vernal, Utah. The

field data used in this correlation were taken from

high speed camera film.

The vertical motion of the overburden near the

center of a retort blast is shown in Figure 7. The

correlation with the calculated results is very good

except at late times. The analytical unloading re

sponse at late times is not well defined, since the

material properties are not changed in the model to

account for degradation during loading. The actual

field unloading behavior is likely quite different

from that assumed in the analysis.

The locus of the vertical displacement along the

longitudinal section of a typical retort at a set

time is shown in Figure 8. This type of plot is

commonly referred to as a "distorted shape plot",

since it represents the ground shape at this time.

Good correlation is evident in all regions except

near the two ends. The discrepancies near the ends

are expected because the analytical model does not

account for gas moving laterally away from the explo

sively loaded region. This gas will result in a

direct load which will cause calculated displacements

near the ends to be lower than measured displacement.

CALCULATED

TEST DATA

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

N0N DIMENSIONAL TIME

FIGURE 7. CORRELATION WITH VERTICAL MDTTON OF

OVERBURDEN

CALCULATED

NON-DIMENSIONAL DISTANCE

. FIGURE 8. CORRELATION ALONG LONGITUDINAL SECTION

In general, the correlation of experimental and

analytical data is good and justifies use of this

method for studies associated with the type of blast

ing considered.

TYPICAL USES

The potential uses of the lumped mass method in

blasting design and test are wide. Program IJUMP has

been used to support blasting activities in several
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ways. During an experimental series, the program was

used for pre-test predictions and evaluations. These

studies provide a basis for logical test planning.

IJUMP results have also been used to assist in the

evaluation of post-test data.

Parametric studies which assisted in the blasting

design have been made using program IJUMP. One such

series of parametric studies involved the examination

of effects caused by non-uniform overburden thick

nesses and explosive quantity. Cross-section views

of two typical retort geometries are shown in Figure

9.

mm
OVERBURDEN

: DEPTH

STATION NUMBER

(a) UNIFORM DEPTH

(b) VARIABLE DEPTH

FIGURE 9. CROSS SECTION, TYPICAL RETORT

The first condition depicted is based on a uni

form overburden thickness. In the second condition,

the overburden thickness varies by a factor of two

from one side of the retort to the other. The

resulting distorted shapes are plotted in Figure 10.

As expected, the shape for the non-uniform depth case

is non-symmetric. The variation across the retort is

not large, however, indicating that non-uniform over

burden depth is not a severe problem for this geo

metry.

The effect of sequential timing of the explosive

detonation was also studied. This case is representa-

-

1 1 1 1 I 1 1 r i

-

/ ~/

^^
UNIFORM DEPTH

__.
'

1

VARIABLE DEPTH

i l l 1 i i V
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0

STATION

FIGURE 10. EFFECTS OF VARIABLE OVERBURDEN DEPTH

tive of a rubbling concept in which rock is sequen

tially blasted into a cavity or partial void region

created by the earlier explosive events which lift

the overburden. A cross-section view through such a

retort is shown in Figure 11. The detonation time

was delayed along the section, as indicated. The

resulting distorted shapes calculated at three times

are shown in Figure 12. The non-symmetric behavior

is obvious. The maximum vertical motion for the de

layed initiation sequence is 28 inches (0.71 meters).

By comparison, the maximum heave for uniform detona

tion is 38 inches (0.97 meters). This result indi

cates that a large portion of explosive energy is

used in overburden distortion for the time delay

case.

140 MILLISECONDS

STATION NUMBER

FIGURE 11. CROSS SECTION, TIMING STUDY
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FIGURE 12. EFFECTS OF DETONATION TIMING

FURTHER EXTENSIONS

The lumped mass technique is capable of solving

a large variety of problems. In particular, a large

number of situations encountered in blasting can be

analyzed using simple extensions of the analysis

procedure presented in this report. Elasting situ

ations which are dependent upon sequential burden

movement or which involve interactive timing can be

analyzed using this method.

Program IJUMP is being extended to include the

horizontal motion of the broken rubble. This change

will permit the study of the interaction of the ver

tical motion of the overburden and the rubblization

and horizontal motion of the material in the blast

zone. This work indicates that the lumped mass method

can be used to analyze this interaction and to improve

our predictive capability.

CONCLUSIONS

The in situ extraction of oil from oil shale

is highly dependent upon explosive fracturing and

rubblization of rock in a controlled and predictable

manner. The rock material adjacent to the zone of

desired explosive fracturing and the quality of rub

blization are highly interdependent, and there is

a need for better analytical tools to assist in blast

design. A simple engineering technique based on

lumped mass modeling provides an analytical method of

predicting the rock motion in areas adjacent to a

blast zone. A Fortran computer program (called IJUMP)

has been written and the results compared to experi

mental field data; the correlation indicates that

this technique can be used to analyze the overburden

behavior during typical blasting operations.

IJUMP has been used in conjunction with experi

mental field operations. This report shows typical

results from several parameter studies. The analyti

cal method presented has potential in studies of

other blasting situations and can be extended to

include other parameters. In general, the lumped

mass method has provided a simple engineering

analysis tool which has been useful in our experimen

tal blasting studies of oil shale.
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ABSTRACT

As a part of its continuing research on the

safety aspects of oil shale mining, the Bureau of

Mines has adapted its tube-bundling sampling tech

niques, previously applied to coal-mine fires, to

the monitoring of methane in a deep oil shale mine.

The sampling techniques can be used to increase

safety during mining as well as to permit better

prediction of gas to be found in future mining.

Correlations are shown between the methane observed

from the outgassing of core samples and the methane

encountered in mining. Although background levels

are low, considerable methane was observed following

blasting. Tests in the Bureau's Experimental Mine

demonstrated oil shale dust explosions in the ab

sence of methane as well as the effect of small

amounts of methane on the lower explosion limits of

oil shale dust. Recent research on ignition of dust

layers is reported.

INTRODUCTION

For a number of years, the Bureau of Mines has

been conducting research aimed at increasing the

safety and reducing the risk of disaster in the

mining and processing of oil shale. Even though,

presently, commercial -size oil shale mines have

not been developed, it was considered desirable

to have a research program to consider all possible

accident scenarios so that loss of life and prop

erty could be prevented when full-scale production

begins. Earlier work on the fire and explosion

properties of oil shale has been reported in

previous Symposia (Richmond and Miller, 1977;

Richmond, et al, 1980). In this research, the

lower explosion limits of oil shale dust initi

ated by methane explosions were reported in addi

tion to descriptions of controlled burns of rub

ble piles, all done in the Experimental Mine of

the Bureau of Mines.

A concurrent contract has been an evaluation

of fire and explosion hazards of oil shale mining

and processing. The objectives were to devise

possible accident scenarios, to conduct a variety

of laboratory tests, and to sample float dust and

analyze accidental fires in mines. Contract work

was described in three papers published in the

12th Oil Shale Symposium (Atwood, et al, 1979;

Williams, et al , 1979; Crookston and Hoskins,

1979). This contract work continues through the

present fiscal year.

In addition to the in-house and contract

research, the Bureau of Mines is also engaged in

field activity, consulting directly with mine

operators to assist with their fire and explosion

problems while at the same time adding to the

store of knowledge on the subject. Collaboration

occurs with other federal agencies also concerned

with health, safety, and the environment. These

include the Mine Safety and Health Administra

tion, the National Institute for Occupational

Safety and Health, the Geological Survey, and the

Department of Energy. Field work in a mine

through a cooperative agreement is described in

the next section.
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The Facility at Horse Draw, Rio Blanco County, CO

Sinking of the shaft in the deep oil shale de

posit in the Piceance Creek basin has been described

previously (Utter and Hawkins, 1978). This project

was intended by the Bureau of Mines to be a demon

stration mine involving various methods of mining

and processing as well as ways to facilitate safety

and environmental research. Equipping the shaft and

driving of a few drifts from the shaft, as well as

methane encounters, have been described (Cox, 1979).

More details about the methane problem were

described in the 12th Oil Shale Symposium (Vinson,

et al, 1979). This experience was the first signi

ficant venture into deep oil shale deposits far from

the outcrop and the first significant finding of

methane. Any further discussion about the mining

aspect of the project is beyond the scope of this

paper; we limit ourselves hereafter to the safety

research.

Following cancellation of further mining at

this site by the Bureau due to lack of funds, a

Memorandum of Agreement was signed in 1979 with the

Multi Mineral Corp. (MMC) for further development.

This Memorandum of Agreement with amendments permits

MMC to collect bulk samples of material so that

methods for processing the nahcolite, kerogen, and

dawsonite could be developed. In addition, the

Bureau reserved the right to continue its health,

safety, and environmental research, and MMC pledged

to assist this research. In the past year MMC has

provided considerable support, and much of the fol

lowing data was obtained with its assistance. This

safety research included three phasescontinuous

monitoring of the methane produced while mining,

collecting float dust, and measuring the methane

contained in core samples. Continuous monitoring of

the methane yield had three purposes -- to provide

an extra measure of safety while the mining is in

progress, to try to find where the methane is and

how it comes out, and to attempt to correlate gas

in cores with the quantity released in mining.

If this is successful, one might predict methane

yields in future mining and determine whether it

could be drained in advance of mining. The lat

ter aspects have been well developed in coal

mining by the Bureau, and it was thought some of

the technology could be applied to oil shale. In

addition, it was expected that data might be

available such that the Mine Safety and Health

Administration (MSHA) could have a sound basis to

write regulations peculiar to oil shale mining.

A recent photograph of the site with the

Bureau's instrumentation trailer in the back

ground is shown in figure 1. A cross section of

the mine is given in figure 2, showing drifts

started by the Bureau and those further developed

by MMC (Harrison-Western is the mining contrac

tor). Typical methane sampling stations are also

indicated, as well as other features of the

development.

Core Samples

Using a technique developed by the Bureau

for coal mines (Kissel, et al , 1973), MMC sealed

off 10-ft sections of core, measured the methane

escaping as a function of time, and extrapolated

back to a zero time, thereby obtaining an estima

tion of the total volume of gas contained in the

original core. This volume divided by the weight

of the core gives the specific concentration of

methane in cubic feet per ton (or cubic centime

ters per gram). Assays may then be performed on

the solid core. A typical plot of gas concentra

tion versus depth in a core hole near the shaft

is shown in figure 3 (Weichman, 1980). Lines
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FIGURE 1. - Photograph of Horse Draw mine facility.

HORSE DRAW MINE

FIGURE 2. - Cross section of mine.
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have been drawn through the data points, but if

averages are taken, the methane concentration could

be estimated to range from 10 to 90 cubic feet per

ton (0.3 to 2.8 cc/gm) with an average of about 50

cubic feet per ton (1.6 cc/gm). This value is

somewhat more than that reported earlier for oil

shale (0.1 to 0.7 cc/gm) (Matta, et al , 1977),

wherein an increase of gas with depth and oil yield

was suggested. The gas content reported in the lat

ter work was considered to exceed that expected from

the low porosity of oil shale, so absorption of

methane in the kerogen was postulated. The methane

content reported in the present paper is about 1/10

that estimated to be found at comparable depths in

high-volatile bituminous coal (Kim, 1977). No

significant trend of gas content with depth can be

seen in figure 3.

The same core gas data plotted as a function of

oil assay of the same cores in gallons per ton can

be seen in figure 4. No correlation of gas content

with kerogen content, at least in this core, can be

derived. The same conclusion is drawn by Weichman.

From this scanty data, the authors tentatively pos

tulate that there is little correlation between

methane content and depth and oil yield. A more

significant factor may be the geologic structure

wherein fractures in the formation may provide dis

continuous permeability to the gas, and other anom

alies, such as nahcolite, may increase the porosity

at various sites.

Continuous Methane Monitoring Systems

A system for the continuous monitoring of gases

from coal mine fires, consisting of an array of

tubes through which gases are drawn to surface ana

lyzers, was developed in Great Britain and other

countries. The Bureau of Mines has adapted this

technique successfully in monitoring coal mine fires

in this country in order to be able to assess

their status, and a number of reports have been

written describing laboratory and field work

(Hertzberg and Litton, 1976; Burgess and Hayden,

1976). Several trailers have been built contain

ing high-quality industrial -type gas analyzers

for CO, O2. CO2, and CH4 along with pumps, fil

ters, flowmeters, etc. The CH4, CO, and CO2 are

analyzed by nondispersive infrared techniques;

the O2 by paramagnetic devices. One permanent

installation has been used in a large coal mine

at Somerset, Colorado. A schematic diagram of a

typical installation is shown in figure 5. The

operation is programed to sample the various

tubes automatically, and the data are stored by

analog or digital memories.

It was decided to try to adapt this tube

bundle continous monitoring system to the methane

problem at Horse Draw, so a trailer was shipped

to the site in September, 1979; it may be seen in

the background in figure 1. About 3000 feet of a

10-tube bundle of aluminum tubes each of 1/4-in

O.D. was extended down the shaft and into the

drifts being mined, as well as into an abandoned

drift. This system has been in continuous opera

tion since. In January, 1981, a 19-tube bundle

of polyethylene tube was installed to increase

the capacity. Typical locations of sampling

points are seen in figure 2; these points are

easily moved by the mine operator as the mining

advances. High-quality analysis is possible with

this system as the analyzers are protected and

are calibrated frequently. In addition, "vacuum

bottle"

samples may be taken at the analysis

point so that chromatographic analysis of all

the gases may be performed. Incipient fires

could also be detected using the CO, CO2, and O2
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features. The enlarged system included sampling

points in each of the drift ventilation intake pipes

and exhaust, along with pitot probes at the same

points, so that gas concentration and simultaneous

ventilation flow measurements can be obtained. In

this manner the actual methane flow from each drift

and in the exhaust fan can be measured both immedi

ately following blasts and between blasts.

Selected recorder charts are displayed in fig

ure 6 showing how the methane concentration changed

as the ventilation was altered or shut off over a

period of several days. The particular sampling

point, position 2, is indicated in figure 2. It

will be seen that the methane concentration always

decreases to the background level of the order of

0.1% during normal ventilation between blasts.

Calculation indicates a background methane flow of

the order of 5 cubic feet per minute (cfm) for a

100-ft-long drift, 15 ft square. Visual examination

of the tiny methane sources indicates that they may

appear in ribs, roof, or floor, instead of the ribs

only as one would expect in a coal mine.

Figure 7 is a typical record of gas emission

following a shot compiled from analyses of many

vacuum bottle samples taken in rapid succession.

Although analyses of such samples are accurate, the

samples are subject to error due to possible prob

lems of air leaks or of missing peaks. The area

under each curve may be computed to give the total

gas emission during this event. It will be seen

that the gas flow rapidly decreases to the back

ground level in the presence of ventilation. The

mining operator computes the volume and weight of

rock blasted, and the gas content is thereby

obtained.

Another typical record of gas emission follow

ing a blast while using the continuous recorder is

shown in figure 8. The accuracy here is con

sidered good if the methane concentration is in

the proper range of the analyzer and if it has

been calibrated recently. Continuous records may

also be made for the CO, CO2, and O2 if desired.

Maps of the entries under investigation

showing location of blocks being blasted with

their corresponding methane contents are shown

in figures 9 and 10. There are some gaps in the

data as coordination between mining and monitor

ing sometimes failed. Considerable lateral vari

ation will be noted. All the gas emission data

available to date are summarized in tables I and

II.

It will be seen that the gas emission during

mining is in the same range as that from the core

samples in figure 3. This is better agreement

than could be expected because the data from only

one core is reported and one would expect consid

erable lateral variation due to changes in rock

structure, etc. Such apparent agreement is much

better than that found in coal mining (see Matta,

et al , 1977) where the gas emitted during mining

was about 7 times that found in cores. The lat

ter situation is easily explained because of the

relatively high permeability and porosity of

coal, so that methane continues to flow from the

coal seam from areas not being mined. The rela

tively high permeability of coal also permits a

considerable amount of methane drainage in ad

vance of mining, an opportunity which may not be

present in oil shale. Even though the deep oil

shale deposits may contain 1/10 or less methane

per ton than does coal, the much thicker deposits

may produce more total methane in a large mine.

The permeability of oil shale, although small, is

finite. A tentative conclusion may be drawn at
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TABLE I. - Methane emissions from the 2130-foot level during blasting

Figure 9

Ref. No. Date

Ventilation,
ft /min

Tons

blasted

Total
.CH4,

ft3

CH4 per

ton rock,
ft3

1 11-07-80 6,880 68.4 4088 60

2 11-11-80 6,880 33.6 901 27

3 11-13-80 8,822 42.7 935 22

4 11-14-80 8,822 24.8 1448 58

5 11-17-80 9,580 48.7 2105 43

6 12-02-80 11,600 95.3 3510 37

TABLE II. - Methane emissions from the 2230-foot level during blasting

CH4 per

Figure 10 Ventilation, Tons Total CH4, ton rock,

Ref. No. Date ft /min blasted ft ft

1 11-19-80 3,560

2 01-22-81 10,470

3 01-27-81 10,100

53.2 305 6

92.0 877 10

69.0 699 10
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this point that a reasonable estimate of the methane

to be expected in mining may be made from carefully

measured cores in oil shale.

Recent Dust Explosion Research

Previously (Richmond and Miller, 1977;

Richmond, et al , 1980), the lower limits of explosi-

bility of oil shale dust in the Bureau's Experimen

tal Mine tests were reported as a function of grade

and particle size. In these tests the dust was

placed on surfaces of the mine and the dust explo

sions were initiated by explosions of natural gas-

air mixtures starting from the closed end of the

mine. The gas and dust were not premixed. This

situation is common in coal mines and could happen

in gassy oil shale mines or in non-gassy mines where

the explosives used could produce a large amount of

combustible gas. In any case, it was reported that

the dust explosions propagated independently of the

initiation source with the lean limit being about

0.05 oz of volatile fuel per cubic foot of air in

the same region.

Recently, research has been directed toward the

determination of the limits of explosibility of oil

shale dust in a premixed methane-air mixtures. In

laboratory tests, (Hertzberg, et al, 1981) the lim

its of explosibility of coal dust and oil shale dust

have been shown to bear a linear relation with meth

ane in accordance with LeChatalier's Law. It re

mained to test these effects in large-scale experi

ments as well as to demonstrate a different effect--

the explosibility of oil shale dust with no methane

present. This is of particular interest in non-

gassy oil shale mines, and to demonstrate that our

past oil shale dust explosions were not just "propa

gating methane explosions". To carry out this task,

the Experimental Mine was equipped with a large

steel trough 20 ft long (6-in x 6-in x 1/2-in angle

iron) terminating at the closed end of the mine.

In the bottom of this trough, detonating cord was

placed (usually
"E"

cord, 25 grains of explosive

(PETN) per foot) and covered with a measured

amount of dust to be tested. The dust was read

ily dispersed by detonating the cord. Then the

dust was ignited by pyrotechnic devices, such as

electric matches and/or black powder after a

short delay. This predispersion technique was

quite successful in demonstrating the explosi

bility of crude oil mist and is a standard tech

nique for measuring the permissibility of explo

sives. To this set-up, methane-air mixtures con

fined by a diaphragm can be added and the explo

sibility of various combinations determined. In

principle, dust ignitions created in this manner

could then pick up dust on surfaces and initiate

a full-scale mine explosion. It is also possible

in this manner to separate the energy of disper

sion from the energy of ignition for purposes of

analysis. A problem arises in that the defini

tion of explosion propagation may be different

for the predispersed and nonpredispersed cases.

It was found that explosions of Pittsburgh

pulverized coal dust (PPC) could be readily pro

duced in the manner described above in the same

20-ft zone with ignition delays ranging from 0.25

to 0.52 second using four electric matches. The

lower limit of explosibility of PPC determined

in this manner was about 0.15 oz/ft , about equal

to the value found by predispersing and igniting

dust in a Modified Hartmann Apparatus (Hertzberg,

et al , 1979) and about twice that reported for

full-scale mine explosions initiated by gas

explosions. Cybulski reported that gas explo

sions were the most powerful sources of ignition

are often found in coal mines, and provide a
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worst case on which safety regulations should be

based. Of course, in mine explosions the dust con

centrations vary continuously in time and space, so

limits reported are nominal values only.

A similar result was found when carrying out

these experiments with pulverized oil shale dust.

Using rich oil shale dust (45-50 gpt) with no gas

present, the minimum loading required to produce an

explosion (initiated by six electric matches and 2

grams of black powder) was about 0.6 oz/ft3. The

flame traveled 100 ft and produced a pressure rise

of about 5 psig. The comparable value for the dust

explosion initiated by a gas explosion is about 0.25

oz/ft . When a 2.9% methane-air mixture (about half

the lean limit) was added in the 20-ft zone (with a

loading of 0.6 oz/ft3), a strong explosion resulted,

giving a pressure rise of about 14 psig with the

flame traveling again to 100 ft. Oil shale dust

assaying at 35 gpt was ignited with much more diffi

culty. In this case, 2 pounds of aluminized ANFO

was detonated in a cannon in the face and the un-

stemmed blast therefrom produced a propagating oil

shale dust explosion in a cloud averaging oz/ft3.

Additional dust distributed for 320 ft out by the

face on shelves and floor added to the explosion

whose flame traveled 550 ft and maintained a peak

pressure of 9 psig throughout, in the absence of

methane. It is felt that very large concentrations

of fine dust can be generated in the vicinity of a

large blast, and that a local explosion could result

even in the absence of methane. Small amounts of

methane emitted, well below the lean limit, would of

course then add to the hazard. The lean limits of

explosibility of the dusts as a function of grade,

loading, and methane content are still under inves

tigation. A tentative conclusion at this state is

that the ignition energy for oil shale dust explo

sions is much larger than that for pure coal dust

and might approach that for certain coal

dust-rock dust mixtures.

Recent Fire Research in Brief

Rubble fire testing continues in the Experi

mental Mine fire test facility. It was thought

that the oxidizing characteristic of ammonium

nitrate-fuel oil (ANFO) oxidizing characteristic

might enhance the flame spread rate. The influ

ence of ANFO was examined by measuring the flame

spread rate over a 4-ft-wide by 8-ft-long and 8-

in-deep oil shale rubble pile. The rubble was

assayed at 35 gpt and sized at 3-in by zero. The

pile was split down the middle with a refractory

making two parallel beds 2 ft by 8 ft. One side

was prepared with 50 lb of ANFO spread over and

worked into the surface. Ignition was effected

at the upstream end on both sides with diesel

fuel and the rubble was allowed to burn in a con

stant air flow of 100 ft/min. The horizontal

flame spread rates were measured by thermocouples

placed at 1-ft intervals down the center of each

bed. The non-ANFO side spread flame at a con

stant rate of 0.6 ft/hr; whereas the ANFO side

had a slightly higher rate of 0.65 ft/hr.

Another test similar to the one above was

conducted except with ~ 60 gpt oil shale crushed

to 3/4-in by zero. There were two unsuccessful

attempts to ignite the leading edge of the bed,

once with 2 quarts of diesel fuel and then with 3

gallons along with wood chips. In both cases the

diesel fuel burned out, extensively burning the

first few inches of bed without obtaining
self-

sustained flame propagation. It is believed that

the bed porosity was too small to provide suffi

cient air movement and forward heat transfer.
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Spontaneous Combustion, Autoignition and Hot

Plate Studies

The Bureau of Mines has conducted some self-

heating experiments with oil shale in an adiabatic

calorimeter (Kuchta, et al , 1980). Preliminary

tests indicated a self-heating temperature of 120C

for 50 gpt oil shale dust.

Self-heating temperatures are usually lower

under adiabatic conditions. The latter conditions

are more common in real life and include those used

to define the so-called minimum autoignition temper

atures; these are determined in a heated vessel

(usually with liquids and vapors) at a fixed temper

ature and involve high heating rates. With such an

arrangement three 50-gm oil shale samples of 50, 25,

and 19 gpt were ignited at 145, 160, and 180C,

respectively.

In studies related to intrinsic safety

Litchfield, et al , studied the hot plate ignition of

various oil shales in thick layers. Oil shales as

saying at 48, 25, and 19 gpt were ignited at hot

plate temperatures of 200, 240, and 300C, respec

tively. The hot plate ignition temperature for 48

gpt (200C) is comparable to 209C found for

Pittsburgh coal dust.

While the temperature values reported here are

tentative they will be helpful in determining safe

external surface temperatures of an engine or ex

haust system. It is interesting to note that the

200C hot plate temperature for the rich oil shale

is not much different than the 204C (400F) temper

ature limit which the Code of Federal Regulations

(CFR 30 Part 36) sets for surface temperatures in

gassy noncoal mines.

SUMMARY

On the basis of limited experience at the

Experimental Oil Shale Shaft (Horse Draw) of the

Bureau of Mines, it is tentatively concluded

that

Methane emission from drifts not being mined is

low relative to that how coal mines and can be

handled with appropriate ventilation to total

mine surface areas. Ventilation requirements

during blasting may be estimated from data sup

plied here.

The methane content of oil shale produced dur

ing mining correlates well with core samples and

is about 1/10 or less than that for high-volatile

bituminous coal at comparable depths.

--The tube bundle continuous methane monitoring

system is recommended as a warning system for

gassy mines and is a valuable tool of research.

The tube bundle system also serves as an early

warning system for fires in mines and for moni

toring status of mine fires.

Predispersed oil shale dust can be ignited

by flame in the absence of methane; however, much

higher ignition energies are required than in the

presence of methane.

o The tendency of oil shale for spontaneous

combustion and for autoignition of dust layers is

about equal to that for bituminous coal.
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ABSTRACT

This paper describes a study conducted by the

Laramie Energy Technology Center to determine the

metals distribution in shale oil and shale oil frac

tions. The shale oil was produced from the Rock

Springs Site #9 field test and was fractionated by

distillation. The shale oil fractions (oils, naphtha,

light distillates, heavy distillates, and the residu

um) were all digested for atomic absorption anal

ysis. Flame and graphite furnace techniques were

used to determine the distribution of the alkali

earths and the transition metals in the shale oil and

fractions.

INTRODUCTION

As shale oil production approaches reality as

an industrial process, the upgrading of the crude

product to useful liquid fuels is receiving more

attention (1). An important aspect of shale oil up

grading which has received little coverage in the

public literature is the trace metals content of the

whole oil and its fractions which will make up the

refinery feedstocks in shale oil country. Existing

knowledge about the adverse role of trace metals in

petroleum refining began to appear about 1950 and

is still an active area of research. To date, sub

stantive data on the undesirable effects of the

following elements has been published: arsenic,

chromium, copper, lead, nickel, sodium, and van

adium (2-6). This list is not intended to be all

inclusive. In general, all of the metals listed act

as catalyst deactivators or poisons. They tend to

accumulate at the active sites of the catalyst,

reducing their effectiveness.

This study was undertaken in the belief that

the problems caused by trace elements during the

refining of petroleum will also occur during the

refining of shale oil products. This paper will

present information on the trace element analysis of

shale oil materials which simulate petroleum feed

stocks to a refinery. Details will be given on the

laboratory schema used to prepare the shale oil

materials and on the quality control procedures

used to validate the chemical analysis. The authors

are aware that popular wisdom indicates that ele

vated nitrogen levels in shale oils will be the major

factor in the upgrading process. This paper was

designed to provide data in a neglected area.

EXPERIMENTAL SECTION

In petroleum refineries the first processing

step is normally a fractional distillation of the total

crude. The actual boiling ranges of the fractions

produced will vary to meet the plant capabilities

and final product needs (7). For the purpose of

this study, a sample of the shale oil produced

during the Rock Springs, Site 9, true m situ field

test (8) was distilled into four fractions: naphtha,

b.p. 55-106C/5.332 kPa, light distillate, b.p.

106-200C/5.332 kPa, heavy distillate, 192-277C/

2.666 kPa, and residue.

Prior to the final distillation step, the straight

run crude was centrifuged, dewatered and filtered

to remove oil shale particles which are known to

contain significant concentrations of trace elements

(9). Generally the gravimetric dewatering step

fails to remove the water which is intimately tied up

in the shale oil, probably by a hydrogen-bonding

mechanism. This bound water causes extensive

bumping and foaming upon distillation. To cir

cumvent this problem, it was necessary to remove

this water in a preliminary distillation through a

short path column to a final head temperature of

approximately 150C. The water/naphtha product

which co-distilled was separated, the naphtha dried

over anhydrous sodium sulfate, and the dried

naphtha returned to the distillation pot. To pre

vent excessive coking due to long term heating of

the oil, a rapid, short path distillation was carried

out at 2.666 kPa to a final head temperature of

300C and a final pot temperature of 330C.
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The resulting distillate was redistilled under

vacuum through a 66 centimeter glass column pack

ed with 0.31 centimeter stainless steel helices to

yield the four fractions previously mentioned. The

fractions produced from this second distillation were

analyzed separately as was the primary pot residue

from the original short path distillation. To obtain

a complete picture of the quantity and quality of

the fraction called pot residue, the weighted values

from the two distillation pot residues were com

bined.

Two additional shale oil products were pre

pared for this study. A sample of the filtered,

dewatered crude oil was coked at atmospheric pres

sure (77.98 kPa in Laramie, Wyoming). The oil was

added to a 3 L coking vessel maintained at 482C at

a rate of 300 ml/hr. The product which distilled

was condensed and collected as an atmospheric

coker distillate and the residue remaining in the pot

was collected as the atmospheric coker residue.

This type of treatment may be used on crude shale

oil at some future time.

Several techniques of digesting the samples

were tried and discarded before arriving at a

satisfactory method. One method tried and found

unsuitable was the wet digestion method recom

mended by the Environmental Protection Agency

(EPA) (10). Regardless of the digestion times

used, the oils and waxes could not be decomposed.

Dry ashing was considered but rejected, due to the

possible loss of both arsenic and selenium at the

temperature required to ash the samples (10). The

method proposed by Parr Instrument Company which

utilizes their high temperature acid decomposition

bomb was tried. The bomb consists of a 25 ml

teflon sample container enclosed in a stainless steel

jacket. For safety reasons, the method recommends

using no more than 0.10 grams of an organic sample

and 3 mis of concentrated nitric acid and a diges

tion temperature of 150C. After an 18 hour diges

tion time, examination of the sample revealed that

the sample wasn't completely digested. By using

1.5 mis of concentrated distilled nitric acid and 1.5

mis of distilled water, it was found that the sample

could be completely decomposed under the same

conditions. The digested sample was transferred to

a 100 ml volumetric flask and diluted to volume.

This concentration, 1 gram per liter, proved to be

too dilute to allow the detection of the very low

metals concentrations present in some of the sam

ples. By acquiring the largest bomb available (125

ml) it was possible to increase the size of the

organic sample to 0.5 grams and the amount of 50%

nitric acid to 30 mis. This size sample required a

reaction time of four hours at 180C to assure

complete digestion. This gave a solution equal to 5

grams of oil per liter when volumetrically diluted to

100 ml, enabling the detection of lower concentra

tions of the ...-La's of interest.

The samples were analyzed using an atomic

absorption spectrometer equipped with a graphite

furnace. The analytical methods used for the

analysis of the aqueous samples are those recom

mended by the EPA for the analysis of waters and

waste waters. To assure high quality data in these

rather complicated matrices, the necessary matrix

modification procedures were used for each element

analyzed and all determinations were carried out

using the method of standard additions (10). In

the matrix modification procedure, an additional

reagent is added to the solution to be analyzed to

suppress an unwanted interference during the

analytical step. For example, for the determination

of arsenic and selenium, a small amount of nickel

nitrate is added to the sample to prevent the vola

tilization of the elements during the charring step.

The standard addition technique utilizes the addi

tion of a known amount of the element of interest in

increasingly larger increments to aliquots of the

sample prior to analysis. A graph is constructed

by plotting instrument response versus the known

incremental concentration of the element being

analyzed and the value of the unknown (original)

concentration is read from the plot at the measured

instrument response for the unaltered sample.

As an additional quality control check, ap

proximately 20% of all oil samples were digested in

duplicate and analyzed separately. Another 20% of

the oil samples were analyzed in triplicate with one

sample of the set being spiked prior to digestion

with an aqueous standard of all of the elements to

be determined. The quantity of concentrated HN03

added to this spiked digestion was adjusted to

maintain a 50% aqueous reaction media. As before,

each digested sample was analyzed separately.

RESULTS AND DISCUSSION

The data from the metals analysis of the va

cuum distillation fractionation scheme is shown in

Tables 1 and 2. The results for the atmospheric

distillation are shown in Table 3. Figures 1 and 2
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TABLE 1

METALS CONCENTRATIONS IN SHALE OIL AND ITS VACUUM

DISTILLATION FRACTIONS, WEIGHT PERCENT

Feed Stock Light Heavy Pot

Shale Oil Mass Balance Naphtha Distillate Distillate Residue

Element ppm % Recovery

100.0

2
"6

9 Q

Arsenic 6.0 0.0 13.0 20.0 67.0

Chromium 7.2 123.0 22.0 58.0 27.0 16.0

Copper 13.6 111.0 2.0 32.0 22.0 55.0

Manganese 4.4 113.0 5.0 41.0 27.0 40.0

Nickel 10.5 60.0 3.0 15.0 10.0 32.0

Vanadium 4.0 104.0 1.0 32.0 24.0 27.0

Lead 8.0 229.0 28.0 40.0 125.0 15.0

Weight percent of the fractions is: naphtha 7.2%, light distillate 49.8%,

heavy distillate 37.7%, and pot residue 20.6%.

TABLE 2

METALS CONCENTRATIONS IN SHALE OIL AND ITS VACUUM

DISTILLATION FRACTIONS, WEIGHT PERCENT

Feed Stock Light Heavy Pot

Shale Oil Ma:ss Balance Naphtha Distillate Distillate Residue

Element ppm % Recovery

118.0

% 5 % "6

Aluminum 16.0 7.0 35.0 42.0 34.0

Cadmium 1.0 95.0 11.0 20.0 45.0 19.0

Cobalt 1.6 117.0 6.0 40.0 22.0 49.0

Molybdate 5.0 114.0 7.0 17.0 30.0 60.0

Selenium <0.1
-- -- -- -- --

Tin 28.0 104.0 4.0 4.5 33.0 22.0

Sodium 0.18 84.0 2.0 24.0 10.0 48.0

Weight percent of the feactions is: naphtha 7.2%, light distillate 49.8%,

heavy distillate 37.7%, and pot residue 20.6%.

TABLE 3

METALS CONCENTRATIONS IN SHALE OIL AND ITS

ATMOSPHERIC DISTILLATION FRACTIONS, WEIGHT PERCENT

Element

Aluminum

Arsenic

Chromium

Cobalt

Copper

Manganese

Molybdate

Nickel

Selenium

Tin

Vanadium

Lead

Sodium

Shale Oil Mass Balance Distillate Coke

ppm & Recovery

120

<i Residue %

16.0 64 60

6.0 65 56 9

7.2 82 78 5

1.6 105 0 105

13.6 44 22 20

4.4 76 63 13

5.0 107 74 33

10.5 90 28 62

>0.1
--- -- --

28.0 95 92 3

4.0 107 100 7

8.0 ... ... --

0.18 76 34 42

Weight percent of the two fractions is distillate 93% and coke 2.2%.
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ROCK SPRINGS, WY.

SITE NO. 9 IN SITU

SHALE OIL

CENTRIFUGED DEWATERED

28654 g OF OIL

VACUUM DISTILLED

100% RECOVERY

VACUUM DISTILLATES

@ 2.666 kPa

6 ppm

110C-300C

WATER & NAPHTHA

2.9%

5.332 kPa

@ 150 C

DRIED NAPHTHA

NAPHTHA FRACTIONS

B.P. 55 -* 106C @ 5.332 kPa

7.2 wt.%

1655 g

0.0 ppm = 0% RECOVERY

LIGHT DISTILLATES

B.P.
106

- 200C @ 5.332 kPa

49.8 wt.%

11378 g

2 ppm = 13% RECOVERY

POT RESIDUE

15.6 wt.%

4470 g

26 ppm = 67% RECOVERY

HEAVY DISTILLATES

B.P.
192

- 277C @ 2.666 kPa
37.7 wt.%

8622 g

4 ppm = 20% RECOVERY

POT RESIDUE

5 wt.%

1132g

0.0 ppm = 0% RECOVERY

93% RECOVERY

DEWAXED HEAVY DISTILLATES

88.5 wt.%

7630 g

4 ppm = 89% RECOVERY

WAX

11.5 wt.%

991 g

1.5 ppm = 4% RECOVERY

Figure 1. Arsenic Distribution in the Fractions from the Vacuum Distillation

ROCK SPRINGS, WY.

SITE NO. 9 IN SITU

SHALE OIL

CENTRIFUGED AND

DEWATERED

10487 g

OF

SHALE OIL 6 ppm

ATMOSPHERIC COKER DISTILLATION

TO
482

C

1
65% RECOVERY

I

DISTILLATE

9753 g

3.6 ppm = 56% RECOVERY

COKE RESIDUE

231 g

26 ppm = 9% RECOVERY

Figure 2. Arsenic Distribution in the Fractions from the Atmospheric Coker Distillation.
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show the different fractions obtained by the two

distillation schemes and their arsenic concentra

tions, in parts per million, as well as their rela

tionship to the total concentration of the arsenic in

the sample. It should be noted that the calculated

mass balance for the vacuum distillation results in

100% recovery. The atmospheric distillation, on the

other hand, resulted in only a 65% recovery. This

difference can be attributed to the much higher

temperature used in the atmospheric distillation,

482C as compared to 330C for the vacuum dis

tillation. At this higher temperature, the arsenic

may have been converted to arsine gas or other

noncondensable forms and may have been lost in the

distillation process. Comparison of the elemental

mass balances between the two different processing

conditions shows that less material can be accounted

for in the coker distillation process than in the

vacuum distillation. As with arsenic, it is likely

that volatile forms of the metals are produced at the

higher temperatures reached in the coking opera

tion. This would imply that stricter off-gas control

technology may be required for coker operation to

assure minimum loss of undesirable products.

Table 1 shows the results for vanadium, nic

kel, chromium, copper, lead, manganese and ar

senic. Examination of the vanadium and nickel data

shows concentrations of 4 ppm and 10.5 ppm re

spectively. The vanadium behavior is similar to

that of arsenic, in that 27% of the total vanadium

ends up in the pot residue from the vacuum dis

tillation and only 8% is contained in the pot residue

from the atmospheric coker distillation. Calculation

of the mass balance for vanadium also indicates

complete recovery. The concentration of nickel in

the feedstock was 10.5 ppm, but unlike arsenic and

vanadium, nickel exhibited entirely different be

havior under the two different processing condi

tions. The pot residue from the vacuum distillation

contained 30% of the total nickel concentration

present in the feedstock while the pot residue for

the atmospheric coker distillation contained 62% of

the total nickel in the feedstock. Nickel was also

the only element on which less than 90% of the total

elemental concentration present in the feedstock

could not be accounted for in the vacuum distilla

tion fractions. Chromium and manganese react

differently from the other metals in that the greater

portion of both of these metals are found in the

light distillate fraction after vacuum distillation.

Comparison of the results obtained in this

study with results obtained by previous inves

tigators indicates that the level of metals found in

this study are generally within the range of the

earlier studies. This is shown in Table 4. Poulson

(9) reported the values for metals obtained for

TABLE 4

COMPARISON OF METALS CONCENTRATIONS

IN SHALE OILS AND PETROLEUMS

Poulson &

Thi s Study Jackson Smith et. al.

Shelie Oil Shale Oil Petroleums

Element ppm ppm ppm

Aluminum 16.0 0.1 - 19
---

Arsenic 6.0 0.5 - 53 0.05 - 1.1

Cadmium 1.0 0.1

Chromium 7.2 0.02 - 0.3 0.001 - 0.01

Cobalt 1.6 0.6 - 7.2 0.03 - 12.7

Copper 13.6 0.08 - 0.5 0.13 - 6.3

Manganese 4.4 0.01 - 1.1 0.63 - 2.5

Molybdenum 5.0 0.4 - 14 0.008 - 0.05

Nickel 10.5 0.4 - 55 49.1 - 344.5

Selenium <0.1 0.1 - 0.5 0.026 - 1.4

Tin 28.0 0.6 - 7.2

Vanadium 4.0 0.3 - 9.0 4.0 - 298

Lead 8.0 0.09 - 1.1 0.17 - 0.31

Sodium 0.18 <0.7 - <71

eight different retorting methods with shale from

different sources. Jackson (11), on the other

hand, reports values on shale oils obtained by the

standard Fischer Assay of segments of a single core

sample which represent different depths. Six of

the fourteen metals reported show significantly

higher concentrations in this study. It may be that

this sample is truly different. However, as pointed

out by Poulson (8), the in situ produced oils would

be expected to show lower levels of metals because

they are essentially water-washed by the native

groundwater and co-produced water during their

production. This is very analogous to the desalting

procedures normally used in refineries to reduce

metal levels in contaminated crudes (7). Since the

data from the two studies (9), (11) were produced

in this laboratory five years ago, the higher levels

of some metals in the current study may reflect im

proved analytical techniques as experience was

gained over time.
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Table 4 also shows the metal concentrations in

petroleum crude oils as reported by Smith et al

(12). In both products the nickel is present in

greater concentration than the vanadium. Only

very general comparisons will be of use due to the

wide variation in sample characteristics of crudes

and shale oils, depending on the locations from

which they were obtained.

As noted, major emphasis was placed on qual

ity assurance in the design of this project. The

result of this is manifested by a comparison of the

relative standard deviation for this study, (4.5%)

with the results obtained for the analyses of pet

roleums by other investigators. Filby and Shah

(12) reported a 6.6% relative standard deviation

when using neutron activation analysis. McCoy (2)

found the reproducibility for emission spectroscopy

to be in the range of 20 to 30%. Hofstader (13)

data shows an average coefficient of variation of

13%.

The percent recovery of the added spikes for

arsenic (105%), vanadium (99%) and nickel (140%)

are typical of the percent recovery of all spikes

analyzed in this study.

There are
.
some notable differences in trace

metal content between shale oils and petroleums

which may be significant to the refining of the

shale oil products. Firstly, the concentration of

nickel plus vanadium is considerably lower for the

shale oil products, a maximum of 64 ppm compared

to a maximum of 642 ppm (a factor of 10). Petro

leum refineries frequently judge the catalyst de

activation capacity of a feed by this sum (3). It

follows then that shale oils will not deactivate cat

alysts as rapidly as petroleums via this mechanism.

If the Ni+V values for shale oils may be considered

favorable when compared to petroleum, this is

certainly not the case with several other catalyst

poisons. Chromium is more prevalent by a factor of

350 (Crf X350). The other metals and their factors

are: Cu, (X2), Mn (X2), Mo (X100), and Pb

(X25). Quantitative data on the magnitude of the

adverse effects of these metals is generally lacking

and their combined deleterious effects may far

outweigh any benefits resulting from the low Ni+V.

analytical techniques, and quality controls neces

sary to produce data of known reliability were

given. Limited comparison between petroleums and

shale oils were made and the potential effects of the

differences in trace metal contents between the two

products on their upgrading were pointed out.

SUMMARY

This paper has presented new data on the

distribution of trace metals in shale oil products.

Some details of the type of digestion procedures,
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SYNCRUDE FROM EASTERN OIL SHALE

Kirit C. Vyas

Davy McKee Corporation

6200 Oak Tree Boulevard

Cleveland, Ohio 44131

ABSTRACT

Recently, a detail study was made to make resource

assessment, mining and process economic evaluations of

oil shale in Lewis and Fleming Counties, Kentucky. Two

surface retorting processes, Paraho and HYTORT, were

selected and the process and economic analyses were

made for a 30,000 tons/day oil shale retorting facil

ity. This paper presents the results of this eastern

oil shale feasibility study.

INTRODUCTION

Oil shale exists in Western as well as Eastern

states of the U.S. The shales in the West have higher

oil yields per ton (20-30 gal/ton) than in the East

(10-20 gal/ton). The organic carbon content of both

the shales is similar, but the western shales contain

more hydrogen. Because of the higher hydrogen content,

on an average the western
shales'

Fischer Assay oil

yields are higher than the eastern shales'. However,

it is important to recognize that the overall energy

content of both the shales is similar; but in the case

of eastern shales, higher amounts of by-products such

as gas, coke, and steam/electricity are produced com

pared with western shales.

The recent rapid OPEC oil price increases have

raised the value of oil to a level where the production

of shale oil from eastern shales is beginning to receive

commercial attention. Comparatively, larger amounts

of by-products produced while retorting eastern shales

may not be a big disadvantage, as eastern oil shale

deposits are much closer to markets than western oil

shale deposits. Factors that have encouraged interest

in eastern oil shale include the vastness of the re

source, and its closeness to markets and supporting

infrastructure. Also, the availability of mining,

operating and construction labor, abundant water

resources and the
shales'

location in an industrial

area, add significantly to the commercial feasibility

of developing this resource. In addition, the eastern

shales that cropout in Kentucky, Ohio, and Tennessee

are located on privately held land and can be mined

and shipped economically. The socioeconomic impact

of an oil shale project is far less on the Eastern

United States than the Western United States.

RESOURCE ASSESSMENT

The U.S. Geological Survey has estimated the total

"known
resources"

of Devonian eastern oil shale at 400

billion barrels, and the "probable extensions of known

resources"

at an additional 2600 billion barrels, in

cluding both deep and surface deposits. These estimates

are based on Fischer Assay test results.

In this study, the resource assessment of oil bearing

shales of Lewis and Fleming Counties, Kentucky was made.

The pertinent geologic strata consist of (from top to

bottom) the Borden Formation (series of siltstones and

shales), the Sunbury Shale (oil-bearing black shale),

the Berea Sandstone (shaly siltstone), the Bedford Shale

(silty shale), the Ohio Shale (oil-bearing black shale),

the Bisher Limestone (dolomite), and the Crab Orchard

Shale. The Sunbury Shale ranges from 15 to 20 feet in

thickness throughout most of the area. The Ohio Shale

ranges from approximately 200 to 300 feet in thickness

in the study area. These two oil shales are separated

by the Berea Sandstone and Bedford Shale, which combined

are approximately 100-120 feet thick in northern Lewis

County, decreasing southward to 30-35 feet in Fleming

County. The oil shale reserves in these two counties

represent about 4.4 billion barrels of oil. Of this,

1.3 billion barrels of oil are formed in oil shale

having an overall stripping ratio of 2.5:1.

For the selected plant site, the average carbon

and hydrogen content of the shale is about 11.7 percent

and 1.5 percent respectively. The Fischer Assay oil

content of the shale is about 12.5 gal/ton.

PROCESS EVALUATION

Based on the resource analysis data, a detailed

process analysis was made to develop + 25 percent

capital cost in this project. Based on the preliminary

evaluation, Paraho and HYTORT processes were selected

for detailed process and economic analysis. Paraho is

low pressure process and produces shale oil about

90-95 percent of Fischer Assay yield. The HYTORT

process oil shale is retorted at a high pressure in

the presence of hydrogen and produces more shale oil

than the Fischer Assay yield. In the retort, about

46 percent of the organic carbon in the Sunbury Shale

is converted to shale oil and this oil yield comes out
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to be about 116 percent of the Fischer Assay yield.

Also, it is important to note that the oil yield in

the HYTORT process is directly related with the organic

carbon content of shale rather than the Fischer Assay

yield. In comparison with the HYTORT process, Paraho

has a simple process configuration.

Paraho

The Paraho retort was developed by Paraho Devel

opment Corporation by modifying vertical kiln tech

nology. Paraho has developed direct-heated and

indirect-heated mode retorts for western shale and

the combination heated retort (CH retort) for eastern

oil shale. The overall process block flow diagram is

presented in Figure 1.

The Paraho retort is a refractory-lined, vertical

kiln, in which a moving bed of crushed oil shale flowing

downward through a kiln is contacted countercurrently

with an upward flow of hot gases having an adequate

heat content to heat the shale to about 1000F and

to retort the organic constituents in the shale.

Temperatures near the top of the retort are controlled

so that the oil vapor is condensed in the gas stream

as an entrained oil mist and oil is recovered in the

oil recovery system. The retorted eastern oil shale,

high in carbon content, is passed through a dynamic

seal and goes to the combustor where the leftover

carbon is burned. The shale is cooled and discharged

by grate at the bottom of the retort. The hot flue

gas generated in the combustor is used in heating the

recycle gas for retorting and then it is passed through

a boiler to generate a high pressure steam for in-plant

use and power generation.

A portion of the oil mist free gas is recycled to

the retort and the remaining portion is passed through

gas cooling, acid gas removal and ammonia removal

system. The sulfur free gas is then passed through the

light oil recovery system, and a high Btu gas and light

oil are recovered as by-products. As shown in Figure 1,

this plant is also equipped with a sulfur recovery system,

an S0 scrubbing system, a waste water treatment

facility and all the necessary utilities and off-site

facilities.

The process analysis is based on the results of

the test performed by the Paraho Laboratory on the

eastern oil shale samples. Two samples were sent to

the Paraho Laboratory for chemical and physical testing.

Both samples were treated in identical fashion to

develop design data.

This grass roots plant is designed for a 30,000

tons/day retorting capacity. The overall material and

energy balances are presented in Figure 2. In addition

to raw shale, the plant requires about 2000 gpm of

makeup water, 1066 tons/day of crushed limestone and

428,600 scfm of air. This plant produces about

FIGURE 2 OVERALL MATERIAL AND ENERGY BALANCES

PARAHO PROCESS

30,000 T/D EASTERN OIL SHALE PLANT

PLANT INPUT T/D MMBTU/DAY

RAW SHALE 30,000 140,400

AIR @ 428,600 SCFM 23,514

CRUSHED LIMESTONE 1,066

WATER <s> 2,034 GPM 1 2,221

TOTAL 66,801
i . o ><o.oV-W?"<

;o\o(?o,p-6oo)^

PLANT OUTPUT

SHALE OIL @ 8,132 B/D

- LIGHT OIL @ 2,282 B/D

- HIGH BTU GAS @ 14,473 SCFM

T/D

1,402

EXPORT POWER @ 10,000 BTU/KWH

- SPENT SHALE & SLUDGE 27,875

-. STACK AND VENT GASES,

COOLING TOWER LOSSES,ETC. 36,647

MMBTU/DAY %

36.7

*
ACTUAL PLANT INPUT IS 33,600 T/D

3600 T/D SHALE FINES GENERATED DURING

CRUSHING & SCREENING
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8132 bbl/day shale oil, 2282 bbl/day light oil

14,473 scfm of high Btu gas and about 48.3 Mw of

excess power. About 44.2 percent of the input

energy is recovered as liquid products, 14.8 per

cent as high Btu gas and 8 percent as excess

power. This plant requires about 65 acres or

2300 feet by 1200 feet land area.

HYTORT

The HYTORT retort was developed by the Institute

of Gas Technology (IGT). The HYTORT process concept

is based on direct, noncatalytic hydrogenation of

kerogen at high pressure and controlled heat-up

rates. The overall process block flow diagram is

presented in Figure 3.

The HYTORT retort is a refractory-lined, high

pressure, vertical vessel in which a moving oil

shale flowing downward through the retort is

contacted countercurrently with an upward flow

of hot gases. As this retort is operated at about

550 psia, high pressure raw shale feeding and spent

shale removal systems are required. The shale is

progressively heated to retorting temperatures of

1200 F and the heat required for retorting is sup

plied by combusting part of the hydrogen stream with

oxygen and raising its temperature to 1450 F. The

retorted shale is cooled using the hydrogen-rich

stream in the bottom section of the retort. The

cooled spent shale is removed from the retort

through lock hoppers. The retort top gases con

taining oil mist and vapors are recovered in the

oil recovery system.

The gas from the oil recovery system is passed

through the ammonia recovery and acid gas removal

system. The clean gas is then passed through the

cryogenic separation plant where methane-rich and

hydrogen-rich gas streams are separated. The hydrogen-

rich stream is recycled to the retort and the methane-

rich stream is passed through a conventional steam

reformer to produce more hydrogen to meet the retort

need. As shown in Figure 3, this plant is also

equipped with a sulfur recovery system, an oxygen

plant, a waste water treatment facility and all the

necessary utilities and off-site facilities.

The process analysis is based on the test results

published by the Institute of Gas Technology (IGT) in

various publications. An extensive survey of the

2
Devonian shale resources was made by IGT, involving

242 samples from 94 locations in Kentucky and has

published HYTORT performance data for Sunbury Shale

3
in various publications. Therefore, there was no

need for further test work for this project.

This grass roots plant is designed for a 30,000

tons/day retorting capacity. The overall material and

energy balances are presented in Figure 4. In addition

to raw shale, the plant requires about 4100 gpm of

makeup water, 565 tons/day oxygen, 45.3 Mw electric

power and 269,700 scfm of air. The plant produces

about 10,217 bbl/day of shale oil, and 104 tons/day

of anhydrous ammonia. About 44.9 percent of the

input energy is recovered as liquid product. This

plant requires about 65 acres of 2300 feet by 1200

feet land area.

FIGURE 4 OVERALL MATERIAL AND ENERGY BALANCE

HYTORT PROCESS

30,000 T/D EASTERN OIL SHALE

PLANT INPUT T/D MMBTU/DAY

RAW SHALE 30,000 140,400

PURCHASED POWER @ 10.000 BTU/KWH 10,882

AIR @ 269,720 SCFM 14,797

WATER @ 4079 GPM 24,508

OXYGEN @ 9,280 SCFM 565

TOTAL

%

92.8

7.2

69,870 151,282

PLANT OUTPUT T/D MMBTU/DAY %

SHALE OIL@ 10,217 B/D 1.760 64,752 44.9

ANHYDROUS AMMONIA 104 2,155 1.5

SULFUR 430 4,552 32

STACK AND VENT GASES.

COOLING TOWER LOSSES, ETC.i 41,951 56,336 39.1

SPENT SHALE 25.625

69.870

16,319 11.3

TOTAL
144,114*

100 0

+ ACTUAL PLANT INPUT IS 37,500 T/D.

7500 T/D SHALE FINES GENERATED DURING

CRUSHING AND SCREENING.

PURCHASED POWER IS ACCOUNTED @ 10,000 BTU/KWH,

HOWEVERHEAT INPUT IS ONLY 3413 BTU/KWH
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ECONOMIC ANALYSIS

Based on the detailed process analysis, + 25 per

cent capital cost was developed for these projects.

Table 1 presents the capital and operating costs for

a 30,000 tons/day eastern oil shale plant.

The initial plant investment costs for the Paraho

and HYTORT are $504 million and $695 million respectively.

These costs are for the grass roots plant and include

mining, material handling, retorting, oil recovery,

facilities to meet environmental standards and all the

necessary off-sites. The working capital includes

6 weeks payroll, 15 days oil storage at $40/bbl and

accounts receivable and payable in 45 days. Total

initial capital required for the Paraho and HYTORT

projects is $647.2 million and $890.3 million re

spectively.

The gross annual operating costs for the Paraho

and HYTORT processes are $63.1 million and $86.1 million

respectively (Table 1). The consumable costs include

the costs of catalyst for chemicals, water, electricity,

and operating and maintenance supplies. The labor and

overhead costs include the costs of operating and

maintenance labor, payroll burden, general and admin

istration. The annual by-product credits are $52.5

million for the Paraho plant versus $12 million for

the HYTORT plant. The credits for the various by

products are taken as follows: High Btu gas at

$3/MM Btu, light oil at $0.60/gal, electricity at

$0.0275/kwh, sulfur at $60/ton and ammonia at $100/ton.

After by-product credits, the net annual operating

cost is about $10.6 million and $74.1 million for

the Paraho and HYTORT processes respectively.

Several cash flow analyses were developed for

each process, and some of the results are presented

in Table 2. Two analysis methods were employed:

1. 100 percent equity to determine an

Internal Rate of Return (IRR).

2. 75 percent/25 percent equity to

determine a Return on Equity.

The following bases were used for the economic

analysis:

t Project life - 20 year's plant operation

Construction - 3 1/2 years

U.S. Income Tax - 46 percent

Kentucky Income Tax (as this is an

energy project, assume 50 percent

exemption)
- 3 percent

Investment tax credit

Qualifying equipment - 20 percent

Balance of plant (except pollution

control)
- 10 percent

t Depletion allowance - 15 percent of

oil sales not to exceed 50 percent

of taxable income

Constant dollars - no escalation

Mine development - expensed

Depreciation - as applicable, accelerated

depreciation based on Class Life Assets

Depreciation Range (CLADRD) is used.

The important consideration in determining the IRR

and ROE for the project is the ability to use the tax

investment incentives at the time they are available

rather than deferring or losing them.

To illustrate the magnitude of tax factors, the

project is analyzed on a stand-alone and on a pass-

through basis. The pass-through basis assumes the

project venture is structured such that book losses

from the project can be used to offset taxable income

elsewhere at the same tax rate that the venture incurs.

Thus, the venture in effect can experience a negative

income tax. The stand-alone case assumes only income

from the project is offset by the incentives. This

may result in carry-forward treatment as allowed to

prevent a negative income tax.

All of the analyses are done in constant 1980

dollars. The capital and operating costs are based

on costs in effect as of the fourth quarter of 1980.

No escalation of plant costs or inflationary effect

have been included over the period 1981-2003.

Internal Rate of Return (IRR)

The IRR is that interest rate which, when applied

to the future cash flows to discount them for their

present (1980) value, make the cumulative discounted

cash flow zero at the end of the study period (2003).

At 100 percent equity, the Paraho project provides a

return of about 12 percent at $40/bbl shale oil price

and provides about 14 percent return at $50/bbl

shale oil price. The HYTORT project, at 100 percent

equity, provides about 12 percent return at $60/bbl

shale oil price and provides about 14 percent return

at $70/bbl shale oil price. The variation in selling

price with IRR requirements is shown in Figure 5.

The effect of the variation of the by-product credits

on the selling price and IRR is given in Figure 6.
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TABLE 1

CAPITAL AND OPERATING COSTS

30,000 TONS/ DAY EASTERN OIL SHALE PLANT

(4TH QUARTER 1980 DOLLA~RST

Paraho

Capital Cost ($ MM)

Total Direct Cost

Professional Services

Insurance, Etc.

Plant Investment Cost

Working Capital

Interest During Construction

Startup Cost

Total Capital

Operating Cost ($1,000)

Consumables

Labor & Overhead

Taxes & Insurance

Total Gross Operating Cost

By-Product Credit

Net Operating Cost

Field Indirects,

647.7 126.1

23,614

23,556

15,908

63,078

(52,499)

10,579

* Additional Investment from year 2 to 20.

On the 75% of the initial plant investment @ 12% interest.

Expensed at 50% of the first year's revenue

TABLE 2

ECONOMIC ANALYSIS

30,000 TONS/DAY EASTERN OIL SHALE PLANT

HYTORT

Initial Deferred* Initial
Deferred*

382.5 539.7

122.0 155.3

504.5 695.0

17.4 21.8

125.
8+

173.
5+

Expensed Expensed

890.3

39,525

24,571

21,955

86,051

(11,946)

74,105

140.8

Paraho HYTORT

100% Equity

Selling Price - $/bbl

40

50

75% Debt (P 12%/25% Equity

Selling Price - $/bbl

40

50

100% Equity

Return on Equity %

12

14

Stand-Alone

Venture

11.4

13.7

10.4

18.2

42.50

51.80

Pass-Through

Venture

Stand-Alone

Venture

Internal Rate of Return %

12.1 5.7

14.4 8.8

Return on Equity

24.1

30.8

Selling Price $/bbl

39.70

48.20

61.90

72.00

Pass-Through

Venture

5.9

9.1

58.00

68.40



figure 5 ECONOMIC ANALYSIS

30,000 TONS/DAY EASTERN OIL SHALE PLANT

BASE CASE - 100% EQUITY

figures ECONOMIC ANALYSIS

30,000 TONS/DAY EASTERN OIL SHALE PLANT

EFFECT OF BY-PRODUCT CREDITS

13 14 15 16 17

? INTERNAL RATE OF RETURN -PERCENT

Return on Equity (ROE)

The financial analysis is made to determine the

return on equity (ROE) for a capitalization based on

borrowed funds and equity. The debt is retired over a

medium term (10 years) from the project cash flow. The

ROE is that interest rate which made the cumulative

discounted equity and retained earnings flow (after

debt services) equal to zero over the study period

(1980 through 2003).

The financial analysis assumes that equity and

debt are used to finance the project prior to operation,

Interest on debt during construction is capitalized and

financed with the project in the ratio of 75 percent

debt/25 percent equity. The interest on the loan is

assumed at 12 percent on draw-down basis without any

commitment fee. For the Paraho project, the return

on equity at $40/bbl shale oil price is about 24 per

cent and at $50/bbl is about 30 percent on a
pass-

through basis.

CONCLUSIONS

The following conclusions can be drawn from this

investigation:

About 4.4 billion barrels of oil can

be recovered from oil shale of Lewis

and Fleming Counties, Kentucky. The

shale reserves having an overall

stripping ratio of less than 2.5:1,

represent about 1.3 billion barrels of

oil.

13 14 15

? INTERNAL RATE OF RETURN -PERCENT

A 30,000 tons per day retorting plant can

produce about 10,000 bbl/day of shale oil.

A total capital required for the grass

roots Paraho plant facility, having a

capacity to retort 30,000 tons per day

of eastern oil shale, will be about $647

million and the HYTORT plant having the

same capacity will require about $890

million. The initial plant investment

costs for Paraho and HYTORT are $504

million and $695 million respectively.

For the same return on equity, the

Paraho process is cheaper than the

HYTORT process by about $20/bbl .

t For the Paraho process, for a 75 per

cent debt (at 12 percent interest) and

a 25 percent equity cash flow analysis,

the return on equity at $40/bbl shale

oil price is about 24 percent.

0 Based on these results, it can be

concluded that the production of

shale oil from eastern oil shale is

commercially feasible.
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PROGRESS OF PHASE II OF THE DOE/OOSI COOPERATIVE AGREEMENT

Beverly A. Romig
Project Coordinator

Occidental Oil Shale, Inc.

P. 0. Box 2687

Grand Junction, Colorado 81502

ABSTRACT

Phase II of the Department of Energy (DOE)/-

Occidental Oil Shale, Inc. (OOSI) Cooperative Agree

ment covers a 41-month program, begun in June 1979,

which has the overall objective of demonstrating the

technical feasibility of OOSI's vertical modified in

situ oil shale retorting process. OOSI will con

struct and simultaneously process two side-by-side

large scale retorts (Retorts 7 and 8) formed by

blasting to a horizontal free-face. In addition,

small scale start-up tests on two quarter-size re

torts will be conducted prior to ignition of Retorts

7 and 8. During 1980 the access drifting, void

mining, and blasthole drilling for formation of 7 and

8 were completed. The quarter-size retorts were rub

bled and tracer studies were made. Burner tests were

run on the first of these in a start-up attempt, how

ever burner failure resulted in the ignition attempt

being unsuccessful. Further tests will be run with

burners of improved design in 1981. The instrumenta

tion program was expanded to include remote sensing

equipment, being developed by the Lawrence Livermore

National Laboratory and Occidental Research Corpora

tion, and a sophisticated computerized data acquisi

tion system developed by the Sandia National Labora

tory.

DISCUSSION

The OOSI agreement with the DOE is divided into

two phases. The first phase, begun in 1976, was the

engineering development of two vertical modified in

situ (MIS) retort designs (vertical free face retort

system vs. horizontal free face retort system), Re

torts 5 and 6. The second phase, begun in June 1979,

is the technical feasibility demonstration of the de

sign selected.

The major Phase II objective is to construct and

simultaneously process two side-by-side commercial

size retorts (Retorts 7 and 8) formed by blasting to

a horizontal free face (the Retort 6 design). In

addition to this task, other tasks include collecting

mine stability data, monitoring seismic and air blast

effects resulting from the rubbling blasts for the

retorts, conducting mini -retort start-up tests and

burner ignition tests, collecting environmental data,

performing marketing studies, and supporting DOE

funded tests.

For this 41-month program, the milestones are

numerous. In the Mini-Retort (MR) area, OOSI plans

to form five mini -retorts. Four have already been

rubbled, the fifth may not be rubbled until 1982.

Two MR's were selected for start-up/burner testing,

MR3 and MR4. Prior to the start-up tests, these

mini's were tracer tested in July and September 1980,

respectively. The first burner test on MR3 started

in November 1980; the second in April 1981. The MR4

test started in January 1981. For Retorts 7 and 8

the milestones are listed in Table 1.

Table 1. Retorts 7 and 8 milestones.

Complete access & void mining

Rubble - Room 8X

- Retort 7

- Retort 8

Tracer test Retorts 7 & 8

Complete construction

Ignite and start processing

Begin shutdown

Project end

December 1980

January 1981

February 1981

April 1981

Summer 1981

Fall 1981

Fall 1981

Summer 1982

Fall 1982
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The current budget estimate for this work is

about $75 million from June 1979 through project com

pletion in October 1982. The DOE share of this cost

will be some $25 million or approximately 33%. The

DOE share is based on a $45 million ceiling for the

entire project; i.e., Phase I (on which DOE spent $20

million) and Phase II. The three largest areas of

expenditure are mining, engineering and construction,

and support activities (maintenance, environmental

monitoring, and site services).

The DOE funded activities include process in

strumentation and monitoring as well as environmental

monitoring and testing. Figure 1 illustrates the

areas of DOE involvement, with process instrumenta

tion and data acquisition by the Sandia National Lab

oratory being the largest. Sandia has been on site

since late 1979. In preparation for Retorts 7 and 8,

Sandia has been debugging and testing their systems

operation on MR3 & 4.

Process Instrumentation Environmental

Sandia Lab

Temp, Flows

Gas Analysis

LETC

Waste Water Samples

Off Gas Analysis

' '1 '

LETC

Helium Tracers

Logan Wash

Retorts 7, 8

Task Force

Oil, Water, Offgas

Samples

, I \

LLL

HFEM

EPA

Stretford Unit

WasteWater

Treatment (Monsanto)

Figure 1. DOE only funded activities for Logan Wash

under Phase II of the Cooperative

Agreement.

OOSI's MIS Process

OOSI has developed a "modified in
situ"

oil

shale process which has undergone extensive testing

at its Logan Wash development mine in Garfield

County, Colorado, since 1972. OOSI's process re

covers shale oil by the partial combustion of oil

shale in underground chambers or "retorts". These

retorts are formed by creating voids through mining,

thus removing 20 to 25 percent of the shale, and then

expanding a volume of oil shale rock into them

through fragmentation with conventional explosives.

The explosives are placed in blast holes drilled

vertically through the solid shale between the voids

(Figure 2). The fractured shale appears intact after

blasting with the shale layers readily seen. How

ever, it is intensely fractured to allow gas flow

paths through the retort.

^r- r^ .'> Intermediate Level

-<i '^Bi^, proc|uct Leve|

RUBBLIZED RETORT

Figure 2. Creating an MIS retort by a. mining the

voids, b. drilling the blast holes, and c

fragmentation with explosives.

Combustion is initiated at the top of the retort

using an external fuel source to ignite some of the

shale, thus producing shale oil, combustible gas and

residual carbon. After a predetermined amount of oil

shale has been processed, the external fuel is dis

continued. The combustion process is made self-

sustaining by introducing air to the retort. The

residual carbon in the shale becomes fuel for contin

ued burning. The flame front moves downward through

the retort at the rate of a few meters per week, re

torting the organic kerogen contained in the shale

into oil vapor, low-Btu offgases, and residual car

bon. As shown in Figure 3, four zones occur in an

operating retort: gas preheat/spent shale cooling

zone; combustion zone; retorting zone where kerogen

decomposes at approximately 480C; and the raw shale

preheat/vapor condensation zone. The shale oil con

denses, flows downward by gravity, and is collected

at the bottom of the retort where it is pumped to the

surface. Air and steam introduced at the top of the

retort are used to control the rate of flame front

advance and the retorting temperature.

92



As the combustion zone approaches the bottom of

the retort, the offgas temperature increases. When

the offgas temperature exceeds a certain predeter

mined temperature at the retort outlet, the inlet air

and steam will be shut off and the retorting process

is shutdown.

AIR STEAM

GAS

PREHEAT

ZONE

COMBUSTION ZONE

RETORTING ZONE

RAW SHALE

PREHEAT ZONE

RETORT OFF-GAS

6
U

3
RAW SHALE OIL

RETORT WATER

Figure 3, The four zones of an operating MIS retort

shown schematically.

Progress at Logan Wash

Retorts 7, 8 and 8X, shown schematically in Fig

ure 4, have all been rubbled. Retort (or Room) 8X

was formed to determine whether or not there is com

munication between retorts separated by a 15-meter

nonbearing pillar. Retorts 7 and 8 are separated by

a 46-meter bearing pillar containing access and in

strument drifts. These retorts are each 50 meters

square by 75 meters tall. The average Fischer Assay

of the rubbled shale is 20.4 gallons per ton (or 86.3

1/mt) resulting in more than 170,000 barrels of oil

in place in each retort.

Figure 4. Schematic of Retorts 7 and 8 with a par

tial retort, 8X, situated behind Retort 8.

The access and instrument drifts are cut

away for easy viewing.

Mining for these retorts took over a year with

headings on three levels plus mini-retort work in

what is called the Research Mine as shown in Figure

5. The crosshatched areas show the mining associated

with Phase II. The three raises, manway, ventila

tion, and offgas, each took approximately one month

to bore. Preparation of the retorts for blasting is

a tremendous job as seen by the mining statistics,

listed in rounded figures, in Table 2.

Table 2. Retorts 7, 8 and 8X mining statistics.

Begin Mining

Labor expended

Shale mined

Drift length

Rockbolts installed

Wire mesh installed

Ventilation tubing hung
Utility pipe hung
Drilling

Complete Mining

August 1979

157,000 manhours

421,000 metric tons

1,830 meters

29,000 rockbolts

26,800 sq. m.

6,400 meters

4,600 meters

195,000 meters

December 1980
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LOWER AND PRODUCT

LEVELS OF R7 & 8

Vent

Raise

To Intermediate

Level

- . ^< r ^
>

Retort 51 ', A ("~"\ \
^

\ C? ' V, Retort 6 i
*

, \\ \ -

\ U S V

INTERMEDIATE

LEVEL OF R7 & 8

UPPER LEVEL

OF R7 & 8

RESEARCH MINE

Retort I

Figure 5. Mining on three levels for Retorts 7 and 8 and at the Research Mine area for the Mini-Retorts.
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An example of the retort cross section is shown

in Figure 6 for Retorts 8 and 8X. The crosshatched

area is the solid rock, including room pillars, into

which the blast holes are drilled. At the base of

Retort 8 are the product raises. The cut taken for

this section is taken through the pillars, south of

the retort centerline, from the top down through the

Lower Void Level and then through the centerline from

the Lower Void Level to the bottom of the Product

Recovery Level.

1 Upper Void Level

Retort 8

Looking N 8W

Product Recovery Level

Dimensions are approximate

Figure 6. Retorts 8 and 8X design configuration,

vertical section.

Retort 8X, 7 and 8 were shot on January 24,

February 21 and April 4, 1981, respectively. Retorts

7 and 8 each had approximately 90,900 metric tons of

shale removed leaving 23% void. In each retort some

309,000 metric tons of shale were rubbled with over

227,000 kilograms of explosive. The top of the rub

ble piles for Retort 7 and 8 are both essentially

flat with an average void height between 4.3 and 4.6

meters for both. Retort 6 was designed to be

mounded; Retort 7 and 8 to be flat.

Mini -Retort Start-up/Burner Tests

The main objective for the mini-retort (MR) pro

gram is to obtain information and data needed for

successful ignition of Retorts 7 and 8. Two types of

burners were selected for testing in connection with

the MR start-up tests. The first was a Foster Miller

downhole burner used on MR3; the second a John Zink

inert gas generator used on MR4. MR4 is shown sche

matically in Figure 7. Neither retort was bulked

full as the drawing implies. At the bottom is the

product collection piping. The downhole burner was

placed down a hole through the sill pillar near the

center of MR3.

The first ignition attempt on MR3 in November

1980 was a failure because of numerous problems with

the burner. MR4 burner testing and ignition in

January 1981 was successful. Further work is planned

for MR3 and one other mini -retort. An improved

design of the downhole burner will be retested on MR3

and the Zinc burner will be tested in a different

configuration.

Construction Progress

Most of the construction work to date has

centered on the surface facilities. The layout of

the major building and process equipment in relation

to the retorts is shown in Figure 8. These

facilities are on the top of a mountain (actually on

a finger on the edge of the high plateau of the

Piceance Basin). The dotted lines running across the

figure mark the edge of the finger where the mountain

sides drop off abruptly.

The major construction items completed are:

0 upgrading the gravel road to the surface to

accommodate heavy equipment and facility

access;

0 construction of the surface buildings;

0 placement of the contact condensers for the

offgas stream;

0 setting in place the blower skids and

drives;

0 installation and hookup of the primary 4160

volt electrical system;

0 pouring the foundation for, and setting in

place, the fin fan cooler;

0 relocating the boilers to the surface;

0 installing an additional Heater Treater and

product tank at the load out facility; and

0 installing support for the product draw

holes.
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Inert Gas Generator

"15m

Rubble

Figure 7. Schematic of Mini-Retort 4 which is part of Phase II of the Cooperative Agreement.
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Retort 6

Stack
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Stack v^
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Retort 7
r1"-^- Process

Control I

1 \
,nrtwmentBW9_^

Location for

Sandia Trailer

Figure 8. Plot plan of the surface facilities for Phase II shown in relation to Retorts 7 and 8 underground,

Dotted lines indicate where the mountain top drops off.

The bulk of the construction remaining is that

work which could not be completed (and in some cases

started) until after the retorts had been rubbled.

Those construction items are the:

0 retort bulkheads,

0 product gas and liquid, boiler, water and

steam, and Heater Treater piping,

0 burner system,

0 retort wellheads,

0 instrumentation, (thermocouples and process),

0 generators and electrical hookup, and

0 insulation and winterizing.

Sampling

An extens.ive sampling program is planned for

Phase II covering environmental and process sampling.

Items to be sampled are: shale, spent and raw; off

gas at underground, inlet/outlet, condenser, and

stack locations; ambient air at the Heater Treater

and meteorologic tower locations and various

locations with a portable unit; oil, raw, dry, offgas

condensate and composite; gas, void and rubble;

water, retort (bulkhead), offgas condensate, water

treatment effluent, boiler blowdown, condensed steam,

and monitoring wells; and mine air for safety.

The DOE is also planning to take additional

water, oil and offgas samples for future research

work.

Instrumentation

The instrumentation program covers all phases of

the retort formation and operation from rock mechan

ics and mine stability through processing and shut

down. The items instrumented are listed in Table 3.

A great deal of this information (processing, offgas

handling and shutdown) will be taken by the Sandia

data acquisition system. The rubble evaluation will

be a joint effort of Sandia, LETC and OOSI. The rub

bling data was taken by OOSI only.
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Table 3. Retorts 7 and 8 instrumentation.

Rock Mechanics/Mine Stability

Roof movement

Pillar strain

Rib movement

Rock stress

Rock temperature

Rubble Evaluation

Cold tracers

Hot tracers

Mass spectrometer monitoring
Pressure drop
HFEM

Mining

Rubbling

High speed photography

Down hole detonation detection

Seismic measurements

Air blast measurements

Processing/Offgas Handling/Shutdown

I/O streams - flow
- temperature

- pressure

- composition

Rubble temperatures

Pillar temperatures

Rubble gas samples

CLOSING

In the fall of 1981, OOSI will be igniting two

commercial size vertical modified in situ retorts for

simultaneous operation. Successful ignition will

culminate over two years of work in preparation for

this field demonstration. The data collected from

the operation of these retorts will be the most

comprehensive and timely data gathered from a VMIS

field operation. The knowledge gained will be

applied directly to the Cathedral Bluffs commercial

facility being built by OOSI and Tenneco Shale Oil

Company.
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ABSTRACT

The operation of Occidental's Vertical

Modified In-Situ Retort 6 is analyzed using data

provided as part of the Phase I cooperative

agreement with DOE. The analysis is divided into

four parts. The first part evaluates the fluid

flow through the rubble pile based on preburn

tracer tests. These results are presented as a set

of velocity contour plots showing the gas velocity

distribution across the bed at given depths into

the rubble pile. These velocity profiles are used

to give a semi-quantitative picture of the porosity

and permeability distribution through the bed.

Part two of the analysis uses the thermocouple data

taken during the burn to (a) present a physical

picture of the motion of the retort front through

the rubble bed, and (b) estimate the degree of oil

coking based on heating rates. The third part of

the Retort 6 analysis uses the offgas data taken

during the burn to estimate the quantity of shale

that was processed (i.e., the sweep efficiency) and

the retorting rate within the bed. The fourth and

final part of our analysis looks in detail at the

major oil loss mechanisms that occurred during

retorting. By examining the chemistry of the

product oil from Retort 6 we are able to estimate

the oil yield loss by coking, cracking, and

combustion. This oil yield information, combined

with our sweep efficiency estimates, are then used

to predict the total oil recovery.

Introduction

This report presents an analysis of the

operation of Occidental's Retort 6. This analysis

is based on information and data provided by

Occidental Oil Shale Inc. (OOSI) (Loucks 1979) as

part of the Phase I cooperative agreement between

the U. S. Department of Energy and OOSI.

Retort 6 was a Vertical Modified In Situ

(VMIS) retort. The necessary bed porosity was

created by first mining out horizontal rooms within

the shale bed and then blasting the remaining shale

into this void space (Ricketts, 1980). The final

rubble bed was about 75 m (250 ft) in height by 50

x 50 m (164 x 164 ft) square with an average void

of 23.1%. (Further details of the retort

construction are given in a later section.)

The successful operation of any VMIS retort

depends upon a number of key factors but perhaps

two of the most important are the sweep efficiency

and the degree of oil destruction by burning,

coking, and cracking (Fig. 1). We use the term

sweep efficiency to refer to that fraction of the

rubble pile that actually reaches retorting

temperature (Gregg and Campbell, 1980). The sweep

efficiency is a strong function of the fluid flow

through the retort (i.e., the porosity and

permeability distribution) whereas the oil

destruction depends mainly on the shale grade,

particle size distribution, and, to a lesser

extent, heating rate (Campbell, 1981).

In this manuscript we evaluate the operation

of Retort 6 in terms of these two key parameters -

i.e., the sweep efficiency and the degree of oil

destruction.

Our analysis is divided into four parts. The

first part evaluates the fluid flow through the

rubble pile based on preburn tracer tests. These

results give an indication of the degree of flow

uniformity through the rubble bed (and hence a

qualitative estimate for the sweep efficiency).

This part of the analysis of Retort 6 is

particularly critical because of the large

redistribution of flow that occurred during

processing as a result of the partial sill pillar

collapse (Ricketts, 1980; Loucks, 1979).

Consequently, the observed gas flow through the bed

during processing does not reflect the true

character of the original rubble pile, but instead

represents effects caused by the unanticipated

"upset"

condition.

* Work performed under the auspices of the U. S.

Department of Energy by the Lawrence Livermore

National Laboratory under contract number

W-7405-ENG-48 for presentation at the 14th Oil

Symposium, April 22-24, 1981, Golden, CO.
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Part two of our analysis looks at the

magnitude of flow distribution that did occur as a

result of the partial sill pillar collapse.

MAJOR FACTORS THAT DETERMINE OIL YIELD

FROM MIS RETORTS
L2

Sweep efficiency

Oil yield loss by various

degradation mechanisms

(combustion, coking, cracking)

Retort yield = (sweep efficiency) '< (oil yield)

FIGURE 1 - Schematic diagram showing two of

the key factors governing oil recovery from an

MIS retort: (a) sweep efficiency and (b) oil

destruction by burning, coking, and cracking.

A picture of the retort front movement through the

retort is developed based on thermocouple

information. In general we found that the retort

front moved rapidly down the north side of the

retort and that large portions of the central core

of the rubble pile remained unretorted. The

thermocouple data also provide an estimate of the

degree of oil coking.

The third part of the analysis of Retort 6

uses the inlet and offgas composition and flow

rates to estimate the retorting rate and the total

quantity of shale processed. We found that, based

on these results, approximately 65-70% of the

shale-in-place was retorted (i.e., the sweep

efficiency was ^65-70%).

Finally, the fourth part of our analysis

examines the degree of oil destruction that

occurred by oil coking, combustion, and cracking.

Estimates of yield loss are based on samples of

retort oil collected during the burn and analyzed

using the techniques developed by Burnham and

Clarkson (1980). These results show the total

yield loss was about 40% of Fischer Assay.

Retort 6 Preparation and Design

In this section a brief account is given of

the physical description of Retort 6 as well as the

layout of some of the intra-retort

instrumentation. Further, detailed descriptions of

the design and preparation of the retort have been

reported by Loucks (1979) and also Ricketts (1980).

Figure 2 presents a schematic view of a

portion of the Logan Wash Mine showing Retort 6 and

its approximate location relative to an earlier

experiment, Retort 5. Retort 6 was significantly

different from 5 in that the necessary void volume

was created by mining out three horizontal rooms at

*

various depths within the retort (Fig. 2 and 3).

The overall height of Retort 6 was 102 m (334

ft), including the sill pillar and air level

(Fig. 3). The actual rubble pile was 50 x 50 m

(164 x 164 ft) in cross-section and about 75 m (250

ft) in depth. The bottom of the retort tapered

into the product level presumably to provide for

better oil collection by eliminating regions of

possible stagnant flow.

The upper and lower intermediate levels

(Fig. 3) were reported by Ricketts (1980) to be

11 m (36 ft) high and vertically separated by about

23 m (72 ft) of shale. These rooms were at depths

approximately 20% and 70% of the total distance

down the retort.

Not all of the shale in the intermediate

levels was removed during mining. Pillars were

left at various positions in the horizontal rooms

and then blasted out during the rubbilization

step. An excellent description of the method used

to blast these pillars and the remainder of the

retort is given by Ricketts (1980).

The retort did not completely fill with rubble

during blasting (Fig. 4). Instead, an open void

region of about 1.2 x
104m3

(4.2 x
105

ft3)

was left between the top of the rubble pile and the

base of the sill pillar. The top of the rubble

pile had a dome shape with a corresponding

indentation at the base of the sill. Loucks (1979)

reports that the gap between the top of the rubble

pile and bottom of the sill varied from about 2.5 m

* The void in Retort 5 was created by a mined

vertical slot up the center of the retort [see

Loucks (1977) and Gregg and Campbell (1980)].
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SCHEMATIC OF A PORTION OF THE LOGAN

WASH MINE SHOWING RETORTS 5 AND 6 L5

Control room

Air blowers

Gas blowers

Incline

Not to scale

Lower intermediate level

FIGURE 2 - Schematic view of the relative layout

of Retorts 5 and 6 in Occidental's Logan Wash

Mine (Loucks, 1979).

OCCIDENTAL RETORT 6
.L5

Description of Retort 6

Tvoical
Dimensions: 334 164 164

Porosity: 23.1%

Avg grade: 15.6 gal/ton

Inlet gas: Air + steam

Bulkhead

(Lower intermediate

level)

Control

valve -

FIGURE 3 - Schematic view of Retort 6 showing

the three horizontal rooms (i.e., the upper

intermediate, lower imtermediate, and product

levels) mined into the retort. The overall

height of the retort, from the top of the air

level to the bottom of the product level, was

102 m (334 ft). The designed thickness of the

sill pillar and height of the rubble bed were 15

m (50 ft) and 82 m (270 ft) respectively. Wells

-drilled through the sill pillar from the air

level were used to introduct inlet gases to the

top of the rubble pile (Loucks, 1979).

(8 ft) at the center to almost 11 m (35 ft) in the

corners. Moreover, the sill pillar had an average

thickness of 14 m (45 ft), ranging from 12 m (40 ft)

near the center to 15 m (50 ft) at the walls and

corners. The designed pillar thickness (average) was

15 m (50 ft).

During rubbilization a significant quantity of

material was blown out the access drifts to the upper

and lower intermediate rooms. As will be shown

later, ejection of this material appears to have had

a significant effect on the porosity (permeability)

distribution, and hence the gas flow, near the access

drifts.

Loucks (1979) reports that about 329,000 tonnes

(362,000 tons) of shale were blasted in Retort 6

using 175,000 kg (386,000 lbs) of explosive; this

corresponds to a powder factor of about 0.5 kg/tonne

(1 lb per ton) .

Gas was fed to the top of the rubble pile by a

series of wells drilled through the sill pillar from

the air level (Fig. 3 and 4). Although manifolded

together, the flow to each well was apparently

individually controlled (Fig. 3); this is not stated

explicitly in
Loucks'

report (1979) but can be

surmised from the drawings showing control valves in

the inlet lines. Note also that separate flow

control to each well would be of little use with the

large void space (plenum) at the top of the rubble

pile unless each well was completed some distance

down into the rubble bed. Although this too is not

mentioned in the Occidental report, it appears likely

that such an approach was used, otherwise control of

gas flow to different regions of the bed would be

impossible.

Following blasting, various types of

instrumentation were placed within the retort rubble

pile. Figure 5 shows the location of the injection

and detection points for the tracer tests whereas

Fig. 6 shows the positions of the thermocouples

emplaced in the rubble at the upper and lower

intermediate levels.

The grade distribution within the shale bed is

shown in Fig. 7. The upper and lower intermediate

levels were mined out at the depth intervals of 2376

to 2365 m and 2341 to 2330 m (7795 to 7759 and 7682

to 7646 ft), respectively. Note that the lower

intermediate level was mined out of the low grade
"B"

groove section. The shale below the 2323 m (7620 ft)

level (Fig. 7) presumably contained no oil. It is

unclear whether this was truely an oil barren zone or

just an omission in the report by Loucks (1979).

Some average rubble bed properties for Retort 6

are given in Table 1 .
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CROSS-SECTION VIEW OF OXY RETORT 6
.L3

OCCIDENTAL RETORT 6: THERMOCOUPLE MAP

[LttrttT]Shale rubblized (tons) = 362,000 _
.

Quantity of explosive (lbs) = 386,000 PoOoo^5"1?
. ... ..c.-j =>on.^ 'L&oOo":

Void = 4.203 X
IO5 ft3

Void fraction - 0.23

Air level

Sill pillar

Main rubble

4,700,936
ft3

Drift rubble

45,893
ft3

FIGURE 4 - Cross-section view of Retort 6

following blasting. Note the dome shape of the

top of the rubble pile and the large void space

left between the rubble pile and bottom of the

sill pillar. This void space was

1.2 x
IO4 m3

(-x.4.2 x
IO5

ft3). The

average void fraction of the rubble pile was

0.23. Notice also the shale that was blown out

the access drifts (from Ricketts, 1980).

LOCATION OF INJECTION AND DETECTION POINTS

FOR TRACER TESTS (NOT TO SCALE) L5

PL 1

Product level

Lower intermediate level

FIGURE 5 - Location of tracer injection and

detection points within Retort 6. The solid

squares denote the tracer injection points at

the air level that we have used in our analysis;

the solid dots are the detectors located at the

upper and lower intermediate levels and the

product level.

rAT
= 100C

Lower level

FIGURE 6 - Schematic 3-d picture showing the

location of thermocouples at the upper and lower

intermediate level in Retort 6. The two

thermocouple layers are separated by about 35 m

(115 ft) of rubble. (The vertical lines with

tic marks are temperature scales that are

referred to in Appendix B.) The front edge of

each plane represents the south side of the

retort.

Analysis of Preburn Tracer Data

Our goal in analyzing the Retort 6 tracer data

was to determine the uniformity of the rubble pile

permeability distribution. Generally, one would use

the results from the actual retort burn to determine

the gas flow (permeability) characteristics through

the rubble bed. This could be done by examining

thermocouple responses at various positions within

the bed. Unfortunately, during the ignition of

Retort 6 there was a partial collapse of the sill

pillar that caused flow channeling down the north

side of the retort. Consequently, the flow

characteristics during retorting were not

representative of the original rubble pile.

The question that remains is: If the sill

pillar had not collapsed, how much better (or worse)

would the fluid flow have been? In other words, how

uniform was the actual permeability and porosity

distribution in the pre-burn rubble pile?

Our analysis is based on a portion of the more

than 150 point-to-point pulse-input tracer tests

conducted on Retort 6. A computer drawn schematic

diagram of the retort showing the actual tracer test

data we have used is given in Fig. 8. Each line

represents an injection well at the top of the
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Table 1. Some Average Bed Properties for Occidental Retort 6.

Metric English

Grade

Shale rubblized

Oil-in-place

Acid C02 (wt %)

Organic carbon (wt %)

Cross-section

Porosity

Density

Reported yield

Reported yield (% oil-in-place)

65.1 litre/tonne 15.6 gpt

329,000 tonnes 362,000 tons

21.4 x
IO6

1 itre 134,000 bbl

20.8 20.8

7.8 7.8

2500 26,900
ft2

0.231 0.231

2380
kg/m3

148
lb/ft3

8.58 x
IO6

1 itres 54,000 bbl

40. 40.

c

o

co

>
to

a>

a>

O
i/t

Si

<

Air level

0 20 40 60

Oil shale grade (gpt)

distribution. Regarding the latter, one can show

that, based on Darcy's law, the gas velocity (v) in

the bed is proportional to the bed permeability (k)

and porosity (cp), for a constant pressure drop.

(D

Since the permeability, k, is given approximately

by

k.^

(1 -

?)'

(2)

where D is the mean particle size and A is an

empirical constant, then

FIGURE 7 - Reported grade distribution within

Retort 6 after rubbiling (Loucks, 1979).

2 2
adV

V = E

(1 -

?)'

(3)

bed and a detection point located at either the

upper, lower, or product levels (see Fig. 5 also).

It is apparent that the tracer tests do indeed map

the flow conditions over a very large portion of

the rubble pile. The tracer results given here are

presented in terms of gas velocity profiles through

the bed. The use of velocity profiles gives a

clear picture of the flow distribution in the bed

as well as the porosity and particle size

Thus, the distribution of gas velocity through the

bed also gives one a measure of the porosity and

particle size distribution.

The method that we have used for analyzing the

tracer data in terms of flow velocities is

illustrated in Fig. 9. In brief, we have

characterized the tracer curve by two times, the

103



mean time (mean response times, t (Fiq. 9))
mean

v 3 "

and the so-called "10%
time."

The "10%
time"

(t-|Q^) is simply the time point when the tracer

detecter response reaches 10% of maximum (Fig. 9).

Representative velocities are then calculated from

the straight line distances (. ) between the

injection and detection points and the above

response times:

v)
mean

v) 10%

mean

is_
^0%

(4)

(5)

where v) and
v),Qo/

are the gas velocities

calculated using the mean and
"10%"

tracer response

times, respectively.

<=j;

^^

FIGURE 8 - Computer drawn image of Retort 6

showing paths of tracer tests used in our

analysis. East line represents the straight

line path of the tracer between a point at the

air level and a detector located at (a) upper

intermediate, (b) lower intermediate, and (c)

the product level. The combination of all the

tracer lines (d) shows the thoroughness of the

Oxy tracer program in mapping the gas flow in

the preburn rubble pile.

Our analysis shows that the relative

distribution of velocities calculated by these two

methods is roughly the same for Retort 6.

Therefore, we report only the mean velocity data.

EXAMPLE OF TRACER OCCIDENTAL 6

ANALYSIS METHOD u
Krypton tracer test

1 1 1 I 1 I r -i l i 1 r

.\*-\

120 160 200 240 280

Time (minutes)

1 0%
'

mean

Injection point

FIGURE 9 - Example of method used for analysis

of tracer data from Retort 6. The upper curve

represents tracer response data for a test run

between the two points shown on the lower

schematic drawing of the retort. See the test

for further details.

Due to the large number of tracer data points

it becomes difficult to present an accurate

physical picture of the velocity distribution

across the bed. Therefore, we have chosen to

display the data as a set of velocity contour plots

(Figs. 10-12). These contour plots were calculated

numerically using the velocity values as input.

Note that each plot shows a plan view of the retort

cross-section with superimposed velocity contours.

The shaded regions denote the areas having the

greatest gas flow velocity. Hence, these regions

are also the areas of greatest permeability.

Three separate contour plots are presented.

The first (Fig. 10) is based on tracer data between

the injection, or so-called
"air"

level, and the
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upper intermediate level. Thus, this contour plot

represents the average flow velocity distribution

in approximately the upper one-quarter of the bed.

Figures 11 and 12 are similar plots based on

tracer data between the air level and lower

OXY RETORT 6: RESULTS FROM TRACER ANALYSIS

Upper Intermediate Level

Each contour interval equals 10% of maximum velocity

lionColored areas denote regions of high permeability

10

.L5

OXY RETORT 6: RESULTS FROM TRACER ANALYSIS

Main Outlet (Average for Whole Bed)

Colored areas denote regions of high permeability

Wt?,

.L3

FIGURE 12 - Plan view of Retort 6 showing

velocity contours representing average gas

flow through the entire retort bed. The

shaded regions denote areas of highest flow

velocity.

FIGURE 10 - Plan view of Retort 6 showing

velocity contours representing average gas

flow in the upper approximately 20% of the

bed. Shaded areas denote regions of higher

gas flow (higher permeability). The access

drift to the upper intermediate level was on

the south side.

OXY RETORT 6: RESULTS FROM TRACER ANALYSIS

Lower Intermediate Level

Each contour interval equals 10% of maximum velocity

Colored areas are regions of high permeability

Drift

0123456789 10

FIGURE 11 - Plan view of Retort 6 showing

velocity contours representing average gas

flow in the upper two-thirds of the rubble

bed. The shaded regions denote the areas of

highest flow velocity. Note that the access

drift to the lower intermediate level was on

the north side.

intermediate and product levels, respectively.

Thus these plots depict the average gas flow

velocities for the upper two-thirds of the bed as

well as the whole bed.

There are a number of interesting features

displayed in these results. First, Fig. 10 and 11

show quite clearly that in the upper part of the

bed the highest gas flow was down the north and

south side of the retort. Moreover, some of these

.L5 regions seem to be associated with the access

drifts also located on the north and south sides

(see Fig. 10 and 11). This is not a surprising

result. Recall that considerable rubble was

ejected out the access drifts and thus one might

expect there to be higher permeability regions in

this area.

A second feature shown in the data is that the

central portion of the retort had the lowest gas

flow rate and hence the lowest permeability. This

may explain why the center portion of the rubble

bed did not reach retorting temperatures during

processing (see next section).

The tracer data indicate the highest

permeability region was in the southwest corner of

the retort. This high flow region persisted

through the total depth of the retort and

represents the greatest non-uniform flow "channel"

within the bed.
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Fig. 12 shows the average flow velocity

distribution for the entire rubble bed. The data

indicate that the high permeability regions

observed in the upper half of the bed have

generally shifted location from along the north and

south walls, toward the retort corners. This

apparent shift may be an artifact of the tracer

tests since only one detector was located at the

product level (see Fig. 5 and 8) vs the array of

detectors at the intermediate levels.

A clearer picture of the average gas flow

through the bed is shown by the styrofoam model of

the velocity contour map (Fig. 13). This model is

simply a 3-d representation of the velocity map

given in Fig. 12. One important observation than

can be readily seen with the aid of the model is

that the range of gas flow rate across most of the

bed was only a factor of two. This conclusion is

arrived at by noting that the 3rd velocity contour

level (Fig. 13) includes almost the entire retort

cross-section, whereas only the SW corner exceeds

the 6th contour level.

It follows from equations 1-3 that the

permeability and porosity distribution must also be

quite uniform to give such a narrow range in gas

flow velocities.

In conclusion, the preburn tracer data show

that, when averaged over the total bed depth, most

of Retort 6 had a fairly uniform permeability

distribution. Some of the higher flow (higher

permeability) regions in the upper 70% of the bed

seem to be associated with the access drifts and

presumably resulted from the rubble blown out into

the drifts. The highest permeability
"zone"

was

located in the southwest corner; the cause of it is

not clear.

Ignition and Operation of Retort 6

Occidental's analysis and interpretations of

the retort data are protected under the cooperative

agreement with DOE. Consequently, v.ery little

discussion of Retort 6 performance is given in the

summary report by Loucks (1979). Rather than

paraphrase Louck's brief description of the

ignition and operation of the retort we include in

Appendix A several excerpts from the report that

are pertinent to our analysis.

FIGURE 13 - 3-d styrofoam representation of

the velocity contour map shown in Fig. 12,

showing average flow velocity distribution

across the bed.

Analysis of Retort 6 Thermocouple Data

Arrays of thermocouples were emplaced at the

upper and lower intermediate levels of Retort 6

following blasting. The locations of these

thermocouples are shown in Fig. 6.

Our objectives in analyzing the temperature

data were three fold. First we attempted to

evaluate the retort front movement (and hence the

fluid flow) through the rubble bed by examining

thermal responses at the various bed positions as a

function of time. Over 6000 temperature values are

reported in the Occidental Phase I final report.

We have entered these temperature data into our

computer system and generated a movie that shows

the movement of the retort zone through rubble

bed. Several frames from this movie are summarized

in Appendix B.

Our second objective was to use the heating

rates from the thermocouples to determine the

degree of oil loss by coking. Campbell, et al

(1978), and Evans and Campbell (1979) have shown

that the yield loss by coking can be correlated

with heating rate for a broad distribution in

particle size (Fig. 14).
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The third objective of our analysis of the

thermocouple data was to estimate the sweep

efficiency from the amount of the retort that was

heated. Unfortunately, the degree of channeling

was so great we were unable to make an accurate

estimate.

OIL LOSS BY COKING (CAMPBELL, 1978)

100

Upper intermediate level

0.5 1.0 10.0 100.0

Heating rate (C/hr)

1000

FIGURE 14 - Empirical correlation of oil loss

by coking vs shale heating rate. The data are

for a number of different particle sizes

ranging from powder (<1 mm) to 17 cm (7 in)

blocks.

164'

109

Rubble bed

Retort wall

164'

drift

Lower intermediate level

164'

Figure 15 summarizes some of the more

important temperature data from Retort 6. Shown

are plan views of the two thermocouple arrays and

also the day when those thermocouples reached the

retorting temperature. From these data it is

possible to construct a physical picture of the

motion of the retort front through the bed. Note

that the north side of the bed began to retort

first. In the case of the upper intermediate level

the first retorting temperatures were reached on

day 36*, whereas the lower intermediate level began

to retort on about day 121.

The response of the thermocouples on both

levels followed a roughly clockwise pattern,

heating first in the northeastern corner followed

by the northwest and finally the south side of the

*Day 36 is the 36th day of thermocouple data

(starting with day one on 9/18/78); 9/18/78 is 21

days following start-up of the first ignition

heater.

FIGURE 15 - Plan view of the thermocouple

arrays on the upper and lower intermediate

levels; the number printed by each

thermocouple represents the day that

thermocouple reached 400 C (retorting

temperature). The dash means the thermocouple

never reached 400 C. Note that the retort

front moved most rapidly down the north

(particularly NE) side of the rubble bed, but

failed to contact the central portion of the

bed.

bed. Furthermore, at both levels there were large

regions of shale in the central portion of the bed

that were never retorted.

The large effect of the flow diversion to the

north side of the retort can be seen in Fig. 15 by

noting that the north side of the lower level began

retorting at about the same time as the south side

of the upper level (115 feet above). Because of

the sill pillar collapse only qualitative
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comparisons can be made between the thermocouple

and the tracer data. In general, the thermocouples

on the north and south sides responded before those

positioned in the central portion of the bed. This

same flow pattern was indicated by the tracer

data. On the other hand, the tracer data predicts

nearly equivalent flow down both the north and

south side. However, due to the collapse of the

sill this initial preburn flow distribution was

apparently altered.

The maximum temperatures recorded by the

various thermocouples are summarized in Table 2.

The highest temperatures (1150 and 1115C) were

observed at the lower intermediate level; on both

the upper and lower levels only three thermocouples

recorded temperatures above 800C. Thus, in

general, the maximum bed temperatures were quite

low (far below the shale fusion temperature or

M 200-1 300C).

Table 2. Occidental Retort 6: Maximum Temperatures

at Various Positions in the Rubble Bed

During Processing.

(Refer to Fig. 6 for the specific locations

of the thermocouples)

Upper Intermed

max

iate Level Lower Intermedi

max

iate Level

TC# iCi
Day* TC# iC|

Day*

1 847 205 2 <100 -

3 681 151 3 217 299

4 543 52 5 <100 -

5 681 40 6 749 133

7 304 80 8 467 157

8 743 66 9 568 188

9 741 88 11 469 156

9A 676 244 12 <100 -

10 295 258 13 1150 280

11A 217 297 14 987 286

12 586 175 15 303 299

13 714 163 16 737 293

14 493 147 17 1115 259

16 934 201

17 957 233

The oil yield loss (as % Fischer Assay) can be

estimated from the heating rates (Table 3) using

the correlation shown in Fig. 14. The average

heating rate at both levels was roughly 2 C/hr,

corresponding to a coking loss of about 19 to

20% FA. As expected, the range in heating rates

was quite large (0.1 to 6.6C/hr) mostly due to

the large variation in rate of movement of the

retorting front through the bed.

Table 3. Estimates of Yield Loss (% FA) Due to

Intraparticle Oil Coking

Upper Intermediate Level

Average heating rate M.7C/hr (range =

0.2-6.2C/hr)

t Average coking loss ^19.5% FA (range =

12.4-25.5%)

Lower Intermediate Level

*Day 1 = September 18, 1978

Average heating rate *2.0C/hr (range

^0.1-6.6C/hr)

Average coking loss ^19.3% FA (range

^12.2-26.5%)

Average offgas composition

The average offgas composition observed during

the operation of Retort 6 is summarized in Table

4. Three columns of data are shown; column 1 gives

the average gas composition for the entire retort

run whereas columns 2 and 3 are average

compositions during and after the operational upset

(i.e. sill collapse).

Note that during the operational upset 0o

concentration in the offgas rose to nearly 5% while

the C02 and H concentrations were roughly half

the values observed under
"normal"

operating

conditions.

Raley (1980) has developed correlations

relating ethene/ethane ratio to yield loss. He

reports that the increase in ethene/ethane ratio is

indicative of an increase in yield loss due to
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combustion and cracking. Based on the Retort 6

ethene/ethane ratio (Table 4) considerable oil

burning occurred during the upset period.

Following the upset, the ethene/ethane ratio fell

almost an order of magnitude (from 2.75 to 0.33)

indicative of a drop in combustion loss as the

retort was brought under better control.

the total retorting period. However, we have been

unable to estimate the actual quantity of shale

processed during that period.

Table 5. Occidental Retort 6: Summary of Shale

Processed Calculations Based on Total

Offgas Production of Various Gas Species

Table 4. Average Offgas Composition During

Operation of Retort 6

Overall
a

Operational Operational

Gas Specie (v%) Upset (v%) Upset (v%)

Nitrogen 60 58 72

Hydrogen 6.1 6.5 3.67

Oxygen 0.68 0.08 4.73

Carbon monoxide 1.23 1.1 1.9

Carbon dioxide 30.1 32.2 15.4

Methane 1.29 1.27 1.42

Ethene 0.12 0.07 0.44

Ethane 0.20 0.21 0.16

Propene 0.07 0.06 0.13

Propane 0.09 0.09 0.14

Vs 0.08 0.08 0.04

C5's 0.01 0.01 0.03

C6's 0.003 0.003 0.004

C7's 0.003 0.002 0.011

Ethene/Ethane 0.36 0.33 2.75

These values represent the average gas composition for

the entire retorting operation.

Shale Processed

(Metric

iasis tons) (tons)

Equivalent Oil

C4 214,000 236,000

COx
238,000 263,000

C3* 264,000 291,000

r * 297,000 327,000

(xlO

(% oil-

litre) (bbl) in-place)

13.96 88,000 65.2

15.51 98,000 72.6

17.19 108,000 80.4

19.32 122,000 90.3

?Influenced by LPG injection

400 -I I
'

I I I
Total shale rubble

150 210

Time (days)

270 330

Estimates of the Amount of Shale Processed

The amount of shale processed was calculated

from the offgas production rate using correlations

developed at LLNL (Libicki and Campbell (1980),

Libicki (1980), Campbell, et al (1980)). The

results are summarized in Table 5 and example plots

of the calculated amount of shale processed vs.

time are shown in Fig. 16.

We have used average shale bed properties

(Table 1) and have neglected the period of

operational upset in our calculations. The

duration of the operational upset was about 5% of

FIGURE 16 - Example of calculated quantity of

shale processed as a function of time for

Retort 6. The particular predictions are

based on the production of light hydrocarbons

C2H6+C2H4 (C2), C3H6+

C-,HR (CJ and the total C.'s. Similar

curves were also obtained using the quantity

of CO + CO- as a calculational basis (see

text for further details).
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The amount of shale processed was calculated

from the production of CO +

C02 (i.e. CO ), and

C^, C3, and C^ hydrocarbons; the general form

of the equation is:

A (Vgas/VNJ
m F

.t

{6)
mass of shale processed =

J =

'

N2
o gas

where V. and V are the volume percent of
No gas

^

nitrogen and a specific gas specie respectively,

F^ is the N2 flow rate (moles/min) and

C is an empirically derived conversion factor

(moles of gas/kg raw shale). Note that C
,p

is a
gas

function of grade and for some gas species, also a

function of degree of oil degradation due to

coking, cracking and combustion. Consequently it

must be included inside the integral. Details of

the method used to calculate the various values of

C are given elsewhere (Libicki, 1980, Libicki

and Campbell, 1980).

Our best estimate of the amount of shale

processed is between 214,000 and 238,000 tonnes at

an average grade of 65 a/tonne (236,000 and

263,000 tons at 15.6 gal/ton). This is an

equivalent oil generation of between 14 to 15.5 x

106

litre (8.8 to 9.8 x
IO4

bbl). (It is

important to realize that this does not include

combustion or coking yield loss but represents just

the sweep efficiency.)

The above numbers indicate a sweep efficiency

of between 65 to 73% of the oil-in-place in the

rubble pile.

The estimates of shale processed based on the

C2 and C3 hydrocarbons are probably in error

(too high) for two reasons; 1) The high degree of

channeling and excessive oil burning that may have

occurred (we have generally found that the

production of C2 and Co hydrocarbons increases

with moderate increases in oil combustion) and, 2)

LPG was injected during certain phases of the

experiment.

Our experience has shown that the offgas

composition and production rate data contain a

wealth of information about the retorting process.

This is probably also the case for Oxy 6.

Unfortunately, however, very little description of

the retorting process is given in the Retort 6

report by Loucks (1980; see also Appendix A of this

report). Consequently, it is difficult to relate

observed variations in gas compostion or production

rate to any known changes in processing conditions.

One interesting correlation that we did observe

was between butene offgas production rate and the

oil production (Fig. 17). It is unclear whether

this is just fortuitous; the other hydrocarbon

species did not show the same close correlation.

The air flux to Retort 6 was reduced

considerably part way through the experiment. This

is indicated by the reduction of N? flow in the

offgas (Fig. 18). As expected, this produced a

drop in retorting rate as indicated by the change

in slope of the "shale
processed"

calculations

(Fig. 16).

Further information on the offgas composition

and production rate is given in Appendix C.

COMPARISON OF OIL AND BUTENE PRODUCTION

Secondary combustion

Limited air Injection change 02 flux Air/steam

injection of diesel reduce inlet steam injection

(power loss) fuelatLIL LPG + airatUIL at UIL

.L5

9/27 Oct Nov Dec Jan Feb Mar Apr May Jun Jul

FIGURE 17 - Comparison of offgas production

rate of butenes with oil generation rate; (The

oil data have been normalized to the maximum

rate of butene production). The dark

horizontal bars and the vertical dashed lines

denote time periods when various operating

changes were made.

Estimates of Oil Yield Loss

Recently Burnham and Clarkson (1980) have

reported a method for determining oil yield loss (%

FA) based on capillary column gas chromotography.

The yield loss by oil coking is determined from

1-alkene/n-alkane ratios for Cg to C1R
hydrocarbons. Similarly, the amount of combustion

and cracking loss is determined from the ratio of

napthalene to the sum of C,-. + C,o

straight-chain hydrocarbons.
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FIGURE 18 - Offgas nitrogen flow rate.

A set of 17 oil samples taken approximately

midway through the operation of Retort 6 (Fig. 19)

were analyzed using this method. The oil yield

determined from these samples is shown in Fig. 20.

The first oil samples showed an oil yield of about

65% FA, dropping to near 55% FA by the last

sample. Thus the yield loss varied from 35 to 45%

FA. The individual contributions of coking and

combustion to the yield loss are shown in Fig. 21.

The coking loss increased only very slightly from

about 15 to 16% FA, whereas the combustion loss

rose from a value near 20% FA at day 140 to near

29% FA by day 240. It is probable that the

increase in combustion loss was due to the

retorting front moving into the lower grade shale

at the bottom of the retort (see Fig. 7). A

typical gas chromatogram of the Oxy 6 oil is shown

in Fig. 22.

It is instructive to compare the coking loss

estimate determined by oil analysis with that from

thermocouple data (Table 3). The thermocouple data

gave an average coking loss of 19 to 20% FA vs

M6% by oil analysis; thus the agreement is quite

good.

Estimate of Overall Retort Yield

The information on the amount of shale

processed (sweep efficiency) combined with the oil

yield loss values allow us to estimate the expected

overall oil recovery from Retort 6.

Based on our estimates, the quantity of

equivalent oil-in-place that was processed

(retorted) was 14 to 15.5 x
IO6

litre (8.8 to 9.8
4

x 10 bbl). Assuming a yield of 60% FA (based on

the oil analysis) then the expected retort yield is

about 8.4 to 9.4 x
IO6

litre (5.3 to 5.9 x
IO4

bbl). This agrees well with the reported yield of

8.6 x
IO6

litre (5.4 x
IO4

bbl).
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FIGURE 19 - Cumulative and daily oil production

observed during Retort 6 operation. The shaded

region represents the period when the oil

samples were taken that we used in our oil

yield analysis.

OCCIDENTAL 6: OIL YIELD VERSUS TIME
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FIGURE 20 - Oil yield (% FA) for the Retort 6

oil samples taken during the time period shown

in Fig. 19.
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OCCIDENTAL 6: YIELD LOSS
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FIGURE 21 - Oil yield loss (% FA) due to

combustion and coking. These data are for the

same samples as in Fig. 20. The period when

these oils were collected is shown in Fig. 19.
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Appendix A: Description of Ignition and Operation

of Occidental's Retort 6

Below are excerpts from Louck's (1979) brief

description of the ignition and operation of Retort

6. This information was provided as part of the

Phase I cooperative agreement between DOE and OOSI.

Ignition

"The ignition procedure for the first burner

for start-up of Retort 6 was begun at 8:00

a.m. on August 28,
1978."

"The actual retort start-up procedure involved

the use of #2 diesel fuel for the burners with

combustion air supplied by the process fresh

air blowers. Diesel operation was followed by

LPG injection for development of the flame

front. The burners were operated in groups

following a pre-determined pattern established

in the field test. The average air flow rate

to the burners was 11,300 SCFM; the diesel

flow rate ranged between .26 and .6 gpm per

burner; the LPG flow rate ranged between 9.2

and 21.6 SCFM per burner. During the time the

burners were in operation, the average heat
o

release rate was 4.1 x 10
Btu/day."

Deterioration of Sill Pillar During Ignition

"Some problems were encountered and related to

the burners, however, start-up proceeded

smoothly for the first several days. A survey

on September 5 indicated spalling of the sill

pillar of from 12 to 23 feet had occurred.

Extensometer readings near the center of the

sill pillar indicated that the rate of sag had

accelerated by September
12."

"Mid-day on the 12th a small hole appeared in

the sill showing that spalling had been more

serious than anticipated. It was cooled with

water and grouted. That evening a larger hole

developed which later was followed by further

deterioration of the sill pillar in the same

area resulting in retort gases being

introduced into the Air Level. Prior to this

failure work had been underway to alter the

air input pattern to cool that area of the

retort."

"To prevent dispersion of gases from the

retort into the mine workings, construction

was begun on a temporary bulkhead in the

incline drift at the Air Level. However, this

bulkhead was not to be sealed until enough air

had been allowed to sweep across the retort

and up the ventilation raise to clear the area

of gases. Further a path of action was taken

to contain and confine the shale combustion

within the retort itself by maintaining

negative pressure within the retort using

existing blowers. This included work to

complete the temporary bulkhead on the Air

Level and work to close off those points

within the mine which might allow air or

retort off-gas to bypass the retort
blowers."

"On September 14, the vent raise fans failed.

It later became clear that the problem was

being aggravated by the burning of shale in

the vent raise. Measurements were taken which

indicated that the temperature of combustible

gases emanating from the raise was

approximately 880F. Burning in the vent

raise was also confirmed by the fact that

smoldering rubble was found at the Product and

Intermediate Levels at the points where these

leve|s intersect the vent
raise."

"On September 15, the burning shale in the

vent raise caused material from the perimeter

of the vent raise to fill the lower section

and effectively stop gas flow. Measurements

taken confirmed that the quantity of gas being

removed from the retort by the retort suction

blowers was approximately equal to the air

flow through the vent tube in the temporary
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bulkhead on the Air Level. Therefore, the

amount of air entering the system from other

points within the mine was insignificant.

"On September 25, 1978, the permanent steel

bulkhead was completed and steam was

introduced into the Air Level to control the

temperature. All other openings to the retort

were sealed by September 28,
"

Retort Operation

"Even with the upset conditions after

ignition, a flame front was effectively

established and retorting was underway by

September 19 as indicated by the oxygen

content and methane concentration in the

off-gas. On September 22, steam was

introduced through the Air Level bulkhead.

Early in October the steam line was tied in to

the original fresh air line to the Air Level

so that the design steam rate could be

introduced into the
Retort."

"From the end of September and through January

1979 the retort operating conditions were

steady and the air/steam diluent mixture into

the retort was being held constant and close

to the desired ratio. The total stack gas

flow rate averaged 21,500 SCFM and the off -gas

temperature at the Product Level bulkhead

leveled off at 140F and slowly rose to 165F

by the end of January. On several occasions

during the winter months operations were

temporarily hampered by steam plant outages or

fluctuations."

"Steam and air injection rate fluctuations

occurred during December. Early in December,

freezing conditions caused problems with both

steam plants because of fuel and feed water

line freezing which resulted in abnormal

retort operation. On December 11, design flow

conditions to Retort 6 were reestablished. On

December 19, an ice and wind storm caused a

power outage on the Public Service Company

distribution system to the mine. Public

Service power was restored the evening of

December 22 and on the 23rd Retort 6 was again

operating at design
conditions."

"Early in February the average daily oil

production rate began to decline from the

average of 286 barrels per day in the first

week .

"

"During the last full week in October, an

Upper Intermediate Level thermocouple, TUI-5,

had shown the first temperature increase. By

February L.ie Lower Intermediate Level

thermocouples began showing a general

temperature increase. The thermocouple almost

directly under the Upper Intermediate Level

area that had the intial temperature rise in

late October, showed a greater temperature

rise in late October, showed a greater

temperature rise than the other thermocouples

in
January."

"This temperature data from thermocouples on

the south side of the retort near the Lower

Intermediate Level ( LIL) drift, indicated a

preferential retorting on the north side. A

program to evaluate secondary combustion as a

means of controlling the movement of the flame

front was begun in February with the injection

of diesel fuel in thermocouple taps at the

LIL. The results showed some success and a

further test program was conducted during

March in which a variety of tests were run to

modify the retorting front in certain portions

of the retort using secondary combustion and

changes to the oxygen flux in an effort to

enhance oil production. The tests included:

reduction in the steam concentration in the

retort inlet gas, injection of LPG at the

Upper Intermediate Level (UIL), and injection

of air at the
UIL."

"Air injection through the UIL bulkhead proved

to be successful. Additionally some tests

with air/steam injection at the UIL were run

through April. In mid-April the air injection

rate was increased and was continued through

the duration of Retort 6 operation. Steam

injection was continued at the Air Level

bulkhead."

"Retort 6 was shut down at 11:40 a.m.,

Tuesday, July 17,
1979."
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Appendix B: 3-d Representation of Temperatu

Distribution vs Time for Retort 6

Attached are six figures showing the

temperature distribution at the upper and lower

intermediate levels at various times (45, 100, 150,

200, 250 and 300 days) after September 18, 1978.

September 18 was chosen as "day
1"

because it was

the first day for which temperature data were

reported in the Oxy 6 summary by Loucks (1979).

Recall (from Appendix A) that ignition of the first

burner for startup of Retort 6 was on August 28,
1978 (i.e., 21 days prior to our "day 1"); however,
the flame front was not effectively established

until September 19, 1978.

Note the preferential movement of the flame

front down the north side of the retort as

indicated by the thermocouple responses.
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4 I 1 16
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[vr^~
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(f)
Day 300, 7/14/79

FIGURE Bl - Temperature readings for various

locations at the upper and lower intermediate

levels on day (a) 45, (b) 100, (c) 150, (d)

200, (e) 250 and (f) 300. The height of the

vertical bar gives a measure of the

temperature at that particular thermocouple

position. A scale, marked in 100C

intervals, is given in each figure.

Appendix C: Offgas composition and production rate

during Oxy Retort 6 Operation.

Tables Cl and C2 summarize the total offgas

production and average offgas composition; Table Cl

is for the entire retort run while Table C2

excludes the period of "operation upset". (The

upset period was for approximately the first 30

days following startup.)

Fig. Cl and C2 present the dry offgas

composition and production rate for the major gas

species. Note that the data plots begin 30 days

after ignition and thus also do not include the

"operational
upset"

period.

For reference in using these particular plots,

day 1 is August 28, 1978, day 30 is September 27,

1978 and day 323 (end of data) is July 16, 1979.

(August 28, 1978 was the burner startup date--See

Appendix A.)

Table Cl: Occidental's Retort 6; Average Offgas

Composition and Cumulative Gas Production

for Entire Retort Operation*

( Including Operational Upset Period)

Cumulative Gas

Average Offgas Production

Gas Specie Composition (v%) (x 10 moles)

N2 60.0 3868

2 .675 43.51

H2 6.13 395.3

CO 1.23 79.48

co2 30.1 1939

CH4 1.29 83.25

C2H4 .120 7.716

C2Hg .201 12.95

C3H6 .0683 4.405

C3H8 .0932 6.007

C4's .0772 4.977

Vs .0128 .828

Vs .00315 .203

C7's .00303 .195

*based on offgas data from 8/28/78 to 7/16/79

Table C2: Occidental's Retort 6; average offgas

composition and cumulative gas production

for retorting period (i.e., excluding

operational upset per od)*

Cumulative Product ion

Gas Specie (moles x IO5) Avq. Vol. %

N2 3272 58.25

H2 364.9 6.496

2 4.270
.076

CO 63.63 1.133

co2 1811 32.24

CH4 71.48 1.273

C2H4 4.109
.073

C2H6 11.59
.206

C3H6 3.303
.059

C3H8 4.817
.086

C4's 4.639
.083

C5's .6044
.011

Vs .1697
.0030

C7's .1051
.0019

*Based on offgas data from 9/28/78 to 7/16/79
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FIGURE Cl - Offgas composition (v%) vs time into

the Retort 6 burn.
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ABSTRACT

The BX In Situ Oil Shale Project,

jointly sponsored by Equity Oil Company

and the U. S. Department of Energy,

has been in operation continuously since

September 18, 1979. Between that time

and February 28, 1981, 625,300 barrels

3
(99,400 m ) of water as steam have been

injected into eight Project, injection wells

at an average wellhead temperature of 605F.

(318 C.) and an average wellhead pressure

of 1,314 psig (9,053 kPa) . During the same

period, 524,500 barrels (83,400 m3) of

fluid have been produced from five Project

production wells. Steam injection has re

sulted in heating of the "leached
zone"

of

the Parachute Creek Member of the Green

River formation and this in turn has re

sulted in the in situ retorting of a

portion of the oil shale of the "leached

zone"

and the recovery of a measureable

amount of oil resulting from this retorting.

INTRODUCTION

The BX In Situ Oil Shale Project is

based upon in situ oil shale research con

ducted by Equity Oil Company from 1962

through 1971. The purpose of the present

Project, jointly sponsored under a Cooper

ative Agreement between Equity Oil Com

pany and the U. S. Department of Energy is

to demonstrate the technical feasibility

of using superheated steam as a heat

carrying medium to retort in situ, oil

shale of the "leached
zone"

of the Green

River formation of northwestern Colorado,

and provide a mechanism for the recovery

of the shale oil produced with a minimum

impact on the environment. The Project

was begun in 1977 and initial field work;

preliminary testing; site evaluation work;

and Project design, construction and in

stallation was accomplished between March

2
1977 and September 1979. This paper in

cludes a status report and a review of

operational data from the project for

the period September 18, 1979, through

February 28, 1981, and an assessment

of the project's goals and objectives.

Location & Geology

The Project site is located in the

FIGURE NO. 1

1,000 ACRES

FEE OIL SHALE PROPERTY

NORTH

1
WYOMING

| Cheynne

UTAH

MAP AREA

? Denver

Grand Jet.

COLORADO

APPROXIMATE LIMITS

OF "LEACHED
ZONE"

R100W R99W R98W R97W R96W R95W R94W
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central portion of the Piceance Creek Basin

of northwestern Colorado (Figure No. 1) on

fi 2
a 1,000 acre (4x10 m ) fee property owned

jointly by Equity Oil Company and Atlantic

Richfield Company. The target zone for

retorting is the "leached
zone"

of the

Green River formation (Figure No. 2) . At

FIGURE NO. 2

(METER)

(2440)

WYOMING

UTAH | COLORADO

.A PICEANCE

CREEK

BASIN 6 MILES (9.6km) f^^?
SCALE

I I OIL SHALE WITH

I I Oil SHALE WITH

I I HALITE AND

'^~'

BASE LEACHING

the Project site the zone has a thickness

of 540 feet (165 m) . The average yield of

the oil shale in the "leached
zone"

at the

Project site is 24 gallons per ton (100 L/t)

It is estimated that the property on

which the present Project is sited contains

1,125,000,000 barrels (1.79 x 108m3) of oil

in place as oil shale, and that the total

resources of the "leached
zone"

in the

Piceance Creek Basin are 275 billion

9 3
barrels (44x10 m ) of oil in place as oil

shale.

The "leached
zone"

derives its name

from the numerous vugs or solution

cavities present in the zone as a result

of the leaching of salts present in the

formation by ground water. These vugs,

coupled with fracturing, give the zone

native permeability and porosity which

allows in situ retorting without re

sorting to other fracturing techniques.

A very large in place oil shale re

source coupled with the native permeability

and porosity of the "leached
zone"

and the

fact that the porosity in the zone is

filled with saline water has led to the

development of the in situ retorting pro

cess presently being investigated at the

Project site.

Project Design

The present Project consists of a

pattern of eight injection wells, five

production wells and three temperature

observation wells (Figure No. 3) . The

FIGURE NO. 3

-?

50 FEET (15.2m)

I I
SCALE

~ ~

WELL PATTERN

O INJECTION WELL

O PRODUCTION WELL

Q TEMPERATURE OBSERVATION WELL

spacing between the wells is 68 feet

(20.7m) from the injectors to the pro

ducers. Observation Wells No. 1 and

No. 2 are spaced approximately half way

between injection and production wells,

and Observation Well No. 3 is located

close to a production well.

FIGURE NO. 4

BX IN SITU OIL SHALE PROJECT

WELL COMPLETION DESIGN

(60.9 m) 200 FT.

(121.9 m) 400 FT.

(182.9 m) 600 FT.

(243.8 m) 800 FT.

(304.8 m) 1.000 FT.

(365.8 m) 1.200 FT.

-r

*v

CASING (24.44cm)

7"

CASING (17.78cm)

2*"

TUBING (6.03cm)

K - TEMP MAT INSULATION

. if W/STAINLESS STEEL SHEATH

V
COMMENT: INJECTION AND PRODUCTION
WELLS ARE COMPLETED IN THE SAME
FASHION EXCEPT THAT THE PRODUCTION
WELL TUBING STRINGS ARE NOT INSULATED
AND THE PRODUCTION CASING IS

5"

(12 7cm)
IN DIAMETER INSTEAD OF

7"

(1 7 78cm)
THE OBSERVATION WELLS ARE COMPLETED
WITH

4"

(10.16cm) DIAMETER CASING
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All sixteen wells penetrate the

entire "leached
zone"

and are drilled to

a total depth of approximately 1,400 feet

(427 m) . The wells are completed as in

dicated in Figure No. 4.

The original Project design called

for injection at the top and bottom of

the "leached
zone"

and production from

the central portion of the zone in a

diagonal mode. Project operations have

shown that there is insufficient vertical

permeability to allow this mode of opera

tion and, consequently, injection is being

accomplished in both the upper and lower

portions of the "leached
zone"

and the

production wells are being produced

throughout the entire "leached
zone"

(Figure No. 5) . The injection and
pro-

FIGURE NO. 5

<Xj

FIGURE NO. 6

PROJECT TECHNICAL PROCESS

duction wells are selectively perforated in

the zones which indicate the highest degree

of fracture porosity.

The Project design is as follows (Fig

ure No. 6) : Water is produced from the

production wells and treated in an ion ex

change water treatment plant to make it

suitable for steam generation. Treated

water is supplied to two steam generators

which generate saturated steam and the dry

steam fraction of the generated saturated

steam is then fed to a superheater where it

is raised to superheat conditions. Super

heated steam is injected through the eight

injection wells into the "leached
zone"

where the steam gives up its heat to the

oil shale accomplishing the retorting pro

cess. Water, accompanied by produced oil

and gas is produced at the production wells;

after which the water is recirculated for

use as feed water, the oil is stored to

await shipment and the gas is added to the

generator and superheater fuel supply.

The original Project design called

for injection of superheated steam at

1,000F. (538C), 1,500 psig (10,335 kPa)

and a total pattern rate of 974,400 pounds

(2,143,680 Kg) or 2,784 barrels (443 m3) of

water as steam per day. The overall Pro

ject goal was to inject continuously at

these rates over a two-year period. It

was recognized at the outset that these

design goals were idealized, but they were

established on the basis that over a
two-

year period, approximately 1 trillion BTU

15
(1.06x10 J) of heat would be injected into

the Project well pattern which covers .7

2
acres (2833 m ) and has a total volume of

approximately 16.4 million cubic feet

3
(464,100 m ). This volume of oil shale

contains approximately 652,000 barrels

3
(103,700 m ) of oil in place as oil shale.

Shale oil has an average heating value of

5.98 million BTU/barrel
(3.97xl07

kJ/m3) .

Therefore, the in place energy resource at

the Project site is approximately 3.89

trillion BTU
(4.10xl015

J) or 3.89 times

larger than the planned heat injection.

PROJECT STATUS

Although original Project plans called

for continuous injection of superheated

steam at 1,000F. (538 C), 1,500 psig
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(10,335 kPa) and an average daily injection

rate of 2,784 barrels (443 m3) per day, a

variety of problems, principally mechanical,

with Project surface equipment have not

allowed the Project to proceed as planned.

Injection & Production History

Between September 18, 1979 and February

28, 1981, 625,300 barrels (99,400 m3) of

water as steam were injected into the eight

Project injection wells at an average daily
3

injection rate of 1,202 barrels (191 m ) per

day, a weighted average wellhead injection

temperature of 604 F. (318 C. ) and a

weighted average wellhead pressure of

1,314 psig (9,053 kPa) . During this same

period, 524,500 barrels (83,400 m3) of

fluid have been produced from the five

Project production wells at a daily
3

average rate of 1,012 barrels (161 m )

per day. Injection, production, injection

temperature and injection pressure are

presented in Table I for each month of the

period.

The relationship between steam in

jection volume and fluid production is

plotted in Figure No. 7. This plot shows

BX IN SITU OIL SHALE PROJECT
STEAM INJECTION 6 FLUID PRODUCTION

SEPTEMBER 16, 1979 - FEBRUARY 29. 1961

FIGURE NO. 7
- STEAM INJECTION
- FLUID PRODUCTION

. STEAM INJECTION PRESSURE
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that total production has exceeded total

injection in only three months of the

injection period. A basic premise of the

process is that water required for in

jection as steam will be produced from

the "leached
zone"

and that the process

will require no consumptive use of

water. Through February 28, 1981, the

ratio of produced to injected water

is .84 to 1.0. To overcome this imbalance,

the producing wells have been or are being

modified to increase their productive capa

city. These modifications have included

the installation of higher volume downhole

pumps and the addition of more wellbore

perforations in each of the production

wells. All wells have been perforated and

three of the wells are now equipped with

downhole pumps. Installation of downhole

pumps are scheduled for the other two pro

duction wells in April 1981. Initial data

for March indicates a fairly steady ratio

of produced to injected water of 1.07 to

1.0.

Injection pressure by month is also

plotted in Figure No. 7 and as would be

expected, the sensitivity of injection

volume to injection pressure is clearly

demonstrated. The initial goal of in

jecting at 1,500 psig (10,335 kPa) has

not been possible due to line losses be

tween steam generating equipment and the

injection wellheads. With present equip

ment, experience has shown that a realistic

sustained injection pressure is 1,400 psig

1% (9,646 kPa) . If this pressure is main

tained through the balance of the planned

injection period (through January 1982)

and if a positive balance of production

over injection can be maintained,
in-

3
jection at or above 1,350 barrels (215 m )

per day is expected for the balance of

the period.

Data from site evaluation work done

early in the Project indicated that the

horizontal permeability in the "leached

zone"

is approximately 14 times greater

than the vertical permeability and that

preference to flow in the horizontal

direction was essentially isotropic.

Temperature increases resulting from actual

steam injection have generally confirmed

this data, although there is a fairly broad

range of injection and production rates in

the individual injection and production

wells. Table II presents the data for in

jection, production, injection pressure and

injection temperature on a per well

basis for February 1981. The relative per-

formance of the injection and production

wells as observed for this month is repre-
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sentative of the
wells'

behavior for the

Project operations to date. Figure No. 8

is a plot of Project wells based on

February 1981 data showing their relative

ranking as an injector or producer.

FIGURE NO. 8

BX IN SITU OIL SHALE PROJECT

WELL STATUS a BANKING BASED

ON FEBRUARY 1981 DATA X

One
4

i. 7

196 133
3 5

3 2 1
0 Q214 0<

5 (),o
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9264

FIGURE NO. 9

190 INJECTION WELL NO. 1. RANKED 2ND.
2 INJECTION AVERAGED 190 Bbl/DAY

DURING MONTH

1

O300 PRODUCTION WELL NO. 1. RANKED 4TH,

4 PRODUCTION AVERAGED 300 Bbl/DAY

DURING MONTH
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Temperature History

The Project was set up with three

temperature observation wells, each con

taining a bundle of thirty-five thermo

couples. These thermocouples were banded

to the outside of 4% inch (11.4 cm) casing

and cemented in place. The first five

thermocouples are placed at 450, 500, 600,

700 and 760 feet (137, 152, 183, 214 and

232 m) . The balance of the thirty thermo

couples are equally spaced at 20-foot

(6.1 m) intervals to a total depth of

1,360 feet (415 m) . Data from the ob

servation wells is logged continuously

by a data logger which permanently stores

an average value for each point being

monitored every four hours.

The thermocouples in each of the

observation wells performed satisfactorily

during the initial five months of injec

tion but in March of 1980 thermocouples

below 860 feet (262 m) in Observation

Wells No. 1 and No. 3 failed. And in

August the thermocouples below 90 0 feet

(274 m) in Observation Well No. 2 also

failed. To supplement the data collected

from the thermocouples, temperature logs

have been run at different times in the ob

servation wells and in the producing wells.

Figure No. 9 plots the average
injec-

SEP 79 NOV 79 JAN. 80 MAR 80 MAY 80 JUL 80 SEP 80 NOV 80 JAN 81

TIME

BX IN SITU OIL SHALE PROJECT AVERAGE WELLHEAD INJECTION TEMPERATURE

OBSERVATION WELL NO 3

tion temperature and the temperature of the

840 foot (256 m) level in each of the three

observation wells as a function of time. As

shown in this graph, the temperature at

the 840 foot (256 m) level in each of the

observation wells has increased at approxi

mately the same rate, thus verifying the

isotropic nature of the "leached
zone"

in a given horizontal plane.

Figure Nos. 10a, b and c plot the

temperature history for Temperature Ob

servation Well No. 2 from September 18,

1979, to July 31, 1980. The behavior of

the temperature front in this well is very

similar to that observed in Observation

Wells No. 1 and No. 3 prior to the time

the thermocouples failed.

FIGURE NO. 10A

BX IN SITU OIL SHALE PROJECT

TEMPERATURE HISTORY

TEMPERATURE OBSERVATION WELL NO 2
TEMPERATURE *C

I SEPTEMBER 18. 1979
50

|
OCTOBER 30. 1979

NOVEMBER 30, 1979

\\\\ JANUARY 1. 1980

60 70 80 90 100 r-

v\

'

w
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|
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ZONE

x^k
&Z

INJECTION,

,5SaBss

ZONE

TEMPERATURE 'F

Temperature logs have been run in

the observation wells to verify readings

recorded by the thermocouple bundles.

These logs show the same heating pattern
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BX IN SITU OIL SHALE PROJECT
FIGURE NO. 10B

TEMPERATURE *C

TEMPERATURE *F

BX IN SITU OIL SHALE PROJECT
FIGURE NO. IOC

TEMPERATURE HISTORY
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as that recorded in the observation wells.

In each case, the maximum heating has

occurred in the two injection zones at

the top and bottom of the "leached
zone"

with a lesser amount of heating taking

place in the middle of the zone. Figure

No. 11 plots for each well the date

the temperature log was run and the maxi

mum temperature recorded during the

logging.

FIGURE NO. 11

BX IN SITU OIL SHALE PROJECT

TEMPERATURE HISTORY AS OF

FEBRUARY 28. 1981

'

Oil Recovery

In October, 1980, the first retorted

oil was recovered from Production Well

No. 0. Subsequent to that date, oil has

been observed in each of the producing

wells and through February 28, 1981, 46

barrels of oil have been recovered. Given

the average wellhead injection temperature

through February 28, 1981, of 605F. (318C)

and a maximum observed formation tempera

ture of under 440F. (227C.) in the ob

servation wells, it is clear that the oil

liberated to date has been produced at

very low temperatures and its character

istics verify this. In Table III the

qualities of the field produced oil are

compared with oil produced by low temp

erature steam retorting at the University

of
Utah.4

CONCLUSIONS

The following conclusions can be

reached from operations of the BX In Situ

Oil Shale Project through February 28,

1981:

1. Superheated steam can be injected

into the "leached
zone"

at a

reasonable rate which is princi

pally controlled by injection

pressure, the number of perfora

tions in the injection well,

and the withdrawal rate by pro

duction from the "leached
zone."

While the design temperature of

1,000F. (538C.) is not being

met, the present average injec

tion temperature of 776F.

(413C.) is adequate to retort

oil shale in the "leached
zone."

:;l:f:::i

)SS:*".f

When superheated steam is injected

into the "leached
zone"

the steam

gives up its heat to the zone and

appears to move out from the in

jection wells in a principally

horizontal direction and in a

basically isotropic fashion.

125



Q
W
U
D

Q
O
Ph

ft

>H

Ph

O
Eh

3
O
ca

4-J <
O l-H

CD
n C
0 0
S-l CO

Ph -H

rH

CO <0

H rH a
H <0 g
H J=! 0

CO U
(1)

HH >,

J3 -H 4->

(0 O -H

Eh rH

3 <0
4J 3
H a
CO ^

rH H

C -H o
H O

a
X w

CQ u
D
Q
o

Ph

a
rJ

w

O
+

CO

CrP o\P

fJP CrP CN *P .

oo r~- CX> I ro <

CN rH O

1
si*

SS
00 rH

cP dP o> o> dP <*>

rH ^r co vo ^ r~

o> cn cn ** ro r

ro rH CN O rH O

CO

>1
rH

rd

C

>1 <
-p

4J

H C rH

> H

rrj 0 -P

U a< C

U 0)

u g
H 3 0)

Ph 0 rH

< Ph w

X!
CO

UX2WO<

-P

fO

c

Sh ^

rrj

Cn u
C TJ O

H c r

4-> rd vo

U CN

0 -.*-

4-> m
OJ cl,
>-i x fe

o

g ro ro

to cn rH

<U . in

4J CM

co g
O

U U U

3 H 4-1

O CO

.C Ph vT> .

I c -.

OLDH .

on rjrj
CN -h<

C o

(0 l-

(0 UH rH o

0 ro

T3 3 4J b
CL) CO rO o

CJ CO M in

S CU OJ oo

T3 U Chm

0 a g
S-l OJ O
Ph (0 4-> 4-1

126



Formation heating in the "leached

zone"

by superheated steam injection

has resulted in the in situ retorting

of some of the oil shale in the

"leached
zone"

and the evolved oil

has appeared in measureable quanti

ties at Project production wells.

Oil produced to date by in situ

retorting in the field has physical

properties similar to those of

oil produced in a laboratory experi

ment run to simulate actual field

experience.

Jacobs, Harold R. , Martin J. Marzinelli,

Kent S. Udell and Paul M. Dougan,

"Laboratory Modeling of In Situ

Retorting of Oil Shale From the

"Leached
Zone"

of the Parachute

Creek Formation by Superheated

Steam
Injection,"

pages 62-7 3 of

the Proceedings of the Thirteenth

Oil Shale Symposium, published by

Colorado School of Mines press

August 1980.

The Project is presently scheduled to

continue operations through January 1982.

The goal for the remainder of the injection

period is to maximize steam injection rate,

injection temperature, fluid production

rate, and oil recovery. If present trends

continue, it is expected that adequate data

can be collected by January 1982 to evalu

ate the technical feasibility of the

process.
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Economics of shale oil

production by radio

frequency heating

ABSTRACT

A conceptual facility for the production of shale oil by radio frequency (RF)

heating has been designed to evaluate the economic feasibility of this technique. In the

proposed procedure, the shale is processed in situ without being rubbled or explosively frac

tured. Metal electrodes inserted in a set of vertical drill holes are energized by a group ofRF

oscillators. The holes bound a block of shale that is to be retorted. The electric field is

developed in such a way that heating within the block is almost uniform, and heating out

side the block is very low. Retorting of the shale results in a pressure buildup of the

hydrocarbon fluids. The oil and gas move horizontally (parallel to bedding planes), then

down the electrode holes to a collection manifold. The facility schedule is planned so that

off-peak electric power from existing generating stations can be used to operate the os

cillators. Thus, the cost of power and the capital requirements for the facility are held to a

minimum. Oil production costs and capital requirements indicate that the proposed

procedure is economically attractive. The two principal costs are purchase of electric power,

and mining operations. The largest capital requirement is oscillators and associated elec

trical equipment.

INTRODUCTION

The development of methods for recovering oil

from oil shale includes various proposals for the use

of electricity to dielectrically heat the
shale.1 Dielec

tric heating has an inherent advantage compared

with more conventional thermal methods. Because

dielectric heat is produced directly within the shale,

the heating is not limited by considerations of ther

mal diffusivity and shale lump size. In principle, it

should be possible to use dielectric heating to

rapidly and uniformly heat very large blocks of

shale. Extending this principle, it should also be

possible to uniformly heat large volumes of shale

in situ, thereby avoiding the costs and environmen

tal problems involved in rubbling the shale and re

moving all or portions of it to the surface. The prac

tical difficulty with most of the proposals is that the

magnitude of the electric field that produces the

heat is nonuniform. In a typical in situ application,

the electric field is produced by radiating radio fre

quency (RF) or microwave energy from a system of

antennas or horns. The field strength decreases

rapidly with increasing distance from the radiating

element. Because the resulting dielectric heating is

extremely nonuniform, most of the RF or

microwave energy is wasted.

In several recent
publications,1-3

an alternative

field geometry has been proposed. An underground

waveguide in oil shale is constructed. The

waveguide is then energized at such a frequency that

the field is confined to the interior of the waveguide.

The system can be operated so that the block of

shale within the waveguide is heated almost uni

formly while very little heating occurs outside the

block. In this way, RF energy is used efficiently and

oil is produced in situ. Here, a study of the applica

bility of this waveguide concept to a production

plant of substantial capacity is described. The pur

pose of the study was to estimate the cost of produc

ing oil by this process.

In order that the conceptual plant be

realistically related to an existing oil shale resource,

a specific site was chosen for the design. That site is

Colorado oil shale tract A. The resource data are

taken from Cameron Engineers corehole CE-709,4

which is located in the north-central portion of the

tract.
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MINING OPERATION

Access to the oil shale is by a shaft and two sets

of tunnels and drifts at different levels. The shale to

be processed is between the two sets of tunnels and

drifts. The upper and lower drifts are connected by

vertical holes. Each block of shale to be processed

has three parallel rows of closely spaced holes.

Figure 1 is a horizontal cross section of a block. The

thickness of the block T is the horizontal distance

between the outer rows of holes. The width of the

block W is the horizontal length of each row. The

spacing between adjacent holes in a row is S.

Figure 2 is an end view of the block showing the

three rows of holes and the drifts at the top and the

bottom. The height H of the block to be processed is

somewhat less than the vertical spacing of the drifts

for reasons to be described in the next section.

Figure 3 is a side view showing one row of holes

with drifts. Also shown are the upper and lower tun

nels which connect the drifts to the shaft.

The vertical holes, 8 cm in diameter, are drilled

downward from the upper drifts. These holes serve
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two functions. First, the RF electrodes that produce

the electric field in the block are inserted in these

holes. At the top, a tight seal is made between each

electrode and the hole. Second, the oil and gas is

forced by a pressure difference to move parallel to

the bedding planes (nearly horizontal) into and

down the holes to the lower drifts, which serve as

collection manifolds. Bulkheads are placed in the

lower tunnel so that the three lower drifts and

isolated section of tunnel can serve as the liquid-

vapor separator and oil sump. Oil pumps are

located in the tunnel next to the bulkhead closest to

the shaft, and pipes from the bulkhead carry the oil

and gas to the surface.

The tunnels and drifts are 3 m in diameter. The

upper drifts and all of the tunnels are horizontal,

whereas the lower drifts slope downward (~2%)

toward the tunnel to facilitate oil drainage. Rock

breakage in the mine is by cutting machinery; no ex

plosives are used. The tunnels and drifts are cut by

tunnel boring machines; the holes are cut by rotary

FIG. 1. Horizontal cross section of a shale block

showing the hole pattern.

FIG. 2. End view of a shale block showing the holes

and drifts.
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FIG. 3. Side view of a shale block showing the holes

and drifts.

percussion drills. No lining or casing is used in any

of the holes, drifts, or tunnels. All of the prescribed

mining operations are within currently available

technology.

The vertical interval of shale between the two

levels of drifts and tunnels is the upper portion of

the Mahogany zone. This shale is fairly rich; the

average grade in the processed section is 1 15
1/Mg.4

Both the upper and lower tunnels and drifts are

located in very lean shale; the average grade is less

than 20 1/Mg. At the location of corehole CE-709,

the depth to the bottom of the upper tunnels is

86 m. The depth to the bottom of the lower tunnels

is 131 m.

As mining and oil production proceed, suc

cessive blocks of shale are used. Each block being

processed is immediately adjacent to a block that

has already been processed. Thus, each outer row of

holes is used in processing two blocks, one on each

side. Each additional block requires the cutting of

two additional rows of holes.

After processing of a block, the drifts and holes

used for that block are filled with material from the

cutting of new drifts and holes. In this way, very lit

tle void space is left underground, and less than half

of the cut material need be removed from the mine

for surface disposal. The total volume of cut

material is 9% of the volume of shale processed, and

the estimated material for surface disposal is 3% of

the processed volume. Because there is very little

surface disposal, a large shaft for haulage is not re

quired. The shaft is designed to be 4 m in diameter.

ELECTRODYNAMIC CHARACTERISTICS

The proposed process for conversion of elec

trical energy to thermal energy is dielectric heating.

In this process, an oscillatory electric field acts on

molecules which possess an electric dipole moment;

that is, molecules in which there is an inherent

separation of positive and negative electrical charge.

It is known that some of the molecules in oil shale

have this
property.3 The oscillatory rotation of

these molecules caused by the electric field results in

heating of the shale, and the energy in the electric

field is correspondingly reduced.

The electric field in the block of shale being

processed is developed from three rows of vertical

electrodes, which are utilized as an underground

waveguide. The electrodes in each row are elec

trically connected together at the top, and the two

outer rows are connected together. A bank of RF

oscillators is located in the middle drift at the upper

level, and the oscillator output is applied between

the center row and the outer rows. The waveguide

operates in the transverse electromagnetic (TEM)

mode. This means that both the electric and

magnetic fields at all locations within the block are

perpendicular to the electrodes; that is, the fields are

horizontal.

A set of relationships between the radiation

wavelength X and the block dimensions must be

satisfied so that the waveguide will operate in the

TEM mode, and nearly uniform heating can be

achieved within the block:

T < A/2,

W >> T,

S << T, and

H > A.

The values selected are:

T = 10 m,
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W = 50 m,

S = 0.5 m,

H = 38.25 m, and

A = 23 m.

The operating frequency will probably be in the 6-

to 8-MHz range. The exact value will be determined

by shale permittivity, though the permittivity in this

frequency range is not accurately known. The skin

depth, a measure of radiation penetrability, is about

800 m in oil shale at these frequencies.3

For the TEM mode, the horizontal shape of the

electric field can be obtained by solving Laplace's

equation in the two horizontal dimensions. Such

detailed analysis is beyond the scope of this study,

but the approximate field shape is illustrated in

Fig. 4. This figure shows the field lines between the

center row of electrodes and one of the outer rows.

It is clear that the field is stronger in the immediate

vicinity of the electrodes than in the central region

between them. This results in more intense heating

close to the electrodes, and is one of two main

reasons for nonuniform heating.

The other cause of nonuniformity is axial or

vertical variation. Because there is no connection to

0 10 20 30 40
tr>

u Distance below electrode top (m)

(a) Extended configuration

0 10 20 30 40 50

Distance below electrode top (m)

(b) Retracted configuration

FIG. 5. Vertical variation in electric field strength

of the RF heating process in a shale block.

Outside

electrodes

Center

electrodes

FIG. 4. Electric field lines in the horizontal plane of

a shale block.

the lower ends of the electrodes, the termination of

the waveguide is an open circuit, and the RF wave

transmitted downward from the top will be reflected

at the bottom. The vertical variation in strength of

the electric field is found as the sum of the transmit

ted and reflected waves. Figure 5(a) shows the ver

tical variation in field strength when the waveguide

length is 44 m (extended configuration). Clearly,

there is a very large vertical variation in heating.

This is corrected by altering the length of the

waveguide during heating so that those points of

maximum strength become minima, and vice versa.

Figure 5(b) shows the vertical variation when the

waveguide length is 38.25 m (retracted configura

tion). By operating the waveguide in the extended

configuration one-half of the time, and in the re

tracted configuration for the remaining time, the

time-averaged heating is almost uniform over most

of the height. The block height H is taken as that

height in which heating is nearly uniform. The

energy deposited in the shale section 38.25 to 44 m

below the tops of the electrodes is wasted.

The vertical spacing between drifts is greater

than the height of the processed block so that the
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waveguide can be extended and retracted. This

change in waveguide effective length is accom

plished by varying the length of the center elec

trodes. The electrodes in the outer rows are fixed;

the length does not change. The electrodes in the

middle row telescope so that the length can be

changed by A/4, that is, 5.75 m. Each electrode in

this row is equipped with a pneumatic actuator for

extension and retraction, and all of the electrodes in

the row are extended and retracted at the same time.

Figure 6 is a cross section of a possible electrode

design. The electrodes consist of five copper plates

bent as shown, and spot welded along the center.

Each of the electrodes in the outer rows consists of

20 sections coupled end-to-end. The center-row

electrodes use the same type of sections except at the

top where the telescoping action occurs. The elec

trodes, pneumatic actuators, and connection

hardware are reusable. The removal of electrode

sections from a processed block, and transport to

and insertion in a new block, will be performed by a

vehicle designed for this purpose. It is expected that

about 40 or 50 vehicle trips will be required in

transferring electrodes from one block to another.

As shown in Fig. 5, the electric potential dif

ference at the top of the waveguide differs between

the extended and the retracted configurations. This

means that the characteristic impedance of the

waveguide, as detected by the oscillator bank, will

differ between the two configurations. In order to

provide satisfactory power flow to the waveguide, a

variation in the impedance matching networks will

be required.

As indicated above, the average electric field in

the block is somewhat nonuniform, both vertically

and horizontally. For homogeneous shale, heat

production is proportional to the square of the elec

tric field strength. Field nonuniformity will result in

some energy waste because in retorting the entire

block, some of the shale will be heated to a higher

temperature than is required. This nonuniform dis-

Shale

hole

Copper

plates

FIG. 6. Electrode cross section for the RF heating
process.

tribution of thermal energy can be described by an

efficiency: the ratio of required energy if heating

were uniform to required energy when heating is

nonuniform. Using the described field distribution,

assuming shale homogeneity, and allowing for

energy wasted in the lower A/4 of height, this ef

ficiency is estimated to be 85%.

It is known that the shale is, in fact, not

homogeneous. The effect of this, however, is dif

ficult to estimate. There is experimental evidence5

that rich shale absorbs RF energy more rapidly than

lean shale. Thus it seems that the organic compo

nent of the shale is a major absorber. This appears

to be advantageous since the richer shale requires

more heat for complete retorting. As any section of

the block neared completion of retorting, the energy

absorption would decrease in that section and in

crease in the remainder of the block. Accordingly,

the efficiency estimated above may be pessimistic.

This efficiency has, however, been used in the

calculation of power requirements that will be

described later.

OIL AND GAS PRODUCTION

Heating of the shale can be conveniently

treated as a two-step operation. The first,

preheating, raises the temperature from the un

derground ambient value of about 15 C to the tem

perature at which oil release begins, about 300 C.

The second step, retorting, raises the shale tem

perature so as to complete the oil production. This

final temperature will depend upon the heating rate,

a faster heating rate resulting in higher temperature

at completion of
retorting.6 Characteristics of the

shale do not impose any constraint on the

preheating rate. However, the heating rate during
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retorting must be carefully chosen to avoid large oil

loss by thermal degradation, that is, by coking. For

retorting at atmospheric pressure, the amount of

coking loss varies with heating rate, a greater loss

resulting from slower
heating.7

The pressure during retorting also affects cok

ing. At a selected heating rate, higher pressures

result in greater
loss.8 Oil vapor and gas produced

by retorting will be forced by internal pressure to

move along bedding planes to the drain holes. If the

available flow area is small and the retorting rate is

high, the internal pressure will be high. The force on

the shale due to the weight of the overburden pre

vents wide separation along bedding planes, as oc

curs when shale is unconfined during retorting. The

permeability parallel to the bedding planes that will

develop under the proposed conditions is sufficient

only if a very high retorting rate is not used. Thus it

appears that either a very high retorting rate or a

very low retorting rate will result in large oil loss.

A retorting rate of 7.5C/h is chosen to

minimize the total oil loss. The corresponding tem

perature for completion of retorting is 420C, and

the retorting time is 16 h. The oil loss caused by

slow heating is about 9.5%. Using measured values

of
permeability,9

the average gas pressure in the

shale along a plane midway between the lines of

holes is calculated to be about 12 atm. The average

total block pressure is about 6 atm. This indicates

an oil loss caused by high pressure of about 8%. The

oil loss due to the combination of slow heating and

high pressure is difficult to estimate. It is likely that

many of the components of the oil which are lost in

slow retorting at low pressure would also be among

those lost in rapid heating at high pressure. For this

study, the oil yield is calculated as if the two loss

conditions operated independently, even though

this assumption is quite pessimistic. Oil yield, taken

as the product of the surviving fractions from the

two conditions, is 83.3% of assay.

Table 1 shows energy requirements and oil

production, the production from each block being

4,000 m3 (25,000 barrels). Measurements of shale

heat content for various grades were used to deter

mine the required preheating and retorting

energy.10 Estimation of heating efficiency was dis

cussed in the previous section. The frequency con

version system, consisting of rectifiers, oscillators,

and switches, changes energy from generation fre

quency to RF. Efficiency of this system is taken to

be
80%."

It is assumed that electricity for the

facility is generated by a coal-fired steam power

plant. Taking generating station efficiency as 43%,
12

the combustion energy required per shale block is

23 GW-h. This corresponds to 5.7 MW-h/m3
oil

(910 kW-h/barrel or 3.1 million Btu/barrel). Using

results shown in Table 1, the required generating

station electrical output is 2500
kW-h/m3

oil (390

kW-h/barrel).

Some recent data on characteristics of shale oil

produced by RF heating indicate that this oil will

have a lower pour point, density, and nitrogen con

tent than shale oil produced by typical combustion

heating
processes.2 In addition to the oil produced,

high quality combustible gas is also produced. For

each cubic meter of oil, there will be 280
m3

of gas

at STP (1600 ft3/barrel oil). This gas is expected to

have a lower heating value of 10
kW-h/m3 (1000

Btu/SCF). The total heating value of the gas is

about one-half of the heat required from coal in the

generating station.

TABLE 1 . Energy requirements and oil production of

the RF heating process.

Block volume 19,100
m3

Block mass 42,000 Mg

Assay oil yield 0.115 m3/Mg

0.096 m3/MgActual oil yield

Oil per block 4,000
m3

Efficiency factors

Heating

Frequency conversion

Powei generation

85%

80%

43%

Energy for preheating 100W-h/kg

Energy for retorting 60W-h/kg

Thermal energy per block 6.7 GW-h

RF energy per block 7.9 GW-h

Generating station output

per block 9.8 GW-h

Combustion energy per block 23 GW-h
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ELECTRICAL POWER SUPPLY

It is assumed that electric power for preheating

and retorting is drawn from existing coal-fired

generating stations in the general vicinity of the oil

shale site. The operating schedule is arranged such

that power is drawn during the part of the day when

the supply to other users is substantially below the

maximum. This off-peak power is available at lower

cost than power drawn without regard to time-of-

day. Figure 7 shows a typical daily variation in load

on an electric power
system.13 The operating

schedule chosen to utilize unused generating

capacity is shown in Fig. 8. The figure shows power

drawn as a function of time-of-day, assuming that

only one block is retorted each day. It is expected

that the number of shale blocks retorted daily will

be constant. The lowest rectangle on the figure

represents the energy to retort one shale block.

Collectively, the upper three rectangles represent

the energy to preheat one block. The schedule calls

for heating four adjacent blocks each day. Three of

the blocks would be undergoing preheating and the

fourth would be retorting. The coolest of the blocks

would be heated for 7 h; the next warmer block

would be heated for 9 h; and the warmest of the

preheating blocks would be heated for 12 h. As

stated in the previous section, the retorting time is

16 h. A total of four oscillator banks is required,

each with an electrical input of 0.225 GW. The con

struction of such banks is well within existing

technology. Maximum electrical power demand is

0.90 GW.

1.0

5 0.8

r o.e

1 0.4
o
Q- 0.2

0
8 12 4 8 12 4

PM Midnight AM Noon PM

Time of day

FIG. 8. Proposed operating schedule for the RF

heating process to utilize unused generating capacity.

The generating station nearest the oil shale site

and having adequate capacity for processing one

block per day is located at Craig, Colorado, 100 km

northeast of the site. In the near future, installed

capacity of this station will be increased to

1.35 GW. Therefore, off-peak power from this sta

tion could easily provide the energy needed to retort

one block each day. Ifmore than one block is to be

processed daily, it would be necessary to draw

power from additional generating stations. Table 2

lists major generating stations in the general vicinity

of the site that might be used as power sources for

shale oil production. If the full, combined capacity

of these stations were used off-peak, the daily oil

production would be 32,000 m3 (200,000 barrels).

8 12 4 8 12

PM Midnight AM Noon

Time of day

PM

FIG. 7. Typical daily variation in load on an elec

tric power system.

TABLE 2. Generating stations in the vicinity of the oil

shale site.

Station Distance, Capacity,

name Location km GW

Craig Craig,

Colorado

100 1.35

Jim Bridger Rock Springs,

Wyoming

160 2.02

Four Corners Shiprock,

New Mexico

320 2.17

San Juan Shiprock, 320 1.74

New Mexico

Total 7.28
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COST OF PRODUCING OIL

The costs stated here assume that one block of

shale is processed each day, and apply to the first

quarter of 1980. The various data used to develop
these costs were escalated as

necessary.14

Interest

charges on capital are taken at 15% and amortiza

tion is over 20 y. Taxes, tax credits, land cost, and

profit are excluded. Table 3 shows the distribution

of cost per unit volume of oil. Each item includes

capital and operating costs for that particular func

tion. Mining costs include underground cutting of

rock, and transport and disposal of the cut material.

The cost for tunnels and drifts is $56.50/m3 rock

volume, and for holes it is $7.45/m hole length.

The cost of electricity is difficult to estimate.

The charge for this power should be much less than

normal utility rate charges because the power is
off-

peak, interruptable, and purchased in large quan

tities by long-term contract. The sum of fuel (coal)

cost plus operating and maintenance cost is taken as

the minimum for electricity. With fuel at $1 /million

Btu, and operation and maintenance as 10% of fuel

cost,12

the minimum for electricity is $21.48/m3 oil

($3.41/barrel). To obtain a maximum for electric

power cost, capital charges for the generating sta

tion are added to this minimum. The capital charges

are distributed among users of the station output in

proportion to energy drawn. The station is assumed

to be continuously operating at full capacity. Sta

tion capital cost is
$928/kW.12 The maximum cost

of electricity is found to be
$63.16/m3

($10.04/barrel), and the electricity cost shown in

Table 3 is the average of the two limits. The cost

shown is equivalent to $0.017/kW-h.

The cost for RF equipment includes the

rebuilding of oscillator tubes. Service life of the

tubes is assumed to be 4 y. Also included is

transport of oscillators from drift to drift, and con

nection and disconnection to electrodes and the

power supply. Transmission line cost assumes dc

transmission. The nearest major tiepoint at which

power would be available is not known. The line

cost is based on a line length of 100 km to the Craig

generating station.

The electrode cost accounts for equipping five

adjacent blocks. Since four blocks are heated each

day, electrodes can be placed in a block one day be

fore heating is to begin. The cost includes electrode

actuators, transport from block to block, and the

transport vehicle. The oil and gas recovery equip

ment is comprised of moveable bulkheads, pumps,

and pipes. Cost of sinking the shaft is $3,000/m.

The surface complex includes oil condensers,

demisters, product storage and transfer equipment,

and the system control complex.

The total shown in Table 3 indicates that the

proposed technique of shale oil production by RF

heating is economically favorable.

Table 4 shows the capital required for such a

facility under two different assumptions. Case A ap

plies to the assumption used in this study that elec

tric power is drawn at off-peak time from existing

TABLE 4. Capital requirement for the RF heating

process.

ost for the RF heating; process

$106

TABLE 3. Production c
Case A,

Case B,

separate

per unit volume of oil. off-peak

power

generating

station

$/m3

$/barrel

Generating station

RF equipment

o 417.6

54.0Mining 36.39 5.79 108.0

Electricity 42.32 6.73 Transmission line 30.2 15.1

RF equipment 12.09 1.92 Electrodes 7.8 9.7

Transmission line 3.29 0.52 Miningmachinery 9.0 9.0

Electrodes 0.91 0.14 Oil and gas recovery equipment 0.8 1.6

Oil and gas recovery 0.13 0.02 Shaft 0.4 0.4

Shaft and surface complex 0.77 0.12 Surface complex 5.0 5.0

Total 95.90 15.24 Total 161.2 512.4
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generating stations. The principal capital cost is for for production of shale oil. The principal capital

the RF equipment. For this case, the capital re- cost would be the generating station. For this case,

quirement per unit volume of daily capacity is the capital requirement per unit volume of daily
$40,000/m3

($6,400/barrel). capacity would be $127,000/m3 ($20,500/barrel).

For comparison, Case B shows capital required The great advantage in using off-peak power is il-

if a generating station were built and operated solely lustrated by comparison of the two cases.
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ABSTRACT

The history and current status of development

of IITRI
'

s RF process for in situ oil shale/tar sand

fuel extraction is described. A brief description of

the salient features of IITRI 's RF process is given,

together with a review of past laboratory development

activities. Activities within IITRI
'

s current coop

erative development program, jointly funded by gov

ernment and industry, are also described, including

oil shale field tests, tar sand field tests, and sup

porting laboratory and analytical studies.

INTRODUCTION

Several years ago engineers at I IT Research

Institute conceived an RF dielectric heating tech

nique for extraction of oil from shale, tar sands,

and other hydrocarbonaceous resources. The technique,

which after initial laboratory confirmation was
grant-

1 2

ed U.S. patents,
'

makes use of a transmission line

approach to dielectric heating using special patterns

of electrodes inserted into boreholes in the target

resource, and energizing these with an RF voltage at

selected frequencies (generally in the lower short

wave band). The approach has several unique char

acteristics, namely (1) it can produce nearly uni

form volumetric heating of the resource in situ,

(2) it is adaptable to nearly all resource types,

(3) it has little environmental impact and does not

radiate a significant amount of RF energy, (4) it

requires little mining and no on-site combustion,

and (5) it yields a high quality product.
Prelimi-

3 4

nary studies
'

have also indicated a favorable net

energy ratio and low cost for the process.

Research on IITRI 's RF technique has been in

progress since 1975, and during that time has pro

gressed from simple conceptual analysis, to labora

tory experimentation, to the present where field

experiments of modest size have been performed. It

is the purpose of this paper to briefly describe the

RF heating concept and trace its development up to

the present time.

DESCRIPTION OF THE PROCESS

In order to offer promise as an economically

attractive and environmentally acceptable in situ

oil extraction technique, the RF process must make

very efficient use of its input electrical energy

for heating, without producing external electromag

netic radiation. The key to IITRI's success in meet

ing these criteria is an electrode array which pro

vides nearly uniform volumetric heating of the re

source material enclosed within the array, with small

heat loss and negligible radiation outside this

volume. These benefits are achieved through use of

the triplate transmission line concept.

The basic triplate line configuration is shown

in Figure la, with more practical approximate con

figurations indicated in Figures lb and lc. Theoret

ical analysis of the cylindrical conductor triplate

line equivalent indicates that the enclosed electric

fields are essentially uniform except near and beyond

the edges of the inner electrode row. This suggests

that any dielectric material which is present between

the electrode rows will be heated nearly uniformly.

Moreover, by use of an excitation arrangement where

the RF voltage source is connected to the center row

of electrodes with the outer rows being maintained

at ground potential, and by maintaining the proper

line geometry, virtually all of the RF energy can be

contained within the precise volume of the triplate

line, with essentially no RF heating of adjacent

material and no electromagnetic radiation to cause

a health concern.

In addition to possessing these fundamental

properties, the triplate line heating concept is

adaptable to a wide variety of resource materials

by careful selection of the electrode array config

uration and by adjusting the RF frequency to the

specific dielectric properties of the resource. Ap

plication of the triplate concept to any given re

source deposit would, of course, depend on the

specific situation, but in general the triplate elec

trodes will consist of rows of metal pipes inserted
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Figure 1 Triplate Line Conceptual Design. (A) Solid Wall Totally

Enclosed Cavity; (B) Solid-Wall Cavity With Side-Wall

Removed; (C) Discrete Conductor Realization of (B)

into holes drilled either from the surface or from

drifts mined into the deposit in question. The tubu

lar electrodes may also be useful in providing an

exit path for the hydrocarbonaceous products liber

ated by heating. Some conceptual large scale imple

mentations of the technique are shown in Figures 2

and 3.

EARLY STUDIES OF THE RF TECHNIQUE

Initial development of the process was carried

out by IIT Research Institute during the mid-1
970'

s

as in-house research on the application to shale oil

recovery. This effort included measurements of oil

shale electrical properties, primarily dielectric

constant, loss tangent, and breakdown characteristics;

and simulated in situ heating in laboratory reactors.

In the latter tests, RF heating feasibility, oil

shale pyrolysis by RF heating, pyrolytically induced

oil shale permeability, and autogenous gas production

were demonstrated.

As part of the in-house laboratory effort, RF

heating reactors capable of pyrolyzing up to 10 Kg

of oil shale were constructed and used for numerous

tests. The experimental results indicated that py

rolysis of oil shale kerogen by this method is fea

sible, and showed that the dielectric properties of

the shale are sufficiently well behaved that experi

ments can be carried out by relatively straightfor

ward RF implementations.

Government interest in the process began in 1978

when IITRI received DOE funds for a study of the app

lication of RF heating techniques to tar sands. Dur

ing this program, research activities were carried

out to measure tar sand electrical properties and to

conduct laboratory experiments to demonstrate the

feasibility of uniform RF heating and the low RF

leakage inherent in the transmission line approach.

Additional experiments were carried out in the labor

atory to investigate fluid replacement and gravity

drive as two possible tar sand production alterna

tives. The laboratory research was complemented by

preliminary analysis of the net energy ratio (NER)

and economic benefit of the process.

The analytical and experimental work carried

out in this program demonstrated that the electrical

parameters of Utah tar sand will permit highly effi

cient matching of power into typical deposits, and

showed that nearly uniform RF heating is possible.

Laboratory tests of in situ RF heating using the tri

plate electrode array concept on tar sand samples as

large as 250 Kg indicated that, under ideal condi

tions, up to 85% of the bitumen could be recovered

by fluid replacement (tertiary) recovery methods.

Computer simulation studies showed that similar

very high recovery should also be possible usina

gravity drive in combination with tubular electrodes
7

which serve as production paths. Economic studies

showed that the IITRI RF in situ process should pro-
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Figure 2 Conceptual Design of Shale Oil Recovery Facility Enrol ovina
IITRI RF In-Situ Technology
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Figure 3 Conceptual Design of RF Process for a Tar Sand DeDosit
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duce four to ten times more energy than it consumes

for typical Utah tar sands, with the actual value

depending upon the richness of the deposit, the

characteristics of the oil and the rock medium and

the overall recovery (see Figures 4 and 5). Total

production costs were assessed as well in the econom

ic study, and were estimated to be in the order of

$6/bbl (1979 dollars, exclusive of pre-refining

charges) for the 70% recovery case. An independent

economic assessment of the RF process placed produc

tion costs for an oil shale application at about

$15/bbl.

Several new research activities aimed at deve

lopment of the process were begun in 1979. These

initially independent programs, funded by DOE and

private industry, were subsequently combined into a

broadly structured cooperative program which covers

27 months and includes: (1) field tests of the pro

cess as applied to oil shale, (2) field tests of the

process as applied to tar sand, and (3) supporting

laboratory and analytical studies. The $5M cooper

ative program is jointly funded by government and

industry. Technical direction of the cooperative

program is provided by the Laramie Energy Technology

Center, with the entire effort under cognizance of

$4.0

50 60 70 80

Percent Bitumen Extracted,

90 100

3.0 .

2.0 .

1.0 -

0.0

50 60 70 80 90

Percent Bitumen Extracted, X

Figure 4 Net Energy Ratio Values for Bitumen

Recovery

Figure 5 AC Power Costs Per Barrel for RF

Heating of Utah Tar Sand

DOE's Office of Advanced Technology Projects.

Activities and accomplishments within this present

program are described in the following paragraphs.

PRESENT PROGRAM ACTIVITIES

Oil Shale Field Tests

After completion of preparations which began in

August 1979, two RF heating experiments using the

IITRI technique were conducted in Avintaquin Canyon,

Utah, in the period January-March 1980. Oil Shale

volumes of approximately 1 meter (weighing =2 tons)

were heated by the RF process in each test, using

electrode arrays which were horizontally emplaced in

convenient shale outcrops.

At the test location, which is about 30 miles

SW of Duchesne, Utah, a 6 meter thick shale bed is

accessible in outcrops permitting the conduct of

horizontal experiments at modest cost. A 52 meter

length of the test outcrop was prepared by light

blasting to remove weathered shale and form a verti

cal cliff face. Arrays of holes were then drilled

and electrodes were inserted to a depth of 1 meter

(somewhat more in the case of outer guard-plane

electrodes). A steel frame was attached and sealed

to the shale cliff face outside each array, and after
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all electrical connections were completed, a steel

cover was mounted to the frame forming a shroud for

product collection (see Figure 6).

The purpose of these first field experiments

was simply to gain initial experience and test the

basic feasibility of bringing oil shale to pyrolysis

temperatures in situ by RF heating, and of collect

ing products of the pyrolysis. Each triplate elec

trode array was inserted into the shale deposit

directly from the cliff face and terminated in an

open circuit at a depth of approximately 1 meter.

No mechanism was incorporated for control of stand

ing waves within the transmission line. Each array

was connected via rigid coaxial cable to a variable

impedance matching network, and thence to the RF

power source, a 40 KW radio transmitter. For the

tests, forward RF power levels were kept in the range

of 5 KW to 20 KW and the matching network was adjusted

to hold reflected RF power levels below 250 W. All

test operations were at a frequency of 13.56 MHz.

6'

To
8'

Of Weothered

Shale Removed

__QZ5_JLT

Flexible Helio

35 g/l

Shroud

Product Collection

Figure 6 Site Arrangement for Oil Shale RF

Field Experiments

In the first test, temperatures over 340C were

recorded at the excitor electrodes and 4.5 gallons

of oil was collected. In the second test, tempera

tures above 400C were reached and more than 20 gal

lons of oil was collected. Product collection was

impaired for the tests by the presence of a number

of cracks and fissures in the outcrop which allowed

a portion of produced vapors and liquid to escape

without being collected. Despite this situation,

the 20 gallons of oil collected in the second test

represents about 20-30% of the oil content of the

shale enclosed within the (1 meter ) triplate array.

RF leakage was seen to be very low, measured at 70 dB

below the input power to the deposit, even though no

attempt was made to optimize the electrode pattern

for fringing field reduction.

Tar Sand Field Tests

Field tests of the application of
IITRI'

s pro

cess to tar sand are also included within the present

program. The initial test, which was conducted in

February 1981 was planned as a quick-look experiment

to validate the heating concept and equipment designs,

and to test the gravity drive bitumen recovery tech

nique. A second field experiment planned for the

summer of 1981, will heat over a longer period and

will achieve higher temperatures, but will use the

same basic equipment complement prepared for the

initial test. Specific plans for the second test

are presently being formulated based on the results

of the first experiment.

Preparations for the initial quick-look experi

ment encompassed site selection, equipment prepara

tions, and site development. After consideration of

some two dozen tar sand sites and detailed study

(including coring) of the three most promising loca

tions, the Asphalt Ridge area near Vernal, Utah was

selected as the optimum site for the planned test

program. In August 1980, arrangements were completed

with SOHIO Shale Oil Company for use of a portion of

their holdings on Asphalt Ridge for the tests.

Immediately upon obtaining permission to utilize

the SOHIO property, and after securing the necessary

approvals, development of the site for the planned

tests was begun. Activities undertaken and completed

including grading and fencing of the test area, in

stallation of electric power service, mining of the

collection chamber and tunnel, and drilling of the

planned series of vertical electrode holes (Figures

7 and 8). A vertical electrode emplacement pattern

was chosen for this experiment primarily in order to

test the gravity drainage production concept.

About 25 meters (60 tons) of tar sand was in

cluded in the test volume. Electrode holes some 6

meters long were drilled vertically into the tar sand

from an exposed surface outcrop to a lower collection

room mined into the deposit. In addition to provid

ing a collection area for bitumen draining by gravity
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through the deposit, the mined chamber also provided

access to the lower ends of the heating electrodes.

With this access, the terminal impedance could be

adjusted periodically during the heating period to

provide correction for transmission line standing

wave effects, and thereby achieve more nearly uniform

heating longitudinally through the deposit.

In parallel with the site selection and develop

ment activities, all of the special equipment neces

sary to the experiment was designed, prepared, and

shipped to the Utah site. This includes: a 200 KW

radio transmitter to supply heating energy, a dummy

load and heat exchanger for transmitter checkout,

specialized electrical impedance matching and trans

mission line transition equipment, a modular system

for collection and storage of gas and liquid prod

ucts, ancillary subsystems for transmission line and

matching network cooling, and appropriate data col

lection sensors, instrumentation, and recorders.

Plans for the first experiment called for heat

ing at two or three RF frequencies, and for produc

tion of about 3% of the total bitumen within the test

volume (= 1 bbl) over a one-week period at tempera

tures in excess of 120C. Subsequent to the gravity

drainage experiment, the tar sand was to be heated

to temperatures above 300C where some in situ crack

ing would take place and rapid production of a much

lighter oil would result.

Heating tar sand deposits to 120C with gravity

drainage is of commercial interest since most Utah

tars should flow readily at this temperature. Depend

ing on the deposit, overall bitumen recoveries via

gravity drainage have been projected, based on a com

puter reservoir analysis, to approach 80% using IITRI's

process because of the large number of product col

lection paths available in the electrodes. Even for

a pessimistic assumption of only 40% recovery, Figures

4 and 5 show a net energy ratio on the order of 5 and an

electric power cost of only a few dollars per barrel.

Heating to high temperatures may prove to be of even

greater interest since it should produce a light oil

which does not require pre-refining.

The gravity drainage portion of the experiment

was very successful, producing about 2% of the bitu

men (0.7 bbl) in less than four days, and giving

evidence of excellent RF heating behavior. Tempera

ture measurements indicated that heating was quite

uniform and in good conformity with computer-predicted

values. In addition, RF leakage measurements indi

cated that radiated electromagnetic fields were

80 dB below the power level entering the triplate

line. For this portion of the test, RF power levels

ranged up to 75 KW. Initial heating took place at

2.2875 MHz, with the frequency changed to 13.56 MHz

after 3 days.

The second portion of the experiment was not

conducted, however, because after 3 days of heating,

subisdence of a portion of the tar sand mass into

the collection room blocked tar recovery and caused

a short circuit within the electrical transition

assembly. This event required premature termination

of the field experiment. The subsidence problem

which was encountered does not represent any funda

mental limitation on the process, but rather presents

the engineering problem of developing a technique for

fully supporting the softened and unconsolidated tar

sand volume while permitting liquid tar and gaseous

products to escape for collection. A solution to

this problem has since been developed and will be

tested in a second tar sand experiment later in 1981.

Supporting Laboratory and Analytical Studies

To complement and advance the field test activi

ties, a parallel program of laboratory and analytical

studies has also been instituted. These activities

began in late 1979 and will continue to the end of

the cooperative program.

The study activities which have already been

carried out include: (1) electrical studies to mea

sure the dielectric and electrical breakdown char

acteristics of oil shale and tar sand samples from

several sources, and to study heating uniformity in

a simulated field experiment, (2) chemical and physi

cal studies to analyze material properties, conduct

oil shale pyrolysis experiments, study bitumen pro

duction by gravity drainage and autogenous drive,

and develop a tar sand reservoir analysis simulation

capability; and (3) analytical studies to develop,

and exercise for experimental design, a simple two-

dimensional computer simulation model describing

heating and thermal effects resulting from applica

tion of the IITRI technique in arbitrary configura

tions and media.

Dielectric measurements were made for a number

of oil shale samples under simulated constrained in

situ conditions. The tests showed that while the

parameters vary with site and grade of shale, the

dielectric absorption in all cases decreased rapidly
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as temperature rose above 200C, falling to a rela

tively constant value up to 450C. Dielectric break

down occurred only at temperatures above 420C and

at RF power densities far in excess of those antici

pated for a commercial facility. The measurements

also demonstrated that the dielectric absorption is

independent of oil and gas production.

Induced oil shale permeabilities perpendicular

to the bedding planes were also measured under simu

lated 50 psi overburden pressure at 450C. The

measured values ranged from 300 to 900 miHi darcies

and were some three to five times greater than pre

viously reported
'

. Even higher permeabilities

are expected where gas flow is parallel to the bed

ding planes. Such high induced permeabilities should

allow excellent shale oil product recovery. TGA and

long-term pyrolysis studies were also carried out for

oil shale, and showed that good recoveries occur for

the RF process when final retorting temperatures are

between 350C and 420C.

A series of laboratory experiments on tar sand

samples supported by computer aided reservoir analy

sis demonstrated that, for certain deposits, good

bitumen recoveries are possible by gravity drainage.

Recovery rates are enhanced by the development of

autogenous vapor pressure (such as occurs by the

evaporation of water), and by the presence of a large

number of production paths (as is the case with a tri

plate array). In addition to these experiments,

analytical techniques developed within the program

allowed prediction of deposit temperatures which

would occur in the tar sand field test. Temperature

measurements made during the test corroborated the

predictions.

In addition to the study work already under

taken, additional work planned for the remainder of

the present contract period includes an updated and

refined economic assessment for both oil shale and

tar
sand'

applications of the process, engineering

studies of resource properties and improved techni

ques and process materials, and preliminary planning

for larger field tests to be conducted in the future.

The present combination of laboratory and field

work is leading to a very thorough understanding of

the RF process, and its application to oil shale and

tar sands. Many of the earlier reservations regard

ing certain features of the process have now been

resolved and much of the background work necessary

for scaling the techniques toward the pilot-plant

stage has been completed.

FUTURE PLANS

Because IITRI's in situ recovery process shows

great promise toward providing an economically at

tractive method for shale oil and tar sand bitumen

extraction in a manner which will have minimal
en-

environmental impact, it is believed that expeditious

development of the technique beyond its present re

search stage is in best interests of the nation

in the quest for energy independence. To further

this development, preliminary planning has been car

ried out toward establishment of a long range pro

gram of development aimed at demonstrating a
capabil-

ity for heating larger resource volumes (e.g. 300 m )

in situ and at demonstrating continuous oil produc

tion at a modest level (e.g. 10 bbl/day). These

steps are deemed essential in bringing the RF tech

nique to a high level of development and in acquir

ing the data necessary for an accurate and realistic

assessment of the economy of the process.
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THE GEOKINETICS HORIZONTAL IN SITU RETORTING PROCESS

Mitchell A. Lekas

Geokinetics Inc.

280 Buchanan Field Road

Concord, CA 94520

Geokinetics is a small company in the busi

ness of producing shale oil. In cooperation

with the United States Department of Energy,

we are engaged in developing a true in situ

extraction process that does not require the

construction of a mine or surface retort.

This process is designed specifically for

areas where the oil shale beds are relative

ly close to the surface.

In the process, a pattern of blastholes is

drilled from the surface, through the over

burden, and into the oil shale bed. The

holes are loaded with explosives and fired,

using a carefully planned blast system. The

blast results in a fragmented mass of oil

shale, with a high permeability. The void

space in the fragmented zone comes from

lifting the overburden, and producing a

small uplift of the surface. The fragmented

zone constitutes an in situ retort. The

bottom of the retort is sloped to provide

drainage for the oil to a sump where it is

lifted to the surface by a number of oil

production wells. Air injection holes are

drilled at one end of the retort, and off

gas holes are drilled at the other end. The

oil shale is ignited at the air injection

wells, and air is injected to establish and

maintain a burning front that occupies the

full thickness of the fragmented zone. The

front is moved in a horizontal direction

through the fractured shale towards the off

gas wells at the far end of the retort. The

hot combustion gases from the burning front

heat the shale ahead of the front, driving

out the oil, which drains to the bottom of

the retort, where it flows along the sloping

bottom to the oil production wells. As the

burn front moves from the air-in to the off

gas wells, it burns the residual coke in the

retorted shale as fuel. The combustion

gases are recovered at the off gas wells.

This gas is combustible and can be used for

power generation. Progress of the burn

front is monitored by thermocouples set in

thermocouple wells.

The initial costs involved in starting a

production operation using this technique

are relatively low and start-up time is

short. The process eliminates the need for

a mine and related mining equipment, surface

retorts, and all rock moving machinery. The

equipment required includes a number of

drill rigs to drill the blastholes. The

same drills will drill the air injection

wells, the off gas wells, and the oil pro

duction wells. Low pressure blowers are

used to provide air to the retort and small

oil field type pumps are used to lift the

oil to the surface. The off gases from the

retort are moved at low pressure through

thin walled, large diameter pipe to off gas

cleanup units to remove the sulfur and am

monia compounds, and can then be burned as a

source of power. Supplies used are explo

sives, diesel fuel for the drills, and die

sel fuel or electricity to power the blow

ers .

The application of the process is directed

to areas where the overburden is relatively

thin. At the present time we do not know

what the upper limit of overburden thickness

will be. We have effectively blasted re

torts with 55 feet of overburden, and expect

that we can go to thicknesses of 100 feet.

How much beyond 100 feet we can go we will

learn as we continue our testing program.

There are many locations throughout the

world where we find satisfactory overburden

conditions for the process. In the United

States, there are large areas in Colorado,

Utah and Wyoming and in the eastern states
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where the oil shale beds are within 105 feet

of the surface. In Brazil, a substantial

portion of their widespread oil shale depos

its are at relatively shallow depths. In

Australia, the Julia Creek deposit in cen

tral Queensland includes a very substan

tial area with less than 120 feet of over

burden. In Morocco, the Tarfaya deposit is

a potential site for this process. At Tar

faya, exploratory drilling has defined an

area of 15 square miles where the overburden

is less than 75 feet, and an area three

times as large where the overburden is less

than 150 feet. In addition to areas that

have been identified, there are undoubtedly

other areas throughout the world that will

be suitable for this process.

Operations began at a test site in Utah in

April of 1975, and have continued without

interruption to date. Over $10 Million have

been spent to date in field testing the

process. The test site. Kamp Kerogen, is

located 70 miles south of Vernal, Utah, in

the north half of Section 2, R22E, T14S, on

land owned by the State of Utah. Oil shale

rights are leased by Geokinetics, and 320

acres are dedicated as a test site. The

Mahogany Zone is approximately 30 feet thick

and has a grade of 23 gallons per ton. The

beds strike in an east-west direction, and

dip to the north at about 120 feet per mile.

Overburden ranges from zero at places where

the shale forms the surface of the ground to

a maximum of 110 feet.

Prior to 1980, 23 retorts had been blasted

and 13 retorts had been burned. This work

has established the technical viability of

the basic process, as follows:

1. It is possible to drill a pattern

of blastholes from the surface into the oil

shale and fracture the shale with explo

sives to establish a zone of high permeabil

ity with a relatively impermeable zone be

tween the fragmented shale and the surface.

2. It is possible to drill through the

rubblized material and construct the various

wells necessary for the operation, including

air-in holes, off gas holes, oil recovery

wells and instrument wells.

3. A point ignition can be made in the

rubblized shale and expanded into a burn

front that covers the cross section of the

retort .

4. The burn front can be moved down

the length of the retort as a cohesive tem

perature front, with satisfactory sweep

efficiency.

5. Produced oil can be recovered from

a well drilled to the bottom of the rubbliz

ed zone.

6. Recovery of in place oil of up to

50 percent can be achieved.

In addition, basic retorting parameters such

as air injection pressures, air injection

rates, rates of fire front advance and re

covery factors were established on small

retorts. A specific blasting pattern was

selected to be scaled up to full size. The

environmental impacts of the process upon

air, water, land, vegetation and animal life

were investigated.

During 1980, Retort #25 was blasted, and

Retort #18 was burned. Retorting equipment

was fabricated and installed on Retort #24,

and the retort was ignited near the end of

the year. A number of significant environ

mental and operating permits were granted.

Crude shale oil was sold to a number of

refineries and research organizations for

refining tests. Two patents were granted

covering blasting technology. A number of

foreign companies and governments have ex

pressed an interest in the process.

Retort #18, which was ignited during the

previous year, was operated until June 18,

1980. A total of 5,500 barrels of oil was

produced from this retort. This represents

45 percent of the in place oil. On Retort

#24, surface and underground construction
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was completed, and the retort ignited on

December 1, 1980. Retort #24 is a full-

size retort, measuring 230 feet long by 217

feet wide by 30 feet thick with 45 feet of

overburden. Start-up of the retort involved

ignition of eight ignitor holes in a three-

day interval. By the end of the year, a

stable burn front had been established and

air was being injected at the rate of 3000

scfm. Retort #25 was blasted on July 18,

1980. This retort is the same size as #24,

with minor modifications in the design to

optimize fragmentation. The blast was very

successful, and resulted in improved break

age of the oil shale with less damage to the

overburden .

A number of significant permits were secured

during the year. A PSD permit was granted

by the EPA to cover anticipated air emis

sions for 1981 and 1982. An Underground

Injection Control (UIC) permit was granted

by the Utah State Department of Oil, Gas and

Mining permitting construction of a deep

well for underground disposal of retort

waters. A geological study of the subsur

face formations in the vicinity of the test

site indicated excellent conditions for

disposal of retort water at a depth of 5,000

to 5,500 feet below the surface. Additional

permits were secured for operation of the

camp facilities.

The environment program was very active. In

addition to securing the PSD and UIC per

mits, a new 1-1/2 acre evaporation pond was

designed, permitted and constructed and

revegetation studies continued or were ini

tiated on eight spent retorts.

Sandia National Laboratories participated in

the blasting of Retort #25 by providing high

speed motion picture photography of surface

motion at blast time. However, they were

not able to field the normal array of blast

time instruments due to limitations on their

budget. As a result we were unable to gath

er as much data from this blast as we de

sired. This represented a serious loss of

valuable information. Sandia ran tracer

tests in a number of retorts to evaluate

rock fragmentation and flow permeability.

Sandia also finalized plans for instrument

ing the burn of Retort #23. Retort #23, a

relatively small retort (100 feet long by 50

feet wide by 24 feet thick) will be heavily

instrumented by Sandia and operated to yield

the maximum amount of retorting data. De

sign and acquisition of instrumentation was

completed during the year.

An extensive post-burn coring program has

been completed on Retorts #16 and #17. A

total of 28 core holes were drilled, includ

ing two core holes drilled outside the re

tort zone as baseline samples. Extensive

chemical and mineralogical tests will be

made on the cores. Funding for this project

is being provided by the EPA.

Over 20,000 barrels of crude shale oil have

been produced in the course of the test

work. This oil has been sold for:

Cl) Direct boiler fuel

(2) Blending and refining tests

(3) Hydrotreating and refining

tests

(4) Blending and marketing as #5 Fuel

Oil

Geokinetics holds leases on 30,000 acres of

oil shale land in the vicinity of the test

site, containing 1.7 billion barrels of oil

in place. Of this total, 273,000,000 bar

rels are overlain by less than 100 feet of

overburden, and are considered available to

the process .

A commercial operation would consist of a

number of retorts burning at the same time

and each producing from 100 to 200 barrels

per day. Each retort would have a life of

six to eight months, and would produce from

15,000 to 25,000 barrels of oil. A self-

contained production unit would produce from

2,000 to 3,000 barrels of oil per day.

Our objective is to recover fifty percent of

the oil in-place within the boundary of the
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retorts. Recent retorts have had recoveries

close to this, and we feel that we will be

able to achieve or exceed fifty percent

recovery.

By the end of 1982, we expect to have com

pleted our test program and be ready to

begin design and construction of a commer

cial facility on our Utah properties which

contain about 100,000,000 barrels of shale

oil recoverable by the horizontal in situ

retorting process.
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Average Barrels of

Retort Date Date Th ickness Overburden Shale Oil

Number Blasted Ignited of Shale Th ickness Width Length Recovered

1 7/75 9/76
10' 0' 10' 50'

56

2 7/75 3/76
3' 10' 10' 30'

28

3 1/76 7/76
10' 17' 20' 40'

82

4 2/76 2/77
10' 16' 20' 40'
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5 2/76 5/77
11' 19' 20' 81'

354

6 Abandoned-
-Not blasted

7 11/76
10' 15' 20' 50'

8 11/76
23'

22
' 20' 83'

9 12/76 9/77
22' 22' 40' 83'

1 ,007

10 12/76 1/79
11' 14' 20' 50'

445

11 3/77 4/77
12' 14" 20' 45'

272

12 3/77
11' 31' 30' 50*

13 6/77
11' 31' 30' 50'

14 6/77 2/78
12' 29' 40' 70'

384

15 7/77 5/78
20* 31' 50' 75'

1 ,003

16 8/77 8/78
20' 41' 62' 87'

2 ,067

17 5/78 6/79
17' 26' 72' 156'

3 ,700

18 7/78 11/79
17' 27' 108' 156'

5,,500

19 12/78
30' 50' 126' 182'

20 4/79
24' 36' 40' 100'

21 6/79
23' 35' 40' 100*

22 6/79
23' 34' 50' 100'

23 9/79
24' 36* 50' 100*

24 11/79 12/80
28' 45' 217' 230'

25 7/80
28' 55' 217' 230'

Figiure 3. Summar y of Data on Retorts #1 throug;h #25

(to 12/31/80)

Constituent

Hydrogen (H2)

Carbon Monoxide (CO)

Oxygen (02)

Carbon Dioxide (CO2)

Nitrogen (N2)

Methane (CH4)

Ethane (C2H6)

Ethene (C2H^)

Propane (C3Hg)

Propene (C3Hg
Butanes (C^H^q)

Butenes (C^Hcj)

c5
Hydrogen Sulfide (H2S)

Ammonia (NH3)

Mean

Standard

Deviation

No.

Sam

ples
"Typical"

High

6.514 1.432 96 6.618 9.904

6.597 1.583 96 7.954 9.206

2.282 1.100 96 1.214 2.078

22.979 3.436 95 21.415 25.778

59.541 4.419 96 59.054 49.169

1.564 0.500 95 3.032 2.681

0.295 0.075 94 0.211 0.465

0.082 0.045 92 0.060 0.092

0.141 0.041 94 0.620 0.244

0.096 0.040 93 0.096 0.134

0.078 0.057 96 0.074 0.115

0.058 0.031 95 0.054 0.080

0.058 0.021 80 0.049 0.069

0.193 0.061 51 0.255 -

0.045 0.034 45 0.032 -

Figure 4. Retort #18 Gas Analysis Data Summary -

By Volume
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SIMPLIFIED KINETICS OF OIL SHALE PYROLYSIS

D. W. Fausett and F. P. Miknis

U. S. Department of Energy

Laramie Energy Technology Center

Laramie, Wyoming 82071

ABSTRACT

Analytical techniques have been developed that

permit a distinction between the aromatic and ali

phatic carbon fractions in kerogen. A new investi

gation of the kinetics of oil shale pyrolysis based

on the aromatic-aliphatic carbon distribution in the

kerogen indicates that simplified reaction mechan

isms can account for the formation of products

during retorting of oil shale. Some preliminary

results of this study are presented and compared

with previously published results.

INTRODUCTION

In the last few years new methods have been

advanced for the analysis of oil shales. Among the

more promising of these new analytical methods are

Fourier Transform Infrared (FTIR) spectroscopy (1)

and solid state carbon-13 Nuclear Magnetic Resonance

(NMR) spectroscopy (2,3). Both techniques have been

employed as means for evaluation of the amount of

hydrocarbon products that can be generated from

kerogen during pyrolysis, i.e. the genetic potential

(4). FTIR analysis measures the aliphatic hydrogen

content of oil shales, whereas NMR analysis measures

the aliphatic and aromatic carbon contents.

A very interesting result of such analyses is a

strong correlation between the aliphatic components

in raw oil shales and the ultimate oil yield from

those shales. This result suggests that, under

conditions similar to Fischer assay pyrolysis, there

is almost complete conversion of the aliphatic com

ponents to liquid and gaseous products. An immed

iate implication of this result is that the aromatic

carbon in raw oil shales should correlate with the

carbonaceous residue in retorted shales. That

interpretation is supported by NMR analysis (3).

These observations provide the basis for a simpli-
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fied mechanism for the description of oil shale

pyrolysis that incorporates quantitative molecular

structure detail. Such detail has not been used in

previous kinetic studies of oil shale.

An experimental program to investigate the

kinetic behavior of oil shales under a variety of

retorting conditions is currently in progress at

Laramie Energy Technology Center. The NMR analysis

of the shales at various stages of retorting is

performed under a research contract with the Depart

ment of Chemistry at Colorado State University. The

results reported in this paper are preliminary in

nature.

ANALOGY WITH COAL

The hypothesis that there is a close correspon

dence between the aromatic carbon content in raw oil

shales and the carbonaceous residue in spent shales

is apparently neoteric (1,3). Because of the simi

larity of such carbonaceous residue to fixed carbon

in coals, it is natural to investigate the existence

of an analogous relationship between the aromatic

carbon content in raw coals and the coke or char

content in pyrolized or devolatilized coals. In

fact, it has long been known (5-17) that the same

general relationship does exist. In 1951, Van

Krevelen et al. (5) stated, "The fully condensed

aromatic skeleton proves to be very thermostable;

Mazumdar et al . (10) have stated, "The pro

portion of carbon normally fixed in coke and char on

carbonization at 600C corresponds to the aromatic

carbon in
coal."

Anthony and Howard (14) have

remarked, "In the absence of external hydrogen, the

aromatic clusters appear immune to internal
rupture."

For a final sample of opinion, Solomon and Colket

(16) have observed, "The values of fNV are slightly

greater than f suggesting that after the release of
a



the tar, all of the remaining C and a fraction of
3

ar

the C aliphatic are the source for the
char."

Thus there is a substantial body of opinion,

well documented in the literature, supporting the

contention that the hydrogen rich volatile products

of coal pyrolysis evolve primarily from chemical

reactions which deplete the aliphatic carbon content

of the coal, and that the aromatic carbon content

remains largely unaffected during pyrolysis to yield

a carbon rich solid residue. Van Krevelen and

Schuyer (6) quantified this last relation as

FC = 1.032 C .

a

where FC is the percentage of a coal remaining as

fixed carbon after pyrolysis and C, is the percen-

a

tage of aromatic carbon in a coal before pyrolysis.

Here the definition is employed (6) that

FC = 100 minus percentage of volatile matter.

Clearly Van
Krevelen1

s relation is an oversimplified

idealization, but it has been found to hold sur

prisingly well for a wide variety of coals of differ

ing rank and pyrolysis processes (17). This simple

relation ignores any secondary reactions, reactions

involving added hydrogen, reactions occurring at

high temperatures (above 600 C), or reactions that

are limited by mass transfer effects.

ANALOGY WITH GEOCHEMISTRY

The generation of oil and gas from organic

matter in sedimentary basins over geological time is

a low temperature pyrolysis process on a vastly

expanded time scale. An excellent description of

the diagenesis, catagenesis, and metagenesis of

organic matter as it is transformed into geochemical

fossils, kerogen, and petroleum has been given by

Tissot and Welte (4). As they state, "To some

extent the pyrolysis leading to shale oil formation

from kerogen is comparable to the burial of the

source rocks at depth, that generates oil by the

resulting elevation of
temperature."

As an illustration of the metagenesis of kero

gen, Tissot and Welte present data for samples from

the Sahara that were buried at depths to 4000 m.

These samples were taken from a location with a high

geothermal gradient. Infrared spectra showing

evolution of the kerogen provide evidence that the

residual kerogen has undergone thermal decomposition

to various degrees as a function of depth. Pro

ceeding from lesser to greater depths, the infrared

spectral bands for aliphatic carbon and carbonyl

progressively diminish. At the bottom extreme

(where the temperatures are greatest), those bands

have essentially vanished. However, the aromatic

bands are virtually independent of depth; i.e. the

indicated aromatic carbon content is the same for

samples from all depths.

This result supports the hypothesis that the

aromatic carbon in kerogen remains relatively stable

during retorting of oil shale. Similar evidence is

provided by Simoneit et al . (18) in regard to an

organic rich shale in the eastern Atlantic that has

been exposed to a steep thermal gradient imposed by

basaltic intrusions. They conclude that the kerogen

is more aromatic near the diabase sill, whereas

kerogen from thermally unaltered sediment is more

aliphatic in character. Other investigators (19,20)

have suggested that such a relationship might exist;

however, they lacked quantitative measurements of

the organic carbon distribution in oil shales to

test those conjectures.

THEORY

The idea to be exploited for a simplified

kinetic scheme for oil shale pyrolysis is that the

aromatic fraction of the carbon remains relatively

stable during retorting. This means that the carbon

in the residue is accountable directly from the

starting material, without the requirement of a

kinetic step for its formation. Coking reactions to

produce additional carbon on the residue are re

garded as second-order perturbations in this kinetic

scheme. This also means that it is the aliphatic

fraction of the carbon which undergoes thermal

decomposition under conditions similar to Fischer

assay pyrolysis (but including lower temperatures),

and is largely responsible for the liquids produced.

A schematic diagram of this reaction model is shown

in Figure 1. Such a reaction scheme is in accord

with Bradley's observation (20) that Green River oil

shale contains kerogen that is bipartite in nature:

one part readily producing oil and the other pro

ducing very little oil. Therefore, it is only

necessary to account for disappearance of aliphatic
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FIGURE 1 - Schematic Diagram of Reaction Model

carbon, the quantity of aromatic carbon remaining

constant, in order to account for pyrolysis yields,

independent of product composition. Accordingly it

is the fraction of aliphatic carbon converted that

is to be described as a function of time.

(then Bureau of Mines) oil shale mine near Rifle,

Colorado. Fischer assay of the sample indicated

that it contained 272 I of oil per Mg (tonne) of

shale. The organic carbon content of the shale was

30.2 weight percent. Soluble organic material in

the raw shale was removed by benzene extraction.

7.5 weight percent of the organic material was

removed by the extractions. About 80 weight percent

of the organic material in raw shale is organic

carbon, therefore each 100 g sample of extracted

shale contained 28.75 g organic carbon.

The samples subjected to NMR analysis came from

isothermal conversion of the extracted raw shale at

350C (22). The heating times were 0.5, 1.0, 2.0,

and 4.0 days. The NMR spectra of the partially

retorted samples are shown in Figure 2. Other NMR

This kinetic model is a radical departure from

the usual first-order kinetic schemes, such as:

kerogen ^bitumen >oil + gas + carbon residue

Instead this model is further simplified to:

Colorado Oil Shale, 350C

aliphatic kerogen-

aromatic kerogen

-^bitumen >oil + gas

->carbon residue

In parallel with standard convention (21,22), X

is used to denote the mass fraction of aliphatic

carbon converted to pyrolytic products. In con

ventional schemes, X denotes the mass fraction of

the total organic carbon converted, without regard

to any structural features of the oil shale kerogen.

The unconverted aliphatic carbon in the kerogen is

then represented by 1-X. For a first order reaction,

the governing relation is of the form

ln(l-X)
=

-kt,

where t denotes time and k denotes the specific rate

constant at a fixed temperature (23). The Arrhenius

equation can be used to represent k as a function of

temperature (23).

Aromatic I Aliphatic

Carbons Carbons

300 200

1
i f

'
i

100 0 -100 ppm

RESULTS AND DISCUSSION

The retorted shale samples used in this study

are from the experimental program conducted by

Cummins and Robinson (22) at Laramie Energy Tech

nology Center. The raw shale was taken from the DOE

FIGURE 2 Spectra of Partially Retorted Samples

spectra of oil shales heated to higher temperatures

are shown in the paper by Miknis and Maciel (3).
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NMR analysis (2) also was performed on the benzene

extracted, solid remnant from each heating time

period. Because the weight of the sample is de

creased as volatile products are produced, the

aromatic and aliphatic carbon fractions of each

sample are relative to a different mass of carbon in

the remaining shale. Values of the aromatic and

aliphatic carbon fractions were determined by inte

gration of the appropriate spectral regions as

delineated by the dashed line in Figure 2.

NMR analysis of the extracted raw shale indi

cated the aromatic carbon fraction to be 0.26. This

is in excellent agreement with the experimental

result reported by Cummins and Robinson (22) that

27.9 percent of the kerogen carbon was converted to

carbon residue. Each 100 g sample of extracted

shale contained 0.26 x 28.75 = 7.48 g of aromatic

carbon. Under the hypothesis that the amount of

aromatic carbon remains constant during pyrolysis of

each sample, the amount of unconverted kerogen

carbon, k , in each partially retorted sample was

computed from

ku
= 7.48/fa,

where f denotes the aromatic carbon fraction at any
a

J

given time. The amount of unconverted aliphatic

carbon then was found from (l-f,)k,,. The values for
a u

converted and unconverted kerogen carbon based on

NMR analysis are given in Table 1. The least

constant for conversion of total organic carbon.

Figure 3 presents a plot of ln(l-X) as a function of

time. The aromatic carbon fractions for each
heat-

Time, days

FIGURE 3 - Conversion of Aliphatic Carbon to

Pyrolytic Products at 350C

ing time period are shown in Table 2. The NMR

precision of these fractions is not known. The

amount of unconverted kerogen determined in the

experiments of Cummins and Robinson (22) can be used

as a check on the accuracy of the hypothesis that

f .k

= 7.48 at all times. Those values are given
a u

a

in Table 3. The fluctuation in the values of f .k

a u

indicates that experimental agreement with the

hypothesis is not complete; however, it is not known

TABLE 1. - Kerogen Aliphatic Carbon Converted to

Pyrolytic Products

Heating
Time

Kerogen Aliphatic Carbon

(Heating Temperature = 350 C)

(Days) Converted (g) Unconverted (g) 1 - X In (1 - X)

0.0

0.5

1.0

2.0

4.0

0.00

9.59

10.52

11.76

16.89

21.28

11.69

10.76

9.52

4.39

1.00

0.55

0.51

0.45

0.21

0.000

-0.599

-0.682

-0.805

-1.578

squares estimate for the specific rate constant for

aliphatic carbon conversion is k = 0.42. The rate

constant for total organic conversion at 350C was

found to be 0.2 by Cummins and Robinson (22). The

rate constant should be greater for conversion of

the aliphatic portion of the carbon because it is

relative to a smaller initial mass than is the rate

at present to what extent the lack of agreement is

due to the oversimplified nature of the hypothesis

or due to inaccuracies in the NMR values of f and
a

the experimental values of k .

Finally a comparison of the experimental values

of Cummins and Robinson (22) for organic carbon
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TABLE 2. - Aromatic Carbon Fractions of Partially
Retorted Shale

Heating
Time

(Days)

Aromatic

Carbon

Fraction, f
a

0.0

0.5

2.0

4.0

0.26

0.39

0.44

0.63

TABLE 4. - Kerogen Organic Carbon Converted to

Pyrolytic Products (Heating Temperature

= 350C)

Heating Experimental NMR Model

Time Values (22) Analysis Predictions

(Days) (g) (g) (g)

0.0 0.0 0.0 0.0

0.5 7.9 9.6 4.0

1.0 12.8 10.5 7.3

2.0 15.5 11.8 12.1

4.0 18.7 16.9 17.3

TABLE 3. - Calculated Values of Aromatic Carbon

Mass, f .k

a u

Heating Experimentally
Time Determined k f3 k
(days) (g)

u

a(g)
u

0.0 28.75 7.48

0.5 20.82 8.12

1.0 15.96 6.54

2.0 13.25 5.83

4.0 10.03 6.32

Some advantages of the proposed kinetic model

are as follows:

1) Volatile products and carbon residue are

formed from different carbon material in

kerogen, there is no need for a separate

mechanism to account for carbon residue in

retorted shale.

2) Molecular structural parameters are incor

porated into the model.

3) In principle, the model applies to any

type of oil shale, i.e. carbonaceous or

siliceous or "coaly type".

4) The discrimination between unconverted

kerogen and carbon residue via NMR anal

ysis is incorporated into the model.

5) It may serve as a first step toward a

general pyrolysis scheme for organic

fossil fuels, including oil shales, coals,

and tar sands. Pyrolysis of such fuels

occurs at similar temperatures, indicating

that similar bonds are being broken.

conversion with the values obtained by NMR analysis

are presented in Table 4. Also presented are the

predicted values assuming a first-order reaction

model with the least squares estimate for the spe

cific rate constant. Agreement is better for the

longer time periods. Again the precision of the

experimentally determined and analytically deter

mined values is unknown.

are:

Limitations of the model in its present form

1) More data are required to substantiate the

model .

2) Aromatic carbon types in liquid products

are not explained by the model.

3) The model only considers the two major

carbon types (aliphatic and aromatic);
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other types, such as C=0, are not con

sidered.

4) Secondary reactions, such as coking and

cracking, are not considered in the model.

SUMMARY AND CONCLUSIONS

NMR analyses have been made on a limited number

of partially retorted oil shale samples. The NMR

spectra indicate the mass fractions of aromatic and

aliphatic carbon in the unconverted kerogen remain

ing in the samples. The NMR data generally support

the hypothesis that the aromatic carbon in kerogen

remains stable during retorting, and that it is the

aromatic carbon that is left after retorting as the

carbonaceous residue. It is the aliphatic carbon in

kerogen that undergoes thermal decomposition to form

volatile products. These results suggest that coking

of the liquid products is not significant under

conditions similar to Fischer Assay pyrolysis (but

including lower temperatures).

A simple first order kinetic model is presented

to describe the conversion of aliphatic carbon

during retorting at 350 C. Additional experimental

data are required to extend the temperature range of

the model. A research program to provide such data

is currently in progress at LETC. The model pre

sented has the advantage that it requires no separ

ate mechanism to account for formation of carbon

aceous residue.
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INTRODUCTION

The problem of how to recover the enormous

quantity of energy contained in Green River shale

has been the focus of intensive thought and

considerable research for more than a century.

Conversion of the geopolymer or kerogen material to

the more convenient liquid and gaseous fuels has

been a challenge which has been met by the evolution

of a number of very practical retorting processes.

Despite many political, economic, and

environmental uncertainties, several shale

commercialization plans could proceed before 1985.

Indeed, with technological improvements which seem

certain to evolve from module and larger commercial

plants, it still seems reasonable to forecast that

shale oil could contribute upwards to 500,000

barrels per day of equivalent energy by the year

1990.

Thus, retorting by a combination of surface and

underground processing must be the mainstay of the

shale industry, if there is to be an industry at all

in the next 20 years.

But by looking beyond 2000, we have become

concerned that the specific properties of Green

River shale, together with the constraints of the

retorting process itself, make it questionable that

shale can realize a high potential. We have arrived

at this conclusion through a systems approach to

shale. Items ranging from the nature of the

resource through the final end use of the energy in

the market have been examined.

A CRITIQUE OF RETORTING

Significant progress has been made in shale

retorting over the last 30 years utilizing
small-

scale equipment. However, progress has been slowed

because few modules of 250-1500 tons per day have

been built. Retorts must be built at large scale

and then operated over a period of years so that

retorting development and improvements can be

allowed to occur. For example, development in the

gas combustion retort, as in the Paraho program, can

be cited to show how this improvement in technology

does occur. The early gas combustion retort could

tolerate solids rates of less than 2t/m2-hr. The

Paraho program has attained rates almost triple

these early rates. Also, liquid recovery was much

improved. Similar improvements can be shown in

Union, Tosco, and other retorting technologies over

the years.

Most written descriptions of retorting focus on

the mechanical engineering aspects of the technology

and compare yields as a percent of Fischer assay.

Other empirical relationships are used in

comparisons. These are very important aspects of

retorting processes. However, it is also useful to

consider retorting in a more fundamental way. We

have found it convenient to characterize retorting

in a slightly different way.

The characteristics of retorting can be divided

into three broad categories: chemical,

thermodynamic, and engineering. No specific

processes will be cited or compared. The lists

(Tables 1, 2, and 3) include characteristics which

might be improved by research and development into

newer processes. All characteristics are not common

to all processes. Some are fundamental to the

resource itself and are not easily changed.

Many of the thermodynamic problems listed in

Table 1 are related to the fact that most shale is a

dilute phase. For example, shale under commercial

consideration ranges from 10 to 20% of organic by

weight. One of the most important thermodynamic

characteristics of retorting, however, is the

temperature (about 500C) at which the process is

conducted. We can consider the solids, liquid,

vapor, and gas to be a "working
fluid"

in a complex

Carnot engine (which is the retorting process). At

500C, we are in a critical temperature regime.

This is a very steep part of the entropy or "lost-

work"

curve. The entropy of any working fluid is a

measure of its inability to do useful work. Also,

with the solids present in the working fluid, we

lose flexibility to recover heat which can do useful

work. Since our goal in shale conversion is to

maximize liquid fuels for the transportation market,

our concern over potential work in the fluid streams

is well founded. Our liquid product is being

considered mostly for its ability to do work. If
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Table 1

General Thermodynamic Problems With Retorting

1) High-level heat intensity

2) Heat and work- intensive with low grade shale (15-25 GPT)

3) Increasingly work-intensive as inerts (carbon dioxide, nitrogen) are

added in combustion- type processes

4) Operating temperature of 500C (932F) at steep part of lost work curve

5) Conditions compatible with undesirable reactions such as dehydrogen-

ation, dehydrocylization

6) Heat recovery difficult due to dust/gas and solids presence when vapors

condense

7) Low overall efficiency, particularly with low-grade shale (<20 GPT)

8) General thermodynamic constraints of N-containing ring compounds limits

process conditions possible

9) Carbonate decomposition reactions (endothermic) overlap retorting

temperature

10) High-temperature reaction in one thermodynamic direction (dehydrogen-

ation) is followed by a second high temperature reaction in an opposite

thermodynamic direction (hydrogenation)

Table 2

General Chemistry-Related Problems with Retorting

1) Uncontrolled free-radical reactions and uncontrolled catalysis with

mass transfer problems

2) Random dispersion of chlorin-porphyrin fragments to form nitrogen

compounds throughout boiling range

3) Pyrite-derived sulfur reactions to introduce organic-sulfur compounds

4) Arsenic dispersion to form organic-arsenic compounds

5) Relatively low H/C ratios in portions of kerogen

6) Loss of hydrogen and hydrogen-rich gases from overall structure
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Table 2 (cont.)

7) General tendency to form n-paraffins and condensed aromatics via

hydrogen transfer

8) Induced instability brought on by dealkylated ring compounds

9) Other product instability brought on by interaction of ring hydro

carbons and methyl -pyrroles

10) Boiling points of dominant-products overlap temperature of process

11) Low overall selectivity of kerogen to liquid hydrocarbon (about 50%)

Table 3

General Engineering Problems With Retorting

1) Complex nature of heat addition with solids and gases

2) Small size equipment of retorts; lack of economy of scale

3) High volumes occupied by inerts with not particularly high conversion

rates

4) Small delta temperature in most gas/solid heat transfer operations

5) High maintenance costs with solids, due to erosion

6) Grade sensitivity; decrepitation to fines with rich shale (>30 GPT)

7) Recovery of fines from gas, vapor and mist, and liquid streams

8) Stabilization and de-dusting of liquids required prior to catalytic

processing

9) Small size equipment of hydrotreating pressure vessels; lack of economy

of scale

10) Bottom Line - High capital cost of retorting/hydrotreating sequence
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shale conversion operated at lower temperature such

as 200-300C, higher efficiency is possible.

Some of the characteristics listed are unique

and cannot be corrected. As shown in Table 1,

retorting is heat intensive, and the process

consumes a significant fraction of its own product,

particularly with low grades.

Some important features of retorting, which are

of a chemical nature, are included in Table 2.

These include the uncontrollable nature of the free

radical reactions which occur. Frequently, free

radical reactions which have high activation energy

of about 200 kJ/mole confound product selectivity

patterns by the problems of diffusion control . The

solid nature of kerogen and the low mobility of the

transitional bitumen product prevent termination of

intermediate radicals. In general, catalytic

processes, which are more controllable at lower

temperature, are to be preferred.

Item 2 in Table 2, relating to the nitrogen

compounds, is considered critical. Reaction

temperature, together with the intrinsic structure,

combine their effects to spread nitrogen compounds

throughout the boiling range of shale oil. This

behavior is quite different from the distribution of

nitrogen compounds in typical crude oils. Crude

oils seem to have the nitrogen compounds mostly in

the residual fractions. For example, many crude

oils have 85-90% of the nitrogen contained in the

vacuum tower bottoms distilling above 550C.

Much of the product produced from shale

distills in the same range as the operating

temperature of the process. This relationship of

temperature to the product distillation range was

noted above. It would be far better if the product

had a lower mean average boiling point. For

example, in catalytic cracking the mean average

boiling point of products is less than 300C.

Product and solid separation is much easier if the

difference between the reaction temperature and

distillation range of product is larger.

Many of the engineering problems listed in

Table 3 are commonly considered and are noted only

for balance in our critique. Engineering must, of

course, work with the fundamental constraints of

chemistry and thermodynamics which are dominant and

controlling.

Particularly noteworthy are the problems with

grade sensitivity, which is due to the phase change

as kerogen begins to swell and soften at 325-

350C. The solids-handling problems and scope of

retorting are often compared with fluid catalytic

cracking (FCC) of heavy gas oil and are said to be

similar. This is far from true, since the solids-

handling intensity of FCC per unit of product is

roughly 1/6 that of a typical 30 GPT shale. Narrow

spreads of catalyst particles (40-80 urn) are

fluidized in FCC while particle sizes in shale range

down to less than 1 Lim. Also, about four times as

much carbon residue would be burned (in the shale

case) in a combustor similar to an FCC regenerator.

In summary, there are many characteristics of

retorting which could be improved. A general goal

for R&D is to provide improvement in a few of those

characteristics. We should note a priori that this

challenge is quite difficult. Retorting is quite a

versatile process since it accomplishes heat

transfer, conversion, and distillation all in one

step. Moreover, it has stood the test of time.

SYSTEMS ANALYSIS

Most systems analyses for shale focus on

studies of mining, retorting, and upgrading in

combination. Shale projects, like Gaul, seem

conveniently divisible into three parts.

The total system for shale is much larger,

however. The extremely large resource base in

shale, which should last for many centuries, must

consider the alternate ways of producing energy and

doing work. These include electric power from coal

and solar energy. In the short term, we were

concerned with trying to maximize yields of high

quality liquids which can be used for transportation

fuel. This would include turbine fuel for planes

and liquids for diesel and otto engines.

The systems analysis which is used here has a

thermodynamic basis. An adaptation of the methods

described by Gyftopoulos, Lazaridis, and Widmer

(1974) have been used. Effectively, the product

from shale mining, shale conversion, and liquid

upgrading is considered to do work in real otto and

diesel engines in the marketplace. In this way, the

potential for process options can be compared.

Some of the techniques used are described in

the appendices. It is our belief that the ultimate

costs of all processes for shale are a function of

the lost work of the overall process from resource

recovery through the final work done as measured at

the brake of an auto, train, etc. Gaensslen (1979)

has shown some of these relationships for the
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process aspects of coal -derived synthetic fuels. We

have extended this analysis for shale conversion as

well as coal conversion from the extraction of the

resource, through the chemical changes in the

process and finally to the end-use-work in the

marketplace. The details of this system analysis

are beyond the scope of this paper.

POSSIBILITIES FOR IMPROVED CONVERSION PROCESSES

General

There are many ways in which a new process

could impact on marketable liquids destined for

transportation fuels. First, a higher selectivity

to liquid fractions might be possible. The typical

retorting process has a low selectivity of the

kerogen to a liquid product. Also, high

concentrations of nitrogen are brought down into the

distillate product range. It would be better if all

the nitrogen compounds stayed on the spent shale.

If a lower boiling point fraction were produced

during the conversion step, this should also have an

impact on overall costs. A uniform molecular weight

distribution of the naphthenic-, paraffinic-, and

aromatic-carbon has an affect on process efficiency

and cost. Finally, the production of a more

aromatic fuel should be more efficient from a

thermodynamic point of view. While the current

engines have an appetite for very paraffinic fuel

(H/C =

~2.0), eventually the more efficient diesel

could burn aromatics if ignition promoters or pilot

ignition liquids were used.

In the final analysis, shale-derived liquids

must compete with other means of doing work. The

sensitivity of liquid cost to shale grade caused us

to examine closely the effect of grade on thermal

efficiency to product.

Our strategy was based on two general

concepts. First, shale beneficiation would be

attempted using low cost methods. Second, reactions

of shale organic matter at low temperature would be

studied. This combination seemed to offer the most

potential for improvement.

The methods we used for shale beneficiation

have been recently described (Larson, Schultz,

Michaels, 1981).

A method of distinguishing between various

shale conversion processes is shown in Figure 1.

The effective operating temperature of the process,

together with the mode of dealing with the carbon

residue, distinguishes the several processes from

each other. We do not distinguish between surface-

and in-situ- variations. In general, all shale

retorting processes operate at high temperature of

about 500C. Some processes include a secondary

process of combustion of the carbon residue at even

higher temperature.

Our interest in this study focuses on processes

which are on the right side of the diagram in

Figure 1. The important distinguishing feature of

the alternatives relative to retorting is the lower

temperature from 100-400C.

Improved Potential Based on Shale Properties

From a process point of view, the most

important property of shales is the total organic

content. This is followed closely in importance by

the quality of the organic matter. The two

parameters can predict the yield of volatile

products as in the Fischer assay. However, for wide

ranges of compositional differences, the Fischer

assay is not a proper measure of the potential of

the shale to produce liquids. This has been pointed

out by others as in the example of Devonian

shales. Under hydrogen pressure, the yield of

liquids from Devonian shale can be two to three

times that recovered in the Fischer assay.

Accordingly, it seemed useful to depart from

the convention of Fischer assay. In this report, we

will define the organic content of shales, measured

as the sum of organic carbon, hydrogen, oxygen,

nitrogen, and sulfur. Elemental analysis will be

used to characterize the organic matter. Finally,

heating value of the free organic phase (independent

of calorimetric effects of mineral state changes)

will be used.

To estimate the economic potential for

alternate technology to produce liquids, it was

necessary to define a base cost case with retorting

technology. Details of this calculation are given

in the Appendix. Based on this analysis, Figure 2

shows the relative cost curve for producing a high

quality liquid as a function of organic level in the

shale. From the efficiency data calculated in the

Appendix, the relative cost of the product as a

function of efficiency is shown in Figure 3. The

extreme sensitivities of these cost curves to

organic content and overall thermal efficiency

suggests strongly that only relatively rich shale

can be practically considered for any process. For

instance, in the vicinity of 17.45% organic, each 1%

change in thermal efficiency effects a 4.78% change
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in costs of the product. This overall sensitivity

is much more severe than in processing coal to

liquid and gaseous products. In our analyses of

coal conversion, each 1% change in thermal

efficiency effects a 1.5-2% change in cost. This

value for coal conversion is similar to that shown

by Gaensslen (1979) for actual commercial plants.

The higher sensitivity for shale handling and

processing is a reflection of the potential work

expended in mining, hauling, and processing the

mineral matter. Most certainly the application of

any new process chemistry on lean shale can only be

practical in an in-situ fashion. Otherwise, the

overall process loop has less chance of competing

with coal processes.

THE CONSTRAINTS TO IMPROVED PROCESSES

Cyclical Variations of Organic

Matter In Green River Shale

When we first began to consider shale

properties, our view was that the organic matter was

similar from grade to grade. There are many

references which deal with the constant properties

of the organic matter. Many of the empirical

correlations are based on the analysis of cores

which are many meters in length. Also, the yield

correlations have been frequently used merely for

resource assessment. Such correlations miss the

subtle but important changes in the chemistry of the

organic matter with grade and depth of shale.

An example of these subtleties of organic

variations can be seen in the early work of Smith,

1963. An examination of the specific gravity of the

Fischer assay oil as a function of depth shows a

value of about 0.945 kg/1 at a depth of about

60 meters. The gravity of the Fischer assay oil

decreases to 0.880 kg/1 at 670 meters. A

statistical equation was developed to show a smooth

reduction in specific gravity of oil as a function

of depth.

Our examination of these same data showed that

there was an added variation with shale grade.

Moreover, study of the specific gravity

relationships of oils from cores confirmed that lean

shale and rich shale did not follow the same

curve. In general, lean shale of less than about

80 l/t followed a different curve than did rich

shale of 140 l/t.

Details of this general phenomena for Green

River shale are soon to be published (Larson,

Ruberto, and Suatoni). We believe these results

have great significance in geochemistry, since they

give important clues on the mechanism of oil

generation and primary migration from kerogen

materials.

The process implications of these cylical

variants in organic character are also of

significance. Some mention of our model which

accounts for the organic structure changes in shale

with grade and depth needs to be made here.

How Physical Structure of Shale

Influences Chemical Structure

Consider that shale is a two-component mixture,

organic and inorganic. John Ward Smith's classic

work (Smith, 1969 and Smith, 1976) in correlating

Fischer assay with density and density with volume

percent organic in the shales is based on this

simple idea. Figure 4 show a series of points which

relate Fischer assay with the volume percent of

organic present in the shale.

It is our belief that the original organic

concentration in the mixture in the sediment

ultimately affected the character of the organic.

Figure 4 shows how we would divide the shale into

three types, based on the incipient wetness point of

the inorganic particles. This point is 35% organic

by volume and corresponds to a close and random

packing of spheres with an interstitial porosity of

35%. Based on rock mechanics and the strength of

shale in the horizontal and vertical directions

relative to varves, it is more probable that lean

shale was accessible to water. In contrast, rich

shale is impervious to water. Effectively in rich

shale, the organic phase is continuous, and the

small particles of mineral matter are not

touching. We define a transition zone from 29% to

41% by volume of organic, which can be affected

either way by water flow. It is important to note

that long intervals of shale of commercial interest

fall within this transition zone which corresponds

roughly to 25-35 GPT.

Further details of this physical model, which

predicts organic variations in Green River shale,

are to be published. It can be noted that the model

is consistent with: (a) rock mechanics,

(b) thermodynamics of the organic phase,

(c) di agenesis and catagenesis with depth,

(d) diffusion rates of aromatics in kerogen,

(e) solubility rules of Hildebrand for hydrocarbons,
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(f) solubility rules in water, and (g) adsorption

equilibria of polar molecules.

Structural Differences in Organics

From Rich and Lean Shale

The beneficiation approach (Larson, Schultz,

Michaels, 1981) allowed us to separate shale into

fractions which fall into narrow concentration

fractions within the zones noted in Figure 4. For

example, Figure 5 shows results for several

fractions from the Mahogany Zone in the Rifle

Mine. Other fractions were collected from the R-4

and R-3 zones at the experimental mine shaft near

Horsedraw. Details of this drilling and casing

project have been described (Utter and Hawkins,

1978). With the permission of the Bureau of Mines,

we carefully collected shale samples continuously

over a several hundred feet interval in the Saline

Zone. The samples we obtained are believed to be

very representative of the shale in the deep part of

the basin. Bitumen fractions, which we carefully

removed from a lean fraction and a rich fraction of

shale from the R-4 zone at Horsedraw were also

studied. These bitumens were analyzed at Gulf and

the results are shown in Table 4. Further

experimental details will be described in a

forthcoming paper.

Other confirming evidence on the variation in

chemistry with shale grade has been obtained on the

C-a tract. Composite blends of cores at different

depths were made and analyzed. Figure 6 shows the

variation of H/C with grade for the three strati

graphic zones. Figure 7 shows the variation of N/C

with grade for the same samples. Again, the samples

of shale examined from C-a tract are very large

representative samples.

Thus, we have shown that the hydrogen, carbon,

and nitrogen chemistry within the Piceance basin is

a strong function of organic concentration.

Low Temperature Conversion of Enriched Shale

A series of experiments was conducted to study

low temperature conversion of rich shale (204.8 l/t,

49.1 GPT) between 300 and 425C and hydrogen

pressure from 0.10 to 4.8 MPa. Table 5 shows the

ultimate analysis of a liquid product and a residual

product formed. The yield of liquid produced was

defined as that soluble in toluene. Figure 8 plots

the H/C ratio of the liquid and residue product at

run conditions of 2.75 MPa as a function of

temperature. It is clear that the H/C from both the

liquid and residue product is strongly affected by

temperature. The decline in the H/C ratio of the

residue can be explained by the preferential

cracking of hydrogen-rich fragments from the total

organic matter. However, the decline in H/C ratio

of the liquid product shows that dehydrogenation of

the liquid product is taking place above 350C.

The distribution of nitrogen in the liquid and

residue product is shown in Figure 9. The nitrogen

content of the liquid product increases up to 375C

and seems to correlate with conversion as measured

by TGA. However, the nitrogen content of the liquid

product decreases above 375C indicative that the

minerals have a catalytic effect under hydrogen

pressure.

Nitrogen Chemistry of Organic Matter

Information is incomplete on the types of

nitrogen compounds found in kerogen. However, more

complete analyses of nitrogen types found in shale

oil are available. In general, pyridines and

qui noli nes are found in oils which have been

produced by high temperature retorting. These more

stable forms of nitrogen rings are somewhat expected

at high temperature. Moore and Dunning (1955)

extracted a rich sample of shale with benzene,

methanol, and other polar solvents and were able to

identify metal lo porphyrins. Much of the porphyrin

aggregate in oil shale appears to exist in the iron

form. Interestingly, their results also showed that

there was more iron in the extracts (by a factor of

10) than could be accounted for as iron

porphyrins. Yen (1976) has reported that there are

amide bridges in kerogen. Other work has been done

on the nitrogen compounds in the bitumen extract

from shale by Morandi and Jensen (1966), and

Simoneit, Schnoes, Haug, and Burlingame (1971).

Thus far, we have been unable to identify the

nitrogen types present in kerogen. Several

observations can be made, however. If we examine

the N/C ratios of spent shale from the C-a tract, we

see the interesting results shown in Figure 10. The

nitrogen-carbon character on the spent shale follows

the trends of the fresh shale. The ratio of N/C is

higher on the lean shale. On lean shale, the N/C

ratio approaches values from 0.12 to 0.16. This

corresponds to a stoichiometry of about that in a C7
alkyl pyrrole. It is tempting to conclude that the

carbon-nitrogen residue consists of a porphyrin or

chlorin-type compound.

Reference has been made to the nitrogen

distribution in the product from low temperature
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Saturates

Alkanes

1-Ring

2-Ring

3-Ring

4-Ring

5-Ring

6-Ring

1-Ring Arom.

Table 4

Analysis of Shale Bitumen, Weight %

(Saline Zone, R-4, Horsedraw Site)

Rich Shale

31.1

12.7

2.4

0.65

6.9

6.9

1.2

0.3

Lean-Shale

30.4

18.7

3.5

4.1

4.0

0

0

0

<0.1

Aromatics

1-Ring

2-Ring

3-Ring

4-Ring

5-Ring

Sulfur Compounds

Unknowns

19.1

8.8

6.9

1.8

0.4

0.04

0.3

0.8

11.0

6.0

3.8

0.5

0.14

0.0

0.3

0.4

Resins 49.8 50.4

Asphaltenes 0.0 8.3
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Table 5

El emental Analysis of Extracts

Wei ght%

Temp., C Conversion, TGA H/C N S J)

325 48.8 1.36 0.77 1.09 1.74

350 67.7 1.40 1.12 0.94 0.40

375 77.2 1.35 1.47 0.99 0.30

400 86.0 1.31 1.16 0.88 0.33

425 87.6 1.28 0.82 0.91 0.48

1.40
-

CO

ex

o

E
o

<

1.35

o 1.30

X

1.25

1.25

.2

1.001-

CO

CC

0.25

325 350 375 400 425

Temperature, C

Figure 8 Hydrogen variants of products in low temperature conversion of

rich shale, 2.75 MPa hydrogen pressure.
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reactions. We also ran hydrotreating experiments

with enriched shale at an end temperature of
550

C

and a hydrogen pressure of 1.0 MPa. Table 6 shows

the results for several fractionated shales

collected from the Horsedraw site and the Mahogany

Zone at the Anvil Points Mine.

It is clear that it is extremely difficult to

obtain high conversion of the organic matter at

these conditions. Also, we can note that the

nitrogen compounds are more easily converted to

distillate product in hydrotreating than in

retorting.

Reactions of Nitrogen Compounds

Young and Yen (1977) have reported that kerogen

contains from 20 to 40% paraffinic carbon. This

means that there is roughly one nitrogen atom for

every 18 to 20 ring carbons present in kerogen. On

a purely average basis, this represents about 1

pyrrole ring for each 3-ring naphthene structure:

II
CHo N
J

H

This is an extremely high proportion of nitrogen

compound per unit of hydrocarbon. Clearly, the

reaction mechanisms, thermochemistry, bond

strengths, and general behavior of kerogen and

bitumen under all reaction conditions are controlled

by the presence of the nitrogen compounds.

Larson (1967) has shown that the adsorption of

nitrogen compounds on catalyst surfaces completely

controls and inhibits aromatic hydrogenation. The

adsorption of nitrogen compounds is so strong on

catalytic surfaces that the simple measurement of

refractive index of furnace oils can be an effective

measure of the nitrogen content, even at fractions

of a ppm. Saint Just and Larson (1979) have also

shown that refractive index can be used as a

predictor of nitrogen content of shale oil under all

process conditions. These phenomena relate to the

fact that nitrogen compounds are selectively

adsorbed on surfaces, and effectively act as "gate

keepers"

to control adsorption and hydrogenation of

other aromatics.

Satterfield and Cochetto (1981) have worked out

the reaction network for compounds such as

quinoline, pyridine, etc. The collective results

seem to show that most of the reactions involving

hydrogenation and dehydrogenation are at

thermodynamic equilibria under typical process

conditions. The rate limiting steps for nitrogen

removal appear to be those involving the Hoffman

degradation (Nelson and Levy, 1979).

We have also shown that nitrogen compounds such

as tetra-hydroquinoline are more effective hydrogen

donors than tetralin at temperatures of about 350C.

We can speculate that most of the nitrogen

present in kerogen is pyrrole in either a porphyrin

or chlorin state. On the basis of other evidence

soon to be published, we postulate that alkylated

porphyrins are present on lean shale, while the rich

shale contains mainly a series of chlorins. We

further suspect the nitrogen compounds are

mechanistically involved in petroleum maturation and

migration.

Qui noli nes and hydro-quinol ines have been

identified in reaction products from low temperature

conversion (400C) . The work by Nishiguchi and co

workers (1976) show that hydrogen transfers from

hydrogenated nitrogen compounds such as indoline,

piperidine, etc., at low temperatures of 60-150C.

Interaction of Hydrocarbons

and Nitrogen Compounds

A speculative model for the structure of the

non-isoprenoid portion of bitumen during conversion

at low temperature is shown in Figure 11. Many

different permutations of a tetralin structure

linked with short ethyl bridges with tetra-hydro

quinoline are shown. It is clear how selective

hydrogenation of the nitrogen-ring and hydrogen

transfer to olefins can control the effective bond

strength of the bridges.

As noted in Figure 12 we need to view the

starting kerogen as an isoprene polymer. Some

selected forms of terpenes are shown in this

schematic. Squalene is a hexa- isoprene or

triterpene which is shown in a coiled form. The

cholesterol skeleton is only a slight modification

of the squalene. When the condensed naphthene forms

of these polymers unravel , they must form the

unsaturated olefins again. It is easy to believe

that the hydrogenated nitrogen compounds would

transfer hydrogen to these olefins at relatively low

temperature. It is our belief that this is

essentially the mechanism of low temperature

conversion of shale kerogen. Basically,

179



Table 6

Hydroretortiing Results Using TGA

Sample

History
Mahogany Zone

Anvil Point

R-4 Zone

Horsedraw

R-3 Zone

Horsedraw

Organic

Elemental

Analysis, % Rich Middling Rich Middling Rich Middli

C 19.95 13.77 17.59 12.60 18.66 12.39

H 2.67 1.99 2.50 1.75 2.72 1.88

S 0.89 0.64 0.54 0.78 1.01 1.09

N 0.71 0.47 0.56 0.41 0.59 0.42

H/C 1.64 1.69 1.71 1.73 1.74 1.80

N/C 0.0296 0.0316 0.0249 0.0270 0.0247 0.0259

Spent Shale

C 5.08 2.60 3.50 2.70 4.27 2.99

H 0.42 0.27 0.35 0.41 0.50 0.40

S 0.82 0.62 0.57 0.65 1.04 0.94

N 0.41 0.27 0.25 0.24 0.35 0.26

H/C 0.99 1.25 1.20 1.82 1.41 1.61

N/C 0.069 0.089 0.061 0.076 0.070 0.0745

^cr-ca <Ct-iq&

Oor<& Ogr-tgo

ro

:o

a

a

-cr-Ooi

LO o

NO

REACTION

^Cr-XM

:o a

Figure 11 Possible types of compounds present during kerogen transformation.
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isoparaffins and paraffins are formed from hydrogen

transferred by means of the nitrogen-containing

rings.

Catalytic Effects Due to Inorganic Materials

Shale contains from 2.5 to 4% iron by weight.

The iron is present as pyrite (or marcasite) and in

combination with magnesium and calcium as complex

carbonates. Siderite can also be present. It is

certainly true that much of this iron is

catalytically active at retorting temperatures of

500C. The large quantities of hydrogen which are

present in retorting gases give a clue that the iron

mineral matter acts as a dehydrogenation-

dehydrocylization catalyst completely analogous to

reforming. This material is undoubtedly active at

low temperatures of 300-400C, since the metals and

other mineral matter have a relatively high surface

area. All of our DSC and TGA measurements on shale

organics show lower activation energy when minerals

are present. This suggests that catalytic effects

occur.

In a typical FCC operation with heavy gas oil,

0.5% metal as nickel (5,000 ppm) will cause about

0.4% loss of hydrogen by weight. Even though iron

is less active than nickel, we expect substantial

dehydrogenation activity. The relatively sharp

increase in light gas evolution at 325C shown in

Figure 13 is strongly suggestive that iron is acting

as a catalyst to effect hydrogenolysis reactions.

This serves to deplete the liquid of hydrogen as

shown earlier.

It is well to recall that much of the kerogen

bitumen material has an isoprenoid structure.

Isoprene will undergo Diels-Alder types of reactions

without catalysts as low as 150C. As we noted

earlier, there appears to be an ability for the iron

catalyst to hydrogenate the nitrogen containing

ring. Unfortunately, hydrogenation of other

aromatic rings is inhibited due to selective

adsorption of the nitrogen compounds. Effectively,

this produces an aromatic-paraffin product. A more

desirable product would be an alkylated-naphthene or

alkylated aromatic. Indications are that longer

residence times and slower heating rates produce a

higher selectivity to low-molecular weight product

(Jackson, Allbright, and Poulson, 1977). These

results have been plotted in Figure 14 to indicate

trends.

Other Chemical Changes in Kerogen Conversion

Much of the material produced at low

temperature consists of high molecular weight

fractions. This can be seen by examining the

chroma tograms (for the extractable liquid) for the

series of runs made and described earlier

(Figure 15). A large band of material at carbon

numbers of C32-C4Q, which we suspect is tri-

terpenoid, is present at 325C. Increasing

temperature causes this group of compounds to

disappear. However, total conversion of organic

matter did not take place at our conditions. This

is apparently due to the high aromaticity of the

unconverted material . In fact, there seems to be a

tendency to hydro-convert the paraffinic material,

while the remainder converts to a coke-like residue.

We confirmed the different behavior of the

residue from lean and rich shale by running high

temperature pyrolysis (to 800C) of shales with

inert gas followed by an oxygen burn. Essentially

all of the organic matter on lean shale could be

volatilized between 500C and 800C. However, the

organic residue from rich shale had to be burned

with oxygen since it was not volatile. We perceive

of the hydrogen-deficient carbon residue from rich

shale to be a mesophase-type material. We have

recently discussed this behavior of mesophase in the

mechanism of coke formation on catalytic surfaces

(Beuther, Larson, Perrotta, 1980). In contrast, the

residue on lean shale behaves as an alkylated

porphyrin. The stoichiometry of hydrogen, carbon,

and nitrogen also suggest such a structure.

Summary of Constraints

The preceding discussion has identified a

number of fundamental factors which can have an

influence on shale conversion technology. If our

goal is to evolve new processes which are an

improvement relative to retorting, it may be

comforting that we are constrained due to these

fundamentals rather than engineering parameters. It

is useful to summarize some of these fundamentals.

First, much of the shale of commercial interest

is quite dilute in organic matter. The costs of

mining, handling, and processing the solids add a

heavy toll to costs. Selective mining and improved

mining methods can reduce the costs of hauling.

Subsequent beneficiation of mined material can then

reduce the cost of processing. Many of the costs

associated with mining are irreducible, however,

since they are associated with the work of moving

the inert material . In-situ recovery methods are
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the only way in which these mining costs can be

decreased.

A serious problem with shale is the fact that a

cyclical variation in organic character exists with

grade. Significant differences exist in the

hydrogen, carbon, and nitrogen contents between rich

and lean shale. Moreover, the rich-phase is more

hydrogen-deficient and consists of a higher-free

energy structure. This means that organic material

in rich shale is much more reactive. There is a

very large window through which many mechanisms and

reactions can easily pass.

Reactions carried out at lower temperature with

the rich-shale phase suggest that dehydrogenation,

dehydrocylization, and hydrogenolysis are

dominant. There is considerable tendency to produce

non-volatile aromatic material.

Nitrogen chemistry, both mechanistically and

thermodynamically, also appears to dominate the

conversion steps. Since the incidence of nitrogen

atoms is so high, there is great difficulty in

controlling reactions in a more favorable direction.

Finally, reactions involving the mineral matter

as catalysts also seem to be significant. The iron

appears to act as a catalyst in connection with the

nitrogen compounds.

For reasons that are unknown, some of the

structures in the C32-C40 range are difficult to

convert at lower temperatures. These are believed

to have had a triterpane structure.

The variations of organic character in shale

grades, together with the dominance of nitrogen-

chemistry, are the two important factors which make

new processing difficult. An important advantage of

retorting is that it compensates for these

variations in the organic material.

Robinson and Cook (1973).

All of the studies tend to show that petroleum

like materials form from kerogens as temperature

increases. Much of the work has been carried out in

great detail by GC-MS analytical procedures.

Specific compounds are found in many cases that

allow correlation of source rocks with reservoir

accumulations of petroleum.

All of this work seems to fulfill the

thermodynamic analysis made by Andreev, Bogomolov,

Dobryanskii, Kartsev (1968). This book was only

translated from the Russian in 1968, and many of the

interpretations go back much earlier. However, the

Russian authors make the point that petroleum

generally transformed from high free energy

naphthenes to produce paraffinic and aromatic

molecules simultaneously. The general mechanism is

hydrogen disproportionation. As pointed out by

Dobryanskii, the energy balance in hydrogen

disproportionation, even for a stable molecule such

as cyclohexane, is almost a negative value even at

298K.

4 O ? [6}
+ 3 C6H14

As the number of the naphthene rings increase to 3,

4, and 5 as they exist in Green River shale,

reactions similar to the above are most certainly

very favorable, even at low temperatures, e.g.

6 111 ? 1 [OJOJ +
5CUH30

cnH2n-6 ? cnH2n-14 +
cnH2n+2

GEOCHEMISTRY AND THE FORMATION

OF PETROLEUM FROM KEROGENS

In the last 15 years there has been a

tremendous amount of work directed at an

understanding of how crude oils originated. The

text by Tissot and Welte (1978) is almost completely

devoted to this subject. Other examples of studies

are by Phillipi (1965); Durand and Espitalie (1976);

Reed (1977), Seifert, and Moldowan (1978); DeRoo,

Tissot, McGrossan, Der (1974); Connan and

Vander Weide (1974). Detailed geochemical studies

have been made on specific cores by Robinson and

Cook (1971); Anders and Robinson (1973); and

What we have observed in Green River shale samples

is actually quite compatible with a stepwise set of

ring opening reactions and aromatization

reactions. For example, Figure 16 shows the two

reaction paths for a typical chain sterane of

4 rings. Path A produces decreasing ring numbers

and increasing paraffin chain length. Path B

produces aromatic-containing molecules.

Our view of the difference between rich and

lean shale is the degree of completion of these

reaction steps. Lean shale has progressed further

towards the paraffinic, low-naphthene ring state.

In our analysis, we have postulated that many of the
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small aromatic molecules have left the system

probably via water dissolution. For example, in

Figure 17, bond breakage to free the benzene ring

shown would be very favorable. Loss of low

molecular weight aromatics would increase the H/C

ratio of the remaining organic matter in lean shale.

The fact that a given large sample of shale, as

from a mine-run sample, actually contains several

kinds of kerogen is explained by this model. We

should point out that some of the peculiarities of

kerogen structure as reported by Young and Yen

(1977) can be explained by our model. The sample of

kerogen analyzed by Young and Yen no doubt contained

distinct and different particles of kerogen, all

with different chemistry.

It should be possible for reactions similar to

that which occurred in nature to occur under

controlled process conditions.

The reaction rate seems too slow for such

processes to be competitive with retorting in

surface- type processes. However, in the longer

term, it may be possible to exploit some of the low

temperature chemistry in an in-situ manner. Such a

process may be similar to that described by Hill and

Dougan (1967) which has translated to the Equity

method. As shown by these authors, a low

temperature process produces a higher quality

product considerably lower in nitrogen content.

As we have pointed out, there is a tendency for

the nitrogen compounds to become more non-volatile

while the hydrocarbon portion becomes more

paraffinic and volatile. In general, the nitrogen-

rich portion is sacrificed to allow recovery of the

remainder. As shown by Figure 11, it may be

practical to accelerate these trans-alkylation

reactions.

The mechanism of hydrogen transfer via nitrogen

compounds at low temperature is not completely

understood. Also, the trans-alkylation reactions,

which seem to occur readily across aromatic centers,

are not completely known. However, additional

research might allow us to exploit much of the shale

organic matter by a modified in-situ method. The

high cost of current methods, based on retorting, is

a strong incentive for such research.

APPENDIX A

Heating Value Relationships of Shale

It was useful to develop a procedure for

calculating the ultimate heating value of the

organic matter on shale irrespective of grade and

depth. It will be clear from what has preceded,

that we do not regard the approximations based on

Fischer assay as sufficiently accurate. Some of the

correlations of Fischer assay versus organic carbon

were developed for the Mahogany Zone at Anvil

Points. Other correlations were based on the

analysis of integrated cores from wide areas of the

basin which sometimes are many meters in length.

Such correlations are fine for estimating resource

base, but are not accurate enough for process

calculations.

Variations in the heating value of the organic

matter in shale are explicable on the basis of the

elemental analyses. In turn, changes in elemental

analyses can be explained by the gross mechanism of

diagenesis with depth and temperature. In general,

reactions involving loss of CO2, H2O, H2, and

hydrocarbons can account for the changes in the

carbon, hydrogen, and oxygen portion of the organic

matter.

The distribution of nitrogen compounds in lean

and rich shale is less certain. Our examination of

the reported results (Lovell, 1978) retorting two

oil shales from Utah, suggests that there are

differences. For example, the nickel and iron

contents for an oil from lean shale (79 l/t) were

several times higher than from a richer shale

(133 l/t). Also, somewhat different values of total

nitrogen and types of nitrogen compounds appear

throughout the boiling range of the two shale

oils. Sulfur variations also exist. However, for

all practical purposes, the carbon, hydrogen, and

oxygen content accurately predict the heating value

of organic matter.

A number of equations have been developed by

many investigators for calculating the specific

energy for organic material . The Dulong equation is

given by:

(1) S.E. (MJ kg"1) = 0.3383 * C + 1.4428 * H

+ 0.09421 * S - 0.1804 * 0

The use and accuracy of the Boie equation was

demonstrated for a wide range of shale oils by LERC

(Ringen, Lanum, and Miknis, 1979).

The equation developed by Boie is given in equation

(2):
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Path A Path B

RING OPENING AND HYDROGENATION TO PARAFFINS RING RETENTION (OR CLOSURE) TO

NAPHTHENE-AROMATICS

Figure 16 Parallel paths of conversion for condensed naphthenes,

GREEN RIVER KEROGEN

(After Hydrogen Transfer)

WEAK BONDS

WEAK BONDS

Figure 17 Postulated model of kerogen during diagenesis,
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(2) S.E. (MJ kg"1) = 0.3517 * C + 1.1625 * H

+ 0.0628 * N + 0.1047 * S

- 0.1110 * 0

More recently, we have had some success with an

equation developed by Exxon Research and

Engineering, which is given by equation (3):

(3) S.E. (MJ kg"1) = 0.3519 * C + 1.2787 * H

+ 0.1107 * S - 0.1113 * 0

- 0.9308

The advantage of the Exxon equation (Neavel
, Hippo,

Smith, Miller, 1980) is that relationships also

exist for organic density and volatile matter, all

developed from the same data set.

All of these equations have been used to

estimate heating value of the organic material in

shale in our analysis. It can be seen that the

coefficients on the specific elements vary.

The calculation procedure and its general

validity can be shown as follows. An immature shale

which has not undergone diagenesis can be defined as

that from the Bureau of Mines area near Rifle,

Colorado.

The extensive analyses of Stanfield and co

workers (1951) for this shale can be used as a

starting point. This is listed as shale A in

Table 7.

We can now vary this initial composition of

organic matter by supposing that various reactions

took place with loss of various combinations of C,

H, and 0. For example, the complete list of organic

changes of Table 7 are:

A - Original organic composition

B -

C02 loss from A

C - Further C02 loss from B

D - Aromatic (H/C = 1.1) loss from B

E - Further aromatic loss from C

F -

H2 loss from B

G - Further H2 loss from F

H - H20 loss from B

The specific energy values in MJ
kg"1

have been

calculated for each of these changes using the three

equations listed above. Many more dozens of points

have been calculated and it has been found that the

H/C ratio and the inerts level (0 + N + S)/C

effectively define the energy value. A plot of

these relationships using the Boie equation is shown

in Figure 18.

Thus, almost any composition of shale organic

matter throughout the basin can be considered on a

relative basis on this type of chart. It will be

seen that this procedure is an extension of the

graphical techniques that van Krevelen, Waterman,

and others have used so successfully for coal for

many years. The charts are also only a slight

extension of the modified van Krevelen diagrams used

so successfully by Tissot and Welte (1978) for

kerogens from all places around the world.

APPENDIX B

Heat Balances and Cost Estimates of Retorting

On the basis of the new structural information

on shale, it seemed useful to develop a methodology

for estimating costs of producing liquids by

retorting methods. This is a base from which new

processes can be compared. After some trials,

Figure 19 shows a preferred linear relationship for

heating value of shale. The shale quality is

divided into three zones: lean, transition, and

rich. The center of the transition zone is defined

at 17.45% organic content. This point corresponds

closely to 30 GPT. More importantly, it represents

the point of "incipient
wetness"

referred to in an

earlier section. This is defined at 35.0% organic

matter by volume using 1.07 kg/1 for density of

organic material and 2.72 kg/1 for the inorganic.

These are the constants most recently used by Smith

(1976).

Arbitrarily, we now define a band width of

concentration around this central point. This is

taken as 13.00 to ^21 .90 by weight organic.

Figure 19 shows this zone. This zone is consistent

with what is observed in the transition of shale

properties.

A separate heating value line for the three

zones are shown. What this means is that the

differences between the H, C, 0 for rich and lean

shale are properly accounted for in energy balances.

The equations of the lines are:

Lean = 0.3885 * PO

Transition = 0.3516 * PO + 0.4810

Rich = 0.3735 * PO

where PO is percent organics.

These relationships have been used to calculate

the heating value of shale from 4% - 36% organic by

weight. The results are shown in Table 8.
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Similarly, estimates of the energy content of the

carbon residue have been made based on 20% of the

organic value for very lean shale (0% shale) ranging

to 12% of the organic for 36% shale in a linear

fashion. This difference accounts for the higher

H/C ratio of carbon residue on lean shale. The

refining loss for converting raw shale products to a

synthetic liquid of H/C = 1.80 has been estimated to

be 12% of the gross heating value. This is based on

the hydrogen, carbon, and nitrogen content of shale

oil relative to crude oil. Data from the report by

Stauffer and Yanik (1979) have been used to define a

high quality crude of H/C =1.80. A greater loss

occurs in retorting shale oil relative to typical

crude oils due to hydrogen requirements for nitrogen

removal. Retorting heat requirements have been

estimated from an early paper by Lenhart (1969).

The total power requirement of mining, retorting,

and crushing plus disposal has been estimated at a

constant 0.300 MJ kg"1. The use of these several

energy consumptions allow us to calculate the net

yield of synthetic crude in Table 8. These

calculations may be off absolutely, but are believed

to give an accurate relative yield of liquid product

as a function of grade.

The relative cost of the final shale product

can be estimated by a similar procedure. The total

cost (capital plus operating) of mining, crushing,

retorting, and solids disposal are assumed

proportional to total tons handled. Refining costs

to make synthetic crude at 17.45% organic (~30 GPT)

is assumed to be one third of the total . Refining

cost is thus constant for all grades, and a total

cost for mining, crushing, retorting, solids

disposal, and refining is calculated. These

calculations are summarized in Table 9.

All of these calculated data in Tables 8 and 9

are for shale from the Mahogany Zone at Anvil

Points. (Figures 2 and 3 are based on these

calculations.) Different relationships calculated

from Figure 18 are needed for the deeper, more

mature organic matter.
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A. ABSTRACT BACKGROUND

This paper estimates that the projected

markets for soda ash and alumina could poten

tially support a shale oil industry of 500,000

barrels per day by the year 2000. Thus, co-pro

duct minerals could make an important economic

contribution to a shale oil industry by impro

ving the economics of the total project. This

could potentially extend the oil shale resource

that is economically recoverable and lower the

minimum economic plant size.

B. INTRODUCTION

This paper discusses the potential for

separating, upgrading and marketing sodium

minerals that occur with oil shale in the Pice

ance Creek Basin. The co-products investigated

are soda ash and alumina which are derived from

the minerals nahcolite and dawsonite.

This paper will :

Present an upgrading process for

dawsonite that is integrated with

the oil shale production facility,

Recently, an increasing amount of at

tention has been directed toward the large shale

oil resource in the Green River Formation of the

Piceance Creek Basin in Northwestern Colorado,

Figure 1. The northern half of this Basin also

contains vast deposits of nahcolite (NaHC0.J

and dawsonite (NaAl (0H)2C0.J ,
that are

co-deposited with the shale in the Saline Zone

at a depth of about 2,000 feet. Nahcolite is a

natural sodium bicarbonate and dawsonite is a

chemical composition of sodium and aluminum.

Thus, dawsonite can be upgraded to yield alu

mina, the precursor of aluminum, with soda ash

as a by-product.

Since these minerals are interspersed

with oil shale, the shale and the minerals would

be jointly mined. Should it be economically

feasible to upgrade and market these mineral

co-products, the overall economics could be sub

stantially improved, and valuable strategic

minerals would be produced domestically. A

study of this question was undertaken in 1980,

sponsored by the office of Shale Resource Devel

opment, the Department of Energy.

Identify and analyze the areas for

improved economics, and

Discuss the potential markets for

alumina, soda ash and nahcolite.

*Th i s study was funded by the U.S. Department of

Energy under contract DE-AC0I-79RA 34014.

**Previously with Energy Development Consul

tants, Inc., Golden, CO.

The northern area of the Piceance Creek

Basin coincides with the occurence of the two

minerals, with the dawsonite deposits extending

furthest east. The center and thickest deposits

of both minerals occur in Township 1 South,

Range 98 West. The in-place nahcolite resource

is estimated to be about 30 billion tons; the

dawsonite resource is estimated to represent 6

to 7 billion tons of alumina. The location,

stratigraphy, and estimates of the nahcolite and

dawsonite resources are shown on Figures 2 and

3, respectively.
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The core data indicates that the areas

with the largest mineral content (T1S, R98W)

contain ore with about 20% nahcolite and 12%

dawsonite by weight. Along the edge of the

basin the dawsonite content drops to 2% by

weight and nahcolite is no longer present.

D. METHODOLOGY

Five cases, shown on Figure 4, were

selected to reflect the variance in mineral and

shale oil content in the identified resource.

The nahcolite content was varied from 0 to 20

weight percent and the dawsonite content was

Source: Beard, Tait, Smith, Piceance Basin Guidebook, 1974.

Figure 1. Map of Piceance Creek Basin
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SIOO* 99 mew R96 95 1194a

Thickness of nahcolite-bearing interval, Green
River Formation, northern Piceance Creek basin, Colo.

Nahcolite content of nahcolite-bearing inter

val, in average weight-percent.

Source: Beard, Tait, Smith,

Piceance Basin Guidebook, 1974.

Figure 2. Nahcolite Resource Distribution

Nahcolite isoreserves in nahcolite-bearing

interval, in millions of tons per sq mi.
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I-

'rioow ~~f

Thickness of dawsonite-bearing interval,

Green River Formation, Colo.

Dawsonite content of dawsonite-bearing

interval, in weight-percent.

Source: Beard, Tait, Smith,

Piceance Basin Guidebook, 1974.

Dawsonite isoreserves in dawsonite-bear

ing interval, in millions of tons per sq mi.

Figure 3. Dawsonite Resource Distribution
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Raw Material Case 1 Case 2

Lean Minerals Shale: 21,053 TPD Shale: 84,212 TPD

Rich Shale Oil: 13,571 BPD Oil: 54,284 BPD

(0% Nahcolite) Nahcolite: -- Nahcolite: --

(2% Dawsonite) Alumina: 75 TPD Alumina: 300 TPD

(30 gallons per ton) Soda ash: 78 TPD Soda ash: 312 TPD

(1 retort module) (4 retort modules)

Case 3 Case 4

Rich Minerals Shale: 25,316 TPD Shale: 75,948 TPD

Rich Shale Oil: 15,639 BPD Oil: 46,917 BPD

(20% Nahcolite) Nahcolite: 4,050 TPD Nahcolite: 12,150 TPD

(12% Dawsonite) Alumina: 523 TPD Alumina: 1,569 TPD

(30 gallons per ton) Soda ash: 991 TPD Soda ash: 2,973 TPD

(1 retort module) (3 retort modules)

Case 5

Rich Minerals Not analyzed Shale: 126,582 TPD

Lean Shale Oil: 52,132 BPD

(20% Nahcolite) Nahcolite: 20,253 TPD

(12% Dawsonite) Alumina: 2,616 TPD

(20 gal Ions per ton) Soda ash: 4,956 TPD

(5 retort modules)

Figure 4. Product Slates for the Five Cases
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varied from 2 to 12 weight percent, and oil con

tent of the shale was assumed to be 20 or 30

gallons per ton. Two sizes of facilities were

analyzed for each resource to determine econo

mies of scale between a 15,000 barrel per day

demonstration unit and a 50,000 barrel per day

full sized plant.

Three separate analyses were conducted:

t Engineering assessment of manufac

turing costs for shale oil and

co-products. Detailed process flow

diagrams and energy and mass balan

ces were developed for each of the

key mining and manufacturing steps

from data in the public literature;

these formed the basis for engi

neering estimates of capital and

operating costs.

t Projection of potential world mar

kets for alumina, soda ash and nah

colite. Future market demand and

prices for alumina, soda ash and

nahcolite were projected by major

geographical areas and major end

uses for each of the co-products, as

well as for the competing sources of

supply.

Determination of economic viability

and market potential for shale

co-products. Finally, the cost

analysis was integrated with the

market study to determine the loca

tions, conditions, prices, and mag

nitude of co-product markets.

The product slates for each of the five

cases are shown on Figure 4. Cases 1 and 2,

representing the "lean
minerals"

resource, have

a low dawsonite content and no nahcolite, and

consequently the production of alumina and soda

ash is small. In Case 4, the Full Scale Plant,

"rich
minerals"

case, the soda ash produced to

gether with alumina is 1,000,000 tons per year,

equivalent to a world-scale soda ash plant. The

annual alumina production in Case 4 is 570,000

tons, which would be about 6% of total 1980 U.S.

consumption. In Case 5, where the oil content

of the shale is lower (at 20 gallons per ton),

five retorts are required to produce about

50,000 barrels of oil per day. The resulting

annual production of 1.8 million tons of soda

ash would be a major addition to world capa

city. The alumina production of nearly 1 mil

lion tons per year would be about 10% of U.S.

consumption.

E. MINING, SEPARATION AND UPGRADING

The mining, separation, and upgrading

processes for the shale oil and co-products were

analyzed through the following steps for each of

the five cases:

Preliminary conceptual engineering
design of mineral co-product facili

ties,

Full cost-engineering and economic

analysis of the shale oil plant, and;

Marginal (capital and operating)

cost analysis for co-product facili

ties.

One above-surface commercial venture

has been proposed for mineral recovery in combi

nation with the processing of shale for oil pro

duction, but inadequate details were available

to construct the required process diagrams, cal

culate mass and energy flows, and determine cap

ital and operating costs. A detailed conceptual

analysis of the processes by which the minerals

would be separated or upgraded was therefore

developed.

1. Process Flow

The process flow is shown diagrammati

cal ly on Figure 5, where the mass flow for Case

3 is also indicated.

a. Mine Design. The following assumptions were

made for a hypothetical mine in the Saline Zone:
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The basic design consists of a

single level, room and pillar mine.

The mine is developed in panels

approximately o,000 feet )ong and

1,100 feet wide.

The ore body consists of a uniform,

flat-lying bed of oil shale with

dawsonite and inter-bedded nahcolite

nodules having a mineable thickness

of 60 feet.

The support pillars are 120 feet

square and mining is limited to an

overall extraction of 45 percent.

This pillar size is based on extra

polation of previous experience,

taking into account the presumed

competency of the formation.

Gassy mine conditions are assumed;

thus, a seven panel entry design

with five main entries is employed,

with permissible mining equipment

for use in gassy environments.

Access to the mine is through paral

lel inclines of about 12,000 feet in

comb i red length.

Hydraulic backfilling is assumed.

This may create a disposal problem

since the finest particles must be

removed on the surface so that the

fill can stabilize.

After mining, the shale is crushed on

the surface and nahcolite is separated. Addi

tional nahcolite is separated through further

crushing and photosorting, and the nahcoli-

tic-lean shale is then charged to the retort.

b. Retort Process Flow. The retort process

flow is based on published data for commer

cial-scale circular grate retorts. Each of the

retorts can process 20,000 tons per day and pro

duces shale oil, offgas and spent shale.

c. ALSAR Plant. After retorting, the dawsonite

in the spent shale is upgraded to alumina and

soda ash and the unrecovered nahcolite is con

verted to soda ash in the Alumina Soda Ash Reco

very (ALSAR) unit. The basic design for the

recovery process were derived from public and

patent literature, and integrate a combination

of key processing concepts for alumina reco-

2 3
very.

'

The process design of these facili

ties is shown conceptually on Figure 6 and is

discussed below. Also shown on Figure 6 are the

mass flows for Case 3.

t The retorted shale is initially
crushed to 150 mesh to provide suf

ficient contact surface area for

leaching.

The next step is
"cold"

leaching

(25C) of retorted shale with

caustic concentrations of NaOH less

than or equal to 20 g/l, and

Na2C0^ less than or equal to

150 g/l for control of silica disso

lution.

t Then, solubilized alumina is reco

vered from leach liquor by
"hot"

precipitation (65C) using recy

cled trihydrate seeding (5:1 ratio).

Cell-grade alumina is produced (less

than or equal to 0.03% weight of

Si02) from the precipitated

A1(0H)3 after washing, filtration,

and calcination.

t The process is self-sufficient in

caustic (NaOH), and the pH of the

overflow from precipitation is con

trolled by Na2C03 crystalliza

tion and a caustic purge in the

retorted shale leaching recycle

step. Caustic concentrations are

carefully regulated for control of

si lica solubility.

Finally, soda ash (dense) is pro

duced by evaporation of the overflow

leach liquor and dehydration of the

monohydrate product.

The retorted shale must be finely

crushed prior to leaching, since solubilization

of the aluminum compounds is strongly dependent

on surface-area contact.

A potential cost-savings of the assumed

production process relative to other proposed

designs is the obviation of a de-silication cir

cuit in the ALSAR unit. Also, no lime-sinter

processing is required for silica control and

leach water clean-up.

2. Energy Balance

In addition to mass balance calcula

tions, energy balances for the shale oil and

mineral co-product facilities were determined,

since the ALSAR process uses a substantial quan-
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tity of process heat in the form of high and

low-pressure stean,. The purpose was to evaluate

the potential of using the low BTU offgas from

the retort as a co-product for alumina calcina

tion and soda ash crystallization. Based on

analogies with the aluminum and trona indus

tries, these processes require:

Process Step

Alumina Precipitation

Soda Ash Crystallization

Energy Requirements

6.7 MMBtu/ton

7.2 MMBtu/ton

Analysis of the low temperature heating

requirements for all five cases indicated that

the retort offgas will be sufficient to meet the

process energy requirements of the upgrading

facilities. This is an important finding

because it allows offgas to be
"purchased"

from

the shale oil facility for the co-product

upgrading.

In addition, the plant will require the

use of diesel in the mining operations and elec

tricity which must be purchased.

3. Costing

For each of the five cases analyzed,

the major plant sections were characterized by:

(1) process-flow, mass and energy balances (as

discussed above), and; (2) equipment capacity

and performance, labor, and material quantity

calculations.

Based on the material balances and

equipment capacity calculations, the equipment

for each major plant section was determined.

These equipment irventories enabled cost esti

mates to be prepared from detailed capacity-cost

relationships available in the literature. Fur

ther, a large number of vendor quotes were

secured for the major pieces of equipment and

checked against independent data sources for

accuracy.

Case 3 was selected as the fundamental

engineering design case from which the plant

costs and power requirements of the remaining

four cases were scaled. For this, major plant

sections were further factored into major equip

ment components. The equipment size, capacity,

and performance ratios were calculated, and

using the capacity-cost relationships discussed

above, the installed-plant equipment capital and

material operating costs were determined. Total

operating costs for the plant sections were

determined by the power and process fuel

requirements and operating and maintenance labor

costs.

The Case 3 costing data was extrapo

lated to the remaining cases by an exponential

scaling method. This procedure accounts for

major economies of scale and non-linear effects

in the cost scaling analysis. A weighted aver

age scaling exponent is derived for each plant

section by obtaining a standard scaling exponent

from the literature for the principal pieces of

equipment in each section, and weight-averaging

these exponents against the total section capi

tal cost. Thus, an overall scaling exponent for

each plant section was derived and used in the

capital cost analysis for the remaining four

cases.

Similarly, operating and maintenance

cost components were developed for Case 3 using

a separately derived sequence of engineering

scaling exponents, as shown on Table 1. Opera

ting and maintenance labor schedules were then

defined for the remaining cases and the opera

ting cost componer ts for each plant section

determined.

F. ECONOMIC ANALYSIS

The results of the economic analyses

for shale oil, alumina, and soda ash are shown

in Table 2 for a 15% discount rate.

Two major assumptions distinguish this

stuay from other recent studies. The shale oil

is assumed to be raw, i.e., not hydrotreated or

otherwise upgraded. Assuming a current crude
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TABLE 1

CASE 3 Burdened Costs

1980 Dollars, in Millions)

FACILITY

Basic Plant

Mining/Primary Crushing
Nahcolite Recovery Unit

Retort/Oil and Gas Handling
Process and Plant H2O Facilities

Slurry Disposal

General Plant Facilities

Total

ALSAR Plant

Retorted Shale

Crushing & Leaching
A1(0H)3 Precipitation and Washing
Al (0H)3 Calcination

Na2C03 Crystallization and Filtration

Na2C03 Dehydration

Total

Capital Operating C.osts

Costs Material Labor Power Process Gas Diesel

(MW) (109 BTU/day) (109
gal/yr)

38.0 0.2 21.6 8.2 __ 1.3

42.3 2.9 4.0 2.4 1.3 --

143.3 17.6 6.1 7.5 0.2 --

5.0 0.5 2.8 1.4 -- --

2.1 1.1 4.9 3.6 -- --

13.1 1.7 2.9 1.3 0.7 --

243.8 24.0 42.3 24.4 2.2 TT3

33.4 3.3 6.7 13.5

5.7 0.4 1.2 1.2 --

20.4 1.9 3.5 1.7 3.2 --

15.6 1.6 3.0 1.7 6.2 --

4.9 0.9 1.1 0.8 0.8 --

80.0 15.5 18.9 10.1

Does not include recycle gas to retort.

TABLE 2

SHALE CO-PRODUCT STUDY

ECONOMIC RESULTS

Rich Shale,
Lean Minerals

Rich Shale,
Rich Minerals

Case

Shale Oil ($/Bbl)

Escalating Price

+2% per year

w offgas
credits*

Escalating Price

w/o offgas credits

Constant Price

w/o offgas credits

Alumina ($/Ton)

with offgas costs

w/o offgas costs

Lean Shale,
Rich Minerals

26.1 19.8 26.3 19.5

27.1 22.4 29.2 20.2

33.5 25.4 33.6 25.0

1028 887 257 229

990 849 222 194

26.3

30.7

33.4

205

170

Soda Ash ($/Ton)

with offgas costs

w/o offgas costs

339 116 77 74 71

151 58 37 34 31

1
Offgas credits are $5 per MMBTU
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oil cost of $35 per barrel and a discount of

about $10 per barrel for upgrading, shale oil in

this study must cost less than $25 per barrel to

be competitive. In addition, energy costs, and

therefore the price of shale oil, were assumed

to increase 2% per year in real terms. This has

a major effect on economics, as shown on Table

2. When energy costs are not escalated, the

cost of crude oil increases about $5 per barrel

in Cases 2 and 3, while it increases about $7

per barrel in the other cases.

The costs of shale oil are competitive

in Cases 1 and 2, out the costs of alumina and

soda ash are not because of the low mineral con

tent of the mined shale. Case 5 has the shale

with lowest oil content and, in general, the

shale oil economics are the worst, but not sig

nificantly so because of the credits available

from the mineral co-products which are mined in

large quantities.

Upgrading the soda ash and alumina will

require large amounts of energy in the form of

heat which would have to be purchased. However,

the retort produces sufficient volumes of low

BTU gas to meet these requirements and it was

therefore assumed that it would be purchased at

the cost of alternate energy, assumed to be the

current decontrolled price of energy, or $5 per

million BTU. The sale of offgas improves the

economics of shale, oil production by $0.40 to

$1.00 per barrel in Cases 1 and 2 (the "low

minerals"

cases ) and $2.90 to $4.40 per barrel

in Cases 3, 4 and 5 (the "high
minerals"

cases).

1990 Estimated Market Price, 1980 $/Ton

Co-products Competitive Products

Case 3

Alumina

Soda Ash

257

77

230-270

82-1421

The estimated international price after

deducting $68 per ton in transportation differ

ential .

The co-product alumina and soda ash

costs include a 2% per year escalation in energy

costs and will remain constant in real terms

over the life of the shale oil plant, while the

cost of competitive products will escalate with

energy costs.

The economic analysis shows that the

cost of alumina and soda ash can be broken down

as follows for Case 3:

Dollars per Ton

Alumina Soda Ash

Direct Operating Costs 131 22

Offgas Costs 35 40

Other

Total 257 77

Thus, offgas purchased from the shale

oil facility constitutes a significant part of

the co-product alumina and soda ash costs.

Thus, the
"sale"

of low BTU gas to the

co-product facilities can improve the economics

of shale oil significantly.

The Case 3 co-product alumina and soda

ash recovery costs are competitive at prices

estimated for 1990 and later years, as shown

below:

G. MARKET POTENTIAL

The four end-products -- shale oil,

alumina, soda ash and nahcolite -- produced by

the shale oil co-proauct plant share many of the

same facilities, particularly in the ore

mining. In addition, they can take major advan

tage of otherwise waste energy, such as the

excess process heat and low BTU offgas produced.
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The underlying condition for economi

cally feasible recovery of alumina, soda ash,

and nahcolite from spent oil shale is that the

marginal costs of production will be signifi

cantly less than the competitive market values

for these products. A commercial facility for

recovery of soda ash and alumina from retorted

shale thus requires the following conditions:

The product quality must be compa

tible with the prospective end uses

and the supply must be reliable.

The products must be manufactured

and delivered to markets at compe

titive prices.

There must be adequate markets to

absorb the production without sig
nificant effect on the product

price.

A market study of minerals is especial

ly dependent upon the assumptions used in the

analysis. Market constraints and preferences

are inherently subjective and a function of the

analyst's definition of the market. In the case

of shale co-products, the two most important

assumptions used are that the markets are inter

national and that the products with the most

favorable economics will ultimately penetrate

the market.

The demand for alumina, soda ash and

nahcolite differs substantially. Alumina has

essentially only one end use as a raw material

for primary aluminum manufacturing by electroly

tic reduction. Soda ash, while heavily depen

dent upon glass as a major market, has a wide

range of other applications and can be a direct

substitute for caistic soda (sodium hydroxide)

in many end uses, or can be indirectly substi

tuted by simple causticization with calcium

hydroxide.

The major competitors of oil shale

based alumina are the processors of imported

bauxite (principally from Jamaica) and imports

of alumina (principally from Australia).

Current tax levies imposed by these exporting

countries greatly influence the costs of the

competing products.

Oil shale based soda ash is faced with

an analogous competitive product, caustic soda,

whose supply depends on the demand for chlo

rine. Since chlorine markets are quite dissimi

lar from those of caustic soda and are growing

at a lower rate, sizeable imbalances in the

demand and supply of chlorine based caustic

could occur in the future. Because chlorine

demand has not increased substantially recently

and could decrease in the future, shortfalls in

the supply of chlorine-based caustic could

result in a rising demand for sources based on

soda ash.

The major competitor to nahcolite is

not another chemical product, but rather compe

ting air control technologies that coal burning

utilities will be able to choose from.

Because the source of co-products is

landlocked and in a new supply area, transpor

tation costs to markets play an influential role

in the economics of oil shale minerals reco

very. For alumina, the transportation costs

could provide some market advantage to the

large, low-energy cost aluminum smelters of the

Northwest. For soda ash, transportation would

add about 75% to production costs for overseas

markets. Transportation would be the major cost

item for nahcolite.

Finally, the market potential for the

oil shale mineral derivatives --

alumina, soda

ash and nahcolite -- is very much dependent upon

governments.

The U.S. Government needs to deter

mine the national security value of

having a substantial domestic

source of alumina and aluminum,

vital defense and transportation

commodities. In addition, if the

U.S. is to have any influence over

future tax and pricing decisions of

the International Bauxite Associa

tion, a cartel of bauxite producing
nations, and thus maintain a compe

titive domestic aluminum industry,
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it will need a substantial domestic

source of alumina.

Foreign governments, particularly

those of Western Europe, will need

to provide access to U.S. exports

of soda ash and chlorinated pro

ducts. In addition, they will need

to reexamine their bilateral trade

policies with COMECON countries

that may lock them into future high

cost sources of soda ash.

Alumina Markets

Delivered costs of alumina are highly

dependent on transportation costs and the major

ity of alumina and aluminum plants are located

near water to use this cheaper transportation

mode. A shale oil co-product facility would

need to use rail freight and would, moreover,

have to build a railroad spur to the plant.

Transportation costs are therefore difficult to

determine, particularly since railroad rates are

being decontrolleo. Because of its geographic

location, a shale oil plant might have competi

tive transportation economics with the movement

of alumina from the Gulf Coast to the Northwest

smelters, but this study assumes that shale

co-product alumina has no transportation advan

tages or disadvantages relative to other sources

of alumina.

The market analyses conclude that by

the year 1990 the potential co-product alumina

market in the U.S. and Canada is 3 to 5 million

tons per year. The costs for alumina from com

petitive processes include about $50 per ton

Jamaican taxes and they escalate with energy

costs, so that by the year 2000 the market price

will range from $240 to $280 per ton. The mar

ket for co-product alumina and the market price

based on cost of competitive production is sum

marized below:

Million Tons/Year $/Ton, 1980 $

1990 3-5 $230 - $270

2000 6-11 $240 - $280

2010 9-16 $250 - $290

Co-product alumina thus appears suffi

ciently economic to capture the total potential

market (particularly if offgas is provided from

the shale oil plant at favorable rates) with a

15% Return on Investment and to assist the shale

oil economics by
"purchasing"

offgas from the

retort. The shale oil capacity that these

alumina markets would support are:

Year

1990

2000

2010

MBPD

230 - 400

450 - 850

700 - 1,250

Moreover, the direct operating costs of

co-product alumina are lower than those of com

peting processes. Even if Jamaica amended its

tax structure and U.S. tariffs were not reim-

posed, already constructed co-product facilities

would remain economic.

2. Soda Ash Markets

Transportation costs are more important

for soda ash markets than for alumina, since

they constitute a larger percentage of total

costs. Currently, rail transportation charges

from the Green River Basin to the U.S. Gulf

Coast or West Coast are about $42 per ton.

Ocean freight to Western Europe or Asia would

add another $20 per ton to transportation

costs. Assuming transportation costs increase

1% per year, the landed costs of co-product soda

ash are projected to be:

Soda Ash, CIF

Year $/Ton

1980 139

1990 145

2000 152

2010 160

The market potential for co-product

soda ash and the international market price

based on costs of competing processes are esti

mated as follows:
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Year Mi 11 ion Tons/Year Market Price, $/Ton

1990 4-5 150-210

2000 9-12 170-230

2010 14-18 200-260

The low range of this potential market

assumes that co-product soda ash will displace

existing West European Solvay plants by 2010 and

capture 50% of West European and Asian growth

markets. The high side assumes that additional

ly some sales to Western Europe of East Euro

pean Solvay ash will be displaced, that some

U.S. growth markets will be covered by co-pro

duct soda ash, that soda ash will replace some

caustic soda, and that new markets will develop.

The 1990 delivered costs of co-product

soda ash are below the range of the estimated

competitive market price. About 60% of the

costs for Solvay soda ash consist of energy

costs. Thus, the inherent cost structure is

such that Solvay ash will become increasingly

more costly while co-product soda ash will only

escalate with transportation costs assuming

no protective tariffs are imposed. Thus, it

appears that the full market potential of 4 to 5

million tons could be achieved by 1990.

The potential soda ash markets corres

pond to the following shale oil production:

Srtale Oi 1 Production,
Year MBPD

1990 170 - 220

2000 400 - 500

2010 600 - 800

NahcoVite Markets

regulations, and rapid developments in scrubbing

technology, any market projections are uncertain.

Overall, the market for nahcolite in

1990 could be up to one million tons per year.

This is equivalent to the output of a single

15,000 barrel per day demonstration unit. It

therefore appears likely that the bulk of the

nahcolite recovered as part of shale oil mining

will be backfilled in the mine.

4. Interrelation of Alumina and Soda Ash

Markets to Shale Oil Production

Although alumina and soda ash world

markets may be independent of each other, the

production of soda ash is dependent on alumina

production which, in turn, depends on oil pro

duction.

Converting the market potential from

tons of minerals to barrels of shale oil indi

cates the magnitude of a shale oil industry that

could be aided by the production of mineral

co-products. This shale oil industry would be

located in a relatively compact geographic area.

The table below compares the range of

market demand for co-product alumina and soda

ash and shows the maximum likely shale oil

produc- tion that these markets can support.

Thousands of Barrels per Day
Market Demand Market Demand Maximum Likely

Year for Alumina for Soda Ash Capacity

1990 230-400 170-220

2000 450-850 400-500

2010 700-1,250 600-800

250"

500

800

Although nahcolite could be produced at

very low marginal manufacturing costs, transpor

tation costs are significant and place severe

geographic limits on the potential market. The

major, anticipated market is stack gas

scrubbing. However, given the current leveling

of electricity demand, changes in government

?Implies that soda ash would need to capture

more than a 50% market share of growth in sodium

oxide demand, with trona capturing the remainder.

The maximum likely capacity for shale

oil is 500,000 barrels per day in the year 2000

and 800,000 barrels per day by the year 2010.

This upper limit is determined by the market

demand for co-product soda ash.

210



REFERENCES

1. Beard, T.N., Tait, D.B., and Smith, J.W.,

1974, "Nahcolita and Dawsonite Resources in

the Green River Formation, Piceance Creek

Basin,
Colorado,"

Rocky Mountain Association

of Geologists - Yearbook 1974.

2. Hall, R.N., Hass, F.C., 1970, U.S. Patent No.

3,510,255, Patented May 5, 1970. Recovery of

Sodium Aluminate from Dawsonite.

3. Hass, F.C., and Atwood, M.T., 1975, Recovery

of Alumina from Dawsonite Oil Shales: Quar

terly of the Colorado School of Mines (3),

pp. 95-107.

211



STEAM CRACKING OF SHALE OIL LIQUIDS

by

A. Lamont Tyler

Edward A. Bullen*

Harold R. Jacobs

University of Utah

Salt Lake City, Utah 84112

ABSTRACT

Shale oil liquids produced by steam pyrolysis

of oil shales from Anvil Points and from the leached

zone of the Parachute Creek member of the Green

River Formation were cracked in the superheated

steam in a one-liter autoclave. Steam pressures to

100 atm and temperatures to 454C were employed.

Gas samples were withdrawn and analyzed by gas

chromotography and liquid samples were analyzed

13

by GC-MS, C NMR, and elemental analyses for

carbon, hydrogen, nitrogen, and sulfur and oxygen.

Sulfur content was reduced 98.7% and nitrogen

content was reduced 35% in the cracked liquids.

Pour points were reduced from 10C - 32C (50F-

90F) for the starting material to less than -18C

(0F) . Most of the unsaturated hydrocarbons were

hydrogenated during cracking and the C/H ratio

dropped from 7 after steam pyrolysis to 6.5 after

cracking.

An observed pressure recovery during sampling

has been explained as a readjustment of the chemical

equilibria following the abrupt pressure reduction

during sampling.

tion by many investigators that steam behaves as

an inert gas in oil shale retorting.

The reactive character of steam in retorting

is, however, well documented. Cummins and Robinson

(1975) demonstrated the effectiveness of mixtures

of carbon monoxide and steam in hydrogenating resi

dues which would be left behind in the oil shale

matrix in conventional pyrolytic retorting schemes.

More recently, supercritical steam was used by

Lewan and his co-workers at the Amoco Production

Laboratory (1979) to produce, for the first time,

a petroleum- like pyrolyzate from oil shale. The

work reported in this paper involves the treating

of shale oil liquids in superheated steam to

provide further opportunity for reactions to occur

that enhance the quality of the oil. Hydrogenation

of the unsaturates, some cracking of the large

molecules, and preferential removal of sulfur and

nitrogen-containing compounds from the oil have

been observed. Oil used in this work was produced

by steam retorting of oil shale from the Anvil

Points Mine and from the BX-12 and BX-13 cores near

Equity Oil Company's steam injection field test.

INTRODUCTION

The use of steam as a reactive gas in the

retorting of oil shale has again been gaining wide

spread acceptance as an effective reagent in en

hancing both the oil quality and yields in the

recovery of fuel values from oil shale. (Campbell

and Taylor, 1978; Jacobs, et. al . , 1980; Dougan,

1981) In the Twelfth Symposium, Allred (1979)

includes an excellent, though brief, review of the

history of the use of steam in retorting and points

out that the relatively recent return to the use of

steam is a result, in part, of the erroneous assump-

*Current Affiliation: Mining Services International

Salt Lake City, Utah

EXPERIMENTAL PROCEDURE

The experimental program consisted of steam

cracking shale oil liquids in a one-liter auto

clave reactor and the analysis of the product oil

and gases by several analytical methods. The

reaction vessel was a Model AFP-1005 reactor pro

duced by Autoclave Engineers, Inc., and was pro

tected by a 13.8 MPa (2000 psi) rupture disc. Two

needle valves allowed for the removal of the sam

ples in both the liquid and vapor phases. One-

eighth inch stainless steel lines extended from

the valves into the vessel--one terminating at the

underside of the cover plate and the other extend-
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ing within one-half inch of the bottom of the re

actor. A magnetically driven stirrer, along with

a 1/8-inch thermocouple well also extended into

the reactor. The configuration of the apparatus is

shown schematically in Figure 1.

A stainless steel cylindrical liner was used

in the reactor to facilitate cleaning between runs.

Shale oil samples were placed in the liner and the

entire assembly inserted into the reactor. An elec

trical heating jacket was placed around the exterior

of the autoclave vessel and the temperature was

controlled by a Lindberg Model 59554-C3 program

mable controller. The control thermocouple was in

the thermowell and the temperature was continuously

monitoried on a strip-chart recorder. The reactor

was evacuated prior to each run and sufficient water

introduced to provide a steam atmosphere at the

desired temperature and pressure. Temperatures from

288C (550F) to 454C (850F) were studied at steam

pressures up to 10.3MPa (1500 psi).

Samples, both in the liquid and in the vapor

phase, were drawn off periodically during each run.

Liquid samples were cooled through a double pipe

heat exchanger connected to one of the outlet needle

valves (see Fig. 1) and the cooled samples were then

caught in a separatory funnel. Vapor phase samples

were drawn through the second needle valve and

passed through a 1/16-inch stainless steel line to

the gas chromatograph system. A system of two gas

chromatographs interfaced by telephone line to an

H.P. 2100S data acquisition integrator and H.P.

2100MX computer was used. Both FID and TCD detec

tors were used and the output signals were trans

lated from analog signals to digital signals on an

analog-digital console, transmitted by telephone

line to the integrater-computer system where the

digital signals were converted back to analog

signals, and stored on a magnetic disc. All
"peaks"

were individually integrated with the data then

being stored in the computer. Two strip chart

recorders were used to give a physical image of

the responses of components in a sample gas.

The gas sample flow from the reactor passed

through a 4-port valve which regulated the actual

input into the gas chromatographs. Before passing

through the 4-port valve, samples were passed

through a glass condenser where the steam and

heavier components of the sample gas were con

densed. The lighter gas was then directed into

the gas chromatographs for analysis.

Liquid samples taken from the bottom of the

reactor through the heat exchanger and the con

denser were dried prior to analysis by diluation

with dichloromethane and addition of MgSO^ The

dichloromethane acts as a neutralizing agent to

help avoid reaction of the MgSO^ with the more

polar nitrogen-containing compounds in the shale

oil. The MgSO, then acts as a desiccant, effec

tively removing the H^O from the sample. The

diluated mixture was shaken well in order to assure

the complete removal of H~0 and centrifuged. The

liquid portion was drawn off and the dichloro

methane evaporated from the shale oil on a roto-

evap machine.

Dried samples were analyzed for carbon, hy

drogen, and nitrogen content by using a Perkin

Elmer Model 240B Elemental Analyzer. Samples were

sealed in dried aluminum boats which protected the

more volatile samples from vaporization before

complete combustion could be achieved. An ex

tended combustion setting was used to assure

complete combustion of the samples.

Shale oil samples were further analyzed with

both proton and
C13

NMR, with I.R. spectra, and on a

GC-MS system, where mass spectra data were useful

in identifying peaks on a GC fingerprint.

RESULTS

When samples for gas analyses were drawn at

periodic intervals during the experiments, the

pressure in the reactor vessel recovered within an

hour following the withdrawal of a sample. This

pressure recovery cannot reasonably be attributed

to the readjustment of a vapor-liquid equilibrium

because of the long time constant involved. It

is postulated, instead, that the pressure recovery

results from the readjustment of the chemical

equilibria following the abrupt pressure drop

caused by sampling.

The general reaction represented by Equ. 1 was
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used to predict the form which the pressure recovery

might be expected to take if it were due to the re-

establishment of chemical equilibria.

HCheavy
+ H2

+
HClight+aG (D

The symbol HC represents hydrocarbons and G

represents all gaseous products of the reaction; a

is a stoichiometric coefficient. If the total pres

sure is assumed to be the sum of the gas pressure

and the steam pressure, it is possible to write the

differential equation governing the change of pres

sure with time as follows

d / PL_\-ir r r^a+R) (a+1/K) P K+l 1(2)
KW fCHCL a

-(PH2())o K J

where K is the equilibrium constant of the reaction

represented in Equ. 1, kf is the forward specific

reaction rate constant, and R is the initial ratio

of gas pressure to steam pressure. The details of

this derivation are presented by Bullen (1980). Equ.

2 can be integrated to obtain the following relation

ship between pressure and time.

n
l"(l+R/a) (ot+l/K) - Q+l/K) (R+l) 1.
j_(l+R/a) (a+l/K) - (l+l/K) (P/(Fh ~)

]~ k't (3)

where
k'

= K(kfCHC) / (K+l).

No attempt was made to evaluate the kinetic and

equilibrium constants independently. However,

Figure 2 shows the fit of the data vs. the equation

on arbitrary time units for values of kf and K

chosen to fit the data. Further work is needed to

ascertain the values of the kinetic parameters, but

the results of Figure 2 demonstrate that the pressure

recovery can be explained as a re-establishment of

the chemical equilibria following sampling.

Figure 3 shows typical results of the gas

analyses at 3710C (700F). Similar plots at the

other temperatures are shown in the original thesis

(Bullen, 1980). Unsaturated hydrocarbon concentra

tions rise initially to modest values and then fall

as time increases, while saturated hydrocarbon

concentrations continually increase until an appar

ent steady value is reached after approximately 12

hours. The measured hydrogen concentrations are

surprisingly constant at 5% and indicate that suf

ficient hydrogen is present for hydrogenation re

actions to occur. The source of the hydrogen,

however, is not likely to be directly from the

water gas shift reaction since equilibrium for

hydrogen production from that reaction is un

favorable at the temperatures used in these exper

iments. The increase in total hydrocarbon gases

with time--from 50% at 4 hours to 85% after 20

hoursindicates that small molecules were being

formed by cracking of the larger molecules in the

liquid phase.

The rapid decline in the concentration of

hydrogen sulfide suggests that H2S is formed very

rapidly during the initial part of the run. The

decline with time results from exhaustion of HoS

from the reactor during sampling. The low sulfur

concentrations in the liquids following cracking

as shown by the elemental analyses (Table II)

serves to support the postulate that sulfur is

rapidly hydrogenated in the presence of steam.

Table I shows results of gas phase analyses

after four hours at 371C (700F) and 454C (850OF)

Table I

GAS ANALYSES AFTER FOUR HOURS

OF STEAM CRACKING-

371C (700F) 4540C (850F)

Methane 20.7 28.03

Ethene 3.6 1.1

Ethane 11.9 18.4

Propane & Propene 12.3 12.6

Butene 3.4 1.8

Butane 3.5 3.5

Pentene 2.8 1.1

Pentane 3.4 1.9

C/r and abctve 7.0 2.2

co2
12.4 2.2

HoS 11.0 0.9

Hydrogen 5.9 5.0

The gas analyses were insensitive to pressure

between 5.5 MPa (800 psi) and 10.3 MPa (1500 psi),

but the total steady-state hydrocarbon concentra

tions ranged from 65% at 288C (550F) to over 90%

at 454C (850F). The propane and propene peaks

were not resolved, but the alkane/alkene ratio can

be determined for the C2, C4, and Cc gases. At

454C (850F) the alkane/alkene ratio is from 1.4
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to 5 times greater than at 371C (700F) indicating

the hydrogenation of unsaturates is rate controlled.

Only minimal cracking, if any, occurred at

the runs made at 288C (550F), but substantial

changes in the oil shale liquids were observed at

371C (700F). A C13NMR analysis of the liquids

indicated that significant hydrogenation occurred.

The composition of the oil was 80% saturated hydro

carbons, 20% aromatics with essentially no olefins.

The absence of olefins is significant when compared

to typical olefin content of 35% to 50% in shale

oils produced by conventional pyrolysis (Lewan,

et. al., 1979). Pour points of the steam -retorted

oils used as the starting materials in these experi

ments ranged from 10C - 20C (Jacobs, et. al . ,

1980) and were reduced during steam cracking to

less than -18C (0F) - the practical limit of

the measurement.

GC-MS spectra of the raw and cracked oil sam

ples show a significant reduction in the higher

molecular weight compounds (>C2s). Figures 4 and

5 are chromatograms of the raw shale oil liquids

and the 371C (700F) steam-cracked liquids re

spectively. The raw shale oil liquids show a

significant concentration of non-aliphatic species

and substantial quantities of material with molec

ular weights higher than that of C25- The steam-

cracked oil, on the other hand, contains essen

tially no species with molecular weights greater

than that of C2c and contains mainly aliphatic

hydrocarbons. The absence of the higher molecular

weight material coupled with the increase in C-|q

to C-|2 material indicates a combination of hydro-

gentation and cracking has occurred.

Results of the elemental analyses for the oil

samples at 371C (700F) are shown in Table II.

Table II

C, H, and N, ANALYSES OF LIQUID SAMPLES

C H N (0&S)*
C/H

Raw Oil 83.4 12.0 1.6 3.0 6.95

8 hours 84.83 12.65 1.18 1.34 6.70

10 hours 85.24 12.79 1.04 0.921 6.66

12 hours 85.61 12.99 1.04 0.35 6.59

21 hours 85.79 13.11 1.06 0.04 6.54

*by difference

The decline in the C/H ratio substantiates the NMR

and GC-MS data indicating that hydrogenation occurs

during steam cracking. The C/H ratios compare

favorably to those of petroleum (6 to 7) and are

significantly lower than the values of 7 to 9

observed from pyrolytically retorted shale oil

(McCarthy, 1976). The sulfur content is reduced

by 98.7% and the nitrogen by 35% during the re

action with steam. The preferential reduction in

the sulfur and nitrogen content is significant in

increasing the commercial value of the oil.

CONCLUSIONS

Steam cracking of oil shale liquids enhances

the quality of the material by preferentially

removing sulfur and nitrogen-containing compounds,

reducing the C/H ratio by hydrogenating the un

saturated constitutents, and reducing the pour

point. The higher molecular weight fractions are

cracked to form mostly aliphatic hydrocarbons.

The gas phase above the liquids reaches a

chemical equilibrium described by a simplistic

reaction between hydrocarbons and steam to form

lighter hydrocarbons and some gases.
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ABSTRACT

Australia has substantial deposits of

medium to low grade oil shales and a

history of nearly 100 years of their

exploitation. Although there had been

little recent interest in oil shales until

the last five years, a number of projects

in the State of Queensland where the bulk

of the oil shale reserves occur are being

investigated in detail with a view of

bringing them into commercial production.

The most significant of these are the

Rundle and Stuart Projects near Gladstone

in Central Queensland and those based on

Julia Creek in North West Queensland and

the Condor deposits near Proserpine in

North Queensland.

The paper gives some background on

Australian oil shale deposits, briefly

records some history of oil shale

processing in the country and looks at the

current status of the various proposals

being considered to produce syncrudes from

Australian oil shales.

INTRODUCTION

The first oil shales processed in

Australia were retorted in 1865. For the

next 50 years high grade torbanites

principally from the Western Blue Mountains

area, 150 kilometres west of Sydney, were

mined and processed to produce mainly

lighting and heating oils. However in the

early part of this century the oil shale

processing industry started to decline due

to competition from imported petroleum and

the change in liquid fuels demand to

gasoline .

World War I facilitated a modest

revival in the industry but once

hostilities ceased, there quickly

followed the demise of the industry.

Attempts were made to revive oil shale

processing in the 1930's as a means of

creating employment. However it was

World War II that resulted in significant

oil shale processing operations being

established at Glen Davis and Marangaroo

in New South Wales. Marangaroo closed

down in 1945 with Glen Davis finally

ceasing production in 1952.

It was the OPEC petroleum price rises

following the 1973 Israeli-Arab war that

resulted in a renaissance in the interest

in oil shales in Australia.

Whereas most of the early activity in

Australian oil shales was based on high

grade torbanites with yields frequently in

excess of 400 litres per tonne, the centre

of interest shifted to a number of large,

low grade deposits in Queensland. The

first to be investigated was a 7 metre

sequence of oil shales in the Toolebuc

limestone formation near Julia Creek in

North West Queensland. In the early 1970's

a consortium of CSR Limited (a major Aust

ralian company with interests in sugar, coal

minerals and chemicals), the French

petroleum group Aquitaine and The Tosco

Corporation investigated the production of

10 000 barrels per day of shale oil and

10 000 tonnes per year of vanadium

pentoxide as a by-product. While nothing

commercial emanated from those early

investigations, CSR are to this day
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continuing with their investigations into

the processing of Julia Creek oil shales.

In 1973 two small but associated

Australian petroleum and mining companies,

viz. Southern Pacific Petroleum N.L. and

Central Pacific Minerals N.L., commenced

an exploration program for oil shales in

Queensland. In the last five years the

Companies have delineated some major low

grade oil shale deposits. These include

the Rundle and Stuart deposits near

Gladstone, Duaringa further west and the

Condor deposit near Proserpine.

In the last three years there has been

a major resurgence in exploration activity

for oil shales with a number of companies

engaged in feasibility studies to

ascertain their prospects for processing.

Esso Exploration and Production Inc.,

an Australian subsidiary of Exxon, signed

a Heads of Agreement in July 1980 with

Southern Pacific Petroleum and Central

Pacific Minerals to investigate the

development of the Rundle oil shale

deposit near Gladstone in Central Queens

land.

The current interest in oil shale

processing in Australia has developed

within the framework of the policies of

the Commonwealth Government. The

Australian Government's policy is for

petroleum, including synfuels, produced in

Australia to be priced at import parity.

There has been no development of

indigenous retorting processes in

Australia. All the studies being under

taken in oil shale retorting in Australia

are based on the utilization of existing

technology such as that offered by Tosco,

Union Oil, Dravo and Lurgi.

HISTORY OF AUSTRALIAN OIL SHALE

The Australian oil shale industry

began over a century ago. It was based on

torbanite deposits associated with the

Permian Coal Measures of the Sydney Basin,

particularly those in the Blue Mountains

to the west of Sydney in New South Wales.

In 1865 oil was first recovered from

Australian oil shales at the Pioneer

Kerosene Works at Mount Kembla near

Wollongong, some 160 kilometres south of

Sydney. Horizontal batch externally coal

fired retorts were used to produce 6 000

litres per week of lighting oil.

The scene quickly shifted to the

western Blue Mountains in the Hartley area

near the town of Lithgow, 150 kilometres

west of Sydney, where in 1866 a further

batch of horizontal retorts was established.

The torbanites around Hartley gave yields

in excess of 400 litres per tonne and

occurred in thin lenticular deposits with

average thickness of 0.6 to 0.9 metres.

Because of their high grade, a

substantial export market developed for

the torbanites in Europe and the United

States of America for use as an enriching

agent in coal gas plants.

By 1877 there were over 100 retorts in

operation in New South Wales. Most of the

retorts were in Sydney with the oil shales

being transported over 160 kilometres by

wagon and rail from the western Blue

Mountains. At this time Australia, with a

total population of approximately 1.5

million, produced about 50 percent of its

kerosene demand of some 2 million litres

per year. The balance was imported from

the United States.

By the turn of the century, the

falling demand for torbanite in export

markets, availability of cheaper

petroleum derived kerosene and the growing

demand for gasoline resulted in a slowing

down in the growth of the oil shale
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industry. As a result, a number of oil

shale mining and processing operations

ceased production.

In 1906 the Commonwealth Oil

Corporation was established and absorbed

the interests of many of the smaller

companies with oil shale interests. The

company in 1911 established a bank of

64 Phumpherston retorts together with

associated distillation, wax and coke

plant at Newnes in the Wolgan Valley, 40

kilometres north of Lithgow. However due

to the inability of the Phumpherston

retorts to handle the high grade of the

torbanite (450 litres per tonne), the

plant did not operate successfully and was

closed down within a year.

Newnes was re-opened at the beginning

of World War I by John Fell who modified

the original retorts. The project

operated successfully during the War

period but following this, operations

became uneconomic and production ceased

in 1922.

It was also in this year that Fell

attempted to recover shale oil by an insitu

retorting method. Horizontal tunnels and

flues were driven into the torbanite beds

with air being drawn through the oil shale

by means of an induced draft fan. However,

shortly after initial ignition, the tunnels

collapsed and Fell gave up attempts at

insitu retorting. John Fell is also the

forerunner of the oil refining industry in

Australia for in 1924 he set up with

0.1. Douglas a 1 000 bpd thermal cracker

at Duck Creek, Granville in what is now one

of Sydney's western suburbs. The Fell-

Douglas operations were taken over by the

Shell Company where on the site today

Shell has its modern 90 000 bpd Clyde

refinery.

The economic depression in the early

1930's saw the Commonwealth and New South

Wales Governments set up in 1933 the Newnes

Investigation Committee to "inquire into

the possibility of developing the shale oil

industry in the Newnes-Capertee area on a

sound basis". In 1937 the National Oil

Proprietary Ltd. was formed to work the oil

shale deposits in the Capertee Valley, the

next valley to the Wolgan where Newnes was

located. Much of the equipment from Newnes

was moved to the Glen Davis site in the

Capertee Valley and operations commenced in

1940.

Mining at Glen Davis was by bord and

pillar operations. Over 100 Fell modified

Phumpherston vertical retorts were

installed. Each processed approximately

8 tonnes per day of oil shale with an

average yield of 240 litres per tonne. The

crude shale oil was thermally cracked in a

1 600 bpd Dubbs unit with a UOP

polymerisation unit . After acid treating

and caustic washing, the gasoline product

was leaded to 70 RON and pumped by a 50

kilometre pipeline to the nearest rail

siding .

The economic conditions following

World War II, the increasing availability

of cheap Middle East petroleum and a

shortage of oil shale reserves led to the

closing of Glen Davis in 1952. In the

period from 1940 to 1952 Glen Davis

processed 1.3 million tonnes of shale to

yield 230 million litres of liquid

product .

At Marangaroo, 20 kilometres west of

Lithgow, the Lithgow Oil Pty. Ltd. in 1939

commenced the installation of three NTU

retorts. These were commissioned in 1943

and between then and 1945 some 9.1 million

litres of shale oil was produced. The

shale oil was transported to Glen Davis

for refining. At the end of World War II,

the economic conditions forced the closure

of Marangaroo.

The only other State in Australia in

which oil shale mining and processing was
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carried out was Tasmania. Permian oil

shales in the Mersey River Valley in

Northern Tasmania with an average grade of

160 litres per tonne were processed by the

Tasmanian Shale and Oil Coy. which

commenced operations in 1910 with four

vertical Hall retorts. The project ceased

operations in 1914. Various attempts were

made to recommence operations with

production finally ceasing in 1934 with a

total of 1.6 million litres of shale oil

having been produced.

A more detailed history of Australian

oil shales was given by Cane at the 12th

Oil Shale Symposium held in 1979.

AUSTRALIAN ENERGY SCENE

Australia is a large but sparsely

populated country with an area of 7 682 000

square kilometres and a population of 14.7

million. It has a sophisticated western

style economy and a high standard of living,

As such it has a relatively high annual per

capita total energy use of 230GJ.

Australian Energy Reserves

Having regaird to Australia's

population and the limited amount of

exploration undertaken, the country is

reasonably well endowed with energy

reserves. It is currently 65 percent

self-sufficient in crude oil while it is

a major world exporter of coals and

uranium. Overall, Australia is a net

exporter of energy.

The principal resource is coal where

reserves conservatively are estimated at

170 x
10^ barrels oil equivalent. Known

recoverable oil and condensate reserves

are about 2.5 x
10^ barrels while uranium

reserves are estimated at 26 billion

barrels oil equivalent based on

conventional non-breeder nuclear

technology. The Toolebuc formation within

the Great Artesian Basin of Australia

(Figure 1) contains an estimated 3 000

billion barrels of oil insitu. The five

tertiary deposits in Central Queensland

where appreciable drilling has been

undertaken (Rundle, Stuart, Yaamba,

Nagoorin and Condor) contain 15 billion

barrels insitu.

Australia currently uses 1.6 million

barrels of oil equivalent per day. The

patterns of consumption by sector use and

by energy source are given in Tables I and

Ilrespectively .

Table I

1980 Australian Energy Demand

(By Sector Use)

Sector Percent

Domestic and Commercial 4

Transport 26

Electricity Generation 34

Industry and Other 36

Tabl e II

1980 Australian Energy Demand

(By Energy Source )

Energy Source Percent

Oil 44

Gas 11

Coal 38

Hydro and Others 7

Most of Australia's electricity is

generated from coal fired power stations

and with a doubling of generating capacity

over the next decade, the country is still

expected to use less than 5 percent of

current known reserves over the period

1980 to 2000.

The relative use of coal is expected

to increase to supply 50 percent of

Australia's primary energy needs by the

end of the century. However oil will

continue to provide a major source of
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energy, particularly in the transport

industries. Based on an annual average

rate of growth in oil consumption of

1.2 percent, Australia will need 5.3

billion barrels between 1980 and 2000.

This is a shortfall of 2.8 billion barrels

on currently known reserves.

For Australia to maintain its current

levels of 65 percent self sufficiency in

oil, new discoveries of oil and/or the

production of synthetic fuels are required.

As a result of their widespread

exploration activity in Australia, Esso

Australia (1980) have estimated that there

is a 50 percent chance of finding a further

3.6 billion barrels. While these amounts

are small on a world scale, such

discoveries would enable Australia to

remain more than 50 percent self sufficient

in oil through to the next century.

On the assumption that the 50 percent

probability case of further conventional

oil discoveries occur, Figure 2 shows the

supply and demand for oil to the year 2000

and illustrates that synthetic crudes could

supply nearly half of Australia's estimated

total oil needs of 825 000 barrels per day

by 2000. Given the economic conditions to

produce synfuels, it is anticipated that

shale oil will provide the significant

proportion in Australia of non-conventional

oil.
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THE OIL SHALE RESOURCES OF AUSTRALIA

Most of Australia's known resources

of oil shales are in Queensland though

small deposits occur in New South Wales,

Tasmania and Western Australia. At present

Australia's resources are of the order of

15 000 million barrels with the Toolebuc

Formation, on the basis of limited and

widely scattered drilling, containing an

inferred resource of 3 000 billion barrels

insitu at an average grade of 45 litres

per tonne.

The oil shales in Queensland are

widely distributed (Figure 3) and range in

age from Cambrian to Miocene. They are of

both marine and freshwater origin and vary

in grade from torbanites yielding in excess

of 400 litres per tonne of shale oil to

extensive deposits of low grade material

with Fischer Assay yields of 50 litres per

tonne .

Rundle

The presence of oil shales in the

Narrows area 50 kilometres north-west of

Gladstone, was first reported in 1914.

The area has been explored by a number of

companies but drilling in the late
1970'

s

by Southern Pacific Petroleum N.L. and

Central Pacific Minerals N.L. delineated

the Rundle oil shale deposit. Figure 4

shows the location of the deposit relative

to the City of Gladstone while Figure 5

gives a general plan and cross section of

the deposit. The deposit is 4.7 kilometres

wide by 8.7 kilometres in length.

The Rundle and adjacent Stuart deposits

are of Tertiary age and occur in a narrow

graben about 5 kilometres wide. The

kerogen is of algal origin deposited in a

lacustrine environment giving rise to fine

grained mudstone with a specific gravity

of 1.75.
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Recent detailed drilling of the

Rundle deposit by Esso has delineated

5 000 million tonnes of oil shale on a

4 metre minimum thickness of unit basis

and 50 litres per tonne grade cut off.

Average grade on a moisture free basis is

105 litres per tonne giving an insitu

resource of 2 650 barrels. Overburden

ratio is of the order of one to one.

The upper units of the Rundle deposit

outcrop near the Narrows between the

mainland and Curtis Island. The formation

dips to the south-west to a massive fault

trending north-west/south-east. At the

fault the major lower seam is at a depth

of 350 metres. The average grade of the

oil shale in the vicinity of the fault is

some 20 percent above the deposit average

while considerable variations occur over

short vertical distances within a unit.

The deposit is also characterised by a

number of smaller faults at right angles

to the main fault line.

Between the oil shale seams at Rundle

is a claystone containing reactive high

swell material with poor engineering

properties .

Stuart

The Stuart deposit is currently being

investigated by Southern Pacific Petroleum

N.L. and Central Pacific Minerals N.L. It

is located between Rundle and Gladstone.

Preliminary drilling indicates that the

deposit is of comparable size to Rundle

though the major part of the oil shale

sequence is covered by some 120 metres of

loose sediments.

The deposit geology has been directly

correlated to the nearby Rundle deposit,

both containing the same three major and

one minor kerogen rich seams separated by
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units of barren or low organic content

matter. The oil shale seams in the Stuart

deposits are in a bedded sequence dipping

south-west which is approximately 3 kilo

metres wide and 16 kilometres long.

Yaamba

Central Oil Shale Pty. Ltd. and

Peabody Australia Pty. Ltd. have a joint

venture to explore for oil shale in

Central Queensland. Important deposits of

Tertiary oil shales of freshwater origin

have been identified at Yaamba, 150 kilo

metres north-west of Gladstone.

Preliminary drilling has identified

over 1 000 million barrels of shale oil in

place with a cut off grade of 63 litres per

tonne. The deposit, like Rundle, is

mineable by open cut methods.

Nagoorin

The Nagoorin oil shale prospect lies

in a Tertiary graben in the Boyne River

Valley some 40 kilometres south of

Gladstone. Greenvale Mining N.L. and

Esperance Minerals N.L. in association

with the Rundle/Stuart partners of

Southern Pacific Petroleum N.L. and Central

Pacific Minerals N.L. are evaluating what

appears to be a significant oil shale

deposit. Shale thickness of up to 600

metres at 70 litres per tonne grade have

been encountered.

Condor

The Condor deposit in the Hillsborough

Basin just south of Proserpine is currently

under investigation by the Southern

Pacific/Central Pacific Group. Drilling

to date indicates that the main oil shale

unit is 300 to 400 metres thick. At a

40 litres per tonne cut off at zero

percent moisture, over 15 000 million

tonnes of oil shale at an average grade of

60 litres per tonne are estimated to occur.

This gives an insitu reserve in excess of

6 billion barrels. The Hillsborough Basin

sediments are of Tertiary lacustrine origin,

The deposit can be mined by open cut

methods with an estimated overburden to oil

shale ratio of 0.7:1.

Julia Creek

CSR Limited have been investigating

the Julia Creek oil shale deposit for over

a decade. The oil shale unit occurs in

the Toolebuc Formation (Figure 1) which

occurs over some 250 000 square kilometres

in the Eromanga Basin. The Toolebuc is a

limestone formation of shallow marine

origin and of Cretaceous age. The oil

shale resource in the Toolebuc is very

extensive .

In the St. Elmo structure some 15

kilometres north-east of Julia Creek, the

Toolebuc Formation outcrops (Figure 6) .

In this area, an estimated 4 000 million

tonnes of oil shale containing 1 500

million barrels of oil are available for

recovery by open cut mining methods. The

oil shale sequence averages 7 metres in

thickness with an average oil content of

60 litres per tonne on a dry basis. The

cut off grade for the calculation of the

resource is 50 litres per tonne. The oil

shale at Julia Creek contains 5.7 percent

sulphur and significant quantities of

vanadium and molydbenum. Overburden ratio

is 3.9 to 1.

Alpha

A lenticular seam of torbanite occurs

54 kilometres south-south-east of the town

of Alpha in Central Queensland. The

deposit, which has been known since the

1930's, is of marine origin and is

associated with Permian coal measures.

The Alpha deposit is relatively small

and discreet but of high grade. It

contains approximately 24 million tonnes
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of oil shale at an average yield of 350

litres per tonne giving a resource of 19

million barrels.

AUSTRALIAN OIL SHALE PROJECTS

While exploration activity is being

undertaken on various prospects, a number

of projects based on the utilization of

Queensland's oil shale resources are

currently under detailed feasibility study,

The Rundle Oil Shale Project

Esso Exploration and Production

Australia Inc. (Esso) has signed a Deed

of Agreement forming the basis for a joint

venture with Southern Pacific Petroleum

N.L. and Central Pacific Minerals N.L. to

develop the Rundle oil shale deposit in

accordance with the Rundle Oil Shale

Agreement Act 1980 which was passed by the

Queensland Legislative Assembly in 1980.

Esso is the operator of the project

and is currently involved in the major

geological, mining and processing

engineering studies needed to fully assess

the practicability and feasibility of

establishing a major oil shale mining and

processing operation based on the Rundle

resource .

The original concept of the Rundle

project was for the open cut mining of the

resource, retorting using Lurgi-Ruhrgas and

Superior retorts and the upgrading of the

shale oil by hydrogenation techniques to

produce a synthetic crude oil suitable for

mixing with natural petroleum and processing

in conventional oil refineries.

The project was envisaged to be

developed in two phases. Phase 1 was to

involve the development of an open cut mine

to produce approximately 25 000 tonnes per

day of oil shale and the construction of a
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commercial sized retorting system capable

of producing 18 000 barrels per day of

shale oil. A hydrogenation unit to

upgrade the shale oil to syncrude quality

was also planned. The retorting

configuration was for one Superior retort

with a capacity of approximately 18 000

tonnes per day of lump oil shale and a

Lurgi-Ruhrgas system to process some

10 000 tonnes per day of oil shale fines.

The Lurgi reactor system was seen to

produce sufficient high calorific value

offgas to manufacture the hydrogen needed

to upgrade the shale oil without the need

to utilize the product shale oil. The

syncrude product would be pumped from the

Rundle site by pipeline to a bulk terminal

to be built at Gladstone.

Based on a late 1981 decision to

proceed with the project, the two retort

Phase 1 was envisaged to be commissioned

in mid 1985. The anticipated capital costs

of the project including costs associated

with the development of a mine, retorting

and product upgrading systems and all

associated infrastructure were of the order

of $1,000 million in 1980 Australian

dollars .

The Phase 1 operation was to

establish the technology and the economics

of the retorting and product upgrading

system and thus provide a major input into

the decision as to whether to proceed with

Phase 2 of the Rundle project. Such a

decisionwas expected to be made in 1986.

Preliminary plans for Phase 2 called

for the project capacity to be progressively

increased in stages to an ultimate daily

output of approximately 200 000 barrels per

day of syncrude. This was likely to occur

in three stages, each with a capacity of

60 000 to 70 000 barrels per day with the

stages being brought on line in 1991, 1993

and 1995.

The full Rundle project would be a

very large operation, even on a world

scale involving the mining of about a

million tonnes of material a day, half of

which is oil shale.

After 12 months work and an expenditure

of over $30 million, Esso in conjunction

with Southern Pacific Petroleum and Central

Pacific Minerals announced in early April

1981 that due to significant technical

uncertainties associated with the mining

and retorting of Rundle oil shale and with

capital and operating cost estimates

significantly higher than the original

estimates, it would not be prudent to

proceed with the construction of the Phase 1

demonstration plant as contemplated in the

Heads of Agreement.

The Companies are currently consider

ing a revised joint venture agreement

enabling them to determine whether or not

a commercial scaled project based on the

Rundle resource is technically and

economically feasible and in what time

frame. An expected objective of the new

studies is to obtain a sufficient level

of technical and economic confidence to

enable a decision whether or not to

proceed in due course with a commercial

plant without the need to build a

demonstration plant. This decision could

be made by the first quarter 1984 enabling

commercial production to be commenced in

the early 1990's.

As a result of the studies associated

with the Rundle project, it is likely that

the commercial operation will be on a more

modest scale (of the order of 125 000

barrels per day) than originally considered,

Julia Creek Project

CSR Limited are continuing with their

investigations into the feasibility of

mining and processing the oil shales of
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the Toolebuc Formation near Julia Creek in

north-west Queensland.

At the St. Elmo structure, 15 kilo

metres east-north-east of Julia Creek

where the Toolebuc Formation outcrops,

some 4 000 million tonnes of oil shale of

average grade 60 litres per tonne is

suitable for mining by open cut methods

by the use of either bucket wheel

excavators or draglines.

Although no decisions regarding the

process selection have been made concerning

the Julia Creek project, the current

feasibility studies for the project are

based on the use of the Tosco retorting

system to produce 100 000 barrels per day

of synthetic crude oil.

Crude shale oil from the Julia Creek

oil shales contains a significant

proportion of both nitrogen and sulphur.

The studies are concerned with their

removal with the production of sulphur or

sulphuric acid as a likely by-product.

The sulphuric acid could be used to recover

vanadium and molybdenum from the spent

shale. Whereas Esso are looking
hydro-

treating/hydro-cracking as the means of

upgrading Rundle shale oil, CSR are

considering some form of delayed or fluid

coking in association with hydro-treating

as a means of upgrading the shale oil

product. The use of a coking process

would reduce the quantity of hydrogen

needed to upgrade the shale oil to syncrude

standards .

Unlike the Rundle deposit which is

very close to established infrastructure,

the remoteness and dryness of the Julia

Creek area means that the cost of the

provision of infrastructure will be

appreciable. The product would need

transportation, probably by pipeline, to

Townsville while water probably would need

to be brought to the Julia Creek area from

the Mount Isa region.

As the CSR studies on Julia Creek are

still being evaluated, the Company has not

announced any conceptual or indicitive

time scale for the development of the oil

shales. However it is unlikely that full

scale production would be undertaken until

the 1990's.

Stuart Project

Southern Pacific Petroleum and Central

Pacific Minerals are carrying out

preliminary feasibility studies to

determine the practicability and viability

of mining and processing the Stuart oil

shale resource independently from the

Rundle project. While planning for this

project will be influenced considerably by

the findings of the Rundle studies, the

project partners are looking conceptually

at producing 145 000 barrels per day of

hydro-treated syncrude in the mid 1990's.

Both Lurgi-Ruhrgas and Superior retorting

processes are under consideration.

Yaamba

The bulk of the effort on the Yaamba

project has been concentrated on proving

up the resource. However the joint

ventures are now having preliminary studies

undertaken into the prospects for recovering

shale oil from Yaamba oil shales.

Condor Project

The Condor oil shale deposit,

containing over 6 000 million barrels of

oil at an average moisture free grade of

64 litres per tonne, has attracted

considerable Japanese interest. Southern

Pacific Petroleum and Central Pacific

Minerals are negotiating with the Japanese

National Oil Corporation to join in the

project and fund a detailed feasibility

study of the deposit and its development.

The current drilling program at

Condor indicates that the deposit, which
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is composed of sandstone beds interspersed

with laminated oil shale units and mud

stone, should not have the geological and

mining problems found at Rundle.

A decision on possible Japanese

participation in the Condor project is

expected later this year.

Alpha

While the Alpha torbanite deposit is

relatively small in size and the extent of

its reserves, its high grade makes it

suitable for small scale commercial

production utilizing a proven demonstration

size retorting system.

Alpha Resources Ltd. are currently

studying the feasibility of constructing

a 1 200 tonne per day demonstration size

retort based on proven technology to

produce 2 300 barrels per day of shale oil

for blending with conventional crude oil.

A project of this nature would involve an

investment of the order of $30 million.

COMMERCIAL AND POLICY FACTORS

The development of commercial shale

oil projects in Australia is subject to

technological, developmental and financial

barriers and to environmental constraints.

In Australia, as in the United States,

technical uncertainty about many aspects

of oil shale mining, its retorting and the

upgrading of the shale oil product result

in considerable variations in the estimates

of capital and operating costs for shale

oil projects. The oil shales of Australia

are high in moisture, of low density, with

a soft and friable nature. In this they

differ considerably from Western U.S.

shales. This, with limited experience of

their retorting characteristics at pilot

and demonstration plant size, has meant

that much of the U.S. experience with oil

shale mining and retorting cannot be

directly translated to Australia. As a

result this has had the effect of

maintaining the technical uncertainties

about Australian oil shale projects.

GOVERNMENT POLICIES

A number of Government policy issues,

particularly at the Commonwealth level,

have a significant influence on the

prospects for the commercialization of

oil shale in Australia.

The Australian Government's policy of

pricing indigenous crude oil and syncrudes

at import parity has acted to encourage

the exploration for oil shale and the

development of the deposits. The Federal

Government also has a crude oil allocation

scheme which ensures locally produced crude

oil is taken up by the Australian oil

refineries. The extension of this policy

to shale oil and other syncrudes is likely.

It would ensure the marketability in

Australia of shale oil until national
self-

sufficiency was reached. The export of

crude oil and syncrudes such as shale oil

requires prior Government approval.

With regard to the export of energy,

the Commonwealth Government has regulated

to have uranium projects developed

sequentially. It is likely that once

Australia reaches self-sufficiency in crude

oil/syncrude production, a similar policy

could be invoked, particularly for export

orientated shale oil projects. Such a

policy could inhibit the development of

some projects in later years.

Australia has a basic policy that the

exploitation of energy resources such as

oil, gas and coal must involve operators

with more than 50 percent Australian owner

ship. The extension of this policy to oil

shale retorting and upgrading plants is

being canvassed. However in view of the

small number of Australian Corporations who

have the resources to become significantly

involved in a shale oil project, it could
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inhibit the early development of some

larger projects.

Other than for the provision of

limited research and development funding

for energy projects by the National Energy

Research Development and Demonstration

Council ($26 million in 1979-80 of which

just over $200,000 was allocated to oil

shale research) the Federal Government does

not offer specific development grants or

taxation relief to synfuel projects.

However policies do exist for very large

projects such as oil shale processing to be

afforded special taxation/depreciation

allowances in their early years of

production.

Oil shale mining and processing in

Australia will require a clear definition

of potential environmental impacts before

any Government approvals are granted. This

involves developing acceptable methods for

the disposal of spent shale and mine waste,

the non-contamination of surface and ground

waters and control of gaseous and

particulate emissions. In this area,

Australian projects tend to face fewer

problems than those placed on developments

proposed for the United States. This is

due to a number of factors including the

generally inert nature of Australian spent

shales and because most Australian oil

shale deposits occur in regions with few

urban or environmental pressures.

CONCLUSIONS

Although only limited activity in

exploration for oil shales has been under

taken in Australia, it appears a substantial

low grade resource occurs in the State of

Queensland. However Australian oil shales

differ considerably from those found in the

United States meaning that much of the U.S.

research effort is inapplicable in

Australia. This has tended in the short

term to reinforce the uncertainties in the

assessment of the commercial viability of

Australian shale oil projects.

Considerable activity is being under

taken on a number of oil shale projects in

Queensland. This is reducing the

uncertainties associated with the proposed

developments and provided that there is no

fall in the real price of crude oil over

the next few years and the Australian

Government does not significantly change

its policies of pricing syncrude at import

parity, shale oil can be expected to

provide a substantial contribution to

Australia's liquid fuel needs by the mid

1990's.
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ABSTRACT

A study of nitrogen-type compounds in hydro-

treated shale oils produced by various upgrading

processes is described. Correlations of the nitro

gen-type distribution in hydrotreated shale oil with

the hydrotreating process assist the refiner to

effectively produce a quality shale oil product.

Samples of hydrotreated shale oils (0.01 to 1.26 wt.

percent nitrogen) produced by Chevron Research

Company, Standard Oil Company (Ohio), and the

Laramie Energy Technology Center were investi

gated. Feedstock used for upgrading included the

Paraho direct-
and indirect-fired retorted shale

oils, Geokinetics in situ, and Occidental modified in

situ retorted shale oils. The nitrogen -type separa

tion was achieved by alumina/silica adsorption

chromatography, and chemical characterization of

the resulting nitrogen-type fractions was obtained

by nonaqueous potentiometric titration, infrared

spectroscopy, and mass spectrometry. Nitrogen

compound types that were analyzed included pyri

dines, pyrroles, arylamines, and amides. The

nitrogen-type distribution is shown to depend upon

process temperature and pressure.

INTRODUCTION

The conversion of crude shale oil from the

Green River oil shale formation into viable trans

portation fuels necessitates upgrading the oil to

reduce its nitrogen content. The presence of 1.5

to 2.2 wt. percent total nitrogen in crude shale

oils compared with less than 0.5 wt. percent total

nitrogen in typical petroleum crudes requires modi

fications in present petroleum refining processes or

prerefining to reduce this high nitrogen level.

Catalyst poisoning by nitrogen compounds during

upgrading makes catalyst replacement or regenera

tion more frequent and refining more expensive.

Information about the types of nitrogen compounds

present in shale oils and the effect of catalytic

hydrotreating upon these nitrogen compounds is of

major concern during any hydrotreatment of whole

shale oil. The work presented in this paper de

scribes the nitrogen compound types and
nitrogen-

type distribution in crude and hydrotreated shale

oils and how the nitrogen composition has been

affected during the hydrotreatment processes.

Investigators have related the characterization

of nitrogen compounds to refining conditions used

in upgrading crude shale oils. Koros et al. (1967),

Sonnemans et al. (1972), and Silver et al. (1976)

have demonstrated catalyst selectivity toward pre

ferential removal of certain nitrogen types (hydro

denitrogenation). Hydrotreating crude Colorado

shale oil over a wide range of temperature and

hydrogen pressure over a cobalt-molybdena cata

lyst, Frost et al. (1973) showed hydrodenitrogena

tion of pyridinic types was faster than for pyrrolic

types at low temperature and pressure but that the

converse was observed at more severe conditions of

temperature (>440C) and pressure (>13.8 MPa).

Holmes et al. (1981) showed that deactivation of a

nickel-tungsten catalyst occurred with an increase

of total nitrogen in the processed hydrotreated

product; particularly, an increase in the amount of

basic nitrogen compounds was observed. Additional

studies were recommended to establish correlations

of process conditions with respect to the composi

tion of the upgraded product. Flinn et al. (1963)

have discussed the rate of hydrodenitrogenation of

high-boiling shale oil feedstocks and the kinetic

process of hydrodenitrogenation which is important

in establishing hydrotreating conditions. However,

the literature contains little practical or basic

information regarding the nature of catalytic hydro

denitrogenation of nitrogen compound types in shale

oil.

One objective of this work was to isolate and

to characterize the nitrogen compound types present

in whole crude and hydrotreated shale oils. Ano

ther objective of this work was to relate the nitro-
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gen distribution within each hydrotreated shale oil

to its upgrading process conditions. Development

of an analytical method to determine the nitrogen

compound types was necessary to study differences

in these shale oils systematically. Separation meth

ods applied to isolate nitrogen-type fractions in

cluded alumina and silica adsorption chromatog

raphy. Characterization methods applied to the

nitrogen-type fractions to determine the nitrogen

compound composition included infrared spectros

copy, nonaqueous potentiometric titration, and

high-resolution mass spectrometry.

EXPERIMENTAL SECTION

Hydrotreatment of Shale Oil

Four crude shale oils from different retorting

processes were hydrotreated under various condi

tions to produce 12 upgraded shale oils. The

hydrotreating conditions and the nitrogen concen

tration in each product are presented in Table 1.

an Occidental crude shale oil (modified in situ); 3)

a product derived from Paraho shale oil hydro-

treated at Standard Oil Company of Ohio (Sohio),

Toledo, Ohio (Evin et al., 1979); 4) two products

derived from Paraho shale oil hydrotreated at Chev

ron Research Company, Salt Lake City, Utah (Sulli

van et al., 1978); and 5) three products derived

from Occidental shale oil hydrotreated at Laramie

Energy Technology Center (LETC). The boiling

range for each of these six hydrotreated oils was

about 50 to 500C, and the sulfur content was less

than 100 ppm.

In the Sohio processing, Paraho retorted (di

rect-fired) shale oil containing 2.19 wt. percent

nitrogen was allowed to settle, passed through an

alumina guard bed to remove particulates and

metals, and then catalytically hydrotreated over a

nickel-molybdena catalyst. The hydrotreated shale

oil was fractionated and the 345C+ residuum of the

Sohio product was recycled (1:3 residuum to fresh

TABLE 1. - Catalysts and hydrotreating coniditiions used in upgr;ading shale oils

Hydrotreating conditions

Processor

Feedstock ,

(wt. % N) Catalyst LHSV

Temp.
,

C

H2
consumption

kmol/m3

H2
pressure

MPa

Nitrogen,
wt. %

Sohio Paraho

Direct-fired

(2.19)

Shell 324

Ni-Mo

407 7.7 Unsteady 0.43

Chevron Paraho ICR 106

Indirect-fired Ni-W

(2.03)

0.6

0.6

415

415

15.0

14.3

13.4

12.6

0.048

0.095

LETCd

Occidental

(1.51)

Nalco NM-

Ni-Mo

-502 1.0

1.0

1.0

350

399

413

7.5

9.0

9.4

10.4

10.4

10.4

0.73

0.49

0.25

LETC Geokinetics

(1-70)

Nalco NM-

Ni-Mo

-502 1.1

1.1

357

413

5.3

9.8

10.4

10.4

1.26

0.33

LETC Paraho

Direct-fired

(2.14)

Shell 324

Ni-Mo

1.0

1.0

1.0

1.0

385

385

399

427

8.3

12.2

9.7

14.8

10.4

13.9

10.4

13.9

0.46

0.28

0.25

0.010

Other retorted crude shale oils analyzed for basic and nonbasic nitrogen by nonaqueous potentio

metric titration without separation and not used as feedstock in hydrotreating studies included:

a Paraho direct-fired retorted oil with 2.24 wt. percent nitrogen; a Geokinetics in situ shale oil

.with 1.47 wt. percent nitrogen; and a LETC 10-Ton retorted oil with 1.80 wt. percent nitrogen.

Average unit feed rate during this operation was about 19.9 m3ph; the volume of the catalyst was

unknown. Hydrogen pressure declined significantly at the end of the operation.

One hydrotreating run was performed, and two oils were collected at different times. The oil

with 0.095 wt. percent nitrogen was collected at the end of the run when the catalyst used

.was slightly deactivated.

This LETC operation produced three oils that were chromatographed as described in detail

in this report. The product oils from the other two LETC operation were potentiometrically
titrated without chromatographic separations.

In this work those oils chromatographed and charac

terized for nitrogen-type distribution included: 1)

a Paraho crude shale oil (direct-heated mode); 2)

feed) through the hydrotreater. In the Chevron

processing, Paraho retorted (indirect-fired) shale

oil was passed through an alumina guard bed and
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hydrotreated over an ICR-106 nickel-tungsten

catalyst. Product blends at two nitrogen levels

were obtained during the 3500-hour pilot plant run.

The product with higher nitrogen (0.1 wt. percent)

was obtained at the end of the run when the cata

lyst was slightly deactivated. The LETC processing

employed a vertical continuous-flow bench-scale unit

to produce hydrotreated shale oils varying in nitro

gen contents. In the LETC processing, Occidental

crude shale oil was passed through a preheat sec

tion packed with quartz and activated alumina balls

and hydrotreated over a Nalco NM-502 nickel-molyb-

dena catalyst at three different catalyst tempera

tures.

Crude shale oils retorted by Geokinetics (in

situ) and Paraho (direct-heated mode) were also

hydrotreated at LETC over two different catalysts

at several temperatures and hydrogen pressures

(Table 1). The Paraho oil used in the LETC pro

cessing was different feedstock than used in the

Sohio processing. These crude and hydrotreated

shale oils were analyzed for total and basic nitrogen

without separation. An oil produced in the LETC

10-Ton retort was also analyzed without separation

(Table 1).

Separation of Shale Oils into Compound Types

Using Basic/Neutral Alumina and Silica Adsorp

tion Chromatography

Two whole crude and six hydrotreated shale oil

were separated into six compound-type fractions by

using basic/neutral alumina and silica adsorption

chromatography as shown in Figure 1. An earlier

separation scheme using
ion-exchange/coordination-

complex chromatography to fractionate hydrotreated

Shale Oil

Basic Alumina

Fraction 2

(Pyridine I)

Fraction 4

(Amide)

Neutral Alumina

Hydrocarbon Pyridine 1 Pyrrole
Pyrrole/

Arylamine
Pyridine II

FIGURE 1. - Scheme for the Separation of

Whole Shale Oils Into Compound-Type Frac

tions. Pyridine I Fractions from Basic and

Neutral Alumina are Combined

shale oils was found to be inadequate because of

artifact contributions by the chromatographic ma

terials employed (Holmes et al., 1981). Details of

the alumina/silica adsorption chromatography pro

cedure are given by Ford et al. (1981) and briefly

outlined in this work. The six fractions generated

and analyzed for nitrogen-type compounds included:

hydrocarbon, pyridine I, pyrrole, pyrrole/arylamine,

pyridine II, and amide. An accurately weighed

sample, approximately 0.4 g of whole crude shale oil

(0.25 mg of total nitrogen/g adsorbent) diluted

1:100 in n-hexane or 2.5 g of hydrotreated shale oil

(0.46 mg of total nitrogen/g adsorbent) diluted 1:30

in n-hexane, was charged at 3 mL/min via an
FMI*

lab pump onto 30 g of basic alumina in an 0.9-cm

i.d. x 50-cm Altex glass column. The following

fractions were eluted from the basic alumina: i)

fraction 1 (hydrocarbon and pyridine I compounds)

was eluted with n-hexane; ii) fraction 2 (pyridine I

compounds) was eluted with 5 vol. percent methyl

ene chloride in n-hexane; iii) fraction 3 (pyridine

II, pyrrole, and arylamine compounds) was eluted

with methylene chloride; and iv) fraction 4 (amide

compounds) was backflushed from the column with

methanol: benzene (40:60 v/v). Fraction 1 in

n-hexane was charged onto 14 g of neutral alumina

in an 0.9-cm x 25-cm Altex glass column. Hydro

carbons were eluted with n-hexane and pyridine I

compounds in fraction 1 were backflushed from the

neutral alumina with 5 vol. percent ethanol in

chloroform. The pyridine I compounds from frac

tions 1 and 2 were combined. Fraction 3 was

stripped of solvent and rechromatographed by

diluting in 50 mL of n-hexane and charging with an

FMI lab pump onto 30 g of partially deactivated

silica adsorbent in an 0.9-cm x 50-cm Altex glass

column. The nitrogen-type fractions were eluted

from silica as follows: i) pyrrole was eluted with 5

to 10 vol. percent methylene chloride and 0.1 vol.

percent ethanol in n-hexane; ii) pyrrole/arylamine

was eluted with 0.I vol. percent ethanol in methyl

ene chloride; and iii) pyridine II was backflushed

from the column with 5 vol. percent ethanol in

chloroform.

Solvents were stripped from each fraction

using a Buchi rotary evaporator. The fractions

*Mention of specific brand names or models of

equipment is made for information only and does not

imply endorsement by the Department of Energy.
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were quantitatively transferred to glass vials and

dried to constant weight in a nitrogen gas stream

with gentle warming.

Solvents and Adsorbents

All solvents employed in this work were HPLC

grade (distilled in glass) and were helium degassed

during the separation procedures. The basic

alumina adsorbent was Bio-Rad AG-10, and the

neutral alumina was Bio-Rad AG-7. Both alumina

types had particle sizes between 0.254 and 0.127

mm and were used as received (Brockmann activi

ty I). The silica adsorbent was Mallinckrodt Sili-

cAR CC-7 with particle sizes between 0.423 and

0.127 mm. The silica was deactivated with 0.1 vol.

percent ethanol in n-hexane used during the sepa

ration procedure.

Analytical Methods

Elemental nitrogen was determined by means of

an HP-185 F&M CHN analyzer or by chemilumines-

cence using an Antek model 771 pyroreactor and

Antek model 720 digital nitrogen detector. A Met-

tler potentiometric titrimeter was used to titrate the

basic nitrogen in each fraction except fraction 1 .

Titrations were done in both acetic anhydride: ben

zene (2:1) and in acetonitrile: benzene (2:1) with

perchloric acid in dioxane as titrant.

Infrared spectra were obtained with a
Perkin-

Elmer Model 621 grating infrared spectrophotometer.

Each infrared spectrum was run with approximately

0.032 g of the nitrogen-type fraction diluted in

1 mL methylene chloride solvent. The spectra were

recorded in the absorbance mode with a matched

pair of sodium chloride infrared cells, 0.5-mm cell

path length, using solvent compensation.

High-resolution mass spectra were obtained

with a DuPont model CEC-21-110B mass spectrometer

operating at 8 kV accelerating voltage, 70 volts

ionizing voltage, and a resolution of 1/10,000. The

spectra were acquired under computer control and

processed by a Finnigan I NCOS Model 2300 spec

trometer data system. Samples were introduced into

the mass spectrometer via the direct insertion

probe.

RESULTS AND DISCUSSION

Separation of Shale Oils Into Compound-Type

Fractions

Two crude and six hydrotreated shale oils

were separated into as many as six compound-type

fractions by basic/neutral alumina and silica adsorp

tion chromatography as shown in Figure 1. Results

of the separations are summarized in Table 2. The

shale oils are listed in order of decreasing total

nitrogen from left to right. The two crude shale

oils chromatographed, Paraho (direct-heated mode)

containing 2.19 wt. percent nitrogen and Occidental

containing 1.51 wt. percent nitrogen, were used as

feedstocks in the hydrotreating operation by Sohio

and LETC. The Sohio hydrotreated oil contained

0.43 wt. percent nitrogen. The LETC hydrotreated

oils chosen for this separation study were prepared

at different catalyst temperatures using the Occi

dental crude shale oil. These samples, LETC-1,

LETC-2, and LETC-3, contained 0.728, 0.493, and

0.248 wt. percent nitrogen, respectively. The

Chevron hydrotreated oils from Paraho crude (in

direct-heated mode) included Chevron-1 and Chev-

ron-2 with 0.095 and 0.048 wt. percent nitrogen,

respectively. Total product recovery after separa

tion ranged from 90 to 101 wt. percent. Most of

the sample loss occurred during solvent evaporation

of the hydrocarbon fraction. For example, Chev

ron-1 and -2 oils lost about 10 and 6 wt. percent,

respectively, during separation, and it was inde

pendently determined that 15 vol. percent of each

boils below 180C.

Fraction 3 from the basic alumina separation of

the Chevron processed oils was not fractionated on

silica because of insufficient quantity; the values

listed, 1.47 and 0.62 wt. percent of sample, include

pyrroles, arylamines, and pyridine II fractions.

Data in Table 2 indicate that the amount of amide

fraction decreases with severity of hydrotreatment.

For example, the Paraho (direct-heated mode) and

Occidental crude shale oils contain 21 and 19 wt.

percent amide fraction, respectively. Severely

hydrotreated oils (Sohio, LETC-3, and Chevron-1

and -2) contain between 0.67 and 0.17 wt. percent

amide fraction. Less severely hydrotreated shale

oils (LETC-1 and -2) range from 6.6 to 2.2 wt.

percent of this fraction.

Amounts of the pyridine I, pyridine II, and

pyrrole fractions also decrease during hydrotreat

ment; however, the Occidental crude contains

significantly less of these fractions than the Paraho

crude. Amounts of the pyridine fraction decrease

from 16.9 wt. percent in the Paraho crude to 0.24

wt. percent in the severely hydrotreated Chevron-2

oil. The amount of pyridine I in the Occidental

crude, 12.2 wt. percent, isn't decreased as much

by hydrotreatment as indicated in the LETC-3 oil,
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TABLE 2. - Results of compound-type separation of crude and hydrotreated shale oils

Compound type, wt. percent of shale oil

Hydro- Hydro-

Hydro- Hydro- Hydro- Hydro- treated treated

Crude treated treated treated treated Paraho Paraho

Compound-type Crude (Occi Occidental Occidental Paraho Occidental (Chev (Chev-

fractions (Paraho) dental) (LETC-1) (LETC-2) (Sohio) (LETC-3) ron-1) ron-2)

Hydrocarbon 31.7 54.3 69.3 79.1 81.6 85.7 87.9 93.2

Pyridine 1 16.9 12.2 9.79 7.34 2.84 3.91 .61

24a
Pyrrole 3.56 1.88 .50 .73 .48 .18

NAa NA3

Pyrrole/Arylamine 5.47 4.75 2.58 2.16 2.54 .94 NA NA

Pyridine II 19.2 8.72 3.46 2.79 2.88 .99 NA NA

Amide 20.8 19.4 6.57 2.23 .45 .67 .28 .17

Total recovery 97.6 101.2 92.2 94.4 90.8 92.4 90.3 94.2

Not applicable; separation of fraction 3 on silica was not performed because of insufficient amount.

Amounts of fraction 3 from the Chevron-1 and Chevron-2 oils were 1.47 and 0.62 wt. percent

of shale oil, respectively.

3.9 wt. percent. Amounts of the pyridine II frac

tion also decrease during hydrotreatment from 19.2

wt. percent in the Paraho crude to 2.9 wt. percent

in the Sohio hydrotreated oil and from 8.7 wt.

percent in the Occidental crude to 1.0 wt. percent

in the LETC-3 oil. Amounts of the pyrrole fraction

decrease from 3.6 wt. percent in the Paraho crude

to 0.5 wt. percent in the Sohio hydrotreated oil and

from 1.9 wt. percent in the Occidental crude to 0.2

wt. percent in LETC-3 oil subjected to more severe

hydrotreatment. However, amounts of the pyrrole

fraction in the hydrotreated oils, LETC-1, LETC-2,

and Sohio, ranged from only 0.5 to 0.7 wt. per

cent.

Amounts of the pyrrole/arylamine fraction tend

to be relatively constant in crudes (4.8 to 5.5 wt.

percent). The Sohio and the three LETC hydro-

treated oils contain 2.6 to 0.9 wt. percent of this

fraction. No data were obtained on the pyrrole/

arylamine fractions in the Chevron products.

As expected, the concentration of hydrocar

bons increases significantly on hydrotreatment.

The Paraho and Occidental crudes contain about 32

and 54 wt. percent hydrocarbon fraction, respec

tively. The LETC-1 and -2 less severely
hydro-

treated shale oils contain more hydrocarbon (69 and

79 wt. percent). The four severely hydrotreated

oils ranged from 82 to 93 wt. percent hydrocarbon

fraction. Plotting total hydrocarbon versus total

percent nitrogen for each crude and hydrotreated

oil results in a linear fit with a correlation coeffi

cient, r = 0.995 and slope -0.272.

Elemental nitrogen determinations were obtained

for each compound-type fraction, and these data

are compiled in Table 3. The determinations are

within 3 relative percent. The data show that

less than 1 percent of the total nitrogen is left in

the hydrocarbon fraction. Of the other fractions,

the pyridine I and pyrrole fractions generally

contain the least amount of nitrogen, possible

because of some hydrocarbon overlap. This overlap

does not interfere with the nitrogen characterization

methods used. By using the data in Table 2 and

the upper portion of Table 3, the nitrogen recovery

results were calculated for each shale oil. These

results are shown in the lower portion of Table 3 as

cumulative nitrogen recovery. Also listed is the

elemental nitrogen content for each whole shale oil.

Good nitrogen recovery is indicated, and losses

including irreversible adsorption of nitrogen com

pounds on the chromatographic supports are low.

The nitrogen recovery or accountability for crude

and hydrotreated shale oils separated on alumina

and silica ranged from 92 to 108 percent of total

nitrogen.

Characterization of Nitrogen-Type Fractions

The nitrogen compound types in the isolated

nitrogen fractions from both crude and hydrotreated

shale oils were characterized by using infrared

spectroscopy, differential potentiometric titration,

and high-resolution mass spectrometry. In addi

tion, adsorptivity data for standard nitrogen com

pounds on alumina (Snyder et al., 1966) are used

to corroborate characterization data. Each charac

terization method is discussed below.

Infrared Studies. - Infrared spectra were

obtained for each fraction separated by alumina and

silica adsorption chromatography. Infrared absorp

tion bands identified in the spectra have been
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TABLE 3. - Elemental nitrogen content of compound-type fractions from crude and hydrotreated shale oils

Nitrogen, wt. percent of fraction
Hydro- Hydro-

Hydro- Hydro- Hydro- Hydro- treated treated

Crude treated treated treated treated Paraho Paraho

Compound-type Crude (Occi OccidentalOccidental Paraho Occidental (Chev (Chev-

fractions (Paraho) dental) (LETC-1) (LETC-2) (Sohio) (LETC-3) ron-1) ron-2)

Hydrocarbon 0.003 0.005 0.004 0.002 <0.001 0.002 <0.001 <0.001

Pyridine 1 1.22 1.38 1.99 1.96 4.51 2.11 2.80.
NAb

3.94

Pyrrole 1.10 3.57 .62 1.62 .34 .52 NA

Pyrrole/Arylamine 3.92 3.48 3.68 4.75 4.65 4.90 NA NA

Pyridine II 4.11 4.65 4.12 4.66 5.91 5.58 NA NA

Amide 4.53 3.13 3.50 3.59 6.00 5.87 4.00 6.40

Nitrogen, wt. percent of shale oil

Cumulative nitrogen

recovery 2.19 1.42 .69 .47 .44 .23 .089 .052

Whole shale oil

analysis 2.19 1.51 .73 .49 .43 .25 .095 .048

.Measurements were made by a chemiluminescence detector.

Not applicable; fraction 3 was not separated on silica because of insufficient amount. Fraction 3

from the Chevron-1 oil contained 4.13 wt. percent nitrogen, and fraction 3 from the Chevron-2

oil contained 5.15 wt. percent nitrogen.

shown to originate from particular nitrogen com

pound types (Cross, 1960). A typical set of spec

tra is shown in Figure 2 for the compound-type

fractions from the Sohio hydrotreated shale oil.

The spectral regions shown are only those of inter

est not masked by the solvent; for example, the

3600 to 3300 and 1700 to 1500 cm regions in

which nitrogen compounds characteristically absorb

infrared radiation. Similarity in the infrared ab-

sorbances of the pyridine I and pyridine II frac

tions is indicated. Overlapping N-H stretching

absorbance in both the pyrrole and
pyrrole/aryl-

amine fractions is present at 3460 cm . The

infrared spectrum of the amide fractions displays

nondescript broad infrared absorbances, suggesting

a mixture of compound types. The broad band at

1630-1530 cm represents several nitrogen com

pound types that are identified and quantified by

differential potentiometric titration to be discussed

later. Infrared absorption bands were not used for

quantitation purposes because of inadequacies in

measuring molar absorptivities and average molecu

lar weights.

High-Resolution Mass Spectral Studies. - High-

resolution mass spectral data obtained on each

nitrogen-type fraction were not used for detailed

characterization analysis because relatively large a-

mounts of nonvolatile material were left on the

probe after oven heating. Mass spectral results

were used to corroborate the nitrogen compound

type identification discussed later in the section,

"Distribution of Nitrogen Compound Types in Shale

Oils."

Nonaqueous Potentiometric Titration Results. -

Nonaqueous potentiometric titration was used to

classify nitrogen compounds into strong base (pKa 9

to 11), weak base I (pKa 7 to 9), weak base II

(pKa 2 to 7), very weak base (-1 to 2), and
non-

basic or neutral types. Each fraction was titrated

in acetic anhydride:benzene (2:1) and in aceto-

nitrile: benzene (2:1). Total basic nitrogen was

determined using the acetic anhydride/perchloric

acid titration system. Primary and secondary

amines that acetylate and titrate as amides in acetic

anhydride but do not acetylate in the acetonitrile/

perchloric acid titration system were quantitatively

determined by comparing the data from both titra

tion systems (nonaqueous differential potentiometric

titration).

The nitrogen base classifications are exempli

fied by the following nitrogen compound types

similar to earlier designations (Snyder et al., 1966;

Buell, 1967; and Poulson et al., 1976). Strong

bases include alkylamines that acetylate in acetic

anhydride/benzene but do not acetylate in
acetoni-

trile/benzene. Weak base I compounds include

alkylpyridines, alkylquinolines, and alkylacridines.

Weak base II compounds include 5,6,7,8-tetrahydro-

quinolines, alkylphenanthridines, and pyrrole types

such as hydroindoles. Other weak base II
com-
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Amide

Pyrrole

Pyrrole/^

Arylamine

Pyridine II

Pyridine

Hydrocarbon
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FIGURE 2. - Partial Infrared Spectra of Com

pound-Type Fractions from Sohio Hydrotreated

Paraho Shale Oil

pounds include acetylatable arylamines such as

1
,2,3,4-tetrahydroquinoline; 2,3-dihydroindoles;

and alkylanilines. Very weak bases include some

alkylpyrroles, some alkylindoles, and
hydroxy-

pyridines. Nonbasic compounds include carboxa-

mides, some alkylindoles, and alkylcarbazoles, which

may be N-substituted or C-substituted.

Potentiometric titration results for the nitro

gen-type fractions from Paraho crude and Sohio

hydrotreated shale oil exemplify the basic nitrogen

classifications for the eight chromatographed oils

studied. These results are presented in Table 4.

Strong bases are titrated only in the amide frac

tions. The weak base I compounds such as hin

dered alkylquinolines and hindered alkylpyridines

are found in the pyridine I fractions. Weak base I

compounds such as less hindered multi-ring pyri

dine types; for example, alkylacridines, are found

in the pyridine II and amide fractions. Desig

nations for hindered or nonhindered alkyl
substitu-

ents in aromatic systems were determined from

adsorptivity data on alumina (Snyder et al., 1966).

Weak base II compounds (nonacetylatable hydroin-

doles/hydroquinolines) are found in the pyrrole and

pyrrole/arylamine fractions. Weak base II com

pounds (acetylatable alkylanilines) were found only

in the hydrotreated shale oils. Hindered alkylani

lines elute from alumina more readily than less

hindered alkylanilines (Snyder et al., 1966) and are

present in the pyridine I fractions of the LETC

hydrotreated Occidental shale oils.

Very weak bases and nonbasic nitrogen com

pounds are found in most of the nitrogen-type

fractions from these shale oils, but differences in

adsorptivity and infrared absorbance distinguish

several compound classes. The compound types

represented by very weak bases in some pyridine I

fractions are unknown, but N-alkylpyrroles have

basicity and adsorptivity in the range of those

observed. However, the presence of these com

pound types has not been verified in crude shale

oil (Poulson et al., 1976). N-Acetylpyrroles or

anilides have adsorptivity in the range observed

but are considered to be mostly nontitratable. The

nonbasic nitrogen in the pyridine I fractions sug

gests N-alkylcarbazoles or metal porphyrins which

show no N-H stretch in the infrared. The very

weak base and nonbasic compound types in the

pyrrole and pyrrole/arylamine fractions may be

alkylpyrrole, alkylindole, and alkylcarbazole types.
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TABLE 4. - Nonaqueous differential potentiometric titration results

for nitrogen-type fractions from a crude and a hydrotreated Paraho shale oil

Nitrogen, wt. percent of fraction

Nitrogen~typec

fractions

Strong Weak Weak. Weak Very weak Nonbasic

base base I base II base
llc

base nitrogen

pKa 9 to 11 pKa 7 to 9 pKa 4 to 7 pKa 2 to 7 pKa -1 to 2 compounds Total

Crude (Paraho)
Pyridine I

Pyrrole

Pyr role/A rylamine

Pyridine II

Amide

Hydrotreated Paraho

(Sohio)
Pyridine I

Pyrrole

Pyrrole/Arylamine

Pyridine II

Amide .20

1.07

0.90

.17

.37

2.77

1.11 ---

.29 .02

3.46

--_

.17

5.46

2.64 1.01

,09

.65 .47 2.19

.19 .13 1.22

.23 .70 1.10

.96 2.59 3.92

.36 .98 4.11

1.70 1.72 4.53

.07 .05 .43

1.05 4.51

.13 .21 .34

1.13 3.26 4.65

.45 5.91

1.48 .67 6.00

bThese results are typical of the two crude and six hydrotreated shale oils studied.

Titration in acetic anhydride. These nitrogen types will not acetylate.

Titration in acetonitrile. These nitrogen types will acetylate in acetic anhydride.

The very weak base in the pyridine II and in

the amide fractions suggests the presence of amidic

nitrogen (hydroxypyridines) showing carbonyl

-1

absorbance at 1680 cm and only weak infrared
_i

absorbance at 3640 cm due to amidic N-H stretch.

The nonbasic nitrogen types in these same fractions

have characteristics suggesting carboxamides
(benz-

amides) and diazaaromatics which have similar pKa

values and adsorptivity on alumina.

Distribution of Nitrogen Compound Types in

Shale Oils

By using the results in Tables 2 and 4, and

potentiometric titration results not presented for the

sake of brevity in this paper for the other shale

oils, the distribution of nitrogen compound types in

whole crude and hydrotreated shale oils was calcu

lated. Results are given in Table 5 on a
weight-

percent-of-total-shale oil basis (within 5 relative

percent). A comparison of the two crude shale oils

shows differences in the nitrogen distribution. For

simplification, these results are discussed as per

centages of the total nitrogen in each shale oil.

Strong bases and more weak base II compounds are

found in the Occidental in situ crude than in the

Paraho (direct-fired mode) crude. Most of the

nitrogen (about 78 percent) in each crude is either

weak base I or nonbasic nitrogen compounds.

About 36 percent of the total nitrogen in the Paraho

crude is nonbasic compared with 24 percent in the

Occidental crude. About 53 percent of the total

nitrogen in the Occidental crude is weak base I

compared with 42 percent in the Paraho crude.

The Occidental crude contains less (27 versus 44

percent) amidic nitrogen (hydroxypyridines and

carboxamides) than Paraho crude. No weak base II

(alkylanilines) is found in either crude shale oil.

This study indicates that the nitrogen-type

distribution in the crude shale oils has a significant

effect on the nitrogen-type distribution in the

hydrotreated shale oils. The LETC hydrotreated

Occidental shale oils contain a greater amount of

weak base II hydroquinoline/hydroindoles, and

alkylanilines than does either the Sohio hydro-

treated Paraho shale oil or Occidental crude. The

Sohio and Chevron hydrotreated oils from Paraho

feedstocks contain alkylphenanthridines and/or

other multi-ring pyridinic compounds; however,

these shale oils do not contain hindered alkylani

lines as do the hydrotreated Occidental oils. The

total amount of weak base I decreases significantly

with severity of hydrotreatment. For example, the

Paraho crude contains 0.92 wt. percent weak base I

and the severely hydrotreated Chevron-2 oil con

tains 0.02 wt. percent weak base I. However, the

compound types in weak base I have different

distributions.

Amounts of nonbasic and very weak base

compounds decrease with severity of hydrotreat

ment. Some alkylpyrroles/alkylindoles are known to

partially titrate as very weak bases, 70 percent of

theoretical, and other alkylpyrroles/alkylindoles are

nonbasic (Poulson et al., 1976). In Table 5 the
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TABLE 5. - Nitrogen-type distribution in crude and hydrotreated shale oils

Nitrogen compound

types

Nitrogen, wt. percent of shale oil

Crude

Crude (Occi-

(Paraho) dental)

Hydro- Hydro- Hydro- Hydro-

treated treated treated treated

Occidental Occidental Paraho Occidental

(LETC-1) (LETC-2) (Sohio) (LETC-3)

Hydro-

treated

Paraho

(Chev

ron-1 )

Hydro-

treated

Paraho

(Chev-

ron-2)

Strong base

Alkylamines

Weak base I

Hindered alkylpyridines/

alkylquinolines

alkylquinolines/alkyl-

pyridines/alkylacridines

Weak base
lla

Alkylphenanthridines

Hydroquinolines/

hydroindoles

Weak base II

Alkylanilines

Hindered alkylanilines

Very weak base

Unknown

Hydroxypyridines

Alkylpyrroles/alkylindoles

Nonbasic

N-alkylcarbazoles/porphyrins

Alkylindoles/alkylcarbazoles

Carboxamides

Total 2.193

0.012

1.418

0.011 trace 0.001 trace trace

.683 ,468 ,444 ,233 ,090

trace

153 .127 .175 .132 .098 .076 .015 .007

762 .626 .245 .172 .169 .063 .026 .010

020 .044

... ---

.004

---

.007 .003

006 .010 .021 .020 .004 .009 .001 <.001

._

.043 .022 .002 .011 .004 .001

-

.017 .010

032 .031

- - -

.002

...

.003 trace trace

423 .223 .053 .018 .020 .009 .003 .002

061 .053 .044 .044 .029 .013 .008 .004

024 .011 .002

._.

.030 .003 .001 .002

166 .126 .043 .040 .084 .030 .023 .018

546 .155 .029 .008 .003 .016 .002 .005

,052

.Titration in acetic anhydride; these nitrogen types will not acetylate in acetic anhydride.

Titration in acetonitrile; these nitrogen types will acetylate in acetic anhydride.

amounts of alkylpyrroles/alkylindoles titrating as

very weak bases decrease moderately with severity

of hydrotreatment from 0.061 wt. percent in the

Paraho crude to 0.004 wt. percent in the Chevron-2

hydrotreated shale oil. The amounts of nonbasic

alkylindoles/alkylcarbazoles also decrease moderately

with hydrotreating severity. Amounts of very weak

bases such as hydroxypyridines decrease signifi

cantly with hydrotreating severity from 0.423 wt

percent in the Paraho crude to 0.002 wt. percent in

the Chevron-2 hydrotreated shale oil. Amounts of

nonbasic nitrogen compounds such as carboxamides

decrease significantly from 0.546 wt. percent in the

Paraho crude to 0.005 wt. percent in the Chevron-2

hydrotreated shale oil.

The presence of alkylanilines, hindered alkyl

anilines, and increased amounts of hindered alkyl-

pyridines/alkylquinolines and
hydroquinolines/hydro-

indoles in the hydrotreated shale oils suggests that

interconversion of nitrogen compound types is

occurring. The interconversion of nitrogen-type

compounds during hydrodenitrogenation by various

reaction pathways has been previously studied

using standard model compounds (Shih et al., 1977;

Flinn et al., 1963). The alterations that occur are

important in understanding hydrodenitrogenation

processes. Results in Table 5 show that intercon

version of nitrogen compounds occurs during
hydro-

treatment of whole crude shale oils. Both LETC-1

and -2 hydrotreated oils contain more hindered

alkylpyridines/alkylquinolines than the Occidental

feedstock--0.175, 0.132, and 0.127 wt. percent of

sample, respectively. After severe hydrotreatment,

the LETC-3 oil contains more hindered alkylpyri

dines/alkylquinolines than alkylquinolines/alkylpyri-

dines/alkylacridines, 0.076 versus 0.063 wt. percent

nitrogen. Possible hydrocracking of quinoline/acri-

dine-type compounds may produce hindered alkyl

pyridines/alkylquinolines.
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The results in Table 5 suggest that quinoline-,

acridine-, and indole-type compounds may be con

verted during hydrodenitrogenation to hydroquino-

lines/hydroindoles and alkylanilines (hindered and

nonhindered) which are present in significant

amounts in the hydrotreated shale oils but not in

the crude oils. However, a buildup of these com

pounds is not observed. Hydrodenitrogenation of

either acridine or quinoline initially involves hydro

genation of the aromatic rings, with hydrogenation

of the heteroring favored kinetically. The next

step is rupture of a C-N bond (hydrogenolysis) to

give alkylanilines. Because the C-N bond associa

ted with the aniline-type species is stabilized by

resonance with the aromatic ring, the aromatic ring

may require hydrogenation prior to C-N bond

scission. Both hydrogenation of aromatic ring

systems and C-N bond scission are kinetically

important, and hydrodenitrogenation is not charac

terized by a rate-limiting step (Katzer et al.,

1979). The removal of indole/carbazole-type com

pounds includes various interconversions by a

multitude of separate hydrogenation and hydrogen

olysis steps before the nitrogen is removed as

ammonia (Flinn et al., 1963). Product intermediates

include alkyl-substituted hydrocarbazoles,
hydro-

indoles, alkylanilines, and possibly alkylamines.

Interestingly, the amount of alkylanilines in the

Sohio hydrotreated shale oil is significantly less

than in the LETC hydrotreated oils (0.002 versus

0.011 wt. percent nitrogen or 0.5 versus 4.4 per

cent total nitrogen). This may be due to differ

ences in nitrogen type distributions in the feed

stocks or to the recycling of residuum during the

Sohio hydrotreatment process.

Correlation of Nitrogen Types with Upgrading

Process Parameters

Determination of the nitrogen-type species that

survive or are eliminated under different hydro-

treating conditions requires analyses of many crude

feedstocks and product oils. To abbreviate the

analysis time and provide meaningful results, non

aqueous potentiometric titration of whole shale oils

in acetic anhydride/benzene was used to classify

nitrogen-type compounds according to basicity. In

the previous section, nitrogen compound-type

distributions were determined by separating whole

shale oils into compound-type fractions using alumi

na and silica adsorption chromatography. To relate

the nitrogen compound types to basicity, as in

Table 5, the total amounts of each basic type of

nitrogen in each chromatographed oil are compared

with the amounts of nitrogen base types determined

directly by titration of the whole oil without separa

tion. If these amounts are equivalent, the nitrogen

compound types comprising the nitrogen base types

(Table 5) serve as an approximate basis for deter

mining the nitrogen compound types in original

shale oils without the need for chromatographing

whole shale oils. A comparison of the overall

titration results of original shale oils and of the

summed data for shale oil fractions is presented in

Table 6. The data for weak bases I and II are

generally in good agreement between chromato

graphed and unchromatographed shale oils.

Discrepancies in the amounts of very weak

base and nonbasic nitrogen between chromato

graphed and unchromatographed shale oils can be

rationalized. Pyrrolic compounds (excluding carba-

zoles) partially titrate as very weak bases, (=70

percent), but when these compound types are

concentrated as they are during separation, they

polymerize upon exposure to light, heat, and air

(Frankenfeld et al., 1979). The nitrogen in the

pyrrole-type polymer titrates to a lesser extent (=40

percent). The good agreement in very weak base

values for the Occidental crude (unseparated and

separated) is due to rapid fractionation and charac

terization in about one-third the average analysis

time. This separation was also completed at lower

temperatures (13C versus 20C), and light ab

sorbing below 500 nm was excluded. As a matter of

routine procedure, these precautions will be applied

to future work of this nature. Good agreement in

the comparison of titration results is also found

with the LETC-3 and Chevron hydrotreated oils,

suggesting that particular pyrrolic compounds are

absent that might polymerize as discussed previ

ously. Carbazole-type compounds survive
hydro-

treatment and are the most abundant pyrrolic com

pounds in hydrotreated shale oils having lower

nitrogen concentration. They also do not partici

pate in polymer formation. Differences in the

amounts of nonbasic nitrogen between unseparated

and separated oils reflect both the error in total

nitrogen determination, in experimental titration

data, and in the nitrogen recovery during separa

tion of the oil.

If the nitrogen-type distribution in shale oils

produced under different retort and hydrotreating
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TAI3LE 6. - Comparison of the sum of nitrogen types with titration of whole shale oils

Nitrogen, wt. percent of shale oil

Weak base I Weak be

Sum of

ise 1 1 Very weak base

Sum of

Nonbasic

Sum of
Wholeb

Sum of

Shale oil types types Whole types Whole types Whole

Crude

Paraho 0.915 1.071 0.026 0.516 0.654 0.736 0.470

Occidental .753 .732 .054 .108 .318 .310 .291 .360

Hydrotreated

Occidental (LETC -D .420 .408 .021 .168 .274 .074 .044

Occidental (LETC -2) .304 .300 .020 .043 .097 .135 .047 .015

Paraho (Sohio) .267 .285 .008 .020 .051 .072 .118 .053

Occidental (LETC -3) .139 .144 .009 .013 .036 .047 .049 .044

Paraho (Chevron-D .041 .044 .008 .008 .014 .015 .027 .028

Paraho (Chevron-
2) .017 .016 .003 .003 .007 .006 .025 .023

Nitrogen types having similar basicity in acetic anhydride were summed (Table 5). Acetylatable

bnitrogen in strong base and weak base II (alkylanilines) is summed together with very weak bases.

The whole shale oil was titrated in acetic anhydride.

Amounts listed in this column were difficult to calculate from the experimental titration

curves.

conditions are compared, further insight into the

effect of process conditions on different nitrogen

compound types develops. In order to test a

hypothesis that total nitrogen content correlates

with various nitrogen base types, titration results

and total nitrogen determinations were obtained for

8 crude and 12 hydrotreated shale oils (including

the two crude and six hydrotreated shale oils

previously separated and evaluated for nitrogen

compound type distributions) produced at different

pressures and temperatures and using different

catalysts. To reiterate, upgrading conditions are

summarized in Table 1 for all whole hydrotreated

oils titrated. In addition to the Paraho (direct-

fired retort) crude and the Occidental crude pre

viously discussed, other shale oil crudes that were

titrated without compound-type separation include

three Paraho crudes produced at different times

(2.03, 2.14, and 2.24 wt. percent nitrogen), two

Geokinetics oils (1.70 and 1.47 wt. percent nitro

gen), and a LETC-10-Ton retorted shale oil (1.80

wt. percent nitrogen). The base type nitrogen is

plotted versus total percent nitrogen in each crude

and hydrotreated shale oil. Figure 3 displays a

plot of weak base I versus total percent nitrogen, a

plot of weak base II versus total percent nitrogen,

and a plot of very weak base versus total percent

nitrogen. A linear fit of these sets of data results.

The plot of weak base I has a correlation coeffici

ent, r = 0.991, with slope of 0.513. The plot of

weak base II has a correlation coefficient, r =
.988,

with slope 0.072. The plot of very weak base has

a correlation coefficient, r = 0.977, with slope

0.277. The total nitrogen and titration data are

considered to have a deviation of 6 relative per

cent. These data show some scatter for the crude

shale oils; however, the overall fit of data points is

good and suggests that the percentages of the weak

and very weak bases in crude and hydrotreated

shale oils decrease in a regular manner with de

creasing total nitrogen in the oils. The ratios of

weak base I, weak base II, and very weak base to

the total nitrogen content and to one another in

each oil are independent of the retorting or
hydro-

treating conditions employed.

In Figure 4 the total basic nitrogen and the

nonbasic nitrogen are plotted versus total nitrogen

for each crude and hydrotreated oil. The total

basic nitrogen displays a linear fit of the data

having a correlation coefficient, r = 0.994, with

slope 0.790. Nonbasic nitrogen data scatter is en

hanced by compounded error in total nitrogen

determinations. If a first degree polynomial is

fitted to the nonbasic data, a plot having a corre

lation coefficient, r = 0.920 with slope 0.209 re

sults. If a second-degree polynomial is fitted to

these data, a better fit with a multiple-correlation

coefficient, R = 0.944, results. These results and

observations from Figure 4 suggest that nonbasic

nitrogen types readily hydrodenitrogenate until the

total nitrogen level in the hydrotreated shale oil

decreases to about 1.3 percent. Further hydro-

treatment of a shale oil has decreasing effect in

reducing the remaining nonbasic nitrogen types.
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A Paraho

D Occidental

O Geokinetics

+ LETC, 10-Ton

Weak Base I

Very Weak Base

FIGURE 3. - Distribution of Nitrogen Base Types in Shale Oil. Crude oils contain greater than 1.40 wt.

percent total nitrogen and hydrotreated oils contain less than 1.40 wt. percent total nitrogen (Table 1)

A Paraho

D Occidental

O Geokinetics

+ LETC, 10-Ton

Basic

Nonbasic

Neutral

Total Nitrogen, wt. %
FIGURE 4. - Distribution of Basic and Nonbasic Nitrogen in Shale Oils. Crude oils contain greater than

1.40 wt. percent total nitrogen and hydrotreated oils contain less than 1.40 wt. percent total nitrogen (Table 1)
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Data in Table 5 indicate that nonbasic amidic com

pounds (carboxamides) are easier to
hydrodenitro-

genate than the more refractory
alkylindoles/alkyl-

carbazole-type compounds. The nitrogen compound

types predicted to survive under harsh hydrotreat

ing conditions (high temperature and pressure) are

nonbasic carbazole-type compounds.

The linear relationships in Figures 3 and 4

suggest that nitrogen, when classified in nitrogen

base types, is independent of retorting and
hydro-

treating conditions that produce the oils. The

concentrations of weak base I compounds such as

alkylpyridines/alkylquinolines/alkylacridines de

crease in a regular and predictable manner as the

oil's nitrogen level decreases. The concentrations

of very weak bases such as hydroxypyridines in

the cude oil and the nitrogen compound types

produced by interconversion from the weak base I

and nonbasic nitrogen compound types also decrease

in a regular and predictable manner but not at the

same relative decrease as weak base I compounds.

The hydrotreatment conditions employed in this

study do not totally eliminate weak bases, very

weak bases, or nonbasic nitrogen compounds. The

limiting dehydrogenation step may well be the rate

of diffusion of nitrogen base types through the

shale oil matrix to the catalyst. The largest ob

served effect from different hydrotreating condi

tions was the overall decrease in nitrogen content.

Referring to results in Table 5, however, one

observes overall selectivity in preferentially elimi

nating nitrogen compound types during hydrodeni

trogenation. For example, a 98 percent decrease in

total nitrogen in the Paraho crude to produce

Chevron-2 hydrotreated oil results in a 99 percent

decrease in the amounts of hydroxypyridines and

carboxamides, a 98 percent reduction in the

amounts of pyridinic compounds, but only a 90

percent reduction in the amounts of pyrrolic com

pounds. Less severe hydrotreatment of the Occi

dental crude to produce the LETC-3 oil indicates

similar results. Total nitrogen is decreased 84

percent, and hydroxypyridine, carboxamide, pyri

dine, and pyrrole compound types are decreased

96, 90, 81, and 76 percent, respectively. The

relative decreases in nitrogen compound types

suggesting vulnerability to the hydrotreatment

conditions employed are amide >pyridine >pyrrole.

CONCLUSIONS

Nitrogen compound types were identified and

their distribution quantized in both crude and

hydrotreated shale oils. The nitrogen-type distri

bution was shown to depend upon the retorting

process and to a lesser extent upon the
hydro-

treating conditions employed. Hydrotreatment

converts pyridinic and pyrrolic compounds to such

nitrogen types as alkylanilines, hydroquinolines,

and hydroindoles. Amounts and types of nitrogen

compounds in upgraded oils vary with different

hydrotreatment conditions. Titrimetric behavior of

nitrogen compounds in whole shale oils permits

classification based on basicity of the nitrogen

compound types. The ratios of basic nitrogen

types are found to be constant and independent of

the retorting and hydrotreating conditions em

ployed, but of course the overall nitrogen content

depends upon severity of treatment. On the basis

of evidence presented in this paper, it is suggested

that a refinery accepting Green River shale oil

crudes from different retort processes for use as

feedstock can estimate the concentrations of nitro

gen base types by determining total nitrogen in

these feedstocks. These concentrations can also be

estimated for product oils at any stage in the

catalytic hydrotreatment process such as studied in

this work.
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ABSTRACT

An industrial process burner has been developed

to permit environmentally safe combustion of untreat

ed shale oil. Key to the efficient control of N0X

emissions is maintenance of optimum conditions during

a two-stage combustion process.

Tests with a three-megawatt (10 million Btu/hr)

prototype burner, using 589 K (600 F) air preheat and

burning raw shale oil containing two per cent nitro

gen, produced N0X emissions of 160 ng/J (0.38 lb/mil

lion Btu). This is well below the Federal standard

which limits N0X emissions from the combustion of

shale oil to 210 ng/J (0.50 lb/million Btu).

INTRODUCTION

Residual oils from petroleum sources contain up

to about 0.5 per cent by weight of organic nitrogen.

With crude oils obtained by simple extraction proces

ses from alternative sources, such as shale oil and

coal liquids, the bound nitrogen can easily reach 2.0

per cent.

The economics of upgrading these heavy oils into

distillates, and removing their high concentrations

of organic nitrogen by hydrogenation, are presently

marginal at best. Burning these high-nitrogen fuels,

without pretreatment, is an attractive end use be

cause it would release lighter distillates, which are

in short supply, for home heating and upgrading into

gasoline.

When fuel oils that contain high concentrations

of organic nitrogen are burned, excessive emissions

of nitrogen oxides, N0X, are produced. N0X is an air

pollutant which contributes to "photochemical
smog."

The Federal standard for new stationary sources is

130 nanograms of N0X per joule (0.30 pounds of N0X

per million Btu) when burning liquid fossil fuels.

For shale oil and coal liquids, this restriction is

relaxed to 210 ng N0x/J (0.50 lb N0x/million Btu).

Unfortunately, these performance standards prohibit

the use of most heavy oils for industrial furnaces

and boilers with conventional burners.

TECHNOLOGY DEVELOPMENT AT PHILLIPS

Recognizing this problem, Phillips Petroleum

Company conducted research into various aspects of

burning alternative fuels, with particular atten

tion given to N0X emissions. This work led to the

development of a two-staqe burner capable of opera

ting on petroleum residual oils, or raw shale oil,

without producing N0X emissions in excess of the

Federal standards for new stationary sources.

As illustrated by Figure 1, this was accom

plished with a 15 cm (6 in) diameter, water-cooled

burner operating at atmospheric pressure.

Typically, the burner was fired at a rate of 0.2

megawatt (3/4 million Btu/hr), which is about 23

litres/hr (6 gal/hr) of No. 6 fuel oil. The key to

its efficiency in controlling N0X emissions, with

out compromising combustion stability character

istics or emissions of carbon monoxide and smoke,

is the optimization of fuel -air mixing, stoich-

iometry, and residence time.

The principle used for N0X control is staged

combustion. The precisely controlled fuel-rich zone

limits the available oxygen and tends to convert the
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Figure 1. Phillips laboratory-scale burner with a dozen quartz probes

installed along its length to study N0X formation and reduction.

nitrogen compounds to molecular nitrogen. Proper

stoichiometry, combined with good fuel atomization,

intense fuel-air mixing, and specified residence

time are required to maximize the conversion of

nitrogen compounds to molecular nitrogen. The

fuel-rich primary zone also minimizes formation of

thermal N0X by reducing peak temperatures in the

primary zone. The secondary combustion air inlets

are designed to achieve fuel-air mixing

characteristics that minimize the formation of

thermal N0X by reducing maximum temperatures while

completing the combustion process with the removal

of carbon monoxide, hydrocarbons, and soot.

As a direct result of this and earlier work,

Phillips has been granted a larqe number of U.S.

patents covering methods and apparatus for low-N0x

burners, and other patents are pending.

PROTOTYPE TESTING AT ZINK

With this technology for burning high-nitrogen

fuels without excessive N0X emissions, Phillips

entered into a joint project with John Zink Company

to build and test a 3 MW (10 million Btu/hr)

prototype burner. It was designed to give a valid

evaluation of the low-N0x technology for a full-scale

burner, while retaining the flexibility of a research

tool capable of investigating the effect of various

configuration and operating parameters. The

commercial burner will be simpler.

Configuration

The prototype burner is a forced-draft

configuration capable of operating with inlet-air

temperatures to 700 K (800 F) at a pressure drop of

1.5 kilopascals (6 inches of water). It has a

refractory-lined chamber, with additional spool

pieces to change burner length and, thereby, vary
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residence time. Fuel-air mixing techniques were

investigated with primary air entrance by

interchangable jet-impingement or spin-vane

assemblies. The effects of fuel atomization were

studied by testing several oil guns with both steam

and air as the atomizing fluid.

The test data reported herein were obtained with

a jet-impingement burner head and a steam-assist

fuel nozzle, as illustrated by the isometric sketch

shown in Figure 2. The burner was mounted

horizontally and fired into a water-walled furnace,

as shown schematically in Figure 3. It was fired at

the rated heat release of 3 MW. The burner body was

about 1.5 metres (5 feet) long, which provided a

residence time of approximately 100 milliseconds in

this primary-combustion zone. By comparison, the

burner volume is less than two per cent of the

furnace volume, which is the secondary-combustion

zone.

Operation

Provisions were made to meter fuel flow and both

primary and secondary air flows for precise control

of stoichiometry in the burner and furnace.

Facilities were obtained to preheat the combustion

air to about 600 K (600 F), without vitiation,

because temperature can affect N0X emissions.

The stack was continuously monitored for excess

oxygen, combustibles (carbon monoxide and unburned

hydrocarbons), and N0X emissions. Normally, the

burner was operated with three per cent excess

oxygen in the exhaust gas.

The burner was fired with natural gas which

contains no nitrogen compounds, No. 6 fuel oil

containing about 0.28 per cent by weight nitrogen,

and a raw shale oil containing 2.03 per cent

nitrogen. To reduce viscosity, the heavy oils were

preheated so that they reached the oil gun at 366 to

422 K (200 to 300 F). The burner lit easily with

Figure 2. Zink-Phil 1 ips 3 MW prototype burner.
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Figure 3. Schematic of Zink-Phill ips 3 MW burner in test furnace at

John Zink Company research laboratory in Tulsa.

all of the test fuels, and a typical ignition is

pictured in Figure 4.

When natural gas was used as the fuel, the flame

was barely visible and extended only about one metre

from the burner into the furnace. With heavy oils

as the fuel, the flame remained short and stable.

It continued to be clean and bright down to one per

cent excess oxygen in the stack gas. At these

conditions there was no visible evidence of smoke or

haze in the stack gas, and combustibles were

negligible. The burner was free of deposits after

extended operation on the heavy oils.

A statistical analysis of the data obtained dur

ing this investigation was made to establish the

level of experimental error. The 95 per cent con

fidence limit on the true mean value of N0X emis

sions at a specific operating condition with a qiven

test fuel was established to be 10 ppmv, which is

5 ng/J ( 0.013 lbs/million Btu). This is quite ade

quate for the purpose of this experimental investiga

tion.

Primary-Zone Stoichiometry

As anticipated from the earlier work, and shown

in Figure 5, the stoichiometry of the fuel-air mix

ture in the primary-combustion zone had a signif

icant effect on the level of N0X emmissions from the

furnace. Stoichiometry is expressed as an equiva

lence ratio, which is defined as the actual fuel/air

ratio divided by the fuel/air ratio for complete com

bustion. Thus, an equivalence ratio of one is a

stoichiometric fuel -air mixture.

Under normal conditions, most furnaces and boil

ers operate with three per cent oxygen in the stack

gas, which represents an equivalence ratio of 0.86

with our test fuels. With all of the combustion air

entering the primary zone, our burner is operating

with a single-stage combustion process and is similar

to a conventional burner. Under these conditions N0X

emissions are high, and the effect of the nitrogen in

the heavy oils is marked.

When operated as a two-stage burner, with a por

tion of the combustion air entering the secondary
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Figure 4. Ignition of Zink-Phil lips 3 MW burner using natural gas torch in

test furnace at John Zink Company research laboratory in Tulsa.
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Figure 5. Effect of stoichiometry on N0X emissions.
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zone, our burner showed a decrease in the level of

N0X emissions. At equivalence ratios in the range

from 1.3 to 1.6, with only 54 to 66 per cent of the

total air flow entering the primary zone, the level

of N0X emissions reached a minimum. By obtaining

such mixture-response curves, we established the

minimum level of N0X emissions for subsequent

comparisons showing the effect of operating

conditions and test fuels.

Fuel-Nitrogen Conversion

Because the natural gas has no nitrogen

compounds, the level of N0X emissions can be

considered thermal -N0X, generated by combining the

molecular nitrogen and oxygen in the air.

Specifically, the level of N0X emissions with the

heavy oils that is above this base level of

thermal
-N0X can be considered fuel-NOx, generated

from the nitrogen compounds in the fuel. Knowing

the nitrogen content of the test fuels, it is

possible to compare the level of fuel-NOx with that

which would have been obtained if all of the

nitrogen in the test fuel had been converted to N0x

emissions. A 100 per cent conversion of the

nitrogen in the No. 6 fuel oil to N0X would yield

223 ng/J (0.53 lbs/million Btu); and it would

increase to 1613 ng/J (3.84 lbs/million Btu) with

the raw shale oil .

This allows construction of the curves presented

in Figure 6, using the data from Figure 5, which

show the conversion efficiency of fuel -nitrogen to

fuel-N0x. The 30 to 50 per cent levels with

non-staged combustion are typical for conventional

burners. Using our two-stage burner, this was

reduced to 19 per cent conversion for the No. 6 fuel

oil, and to only 8 per cent conversion for the raw

shale oil. Such a reduction in conversion
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Figure 6. Effect of stoichiometry on conversion of fuel-nitrogen to N0X emmissions.
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efficiency, with increasing fuel nitrogen, is

characteristic for "low-NOx
burners,"

but not to

this extent.

Fuel-Nitrogen Tolerance

Curves showing the effect of nitrogen content in

the test fuel on the level of N0X emissions from our

prototype burner are presented in Figure 7.

They were constructed using the data from Figure 5,

and, for reference, the Federal standards for new

stationary sources are shown for both Detroleum and

shale oils. With conventional, single-stage opera

tion, the level of N0X emissions exceeded the Federal

standard when the nitrogen content of the petroleum

fuel exceeded 0.19 per cent by weight, and with the

shale oil when it exceeded 0.45 per cent. However,

with low-NOx, two-stage operation, petroleum fuels

having nitrogen contents up to 0.9 per cent, and

shale oils having more than 2.0 per cent nitrogen,

can be burned without exceeding the Federal standard

for N0X emissions.

Air Preheat

The efficiency of many process heaters is sig

nificantly improved by usinq preheated combustion

air. Curves showing the effect of air preheat on N0X

emissions from the prototype burner with low-N0x, two-

stage operation, are presented in Figure 8. They

were constructed usinq the data from Fiqure 5, and

similar mixture-response curves run with near 600 K

(600 F) combustion air. For reference, the Federal

standards are shown. The data illustrate that air

preheat, and thus efficiency, can be limited by the

temperature response of the burner to the fuel.

When burning raw shale oil, the level of N0X

emissions was not chanqed by air preheat to 566 K

(560 F). This lack of temperature response results

from competing processes which accelerate N0X re-
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Figure 7. Effect of fuel-nitrogen on N0X emissions.
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Figure 8. Effect of air preheat on N0X emissions.

duction as well as generation. On the other hand,

when burning No. 6 oil under comparable conditions,

air preheat was limited to 478 K (400 F) before ex

ceeding the Federal standard for N0X emissions of 130

ng/J (0.30 lb/million Btu). This illustrates the im

portance of specifying operating parameters when

quoting the level of N0X emissions.

CONCLUSION

A 3 MW (10 million Btu/hr) prototype burner has

been built and tested by Zink and Phillips as the

result of considerable research and the application

of sound engineering principles. It is unique in

its ability to burn high-nitrogen fuels, such as raw

shale oil containing two per cent nitrogen, without

exceeding the latest emission standards set by the

Federal government for new stationary sources. This

is a significant step in the development of energy

from alternative sources through combustion technol

ogy. Its low N0X emissions can reduce, or elimin

ate, other very costly methods of N0X control and

make the use of alternative fuels economically at

tractive. Use of high-nitrogen heavy oils in pro

cess heaters will increase the amount of lower-

nitrogen residual products available for upgrading

to gasoline and light fuel oils.

A commercial model will soon be tested for an

extended period. Upon satisfactory completion of

the field test, commercial models of the
"ZP"

burn

er, ranging in size from 3 to 30 MW (10 to 100 mil

lion Btu/hr), will be available from the John Zink

Company.
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PARAMETRIC ANALYSIS OF IN SITU RETORTING OPTIONS FOR NOSR 1*

S. S. Sareen

TRW Energy Engineering Division

McLean, VA 22102

ABSTRACT

Because vertical MIS technology is still in a

developmental stage, technical parameters that will

define commercial operations - oil yield, optimal

retort configuration, spacing between retorts

within a cluster and spacing between clusters,

rubble size distribution and control for uniform

flow and oil recovery, the ability to clean retort

waste water for reuse in steam generation, optimi

zation of operating conditions, etc.
- are still

being evaluated in field operations. So as not to

bias the results against the use of an MIS concept

on NOSR 1, due to lack of field data and poor

assumptions, a parametric analysis was undertaken

which would evaluate this technology for the fol

lowing variables: oil yield, retort configuration,

cost, and compatibility with the NOSR 1 resource.

Two retorting scenarios were considered: MIS re

torting only and MIS/surface retorting combinations.

Capital and operating costs have been estimated and

selling price of oil calculated. Ranges of oil

yield, shale grade, and surface/in situ retort mix

have been identified for economic operation.

1. INTRODUCTION AND OVERVIEW

In the Modified In Situ (MIS) oil shale retort

ing process, retorts are created in the shale bed

by mining out some shale (say 20 to 40%) from a

given retort volume to allow for voidage. The

remaining shale in the volume is rubblized with

explosives, oil is retorted by injecting a

combustion-supporting gas into the retort volume,

and retort products, oil, gas, and water, are with

drawn to the surface. Current practice is to inject

the combustion-supporting gas into the top of the

retort (vertical MIS) and collect the products at

the bottom. The combustion gas is air or oxygen

plus steam, recycled product gas, or inert gases.

*This work has been performed by TRW under DOE

contract DE-AC01-78RA32102, Management Support and

Systems Engineering for the Naval Oil Shale

Reserves Predevelopment Project.

**Current address Rio Blanco Oil Shale Company,

Denver, CO.

D. L. Bidlack**

Gulf Research & Development Company

Pittsburgh, PA 15230

Development to date has involved only air/steam

mixtures.

The reaction zone occurs in a rather narrow

band perpendicular to the flow of gas. As the

combustion-supporting gas flows into the reaction

zone, residual carbon is burned. The hot combus

tion gas heats the raw unretorted shale which

decomposes the organic matter in the shale, called

kerogen, into oil vapor and other gases. Water

vapor is also produced. Residual carbon, subse

quently consumed in the combustion reaction, is

left behind. The reaction products are swept out

of the reaction zone by the combustion gases, but

the oil and water are condensed by heat exchange

with the relatively cool shale past the reaction

zone. Gases other than oxygen in the combustion-

supporting gas act as diluents to the oxygen, to

control the temperature. If steam is used, it

also reacts with the residual carbon to produce

carbon monoxide and hydrogen. The reaction pro

ducts are withdrawn to the surface.

At the surface, the oil, water and gases are

separated. The oil is processed for pipelining,

refinery feedstock, etc. The water is treated and

discharged, or purified further and used internally.

The gas can amount to 50,000 to 80,000 SCF per

barrel of raw oil produced or 40 to 50% of the

total heating value of the products. If air is

used as the source of oxygen in the retorting gas,

nitrogen dilutes the off-gas, causing it to have a

very low heating value in the range of 50 to 100

Btu/SCF. Although combusting this gas may be a

problem, most MIS retorting schemes assume that it

can be utilized as fuel for the process.

Mining strategy for creating the voidage for

the MIS retorts can be designed to either mine

from lean shale strata, in which case the mined

shale is disposed, or mine from rich strata, in

which case the rich shale can be retorted in sur

face retorts to produce additional oil. The choice

of the surface retort can be from several currently

being developed: Tosco, Lurgi, Paraho, Union or

Superior.
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The parametric analysis of in situ retorting

options study was triggered by earlier
analyses^ '

which showed that the cost of producing upgraded

(hydrotreated) shale oil by vertical MIS techniques

on NOSI 1 was 55 to 90% more expensive than compar

able shale oil produced by surface retorting. Some

of this difference may be attributed to the oil

yield values assumed in that study for the recovery

of oil from MIS retorts.

Because vertical MIS technology is still in a

developmental stage, technical parameters that will

define commercial operations - oil yield, optimal

retort configuration, spacing between retorts within

a cluster and spacing between clusters, rubble size

distribution and control for uniform flow and oil

recovery, the ability to clean retort waste water

for reuse in steam generation, optimization of

operating conditions, etc.
- are still being

evaluated in field operations.

So as not to bias the results against the use

of an MIS concept on NOSR 1, due to lack of field

data and poor assumptions, a parametric analysis

was undertaken which would evaluate this technology

for the following variables: oil yield, retort

configuration, cost, and compatibility with the

NOSR 1 resource. The analysis assumes yield and

retort sizes and calculates the selling price of oil.

The objective of the analysis is to define that

range of shale grades, and/or product yields, and/or

retort configurations, that will make the MIS tech

nology competitive with surface retorting. Within

this competitive range, the MIS requirements (yield,

grade, retort configuration) will be matched against

the resource to determine whether or not the NOSR 1

resource can support a MIS technology producing at

least 50,000 BPD of oil over a 20-year period.

The MIS retorts have been designed to match

existing information in the public domain. The

Oxy MIS Concept is considered with an average void

volume of 20%, a retort height- to-base width ratio

ranging between 2 and 6, a burn rate of 1 ft/day,

and a retort gas mixture of 30% steam and 70% air.

Two retorting scenarios were considered: MIS

retorting only and MIS/surface retorting combina

tions.

2. PRODUCTION SYSTEM DESCRIPTION

Mine Development - MIS Alone

Mine development includes main entry advance,

swell room excavation to allow for voidage,

construction of retort bulkheads and exhaust drift

advance. Mine development also includes construc

tion of necessary mine facilities such as under

ground shops, mine electrical systems, ore passes,

water pumps and ancillary surface shops, buildings,

and waste disposal sites.

Mining takes place in at least two levels: an

upper level at the top of the retorts and a lower

level at the bottom. Intermediate levels may also

be mined, depending on the height of the retorts.

The mining levels are in very lean oil shale strata

and the mined shale is disposed on-surface.

The mining plan is shown in Figures 1 and 2 for

the upper and lower levels, respectively. Double

entries on the upper level provide access for upper

retort development and exhaust air. Triple entry

mains and double entry exhaust mains are used on

the lower level for development access, conveyor

haulage, exhaust air and combustion product exhaust

air. At right angles to the mains, clusters of

eight retorts are developed and fired together.

The swell rooms in the upper level are of

sufficient height to allow for easy access for the

blasthole drilling equipment. The lower level swell

rooms are higher to take advantage of gravity as

much as possible. A high extraction ratio of 70%

within the swell zones is assumed because of the

load-carrying capacity of the exterior retort

cluster pillars.

Pillars between retorts are spaced approxi

mately one retort width apart along a line parallel

to the main entries and one-half retort width apart

perpendicular to the entries. This spacing, which

should provide adequate support to the retorts

while they are in the fired mode, results in an

areal recovery factor of approximately 40%.

All development rock is drilled and blasted

conventionally using two-boom hydraulic jumbos and

ANFO explosives. Broken rock is hauled, using

load-haul-dump machines, to ore passes or feeder-

breakers, crushed to -12 inch and conveyed to the

surface disposal site. Retort rubblization is done

by blasthole drilling rigs and ANFO explosives.

Once a cluster is rubblized, protective ventilation

bulkheads are installed and the retorts are ignited

one by one. At full production, from 170 to 350

retorts (depending on retort dimensions) are ignited

simultaneously.
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Crushed waste rock is disposed on the surface

in specially prepared areas having drainage and

stability controls. Disposal areas are in adjacent

canyons and extend to the ridge lines to minimize

water diversion and control measures.

Mine Development - MIS/Surface Retorting Combination

Mine development for a facility in which the

MIS retorting process is combined with surface re

torting is essentially the same as the MIS retorting

only case discussed above, except that mining for

the upper swell zone takes place in a rich oil shale

stratum; the rich shale is crushed further and con

veyed to surface retorts where it is retorted for

additional shale oil. Tosco surface retorts were

chosen for this study, the choice of the Tosco II

retorts is arbitrary and any one of the other

retorts could have been used. The shale grade from

the upper swell zone is sufficiently high to maxi

mize grade and output for surface processing. The

lower swell zones are mined from lean strata and the

shale is disposed as before. The facility is sized

to produce a total of 50,000 B/SD from both retort

ing methods.

Retort Configuration

The retort configurations included in the

parametric study are shown in Figure 3. A total of

ten configurations were studied with retort height

ranging from 200 to 650 ft and a width ranging from

100 to 325 ft. Cross sectional areas of the retorts

are square so that length equals width. The number

of mining levels are shown on the margin of

Figure 3.

An example of the location of the swell zones

within the retort volume is shown in Figure 4 for

the various retort heights. The distances between

the swell zones are only approximate since the

actual location of the swell zones must correspond

with lean oil shale strata. With extraction at

70% for the swell zone levels, voidage is calculated

as follows for the 200 ft retort:

voidage
=

^32

+2ffl
'7

x 100 = 20%

Voidage for the other retort heights is calcu

lated in a similar manner.

Figure 5 shows the retort configurations for

the MIS/Tosco cases. The rich oil shale zone is

assumed to be at the top of the retort. Voidage is

calculated in the same manner as the MIS retorting

only cases. Voidage is assumed to be 20%. The

proportion of total mined shale in the rich zone is

calculated as follows for the 200 ft retort as an

example:

amount to Tosco retort
32

32 + 25
x 100 = 56%

Similar calculations were performed for the

other retort sizes. For the cases with 24% voidage,

the following table was developed by a similar

analysis.

Retort

Level

Rich

s in

Zones

Level

Lean

s in

Zones

Amount

to Tosco

Height

ft

Number Height,
ft

Number Height,
ft

Retort

%

200 1 36 1 33 52

350 1 36 2 42 30

500 1 36 3 45 21

650 1 36 4 47 16

Process Descript ion - MIS Retorts

The oil is retorted with a mixture of 70% air

and 30% steam and the front advance rate in the MIS

retorts is assumed to be 1 foot per day. The oil

and gas produced in the retorts is collected from

the base of the retorts and treated in surface

facilities. The MIS retort gas has a low heating

value (50 to 100 Btu/SCF) because of dilution by

nitrogen and from the substantial amount of carbon

dioxide evolved during the retorting process. As

a result, steam reforming of this gas for hydrogen

manufacture is not feasible. Instead, hydrogen is

produced by partial oxidation of the product

liquids. Furthermore, the delayed coking unit

cannot be used because the oils produced from MIS

retorts exhibit low yields of high boiling

residuum.

The raw shale oil is distilled and the 650 F+

fraction split so as to: a) provide feed for hydro

gen production by partial oxidation, b) provide oil

for retort startup, and c) undergo visbreaking to

reduce pour point and viscosity. The visbreaker

oil is blended with the 650 F and lighter fraction

and hydrogenated. Oil fed to the partial oxidation

unit is partially combusted with high purity oxygen

in the presence of steam. The gases are cooled and

processed through catalytic reactors. The oxygen

plant produces 95% pure oxygen.

The off-gas produced from the MIS retorts con

stitute about 40% to 50% of the total heating value

of the products. The gas is purified by removing

oil mist, particulates, ammonia, and sulfur com

pounds to produce fuel gas. A small fraction of
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this fuel gas ('v- 10%) Is used to satisfy the process

fuel requirements and the rest is used to generate

low pressure steam for the process and high pressure

steam for power. The electricity produced is more

than that required for parasitic consumption; the

difference is sold to a power grid as by-product.

Process Description - MIS/Surface Retort Combination

This combination process has been designed to

use the vertical MIS with a Tosco II retort for

surface processing. The raw shale oil (from MIS and

Tosco II) is fractionated in an atmospheric-vacuum

unit into two fractions, with boiling points above

and below 950F. The heavier fraction is fed to a

delayed coking unit which yields coker oil and green

coke. The coker oil and fractionator distillate

(950F and lighter) are hydrogenated to yield a

refinery feedstock oil.

The low Btu gas from the MIS retorts is treated

separately from the high Btu gas produced by the

surface retorts. The low Btu gas is compressed,

cooled, and most of the water and C5 and heavier

hydrocarbons separated. The large amounts of water

produced are used to scrub the gas of residual am

monia. The cooled, compressed low Btu gas is

treated in a Stretford unit to recover the sulfur,

and then used as in-plant fuel.

Part of the high Btu gas from the surface

retorts is compressed, purified in a Benfield unit

to recover CO2 by hot carbonate scrubbing, and

charged to a steam reformer for hydrogen manufacture.

The remaining high heating value fuel gas is com

bined with part of the low Btu gas and used for

in-plant fuel and power requirements.

MIS Retort Yields

Published information on the recovery of

liquid product (oil) from large commercial -size MIS

retorts is sparse. Occidental Oil Shale Company is

the only group currently conducting retorting R&D

in the field for vertical MIS retorts. Field re

search is now being partially sponsored with DOE

funding, and more information on yield relationships

may become available as work continues in the next

couple of years.

Because yield data are important in arriving

at conceptual mining and retorting designs matched

to the NOSR 1 resource, available data in the public

domain were collected and oil yidld versus oil shale

grade plotted, Figure 6. MIS oil shale yields are

affected in a complex manner by particle size dis

tribution, variability in the relative position of

rich and lean strata, porosity, combustion control,

etc. The curves in Figure 6 take these factors into

account and are based on data generated by Laramie

Energy Technology Center (LETC) on the 10-ton and

150- ton batch retorts, the six retorts operated by

Oxy at its Logan Wash site, and computer modeling

done by Oxy.

The pessimistic, probable, and optimistic oil

yield values in Figure 6, for different grades of

shale, were used in computing the selling price of

oil for various retort configurations. Such a

parametric approach allows an analysis to be per

formed, under various limits of oil yield, to

determine the optimal operating conditions under

which the MIS retorting scheme is economically

competitive with surface retorting.

3. INVESTMENT BASIS

Mining investments are for mining equipment,

mine access and support facilities, a water system,

railroads, access roads, and site preparation.

Material handling investments are for shale convey

ing, crushing, storage, waste rock disposal and

spent shale disposal. Preoperational mine develop

ment is the operating expense for the mine which

has been capitalized during the development years.

Five years are required to develop the mine for the

MIS cases. Investments for mining and material

handling were calculated as a function of capacity

from previous studies (see Figures 7 and 8). The

exponential factor, 0.85, was assumed based on

experience and information on underground mining and

other large solids handling systems (for example,

see Reference 2). The mining and material handling

investments given in the figures are the total in

vestments for the project, i.e., they include both

preoperational and deferred investments. The mining

investments were divided into two categories: two

level mines and 3 or more level mines. The pre

operational mine development investment has been

assumed to be a function of capacity only and

independent of other mining parameters, such as

number of mining levels. Although this is not

strictly correct, the deviation is expected to be

small and will not change the conclusions of this

study.

The investment for the Tosco process was ob-

3
tained from the literature. The investment for

manufacturing hydrogen via steam reforming of off-

4 4
gases, the investment for the hydrotreating unit,
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and the investment for the visbreaker were also

obtained from the literature.

The investments for the following units were

obtained from Gulf data files:

Distillation

Delayed Coking

Wastewater Stripping and By-Product Recovery

Air (MIS) and Gas Compression

Oil-Water-Gas Separation (MIS)

Intermediate and Product Storage

Power Generation

Steam Generation

Cooling Tower

Hydrogen Production via Partial Oxidation

Because of the wide variation in condition and

composition of the raw off-gas from the retorts, the

gas compression unit was designed for each case and

the investment was calculated based on the design.

Compression takes place in two stages: the first

stage involves compression from retort pressure to

50 psig for charging to the gas treatment units and

the second stage involves compression of the clean

gas from the desulfurization unit to the pressure

required for the hydrogen production plant (325 psig).

The intermediate and product storage investment

was calculated on the following basis:

Raw Oil Storage 10 days Heated and insulated

floating roof tanks

Oil Product 20 days Heated and insulated

floating roof tanks

Hydrotreater Charge 20 days Heated and insulated

floating roof tanks

Delayed Coker Charge 7 days Heated and insulated

cone roof tanks

Visbreaker Charge 7 days Heated and insulated

cone roof tanks

Distillate Storage 7 days Floating roof tank

Ammonia 20 days Refrigerated tank

Sulfur 20 days Heated and insulated

cone roof tanks

Whenever possible, steam is generated in waste

heat boilers throughout the facilities which can be

used to fulfill the steam requirement. Power genera

tion and the cooling tower are sized at 20% larger

than the requirements for each case. Steam is

generated in a boiler fired with the low heating

value MIS off-gas and used to run steam turbo

generators; the investment includes the boiler,

turbogenerator, cooling tower and accessory

electrical equipment.

Investments for the following off-sites were

taken directly from an earlier report prepared by
TRW.5

Site Development

Raw Water Facilities

Access Road

Permanent Rail Spur

Miscellaneous off-sites and general facilities

include the following:

Waste Disposal

Interconnecting Piping

Underground Piping

Electrical Distribution

Buildings

Other Utilities

The investment was calculated by taking 22.5%

of the process plus utility plus tankage investment;

the factor 22.5% was obtained from the above men-

5
tioned report.

The product pipeline has been sized for a peak

capacity of 150,000 B/D and runs 275 miles from

Rifle, Colorado to Casper, Wyoming. The labor-

related expenses were based on operators wages of

$10.20/hr. The price of purchased electricity is

3<t/kW h and no cost for fresh water is included.*

By-product sulfur is priced at $50/LT, ammonia at

$125/ST, coke at $10/ST and by-product electricity

at 0.6ct/kW h.

The product prices at 15% discounted cash flow

rate of return on investment were calculated on the

following basis: preoperational mining and material

handling investments are depreciated over eight

years, double-declining-balance method for the first

year and sum-of-years digits method for seven years.

Deferred mining and material handling investment are

depreciated by the straight-line method. The invest

ment for surface facilities is depreciated over

thirteen years, double-declining-balance method for

the first year and sum-of-years digits method for

twelve years.

An investment tax credit of 10% is taken for

the surface facilities investment. For the pre

operational mining and material handling investment,

the 10% tax credit is applied to 75% of the deprec

iable investment so that the effective tax credit is

*It is assumed that water will be available from

the Colorado River. The capital costs for pumps,

pipelines, etc., and operating costs have been

included in the economic analysis.
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7.5%. The deferred mining and material handling

investment is assumed to be short term so that no

tax credit is taken. Depletion allowance is taken

at 15% but is limited to 50% of the taxable income

before depletion allowance.

The economics for the parametric study were

calculated with a computer model designed specific

ally for modified in situ oil shale retorting

economics. The objective function for the study is

the product price for 15% discounted cash flow (DCF)

rate of return on investment. The facility is sized

to a nominal capacity of 50,000 B/SD of raw shale

oil although the actual capacity depends on using an

integral number of in situ retorts. The economic

calculations are based on first quarter 1979 dollars.

The yields given in Figure 6 were fit to

polynomial equations which were inserted into the

economic model. This allowed the model to calculate

in situ yields automatically as a function of given

shale grade.

4. SUMMARY OF RESULTS

A comprehensive analysis was performed in

evaluating the MIS technologies as a function of

retort configuration, shale grade, oil yields, costs

and NOSR resource compatibility. Major results for

the two retorting scenarios, MIS alone and MIS/

surface retorting combination, are discussed below.

MIS Retorting Only

Based on the results of 10 retort configura

tions in which the height of the retorts was varied

from 200 feet to 650 feet, the retort height-to-base

width ratio varied between 2 and 6, as many as 5

mining levels for retorts 650 feet height, and shale

grades varying from 16 gpt to 40 gpt, it can be

shown that the effect of retort configuration on the

product oil price is small (about 5%). This is due

to the fact that the total mining investments amount

to only about 35-38% of the total investment, and

incremental changes in mining costs, due to increased

height of the retorts, are small.

The small effect of retort configuration on

selling price of oil is true for all yields of oil:

pessimistic, probable and optimistic. An example of

the effect of retort height on the selling price of

oil for the optimistic oil yield case is shown in

Figure 9.

Figure 10 shows that when MIS retorts are

operated alone, the product selling price decreases

as the in situ rubblized shale grade increases

and/or as the yield of oil from the retorts

increases. For a 24 gpt in situ shale grade, oil

yields greater than 80% are required to make the

MIS process competitive with surface retorting at

$25/B. An average selling price of $25/B (at 15%

DCF-R0R) reflects the most expensive surface retort

ing option evaluated. The economical and financial

bases for comparing MIS retorting with surface re

torting are the same.

Figure 10 further shows that the in situ shale

grade has to be 30 gpt and richer with a minimum of

60% oil yield from the retorts to be competitive.

High yields (93-95%) or high in situ grades of shale

(greater than 38 gpt) will reduce the selling price

of oil to about $18/B.

An assessment of the NOSR 1 resource has

demonstrated that the Northwest quadrant of the

reserve has the greatest potential for vertical MIS

retorting because of its higher grade shale and the

fact that this shale is thicker than in any other

part of the reserve. Based on this resource assess

ment, it has been shown that the reserve can sustain

a 50,000 BPD plant for at least 20 years when retort

ing 24 gpt shale in 200 ft high retorts, or when

retorting 20 gpt shale in 300 ft high retorts.

However, the NOSR 1 resource is not rich enough to

support MIS retorts with in situ shale grades much

over 25 gpt. Furthermore, based on the current

level of development of MIS technology, it is be

lieved that 80% in situ retort oil yields are not

possible for 24 gpt grade shales to make them

economically competitive with surface retorting.

MIS/Surface Retorting

Results of the combined MIS/surface retorting

case show that there is an advantage (in product

selling price) in retorting higher grade shale above-

ground, especially when the rubblized shale grade is

low. This advantage disappears as the rubblized

shale grade increases; both product oil prices tend

to converge to $20/B at an in situ grade of 40 gpt.

As in the MIS retorting case, the selling price

of oil decreases as the grade of rubblized shale

increases and/or the in situ oil yield increases for

the MIS/surface retorting case. Because of the

large number of variables involved - retort height,

oil yields, surface retort shale grades, and rub

blized in situ shale grades - it is not possible to

represent the results in a simple diagram like

Figure 10. However, limiting cases have been iden

tified and are discussed below:
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For a 20 gpt rubblized shale grade, and

37.5 gpt shale grade to the surface retorts,

in situ oil yields of about 80% must be

realized for this combination system to be

competitive with surface retorting alone at

$25/B.

For the case when 25 gpt of shale is re

torted on the surface, an average in situ

shale grade of 27 gpt (with a probable oil

yield of 59%) is needed for the combination

system to be competitive at $25/B. If

optimistic yields are assumed, a 20 gpt in

situ shale grade with 80% oil yield is re

quired to be competitive. It is believed

that surface retorting of shales below 25

gpt is not currently considered to be

economically feasible.

Under the most optimistic case, 19 gpt

rubblized shale grade and 37.5 gpt surface

retorting shale grade are required to give

a product selling price of $25/B. The oil

yield from the in situ retorts, under these

circumstances, has to be 78-79%.

Based on an assessment of the NOSR 1 resource,

it is determined that in situ grades of 20 gpt with

surface retorting grades of 37.5 gpt can be sup

ported by the resource for the production of 50,000

BPD of shale oil over at least 20-25 years plant

life. However, based on the current level of

development of MIS technology, it is believed 80%

in situ retort yields are not possible.

The NOSR 1 resource is not rich enough to sup

port a combination system with a 25 gpt surface

retorting shale grade and 27 gpt in situ shale

grade. It can support production for a 20 gpt in

situ shale grade combined with 25 gpt surface retort

shale grade; however, 80% in situ oil yields are

not believed to be currently possible.

The NOSR 1 resource can also support production

from a 19 gpt in situ shale grade/27.5 gpt surface

retorting shale grade combination. However, 78-79%

in situ oil yields are not believed to be possible

at the current level of technology development.

Based on the discussion above, it is concluded

that the NOSR resource is not configured for current

MIS retorting technologies to be a viable alter

native to surface retorting technologies.
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ABSTRACT

The solid state NMR techniques of cross polar

ization with magic angle spinning have been em

ployed to characterize the organic carbon distri

bution in raw, partially and fully retorted oil

shales. A high degree of correlation was obtained

between the fraction of aliphatic carbon in an oil

shale and the genetic potential of oil shales from

various worldwide deposits. The correlation was

found to be independent of geologic factors such as

geologic age or environment of deposition of the oil

shales. NMR measurements of a Colorado oil shale

heated to various retorting temperatures for a fixed

time period show a depletion of the aliphatic carbon

fraction relative to the aromatic carbon fraction.

This depletion becomes more pronounced with in

creasing temperature. NMR measurements of the

carbon distribution of several different types of oil

shales show that residual carbon in retorted oil

shales is almost exclusively aromatic. The results

suggest that the residual carbon in retorted oil

shales originates from the aromatic carbon fraction

already present in the raw oil shale.

INTRODUCTION

Over the last five years the Laramie Energy

Technology Center, in conjunction with the Chem

istry Department at Colorado State University, has

been involved with the development of solid state

13C nuclear magnetic resonance (NMR) techniques

for applications to oil shale resource evaluation and

oil shale processing. These techniques, referred to

as cross polarization (CP) with magic-angle spinning

(MAS), are capable of providing information about

the distribution of organic carbon in raw, partially

retorted, and fully retorted oil shales. Hence the

CP/MAS NMR techniques provide measurements

which can provide greater insight into the organic

structure of oil shale kerogens and open up the

possibility of a greater in-depth view of the types

of organic structures in oil shales that are respon

sible for producing shale oils, gases and carbon

aceous residues upon retorting. The present

state-of-the-art of CP/MAS NMR is that such tech

niques provide a measure of the aliphatic and

aromatic carbon fractions in raw, partially and fully

retorted oil shales. In addition, the measurements

are non-destructive, require no special sample

preparation other than grinding, and can be made

on the raw oil shales, i.e., preparation of kerogen

concentrates by removal of mineral matter is not re

quired. Moreover, procedures to prepare mineral

free kerogen concentrates are harsh and might be

expected to alter the original kerogen structure.

Although only a broad resolution of aliphatic

and aromatic carbon types is presently obtainable,

these carbon types represent the bulk of organic

carbon functionality of an oil shale. Much useful

information about the organic structures responsible

for an oil shale's ability to produce liquids upon

retorting has been obtained even at this limited

state of spectral resolution. In addition, insight

into the nature of the carbon in the carbonaceous

residue has been obtained. This information can be

important for designing improved shale oil recovery

methods and for assessing energy input require

ments for an oil shale retorting process.

In this paper we report some results of our

13C NMR studies on oil shales, with emphasis on

applications to oil shale resource evaluation and oil

shale retorting. Details of the principles and

practices of CP/MAS techniques will not be pre

sented. These can be found in detail elsewhere

(1-4).
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EXPERIMENTAL

NMR Measurements

CP/MAS 13C NMR spectra were recorded on a

JEOL
FX60Q*

spectrometer, modified for cross

polarization and magic angle spinning. The four-

part procedure described by Bartuska, et aj^ (3)

was employed. Instrumental conditions were as

follows: 15.1 MHz 13C frequency, 2 sec pulse

repetition rate, 1 msec cross polarization contact

time, 64 msec data acquisition time, 50-60 MHz XH

decoupling
field."

and a spinning rate of 2.5 KHz.

Typically 8,000-"i2,000 transients were recorded to

obtain adequate signal to noise ratios for the raw

oil shales and 25,000 transients were recorded for

the spent oil shales. The large number of trans

ients required for observation of signals from spent

shales results from the relatively small amounts of

carbon available for detection and of hydrogen

available for cross polarizaton.

Oil Shales Studied

CP/MAS 13C NMR measurements were made on

oil shales that represent a variety of geologic

periods (Tertiary to Devonian), depositional envir

onments (lacustrine, marine, and paludal), source

locations and elemental compositions. Hence Type

I, Type II, and Type III kerogens as described by

Tissot and Welte (5) are contained in the sample

set. Appropriate information about the samples is

given in Table 1. For some of the samples, chem

ical and petrographic information has been des

cribed (6). These are appropriately noted in

Table 1. Other samples were obtained from the

Fischer assay laboratory at the Laramie Energy

Technology Center. All samples were powdered to

pass 100 mesh screen size. Most NMR measurements

were made on raw oil shales. Kerogen concentrates

were available for the French, Scottish and Argen

tine oil shales and NMR measurements were made on

these materials. Resulting data, however, were

calculated to a raw shale basis. For cases in which

compositional data were not available for the shale

oils, a value of 84.75 was used for the weight

percent carbon in the oil. This represents the

average percent carbon of 29 shale oils (6) derived

Reference to a specific brand name does not

imply endorsement by the Department of En

ergy to the exclusion of others that may be

suitable.

from oil shales from various worldwide deposits.

For oil shales in which mass spectrometric analyses

of the Fischer assay gases were available, the

percentage of carbon in the gas was calculated

directly. Otherwise a value of 55 was used to

represent the weight percent carbon in the gas.

This value was determined by averaging over the

available gas compositional data (6).

NMR measurements for the spent shale study

were made on two oil shales from Colorado (Green

River Formation), one Michigan (Antrim), two Ken

tucky (New Albany & Sunbury) and one oil shale

from Morocco (Timahdit deposit). Oil yields were

determined using the modified Fischer assay pro

cedure (ASTM D3904-80). Elemental analyses were

performed on these oil shales, both before and after

Fischer assay. Total hydrogen and carbon were

determined using standard combustion techniques.

Mineral carbon was determined using a Coulometrics

model 5010 coulometer. Organic carbon is deter

mined as the difference between the total carbon

and mineral carbon. Hydrogen values are for total

hydrogen, which can include contributions from

water in clays and minerals. Appropriate infor

mation about this set of samples is given in Table

2.

APPLICATIONS

Oil Shale Resource Evaluation

The traditional method for evaluating an oil

shale's potential for producing liquids is the Fischer

assay (7). The Fischer assay does not, however,

provide any information about what chemical prop

erties of an oil shale are important for producing

liquids. Thus, attempts have been made to cor

relate measurements of various physical and chem

ical properties of oil shales with Fischer assay oil

yields with the aim toward developing an improved

oil shale assay method. Partly, these correlations

have been derived because the Fischer assay is

time-consuming and partly because of the need for

alternative oil shale assay procedures as suggested

during an NSF Conference-Workshop on the An

alytical Chemistry Pertaining to Oil Shale and Shale

Oil (8).

A summary of correlations between Fischer

assay oil yields and various chemical and physical

properties of oil shales is given in Table 3. Al

though most of the correlations reported in Table 3

are good, most are appropriate only for a specific
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TABLE 1 SUMMARY OF OIL SHALE ANALYTICAL DATA

Fraction Fraction

of of

Oil, Gas, C(Shale) C(Oil) C(Gas) Carbon Aliphatic

Sample wt% wt% wt% wt% wt% Converted Carbon, f
i

1 Alaska 50.5 8.7 57.5 84.75* 55. Ot 0.82 0.79

2 Alaska 32.4 5.7 42.8 84.75* 55. 0t 0.71 0.74

3 Alaska 48.7 6.7 58.5 84.75* 55. Of 0.77 0.79

4 Argentina 5.2 1.4 7.7 84.75* 55. Of 0.67 0.75

5 Australia 8.4 2.5 27.6 85.56 60.0 0.31 0.37

6 Australia 74.9 9.4 81.4 84.75* 70.0 0.84 0.83

7 Brazil 11.5 3.9 16.5 84.29 55.0t 0.71 0.74

8 Colorado 9.5 2.1 11.6 84.61 50.0 0.78 0.80

9 Colorado 11.9 3.7 15.9 84.69 50.0 0.76 0.78

10 France 9.5 3.2 22.3 85.16 62.0 0.45 0.49

11 Kentucky 6.1 2.9 13.6 84.94 55. Of 0.50 0.46

12 Kentucky 5.2 2.9 14.8 84.48 55. Of 0.41 0.55

13 Michigan 3.7 2.6 9.2 86.74 55. Of 0.51 0.50

14 Morocco 7.2 3.2 14.8 79.58 55.0t 0.53 0.61

15 Morocco 8.8 3.6 17.3 84.75* 55. Of 0.51 0.59

16 Nova Scot ia 5.4 2.1 34.3 84.75* 55. Of 0.16 0.24

17 Scotland 8.2 3.0 12.3 84.75* 40.0 0.66 0.69

18 So.Africa 26.2 4.6 42.2 84.99 61.0 0.60 0.66

19 Wyoming 13.7 3.8 18.1 84.75* 50.0 0.75 0.79

Remarks

Chandelar Deposit

Chandelar Deposit

Chandelar Deposit

San Juan

Glen Davis Mine Top Seam

Coolaway Mtn

Panal Mine, Sao Paulo, a

Green River Formation

Green River Formation

St. Hilaire, a

New Albany Formation

Sunbury Deposit

Antrim Shale

Timahdit Deposit

Timahdit Deposit

Stellarton Deposit, a

Westwood Mine a,

Ermelo Deposit a

Green River Formation

Average wt% Carbon, based on 29 samples Ref 6

Average wt% Carbon, based on 9 samples Ref 6

Raw oil shale described in Ref 6

TABLE 2. SUMMARY OF FISCHER ASSAY, COMPOSITION & NMR DATA FOR RAW & SPENT SHALES

Sample Type

Oil,
wt %

Oil,
L/T

Wt loss,

gt

% Total

Hydrogen

% Organic

Carbon

Apparent

Aromaticity

Aromatic

Carbon,
g*

Colorado Raw

Spent

9.5 104.7

13.7

1.7

<0.1

11.6

2.7

0.20

1.00

2.32

2.33

Colorado Raw

Spent

11.9 130.9

16.0

1.7

0.2

15.9

4.2

0.22

1.00

3.49

3.49

Morocco Raw

Spent

8.80 90.1

16.2

1.9

0.3

17.3

7.2

0.41

1.00

7.11

6.00

Michigan Raw

Spent

3.7 39.6

9.5

1.2

0.4

9.2

5.1

0.50

1.00

4.59

4.65

Kentucky

Sunbury

Raw

Spent

5.2 54.2

12.5

1.5

0.5

14.8

8.8

0.45

1.00

5.78

7.74

Kentucky
New Albai

Raw

ny-Spent

6.1 64.6

10.7

1.6

0.4

13.6

8.4

0.54

1.00

7.32

7.46

t based on a 100g sample charge

*
spent shale values corrected for weight loss
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Table 3. SUMMARY OF METHODS OF CORRELATING KEROGEN PROPERTIES WITH OIL YIELDS

Method

Elemental Analysis

Nuclear Magnetic Resonance (NMR)

Wide-Line NMR

Pulsed NMR

Cross Polarization (CP)

CP with Magic-Angle

Spinning

Electron Paramagnetic

Resonance (EPR)

Fourier Transform Infrared

Spectroscopy

Laser Pyrolysis

Thermal Analysis

Densimetric

Thermophysical

Measured Property

organic carbon, total

hydrogen

total hydrogen

total hydrogen

aliphatic/aromatic carbon

distribution

aliphatic/aromatic carbon

distribution

unpaired electron

concentration

aliphatic hydrogen

acetylene yield

weight loss & evolved

gases upon heating

oil shale density

thermal conductivity,

thermal diffusivity,
relative dielectric

constant

Reference

9, 10

11

12, 13, 14, 15

16

17

18

19

20, 21

22, 23

24, 25, 26, 27

28, 29

273



oil shale formation, or portion of the formation.

That is, the same correlation derived for the Green

River Oil Shales will not be suitable for the Devo

nian oil shales of the eastern United States. This

is because the correlations in Table 3 measure a

parameter associated with the total amount of or

ganic matter in an oil shale and are unable to

assess the quality of the organic matter via its

chemical structural properties. Exceptions are the

CP/MAS (16, 17) and Fourier Transform Infrared

Spectroscopic Techniques (19). These techniques

incorporate the quality (organic structural param

eters) as well as quantity of the oil shale organic

matter into their correlations. Thus correlations

derived by these techniques are valid for comparing

oil shales from any oil shale formation.

CP/MAS Studies of Oil Shale Resource Evaluation

Examples of the type of structural information

that is obtainable for oil shales using CP/MAS tech

niques are given in Figure 1 . Also included are

the Fischer assay and organic carbon compositional

data. The CP/MAS 13C spectra and corresponding

data in Figure 1 can be used to illustrate why the

CP/MAS NMR correlations are valid for any oil shale

formation, regardless of geographic location, geo

logic age, depositional environment, etc., and to il

lustrate what structural features of an oil shale

kerogen are responsible for the liquids produced

upon retorting.

The Fischer assay and organic carbon data

illustrate that correlations that measure only the

amount of organic material without regard to its

chemical composition are incapable of comparing oil

shales from different formations or different chem

ical compositions. For example, a correlation de

rived for Colorado oil shales based on Fischer assay

oil yields and organic carbon could not be directly

applied to either the Moroccan or Kentucky oil

shales. The reason for this is that the ogranic

carbon determination cannot provide any information

about the differences of the organic chemical com

position of the three oil shales.

The CP/MAS 13C NMR spectra, on the other

hand, provide information about the organic chem

ical composition of each oil shale and the differences

Colorado

Oil Shale
Organic

Carbon

13.6

14.8

13.7

Oil Yield
%

Conversion

wt% wt%

11.4

7.2

4.6

L/T to Oil

124.3

73.8

43.4

73

42

30

Figure 1 Cross Polarization, Magic-Angle Spinning 13C NMR Spectra of a Colorado, Morocco and Kentucky Oil

Shale and compositional and Fischer assay data.
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among them. The traces that are shown in Figure

1 are the 13C CP/MAS spectra of the three oil

shales. The bands to the right of the dashed line

are associated with the fraction of aliphatic carbon

types in the oil shale while the bands to the left of

the dashed line are associated with the aromatic

carbon types. The more intense a given spectral

band, the greater is the amount of that particular

organic carbon type in the oil shale. Simple in

spection of the NMR spectra of the oil shales shows

marked differences among them in the chemical

structure of their kerogens, although the kerogen

contents are about the same. The immediate con

clusion to draw from comparison of the spectra in

conjunction with the other data, is that the alipha

tic carbon types are largely responsible for pro

ducing shale oils during retorting. Aliphatic struc

tures generally contain more hydrogens in their

chemical structures than do aromatic structures,

and it's well known that hydrogen is required to

produce large amounts of shale oils from oil shales

by pyrolysis. The NMR spectra clearly show that

the Colorado oil shale is the most aliphatic while the

Kentucky oil shale is the least aliphatic of the three

shown. The accompanying Fischer assay data show

the decreasing oil yields which can be attributed to

the decreasing fraction of aliphatic carbons. The

data and spectra of Figure 1 suggest the possibility

of using CP/MAS for evaluating the fuel potential of

any oil shale.

We recently have established a correlation

between the amount of aliphatic carbon in an oil

shale and its Fischer assay oil yield (16, 17). The

correlation is valid for any type of oil shale, re

gardless of its geographic location, depositional

environment or geologic age. Our initial correla

tion, however, contained both a quality factor

(determined by CP/MAS as the fraction of aliphatic

carbons) and a quantity factor (determined from

elemental analysis of the organic carbon). In many

cases it is desirable to know the potential of an oil

shale (or petroleum source rock) for producing

liquids and gases, regardless of the amount of

organic matter in the rock, i.e., regardless of

whether the rock contains 1, 10, 20 percent, or

more organic matter. This can be done by cor

relating the NMR data, not with Fischer assay oil

yields, but with the fraction of organic carbon

converted to liquid and gaseous products. Bas

ically this amounts to determining the genetic po

tential and transformation ratio of an oil shale

kerogen.

According to Tissot and Welte (5), the genetic

potential of an oil shale formation represents the

amount of oil and gas that a kerogen is able to

generate, given an adequate temperature and suf

ficient interval of time. It depends inter alia on

the nature and the amount of kerogen in the oil

shale. A related parameter, also defined by Tissot

and Welte, is the transformation ratio, which is the

ratio of oil and gas actually formed from the kero

gen to the amount the kerogen is capable of gen

erating; i.e., to the genetic potential. The trans

formation ratio depends on the nature of the kero

gen and its geological history. The similarity be

tween rapid, high temperature induced kerogen

evolution and slow, low temperature, natural evolu

tion has been demonstrated (30). A Fischer assay

corresponds to a high temperature evolution, and

the gases and oils formed during such a procedure

closely represent the genetic potential of the oil

shale. For a Fischer assay the transformation

potential is unity, because the actual amount of oil

and gas formed is equal to the kerogen's ability to

form these materials. A discussion of some of the

current methods for determining the genetic poten

tial and transformation ratio of kerogen is given in

the book by Tissot & Welte (5). The genetic poten

tials of oil shales can be calculated from the Fischer

assay and elemental compositional data, and are

based on the amount of carbon in the raw shale,

converted to carbon in the gaseous and liquid

products during the Fischer assay, i.e.:

C (oil) + C (gas)
genetic potential = C (raw shale) (1)

We have correlated our NMR data with the

genetic potential calculated from equation. 1 for the

set of oil shales described in Table 1 (31). The

correlation is shown in Figure 2. Linear regression

analysis of the data yields an index of determination

(square of the correlation coefficient) of 0.95. The

significance of the correlation of Figure 2 is that

regardless of the quantity of kerogen in an oil

shale, the fraction of aliphatic carbon correlates

with the oil shale's potential for producing liquids

and gases. A corollary to this is that the fraction

of carbon that ends up as carbonaceous residue is

determined also, and is related to the fraction of

aromatic carbon originally present in the raw oil
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shale. This aspect is discussed more fully in the

next section.

1.0

S
-8

* 0.6

c

O

0.4

0.2
G.P. = 1.08fa| -0.09

r2= 0.95, N=20

0.2 0.4 0.6 0.8 1.0

Fraction of Aliphatic Carbon in Oil Shale

Figure 2 Correlation between fraction of aliphatic

carbon and the genetic, potential

CP/MAS Studies of Oil Shale Processing

Because the kerogen in oil shale is insoluble in

common organic solvents, processes for extracting

liquids from such materials necessarily involve the

application of heat to thermally decompose the

kerogenic material. The fact that CP/MAS tech

niques are applicable to all types of solid materials

suggests that CP/MAS techniques can provide

useful information about changes that occur in the

carbon distribution of an oil shale upon heating.

We are investigating these types of NMR applica

tions with an aim toward a better understanding of

the molecular processes involved in the thermal

decomposition of oil shales during retorting.

The thermal decomposition of the kerogen in oil

shale can be expressed as a general process of the

following kind:

kerogen x oil + y gas + z water

+ w carbonaceous residue

where x, y, z and w represent the amounts of

indicated constituents resulting from decomposition

of one gram of kerogen.

For such a process, not all of the carbon

originally present in the raw oil shale is converted

to carbon in the gaseous and liquid products.

Instead, a certain fraction remains in the carbon

aceous residue (32), and may be burned to supply

additional energy input to drive the retorting

process. CP/MAS 13C NMR spectra of a 230L/T (55

gal/ton) Colorado oil shale heated to various temp

eratures for 24 hours are shown in Figure 3. The

depletion of aliphatic material (which produces the

shale oil) relative to the aromatic material (which

remains as residual carbon) is easily noted. These

results strongly suggest that the carbon distri

bution in a spent oil shale is almost totally aro

matic.

The spectra in Figure 3 are unnormalized so

that comparison of the intensities of the bands at

different temperatures are not quantitative. How

ever, at any given temperature, the CP/MAS spec

tra provide a faithful representation of the organic

carbon distribution of the uncoverted kerogen. We

have recorded CP/MAS 13C NMR spectra of the

carbon in numerous spent shales after Fischer assay

(33), and in all cases have found the carbon distri

bution to be predominantly aromatic.

To further assess the fate of the aromatic

carbon fraction of an oil shale during retorting,

several CP/MAS measurements were made on dif

ferent oil shales, before and after Fischer assay.

Similarly the elemental compositons were obtained

for the raw and spent shales. Date for this set of

samples are given in Table 2. The amount of

aromatic carbon in the raw or spent shales can be

calculated from the NMR and organic carbon data

and is given by:

f (%C )avo org' (2)

where f is the fraction of aromatic carbons deter

mined by integration of the NMR spectrum, and

%CQ is the weight percent organic carbon deter

mined by elemental analysis.

A plot of the amount of aromatic carbon in the

spent shale versus the aromatic carbon in the raw

shale is shown in Figure 4 for the oil shales we

examined. For the spent shales, the data were

corrected for the weight loss that occurred during

the Fischer assay. The line represents the theo

retical line for a one-to-one correspondence between

the two sets of data. The fact that the data points

fall on or very near the line, strongly suggests

that the carbon that remains as carbonaceous resi

due after Fischer assay retorting is derived largely

from the carbon in aromatic moieties present in the

original starting material. These results are consis

tent with our earlier observation that the oil yields

of oil shales are a strong function of the amount of
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Figure 3 Cross Polarization, Magic Angle Spinning of a 275 L/T Colorado Oil Shale Heated to Various Tempera

tures for 24 hours

aliphatic carbon in the oil shale; whereas the a-

mounts of aromatic carbons show no correlation,

even in an inverse manner to the aliphatics (16).

For oil shale retorting, the results in Figure 4

indicate that a 13C CP/MAS spectrum can be used a

priori to predict the amount and type of carbon

that will be present as carbonaceous residue on a

spent shale after retorting. This information can

then be used to determine the heat requirements for

retorting based upon the amount of carbon available

on the spent shale. In addition, NMR spectra of oil

shale at various temperatures can provide infor

mation about the unconverted kerogen remaining at

any given temperature.

Although the correlation of aromatic carbon in

raw oil shales with the carbonaceous residue in

spent shales appears to be somewhat new, the same

inferences with regard to coals has been known for

some time (34). It is well established that pyroly

sis of aliphatic materials leaves little or no coke

residue; whereas pyrolysis of compounds containing

large condensed aromatic ring systems yields appre

ciable coke residue. This led Van Krevelen (34) to

derive an expression relating the amount of fixed

carbon in coal with the amount of aromatic carbon.

The fixed carbon in a coal proximate analysis is the

solid residue, other than ash, obtained by
destruc-'

tive distillation of the coal. Thus it is analagous to
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the carbonaceous residue in oil shales after Fischer

assaying. Similarly the volatile matter in coals

(analagous to the gas and liquids from oil shales)

correlates with the aliphatic carbon in coals, just as

these carbon types do for liquids and gases from oil

shales. We have confirmed these correlations using

CP/MAS techniques (35) for a series of coals that

span the ASTM classification by rank. Solomon

(36) has performed similar analyses using tech

niques of quantitative Fourier Transform infrared

spectroscopy. These results verify the correlation

between fixed carbon and aromatic carbon in coals.

The results in Figure 4 suggest the analagous

correlation for oil shales.
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Applications to Kinetics and Modeling Studies

The NMR spectra of Figure 4 illustrates the

utility of CP/MAS techniques for studying the

thermal decomposition of oil shales. Previous stud

ies (32, 37, 38) describe oil shale decomposition in

terms of the following material classifications:

kerogen, bitumen, oil, gas and carbonaceous resi

due. None of these classifications, however, pro

vide insight into what molecular structures are

involved during thermal decompositions. The CP/

MAS techniques offer an alternative representation

for viewing the thermal decomposition process, i.e.,

aliphatic moieties largely produce liquids, aromatic

moieties largely produce carbonaceous residue. We

are in the process of developing kinetic models

based on these hypotheses. These models could

offer alternate explanations to certain phenomena

observed during oil shale retorting. For example

Campbell et a[, (38) observed that the concentration

of organic carbon residue remaining in a block of

spent shale was independent of radial position in

the block. This independence was explained on the

basis that the oil, once formed inside the block,

could not migrate and hence oil yield was degraded

due to coking reactions. Our NMR results suggest

that such radial independence could be due largely

to the aromatic carbons already present in the raw

shale, which upon retorting remain in the spent

shale as residual carbon.

An intriguing feature of the 13C CP/MAS NMR

techniques as applied to oil shale retorting, is that

the organic carbon distribution of the kerogen can

be measured as a function of temperature (see

Figure 4). Based upon our earlier assumptions

these measurements could provide a method of

measuring the amount of unconverted kerogen pre

sent at a given temperature and this material would

be distinguishable from the carbon residue remain

ing in the spent shale. This type of information

could be particularly important for post-burn core

analyses of in situ fossil fuel recovery experiments.

Differentiation between carbon residue and uncon

verted kerogen is important also for understanding

the kinetics of oil shale pyrolysis. We are in the

process of developing models of oil shale pyrolysis

that incorporate the structural features of the

organic carbon measured by CP/MAS 13C NMR

techniques. The preliminary results of this work

are reported in the paper by Fausett and Miknis

(39).

SUMMARY

Cross polarization, magic-angle spinning 13C

NMR can provide information about the carbon

distribution in oil shales. Usually, this information

is manifested as resolution of the aliphatic and

aromatic carbon fractions of the oil shale. Resolu

tion of carbon types even at this level, however,

provides information about the genetic potentials of

oil shales as evidenced by a high degree of cor

relation between the aliphatic fraction of an oil

shale and the genetic potential.

Important aspects of the CP/MAS 13C NMR

methods are that the measurements are made on raw

oil shales, are non-destructive, and are indepen

dent of the type of kerogen in the oil shale or its

degree of evolution.
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CP/MAS results have been presented to sug

gest that the aromatic carbons in oil shales are

largely immune to thermal processes and instead are

largely responsible for the carbonaceous residue

obtained during retorting. These results are based

on 13C NMR measurements of the carbon distribu

tion of oil shales, before and after Fischer assay

ing, and for oil shales of different grades, geo

graphic location, geologic ages and formations. The

NMR measurements further suggest that measure

ments of the organic carbon distribution of oil

shales heated to various temperatures, are practical

and that this information can be of value in dis

criminating between unconverted kerogen and resid

ual carbon in heated oil shales.
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ABSTRACT

Field test data on the OOSI MR3 experiments are

used as a basis for exhibiting the computational

capabilities of the WAFE computer code, which is a

generalized tool for the analysis of heat and mass

transfer in multi-dimensional domains of porous

geothermal materials.

INTRODUCTION

Many geophysical processes associated with

alternative energy sources involve the multiphase,

multi-dimensional flow of heat and mass in porous

media. Geothermal steam generation, coal

gasification, and oil shale retorting are but a few

examples. Furthermore, the identification and

subsequent avoidance of potential environmental

difficulties, which may arise as a result of the

various energy extraction methods, also rely on an

in-depth understanding of these processes.

In developing mathematical representations that

enable us to predict and evaluate various

geophysical flows, we rely heavily on the close

interplay between theory, laboratory experiments,

and field testing. Theory is the process of

correlating the relationship between fundamental

principles and observables. Comparing theoretical

results with laboratory data, we adjust our models

where necessary and build a predictive capability

for the large-scale field events.

The fluid flows of interest involve complicated,

multiphase interactions that occur on a microscopic

level. Each species in the fluid can exchange mass,

momentum, and energy with each other species and

with its surroundings. Mass exchange results from

melting, boiling, condensation, and chemical

reactions. The species exchange momentum as a

result of these phase transitions and by frictional

interactions with each other. Energy is also

exchanged during chemical reactions and during the

phase transitions. The theoretical models are

described by a set of mathematical equations based

on macroscopic representations or averages of these

microscopic processes.

A somewhat different complexity results because

of the three-dimensional nature of most geophysical

media. That is, non-homogeneous variations in the

material and structural properties of the media

often occur on a geometrical scale comparable to the

length scales of the variations of the field

variables. To realistically examine fluid flow in

such environments, our theory must account for this

multi-dimensionality

The equations describing such fluid flows are

amenable to analytic solution techniques only in

very restricted circumstances. Powerful numerical

solution techniques, which must be implemented on

large, fast computers, usually are required to

address multiphase, multi-dimensional heat and mass

transfer in porous media. For the work reported

below we use a computer code called WAFE to

numerically simulate these flows. WAFE models
time-

dependent, two-dimensional, three-phase heat and

mass transfer in a porous medium with cylindrical or

rectangular geometry.

The porous matrix is assumed to be at rest. It

can be modeled as a single interconnected structure,

or as a conglomeration of spherical fragments having

radii characteristic of a rubblized bed. Matrix

properties can vary spatially, and the permeability

of any given region can be anisotropic.

APPLICATION: Modeling a Modified In-situ Retort

Traditional methods for obtaining oil from oil

shale require the shale to be mined and transported
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to surface retorting facilities. The process can be

very expensive because many tons of rock must be

handled daily. In-situ retorting of unaltered beds

appears impossible because of the low natural

permeability of the shale. In-situ retorting of

rubblized beds offers an economically favorable

compromise. In such a modified in-situ retort the

shale bed is rubblized, combining raining and

blasting techniques. The fragmented rock is more

permeable than the undisturbed shale and allows the

convective heat and mass transport that makes sub

surface retorting possible.

Complicated questions concerning the

optimization of oil yield remain unanswered. Some

of these questions relate to the chemistry of the

oil shale extraction processes. Another crucial

issue is the multi-dimensional structure of the

rubblized bed. For example, given a rubble bed with

nonuniform material properties and multiple

injection ports for the retort fuel, we ask if the

planarity of the retort front can be controlled. If

it can not, large regions of shale may be excluded

and the oil yield correspondingly decreased.

Numerical simulation of a modified in-situ retort

provides a relatively inexpensive means by which

these questions can be addressed. The theoretical

investigations will allow us to better design and

control field retorts.

In an oil shale retort, physical and chemical

processes are closely coupled. The fluid flow

affects the chemistry, and the chemistry affects the

fluid flow. To develop an integrated model we

separate the processes, examining first the fluid

dynamics and second the chemistry. In this report

we discuss calculations and comparisons with
field-

test data that address the physical transport

processes in the absence of chemistry. For this

purpose we have utilized data from the OOSI MR3

field experiment.

The essential features of the field experiment

are as follows. A bed of shale roughly cubicle in

shape was fractured to a roughly uniform degree of

rubblization, and was mined in such a way as to

allow for a region of hot gas insertion through the

top and gas withdrawal from the bottom. A burner

operated as an inert gas generator, injecting hot

combustion products and steam into the open region

beneath a sill. Blowers in the bottom of the bed

establish a vertical downward flow through the

rubble zone. The rubble bed was extensively

instrumented with cased thermocouples which estimate

the rubble particle surface temperature. The test

data to be used for model comparisons is restricted

to the burner ignition attempts during November

1980. For this test, only a negligible amount of

kerogen decomposition occurred; and therefore

chemical reactions need not be considered.

The MR3 experimental configuration is summarized

in Figure 1. Figure la is a horizontal view of the

rubble bed. The burner is located slightly
off-

center, as indicated in the figure. Figure lb shows

a vertical slice through the burner and the bed.

The locations of the sill, open space, burner, and

rubble bed are indicated.

A TOP VIEW

BURNER EXHAUST

B SIDE VIEW

RUBBLE

ZONE

73

MR3 RETORT CONFIGURATION
(measurements in meters)

Figure 1
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Figures 2 and 3 summarize the thermocouple data

at a time of 28,685 s. Figure 2 shows the x=o

plane; Figure 3, the y=o plane. The temperature

front in each plane has a definitely non-planar

structure. Furthermore, the three-dimensionality of

the bed is emphasized when the two planes are

compared. In the x=o plane the flow is

undercutting a thin region of lower permeability

near the surface. In the y=o plane a region of

reduced permeability
extends to greater depth as

indicated by the absence of undercutting. We

discuss these aspects of the multi-dimensionality in

the calculational summary
below.

DISTANCE (mi
Figure 2

DISTANCE (m|

Figure 3
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Three calculational configurations are

investigated. Each assumes cylindrical symmetry.

For the purpose of this study we need only consider

the shale in the upper regions of the bed. Steam

and burner gases are injected on the axis in the

center of the open region. Figure 4 summarizes the

three calculational configurations. In Figure 4a we

show a thin annular cap of low permeability near the

rubble surface. In the discussion below we refer to

this as our first configuration. The second

configuration is similar and is shown in Figure 4b,

which shows a thin disc of low permeability in the

center. The radius of the disc used in the second

configuration is the same as that of the inner edge

of the annulus described in the first configuration.

The third configuration shown in Figure 4c, has a

cylindrical core of low permeability. The core has

the same radius as the disc but extends to the lower

boundary of the bed. Unlike the low permeability

material in the annulus and disc, the permeability

in the core is lower by only a factor of 10 than

that of the surrounding rubble. We assume for the

low permeability disc and annulus a permeability of

.01 darcy, for the rubble bed a permeability of 63

darcy, and for the core a permeability of 6.3 darcy.

The various mass and energy source rates are

constant over the time interval investigated. Steam

and noncondensable gases are injected at the rate of

86.0 g/s and 101.2 g/s, respectively. The total

energy insertion rate is 2.63 x 10 ergs/s.

Calculations with the first configuration were

designed to exhibit convection of gas, condensed

water, and heat through a porous hole in an

otherwise impermeable cap over the bed. This

example was chosen as a cylindrically symmetric

representation of the likely bed configurations

leading to the results in Figures 2 and 3. Those

regions are clearly evident where the heat has been

appreciably convected down into the shale, for

example the right side of either figure. In

particular, the undercut 50 C contour on the right

side of Figure 2 suggests convection under the ledge

of a low permeability cap.

The results of the calculations are shown in

Figures 5 and 6 for the same elapsed time as in

Figures 2 and 3. Figure 5 exhibits the pressure

contours, with large gradients across the annulus,

and slanting gradients below its inner edge, which

tend to drive the convecting gases into an

undercutting flow. The temperature contours in

Figure 6, however, indicate a larger degree of

undercut than shown in Figures 2 and 3. Notice that

some heat has also penetrated the lateral regions of

unrubblized rock, as a result of conduction.

The vertical temperature profile along the

centerline in Figure 6 can be compared qualitatively

with any of several vertical profiles in Figures 2

and 3. The closest resemblance appears to be along

a vertical traverse near the left of center in

Figure 3 or the far right of Figure 2.

To focus more particularly on the regions

occluding convection, just to the right of the

center in Figures 2 and 3, we performed a

calculation with a central impermeable discf the

second configuration. Figure 7 shows the results,

again at the same elapsed time. In this case the

temperature contours resemble even more closely the

experimental results, although the calculated

contours still undercut the impermeable cap more

strongly than indicated by the field data.

The third configuration, with intermediate

permeability in a cylindrical core, was investigated

to see if this configuration would even more

accurately characterize the bed. The fluid

temperature profiles are exhibited in Figure 8, and

indeed the impediment to convection is evident, but

the undercutting contours no longer occur,

especially in agreement with Figure 3.

CONCLUSION:

Although some geophysical flows may be one one-

dimensional, we have observed in both field tests

and numerical calculations that bed inhomogeneities

can significantly alter the flow configurations to

three-dimensionality. Numerical analysis not only

serves as a means for characterizing the properties

of such a bed, but more important, allows for a

systematic analysis of the consequences of such

inhomogeneities. For practical oil shale retorting

developments, we believe these considerations may be

crucial to the optimization of yield.

285



SOURCE

OUTFLOW BOUNDARY

SOURCE

OUTFLOW BOUNDARY

SOURCE

OPEN OPEN
"B?r V .lASs?*?'!J<f

mmmm

*$Q.

f
'Mgjjg^<uo>^|aJo&>;

OUTFLOW BOUNDARY

Figure 4

286



LU

o

-3-2-1 0 1 2

DISTANCE (m)

PRESSURE (dynes/cm2
xlO

5

MIN=7.01 MAX=7.97 A=096

Figure 5

T=27.500s

"i r i ^

Q.

UJ

Q
mm

t r

-7 -2-10123

DISTANCE (m)

FLUID TEMPERATURE (C)

MIN=13.0 MAX=78.6 A=6.56 T=27.500s

Figure 6

287



Q_

LU

o

-7 -2-10123

DISTANCE (m)

FLUID TEMPERATURE (C)

MIN=13.0 MAX=76.7A=6.37 T=27.500s

Figure 7

-10 1

DISTANCE (m)

FLUID TEMPERATURE (C)

MIN = 13.0 MAX=76.8 A=6.38 T=27.500s

REFERENCES

1. B. J. Travis, "WAFE, A Model of Three-phase,

Three-Component Mass and Heat Transport in

Porous
Media"

to be published.

Figure 8

T. J. Bartel and C. E. Tyner, Oil Shale

Program 20th Quarterly Report,
Oct. -Dec. 1980, SAND 81-1038, to

to published.

288



ANALYSIS OF MULTIPLE GAS-SOLID REACTIONS DURING THE
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ABSTRACT

In combustion retorting of oil shale, the

required process energy is largely supplied by the

combustion of char (the residual organic carbon and

hydrogen from kerogen pyrolysis) . Efficient use of

this char is required in avoiding excessive

combustion of oil. Accurate prediction of oil yield

requires a good understanding of the important

reactions of carbon with 0 , CO and HO. In

this paper we focus on the latter two gasification

reactions.

A mathematical model is presented for the major

high-temperature chemical reactions occurring in the

absence of 0 within a block of spent oil shale:

decomposition of dolomite and calcite, char

pyrolysis, carbon gasification with CO and HO,

water-gas shift, and intrablock diffusive and

convective flow of CO., CO, H. and HO. To

establish the validity of the computer model,

experiments were performed on cylindrical blocks of

oil shale having a mass of about 8 kg. The blocks

were heated in an electric furnace and swept with

heated gas of controllable composition that included

steam. Maximum block surface temperatures of

750 C and 815 C were used.

The computer model produced excellent

simulations of the experimental carbon gasification

reactions, not only with respect to total carbon

reacted but also with respect to the radial

distribution of the unreacted carbon. Accurate

simulation of the carbon gasification reactions

required the use of intrinsic rate coefficients that

were substantially lower than those previously

measured for powdered samples. The water-gas shift

had an almost negligible effect on the rate of

carbon gasification in all runs. The rigorous block

model described here will be a useful tool for

exploring a wide range of operating conditions and

for developing a simple model that can more readily

be included in a comprehensive model of an entire

retort.

INTRODUCTION

In combustion retorting of oil shale, a hot zone

is maintained in the rubble bed by injection of air,

possibly diluted by steam and recycle gas. A major

portion of the required process energy is supplied

by combustion of char (the residual organic carbon

and hydrogen from kerogen pyrolysis) and oil vapor.

An ideal retorting process would maximize the

combustion of char so as to minimize the combustion

of oil. Therefore, the gasification and combustion

of char are important aspects of combustion

retorting.

Since in many retorting processes a major

portion of the shale is in pieces which are larger

than 1 cm, the char reactions will be strongly

influenced not just by chemical reaction kinetics,

but also by gas transport conditions within the

pieces. The reaction of char is primarily with

O , CO , and HO. Since decomposition of

carbonate minerals is an important source of CO ,

this decomposition must be considered in studying

char reactions. The reaction of char with 0 and

CO in blocks has been described previously

(Mallon and Braun, 1976). In this paper we describe

the simultaneous reaction with HO and CO in

blocks.

Consultant to LLNL: is with Departments of Metallurgy and Metallurgical Engineering and of Mining and

Fuels Engineering, University of Utah, Salt Lake City, UT 84112.
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The study of these char reactions was performed

by a combination of computation and experimentation,

with the two aspects of the study closely

coordinated. The mathematical forms used in

computation were, as far as possible, based on

fundamental principles. The geometry of the

experiments was chosen so as to facilitate a simple

and exact mathematical description.

EXPERIMENTATION

The experiments to be described here consisted

of exposure of shale blocks to high temperature in

an atmosphere of controlled composition. Each block

was exposed to a different combination of atmosphere

and temperature. The oil shale used in these

experments came from the mine at Anvil Points,

Colorado. The shale blocks were in the shape of

right circular cylinders 14.6 cm in diameter and

about 25 cm in length. The cylinder axis was

perpendicular to the shale bedding planes. The mass

of each block was about 8 kg. All of the blocks

were cut bv coring from a single large slab of

shale. We took all of the cores from the same

strata of shale in order for them to be virtually

identical. Analysis of cuttings from holes drilled

the full length of the centerline of the blocks

showed that organic carbon ranged among the blocks

from 15.11% to 15.26% of the raw shale mass. This

implies that the shale grade was about 135 S,/Mg

(Smith, 1966). The CO release by acid treatment

of the raw shale was about 20% of the shale mass.

Since the mathematical treatment of the

experiments was to be limited to a single spatial

dimension, the blocks were prepared so as to

minimize axial transport of both heat and fluids.

An insulating and sealing cap was attached to each

end of each block. These caps were formed of

multiple layers of sheet asbestos bonded together

with ceramic cement. This cement was also used to

bond the caps to the ends of the blocks. The caps

were about 3 cm thick and equal in diameter to the

blocks. Temperature measurements within the blocks

during the high-temperature treatment indicated that

axial heat flow was negligible. Since the ceramic

cement was not damaged by the high temperature, we

conclude that axial flow of fluids was also

negligible.

Temperatures were measured with chromel-alumel

thermocouples in 1.6-mm-diam stainless-steel

sheaths. Figure 1 is a section diagram through the

block showing the thermocouple locations. Three

thermocouples were cemented in the hole on the block

centerline. The two thermocouples on the surface

were on the midplane diametrically opposite each

other .

The blocks were individually heated in an

electric oven and were oriented so that shale

bedding planes were horizontal. Figure 2 is a

diagram of the oven and ancillary equipment. Gas to

be passed through the oven was preheated and

injected at the top. Gas was discharged at the

bottom of the oven. In these experiments the gas

entering the oven was either pure nitrogen or a

mixture of nitrogen and steam. The nitrogen flow

rate was metered downstream of the control valve.

The steam was produced in a flash boiler. Water was

delivered to the boiler by a constant displacement

pump with adjustable stroke length. The weight of

the water reservoir was continuously monitored, and

the rate of change of this weight was taken as the

steam flow rate.

For each block, we chose a temperature for study

of char reactions. This temperature was

considerably above that required to complete shale

retorting. The block surface was heated to the

selected temperature, and then held constant at that

value. During the temperature increase, pure

End cap

Indicates

-thermocouple

location

End cap

Figure 1. Section diagram of a block.
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Figure 2. Apparatus for exposing shale blocks to

high temperature in a controlled

atmosphere.

nitrogen was injected into the oven. For those

tests which included steam, the addition of steam to

the flowing gas was started 2 h after the selected

temperature was reached on the block surface. This

two-hour delay resulted in a more nearly uniform

internal block temperature during the time of steam

injection. After the block surface had been at the

selected temperature for 8 h, all heaters were

turned off and the block was cooled in flowing

nitrogen. Figure 3 shows surface and centerline

800

700 -

o

600

500 -

400

1

1

1 1 1 1 1 1
' 1

V
\- Surface temperature >

/
\- Centerl ine ternperature

I Period of steam injection
|

\

1.1,1,1.1

-2 6 80 2 4

Time (h)

Figure 3. Block temperatures in experiment T-17,

temperatures for an experiment in which the selected

temperature was 750 C. On this figure, time zero

has been chosen as the time at which the block

surface temperature reached the selected temperature

for char reaction. As shown on the figure, steam

was added to the flowing gas from 2 h to 8 h after

time zero.

After a shale block had cooled, the oven was

disassembled, thermocouples were cut off, and the

sides of the block were wrapped with plastic tape to

prevent disintegration during handling. The end

caps were removed and samples of the shale were

taken for chemical analysis. This sampling was done

by drilling parallel to the cylinder axis at various

radial positions. Each sample hole was drilled the

full length of the block, and the material from each

hole was thoroughly mixed before analysis.

Four experiments were performed. Two of these

had steam in the flowing gas and two did not. The

two non-steam experiments were intended as

calibration or reference for evaluation of the two

experiments in which steam was present. Tables 1

through 4 show experimental conditions and initial

and final organic carbon and mineral CO_

fractions. The carbon and CO values are

expressed as mass percent of the total raw shale

mass. The final carbon and CO values are

presented for four different radial positions.

Samples of the discharge gas were taken during

the experiments, and were analyzed by mass

spectrograph for CO, CO. and H . Results for CO

and C0_ during the non-steam experiments are shown

on Figures 4 and 5. Figure 6 shows the comparison

of H production with and without steam for blocks

tested at 750 C. The time scale on these figures

is the same as used previously in Figure 3. The

ordinate on the figures is the number of moles of

each gas per hour per cubic meter of shale.

Measurements of CO from the experiments using

steam were impossible since condensed moisture in

the gas sample containers was slightly alkaline and

therefore absorbed C0_.

MATHEMATICAL MODEL

Background

Major reactions taking place within an oil shale

block during combustion retorting include:

(1) the release of bound water,

(2) the pyrolysis of kerogen into oil,

gas, and char,
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TABLE 1. Temperatures and steam volume fractions in

the four experiments.

Char reaction sz

Exper iment

designation

temperature

(C>

Steam volume

fraction

0}

o

E

to

T-15

T-17

750

750

0

0.39

CO

c

o

u

T-18 815 0.39
a

o

T-19 815 0
a

cn

CO

O

TABLE 2. Initial concentrations of organic carbon

and mineral CO in shale blocks.

Concentration of

Experiment organic carbon

designation (mass %)

Concentration of

mineral CO

(mass %)

T-15

T-17

T-18

T-19

15.20

15.26

15.11

15.25

19.35

18.97

19.76

19.44

TABLE 3. Final concentration of organic carbon in

samples at different distances from the

centerline. Concentration is expressed as

mass percent on a raw shale basis.

Exper iment Sample distances from center line (mm)

designation 9.5 35.0 63.5 70.6

T-15 2.99 3.03 3.02 2.00

T-17 2.77 2.46 1.24 0.79

T-18 2.35 1.94 0.20 0.09

T-19 2.65 2.51 1.88 1.16

TABLE 4. Final concentration of mineral CO in

samples at different distances from the

centerline. Concentration is expressed as

mass percent on a raw shale basis.

Experiment Sample distances from centerline (mm)

designation 9.5 35.0 63.5 70.6

T-15 7.86 7.06 5.20 1.37

T-17 6.15 4.87 1.48 0.76

T-18 2.75 1.70 0.48 0.31

T-19 3.27 2.19 0.62 0.60

1600
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800

2 400

Figure 4. CO and CO2 production during experiment

T-15.

1600

1200-

800

o
o

o.

cn

CO

CJ

400

Figure 5. CO and C02 production during experiment

T-19.
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1200
-

800 -

o

400 -

Figure 6. Hydrogen production during experiments

T-15 and T-17.
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(3) the coking of oil,

(4) the evolution of H from char,

(5) the decomposition of carbonate

minerals,

(6) the reaction of char with 0 , CO ,

and HO, and

(7) the water-gas shift.

A comprehensive retort model that includes these

reactions, the chemical reactions in the bulk-gas

stream, and numerous important physical processes is

under development (Braun, 1981) . The model

described here is concerned only with the intrablock

reactions.

Among the reactions listed above, the first

three occur at considerably lower temperatures

(<500 C) than all the other reactions (>500 C)

and therefore can be treated separately. It is the

purpose of this work to simulate the chemical

reactions taking place inside an oil shale block at

the higher temperature range. Figure 7

schematically shows these various reactions.

Previous block models have addressed carbonate

decomposition as well as some of the carbon

gasification reactions. Specifically, Mallon and

Braun (1976) discussed the reactions with 0 and

Figure 7,

CO.

Reactions occurring in a spent oil shale

block.

CO , and Gregg, Campbell and Taylor (1979)

discussed the reaction with CO . The present

model will focus on the reactions with HO and

C0_. This situation is encountered in the

retorting process immediately following kerogen

decomposition before the oxygen front reaches the

region. Furthermore, the analysis of this simpler

reaction system in the absence of 0_ provides a

better opportunity to test the model for the

char-H_0 reaction.

The analysis of this reaction system, even in

the absence of 0, is complicated due to the fact

that a net bulk flow of gas is generated inside the

block. Steam must diffuse into the solid against

this bulk flow to react with char. A considerable

amount of research has been done on the analysis of

gas-solid reactions in recent years (Szekely, Evans

and Sohn, 1976; Sohn, 1978, 1979). Most of the

previous work, however, has been on single gas-solid

reactions without the effect of bulk flow. Among

the exceptions are the studies of Sohn and Braun

(1980), Rehmat and Saxena (1977), and Wen and Wei

(1971) on simultaneous gas-solid reactions; Sohn and

Rajamani (1977) on successive gas-solid reactions;

and Sohn and Sohn (1980) on the bulk-flow effects on

single gas-solid reactions.

Our modeling philosophy was to formulate a

predictive model based on fundamental principles.

This would allow maximum use of information on

individual reactions and processes obtained from

separate, isolated experiments. This is a much more

satisfactory approach than a correlative model based

on empirical parameters that may include the

combined effects of several phenomena. Extension to

different systems can be made with greater

confidence using the more fundamental model. This

is important, since it is our ultimate objective to

use the results of the analysis of intrablock

reactions to improve the overall oil shale retort

model.

Mathematical Formulation

The events taking place in spent shale involve a

complex network of chemical reactions, diffusion in

a multicomponent gas mixture, the bulk flow of

gases, and heat transfer. We make the following

simplifications and assumptions to facilitate the

mathematical analysis of the reaction system:

(1) The diffusion of gaseous species can
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be described using pseudobinary

diffusivities.

(2) The total gas pressure in the solid is

uniform and equal to the ambient

pressure.

(3) The gas composition is that

composition which would eventually

develop if the gas sources and

boundary conditions were held fixed at

the values which they have at each

time in the calculation

(pseudosteady-state approximation) .

(4) Heat is mainly transferred through the

solid phase, and thermal equilibrium

exists between the gas and the solid.

Rigorous treatment of multicomponent diffusion

requires the use of the Stefan-Maxwell equation

(Bird, Stewart and Lightfoot, 1960). In the system

under investigation, all the gases have similar

diffusivities except for H , which exists in

relatively low concentrations. (At the beginning of

the char gasification, the H concentration is

high because of evolution from char pyrolysis. This

evolution is nearly complete in a relatively short

time.) Thus assumption (1) was used by assigning a

diffusivity value based on a CO--^0mixture to

all species except H . For H , the binary

diffusivity for an H -CO mixture was used. In

all cases, the effective diffusivities for transport

parallel to the shale bedding planes were obtained

from those theoretical binary diffusivities as used

previously by Mallon and Braun (1976). The

resulting effective diffusivities were Dco
=

DR Q

=

D = 2.5 x

lO^V*73

m2/s, and D =

CO H2
-in 1 73 2

7.4 x 10 XUT m /s, where T is the

temperature in Kelvin.

Assumption (2) is justified because spent shale

has rather high permeability. Assumptions (3) and

(4) are generally valid for gas-solid reactions.

With these assumptions, the species balance equations

can be written as follows:

V'N. = R. , for i = 1, 2, (D

where N. is the superficial molar flux of the ith

species and R. is the molar rate of production of

the ith species per unit volume of the porous

solid. In the absence of oxygen, the gas species

are CO , H-O, CO, H2
and N2. Under assumption

(3) the flux of nitrogen is zero, and its

concentration is obtained by difference. Thus, the

mass balance equations are required only for the

first four species.

With the use of an effective binary diffusivity

for the diffusion of gas species i in a mixture,

N. is related to the concentration gradient by

(Bird, Steward and Lightfoot, 1960)

Ni
=

-CDiyxi
+ Xi Nj, for i = 1, 2, ..., n, (2)

j=l

where C is the molar concentration of the total gas

and X, is the mole fraction of gas species i.

We now consider the local rates of the chemical

reactions per unit volume of shale.

(a) Decomposition of carbonate minerals

Two mineral CO components are

considered. The first (W ) is the CO from the

MgCO portion of dolomite, and the second (W )

is the CO from the CaCO portion of dolomite as

well as from the initial free calcite. The rate of

decomposition of dolomite is (Campbell, 1978)

3t
=

V1
=

klWl
(3)

where k. = 1.7 x 10 exp(-29090/T) s .

Campbell (1978) proposed a more detailed scheme for

modeling the rate of CaCO. decomposition. In the

present model, however, we found that a simple

first-order reaction adequately simulated the

reaction. That is, the rate of CaCO

decomposition is

3*2
8t

=

v2
=

k2w2
(4)

where k2
= 1.52 x

IO8

exp (-29330/T) s"1.

This value for k2 is based on previous block

studies (Mallon and Braun, 1976) and on

Campbell's (1978) kinetics for a CO pressure of

0.5 atm. Steam is known to increase the rate of

carbonate decomposition in powdered samples of oil

shale (Burnham, 1979a). However, modeling these

reactions for the present block experiments was

successful using the above kinetics.

(b) C + H20 = CO +
H=
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Burnham (1979b) has studied the intrinsic

chemical kinetics of this reaction and interpreted

the results assuming two simultaneous reactions,

both of which are first order with respect to

carbon. His results can also be closely

approximated by assuming a single reaction that

carries a more complex carbon dependence

(Burnham, 1980a). That is, the rate of the

carbon-steam reaction is

Wo
V, =

3 U + kPX +V*

> 2 2

(5)

where W is the concentration of organic carbon

residue, with an initial value of W, n
after

kerogen pyrolysis. In this equation, we have also

incorporated the Langmuir-Hinshelwood dependence on

the internal gas composition to account for the H

inhibition effects (absent in
Burnham'

s powder

experiments, but present in block experiments). The

total pressure, P, is assumed to be constant and the

adsorption coefficients are taken from Long and

Sykes (1948) as k =3.26 x
10~4 Pa"1

and

k = 0.313 exp(-10120/T) Pa"1. The rate

coefficient was obtained by reinterpretation of

Burnham'

s data as k = 1.25 x 10 exp(-28000/T) .

We will later note that a substantial decrease had

to be made in the pre-exponential factor of this

coefficient in the present block analyses.

(c) C + CO = 2CO

Burnham (1979c, 1979d) has also studied the

intrinsic kinetics of this reaction and interpreted

the results assuming two simultaneous first-order

reactions. More recently, Burnham (1980b) has shown

that his results can also be adequately interpreted

assuming a single first-order reaction if a lower

activation energy is used. To account for CO

inhibition effects, we used the Ergun (1956)

equation, which is an accurate simplification for

the Langmuir-Hinshelwood adsorption kinetics for

this reaction. Thus, the rate of the
carbon-C02

reaction is

V4=\
k6W3 (6)

1 +
CO

where
Burnham'

s single first-order rate coefficient

is (1980b) kc = 3.6 x

IO5

exp (-20130/T) and the

equilibrium constant for the oxygen exchange reaction

is (Ergun, 1956) Kft
= 4.15 x

IO3

exp(-11420/T) .

We will later note that the pre-exponential factor

for k. also had to be decreased appreciably in the
6

present block analyses.

In the recent block model of Gregg et al. (1979)

the gasification of carbon by CO. was analyzed by

a simplification of equation (6) in which the

denominator was assumed to be constant, to obviate

the need for knowing the internal gas composition.

While that assumption may have been valid for their

conditions of a linear heating rate, it is not

generally valid for typical conditions encountered

in an actual retort.

From equations (5) and (6) , the net rate of

gasification of the residual organic carbon is

3^
3t

= V + V
3 4

(7)

(d) H? evolution from char pyrolysis

Campbell et al. (1980) studied this

reaction and found that this secondary emission of

H. from char pyrolysis occurred over a broad

temperature range. It could mathematically be

described best by using a distribution of activation

energies. However, for the shale heating rate used

here, the broad evolution of H from char

pyrolysis can also be adequately modeled by using a

single first-order reaction with a relatively low

activation energy. That is, the rate of H

evolution is

9W.
4

9t
=

v5
=

k?w4
(8)

A CO,

where W. is the concentration of organic hydrogen
4

_i

residue and k = 10.7 exp (-10190/T) s . This

rate expression is not accurate at very low heating

rates.

(e) Water-gas shift reaction (CO + HO =

co2_Lii2)

Experimental work on this reaction in

the presence of spent oil shale has begun by Thomson

(1980) and Steward (1980). The preliminary results

of Steward are qualitatively similar to kinetics

measured by Grebenshchikova (1957) in the presence
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of coal ash. Therefore, until more complete

investigations are made for this reaction in the

presence of oil shale, we will use the coal ash data

fit to first order with respect to all four gases.

The net reaction rate is then

V6 =k8(XH20XCO-XC02XH2/KB)(P/RT) E (9>

where the rate coefficient for the forward reaction

is kQ
= 375 exp(-7300/T) m /mol's, the

O

equilibrium constant is R_ = 0.017 exp(4400/T),

the gas constant is R = 8.3143 J/molK, and the

shale porosity is e.

Now, the terms R. to be used in equation (1)

T = T + (r/r ) (T - T )
c o s c

(17)

This was done for two reasons. First, the

difference between the surface and center

temperatures was not large. Second, the main

emphasis in this work was to develop a mathematical

description of the chemical reaction rate under the

influence of mass transfer including the effect of

bulk flow. It was thought that the use of measured

temperatures would increase the sensitivity of the

comparison between the experimental data and the

model calculations for the carbon gasification

reactions. The validity of equation (17) was

verified for a block in which the internal

temperatures were measured during heating to

^02
"

Vl
+

V2
"

V4
+

V

V
"

"V3
"

V

RCO
"

V3
+

2V4
"

V
and

*H
"

V3
+

V5
+

V

(10)

(ID

(12)

(13)

The boundary conditions of the four gas species

for equations (1) and (2) are:

at r = 0, N. = 0

and

at r =
rQ, X. = xib.

(14)

(15)

where r is the radial location in the cylindrical

block, r is the block radius, and X., is the
o id

mole fraction of gas species i in the external gas

stream.

The initial conditions of the four solid species

for equations (3), (4), (7) and (8) are:

at t - 0, W. =W.f0. (16)

Solution Procedure

Temperature equation. In this work we did not

actually solve an energy balance equation. Rather,

the temperature at any desired radial location in

the shale cylinder was obtained from the measured

temperatures at the external surface (T ) and the

center (T ) of the block by interpolation as

c

Solid-species equations. Equations (3), (4),

(7) , and (8) were solved as a function of time and

radial location by the following method. A constant

time increment and equivolume radial zoning was

used. At the start of each time increment, the gas

composition was first calculated as a function of

radial location (see next section) . For the

remainder of each time increment, this gas

composition was assumed to be constant and equations

(3), (4), (7), and (8) could be integrated by means

of algebraic equations.

The initial conditions for the two carbonate

species were based on the data in Table 2 and on

x-ray diffraction data which indicated that

approximately 90% of the CO was in dolomite and

10% was in calcite. The initial condition for the

organic carbon residue (after kerogen pyrolysis) was

determined in two ways. Indirectly, from

established correlations of oil yield as a function

of heating rate (Campbell et al., 1977), and carbon

residue as a function of oil yield (Stout et al.,

1976) , one can calculate that, for these

experiments, 22% of the organic carbon in the raw

shale should be left as carbon residue. More

directly (from integration of the carbon oxides in

the offgas, the initial and final inorganic carbon

in the shale, and the final organic carbon in the

shale), the data for experiment T-15 also indicated

that 22% of the organic carbon in the raw shale was

left as carbon residue. Finally, the initial

condition for the organic hydrogen residue was based

on an assumed char formula of CHfl . The carbon

gasification calculations are very insensitive to
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this assumption, since most of the hydrogen is

evolved before steam was introduced.

Gas composition and flow equations. Equations

(1) and (2) were solved by a collocation method to

give N. and X. as a function of radial location

at each time increment. We used the Fortran

subroutine COLSYS, which was written by Ascher

et al. (1977) to solve a multipoint boundary value

problem for a mixed-order system of nonlinear

ordinary differential equations. This subroutine

automatically selects the number of collocation

points and for this problem it required up to 96

subintervals in order to reach convergence.

A total execution time of approximately 4 min

was needed for solving the complete set of equations

(1)-(17) on a CRAY computer for a reaction time of

13 h. Most of this time was spent in the COLSYS

subroutine. This long execution time for solving

the reactions of a single block of oil shale

illustrates the unacceptability of using a rigorous

solution procedure, such as this, in a general

retort model in which hundreds of shale blocks must

be calculated for much longer reaction times than

13 h. This rigorous block model will be useful,

however, in developing simpler models that can

readily be used in an overall retort model.

value for k-. Comparison of the calculated and

D

measured organic carbon residue at the end of these

experiments again indicated that excessive carbon

had reacted in the model. Therefore, one additional

adjustment was made. The rate coefficient for the

C + H_0 reaction was lowered by a factor of 12.5

to k3
= 1 x

IO4

exp(-28000/T)
s"1 Pa"1. This

brought the final organic carbon concentrations into

excellent agreement for both experiments.

These four comparisons are illustrated in Fig. 8

for the two experiments having a maximum temperature

of 750 C, and in Fig. 9 for the two experiments

having a maximum temperature of 815 C. The model

results can be computed as a function of time for

the entire reaction period, whereas the measured

results for residual organic carbon are available

only at the end of the experiment.

A more stringent test of the validity of the

model can be obtained by comparing the radial

distribution of unreacted carbon. Radial

distributions are shown in Figure 10 for the two

non-steam experiments and in Figure 11 for the two

steam experiments. Except for the non-steam

experiment T-15 at the lower temperature, excellent

agreement is seen. In these graphs, an abscissa of

2
equivolume increments (r ) is used to give a

better appreciation of the importance of the radial

variations.

COMPARISONS BETWEEN MODEL CALCULATIONS AND

EXPERIMENTAL DATA

Model calculations were first done for the two

non-steam experiments T-15 and T-19. Comparison of

the calculated and measured organic carbon residue

at the end of these experiments indicated that too

much carbon had reacted in the model. The rate

coefficient for the C + CO_ reaction was lowered
1

4
bv a factor of 6.3 to k, = 5.7 x 10

-1

6

exp(-20130/T) s . This brought the final organic

carbon concentrations into good agreement for both

experiments. It is interesting to note that this

rate coefficient is now very close to the one used

in the previous block analyses by Mallon and Braun

(1976). Gregg et al. (1979) found that the rate

coefficient for the C + CO reaction in their

block model also had to be lowered by a factor of

approximately five from the initial one they tried,

which was based on measurements of the reaction

kinetics in powdered samples of oil shale.

Model calculations were then done for the two

steam experiments T-17 and T-18, using the new lower
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Figure 8. Residual organic carbon as a function of

time for experiments at a maximum

temperature of 750 C.
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experiments. The maximum temperature was
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Figure 10. Residual organic carbon as a function of

radial location at the end of the

non- steam experiments. The maximum

temperature was 750 C for T-15 and 815

C for T-19.

It should be emphasized that only two parameters

used in the model were adjusted: namely, the

pre-exponential factors for the C + CO. rate

coefficient and for the C + H_0 rate coefficient.

It appears that the use of slightly lower activation

energies for these two coefficients is also

indicated. However, we made no adjustments in those

quantities or in other physical or chemical

parameters.

The need in block analyses for using carbon

gasification rate coefficients that are

substantially lower than indicated by kinetics

measurements in powdered samples is not understood.

There may be additional inhibition effects not

addressed by the block models or, as suggested by

Gregg et al. (1979) , the carbon residue in blocks

may simply be less reactive.

The importance of the water-gas shift reaction

on the extent of carbon gasification was studied by

letting the forward and reverse rate coefficients be

zero in one case and essentially infinite in another

case. The results are given in Figure 12 for

experiment T-18, illustrating that the water-gas

shift has almost negligible effect on the carbon

gasification. The same was true for the other three

experiments. The composition of the effluent gas,

to be sure, was affected by the water-gas shift.
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Figure 12. Effect of water-gas shift reaction rate

on radial distribution of unreacted

organic carbon calculated and measured

for T-18. The maximum temperature was

815 C.

SUMMARY AND CONCLUSIONS

A mathematical model is presented for the major

high-temperature reactions occurring in the absence

of 0_ within a block of spent oil shale. To

establish the validity of the computer model, four

experiments were performed on cylindrical blocks,

each having a mass of about 8 kg. The model

produced excellent simulations of the experimental

carbon gasification reactions with CO and H?0.

Accurate simulation of the carbon gasification

reactions required the use of intrinsic rate

coefficients that were substantially lower than

those previously measured for powdered samples. The

water-gas shift had almost negligible effect on the

rate of carbon gasification in all runs. The block

model described here will be a useful tool for

exploring a wide range of operating conditions and

for developing a simpler model that can more readily

be included in a comprehensive model of an entire

retort.

ACKNOWLEDGMENTS

We gratefully acknowledge Richard B. Hickman for

suggesting the use of the computer subroutine COLSYS

and for assisting in its application.

This work was performed under the auspices of

the U.S. Department of Energy by the Lawrence

Livermore National Laboratory under contract No.

W-7405-ENG-48 for presentation at the 14th Oil Shale

Symposium, April 22-24, 1981, Golden, CO.

REFERENCES

Ascher, U., J. Christiansen and R. D. Russell,

1977, A Collocation Solver for Mixed Order

Systems of Boundary Value Problems, Tech. Rept.

77-13, Dept. Comp. Sci., Univ. British Columbia,

Vancouver, Canada.

Bird, R. B. , W. E. Stewart, and E. N. Lightfoot,

1960, Transport Phenomena, John Wiley and Sons,

Inc., New York.

Braun, R. L., 1981, Mathematical Modeling of

Modified In-Situ and Aboveground Oil Shale

Retorting, Lawrence Livermore National

Laboratory, Livermore, CA, Rept. UCRL-53119.

Burnham, A. K., 1980a, private communication.

Burnham, A. K., 1980b, Oil Shale Project Quarterly

Report, April-June 1980, A. J. Rothman, Ed.,

Lawrence Livermore National Laboratory,

Livermore, CA, Rept. UCID-16986-80-2.

Burnham, A. K., 1979a, Studies of Oil Shale Reaction

Chemistry at LLL, Lawrence Livermore National

Laboratory, Livermore, CA, Rept. UCRL-83568.

Burnham, A. K., 1979b, Reaction Kinetics Between

Steam and Oil-Shale Residual Carbon, Fuel, 58,

719.

Burnham, A. K., 1979c, Reaction Kinetics Between

CO and Oil-Shale Residual Carbon. 1. Effect

of Heating Rate on Reactivity, Fuel, 58, 285.

Burnham, A. K., 1979d, Reaction Kinetics Between

CO_ and Oil-Shale Residual Carbon. 2. Partial

Pressure and Catalytic-Mineral Effects, Fuel,

58, 713.

Campbell, J. H., G. Gallegos, and M. Gregg, 1980,

Gas Evolution During Oil Shale Pyrolysis. 2.

Kinetic and Stoichiometric Analysis, Fuel, 59,

727.

Campbell, J. H. , 1978, The Kinetics of Decomposition

of Colorado Oil Shale: II. Carbonate Minerals,

Lawrence Livermore National Laboratory,

Livermore, CA, Rept. UCRL-52089.

Campbell, J. H. , G. H. Koskinas, T. T. Coburn, and

N. D. Stout, 1977, Oil Shale Retorting: Part 1.

The Effects of Particle Size and Heating Rate on

299



Oil Evolution and Intraparticle Oil Degradation,

Lawrence Livermore National Laboratory,

Livermore, CA, Rept. UCRL-52256.

Ergun, S., 1956, Kinetics of the Reaction of Carbon

Dioxide with Carbon, J. Phys. Chem., 60, 480.

Grebenshchikova, G. B. , 1957, Study of the Kinetics

of the Conversion of Carbon Monoxide by Steam in

the Presence of Ash from Lisichansk Coal,

Podzemnaya Gasif ikatsiya Uglei, 2, 54.

Gregg, M. L., J. H. Campbell, and J. R. Taylor,

1979, Laboratory and Modeling Investigation of

Oil-Shale Block Retorting to 900 C, Lawrence

Livermore National Laboratory, Livermore, CA,

Rept. UCRL-83265.

Long, F. J., and K. W. Sykes, 1948, The Mechanism of

the Steam-Carbon Reaction, Proc. Roy. Soc,

A193, 377.

Mallon, R. G., and R. L. Braun, 1976, Reactivity of

Oil Shale Carbonaceou's Residue with Oxygen and

Carbon Dioxide, Colorado School of Mines Quart.,

71, 309.

Rehmat, A., and S. C. Saxena, 1977, Multiple

Non isothermal Noncatalytic Gas-Solid Reactions.

Effect of Changing Particle Size, Ind. Eng.

Chem. Process Des. Dev., 16, 502.

Smith, J. W. , 1966, Conversion Constants for

Mahogany-Zone Oil Shale, Bull. Amer. Assn. of

Petroleum Geologists, 50, 167.

Sohn, H. Y., and H. J. Sohn, 1980, The Effect of

Bulk Flow Due to Volume Change in the Gas Phase

on Gas-Solid Reactions: Initially Nonporous

Solids, Ind. Eng. Chem. Process Des. Dev., 19,

237.

Sohn, H. Y., and R. L. Braun, 1980, Simultaneous

Fluid-Solid Reactions in Porous Solids:

Reactions Between One Solid and Two Fluid

Reactants, Chem. Eng. Sci., 35, 1625.

Sohn, H. Y., 1979, Fundamentals of the Kinetics of

Heterogeneous Reaction Systems in Extractive

Metallurgy, in Rate Processes of Extractive

Metallurgy, M. E. Wadsworth and H. Y. Sohn,

Eds., Plen. New York, p. 1.

Sohn, H. Y., 1978, The Law of Additive Reaction

Times in Fluid-Solid Reactions, Met. Trans. B,

9B, 89.

Sohn, H. Y. , and K. Rajamani, 1977, Successive

Gas-Solid Reactions in a Porous Pellet:

Application to the Reaction of Metal Sulfides in

the Presence of Lime, Chem. Eng. Sci., 32, 1093.

Steward, S. A., 1980, private communication.

Stout, N. D., G. H. Koskinas, J. H. Raley, S. D.

Santor, R. J. Opila, and A. J. Rothman, 1976,

Pyrolysis of Oil Shale: The Effects of Thermal

History on Oil Yield, Colorado School of Mines

Quart., 71, 153.

Szekely, J., J. W. Evans, and H. Y. Sohn, 1976,

Gas-Solid Reactions, Academic Press, New York.

Thomson, W. J., M. A. Gerber, M. A. Hatter, and

D. G. Oakes, 1980, Kinetics of Oil Shale Char

Gasification, Proc. A.C.S. Symp. on Oil Shale,

Tar Sands and Related Materials, San Francisco,

CA.

Wen, C. Y., and L. Y. Wei, 1971, Simultaneous

Non isothermal Noncatalytic Solid-Gas Reactions,

AlChe Journal, 17, 272.

DISCLAIMER

This document was prepared as an account of work sponsored by an agency of

the I nited States Government. Neither the I nited States Government nor the

I niversity of California nor any of their employees, makes any warrant), ex

press or implied, or assumes any legal liability or responsibility for the ac

curacy, completeness, or usefulness of any information, apparatus, product, or

process disclosed, or represents that its use would not infringe privately owned

rights. Reference herein to an> specific commercial products, process, or service

by trade name, trademark, manufacturer, or otherwise, does not necessarilv

constitute or imply its endorsement, recommendation, or favoring by the I nited

States Government or the I niversity of California. The views and opinions of

authors expressed herein do not necessarily state or reflect those of the I nited

States Government thereof, and shall not he used for advertising or product en

dorsement purposes.

300



A REVIEW OF THE STATE POLICIES AND CONCERNS

ABOUT RAPID, FEDERALLY

ASSISTED OIL SHALE INDUSTRIALIZATION

Hamlet J. Barry
Colorado Department of Natural Resources

Denver, Colorado

As proposed, this paper would have reviewed the current status

of negotiations between the Department of Energy, the state and

local governments, the Synthetic Fuels Corporation, Union Oil

Shale and TOSCO Oil Shale Companies for federal financial

support of oil shale facilities in Western Colorado. However,

several factors make such a review impossible:

1) The state and local roles in such negotiations is

still somewhat uncertain at this point.

2) It is unclear as to the precise role that the

Synthetic Fuels Corporation will play in these

negotiations. The transition to a new administraton

has exacerbated previously existing problems.

3) No actual negotiations by the state or local

governments has taken place as yet.

Therefore, rather than discuss the actual negotiations,

this paper will discuss what the state views as the

proper subjects for negotiation concerning

federally-assisted, rapid oil shale industrialization.

The State of Colorado, acting through the Department

of Natural Resources, the Department of Local Affairs,

and the Department of Health, has four major concerns

about rapid, federally-subsidized oil shale

development in Western Colorado. They are as follows:
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A) The cumulative impacts and the socioeconomic

effects of oil shale development;

B) The environmental concerns and problems attendant

upon oil shale development;

C) The leasing of federal oil shale reserves; and

D) The economic and philosophical foundation of

federal assistance to the oil shale industry.

Each of these topics will be taken up in sequence

below.

CUMULATIVE EFFECTS AND SOCIOECONOMIC IMPACTS

The oil shale resources of the United States are generally

concentrated in a small, sparsely populated area of two

counties in Colorado and one county in Utah. Each commercial

scale oil shale plant could bring as many as 6,000 construction

workers and permanent employees into this rural area. These

oil shale plants will be competing for the same physical,

social, economic, and labor resources. The costs, scheduling,

technical feasibility, environmental impact, and socioeconomic

consequences of any one project will depend upon, in large

part, whether these are undertaken at the same time and in the

same vicinity. In our view, prudence suggests that these oil

shale projects not go forward in a haphazard and unscheduled

manner until it is possible to assess the cumulative effects of

all the projects which will be built in the same general time

period. It is clear that large-scale oil shale development
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will transform Northwest Colorado. Our objective is to absorb

this development without disintegration of the local social and

economic structure. This objective cannot be reached without

some attention to the cumulative effect of all the various oil

shale efforts. Thus far, we have seen very little attempt on

behalf of the Federal Government at least to examine the

cumulative effects of overnight oil shale industralization.

Outside the immediate oil shale industry, there is very little

understanding of the scope and magnitude of the possible oil

shale industry in Colorado. Each single shale project will be

larger than any existing private company in Colorado. Some

communities in the oil shale region will triple in size and

triple again before the decade is over, under even the moderate

development scenarios now projected by both industry and state

government. This rapid growth will cause an unprecedented

demand for new housing, schools, roads, water and sewer

systems, recreational facilities and other public facilities.

Under Colorado law, the responsibility for siting the industry

and meeting the socioeconomic impacts lies primarily with

county, municipal, and local governments. The most difficult

problem facing local and state governments is finding the money

for the needed public facilities, and determining whether the

funds can be obtained in a timely manner. In our estimate, the

first wave of oil shale plants will require an initial public

investment of more than one billion dollars. Thus far, working

with local officials, the state has invested over $60 million

in schools, roads and other facilities. However, this amount
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has merely scratched the surface of the probable future needs

in the area. As of 1981, the state and local governments

simply do not have adequate capacity to finance the needed

public investments.

In the long run it is clear that the shale industry will

produce substantial public revenue from payment of property

taxes, severence taxes, royalties, and other taxes. However,

there are two problems involved. First, the largest tax

revenues may not accrue to the local governments which most

need the new facilities. An example of this "jurisdictional

mismatch"

is the town of Rifle, which is projected to increase

almost 20 times in size during the
1980'

s and become the

largest city in the shale region. Rifle will have substantial

needs for new facilities, but it will not be able to levy

property taxes on the multi-billion dollar shale plants which

will fuel its growth.

The second problem is the availability of revenue. In short,

tax revenues from the shale industry will rise much more slowly

than the need for public facilities, even when the jurisdiction

that needs the facility is able to levy the taxes. For

example, under present state law the oil shale industry will

not pay severance taxes until 1989 or 1990, even assuming

production begins in 1983 or 1984. Similarly, the first

property taxes on a shale plant will not fall due until two or

three years after the plant is built. Unfortunately, the

greatest socioeconomic impacts are felt during the construction

phase of these projects, before the tax revenues begin to

accrue.
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In the last year or so, as the oil shale industry advances upon

us, the state and local governments have spent considerable

amounts of time in defining these problems and attempting to

find solutions for them. There is still much work to do. At

the current time we see only partial solutions. A few partial

solutions and thoughts on the subject of the financing of the

socioeconomic impacts in the oil shale region are detailed

briefly below.

1. State Aid

In the last five or six years the state has invested

over $60 million in schools, roads, and other public

facilities in the oil shale region. Some of these

funds have come directly from the General Fund, and

some have come from federally-derived revenues such as

the Oil Shale Trust Fund and mineral royalties. In

the future, the state will continue to offer as much

assistance to the oil shale areas as we are funded and

authorized to provide. However, it should be noted

that the total investment required is substantially

greater than the state General Fund can afford to

provide, particularly given the existing 7% limitation

on increases in state expenditures.

2. Severance Taxes

The 1981 session of the Colorado General Assembly saw

a brief attempt by the Lamm Administration to close a

number of the major loopholes in the oil shale

severance tax scheme. The Administration believes

that by closing these numerous loopholes and adding an

incentive to prepay severance tax, some of the
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front-end financing problems of local communities

could be alleviated. In brief, the proposal is to

require oil shale plants to pay a severance tax

shortly after production begins, rather than when the

plant reaches "50% of design
capacity."

In addition,

the Governor proposed to eliminate the 10,000 barrel

per day threshold, and, most importantly, to eliminate

the deduction for all costs associated with the

production of shale oil. These provisions were to be

combined with the proposal which would provide an

economic incentive to prepay severance taxes. The

amount of the incentive would depend on how early the

prepayment was made. The prepayment incentive

provisions, with some changes, will probably be

enacted into law this year by the General Assembly.

Unfortunately, the rest of the Administration's

severence tax proposal was not considered, and under

the existing law, no oil shale operator will be

required to pay any severance tax until several years

after oil production has begun.

3. Property Taxes

In addition to severance tax revenue, the primary

funding source for local governments will be the

property tax. However, just as with the severance

tax, property tax revenues accrue several years after

they are most needed. Therefore, the Colorado

Legislature has also considered introducing a bill to

foster prepayment of property taxes. It remains to be

seen whether the bill will pass, and if passed whether

it will provide a sufficient incentive for prepayment.
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4. Cumulative Impact Task Force

The tax prepayment proposals, if enacted, may

accelerate payment, but they won't make up the gap

between required expenditures and needed revenue.

Therefore, state government has recently convened a

working group of officials from industry, local

governments and state agencies to identify the

specific capital costs and operating costs, for the 20

or so communities which will be directly affected by

oil shale development. We have begun to hammer out a

consensus agreement based upon the work force

projections of the industry. From this data we can

determine how fast population will grow, and where it

will grow, and what the required investment will be in

order to accommodate the population growth. Once the

population figures have been agreed upon, we will be

able to do a rough estimate of the cash flow accruing

to both state and local governments over the course of

the next five or ten years. With knowledge about the

existing community and the puolic facilities in each

of these communities, and an understanding of what

changes will be required in order to accommodate the

anticipated population growth, we can then determine

what the future cost of expansion will be, and what

the precise revenue shortfalls will be. The effort

will then turn to an allocation of the revenue

shortfall as between state and local governments, the

Federal Government, and the industry itself. The

significance of this effort is that it is the first

time a comprehensive attempt has been made to
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determine the capital and operating costs of putting

oil shale industry in Colorado with a coordinated

approach involving all levels of government and

industry.

5. Federal Help

Finally, some comment needs to be made concerning the

role of the Federal Government in meeting the

socioeconomic needs of the oil shale region. As of

today, the Federal Government has over $17 billion

available for loan guarantees, purchase agreements and

other financial incentives for the construction of

commerical scale oil shale facilities. The Government

is poised to be chief financier of the oil shale

industry. We believe that it must also prepare itself

to be the chief financier of the public facilities

required in the oil shale region. The Federal

Government apparently believes that oil shale ventures

are relatively risky, and therefore Government

investment is required if the technology is going to

proceed. However, it should be pointed out the state

and local governments will be making equally risky

investments in public facilities to accommodate the

population attracted by the oil shale projects. These

investments are risky to the same extent that the oil

shale industry itself is a risk. If the industry

fails to develop as promised, if demand for oil falls

dramatically and permanently, if the technology proves

to be uneconomical, or if there are substantial

discoveries of crude oil elsewhere in the world, the
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entire framework for oil shale may fall. In such

event, the local governments would be left with

substantial deficits and problems as a result of a

build up and then a bust in the oil shale industry.

In our view, the Federal Government should not impose

greater risk on the state, local and county

governments for the use of capital that are imposed on

the oil companies that will be receiving federal

assistance for the oil shale facilities. In short, we

believe that if the Federal Government continues to

drive the oil shale industry at an accelerated pace,

that they should also assure the availability of

adequate funds for building the necessary

socioeconomic infrastructure.

Unfortunately there are now ominous signs that the

Federal Government may not accept its responsibility

to provide financing for the socioeconomic facilities

in the oil shale region. The officials of the

Synthetic Fuels Corporation have stated that the

Energy Security Act does not permit them to guarantee

investments in public facilities. Congress has

repeatedly failed to act on legislation to establish

federal impact aid in this region, even though some

aid has been provided for areas in regions impacted by

coal development. In a time of federal budget cuts,

and with Mr. Stockman at the helm, it will be

difficult to obtain adequate financing for

socioeconomic facilities in Western Colorado. The
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problem is compounded considerably by the impression

held in much of the Eastern United States that Western

Colorado is less than gracious in their approach to

oil shale, that we simply have our hand out for as

many federal bucks as we can get.

In summary, the State of Colorado and the local governments are

vitally concerned about the social and economic impacts of

rapid oil shale development in Western Colorado. We have

identified a number of potential sources of funds, but believe

that there is still an enormous amount of work to do in order

to assure that there are available funds and facilities to

accommodate the growth that will occur. In our view, the

Federal Government has thus far failed to meet what we believe

to be its substantial responsibilities in this area. It can be

expected in the future that the State of Colorado and the local

governments will continue to press both the Synthetic Fuels

Corporation, the Department of Energy, the White House, and

Congress, for recognition of these problems.

ENVIRONMENTAL CONCERNS

We believe that the most immediate restraint on oil shale

development in Colorado will be whether the needs of the people

that the industry brings can be met with the available

financial resources and in a timely and efficient manner.

However, the production of 100,000 or 200,000 barrels of oil

shale a day, or more, will also have significant impacts on our

air, our water, our wildlife, our forest and our other natural

resources. Just as we have a responsibility to local
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and county governments to assure that the socioeconomic impacts

are met, we also have a responsibility to protect and preserve

our natural resources. Conflicts between the environment, and

the development of oil shale, will most likely be manageable

for the first 100,000 or 200,000 barrels per day of

production. At higher levels of production, the environmental

restrictions and problems will become more evident.

One of these restrictions will clearly come in the area of

water supply. With careful planning, we should have water

availaole for an oil shale industry of about one-half million

barrels per day, without seriously damaging agricultural,

recreational, or other existing water-dependent industry. It

should be noted, however, that availability of water depends

greatly upon the ability of the industry or government to

construct water storage facilities.

It is becoming increasingly evident that we know too little

about the impacts of oil shale production on surface and

groundwater quality. The downstream Colorado states have

already raised significant questions concerning the salinity

levels in the Colorado River. In our opinion, the oil shale

industry will exacerbate these problems. We must continue to

work cooperatively with the lower basin states, and with the

industry in an effort to assure them that oil shale production

does not increase the salt problems in the Lower Colorado

River. Moreover, in the event that a truly massive oil shale

industry develops in Western Colorado, and that industry

substantially affects the salinity levels in the Colorado

River, then the nation must be prepared to choose between
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needed energy production on one hand, and decreased

agricultural production in the Lower Colorado River on the

other. Colorado is not now prepared to forego our existing

uses of water, plus absorb the problems attendant upon the

development of a massive oil shale industry, in order to

preserve the salt balance in the Colorado River for farmers in

California.

In addition, to the water supply and water quality problems, we

believe that air quality may also pose some problems for the

oil shale industry. The air quality studies today are

inadequate and we have already seen that one oil shale company

has requested a change in the air quality standard. We intend

to keep our eye on the changes in the Clean Air Act as Congress

considers this issue in 1981. In summary, the nation should be

assured that special care be taken to protect air quality,

water quality and water supply, and the land used and needed by

our agricultural and recreational industries as they begin to

conflict with the oil shale industry. We will not neglect the

importance millions of Americans in Colorado and elsewhere

attach to the beauty and natural resources of this state and to

the pleasure that the beauty of the state gives to them. We do

not necessarily believe that oil shale development and natural

resources production are in conflict, but to the extent that

they are, we are not willing to automatically forego protection

of the resource for an unproven industry with an uncertain

economic future.
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OIL SHALE LEASING

It is now clear that the Federal Government will probably be

the principal financier for at least the first stages of the

commercial oil shale industry in Western Colorado. In addition

to their role as financier, the Federal Government owns the

richest oil shale deposits, and in fact owns over 80% of the

high grade deposits in Colorado. As a result, federal oil

shale leasing policies are extremely important to the State of

Colorado.

With the transition from the Carter Administration to the

Reagen Administration, it has become clear that the Department

of Interior is much more favorably inclined toward leasing and

development of federal minerals on a more expedited timetable.

Colorado does not necessarily oppose these policy changes.

However, we do not believe that a crash program to lease

federal oil shale lands is currently needed. We do not think

that additional large scale leasing is needed in order to get

commercial oil shale production under way. We ^o support a

responsible leasing program which permits the leasing of

off-site tracts for disposal of spent shale and which permits

leasing of lands for testing the multi-mineral technologies. A

bill to provide for off-site disposal was introduced last year

in Congress, and we supported that concept. We also encourage

the Federal Government to issue at least one more lease under

the prototype leasing program in order to foster the

development of a multi -mineral technology. We also support the

design and establishment of a thoughtful permanent leasing

program which could be implemented at a later date if and when
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commercial oil shale technology appears viable. We are

concerned that the new administration, under the direction of

the Secretary of Interior, will proceed to lease oil shale

lands on a somewhat hasty and unplanned basis, without

consultation with the state, and which may simply fuel further

speculation with oil companies and landowners in the age-old

shell game of oil shale lands, oil shale stocks, and oil shale

deals.

FEDERAL ASSISTANCE

Finally, I come to the last and perhaps the greatest concern

which the State of Colorado has over federal activities in the

development of oil shale in Colorado.

During the last year or two of the Carter Administration, the

President raised the issue of energy policy to the moral

equivalent of war. He pushed for federally-subsidized

development of synthetic fuels, particularly after the rise of

Ayotollah Khomeni, and the problems at Three Mile Island. Mr.

Carter wanted the Federal Government to assure the creation of

synthetic fuels industry, and he felt it appropriate that the

Government, for the first time outside the military area, take

the lead in establishing a completely new industry. He

proposed the Synthetic Fuels Corporation, and he advocated

measures such as the Energy Mobilization Board to cut through

state and federal red tape which might impede these important

national energy initiatives. During the presidential campaign

of 1980, Mr. Reagan took a decidedly different tack. He

challenged many of the Carter statements and came down firmly

and precisely against federal subsidies for the synthetic

industry. After his election, he hired David Stockman to head
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the Office of Management and Budget. Mr. Stockman published an

article in the Readers Digest a little over a year ago entitled

"Why the Senseless Rush Toward Synthetic
Fuels."

The Reagan

philosophy, as articulated during the campaign and after, was

to allow private industry and market solutions to work more

freely in establishing energy supplies. One of his first

Presidental actions was to accelerate decontrol of energy

prices. Mr. Stockman's initial reaction to the synthetic fuel

program was to eliminate it entirely, as evidenced in the

original budget cutting proposals. In the end, however, the

Reagan Administration has not cut the federal subsidies for

synthetic fuels for oil shale. They have done so, largely for

coal, but not for shale. The precise reasons for these

decisions are unclear to us, but they may have something to do

with the pressures mounted by some members of Congress. In any

event, and although it appears contrary to the articulated

positions of the Administration, the Reagan Administration is

now on record as favoring continuation of synthetic fuel

subsidies for oil shale production. The Colorado Department of

Natural Resources views these developments with some concern.

In general, we are convinced that without the Energy Security

Act and the Synthetic Fuels Corporation, the oil shale industry

would continue to develop and would produce oil from shale when

and if the market needs that oil and when the national security

requires it. Technologies would be tested at a commercial

scale. Socioeconomic impacts could be met more gradually

because the development would take place over a longer period

of time. Development would occur under conditions where the

corporations allocated their own funds among the opportunities

for obtaining oil, rather than simply in response to shifting

federal policies and subsidies. We simply have more confidence
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in the economic wisdom of oil company executives spending their

own dollars than in federal wisdom leading us into an industry

that will not provide a significant amount of energy until 10

or 15 or 20 years from now. In other wcrds, we question the

wisdom, the timing, the need, and the economics of immediate

massive assistance for the development of an oil shale

industry. Our fear is that billions of federal dollars will be

invested in an industry which may prove to have no future. We

do not want an industry to fail with all of the accompanying

disappointment and social disruption that goes with the bust in

a mining economy. We want sound decisions based upon a careful

and precise analysis of the nation's energy needs. We do not

think that the current policies are derived from such analysis

and we do not think that sound decisions are likely when the

Federal Government is trying to be the major force in the

synthetic fuels development. We think it is time to reopen and

renew the debate over national energy policy and our synthetic

fuels future. Therefore, we raise a number of questions which

need to be looked at and debated.

1) Synthetic fuels have been touted as an interim

program, to meet liquid fuel shortfalls in the next 30

or 40 years before new energy sources are developed.

But significant production from synthetic fuels is

unlikely for 15 or 20 years.

2) It is difficult to predict how much liquid fuel our

nation will need in the year 2010 and where the fuel

might come from. But is is already clear, from events

of the last two or three years, that our

transportation fuel requirements may be undergoing
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change. Expressed in constant dollars, gasoline

prices jumped in 1973 and then did not rise

significantly until 1979. Increased prices since 1979

are having an impact on our demand. Our total use of

petroleum, including what we are placing in strategic

reserves, is down more than 12% from a year ago. Our

imports are down 28% and now comprise 37% of our daily

use.

Similarly, Exxon's projections of energy requirements

in the year 2000 were reduced last year by 10%. The

New York Times reports that Texaco predicts our

gasoline consumption will drop 50% to 4.2 million

barrels per day by the year 2000. Not surprisingly,

Texaco also reported several weeks ago it is

experimenting on a more fuel -efficient engine.

These observations are not unique to Colorado. The

April 21, 1981 Wall Street Journal carried an article

entitled "The World's Need for Crude
Oil."

Among

other things, the article observed that "With oil

consumption dropping rapidly throughout the world, the

need for a crash program for synthetic fuels

disappears. Government support for demonstration

plants to observe the technology and economics of

turning coal into synthetic gas or synthetic oil may

be justified, but a government-subsidized synthetic

fuels industry is probably no longer on the
horizon."

"OPEC members may decide to cut prices to sell their

oil on the world market and to maintain the income

they badly need to feed their overgrown national
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budgets. Congress may then step in to protect

domestic energy investments, such as tertiary oil

recovery or shale oil projects. Pressure from

domestic energy producers may force the U. S. to

establish tariffs or import restrictions for overseas

oil and petroleum
products."

These few examples of how private industry is

responding to changes in the availability and price of

oil are encouraging. They also suggest a question:

Does the Federal Government know enough about our

liquid fuel needs in the year 2010 to justify risking

$20 billion in investments in an uncertain synfuels

industry? Or should the Government leave these

decisions to the market?

3) A more solid and thoughtful argument for federal oil

shale subsidies is that Western Europe and Japan will

need our synthetic fuels if oil supplies from the

Middle East are shut off. Yet, as we know, the

synthetic fuels industry will not supply us or these

countries for a number of years. More interestingly,

Germany now gets between 5 and 10% of its petroleum

and 17% of its natural gas from the Soviet Union.

Furthermore, Germany is negotiating an agreement to

increase its imports of natural gas from the

Russians. Japan obtains a small amount of its oil

from China now and is reported to want to increase the

oil it purchases from China. The geopolitics of these

shifts in the international oil markets are profound
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and fascinating. But it must also cause us to examine

whether federal investment in an untried industry, ten

or more years away from significant production, will

restrain the European and Japanese courtship of

sources of gas and oil.

4) We do need a capacity for orderly and immediate

reductions in the use of oil in the event of an

emergency. We do not need a crash oil shale program

that will raise expectations that may not be met. We

suggest a state-by-state plan designed to reduce our

use of oil. The plan should include conservation of

saving amounts needed for international agreements,

but should also assume increased North Sea production

to help Common Market neighbors. This plan should be

prudent and consistent with our practices when faced

with other potential emergencies. A practical plan

would help us avoid panic. It could give confidence

not to rush off precipitously to war in the Middle

East. It would heighten our awareness that oil should

be treated as a valuable commodity.

5) We should put an end to loose rhetoric about "energy
independence."

We must continue to reduce our oil

imports, but I doubt that we should stop buying OPEC

oil altogether. We may want to know we could safely

do without Arab OPEC oil in an emergency. Blit we

should not turn the Middle East oil market over to

Europe, Japan, and perhaps the Soviet Union. Our

economic relations with the Arab countries are
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important. These economic ties help to stablize the

Middle East. The political impact of our withdrawal

from that market would be far-reaching and perhaps

very grave.

In summary we believe that a reasonable synfuels program for

Colorado is also a reasonable program for the nation. We

reject the need for a crash program, but believe the Energy

Security Act fosters and drives such a crash program. At a

minimum, President Reagan should use the Energy Security Act to

promote a diversity of technologies. Oil shale and other

synthetic fuels technologies should be tested, but not forced.

The better wisdom, tested by 200 years of American industry, is

to remove the federal subsidies in the Energy Security Act from

our national energy policy, and let the market prevail. If

this were done, I fully expect that we would have an oil shale

industry in Colorado. I expect that industry would be more

confident about its capability to meet a need for oil from

shale as that need occurs. At the same time, I believe the

state would enjoy a more orderly, paced, and ultimately more

successful, development of Western Colorado.
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ABSTRACT

During a week-long field experiment in September 1980,

a mobile pilot-scale venturi scrubber was tested for

control of particulate emissions from the Laramie

Energy Technology Center's 136-Mg( 150-ton) -capacity

oil shale retort. The entire retort off-gas flow of

15.4 m3/min (545 ft3/min) , discharged from a heat

exchanger at a temperature of 58C and saturated with

water, was scrubbed at liquid-to-gas ratios of 1.5 to

2.4 L/m3. Sampling and analysis of the scrubber

inlet and outlet gases were conducted to determine

particulate removal. Outlet particulate concentra

tions were consistently reduced to 35 mg/m3, even

through inlet loadings varied from 125 to 387 mg/m3

and 50 weight percent of the particles were less

than four micrometers in diameter. Particulate con

trol efficiencies up to 94 percent were achieved,

although no correlation to liquid-to-gas ratio was

observed. Simultaneous control of ammonia emissions,

at efficiencies up to 75 percent, was also observed.

INTRODUCTION

Increasing dependence on foreign oil supplies and

rapidly escalating oil prices have recently provided

new incentive for oil recovery from shale deposits

in Colorado, Utah, and Wyoming. At least four domes

tic firms (Colony Development Operation, Paraho

Development Corporation, Superior Oil Company, and

Union Oil Company) have developed surface retorting

processes, in which oil shale is mined and crushed

prior to thermal processing in aboveground facilities.

In-situ or modified in-situ processes, where the

shale bed is hydraulically or explosively fractured

and retorting is carried out underground, are now

being developed by Geokinetics, Inc., Cathedral

Bluffs Shale Oil Company, and Rio Blanco Oil Shale

Company .

Oil production by shale retorting has a number of

benefits as an alternative energy source. However,

byproduct gases containing a complex mixture of

pollutants, if released uncontrolled, could have an

adverse impact on the pristine air quality of the

Rocky Mountain region. Therefore, pollution control

methods capable of adequately reducing environmentally

harmful discharges must be available to assure the

emerging oil shale industry's compliance with future

standards. The U.S. Environmental Protection Agency

(EPA) has contracted with Monsanto Research Corpora

tion (MRC) to characterize point-source air pollution

due to surface and in-situ oil shale retorting,

focusing on particulate emissions, and to evaluate

available particulate control methods . Under a coop

erative agreement between EPA and the U.S. Department

of Energy (DOE)'s Laramie Energy Technology Center

(LETC) , a mobile venturi scrubber was tested for

control of particulate emissions from a pilot-scale

oil shale retort at a site in southeastern Wyoming.

LETC PILOT-SCALE RETORT

In 1969, a batch-type retort with the capacity to

process 136 Mg (150 tons) of shale was constructed

by the U.S. Bureau of Mines at a site near Laramie,

Wyoming [1] . Figure 1 is a flow diagram of LETC's

pilot-scale retort and auxiliary equipment [1] .

Combustion of oil shale is initiated via a natural

gas burner mounted on the retort lid. Air is forced

downward through the shale bed, simulating vertical

modified in-situ processes such as those being demon

strated by Cathedral Bluffs Shale Oil Company and Rio

Blanco Oil Shale Company. Shale oil and byproduct

water drain to a collection tank located near the

retort. The retort off-gas, containing residual oil

mist and water, is passed through a series of packed

towers and then through a water-cooled heat exchanger

in an attempt to remove the entrained material.

After line pressure is increased by a positive-

displacement blower, the gas stream can be split to

allow for recycle. The excess is vented to a waste-

gas stack equipped with a natural gas burner to

oxidize combustible components before release to the

atmosphere. Retorting continues until the bottom

grate temperature increases to approximately 260F,

by which time shale oil production has already

stopped and the oxygen content of the off-gases

has begun to rise.
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Figure 1. Gas and liquid flows in LETC's retort and auxiliary equipment [1]

Details of retort operation during Run 19, when the

pilot scrubber test was conducted, are as follows.

The shale retorted was medium-grade material, con

taining about 0.12 L/kg (28 gal/ton), taken from the

DOE mine at Anvil Points, Colorado. A mixture of air

and steam was injected to the retort at feed rates of

6.25 dry normal cubic meters per minute (dncm/min)

and 0.92 kilograms per minute, respectively. Ignition

and air input began at approximately 10:45 AM MDT,

8 September 1980; retorting continued until 12:30 AM

MDT, 15 September 1980. Total oil recovery for the

5.5-day burn was 7.5 m3 (47 barrels), equivalent to

a production rate of 1.4 m3 (8.6 barrels) per day.

For comparison, commercial oil shale processing

facilities may produce as much as 7,950 m3 (50,000

barrels) per day, continuously, for 20 years or

longer [2] .

USE OF WET SCRUBBING

Technology Selection

During the first phase of EPA Contract 68-03-2784,

MRC evaluated electrostatic precipitation, fabric

filtration, and wet scrubbing relative to their

potential ability to control particulate emissions

from in-situ and surface retorting [2] . The utility

of electrostatic precipitation in this application is

questionable because of the lack of information on

particle resistivity and because of the presence of

flammable or explosive gases that represent a poten

tial safety hazard. The formation of a porous dust

cake necessary for high particulate removal efficien

cies in fabric filtration equipment may be precluded

by shale oil mist and possibly by condensed moisture

in retorting off-gases. Unlike electrostatic preci

pitation, there is much less fire or explosion hazard

associated with wet scrubbing of retort off-gases

containing combustible species. Scrubbers also are

preferable to baghouses because the former not only

are effective for control of liquid or solid parti

cles in high-temperature, moisture-laden gas streams,

but also suitable for treatment of gas streams with

fluctuating flow rate, temperature, or composition.

Wet scrubbing also has the advantage that simultane

ous particulate removal and absorption of gaseous

pollutants can be accomplished using an appropriate

liquid medium. Primarily based on these considera

tions, MRC recommended wet scrubbers for pilot-scale

testing to study the control of particulate emissions

from in-situ and surface oil shale retorting [2] . In

an independent evaluation, DOE similarly decided that

wet scrubbing would be the most effective technology

for particulate emission control in the specific case

of the LETC retort.
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Design of EPA's Mobile Unit

For the pilot-scale particulate control test at

Laramie, MRC used a venturi-cyclone scrubber housed

in a standard freight trailer and developed by EPA

as a mobile research unit. A schematic diagram of

the mobile scrubber is given in Figure 2. Of the

three interchangeable venturi throats provided with

the mobile scrubber, the
"medium"

throat was used at

Laramie. This throat has a diameter of 6.0 cm, a

length of 30.5 cm, and two radially opposed liquid

feed nozzles 5 cm below the throat entrance. Piping

throughout the scrubber trailer, and that used for

external hookup to the retort off-gas line, was

15-cm-diameter stainless steel. Because the gas

stream treated at Laramie was saturated with moisture

and its temperature relatively low, neither the pre-

saturator shown in Figure 2 nor four banks of band

heaters along the scrubber inlet line were needed.

Operation at Laramie

Existing retort ductwork was breached just upstream of

the inlet to the thermal incinerator (see Figure 1) ,

venting the entire gas flow to the mobile scrubber.

In order to reduce any environmental contamination or

worker exposure hazards associated with emissions of

hydrocarbons and other gaseous pollutants, the scrubber

outlet gases were piped to the incinerator. The re

tort off-gases treated had an average temperature of

58C, an average moisture content of 21 percent by

volume, and an average actual flow rate of 15.4 m3/min

(545 acfm) , or 8.9 dncm/min (314 dscfm) .
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Figure 2. Schematic diagram of EPA mobile scrubber.
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During the field testing, MRC varied the scrubbing

liquid feed flow, and thus the liquid-to-gas (L/G)

ratio, over a range typical of commercial installa

tions. Table 1 describes the various operating con

ditions employed, in chronological order, specifying

the volumetric feed rates and origin of scrubbing

liquid, L/G ratios, and the pressure drops across the

venturi scrubber and cyclone. Up to 19 L/min of well

water was supplied by LETC, and the recycle consisted

of scrubber discharge treated in a mobile stream

stripping unit operated by the Denver Research

Institute. Steam stripping was chosen to experiment

with removal of organic compounds and dissolved gases,

such as ammonia, carbon dioxide, and hydrogen sulfide,

from the scrubber discharge water. Suspended solids

were removed by a traveling-grate deep-bed filter

mounted in the scrubber trailer. The temperature of

the combined scrubber feed varied from 13C to 43C,

due to heating during steam stripping, and the pH

from 6 to 9, due to the uptake of basic dissolved

gases.

SAMPLING AND ANALYSIS METHODS

The principal objective of gas and liquid sampling

and analysis during the field test at LETC was to

determine the particulate control efficiencies

achievable when venturi scrubbing is applied to off-

gases from oil shale retorting. Points sampled in

cluded the scrubber inlet and outlet for the gas

phase and the scrubber feed and discharge water for

the liquid phase. Equipment and procedures used to

determine particulate loading were essentially those

described in EPA Method 5 as outlined in the Federal

Register [3] . The back half of the Method 5 sampling

train was modified by including an XAD-2 resin trap

between the filter and the impingers to collect

organic vapors.

Because of the small duct diameter (15 cm) ,
single-

point sampling was used to determine the particulate

loading in the retort off-gases , with the probe tip

placed at the point of average velocity as determined

by a detailed preliminary velocity traverse (EPA

Method 1) . Particulate mass, as specified by EPA

Method 5, is reported as the sum of that collected

on the filter and that rinsed from the probe and

connecting glassware upstream of the filter. In

addition, MRC measured the amount of "back
half"

residue rinsed from the downstream half of the filter

holder and the glassware down to the XAD-2 resin trap.

Particle sizing data were collected using Andersen

Mark III cascade impactors, including a preimpactor

for separation of coarse particles [4] . Glass fiber

collection substrates were used because the oily

nature of the particulate might otherwise have caused

problems of carryover from stage to stage. The iso

kinetic impactor sampling rate with a 3 . 2-mm-diameter

nozzle was approximately 5.7 L/min (0.2 ft3/min) , and

sampling durations were 10 and 20 minutes for the

scrubber inlet and outlet, respectively.

A secondary objective of MRC's field effort in Laramie

was to conduct a comprehensive characterization of

air pollutants in retort off-gases from oil shale

Table 1. Scrubber Operating Conditions

Operation

codea

Scrubbing liquid

Well water

feed rates

Recycle

, L/min

Total

L/G ratio,

L/m3b

Pressure drop,

kPa (in. H20)
c

8A 11 19 30 2.0 8.0 (32)

10A 19 19 38 2.4 9.5 (38)

10B 0 38 38 2.4 9.5 (38)

6A 0 23 23 1..5 6.5 (26)

6A 0 23 23 1.5 6.5 (26)

IOC 19 19 38 2.4 9.5 (38)

8B 15 15 30 2.0 8.0 (32)

Numberals in codes indicate total scrubbing liquid feed rates (in gal/min) .

Calculated using average actual gas flow rate of 15.4 m3/min (545 ft3
min).

'Measured between inlet to venturi throat and outlet from cyclone mist eliminator.
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processing. In addition to particulate loading and

size distribution, scrubber inlet and outlet gases

were sampled to measure concentrations of total hydro

carbons, low-molecular-weight hydrocarbon fractions,

polycyclic organic matter (POM) , carbon monoxide (CO) ,

nitrogen oxides (NOx) , carbonyl sulfide (COS) and

hydrogen sulfide (H2S) , ammonia (NH3) , and hydrogen

cyanide (HCN) . A variety of EPA-approved technniques,

including absorption in reactive solutions and gas

chromatography with flame ionization, flame photo

metric, and thermal conductivity detection, were used

to make the above determinations.

This program also included an assessment of the

particulate control technology's impact on water

quality as part of the EPA-DOE interagency agreement.

Measurements of the scrubber feed and discharge water

composition aid in explanation of the stack sampling

data. Because the primary, objective of the Laramie

test was to control particulate emissions, the water

pollutant analysis matrix focused on solids loadings

and oil and grease. A number of
nitrogen-

and
sulfur-

containing water pollutants were also measured in

order to quantify absorption of gaseous compounds

during scrubbing.

RESULTS AND DISCUSSION

Particle Size Distribution

MRC's measurements of the size distribution of parti

cles emitted by LETC's retort represent the first such

determination for that specific facility and one of

only very few for the oil shale industry in general.

An average distribution based on three measurements

of particle size in the retort off-gases, that is,

the scrubber inlet, is listed in Table 2. More than

half the particulates, by weight, have a diameter

less than four micrometers, with approximately 10 per

cent less than one micrometer in diameter. Also, the

size distribution appears to be bi-modal, with the

fractions larger than 20 micrometers CV35 percent)

and between one and two micrometers (^30 percent)

predominating. It is for this reason that a curved

line as well as two dashed lines, indicating the two

principal size ranges, appear in Figure 3, instead

of the single straight line usually resulting on such

log-probability plots. Visual inspection of the

impactor collection substrates indicated the presence

of both straw-colored oily material and a black,

possibly inorganic dust, perhaps due to attrition of

the shale in the retort.

Table 2. Composite Size Distribution of

Particles in Retort Off-Gases

Size range,

micrometers

Weight percent

Stage

In size

range

Cumulative less

than size range

Preimpactor

+ Stage 0 >19.5 36.8 63.2

1 13.6 - 19.5 0.6 62.6

2 9.1 - 13.6 4.4 58.2

3 6.3 - 9.1 1.3 56.9

4 4.0 - 6.3 7.0 49.9

5 2.0 - 4.0 11.0 38.9

6 1.3 - 2.0 28.4 10.5

7 0.9 - 1.3 5.0 5.5

Backup

filter <0. 9 5.5 0

Averages calculated from results of three

separate samples.

Particulate Emissions and Control

Table 3 presents the results of seven Method 5

measurements of particulate loading in retort
off-

gases and in the venturi scrubber outlet for three

different scrubber operating conditions. These cal

culated values are based only on the mass collected

from the filter and washes of the front-half glass

ware in the sampling train, thus making this data

equivalent to others taken according to EPA Method 5.

By comparison, the mass of condensible organic

"particulate"

matter rinsed from the glassware between

the filter and the resin trap (back half) ranged from

2.7 to 5.5 times the amounts in Table 3 for the scrub

ber inlet and 4.8 to 21 times as much for the scrubber

outlet. Therefore, retort off-gases contained a very

substantial quantity of potential
"particulate"

emis

sions that condense between 120C, the approximate

temperature of the Method 5 filter holder, and about

20C, that of the resin trap. The larger ratios of

back-half to front-half
"particulate"

in the scrubber

outlet merely indicate, as expected, that venturi

scrubbing is less effective for removal of condensi

ble organic compounds than for filterable solids or

aerosols.

Several qualitative conclusions can be derived from

the particulate emissions data in Table 3. The over

all average off-gas concentration of 214 mg/dncm falls

within the rather broad range of 20 to 2,200 estab

lished from available estimates and data MRC gathered

during Phase I of this EPA contract [2] . The scrubber
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Table 3. Control of Particulate Emissions from Oil Shale Retorting

Operation

code*5

Concentrat

Inlet

ion , mg/dncm

Outlet

Mass flow

Inlet

rate , g/hr

Outlet

Percent

control

245 37 128 17 87

6A 275 32 145 14 90

152 32 80 14 82

-Averages- 224 34 118 15 87

SB 144 38 78 20 74

125 46 69 23 67

IOC 173 35 96 18 82

387 24 198 11 94

-Averages- 228 35 121 17 86

Based on masss collected from front-half train wash and filter.

See Table 1 for explanation.

"Milligrams per dry normal cubic meter (20C, 101 kPa) .

100 x (inlet flow rate
-

outlet flow rate)
4-
inlet flow rate.
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inlet particulate concentration was, however, highly

variable, ranging from 125 to 387 mg/dncm, with no

apparent correlation to the progress of the retort

burn. By extrapolating the overall average particu

late emission rate of 113 grams per hour for LETC's

facility, the predicted uncontrolled emissions from

a 7,950-m3(50,000-barrel) -per-day commercial oil

shale plant are approximately 5.2 x
IO6

kilograms per

year, assuming a 90 percent stream factor.

Regarding the efficiency of venturi scrubbing for

control of particulate emissions from oil shale re

torting, the most significant conclusion to be drawn

from Table 3 is the ability to consistently achieve

an average outlet concentration of 35 mg/dncm despite

the three- fold variation of inlet concentrations. An

unexpected result is that increasing the liquid-to-gas

ratio from 1.5 to 2.4 L/m3
did not improve the partic

ulate removal efficiency, as would be predicted by

theory, despite the increased pressure drop. Future

experiments should consider determining the minimum

liquid-to-gas ratio that yields similar particulate

control in order to reduce water consumption. Alter

natively, determination of the extent to which the

liquid-to-gas ratio must be increased beyond 2.4 L/m3

in order to achieve control efficiencies greater than

90 percent would also be of interest.

Hesketh [5] has developed an empirical relationship,

based on data from a variety of venturi scrubbers, to

predict control efficiency for particles less than

five micrometers in diameter. Using this model under

the conditions of the mobile scrubber test, the

liquid-to-gas ratios used
- 1.5, 2.0, and 2.4 L/m3

-

should have given control efficiencies of 93.8, 95.5,

and 96.5 percent, respectively. The corresponding

actual removals achieved were only 87, 74, and 86 per

cent, considerably less than predicted. One possible

explanation for this performance as applied to partic

ulate emissions from oil shale retorting may be the

inability to control the relatively large fraction of

sub-micrometer-
sized particles.

Other Air Pollutants

Additional emissions characterization indicated the

effect that venturi scrubbing had on air pollutants

other than particulate matter. Table 4 presents a

brief summary of these measurements. As appears

typical of this source type, retort off-gas concentra

tions of ammonia, carbon monoxide, hydrocarbons, and

hydrogen sulfide were all substantial, that is,

greater than that for particulate matter. Hydrogen

sulfide data in Table 4 are reported as upper limits

because gas chromatograph response was linearly ex

trapolated into the range of detector saturation. In

future sampling efforts at oil shale facilities, re

gardless of whether H2S is measured by gas chromatog

raphy or a wet chemical technique, the use of a dilu

tion system is recommended to reduce concentrations

to levels below about 500 ppm prior to measurement.

Other than particulate emissions, ammonia was the

only air pollutant consistently controlled by the

mobile venturi scrubber. On a mass flow basis, 50 to

75 percent control of ammonia emissions was achieved.

This was perhaps a surprising result considering no

special measures were intentionally taken to achieve

such performance.

Scrubber Water Characterization

Comparisons of the pollutant loadings in the feed and

discharge water during the Laramie scrubber test are

of interest for several reasons. First, the specific

interrelationships between the plumbing and operations

of EPA's pilot particulate control device and Denver

Research Institute's mobile steam stripping unit make

a list of concentrations in the combined well water/

recycle feed incongruous in and of itself. More

importantly, such comparisons can serve to qualita

tively confirm the results of stack sampling measure

ments of the effect of wet scrubbing on air pollutant

emissions. Furthermore, such information on the up

take of air pollutants into the scrubbing liquid may

prove useful in any attempt to design a logical system

for treatment of the discharge stream.

Table 5 presents the water quality impact of wet

scrubbing as the increase in the total amount of each

pollutant leaving the scrubber in the liquid phase

compared to that entering. This calculation was

performed assuming the inlet and outlet liquid flow

rates were equal, which is indeed the case to within

a very small error. For the most part, the pollutants

present in the largest concentrations in the scrubber

discharge also happen to be those with the largest

mass flow increase, namely alkalinity, carbonate,

chemical oxygen demand (COD) , ammonia and Kjeldahl

nitrogen, and oil and grease. In addition, substan

tial uptake of sulfite (S03=) was noted in all cases,

the amount increasing roughly linearly with liquid

flow rate, indicating solubility-limited absorption

of hydrogen sulfide and/or sulfur dioxide from the

retort off-gases.

327



Table 4. Other Air Pollutants Emitted by the LETC
Retort'

Concentration Mass flow

Inlet

rate , g/hr

Pollutant Units Inlet Outlet Outlet

Total hydrocarbons (as CHi*)
b

ppm 25,000 23,000 6,600 5,400

Carbon monoxide ppm 20,000 21,000 9,100 8,600

Nitrogen oxides (as NO2) mg/dncm 42 40 23 19

Carbonyl sulfide ppm 97 98 94 83

Hydrogen sulfide ppm <85,000 <85,000 <47,000 <43,000

Ammonia mg/dncm 3,000 1 , 000 1,600 600

Hydrogen cyanide mg/dncm 0.5 0.6 0.2 0.3

Average values, representing, in some cases, measurements taken at all three scrubber

operating conditions.

D

ppm = parts per million by volume, dry basis.

'mg/dncm = milligrams per dry normal cubic meter (20C, 101 kPa) .

Table 5. Uptake of Water Pollutants by Scrubbing Liquid

Mass flow increase. g/hr

b
S.O.C.

s.o.cb

S

Pollutants 6A 8B 10c

Water Quality Parameters

Alkalinity (as CaC03) 260 690 2 ,310

Biological oxygen demand 230 <480 560

Carbon - inorganic 30 85 25

-

organic 90 520 570

Chemical oxygen demand 780 1,910 1 ,520

Oil and grease 460 >800 730

PH

c c c

Solids - total 64 74 61
rt

(93)*

(73)d

_e

- total dissolved 44 74

-

volatile dissolved

- total suspended

25
e

49
e

e
-

volatile suspended
-

- total volatile 45 5 210

Chemical Species

Bicarbonate (HC03~)

Carbonate (C03=)

Cyanide (CN~)

Nitrogen -

ammonia (NH3)
- Kjeldahl

-

nitrate (N03~)

Sulfur -

sulfate (S0i=)
-

sulfite (S03=)
- thiocyanate (SCN~)

16 (190) 1,530

240 880 790

e

<1 <1

560 810 690

580 690 770

4 4
(2)<

11 42 60

270 500 830

19 29 41

0.06 x (feed rate, L/min) x (discharge concentration - feed

concentration, mg/L) .

3

S.O.C. = scrubber operating condition; see Table 1 for

explanation.

'Not calculated.

Negative values, i.e., apparent decrease in mass flow rate of

pollutant.

'Indeterminate due to form of concentration data.
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The mass flow increases of total solids in the scrub

bing water reflect control of particulate emissions.

As for the particulate control efficiencies, the

extent of this phenomenon seemed relatively insensi

tive to total liquid flow rate. Oil and grease and

chemical oxygen demand follow similar patterns to that

for total solids, reflecting collection of entrained

oil droplets, obviously organic in nature, from the

retort off-gases. Carbonate uptake implies dissolu

tion of carbon dioxide, a likely possibility. The

consistent uptake of ammonia in the discharge water

confirms that scrubbing did achieve some control of

emissions of that pollutant from the retort off-gases,

even though not originally intended.

4. Operating Manual for Andersen 2000 Inc. Mark II

and Mark III Particle Sizing Stack Samplers,

Revision A. Andersen 2000 Inc., Atlanta, Georgia,

1977. 50 pp.

5. Hesketh, H. E. Fine Particle Collection Effici

ency Related to Pressure Drop, Scrubbant and

Particle Properties, and Contact Mechanism.

Journal of the Air Pollution Control Association,

24:939-942, October 1974.

ACKNOWLEDGMENTS

This research was funded by the U.S. Environmental

Protection Agency under Contract 68-03-2784, "Air

Pollution Investigations of Oil Shale
Retorting."

The authors would particularly like to thank Chuck

Duncan of MRC and Andy Long of LETC for their assist

ance during preparation for and implementation of this

field testing program. Our appreciation is extended

to Bill Lipscomb and Randy Page of Acurex Corporation

for consultation prior to and during the work in

Laramie. The involvement and cooperation of Chuck

Habenicht and others from Denver Research Institute

is also gratefully acknowledged.

REFERENCES

1. Harak, A. E., L. Docktor, A. Long, and H. W.

Johns. Oil Shale Retoring in a 150-Ton Batch-

Type Pilot Plant. U.S. Bureau of Mines, Laramie,

Wyoming, 1974. 35 pp.

2. Rinaldi, G. M. , D. L. Zanders, and G. D. Rawlings.

Air Pollution Investigations of Oil Shale Retort

ing: In-situ and Surface; Phase I: Review of

Retorting Processes and Selection of Technology

for Control of Particulate Emissions. Contract

68-03-2784, U.S. Environmental Protection Agency,

Cincinnati, Ohio, February 1980. 63 pp.

3. Determination of Particulate Emissions from

Stationary Sources. Federal Register,

42:41776-41782, August. -1977.

329



A TRANSPORTABLE STEAM STRIPPER FOR THE

PILOT SCALE TREATMENT OF OIL SHALE

WASTEWATERS: DESIGN, FIELD TESTING,

AND CHEMICAL ANALYSIS

John R. Wallace

William J. Culbertson

Charles H. Habenicht

Michael Shaffron

Charles H. Prien Center for Synthetic Fuel Studies

Denver Research Institute

University of Denver

Denver, Colorado

ABSTRACT

In September, 1980, a pilot-scale steam stripper

was field tested in conjunction with the operation

of the 150 ton Simulated In Situ Retort located at

the Laramie Energy Technology Center. During oper

ation of the retort, the steam stripper was integrated

with the remaining pollution control equipment, in

eluding a venturi scrubber and thermal oxidizer, and

significant interactions were observed. This test,

the first field operation of the DRI transportable

steam stripper, also provided useful information on

system mechanical and operational stability. This

information is now being incorporated into a redesigned

system which will include more reliable measurement

equipment and automatic controls.

The methods of chemical analysis required for

the operation of the steam stripper are also dis

cussed including, in particular, methods for deter

mination of sulfide and total dissolved solutes.

It is important to note that levels of sulfide up to

450 mg/l were observed in the wastewater from the

venturi scrubber, although these concentrations

rapidly decayed even in filtered and refrigerated

samples. The latter result may explain why sulfide

has not usually been found in wastewater from direct

mode retorts and cautions against the determination

of sulfur species on stored samples.

INTRODUCTION

Steam stripping has been proposed by several

groups as part of an integrated water treatment

system for oil shale wastewaters. In such integrated

plans the stream stripper would remove the volatile

gases such as ammonia, hydrogen sulfide, and light

organic compounds, thereby rendering the waters

more amenable to reverse osmosis, biological de

gradation, or disposal on the spent oil shale

pile.

Essentially, steam stripping is a partial

distillation which is accomplished on an indus

trial scale by passing water counter-current

to steam in a packed column. The objective is

to remove the maximum amount of undesirable dis

solved gases with a minimum amount of water.

In laboratory tests this procedure has worked

well. For example Hicks (1980) was able to

remove 90% of the organic material and essentially

100% of the ammmonia from an Oxy condensate

water using this procedure. Murphy (1979) used

hot air stripping on a variety of retort waters

and reported essentially 100% removal of carbon

dioxide and ammonia.

However, to the best of my knowledge, steam

stripping has not been tested on a pilot scale

using fresh retort water simultaneously with the

retorting process. This factor is particularly

important because of the known instability of

retort waters. Of course, pilot scale tests

also must be made in order to scale the process

to a commercial size, a requirement for its real

istic economic analysis.

For these reasons the Denver Research

Institute has constructed and field tested

a transportable steam stripper designed to

treat approximately ten gallons per minute.

Although the overall objective of this test is

to understand under what conditions the volatile

gases can be successfully stripped from retort

water, several lesser objectives also were im

portant. The first consideration was the me

chanical and pneumatic stability of the stripper

system and attached controls, including factors

such as the reliability of the pumps, the

achievement of steady flows at the desired tem

peratures and pressures, and the general rugged-

ness of the plumbing system. The second objec

tive was to evaluate the reliability of the

pressure, temperature, and flow rate meters as

well as the data logging system. Third, we

wished to obtain scale up information to assist

in the design of a commercial scale stripper.

A fourth objective was to determine the inter-
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action of the steam stripper with the other pollution

control systems and with the oil shale retort. A

final objective was to determine which methods of

sampling and chemical analysis were most appropriate

and reliable under field conditions.

The field test discussed in this paper was

completed during September 8-18, 1980 in conjunction

with the operation of the 150 ton Simulated In Situ

Retort located at the Laramie Energy Technology

Center. The pilot scale steam stripper treated and

returned wastewater produced by a venturi scrubber

which was being tested as a means of controlling

particulate matter in retort gas. The overhead

vapors from the steam stripper were sent to a thermal

oxidizer where they were combusted along with the

retort gas from the 150 ton retort. The analytical

methods tested during this run included conductivity,

pH, ammonia, total dissolved solids, total inorganic

carbon, and total organic carbon in wastewater. In

addition, a prototype system for measuring total

sulfur in retort gas was field tested.

This paper first describes the steam stripper

and the results obtained during the September field

test. These results largely relate to the mechanical

and monitoring aspects of the steam stripper, although

the efficiency of stripping will also be described.

Based on results of the field test the stripper is

being redesigned significantly and these modifi

cations will be described. Finally, I will discuss

briefly our development and field testing of analyti

cal methods for the gases and waters involved.

PHYSICAL DESCRIPTION AND FIELD OPERATION

The steam stripping system used during the

original field tests is shown in somewhat simplified

form in Figure 1. As can be seen, the system con

sists of heat exchangers to warm the intake water to

a temperature at or near its boiling point followed

by a packed column. In the column, which is approxi

mately 1 ft. in diameter by 8 ft. long and packed

with berl saddles, water flows downward counter-

current to the upward flow of steam. This high tem

perature, countercurrent system was designed to re

move dissolved gasesNH~, H^S, CO^, and light or

ganic compoundsfrom the water within the packed

column zone. These compounds exit the column with

the steam through a vent at the top of the column.

A portion of the overhead steam is then condensed

and the remaining overhead vapors are sent to the

thermal oxidizer for incineration. Stripped

water was pumped to storage and periodically

recycled to feed the venturi scrubber.

During operation temperatures were meas

ured using thermocouples at six locations

throughout the system. Pressures were monitored

using piezoelectric sensors at five locations

throughout the system, and flow rates were meas

ured using rotameters for liquid flows and an

elbow tap for the inlet steam rate.

The first part of the field operation test

ed the thermal and mechanical integrity of the

steam stripper including the ability to measure

and balance flow rates and to achieve temperatures

in the required range. Perhaps more important

ly this stage also revealed interactions be

tween the various systemsretort, scrubber,

stripper, and thermal oxidizerwhich were not

apparent until all systems were operating

simultaneously. Such interactions thus suggest

in microcosm the interactions which would be

expected during full scale retorting.

During integrated operation of the retort,

thermal oxidizer, scrubber, and stripper several

problems as well as their solutions became

apparent. These will be discussed by considering

first the interactions between the various

systems, and then the mechanical performance of

the isolated stripper.

One of the problems first apparent was the

difficulty of balancing the flow rates of the

scrubber and stripper. When the scrubber was

operated at the lower flow rates, the stripper

could operate only by recirculating part of the

stripped water, a wasteful procedure. In

practice this problem could be solved by proper

scaling of the stripper and scrubber. Addition

al water storage could also permit either the

stripper or scrubber to operate independently

so that an outage of one system would not ne

cessarily stop the other.

Another important consideration was inter

action between the thermal oxidizer and over

head vapors. Pressure at the thermal oxidizer

often prevented or made difficult the exhaust

of overhead vapors. Also, surges of steam or

condensate in the overhead vapor line occasion

ally extinguished the thermal oxidizer. For
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the flow diagram shown in Figure 1 this problem could

be relieved by pumping the overhead vapors under

sufficient pressure to assure a constant flow rate,

or at least by operating the stripper at a pressure

significantly higher than the thermal oxidizer.

Of course, in actual practice the exhaust from a

steam stripper would not go to a thermal oxidizer,

but more likely would go to a sulfur recovery

system such as a Stretford unit. Nevertheless,

the pressure created by whatever device is placed

downstream from a steam stripper in a commercial

retort will present a finite back pressure which

in turn could affect the operation of the stripper.

During extended operation of both the scrubber

and the stripper the water became hotter than

desirable for ideal scrubbing performance. This

can be remedied by the addition of a water cooling

system, a solution which in fact was partially

achieved in the field with an air cooled radiator.

With the steam stripper, the major problem

was achieving sufficiently high temperatures in

the column. The first limitation was that certain

PVC components of the plumbing system, which

appeared adequate on the drawing board, were

inadequate in practice. This limitation was

overcome in the field by replacing such parts with

steel components. In future work, better tem

perature control can be achieved by adding heat

exchanger capacity, by providing for additional

steam injection, and by pressurizing the column.

Although flows were balanced throughout the

system, flow monitors were less than ideal because

of plugging and leaking problems. The piezo

electric pressures sensors, although attractive on

paper, required excessive maintenance.

Manual data logging was also a time-consuming

chore and of questionable value when operating

parameters were changing rapidly and the plant

required full time operator attention. These

problems can be solved through the use of different

monitors as well as automatic data logging.

In perspective it is important to note that

the mechanical, pneumatic and monitoring aspects

of the trailer operated successfully both as

isolated systems and in conjunction with the

scrubber and thermal oxidizer. As is expected

with any system there were minor problems during

the start of operation as discussed in the previous

paragraphs. Modifications in design and

construction of the steam stripper are now

underway and will be discussed later in this

report.

Another important result of the field

test is the experience gained in integration

of multiple oollution control systems. This

experience can be summarized by saying that

better buffering is required between the

various systems so that a failure in one does

not disrupt the others. That is, a failure

of the stripper should not disrupt the

scrubber operation. This principle will

apply to a greater degree as the oil shale

retorting plants become more complex, and is

equally important regardless of the type of

control equipment eventually selected.

RESULTS

During operation of the stripper, water

samples were collected periodically in order

to determine the efficiency of removal of the

various gases. The inlet sample was collected

immediately after the inlet surge tank shown

in Figure 1 and the outlet sample was collected

immediately before the outlet surge tank also

shown in Figure 1. The removal efficiency

was then calculated by comparing the inlet

and outlet concentrations and assuming that

the influent and effluent flow rates were

equal .

Once the mechanical and pneumatic problems

were solved, the stripper column was operated

in the temperature range of 210 to 216 F.

During this time the stripper clearly removed

significant amounts of dissolved gases as is

shown in Table 1. This table is based on the

average results for 11 pairs of samples.

Although not included in this table, pH was

also measured and increased an average 0.4 pH

units during passage through the column,

indicating that the acid gases were removed

slightly more effectively than ammonia. It

is encouraging also that the decrease in

electrical conductivity, which is a crude

measure of total dissolved material, is on

the same order as the other components.

In conclusion, the steam stripper, as

operated in this test, can effectively remove
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(or at least decompose) H~S and to a lesser degree

NH-, CO2, and some organic components. The removal

of the latter components is significantly less

than has been achieved in the laboratory where

removal efficiencies close to 100% have been

observed. This disappointing removal efficiency

may be due to several possibilities including the

presence of other ions which would
"fix"

the

ammonia or CO2, or the occurrence of channeling or

foaming in the column. At this time the diagnostic

tools are not available for distinguishing among

these various explanations although such measurements

are being included in future tests.

Table 1

REMOVAL OF VOLATILE GASES BY STEAM STRIPPING

Influent ^era^
Concentration

^oval

Efficiency
Species Range

%

Electrical conductivity 2.7-4.8 68

(m mhos cm-l)

NH3
+

NH4 (mg/l as N) 320-1600 54

Sulfide (mg/l) 200-450

Total Inorganic Carbon 240-470

(mg/l as C)

Total Organic Carbon

(mg/l as C)

260-410

>95

57

63

MODIFICATIONS

At the present time the DRI steam stripper is

being significantly modified to incorporate our

findings during the first field test. One of the

major goals is to incorporate automatic fluid

controls and data logging so as to relieve the

operator of these chores. At the present time

automatic temperature and pressure transducers are

being installed to permit almost continuous

monitoring of these parameters.

The pneumatic system, shown in Figure 2, is

also being changed significantly. Most noticeable

is the reflux condensor added to the overhead

vapors in order to more efficiently separate the

volatile gases from the water. As shown in the

diagram a pressure regulated valve is added to the

overhead gases in order to make the pressure in

the stripper column more independent of the down

stream pressures. The influent and effluent water

streams will be set by a continuously modulated

level sensor in control of a triplex piston

pump. In addition, heat exchangers are being

upgraded so as to more efficiently heat the

influent water stream.

ANALYTICAL METHODS

During the field test analyses were

completed in a mobile laboratory located at

the test site in order to provide rapid

feedback to the operators. This arrangement

also allowed us to observe fresh samples,

which is an important consideration for some

of the labile species found in retort waters.

A more detailed description of the

analytical methods is found in the references

by Habenicht et al. (1980) and Wallace (1980).

Described here are only features of most

interest to a general oil shale community

audience.

In order to minimize degradation, samples

were cooled immediately after collection and

filtered through a 0.45 micrometer membrane

filter under pressure. Although this is the

recommended method for preserving retort

waters, it was not adequate for these samples.

In addition, this procedure was cumbersome

and time-consuming, especially when the

filters became plugged (as they often did),

and is not well suited for field operation.

Therefore, in future field operations this

step should be avoided whenever possible.

Electrical conductivity and pH were

determined by the standard electrode and

conductivity cell. It is important to realize

that the pH and electrical conductivity of

the samples in this study varied in a manner

more complex than normally observed in strong

electrolytes. For this reason samples had to

be equilibrated to 18 to 25C before measuring

these parameters, and this requirement likely

applies to other retort wastewaters as well.

It is important to note that for retort

waters the temperature adjustments included

in many pH and conductivity meters are not

adequate for correcting these measurements to

room temperature.

Ammonia was measured using the ammonia

ion selective electrode. Although acceptable

reproducibility and recovery was obtained
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using this technique, drifting response was never

theless a problem. For this reason, the operator

had to spend an unreasonable amount of time recali

brating the electrode and changing the electrode

membrane, making this method more time-consuming

than desirable for a field worthy procedure.

Total organic carbon (TOC) and total inorganic

carbon (TIC) were measured on a Beckman model 915A

total Organic Carbon Analyzer, which is based on

the infrared detection of evolved C02. It is

important to realize that the more commonly employed

titrimetric method for COp is inappropriate for

retort wastewaters containing high levels of

ammonia and organic acids.

Sulfide was measured by titration with lead

nitrate using a silver sulfide electrode as an end

point indicator. A more thorough discussion of

this technique, including sampling interferences,

range of applicability, precision, and accuracy

is found in a separate report, "The Analysis of

Oil Shale Waste Waters for
Sulfide,"

being prepared

under EPA contract 68-03-2791, or in monthly

progress reports for the same contract. In

summary this procedure is applicable to retort

wastewaters containing more than one mg/l of

sulfide. It is free from interference due to

chloride, thiocyanate, sulfate, thiosulfate,

carbonate, ammonia and turbidity. Analyses, as

performed under field conditions, are reproducible

to plus or minus 3%.

The most important finding with regard to

sulfide is its rapid disappearance. Even when

samples are filtered and stored at 4C, sulfide

essentially disappears within two weeks and initially

disappeared at a rate of approximately 20% per

day. Thus if analysis had been performed after a

shipment to a permanent laboratory, erroneous

results would have been obtained. The presence of

a field laboratory in this study was essential to

obtaining meaningful analyses.

To the author's knowledge this study is the

first to report major amounts of sulfide in waste

water from a direct mode retort. Quite possibly

previous studies have missed sulfide because of

its rapid disappearance during storage. It is

noteworthy that previous studies have reported

thiosulfate, sulfate, and thiocyanate as the major

forms of sulfur in such retort waters. However,

based on our studies such species may arise

due to the oxidation of sulfide and may not

represent the original forms of sulfur.

The presence of sulfide in retort waters

may be important in the design of water

treatment systems because sulfide, unlike

most higher oxidation states of sulfur, can

be removed by steam stripping while sulfur in

other forms cannot.

Subsequent to the field test in September

we have developed additional techniques for

analyzing oil shale wastes. One of these

tests, which measures the total solute content

of wastewater, can be considered as a replacement

for the total dissolved solids (TDS) test

which is widely used by wastewater engineers.

As is well known, the standard TDS test,

which is actually the residue left when a

water sample is evaporated to dryness, is not

applicable to oil shale wastewater due to the

evaporation of major quantities of NH-, C02,

and other volatile components. In addition,

the TDS measurement is too slow to use under

normal field conditions. A test which did

not require drying of the sample would clearly

be preferable. Total solute content is also

measured by several colligative properties

such as boiling point elevation and osmotic

pressure.

After considering several colligative

properties of water, we have selected the

freezing point depression as the colligative

property most indicative of total solute

content for oil shale wastewaters. Table 2

illustrates the application of this technique

to simulated and actual retort waters. The

ideal osmolality would be the total molar

strength for all the ions and neutral molecules

in solution if the freezing point depression

were exactly linear with molality. The

measured osmolality is the freezing point

depression in C divided by 1.86 C, the

freezing point depression per mole at infinite

dilution. As can be seen, the measured

osmolality is sufficiently close to the

actual molal strength for most field applications.

The final column in Table 2 shows the concen

tration of NaCl giving the same freezing
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point depression as the actual solution. Comparing

the second and fourth columns in this table shows

that the freezing point depression gives an indication

of total solute content, including ions, neutral

inorganic species, and organic species, up to a 3

molal concentration within an accuracy of 7%.

This procedure can also be performed automatically

using devices available from most supply houses,

making it an ideal tool for the plant operator who

needs a rapid and convenient indicator of gross

changes within his process.

Wastes: A Review. Denver Research Institute,

EPA Contract #68-03-2791.

Table 2

TOTAL SOLUTE BY FREEZING POINT DEPRESSION

Sample

1.0 M NH4HC03
+

0.1 M NH40H

Ideal Measured NaCl

Osmolality Osmolality Equivalent

2.1 1.81 2.0

0.1 M NH4HC03
+

0.01 M NH40H

0.21 0.216 0.21

0.01 M NH4HC03
+

0.001 M NH40H

0.021 0.021 0.021

1.0 M NH4HC03
+

0.1 M NH40H +

0.921 M. Acetone

3.02 2.64 2.8

W-9 Retort Water 0.58
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ABSTRACT

An Oil Shale Pollution Control Guidance Docu

ment is being prepared by the EPA Oil Shale Work

Group under direction provided by the Alternate

Fuels Group and the Industrial Environmental

Research Laboratory, Cincinnati. This document

employs a unique multimedia approach to present

extensive information on the design, performance

and cost of environmental control technology options

applicable to a commercial oil shale industry.

Major portions of the document have been drafted

and are undergoing internal review and revision

within EPA. Following internal review and revision,

the document will be made available for public

review and submission of written comments. A

public forum will also be scheduled during the

public review period.

INTRODUCTION

The production of liquid fuel from shale to

displace fuels from imported petroleum is an impor

tant component in the overall U.S. energy policy.

It is anticipated that development of synthetic

fuels will accelerate rapidly during the next few

years. The Environmental Protection Agency (EPA)

is responsible for ensuring that the designs of

first generation synthetic fuel plants provide for

adequate protection of the environment. At pres

ent, however, the EPA has not completed the re

search necessary to support promulgation of new

regulations applicable to this industry under the

air, water, solid waste, and toxic substances

programs of the Agency. To serve the need for

protection of the environment during the period

preceding such promulgation and to help avoid

costly delays in the commercialization of a

synfuel process due to uncertainties concerning

environmental technologies, the EPA is developing

a set of Pollution Control Guidance Documents

(PCGD's).

This paper discusses the following subjects

relevant to the Oil Shale Pollution Control Guidance

Document: authority, purpose, preparation, pro

cesses covered, format and content, schedule, and

public participation. It must be emphasized that

development of EPA's PCGD for oil shale is a very

dynamic process and some changes in format, content

and schedule are to be expected as the effort

progresses .

Authority

EPA's authority to issue PCGD's is based on

the Agency's broad authority, under many of the

statutes that it is charged with administering, to

publish information and recommendations regarding

pollution control. Examples of enabling legislation

include Section 103 of the Clean Air Act, 42 U.S.C.

7403 (Supp. 1977), "establish a national research

and development program for the prevention of air

pollution"

and

"collect and make available, through pub

lications and other means, the results of

and other information, including appro

priate recommendations in connection there

with, pertaining to such research and other

activities. . .

Section 104 of the Act, 42 U.S.C. 7404, "give

special emphasis to research and development into
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new and improved methods . . . for the prevention

and control of air pollution resulting from the

combustion of
fuels."

Section 104 of the Federal

Water Pollution Control Act, 33 U.S.C. 1254,

"collect and make available, through publication and

other appropriate means, the results of (its research)

and other information (relating to the prevention,

reduction, and elimination of pollution), including

appropriate recommendations . .
.");

Sections 8001

(a) and 8003 of the Resource Conservation and Recov

ery Act (RCRA), 42 U.S.C. 6981(a) and 6983

(directing the Administrator to conduct research and

coordinate and disseminate information on solid and

hazardous waste management); Section 1442 of Title

XIV of the Public Health Service Act (the Safe

Drinking Water Act), 42 U.S.C. 300j-l(b)(l)

("collect and make available information pertaining

to research . . . with respect to providing a depend

ably safe supply of drinking water together with

appropriate recommendations . .
.");

and Section 10

of the Toxic Substances Control Act, 15 U.S.C. 2609

(directing the Administrator to conduct research

necessary to carry out the Act's purposes). More

specifically related to the environmental problems

of fuel production, Section 111 of the Non-Nuclear

Energy Research and Development Act, 42 U.S.C.

5910, in combination with Executive Order No. 12040,

directs EPA to evaluate the "adequacy of attention

to environmental protection and the environmental

consequences of the application of energy

technologies.
"

Purpose

The primary purpose of the PCGD is to provide

guidance to both system developers and permitting

authorities on control approaches which are avail

able at a reasonable cost for the technologies

under consideration. The PCGD is an informational

document only. It provides the public with the

EPA's best current assessment of the environmental

problems posed by the different oil shale technol

ogies and the effectiveness and cost of available

control technologies. This information should (a)

assist system developers in their efforts to design

their facilities to incorporate the best available

control technology at the outset; (b) aid permit

reviewers in their decision-making by delineating

both the likely pollutants and their concentrations

as well as the available control options; and

(c) provide the public with the Agency's best

current assessment of the environmental problems

associated with the commercial production of oil

shale-derived synthetic fuels.

The Agency intends this PCGD to provide guid

ance only. To this end, both the guidance and the

associated costs of environmental control are

presented in terms of the media to which wastes are

discharged, rather than in terms of regulatory

requirements which in several instances have multi

media applications. This document has no legal

effect and includes nothing that is mandatory in

nature except when addressing existing regulations.

In publishing this document, the Agency is in no

way establishing a binding norm for permit officials

to follow and does not intend that it be used in

lieu of site-specific analyses. This PCGD leaves

permitting authorities free to exercise their

informed discretion, within the confines ot appli

cable law, in choosing control strategies to be

implemented at each oil shale facility. Permitting

officials should use this document merely as an aid

in evaluating the environmental problems associated

with each particular facility and the adequacy of

proposed environmental control system designs. The

EPA does not intend the recommendations contained

in this PCGD to be applied in a mechanical

automatic manner, nor does the Agency intend the

conclusions reached herein to be viewed as finally

determinative of the issues to which this document

is addressed, or to be adopted as regulations or

law. Rather, it is the intent of the guidance

documents to promote good taith efforts in the

design, operation, and maintenance ot environmental

controls capable of meeting the recommended targets

specified therein. If, for specific streams or

constituents, a developer feels that these targets

cannot or should not be met, that developer should

provide data supporting his case. Since all

possible options tor achieving the specified

targets have not necessarily been examined in the

PCGD, and since innovation in pollution control is

to be encouraged, permit reviewers should be aware

that control schemes other than those covered are

available. The major purposes of the oil shale

PCGD are illustrated in Figure 1.
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Approach

Responsibility for preparing the PCGD for oil

shale rests with the EPA Oil Shale Work Group

which is a subgroup of the Agency-wide Alternate

Fuels Group. (A discussion of the formation and

role of the Alternate Fuels Group was included in

a paper presented at the 13th Oil Shale Symposium

and is not repeated here.) Support to the Agency

in preparing the Oil Shale PCGD is being provided

by Denver Research Institute and its subcontractors,

Water Purification Associates and Stone and Webster

Engineering Corporation, under the direct super

vision of EPA's Energy Pollution Control Division,

Industrial Environmental Research Laboratory,

Cincinnati, Ohio. A diagram showing the relation

of these organizations is presented in Figure 2.

Because no commercial oil shale facilities

exist in the U.S., the analyses of pollution control

alternatives undertaken during development of the

Oil Shale Pollution Control Guidance Documents are

based on engineering analyses of hypothetical

model plants. Until actual commercial facilities

are in operation and source testing data is gener

ated, pollution control guidance is based on the

best data available from recent pilot plant opera

tions, supplemented with calculated compositions

of waste streams associated with the model plants.

Although there are obvious uncertainties associated

with using a model plant approach, it is felt that

the model plants do accurately reflect the major

technical features which will be encountered in a

commercial oil shale industry.

The model plants discussed in the oil shale

PCGD are listed in Figure 3. Although many oil

shale processes or facilities have been proposed

in addition to the six listed in Figure 3, it is

believed that detailed study of these six will

allow discussion of most major environmental con

cerns and pollution control alternatives. All six

retorting processes are either being or have

seriously been considered for construction. Pollu

tion control alternatives for each process/develop

ment are approached in a detailed site-specific

manner leading to preparation of six case studies

which collectively constitute the Oil Shale PCGD.

By using various data sources, material and

energy balances for several plant configurations

are developed for each case study (model plant) to

The oil shale PCGD is intended to:

provide guidance on reasonable control

technologies

assist developers and permitting authorities

provide current assessment of environmental

problems

delineate likely pollutants and concentrations

promote good faith efforts to develop BACT

The oil shale PCGD is not intended to:

be regarded or adopted as regulation

have any legal effect

establish a binding norm or discourage

innovation

be used in lieu of site specific analyses

be finally determinative of issues addressed

Figure 1. Purpose of the Oil Shale PCGD

EPA

AFG

OSWG

STATES DOE DOI

OEET

IERL CINCINNATI

ENERGY POLLUTION

CONTROL DIVISION

WPA DRI S & W

INDUSTRY

ORGANIZATION STRUCTURE FOR

PREPARING THE OIL SHALE PCGD

Figure 2, Organizational Structure for Preparing
the Oil Shale PCGD
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SIX OIL SHALE CASE STUDIES

PROCESS LOCATION

PARAHO DIRECT TRACTS Ua, Ub

MODE

TOSCO II

OCCIDENTAL

RIO BLANCO

UNION B

SUPERIOR

PARACHUTE

CREEK

(COLONY)

TRACT C-b

TRACT C-a

PARACHUTE

CREEK

(LONG RIDGE)

PROCESS TYPE

ABOVEGROUND

ABOVEGROUND

MODIFIED IN SITU

AND LURGI

ABOVEGROUND

OPEN PIT AND

LURGI ABOVEGROUND

ABOVEGROUND

BLM PROPOSED ABOVEGROUND

LAND OIL AND

EXCHANGE MULTIMINERAL

RECOVERY

Figure 3. Case Studies (Model Plants; in the Oil Shale PCGD

allow estimation of total stream and constituent

flow rates in an integrated facility. These flow

rates are then used in estimating the size, perform

ance and cost of pollution controls. Control

process options are examined on a stream-by-stream

basis and
"secondary"

wastes streams resulting

from pollution control activities are also defined.

Controls for these streams are evaluated as well.

For each stream, all known technology alternatives

are given at least preliminary consideration, and

the most promising approaches are analyzed in

depth. In general, at least two approaches to

control are fully analyzed for major plant streams.

The Oil Shale PCGD is based on six case studies

which provide a broad spectrum of retorting and

pollution control technologies. A tremendous

effort has been placed on obtaining the best data

base possible on the retorting technologies from

the developers who will be using these technologies.

Principal sources of data include the process and

facility developers themselves, assessments by EPA

and others on operation of pilot plants, the Federal

Prototype Oil Shale Leasing Program administered

by the Area Oil Shale Supervisor's Office, Department

of Interior and the U.S. Department of Energy,

particularly the Laramie Energy Technology Center.

Contents of the Oil Shale PCGD

EPA has decided on a three volume format tor

the Oil Shale PCGD. Since six case studies are

planned, a three volume format leads to a total ot

eighteen volumes in the Oil Shale PCGD effort.

These plans are tentative and some consolidation

may be possible. For example, it is planned to

investigate the possibility of employing a generic

approach for combining the six Volume I documents.

Figure 4 indicates the component volumes that are

planned to eventually constitute the Oil Shale

PCGD.

Generally, Volume I will provide the major

elements of guidance including projected discharge

limits which are telt to be achievable with avail

able control technologies. For major streams

(defined by potential environmental impact and

estimated control cost), an Agency preference may

be provided, but is not meant to preclude alter

native approaches. In addition, Volume I will

summarize the existing regulations applicable to

oil shale facilities; provide a summary of the

plant complex including an inventory of streams and

control technologies; discuss the most viable

alternatives tor control of emission, effluents,

and wastes; and provide a summary of pollution
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WHITE RIVER/PARAHO |
COLONY/TOSCO |

RIO BLANCO

CATHEDRAL

BLUFFS

VOLUME I

4. CATHEDRAL

BLUFFS

VOLUME II

CATHEDRAL

BLUFFS

VOLUME III

POLLUTION

CONTROL

GUIDANCE

DOCUMENT

OIL SHALE

COMPONENT PARTS OF THE OIL SHALE PCGD

Figure 4. The Component Parts Making up the Oil Shale PCGD

control costs. Table 1 presents a tentative list of

subjects to be included in a Volume I document.

Figure 5 illustrates a possible approach for pre

senting environmental control guidance for primary

streams. Figure 6 presents one approach for pre

senting environmental control guidance for streams

of lesser importance. In general, Volume I will

contain the important elements of Agency guidance on

pollution control alternatives, but will not contain

the detailed discussions and evaluations found in

Volume II.

Volume II will contain a detailed discussion

of the site-specific case study and will essentially

serve as the major data base for the effort. Includ

ed will be a discussion of several possible plant

configurations based upon alternative approaches to

control major discharge streams, detailed process

flow diagrams and flow rates, detailed inventory

and composition of emissions, effluents and wastes,

detailed discussion of pollution control alternatives

and equipment; and a discussion of pollution control

SUMMARY OF S02 CONTROL GUIDANCE

FOR COMBUSTION OF PLANT FUELS

Guidance Type Option I Option II

Achievable Numerical Limits XXppmv in flue gas

from gas combustion

XKg SO 2 /barrel of

product oil for gas

fuels

XKg SO2/106Btu

fuel in Lurgi lift

pipe

Technology Basis

Total Cost

Regulatory Basis

5 removal efficiencies

H2S - to Xppm

COS - X% removal

CS2- X% removal

RSH - X% removal

XKg S02 /barrel

oil for gas fuels

XKg SO2/106Btu

fuel in Lurgi lift

pipe

Boiler flue gas Boiler flue gas-

limestone scrubbing Stretford process

or equivalent gas treating

Lurgi shale burner Lurgi shale burner

Lurgi design Lurgi design

Fixed capital

XX million

Annualized
X%*

Fixed capital

XX million

Annualized
X%*

Best Available Control Technology

'Expressed as a percentage of the sale price ($32) of oil product.

Figure 5. One Approach Being Considered for Presentation of

Control Guidance for Primary Streams
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Table 1

TENTATIVE LIST OF SUBJECTS TO BE

INCLUDED IN A VOLUME I CASE STUDY DOCUMENT

1.0 INTRODUCTION

PURPOSE OF DOCUMENT

DESCRIPTION OF THE APPROACH

A REVIEW OF THE DATA SOURCES ....

2.0 ENVIRONMENTAL CONTROL GUIDANCE FOR

PRIMARY STREAMS

INTRODUCTION

DISCUSSION OF PRIMARY CONTROL AREAS .

3.0 EXISTING REGULATIONS APPLICABLE TO OIL

SHALE FACILITIES

AIR POLLUTION REGULATIONS

WATER POLLUTION REGULATIONS

REGULATIONS AFFECTING THE DISPOSAL

OF SOLID WASTES, SLUDGES, AND BRINES.

REQUIREMENTS FOR TOXIC SUBSTANCES

CONTROL

4.0 DESCRIPTION OF THE OIL SHALE PLANT

COMPLEX

OVERVIEW OF THE COMPLETE PLANT

COMPLEX

DISCUSSION OF UNIT PROCESS OPERATIONS

INVENTORY OF CONTROL ALTERNATIVES . .

5.0 ENVIRONMENTAL CONTROL GUIDANCE

ATMOSPHERIC EMISSIONS, WASTEWATER

MANAGEMENT AND SOLID WASTE MANAGEMENT

REQUIREMENTS UNDER THE TOXIC

SUBSTANCES CONTROL ACT

6.0 ANALYSIS OF CONTROL COSTS

INTRODUCTION

COSTS FOR THE BASE CASE

SENSITIVITY ANALYSIS

7.0 REFERENCES

costs. Table 2 presents a tentative list of subjects

to be included in a Volume II document.

Inherent in EPA's approach to evaluation of

pollution control alternatives for oil shale, is the

realization that one cannot treat streams as isolated

subjects, but rather one must consider multi-media

tradeoffs and be aware that selection of a

particular control approach for one stream may also

impact the composition and control alternatives for

other streams in the plant. Therefore, several

different possible plant configurations are evaluated

in each case study. The three configurations being

considered in the Cathedral Bluffs Case Study are

indicated in Table 3. Although space does not

Table 2

TENTATIVE LIST OF SUBJECTS TO BE

INCLUDED IN A VOLUME II CASE STUDY DOCUMENT

1.0 INTRODUCTION

PURPOSE

APPROACH

DATA SOURCES

STATE OF TECHNOLOGY DEVELOPMENT . . .

MAJOR ASSUMPTIONS

UNIQUE FEATURES OF CASE STUDY ....

2.0 SUMMARY OF CASE STUDY FEATURES

PROCESS OVERVIEW

OVERALL DIMENSIONS

CONTROL FIGURATIONS

3.0 PROCESS FLOW DIAGRAMS AND FLOW RATES . . .

INTRODUCTION

STRUCTURE OF DIAGRAMS

DIAGRAMS OF FLOWS AND RATES

4.0 INVENTORY AND COMPOSITION OF EMISSIONS,

EFFLUENTS, AND WASTES

INVENTORY OF STREAMS

DETAILED COMPOSITION OF STREAMS . . .

5.0 POLLUTION CONTROL ALTERNATIVES/EQUIPMENT .

CONTROL BY POLLUTANT

CONTROL BY STREAM

6.0 POLLUTION CONTROL COSTS

EQUITY FINANCING

UTILITY FINANCING

permit a discussion in this paper, the Volume II

documents will contain detailed flow diagrams,

stream compositions and flow rates before and after

treatment, and information on equipment sizes and

costs. The major factors and key assumptions con

sidered in cost evaluation are listed in Table 4.

Volume III is intended as an appendix volume

containing additional and backup information explain

ing how data and conclusions in Volumes I and II

were derived. Exact content of Volume III will

depend upon the final content of Volume II for each

case study.

Schedule and Opportunity for Public Participation

At the present time, three Volume II documents

and one Volume I document have been prepared and

are undergoing internal review and revision within

the Agency. The remaining documents are in various

stages of initial preparation. Since the developers

of the six processes described in the PCGD along

with the Department of Energy and the Department of
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Table 4

MAJOR FACTORS AND KEY ASSUMPTIONS FOR

DETERMINATION OF POLLUTION CONTROL COSTS

Major Factors

Investment and Start Up Profiles

Contingency Allowance on Capital

Extra Start Up Costs

Severance Tax and Royalties

Federal and State Income Tax (Including
Investment Credit, Depletion Allowance

and Appropriate Depreciation)

Working Capital

Overhead Type Charges

Key Assumptions

Constant Dollars (Mid 1980)

12% DCF ROR (All Equity)

20% Investment Tax Credit

90% Capacity Utilization

Site-Specific Evaluations

Raw Capital Cost Factors

Major Equipment (Vendor Quotes)

Excavation and Foundations

Support Steel

Duct Pipe Insulation

Pumps

Piping
Electrical

Instrumenta tion/Controls

Painting
Structural Enclosures

that will be required to prepare the documents for

release to the public. Therefore, the Agency will

publish a notice in the Federal Register advising

the public of the availability of the documents for

public review and containing details on the public

forum. EPA wants to work with industry, state, and

local governments to make sure that the documents

are accurate and useful. Following the public

review period, the Agency will make appropriate

revisions to the documents prior to publishing.

In summary, it should be emphasized that the

purpose of the Oil Shale Pollution Control Guidance

Document is to provide guidance only and it should

not be regarded as regulations. It is intended as

an aid to both industry and the permiting author

ities regarding pollution control approaches which

appear most promising, but should not discourage

alternative approaches if they can be shown to be

equally effective. Although the documents are not

available for public review at this time, a public

review period is planned and public comment is

encouraged prior to finalizing the documents.

Operating Costs

Maintenance

Operating Labor

Maintenance Labor

Supervisory Labor

Chemicals

Electricity
Steam

By-product Credit

the Interior provided much of the data for the PCGD

effort, these organizations are reviewing the

initial Volume II documents concurrently with EPA.

Volume I documents are presently being restricted

for review inside the Agency, but will in the

future be released for public review and comment.

It is presently estimated that two months or

more will be scheduled for the public review of the

Oil Shale PCGD documents. During this public

review period a public forum will be scheduled to

encourage free exchange of ideas and comments on

the documents. A tentative schedule for preparation

and review is indicated in Figure 7. However, it

is very difficult to estimate the amount of time
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OIL SHALE POLLUTION CONTROL

GUIDANCE DOCUMENT
SCHEDULE'

1. PREPARATION, INTERNAL REVIEW AND

CORRECTIONS TO INITIAL DRAFT

77777777

/11/8O//
////// '2A

2. PREPARATION AND DISTRIBUTION OF DRAFT

FOR PUBLIC REVIEW AND COMMENT

3. PUBLIC
FORUM*

4. REVISION, PUBLICATION AND DISTRIBUTION

OF PCGD

777777777771

782/7/06/82/
/ / / //// / / / / ,

77777

'4/82

rrrrrrt

/6/82/

LLLLU

//////
'<ol9,2n

tun

3/83/

^ESTIMATED DATES. AVAILABILITY OF THE DOCUMENT

FOR PUBLIC REVIEW AND THE DATE AND LOCATION OF

THE PUBLIC FORUM WILL BE ANNOUNCED IN THE

FEDERAL REGISTER

Figure 7. Estimated Schedule for the Oil Shale PCGD
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WATER REUSE IN STEAM GENERATION

SYSTEMS FOR OIL SHALE PLANTS

By

Robert M. Rosain and James D. Mavis

CH2M HILL

ABSTRACT

All oil shale plants require certain quan

tities of low- to medium-pressure steam,

either for the retorting process itself, for

an upgrading facility, or for miscellaneous

plant services. Based on direct experience

in the use and treatment of produced waters

in the enhanced oil recovery field (steam

flooding) , a case is made for the judicious

use of raw or pretreated oil shale plant

wastewaters (mine water, retort water,

process condensates) as makeup to steam

generator systems. This water reuse option

can effectively reduce the requirements for

fresh water and, in some cases, provide a

means of concentrating wastewater organics

and salts in the steam generator blowdown.

This lower volume, concentrated waste stream

may be more amenable to ultimate treatment

or disposal in the overall water management

plan. Recommendations on steam generator

feedwater quality and treatment are made.

Options for blowdown treatment and/or

ultimate disposal are also provided. The

types of steam generator systems available

are described as are data on operating

systems in the enhanced oil recovery field.

Opportunities for further research and

development are explored.

dictate that developers practice maximum

water recovery, recycle, and reuse at their

facilities. Although most developers have

proposed zero discharge water management

schemes, most such schemes are still

untested.

A potentially significant water/wastewater

reuse opportunity that is often overlooked

is the generation of steam for use in and

around the oil shale plant. Experience

with steam generator systems in the southern

California and northern Alberta heavy oil

fields has shown that water does not have

to be completely demineralized to be used

in these systems. In fact, feedwaters with

total dissolved solids (TDS) concentrations

up to 23,000 mg/l have been used, and use

of feedwaters with up to 60,000 mg/l TDS

concentrations has been suggested (1, 2).

Certain pretreatments are required, but

reuse of wastewaters in this manner may

represent a cost-effective alternative to

other treatments under consideration.

The transfer of steam generation technology

from the heavy oil industry to the oil

shale industry is the subject of this

paper.

INTRODUCTION

The synthetic fuels industry has developed

in response to a diminishing resource oil.

Ironically, the successful development of

synthetic fuels hinges on the availability

of another limited resource water. The

situation on the oil-shale-rich Colorado

western slope is typical in that it contains

a significant energy resource, but marginal

quantities of water.

Regulatory and resource allocation pres

sures, as well as simple economics, will

STEAM AND WATER MANAGEMENT CONSIDERATIONS

Steam Use Opportunities

Most of the major oil shale retorting

processes under design use, or can use, a

certain quantity of steam within the

process. The steam serves a variety of

purposes , perhaps the most important being

the improvement of the heating value of the

off-gas obtained through the retorting

process. In the Equity BX process, the

steam is the primary mechanism for the

extraction of shale oil.
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In addition to the retorting process, shale

oil upgrading facilities might also require

significant quantities of steam. These

facilities can include heater treaters,

hydrogenation facilities, and delayed or

fluid coking operations. General plant

operations will also require steam for such

things as heating and heat tracing.

Water Reuse Opportunities

Three basic sources of water are available

for reuse in an oil-shale facility: mine

water, process condensates, and retort

water. Of these, mine water and process

condensates are the most applicable for

reuse in a steam generator system. The mine

water is generally uncontaminated by organ

ics , and therefore is more amenable to

desalination and/or demineralization opera

tions. Although process condensates contain

some dissolved organics, they can be effec

tively treated to remove organics and

require minimal demineralization because of

their low TDS content.

Retort water is least effectively treated

for steam generator feedwater because of its

high dissolved solids and organic content,

however, it should not be completely over

looked as a water source. Little is known

about the characteristics and behavior of

retort water in steam generator systems. It

is possible though, based on oil field

experience, that some retort waters could be

used or blended with other sources and used

as steam generator feedwater.

STEAM QUALITY CONSIDERATIONS

Steam quality is a function of feedwater

quality, the type and operation of the steam

generator system in question, and, to some

degree, the steam piping and distribution

system. Steam can contain impurities such

as liquid water, volatile components, and

solid particles of precipitated salts from

the feedwater. Certain critical systems may

require extremely pure steam, such as high-

pressure, steam-driven, turbine drives.

Other systems may not; for example,
low-

pressure steam heating systems. For the

purposes of this discussion, high quality

steam will be classified as that resulting

from a steam generator system using 100 per

cent demineralized feedwater, and producing

100 percent saturated or superheated steam.

Low quality steam will be classified as that

resulting from a steam generator system

using less than 100 percent demineralized

feedwater and producing 90 percent or less

saturated steam (i.e., 10 percent or greater

liquid water content) .

Depending on the process, steam quality

requirements may or may not be specified,

however, a high quality steam is often

specified where a lower quality steam may

suffice. In attempts to use low quality

steam generated from the reuse of process

wastewaters, all steam consuming processes

should be critically evaluated to determine

the adequacy of the steam quality require

ments and whether those requirements can in

fact be lowered.

STEAM GENERATOR SYSTEMS

Both high quality and low quality steam

generator systems are discussed below.

Because the low quality systems are more

amenable to the reuse of wastewaters as

feedwater, they are addressed in more

detail.

High Quality Steam Generator Systems

High quality steam generator systems use

conventional technology found throughout the

industrial and utility sectors. These

systems are characterized by
low- to high-

pressure, water tube, multi-circuit, drum

boiler designs capable of producing
100-

percent quality steam at saturation or at

superheated temperatures. This technology

is well understood and has been used for

many years .

Low Quality Steam Generator Systems

The technology available for the production

of low quality steam has been developed

primarily in the oil fields, where it is

used in steam flooding operations for

enhanced oil recovery (EOR) . These steam
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generators can use either fresh or brackish

water, or the water that is
"produced"

along

with the oil from the producing well. This

produced water is a combination of condensed

steam from the steam flood operation and

natural groundwater. Produced water is

generally of a lower quality than fresh

water, and may approach total TDS concentra

tions of 30,000 mg/l.

A description of the major low quality steam

systems using produced water follows.

Conventional Once-Through Steam Generators .

The majority of oil field steam generator

systems can be termed conventional ,
once-

through steam generators (3) . An example of

this type of system is depicted in Figure 1.

As shown, preheated feedwater enters the

system through integral heat exchangers, is

routed through an economizer section in the

steam generator flue, and then flows to the

radiant section, where the steam is actually

generated. These units do not use a steam

drum for phase separation; instead, they

generate steam on a "once- through"
pass

through the steam generator tubes. Steam

leaves the system as 90-percent or less

quality at saturation. System pressures

range up to 170 kgm/sq cm (2,400 psig).

FLUE STACK

ECONOMIZER TUBES

FEED WATER

HEAT EXCHANGER

FUEL OIL

HEAT EXCHANGER
FEED WATER

PUMPCOMBUSTION

AIR BLOWER

FIGURE 1

CONVENTIONAL ONCE-THROUGH SYSTEMS

Once-through steam generators can tolerate

unusually high concentrations of TDS in the

feedwater because the TDS remains dissolved

in the 10-percent or greater fraction of

liquid water that leaves the steam generator

tubes. This 10 percent liquid fraction also

tends to wipe the ends of the steam genera

tor tubing, continually removing any
pre-

cipitants formed during transient conditions

(4, 5) .

The Thermosludge Steam Generator System. A

patented steam generator system called the

Thermosludge system (Figure 2) is widely

accepted within the oil field industry

because it can soften the feedwater inter

nally and remove trace quantities of oil as

well as generate 100-percent quality steam

(6, 7). Before entering the unit, feedwater

is injected with sodium carbonate to effect

a chemical softening reaction within the

system. Magnesium chloride is also added if

silica is to be removed. Feedwater then

enters the unit at the top of an internal

stripper column, falling downward as it is

subjected to a counter-current flow of steam

leaving the steam drum. This stripper

column has the ability to strip volatile

organics and gases from the feedwater.

FEEDWATER

SOFTENING CHEMICALS

OXYGEN SCAVENGERS

CORROSION INHIBITORS

BLOWDOWN

TO -4

DISPOSAL

STEAM CHEST

FIGURE 2

PROCESS FLOW SCHEMATIC
THERMOSLUDGE STEAM GENERATOR SYSTEM

The actual chemical softening reactions then

take place in the steam drum, precipitating

calcium carbonate and magnesium hydroxide .

Silica is adsorbed onto the magnesium

hydroxide floe. At the steam pressures and

temperatures of the steam drum, the kinetics

of the softening reactions are extremely

fast, resulting in a soluble calcium and

magnesium content approaching zero.
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A downcomer from the steam drum routes the

sludge/slurry to a steam chest. The tubes

in the steam chest carry the slurry through

a molten salt bath that provides the heat

transfer medium for heating the solution.

This molten salt is circulated and heated,

in tubes, in a separate furnace, fired with

natural gas or oil. Thermosiphon action

causes the slurry to leave the steam chest

and return to the steam drum, where the

physical separation of steam and sludge

occurs. The steam exits through a stripper

tower and goes to the point of use.

This system requires a blowdown from the

steam drum since 100 percent steam is being

produced. This blowdown must be accounted

for in the overall water management and/or

waste disposal plan.

The Thermosludge system is most useful for

water that requires significant pretreatment

before use. The largest single Thermosludge

9
unit in operation is 6.3 x 10 gm cal/hr

(25 MMBtu/hr) . A system at 1.26 x 10 gm

cal/hr (50 MMBtu/hr) has been proposed,

however, this is the current upper limit on

this type of steam generator system. This

limit is dictated primarily by the ability

to heat and circulate the molten salt

mixture .

Superheat/Desuperheat System. Large, util

ity type, multi-circuit steam generator

systems producing high quality steam are not

commonly used in the oil field industry for

several reasons :

o They require complete deminerali

zation of the feedwater.

o They are capital-intensive.

o They offer minimum operating

flexibility.

o They are not portable.

They are, however, relatively economical to

operate once installed because of their size

and their high heat fluxes , and they also

can burn a solid fuel. The superheat/

desuperheat system (Figure 3) has the

advantages of a conventional steam generator

system and also permits the reuse of pro

duced water (wastewater) . In this system,

feedwater is demineralized and run through a

conventional, multi-circuit, utility-type

boiler, and exits as superheated steam.

This superheated steam is then desuperheated

with produced water, resulting in working

fluid of 90-percent or less quality steam.

SALINE WATER

HEATER

~80%

QUALITY STEAM

2000 psig

PRODUCED WATER

PRETREATMENT

PRODUCED

WATER FEED

DESUPERHEATER

SUPERHEATED

STEAM

2000 psig
1000F

H.P. DRUM,
COAL BOILER

I 1

I DESALINATION I

._J

FRESH WATER FEED .,
FRESH WATER

^
DEMINERALIZATION

FIGURE 3

SUPERHEAT / DESUPERHEAT SCHEME

Wet Air Oxidation Boiler Steam Generator.

Wet air oxidation (WAO) systems are used in

many installations throughout the world for

the destruction of wastewater sludges and

organic laden industrial wastes by high

pressure oxidation (8). In these systems,

organic wastewaters are pumped, at pressures

up to 140 kgm/sq cm (2,000 psig), into a

reactor that contains air or pure oxygen at

high temperatures, up to 320C (600F) .

Under these conditions , the organics in the

water are oxidized to carbon dioxide and

water. If the concentration of organics in

the wastewater is high enough, the oxidation

reaction will become self-sustaining and

exothermic, and heat and/or steam is

generated.

Capitalizing on this technology, a WAO steam

generator system has been developed for

steam flood applications in the oil field

industry. In this system, an actual liquid

or solid fuel is combined with water and
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injected into the reactor so that it actually

becomes a steam generator producing steam by

the exothermic, self-sustaining, air oxida

tion reactions. The WAO system is depicted

in Figure 4. Development of this concept is

in the pilot plant stage; larger systems are

being proposed.

LIQUID OR

SOLID SLURRY FUEL

HIGH PRESSURE

PUMPING
STATION

WAO

PRODUCED WATER REACTOR

BLOW!>OWN

1
TO NEUTRALIZATION + FLASH

TANK
V

AND DISPOSAL *
Sr^

AIR OR Y
OXYGEN

FIGURE 4

WET AIR OXIDATION STEAM GENERATOR

Fluidized Bed, Once-Through Steam Generators

In conventional systems, approximately one

out of every three barrels of oil extracted

from the ground in a steam flood operation

is returned into the steam generator system

as fuel. As the price of liquid fuels

continues to rise, the investigation of oil

field steam generators that can use a solid

fuel is becoming more intense.

One company has begun to market a conven

tional once-through-type steam generator

system that uses a fluidized bed combustion

process, thus allowing the operator to use

either coal or petroleum coke as a solid

fuel (9) .

Solar Powered, Once-Through Steam Generators.

Several companies are investigating the use

of solar-powered steam generators for the

producton of steam in heavy oil fields.

Although conventional, backup steam genera

tor systems must be available for use since

the sun is not out continuously, some devel

opers are predicting that solar-powered

steam generator systems could soon account

for 10 to 30 percent of the steam generation

capacity in a conventional steam flood

operation. At present, solar steam genera

tors are not cost competitive with conven

tional systems. As the price of fuel con

tinues to rise and the cost of solar powered

equipment decreases as a result of mass

production, proponents believe that solar

steam generators can become competitive with

conventional equipment.

Down-Hole Steam Generators. The steam

generation systems that are probably gar

nering the most attention in the oil field

industry today, and that show the greatest

degree of promise, are the
"down-hole"

steam

generators (10). In these systems, air,

fuel, and water are pumped down-hole to a

combustion device located in the well shaft

immediately adjacent to the face of the

reservoir. There are several different

types of systems available, most of which

produce a high-pressure, low quality, satur

ated steam and apply it directly into the

oil bearing strata. These systems are most

applicable for deep (greater than 5,000

feet) reservoirs, or where a conventional

steam generator system would have to be

located too far from the point of injection.

Reboilers . Reboilers are not used in heavy

oil fields because they cannot develop the

higher pressures required. Reboilers are

commonly used, however, in the refining

industry to generate low quality steam in

strippers and distillation columns. As

such, they may also find application at an

oil shale plant. Reboilers are basically

steam-heated steam generators , and con

sequently would require careful integration

into both the plant water management plan

and the overall plant heat and steam

balances.

WATER TREATMENT REQUIREMENTS

The following discussion addresses the water

treatment requirements for feedwaters used

in high-
and low-quality steam generation

systems. Again, low quality systems are

emphasized because of their potential in the

reuse of process wastewaters. The water
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treatment requirements and constituent

concentration levels given below are primar

ily oriented toward maintaining the integ

rity and operation of the steam generator

system. Any specific requirements over and

above those necessary to maintain a particu

lar process steam quality need to be evalu

ated on a case-by-case basis.

High Quality Steam Systems

The general feedwater treatment requirement

for high quality steam systems is complete

demineralization. The degree of demin

eralization is somewhat dependent on the

operating pressure and temperature of the

system. For example, higher pressure

systems require a greater degree of demin

eralization than lower pressure systems.

The requirements for feedwater treatment and

boiler steam drum chemistry have been out

lined by the American Society of Mechanical

Engineers for industrial boiler applica

tions, and are well documented (11).

A demineralizer system removes the hardness

and scale-forming components (cations) from

the feedwater so that they do not precip

itate in the boiler system itself. In

addition, the predominant anions of the

feedwater, if not removed, may become

volatile or shift to a gaseous form, and

create an acid condition in the subsequently

condensed steam as it returns to the boiler

circuit. This is particularly true in a

case of carbonates and bicarbonates (alkal

inity) . As the temperature in the boiler

circuit increases, the carbonates and bicar

bonates break down to form CO- , which is

carried, with the steam, into the steam

lines. As the steam condenses, the CO.,

redissolves in the condensate. The con

densate is essentially an unbuffered solu

tion, and the dissolved C02
forms carbonic

acid, creating a very corrosive condition in

the condensate return piping.

Low Quality Steam Systems

Despite the diversity of the low quality

steam generation systems that are available,

the water treatment requirements, with only

two exceptions, are generally the same. The

two exceptions, the WAO and Thermosludge

systems, will be discussed later.

As discussed above, low quality,
once-

through type steam generators rely on main

taining a thin film of liquid (condensate)

at the exit of the steam generator tubes to

continually wet or wipe the ends of the

tubes . This permits the TDS in the feed-

water to remain dissolved in a liquid

fraction of the fluid as it leaves the steam

generator system. Thus, upon concentration

in the steam generator system, the TDS

cannot form precipitating salts that will

lead to scaling of the tube surfaces.

Major components of concern and some lim

iting parameters as they apply to once-

through steam generators are discussed

below, however, some of the specific oper

ating parameters proposed below are greater

than those recommended by steam generator

manufacturers. These parameters are either

backed by actual operating data or are

specifically stated to be proposed lim

itations (2, 3, 12, 13).

Oil and Dissolved Organics . Feedwaters

should not contain any free or emulsified

oil. Oil is generally removed by air flo

tation and/or media filtration. Although

not a concern in the oil field industry, the

effect of dissolved organics (or truly

dissolved oil) on steam generator operation

remains a question when the technology is

applied to the oil shale industry.

If the temperatures and pressures of opera

tion are high enough, dissolved organics

could actually be coked on the tube walls.

However, they could also become volatile and

exit with the steam or remain dissolved in

the condensate film. Specific character

ization of the organics present as well as

pilot work on their behavior in a steam

generator system would be required for a

definitive answer. Preliminary indications

are that the dissolved organics in oil shale

plant wastewaters might not cause a serious
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fouling problem in steam generation systems

(14) . This would require a case-by-case

analysis for confirmation.

Hardness . Hardness-related salts, primarily

calcium and magnesium, are the main scale

causing agents in steam generator feed-

waters. Consequently, feedwater hardness

should be zero. This level is routinely

obtained in heavy oil field operations with

weak acid cation, ion exchange systems. Hot

lime softeners are sometimes used as well.

Hardness sequestering agents may also be

added to the feedwater.

pH. Feedwater pH should be approximately

8.0 to 8.5 to minimize feedwater line cor

rosion (see
"iron"

below) and may need to be

even higher to maintain any silica in solu

tion. The resultant pH of the condensate

film in the steam generator may be between

11.0 and 12.0 because of the breakdown of

carbonates and the resultant shift in

alkalinity.

40,000 mg/l. This is a function of the

major solute species, however, and an

analysis of the appropriate phase diagrams

is suggested before contemplating operating

in the high TDS regions .

Iron. Because iron in solution will attack

the protective magnetite iron oxide layer in

steam generator tubes, the iron content of

feedwaters should generally be less than

0.05 mg/l.

Miscellaneous . Turbidity (suspended solids) ,

oxygen, and H_S (and other dissolved acid

gases) should be removed from the feedwater.

Dissolved gases can be removed by physical

or chemical deaeration.

Because the Thermosludge steam generator

uses an internal softening/treatment pro

cess, the feedwater quality requirements are

different than those for more conventional

systems. The
manufacturers'

recommendations

are:

Alkalinity . As previously discussed, high

alkalinity in a high quality steam system is

a serious problem. In a low quality system,

when CO that is generated from the break

down of alkalinity in the feedwater redis

solves in the condensate, it is doing so in

a highly buffered, and likely a high TDS,

water. Consequently, it has little effect

on the system pH.

Hardness 100 - 2,000 mg/l

Silica 10 - 250 mg/l

Suspended Solids 10 - 500 mg/l

Oil 50 - 1,000 mg/l

TDS 1,000 - 50,000 mg/l

Chemical oxygen scavengers, corrosion

inhibitors , and antifoam agents are also

routinely added.

Silica. The allowable SiO- in the feedwater

is a function of SiO_ solubility at the pH

and temperature of the condensate film. At

pH's between 11.0 and 12.0, and temperatures

above 300F, SiO_ solubility is well beyond

1,500 mg/l, and in fact concentrations of

1,625 mg/l have been reported (15) . Assum

ing 80 percent steam quality, feedwater SiO-

concentrations to 325 mg/l could be

tolerated.

A major advantage of the WAO steam genera

tor is that little, if any, feedwater

pretreatment is required. A small system

blowdown is required, however, to maintain

system chemistry. At the reactor operating

temperatures, pressures, and pH (approxi

mately 1.0) , dissolved species tend to stay

in solution. The reactor is consequently

constructed of high-strength, corrosion-

resistant alloys.

Total Dissolved Solids. Oil field steam

generators have operated on TDS concen

trations as high as 2 3,000 mg/l, with a

practical limit proposed at approximately

STEAM GENERATOR BLOWDOWN TREATMENT

High Quality Steam Systems

All high quality steam generator systems

require a periodic or continuous blowdown to
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maintain boiler water and steam quality.

Depending on the system pressure, this

blowdown is normally of sufficient quality

to permit its direct reuse elsewhere in the

plant, for example, cooling system makeup or

general plant service water. The total

quantity of blowdown is small, however, and

it must be flashed and generally cooled

before reuse.

Low Quality Steam Systems

The 10 percent or greater liquid fraction of

the fluid leaving a once-through steam

generator serves as the system blowdown.

Unless a steam separator is used, the liquid

fraction of the fluid is carried to the end

use process with the steam. If a steam

separator is used, or if a separate blowdown

must be maintained for some reason, the

resultant liquid must be reused or disposed

of. Although it is a function of the total

system operation, the blowdown will likely

to be a high pH, saline solution with

little, if any, direct reuse potential. It

might be used for moisturizing spent shale

or other solid wastes, road dust control, or

perhaps disposed of by deepwell injection or

evaporation. If this blowdown were to

contain a significant fraction of organics,

wet air oxidation destruction or inciner

ation might be considered.

The Thermosludge, WAO, and reboiler, steam

generators are the only low quality steam

systems that must operate with a separate,

defined blowdown. The Thermosludge system

blowdown is a slurry of precipitated salts

that must first be separated if the water is

to be reused. The separated salts could be

mixed with other solid wastes and
land-

filled, although these salts are slightly

water soluble. Options for reuse and/or

disposal of the water fraction are the same

as those discussed above for conventional,

once-through steam generators. Treatment/

disposal options for a reboiler system

blowdown would also be the same.

Blowdown from a WAO steam generator must be

flashed and the resultant solids separated

from the liquid portion. This blowdown will

definitely contain a significant organic

fraction and must be reused or disposed of

with discretion. Reuse or disposal options

again include spent shale moisturizing, dust

control, deepwell injection, evaporation, or

incineration.

RESEARCH OPPORTUNITIES

Research opportunities for steam generator

systems as they apply to oil-shale plants

would fall primarily in the area of low

quality steam generator systems. Much

work remains to be done on the application

of the novel low quality steam generator

systems such as the down-hole systems , wet

air oxidation systems, solar systems, and

the high-temperature/high-pressure

reboilers. Basic research on the potential

scaling and/or fouling characteristics of

oil-shale plant generated wastewaters in

steam generator systems a so needs to be

done.

Every effort should be mac.e to use the low-

to medium-heating value off-gas produced at

an oil shale facility. Consequently, use of

this fuel in an oil-field type, low quality,

steam generator system might allow the reuse

of a significant amount of wastewater in the

production of steam. Research on burner

designs and modified steam generator con

figurations is therefore necessary.

SUMMARY

In summary, this discussion has described

the methods for the reuse of process gen

erated wastewaters in the production of

steam at an oil-shale plant. Low quality

steam generator systems normally used in the

oil field industry may find direct applica

tion in the oil shale industry. The tech

nology of oil field-type, once-through steam

generators is well known and, if the feed-

water quality limits for these steam gener

ators operating on oil-shale plant generated

wastewaters can be established, the tech

nologies should be readily transferrable.

Other low quality steam generator systems

under development, such as down-hole steam
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generators, wet air oxidation systems, and

solar systems, might be useful in the oil-

shale industry for a variety of reasons.

Steam generation from oil-shale plant waste

waters might present a viable alternative

for reuse of those waters before or with

additional treatment.

Steam use opportunities must be assessed in

detail and categorized as to the quality of

steam required for each unit operation. At

that point, a decision can be made as to

which steam generator system can be utilized

as well as the water or wastewater that can

be used as steam generator feedwater.

Wastewater reuse in steam generation systems

can effectively reduce the requirements for

fresh water at an oil shale plant.
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CHEMICAL AND PHYSICAL INTERACTIONS OF AN IN SITU OIL-SHALE PROCESS

WATER WITH A SURFACE SOIL
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ABSTRACT

Chemical and physical interactions of an in situ

oil-shale process (retort) water with a surface soil

were investigated by soil and effluent analyses of

three soil-column experiments whereby soil was leached

with: (1) Distilled water, (2) a synthetic retort wa

ter containing only inorganic solutes, and (3) an ac

tual retort water produced by in situ processing of

oil shale. Major findings of this study include an

ion exchange-precipitation reaction, in which

exchangeable calcium in the soil is displaced by am

monium from retort water and precipitated as carbonate

by inorganic carbon in retort water. This precipita

tion process affects soil permeability. Ammonium was

strongly adsorbed from retort water by the soil, and

was not removed by subsequent distilled-water leaching

and drying.

The soil adsorbed about 40 percent of organic

solutes from retort water in 9.4 pore void volumes of

leachate, but retort water extracted significant quan

tities of natural fulvic and humic acids from the

soil. The soil adsorbed ammonium, arsenic, barium,

boron, cadmium, cobalt, copper, fluoride, iron, inor

ganic carbon, silica, and zinc from retort water.

Calcium, magnesium, lithium, sodium, potassium, stron

tium, and manganese were extracted from the soil by

retort water. Thiocyanate did not interact and was

the best tracer for retort water. Thiosulfate in re

tort water was degraded to tetrathionate by passage

through the soil column.

INTRODUCTION

Production of shale oil by various in situ re

torting technologies will likely result in the copro-

duction of equivalent volumes of process (or retort)

wastewaters (Jackson and others, 1975). A significant

portion of these wastewaters are brought to land sur

face during shale oil recovery, where they are sepa

rated from the oil, stored in tanks and holding ba

sins, and treated for resource recovery and disposal.

During the separation, storage, and treatment proc

esses, the possibility exists for the spillage of

these retort wastewaters on land surface. The objec

tive of this report is to investigate the various

chemical and physical interactions that occur between

retort water and soil. This objective will be accom

plished under controlled conditions in the laboratory

by a series of soil column studies, during which sim

ulated and actual retort wastewaters are percolated

through a soil profile.

EXPERIMENTAL PROCEDURES

Experimental Design

The chemistries of both retort wastewater and

soil are very complex. It would be extremely diffi

cult to interpret the chemical and physical inter

actions between soil and retort wastewater, based on

a single experiment in which an actual retort waste

water is passed through a soil column, because of the

large number of variables that affect data interpre

tation. The number of variables for each individual

soil column experiment was reduced by adding two addi

tional soil column experiments that isolated and- meas

ured certain variables from the retort wastewater-soil

system. The first column experiment simply leached a

soil column with distilled water until solute concen

trations were relatively constant. The second exper

iment used a synthetic retort water, reconstituted

according to major inorganic species found in an ex

tensively analyzed retort wastewater (Fox and others,

1978) to leach the soil column. The last experiment

used an actual retort wastewater to leach the soil

column.

Distilled water followed the retort water of the

second and third soil column experiments to simulate

rain-water leaching of a soil profile after a retort

water spill. This distilled-water leach also revealed

hysteresis of previously sorbed constituents and ir

reversible sorption.

Soil and Water Descriptions

The soil selected for study was from the Haterton

soil series described in the soil survey by Woodward-

Clyde Consultants (1978). This soil is classified as

a fine-loamy, mixed (calcareous) frigid, shallow fam

ily of Typic Torriorthents, whose surface (A) horizon

is a light grey, alkaline loam, about 5 centimeters

(cm) thick, with various subsoil (C) horizons con

sisting of alkaline clay loams.
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The soil was sampled approximately 120 meters

(m) directly east of Site 9 at the Laramie Energy

Technology Center's (LETC) experimental in situ oil

shale retorting site near Rock Springs, Wyoming. The

soil was subdivided into the following horizons during

sampling: A (0 to 5-cm depth); Cl (5 to 36-cm depth);

C2 (36 to 66-cm depth); and C3 (66 to 100-cm depth).

Directly below the C3 horizon is weathered oil shale

of the Green River Formation. The subsoil (C) hori

zons probably represent three depositions of sediment

on the oil shale. This soil is the deepest soil found

near Site 9; most of the soils surveyed were only 15

to 30-cm thick.

The in situ oil shale process water, designated

Omega-9, used for this study was produced in the Site

9 retort; its aquisition, processing, and storage is

described in a report by Farrier and others (1979).

This water was extensively analyzed by a series of

independent laboratories, and the results of these

analyses are summarized in a report by Fox and others

(1978).

The synthetic retort water used in the second

soil-column experiment relied upon the Omega-9

analysis of Fox and others (1978) for inorganic-solute

concentrations. The composition of synthetic retort

water is given in Table 1.

Table 1. Composition of synthetic retort

water used in experiment 2

Compound

Concentration

(grams

per liter)

(NHtt)2C03 (18% H20)

NaHC03

Na2S203

Na2S0i4

Na2Stt06-2 H20

KSCN

48% HF

11.30

7.15

3.87

2.25

0.36

0.28

0.119

Dissolve above mixture in water, and titrate

with 37 percent HC1 to lower pH from 9.2 to 8.6.

Soil Column Packing and Leaching

The air-dried soil was sieved through a
4.75-

millimeter (mm) sieve before packing, and stone and

shale fragments were discarded. As the soil was very

dry and friable when sampled, no additional drying

and aggregate-crushing step was necessary before siev

ing. Plant roots, which were removed during sieving,

were reincorporated back into the column, because of

their potential reactivity, and because they did not

disturb hydraulic properties of the soil column to the

same extent as stone and shale fragments.

The soil was packed dry by horizon to the same

depth as in the original soil in a 10-cm ID X 120-cm

glass chromatographic column. All column tubing,

fittings, and materials were either glass or Teflon*.

Total soil column volume was calculated to be 7,976

cubic centimeters (cm3). Water was introduced into

the dry, unsaturated soil column and was passed

through the column by gravity flow. Height of the

hydraulic head from the water level in the water res

ervoir to the column exit. tube was about 2.3 m al

though the water level in the reservoir varied by 38

cm, as the reservoir emptied and refilled. The col

umn flow rate was not regulated because flow rate was

a variable measured to estimate permeability. Column

flow rates were periodically measured by stopwatch

timing of the collection of a 100-milliliter (mL)

fraction of column effluent in a graduate cylinder.

The volume of the entire column effluent was measured

in graduated cylinders.

Effluent Analyses

Thirty-two parameters were determined on effluent

fractions. Analytical methodologies, interferences,

and limitations are summarized in an expanded version

of this report by Leenheer and others (1981) .

The gross chemical parameters of pH, specific

conductance, color and inorganic carbon, and the phys

ical parameter, flow rate, were immediately determined

on undiluted effluent fractions in the
authors'

labo

ratory to monitor the soil columns leaching experi

ments to aid in the selection of sampling points on

the column effluent. Effluent fractions collected for

the remaining 27 parameters were preserved by refrig

eration at 4 degrees Celsius (C) until the analysis

was performed.

The formation of carbonate precipitates was ob

served in the initial retort-water effluent fractions

from the second soil-column experiment; therefore,

fractions collected in the first 3,600 mL of effluent

were diluted with distilled water by a factor of two.

However, this twofold dilution did not completely

prevent the formation of precipitates. Therefore,

*Use of trade-names are for identification pur

poses only and do not constitute endorsement by the

U.S. Geological Survey.
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effluent fractions collected in the third soil-column

experiment were diluted fivefold with distilled water

for the first 8,600 mL of effluent, and diluted two

fold from 8,600 to 36,600 mL. The distilled-water

effluents in all three column experiments were not

diluted.

The U.S. Geological Survey national water quality

laboratory in Arvada, Colorado, determined arsenic,

chloride, fluoride, ammonia, nitrate + nitrite, total

nitrogen, potassium, and sulfate (Leenheer and others,

1981). Spenser and others (1980) developed automated

methodologies for the reduced sulfur species: thio

cyanate, thiosulfate, and tetrathionate, by adapting

the Technicon method for thiocyanate (Snell and Snell,

1979), inserting an Amberlite XAD-8 adsorbent column

to remove colored organic interferents (Leenheer,

1979), and adding KCN and CuCl2 reagents to convert

tetrathionate and thiosulfate to thiocyanate according

to the method of Nor and Tabatabai (1976) . Seventeen

elements; Ba, B, Be, Cd, Ca, Co, Cu, Fe, Li, Mg, Mn,

Mo, Si, Na, Sr, V, and Zn, were determined by induc

tively coupled plasma-atomic emission spectroscopy

(ICP-AES) (Garbarino and Taylor, 1979). Beryllium

was the only non-significant parameter in this group

as it was not detected in any of the samples. The

U.S. Geological Survey national water quality labora

tory performed ICP-AES analyses on the distilled

water effluent of the first soil-column experiments,

but high concentrations of surface-active organic

substances in the retort-water samples gave
non-

quantitative results. These surface-active organic

substances in retort water were destroyed by hydrogen

peroxide oxidation in a procedure developed by

Garbarino and Taylor (1980).

Finally, dissolved organic carbon (DOC) was de

termined by Huffman Laboratories, Inc., Wheatridge,

Colorado, by a sealed ampoule, wet-oxidation method

with coulometric detection (Huffman, 1977) .

Soil Analyses

Five parameters, soil mineralogy, and
particle-

size distributions were determined on the soil sampled

from each horizon before and after the soil-column

experiments. Analytical methodologies, interferences,

and limitations are summarized in the expanded version

of this report (Leenheer and others, 1981).

After the soil-column experiments were completed,

water was drained from the columns ; the soil was ex

truded from columns and subdivided into horizons; and

the soil was air-dried on sheets of aluminum foil for

two weeks. Dried-soil aggregates were crushed in a

mortar, and soil samples were submitted to the U.S.

Geological Survey national water quality laboratory

for organic carbon, inorganic carbon, total Kjeldahl

nitrogen, ammonium nitrogen, and cation exchange ca

pacity determinations. Soil mineralogy and
particle-

size distribution were performed in the mineralogy of

sedimentary rocks laboratory of the U.S. Geological

Survey.

RESULTS AND DISCUSSION

Soil Column Effluent Analyses

Gross Chemical and Physical Parameters

All of the soil column effluent data were graphed

in the same manner with influent (INF) concentrations

marked on the ordinate, and with identical concentra

tion (ordinate) volume, and void volume (abscissa)

scales for all three soil-column experiments. The

gross chemical parameters of specific conductance, pH,

color, and DOC are plotted in figures 1, 2, 3, and 4,

respectively. The physical parameter, flow rate, is

presented in figure 5.

SOIL COLUMN EFFLUENT VOLUME. IN LITERS

SOIL COLUMN VOID VOLUMES

Figure 1. Specific conductance curves of

soil column effluents.

SOU. COLUMN EFFLUENT VOLUME. IN LITERS

SOIL COLUMN VOID VOLUMES

Figure 2. pH curves of soil column effluents,
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SOIL COLUMN EFFLUENT VOLUME. IN LITERS

Figure 3. Color curves of soil column effluents.

COLUMN VOIO VOLUMES

Figure 4. DOC curves for soil column effluents,

SOIL COLUMN VOID VOLUMES

Figure 5. Flow rate curves for soil column.

High values for specific conductance in the first

liter of leachate in figure 1 for all three experi

ments indicate soluble salts leaching from the column.

The dip in specific conductance below influent levels

from 500 mL to 7 liters (L) of effluent in the retort-

water experiments indicates reactive processes, which

are removing ionic solutes. In the Omega-9 retort-

water experiment, distilled water was applied to the

top of the soil column at 33,670 L and the inflection

of the distilled-water breakthrough curve, as meas

ured by specific conductance, came at 37,500 L. Using

this data, the void volume was calculated to be

3,830 mL.

The pH data graphed in figure 2 showed three

plateaus of pH for the retort-water experiments,

whereby the initial effluent was only slightly above

neutrality, followed by a stepwise raise to influen'

pH of 8.6, and, lastly, a rise to pH 9.5 during tlu

distilled-water rinse. Interpretation of the pH

curves will be discussed in conjunction with the v,

cation and anion chemistry.

Color is caused primarily by organic solutes.

Two color peaks were observed in the column effluer

of the retort-water experiments (fig. 3). The firs

peak corresponded to the inflections of the pH rise

from pH 7.2 to pH 8.6 (fig 2), and the second peak

corresponded to the inflection of the pH rise from

8.6 to 9.4 upon the distilled-water rinse. However,

not all organic solutes are colored, when the color

curves of figure 3 are compared to the DOC curves of

figure 4. A large readily leachable component of DOC

elutes from the soil column in the initial 500 mL of

effluent, while its presence is barely indicated by

the color curves.

In the Omega-9 retort-water experiment, 40 to 50

percent of the influent DOC was removed by adsorption

upon the soil column, whereas there was no appreciable

removal of color. Approximately twice the Omega-9

retort water was leached through the soil column as

the synthetic retort water, to obtain a better esti

mate of the sorptive capacity of soil for organic sol

utes in retort water.

The sorptive capacity of the soil for DOC in

Omega-9 retort water was determined by subtracting

the DOC curve of synthetic retort water (representing

the extraction of soil DOC by retort water) from the

DOC curve of Omega-9 retort water. Assuming a density

of 1.15 measured for the dried soil packed in the

column, which calculates to 9,172 grams (g) of soil

in the column, the sorptive capacity for DOC varied

from 0.58/mg DOC/g soil (0-9 L effluent) to 1.67 mg/g

soil (0-36 L effluent). These sorptive capacity

values are slightly greater than the batch equilib

rium sorptive capacity value of 0.45 mg DOC/g soil

previously determined (Leenheer, 1980) for a 1:1 mix

ture of Omega-9 retort water and the A horizon of the

same soil which is equivalent to the 0-9 L effluent

value. For 36 L of effluent, the comparable sorptive
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capacity value in the referenced report (Leenheer,

1980) is 1.25 mg DOC/g soil.

The flow-rate curve (fig. 5) for the distilled-

water leaching experiment showed nearly a linear de

crease with volume, as the soil colloids dispersed

and compacted. However, the flow-rate curves (fig. 5)

of both retort-water experiments showed a puzzling

pattern, whereby the flow rate rapidly decreased to a

minimum, followed by an equally rapid increase to a

maximum, followed by a gradual decrease. Also, the

magnitude of the initial decrease and increase was

much greater for the synthetic retort-water experiment

than for the Omega-9 retort-water experiment. Because

the flow-rate variations are related to soil-retort

water chemical interactions, the interpretive signif

icance of these flow-rate variations will be discussed

in the next section.

Major Cations

The most abundant cation in most retort waste

waters is ammonium. Because the ammonium-nitrogen

procedure showed a large positive interference, which

was related to the presence of organic compounds in

Omega-9 retort water, total nitrogen, plotted in

figure 6, was a better estimate of ammonium concentra

tion, because organic nitrogen in Omega-9 retort water

only adds about 10 percent to the ammonium-nitrogen

value, when estimated by total nitrogen (Fox and

others, 1978). Large values for total nitrogen were

obtained in the first 500 mL of effluent from all

three column experiments; this was found to be mainly

nitrate + nitrite-nitrogen, that readily leached from

the soil column.

The most notable aspect of the total nitrogen

curves (fig. 6) is the adsorption of total nitrogen,

mostly as ammonium ion, by the soil columns of the

second and third experiments. By integration of the

total nitrogen curves (ignoring the nitrite + nitrate-

nitrogen), 955 milliequivalent (meq)-N was adsorbed

for the synthetic retort water, and 983 meq-N was

adsorbed for the Omega-9 retort water. The soil col

umns contained 9,172 g soil, whose cation-exchange

capacity averaged 9 meq/100 g determined by cesium

adsorption, giving a total cation capacity of 825 meq .

As the total nitrogen data were uncorrected for organ

ic nitrogen, the meq-N adsorbed data are slightly

high. It appears that the soil-exchange sites avail

able to cesium are almost completely saturated with

ammonium ion after 8 L (2.1 void volumes) have

passed through the soil. As sodium- ion concentrations

are almost equivalent to ammonium ion concentrations

in Omega-9 retort water (Fox and others, 1978), ammo

nium must have a much higher exchange coefficient than

sodium for the Hater ton soil. For calcium-saturated

soils such as the Haterton soil, the relative re

placing power of various cations is reported to be

Li < Na < K < NH^ < Mg < Ca (Russell, 1961).

The sodium curves of the soil-column effluents

are presented in figure 7. A portion of the Omega-9
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Figure 6. Total N curves of soil column effluents.

Figure 7. Sodium curves of soil column effluents.

retort-water curve was estimated (dashed line) because

these undiluted samples exceeded the upper concentra

tion limit for ICP-AES analysis. The distilled-water

leachate experiment shows high concentrations of

readily leachable sodium salts present in the soil

column. Both retort-water experiments showed minor

sodium peaks between 1 and 5 L of leachate related to

displacement of sodium from ion-exchange sites by am

monium. These ion-exchange peaks for sodium appear

small because of the high background concentrations

of sodium in retort water; and because only 5-20 per

cent of the base-exchange capacity of the Haterton

soil can be accounted by exchangeable sodium

(Woodward-Clyde, 1978); the vast majority of the base-
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exchange capacity is accounted for by exchangeable

calcium and magnesium.

Cation-exchange peaks are more clearly shown for

potassium in figure 8, where its background concentra

tion in retort water is much less than for sodium.

Potassium elutes from the soil column after sodium

because of its higher soil-exchange coefficients. The

broadness of the potassium ion exchange peak is likely

related to the high value of the soil-exchange coeffi

cient of potassium relative to the replacing ammonium

ion, and also to the range of soil-exchange coeffi

cient values likely to exist on the heterogeneous

soil surface.
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Figure 8. Potassium curves of soil column effluents.

The soil-column effluent curves for the two major

alkaline earth cations, calcium and magnesium, are

presented in figures 9 and 10 respectively. Both

elements show high initial concentrations of readily

leachable salts from the soil column by all types of

water, but calcium concentrations fall much more

rapidly to lower levels than magnesium concentrations

in retort-waters leachates. This concentration dif

ference can be explained on the basis of solubility

controls that carbonate species in retort water have
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Figure 9. Calcium curves of soil column effluents,

Figure 10. Magnesium curves of soil

column effluents.

upon calcium (CaC03 solubility
= 0.0014 g/100 cm3) but

not upon magnesium (MgC03 solubility
= 0.0106 g/100

cm3). Precipitates, analyzed to be mainly CaC03, were

observed to slowly form in undiluted fractions col

lected between 4 and 6 L in the synthetic retort-water

experiment; these precipitates were not included in

the effluent analysis, which led to a discontinuous

decrease in the calcium elution curve (fig. 9) where

the precipitates formed. Precipitate formation did

not observably affect the shape of the magnesium

elution curve in figure 10.

The formation of calcium-carbonate precipitates

occurred within the soil column, when ammonium for

calcium exchange occurred. Direct evidence for this

column precipitation process is shown by the ionic

mass balance of table 2 for ions adsorbed and eluted

from the soil column. Almost all of the base satura

tion percentage of the cation-exchange capacity of the

Haterton soil can be accounted by exchangeable cal

cium, magnesium, and potassium (Woodward-Clyde, 1978);

therefore, the milliequivalents of ammonium adsorbed

should be balanced by the milliequivalents of calcium,

magnesium, and potassium eluted. This balance is

obtained for the synthetic retort-water experiment

in table 2, only when the bicarbonate-adsorbed data

are added to the calcium, magnesium, and potassium

eluted data. The most logical explanation is that

exchanged, precipitated calcium remaining in the col

umn is measured by bicarbonate adsorbed. The mass-

balance data for the Omega-9 retort-water experiment

are less accurate for two reasons: (1) Total nitrogen

values are a less accurate estimate for ammonia

because of the presence of significant concentrations

of organic nitrogen; and (2) high concentrations of

organic solutes appear to partially inhibit the ion

exchange and precipitation process; however, signifi-
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Table 2. Ionic mass balance for ions adsorbed and eluted from soil columns

Constituent

Synthetic

Data retort-water

source experiment

(milliequivalents )

Omega-9

retort-water

experiment

(milliequivalents )

Total nitrogen adsorbed

+

Figure 7 955

(estimate for NHi+ )

Bicarbonate adsorbed Figure 14 496

Calcium eluted Figure 12 73

Magnesium eluted Figure 13 351

Potassium eluted Figure 11 62

Bicarbonate adsorbed;

+

calcium eluted;

+

magnesium eluted;

+

potassium eluted 982

983

303

51

347

94

795

cant carbonate adsorption still indicates calcium-

carbonate precipitation in the Omega-9 retort-water

experiment.

Indirect evidence for the ion-exchange, column

precipitation process is the flow-rate variations seen

in figure 5; also, much air was displaced from the

columns by a reactive process, which occurred only in

the two retort-water column leaching experiments. The

air displaced by precipitate formation was probably

much more responsible for the momentary large reduc

tion in column flow rate, than column plugging by the

precipitate itself, because the subsequent increase in

flow rate was not accompanied with evidence for pre

cipitate dissolution. Ammonium saturation of the soil

colloids also may cause them to swell, which also

would displace air and decrease permeability. When

the precipitation-ion exchange front had passed

through the column, air evolution ceased, and the flow

rate increased.

The soil-column experiment with Omega-9 retort

water as a leachate, did not show as much evidence for

precipitate formation, with less air evolution,
flow-

rate variations, bicarbonate adsorption, and calcium

elution, as did the synthetic retort-water experiment.

This difference can be hypothesized to be due to dif

ferences in the amount of ammonium for calcium ex

change and CaC03 precipitate formation in the two

retort-water matrices. High concentrations of organ

ic solutes in the Omega-9 retort water most likely

inhibits ammonium for calcium exchange and the form

ation of CaC03 precipitates, compared to synthetic

retort water in which organic solutes were absent.

Dissolve organic solutes of natural origin are
well-

known to retard CaC03 precipitation by forming an un

reactive sheath of adsorbed organic matter on the

carbonate surface (Mitterer and Carter, 1977). A

major consequence of the organic solute retardation

of the ion-exchange and precipitation process in the

Omega-9 experiment is that the resulting
non-

equilibrium conditions may have caused early break

through of ammonium, and broadened all the cation-

exchange concentration peaks, compared to the synthet

ic retort-water experiment. Hydrophilic non-basic

organic nitrogen, which decomposes to ammonia during

the ammonia analysis, is a possible alternative ex

planation for the apparent early breakthrough of

ammonia .

Broadening of the cation-exchange elution peaks

for the Omega-9 retort-water experiment does not seem

to affect the total quantity of the major cation

eluted. Table 2 shows that equivalent amounts of

magnesium were eluted from the soil columns for both

the Omega-9 and synthetic retort-water experiments.

Magnesium is the most abundant cation leached from the

soil in the retort-water effluents, because calcium,

although most abundant in the soil and in the exchange
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sites, remains in the column as precipitated calcium

carbonate.

Major Anions

Carbonate and bicarbonate were measured together

as inorganic carbon; Fox and others (1978) calculated

that 94 percent of the inorganic carbon in Omega-9

retort water was bicarbonate, and 6 percent was car

bonate. Inorganic carbon curves of the soil-column

effluents are presented in figure 11. The removal of
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Figure 11. Inorganic carbon curves of

soil column effluents.

inorganic carbon by precipitation in the soil column

is shown by decreased carbonate concentrations in the

first 8 L of effluent for the two retort-water exper

iments. Greater amounts of inorganic carbon were

removed in the synthetic retort-water experiment than

in the Omega-9 retort-water experiment, which is

consistent with the hypothesis that organic solutes

in Omega-9 retort water retard CaC03 precipitation.

At this point, sufficient data have been pre

sented to understand the major soil retort-water

interactions presented by the following chemical

reactions:

Soil + Retort water NH,,
- saturated soil + Soil effluent

Salt Coating (MA)

NH(HC03)

NaHC03 Organ 1

This generalized reaction explains most of the

effects observed previously with the gross physical

and chemical parameters. Leaching of soluble-salt

coatings from the soil explains the high values for

specific conductance (fig. 1) and DOC (fig. 4) in the

first 500 mL of effluent. Removal of NHl> by cation

exchange, and inorganic carbon by precipitation, ex

plains the dip in the specific-conductance curve

(fig. 1) from 500 mL to 8 L of effluent. Calcium

carbonate precipitate formation has been used to ex

plain the variations in flow rate of figure 5. The

initial pH level of 7.2 (fig. 2) results from sodiurn-

bicarbonate buffering of the soil effluent, after

removal of ammonium by cation exchange, and carbonate

by ""
. When ammonia breaks through the

column, pH begins to rise. Fulvic acid is extracted

from the soil by ammonium ion, when ammonium breaks

through the column, giving rise to the first color and

DOC peaks of figures 3 and 4. After sufficient retort

water has passed through the column to complete the

major reactions, specific conductance, pH, and color

approach influent values, with pH of 8.6 being deter

mined by the ammonium carbonate-bicarbonate buffering

system present in retort water.

When distilled-water rinse follows retort-water

leaching, the following reactions occur:

NH,,
- aaturated soil

Extracted

HHt,
- saturated soil + organic

+ 2o ^3/ foil I
+NH:

+ J colloid S 11

V H,.

The most obvious visible reaction of the

distilled-water rinse is the black leachate which

results, as shown by the color (fig. 3) and DOC

(fig. 4) curves. This reaction occurs because insol

uble ammonium humate ion pairs, which form during am

monium saturation of the soil, dissociate into ammonia

and humate anions during the reduction in ionic

strength of solution, when retort water is displaced

with distilled water. Dissociated humate anions may

or may not be soluble, depending on their charge,

molecular size, and functional group content. Disso

ciation of water occurs when humic acid forms from

humate anions, and this side reaction produces hydrox

ide ion, which explains the final rise of the pH

curve (fig. 2). Buffering by the ammonium-ammonia

equilibrium limits the pH rise to near the pKa of

9.3 of this buffer system.

In contrast to the carbonate data just presented,

chloride in retort water appears to be completely un

reactive, as shown by the soil-column effluent data

of figure 12. The soil columns contained very high

concentrations of soluble chloride salts, which almost

quantitatively leached from the columns within the

first 500 mL of effluent. No peaks or dips are

present in the retort-water effluent curves, and
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Figure 12. Chloride curves of

soil column effluents.

chloride disappears from the effluent in the subse

quent distilled-water rinse.

The behavior of fluoride is somewhat more

complex, as shown in the fluoride curves of figure 13.
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Figure 13. Flouride curves of soil column effluents.

A recent report by Saether (1980) noted that calcium

ion was the primary solubility control of fluoride

ion in leachates from fresh and retorted oil shale,

because of the precipitation of fluorite (CaF2).

Fluoride concentrations in the retort-water leachates

of the soil columns do not increase until calcium

concentrations (fig. 9) of these leachates decrease

almost to zero; so removal of fluoride by calcium pre

cipitation is a likely mechanism. The fluoride peaks

in figure 13, that occur with the distilled-water

rinse after retort-water leaching, are probably due to

the removal of some unknown solubility control, when

retort water is displaced from the soil column with

distilled water. These peak fluoride concentrations

(150 mg/L) are very high, and may cause adverse bio

logical effects.

Thiocyanate has recently been found in oil shale

retort waters (Stuber and others, 1978), and has been

advocated as a conservative stable tracer for retort-

water movement in the subsurface environment

(Leenheer, 1979). Thiocyanate soil-column effluent

data are presented in figure 14. Thiocyanate breaks
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Figure 14. Thiocyanate curves of

soil column effluents.

through the soil columns almost immediately with only

a slight amount of adsorption by the soil. No evi

dence for thiocyanate salts naturally occurring in

soils has been found. Its concentration then levels

off with only slight variations, probably caused by

the multiple dilutions necessary for its determina

tion. It is immediately leached from the soil columns

with the final distilled-water rinse. Its concentra

tion in Omega-9 retort water (80 mg/L as S) was

exactly the same as its original determination three

years ago (Stuber and others, 1978), which demon

strates its stability. These results all indicate

that thiocyanate is almost the perfect tracer for

retort water in soil, although in aerobic systems, it

can be biologically degraded (Stamoudis and Luthy,

1980).

The remaining sulfur-containing anions in retort

water, thiosulfate (S203 ), tetrathionate (S^Og-) ,

and sulfate (SO^ ), must be discussed as a group,

because their concentrations are dependent on the

following oxidation-reduction reactions:

2 -> + (1)

+ 10 H20 + +
20H+

+ (2)

These reactions can occur through both chemical

and biological processes in soil (Nor and Tabatabai,

1977) . Ferric and manganese sesquioxides in soil can

act as oxidizing agents for these reactions. Poly-

thionates, other than tetrathionate (S^Og-), can be

formed, and oxidation of tetrathionate to sulfate may

proceed through other intermediate stages than shown

in reaction 2.
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Soil-column effluent data for thiosulfate, tetra

thionate, and sulfate are presented in figures 15, 16,

and 17, respectively. For the synthetic retort water,
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Figure 15. Thiosulfate curves of

soil column effluents.
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Figure 16. Tetrathionate curves of

soil column effluents.
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Figure 17. Sulfate curves of soil column effluents.

there was a large discrepancy between the amount of

thiosulfate and tetrathionate added to the water, and

the quantity found by analysis. This discrepancy is

on the order of two orders of magnitude higher than

the precision of the analyses for thiosulfate and

tetrathionate. The decrease in thiosulfate and in

crease in tetrathionate indicated oxidation during

storage of the refrigerated sample in the bottle prior

to analysis. Oxidation also was noted for the Omega-9

retort water kept in refrigerated storage since anal

ysis of the sulfur (S) species three years ago (Stuber

and others, 1978). Thiosulfate decreased from 1,270

mg/L S to 200 mg/L S; tetrathionate increased from

80 mg/L S to 180 mg/L S; and sulfate increased from

680 mg/L S to 1,300 mg/L S.

With oxidation occurring during sample storage,

interpretation of the soil-column effluent data is

somewhat uncertain. Thiosulfate data varied the most,

indicating the unstable nature of this constituent.

Thiosulfate, tetrathionate, and sulfate data varia

tions were greater for the Omega-9 soil-column leach

ates than the synthetic retort-water leachates, pos

sibly indicating a greater degree of oxidative bio

logical activity in the Omega-9 retort water. For the

synthetic retort-water sample, thiosulfate concentra

tions were depleted in the first three liters of

leachate (fig. 15), while tetrathionate concentrations

were enhanced (fig. 16), which may have indicated

either chemical or biological oxidation of thiosulfate

to tetrathionate within the soil column.

These data indicate that thiosulfate will not

persist in retort water in the soil environment, but

will be rapidly oxidized to tetrathionate and sulfate.

These findings are in agreement with the findings of

Nor and Tabatabai (1977) for the oxidation of elemen

tal sulfur in soil.

Minor Cations

Cations whose concentrations in retort water and

soil-column effluents were in the low mg/L to ug/L

range are referred to in this report as the minor

cations, although their significance in chemical and

biological effects may not necessarily be minor.

Only trace amounts of lithium were eluted during

the three soil-column experiments, and its elution

curve was similar to sodium and potassium, except that

the exchangeable lithium peak eluted before the ex

changeable sodium and potassium peaks. Minor alkaline

earth elements analyzed for this study were beryllium,

strontium, and barium. No detectable concentrations

of beryllium were found in any of the three experi

ments. The strontium data closely parallels the

maquesium data presented in figure 10, except that

concentrations are 100 times lower. Barium eluted
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from the soil columns of the two retort-water experi

ments near the 100 yg/L level, except during the

distilled-water rinse, when its concentration rose

tenfold. Sulfate and possibly arsonate are solubility

controls for barium in retort water, which maintain

its concentration at low levels.

The water chemistry of iron and manganese is very

complex, and is affected by oxidation-reduction reac

tions, pH, anion solubility controls, and organic-

solute complexation. Iron was adsorbed rather than

extracted for the two retort-water experiments, and

the distilled-water rinse only released peak iron

concentrations near 1.5 mg/L. The alkaline pH and

high inorganic-carbon concentrations are both solu

bility controls, because of precipitation of hydrous

iron oxides and carbonates. Anion-solubility controls

are not as important with manganese, as it forms

soluble complexes with bicarbonate, sulfate, and or

ganic acids (Hem, 1970). Manganese was extracted by

retort water from the soil near 50 yg/L levels, except

for an exchangeable manganese peak (200-400 yg/L) , and

a peak (200-300 yg/L) which occurred with the

distilled-water rinse.

Trace-metal cations noted for their complexation

with organic solutes as well as ammonia include cad

mium, cobalt, copper, and zinc. Cadmium, found at

96 yg/L concentration in Omega-9 retort water, did not

appear in significant concentrations in the soil-

column effluents; therefore, soil-column effluent

data for cadmium are not presented. Apparently, cad

mium is precipitated as a carbonate (probably by

coprecipitation with CaC03 in the soil column) , and

the elevated concentrationc. of humic acids and free

ammonia that occur in the distilled-water rinse do not

form strong enough complexes to cause an elution peak

for cadmium. Data for cobalt, copper, and zinc are

graphed in figures 18, 19, and 20, respectively.
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Figure 19. Copper curves of soil column effluents,
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Figure 18. Cobalt curves of soil column effluents,

Figure 20. Zinc curves of soil column effluents.

Low concentrations of leachable cobalt, copper,

and zinc salts were noted in the first 1 L of efflu

ent. Elution curve peaks for cobalt and copper, which

occur between 1 and 7 L of effluent, are likely

related to ion exchange with ammonium ion. Peaks for

all three cations, which occur with the distilled-

water rinse following retort-water leaching, can be

related to either humic-acid complexation or to am

monia complexation because of the release of free am

monia into solution with the pH rise during this

distilled-water rinse.

To determine whether cobalt, copper, and zinc

were complexed with humic solutes or ammonia, and to

determine whether these complexes were strong enough

to cause dissolution of carbonate and hydroxide pre

cipitates, the MINEQL 2 computer program was used to

calculate chemical equilibrium of the various species

in the solution and solid phases (Westall and others,

1976). The data used were taken from the synthetic

retort-water soil-column experiment at the peak of the

DOC and trace-metal elution curves, which occurred at

18.5 L of effluent.

The synthetic retort-water experiment was used
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because of confidence in the ammonia values. Data

input into the program included pH and molar concen

trations of NHl, + NH3,
HCOg1

+ C032, Ca+2, Cd+2, Zn+2,

and molar concentration of humic-acid complexation

sites estimated as 1 meq/g (McKnight and Thurman,

1978). Humic-acid-metal-complexation constants were

obtained from Mantoura and others (1978) and were in

creased by one order of magnitude to estimate for the

difference in pH values (pH 8 for Mantoura and others

(1978) and pH 9.5 for the data input value).

Results indicated that both ammonia and humate

solutes formed complexes strong enough to give the

trace-metal concentrations found at the peak of the

distilled-water rinse elution curves. At pH 9.5,

90 percent of the cobalt was bound to humic solutes;

7 percent was bound to ammonia; and the remainder

existed as free
Coz

,
or as soluble hydroxide com-

9+
plexes. However, most of the Cu was bound to am

monia (96 percent) , and only 3 percent was bound to

humic solutes. For zinc, 90 percent was bound to am

monia and 9 percent was bound to humic solutes.

These results can be partially transferred over

to the Omega-9 retort-water experiment, but larger

trace-metal elution peaks that occurred at the

distilled-water rinse probably indicate a significant

role for complexing organic solutes previously

adsorbed from the retort water and released as
trace-

metal complexes during the distilled-water rinse.

The soil columns adsorb much more cadmium,

copper, and zinc from retort water than is released by

the soil into the column effluents. The high pH and

high carbonate concentrations of the system probably

are responsible for preventing the release of trace-

metal cations from the soil into retort water.

Minor Anions

Arsenic is a trace element of some concern in oil

shale retort waters, because it occurs in moderately

high concentrations. Arsenic can exist in a number of

organic and inorganic forms. Arsenite (As02) and

arsenate (AsOlj) are the predominate inorganic forms in

water (Hem, 1970). The reduced species, arsenite, may

predominate in oil shale retort waters because of the

reducing environment created by thiosulfate, although

the moderately high pH of 8.6 may prevent this

reduction.

Arsenic soil-column effluent data for Omega-9

retort water are plotted in figure 21. The fact that

arsenic concentrations are lower at the point of the

effluent curve where exchangeable cations elute,
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Figure 21. Arsenic curve of soil column effluent.

suggests that certain cations may be active as solu

bility controls upon arsenic. The arsenic peak at the

distilled-water rinse is probably related to the elu

tion of organic forms of arsenic because many of the

metals eluted during the distilled-water rinse have

very low solubility product values with inorganic

arsenate. Even at the plateau of the arsenic elution

curve, about 15 to 20 percent of the arsenic is ab

sorbed by the soil column. This absorbed arsenic is

possibly an organic form of arsenic, because the

slope of the plateau increases at a rate similar to

that observed for the DOC curve of figure 4.

Boron is one of the most abundant minor anions

in soils, oil shales, and ground waters associated

with the Green River Formation. The aqueous chemistry

is complex and not very well-known; orthoboric acid

species (H3B03) are the most likely (Hem, 1970).

Soil-column effluent data for boron are plotted in

figure 22. The synthetic retort-water curve indicates
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Figure 22. Boron curves of soil column effluents.

that, except for indications of a solubility control

in the first liter of effluent, boron leaches from

the soil column with only moderate retention by the

soil. However, the Omega-9 retort-water curve appears

drastically different. Boron concentrations appear
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to be suppressed in the effluent region (1 to 8 L)

where exchangeable cations elute, and a peak occurs

with the subsequent distilled-water rinse. Borates

form complexes with organic diols and sugars which

may be present or extracted in the Omega-9 retort-

water effluent, but not in the synthetic retort-water

effluent. The high influent concentrations of boron

in Omega-9 retort water also affect the shape of the

effluent curve.

Silica soil-column effluent data were erratic and

non-definitive. Silica concentrations varied between

20 and 60 mg/L for all three soil-column experiments,

but the sharp discontinuities in the variations indi

cated the presence of silica precipitates or colloids

in the effluent fractions which were not representa

tively subsampled for analysis.

Molybdenum concentrations in oil shale have been

correlated with kerogen content, and its polymeric-

hydroxide anion species (molybdates) are present in

oil shale retort waters in moderate concentrations.

Soil-column effluent data for molybdenum are plotted

in figure 23. Almost no molybdenum is extracted from
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Figure 23. Molybdenum curves of

soil column effluents.

the soil column by distilled water. Both the synthet

ic retort water and Omega-9 retort-water curves ex

hibited initial adsorption of molybdenum in the first

liter of effluent, followed by later elution of the

adsorbed molybdenum. Because of its slight retention

by soil and moderate concentration in retort water,

molybdenum is a possible candidate as a tracer for

retort-water movement in soil and ground water.

However, in reducing ground waters, molybdenum species

may be reduced and precipitated, especially in the

presence of sulfides.

Lastly, vanadium soil-column effluent data

are presented in figure 24. Aqueous vanadium species
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Figure 24. Vanadium curves of

soil column effluents.

that might be stable in water include both anionic

+3 +1* +5

and cationic forms of V
,

V
,
and V (Hem, 1970) .

The distilled-water leaching study extracted high

concentrations of vanadium from the soil, as did the

two retort-water leaching studies. Extraction of

humic acids by the distilled-water rinse following

retort-water leaching appears to act as a solubility

control on vanadium concentrations because of the dip

in the vanadium elution curves where the humic-acid

peak occurs.

Soil Analyses

Carbon

Soil analyses for inorganic and organic carbon

were performed with the objective of obtaining addi

tional information about carbonate precipitation and

dissolution, and adsorption and extraction of organic

compounds. However, high levels of inorganic and or

ganic carbon in the soil, coupled with the high vari

ability of organic carbon, prevented any definitive

interpretation of these data.

Nitrogen

Soil analyses for total Kjeldahl nitrogen show

more nitrogen in the C horizons for the retort-water

treated soils, but variations in nitrogen content,

probably related to organic content random variations

discussed previously, limit the usefulness of total

Kjeldahl nitrogen data.

The ammonia-nitrogen data of figure 25 are much

more definitive. Retort-water-treated soils retain

much of the ammonium adsorbed from retort water. Com

parison of the total quantity of ammonium found by

soil analysis of the columns leached with synthetic

and Omega-9 retort waters with the exchange capacity

of these columns found that about 65 percent of the

exchange sites (available to cesium) were still occu

pied by ammonium ion. This finding was somewhat
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Figure 25. Soil analyses for ammonium nitrogen.

surprising, because a high percentage of the ammonium

could have been lost during the distilled-water rinse

that followed retort-water leaching, biological nitri

fication of ammonium to nitrate, and by volatilization

from the alkaline soil during the two-week drying

period following unpacking of the soil column. At pH

9.5, which occurred during the distilled-water rinse,

76 percent of NHij + NH3 species are present as free

NH3, which should leach or be volatilized from the

soil. High losses of ammonium appear to have occurred

only in the shallow A horizon of the soil profile.

Leaching of ammonium humates and biological nitrifi

cation both may have been responsible for loss of am

monium in the soil A horizon.

High nitrite plus nitrate levels were found

mainly in the C-3 horizon (fig. 26), and this nitrate

was almost quantitatively removed by the
distilled-

water leaching experiment. The total nitrogen curves

UNTREATED SOIL

SOIL LEACHED WITH

DISTILLED WATER

0 40 80 120 160 0 40 80 120 160 200

NITRATE AND NITRITE NITROGEN, IN MILLIGRAMS PER KILOGRAM

Figure 26. Soil analyses for nitrate

+ nitrite nitrogen.

of figure 7 indicate that nitrate was quantitatively

leached from the soil profile in the first liter of

effluent in all three soil-column experiments. A

plausible hypothesis for the origin of soil nitrate

could be related to the oxidative mineralization of

organic nitrogen from kerogen weathering in surface

shales. Oil-shale kerogen is known to be high in or

ganic nitrogen. This nitrate probably accumulates in

the C-3 horizon because of low rainfall and high evap-

otranspiration rates. Soil aggregates in the C-3

horizon had observable salt coatings that are absent

in the upper horizons, and these salts are probably

the origin of the high concentrations of Cl , SO^ ,

Na , Ca , and Mg ,
as well as N02 + N03 .

Cation-Exchange Capacity

Cation-exchange capacities (relative to exchange

sites available to cesium) for the various soil hori

zons increased with depth from 7.5 meq/lOOg for the A

horizon to 10 meq/lOOg for the C-3 horizon. The type

of leaching experiment did not appear to have a sig

nificant effect on cation-exchange capacity, but the

increase in cation-exchange capacity with depth par

tially explains why ammonium-nitrogen concentrations

increase with depth (fig. 25).

Particle-Size Distribution

The results of the particle-size distribution

analysis given in table 3 show that there are only

slight differences in soil texture between the various

horizons. Leaching with distilled water caused a

slight shift of clay and silt into the sand fraction,

but the two retort-water experiments caused a large

shift of clay and silt into the sand fraction. These

shifts are the result of formation of particle aggre

gates that are not dispersed by ultrasonic vibration.

Ammonium saturation of the soil by the retort-water

treatments, followed by drying, results in tightly

bound soil aggregates that are difficult to redis-

perse. Aggregation of sodium-saturated soils during

drying to form clods is a widely recognized phenomena

that occurs with sodium-saturated soils (Russell,

1961) , and the ammonium saturation apparently causes

a similar effect when soils are treated with retort

water.

Soil Mineralogy

The sand and silt fractions of the Haterton soil

are dominated by calcite, dolomite, quartz, and illite

mica; whereas, the clay fraction is dominated by

saponite, sepiolite, and illite mica. The A horizon

contains slightly higher concentrations of calcite

and dolomite than the subsoil C horizons, which are

slightly enriched in quartz, saponite, and sepiolite,

compared to the A horizon. These slight differences
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Table 3. Particle-size distributions of Haterton soil before and after
soil-

column leaching experiments.

[Values given in weight percent; ym =

micrometer; H20 =

water]

Treatment
Soil Sand Silt Clay

Total

horizon (>62 ym) (2 to 62 ym) (<2 ym)

Untreated A 40.6 47.3 11.1 99.0

Untreated C-l 38.0 49.4 11.2 98.6

Untreated C-2 39.6 49.3 10.1 99.0

Untreated C-3 37.8 47.8 12.8 98.4

Distilled H20 A 46.7 41.0 11.4 99.1

Distilled H20 C-l 43.8 45.7 10.4 99.9

Distilled H20 C-2 53.7 39.6 4.0 97.3

Distilled H20 C-3 46.4 40.3 12.4 99.1

Synthetic retort H20 A 61.1 31.5 7.0 99.6

Synthetic retort H20 C-l 57.2 35.6 6.6 99.4

Synthetic retort H20 C-2 56.2 37.2 6.0 99.4

Synthetic retort H20 C-3 55.0 34.5 9.4 98.9

Omega-9 retort H:?o A 61.4 33.1 4.3 98.8

Omega-9 retort H;>0 C-l 58.5 36.2 5.2 99.7

Omega-9 retort H20 C-2 59.8 32.2 5.4 97.4

Omega-9 retort H;20 C-3 51.0 37.9 9.0 97.9

indicate that little soil development from the parent

material has occurred that is characteristic of an

Entisol. The distilled-water and retort leaching ex

periments did not cause detectable changes in the soil

mineralogy.

The suite of minerals found are characteristic

of the marlstones of the Green River formation. The

minerals analcime, saponite, and sepiolite are quite

uncommon in most soils, but do form in the
alkaline-

evaporite deposit that constitutes the Green River

formation.

To determine the effect of soil mineralogy on

soil cation-exchange capacity as applied to ammonium

adsorption and exchangeable cations eluted, mineral

percentages for each soil-size fraction and soil hori

zon were averaged to obtain a mineralogical composi

tion for the entire soil profile. The contribution

of each soil constituent to the cation-exchange ca

pacity of the soil then was estimated from published

values for cation-exchange capacity of the pure

constituent. The exchange-capacity contributions of

Haterton soil constituents are given in table 4.

One-half of the cation-exchange capacity in the

Haterton soil was due to analcime, which is a zeolite.

This is a significant finding for the following

reasons.

1. Analcime has small lattice pores, which per

mit moderately rapid cation exchange of sodium and

potassium; ammonium exchange is permitted, but the

kinetics are slow; and cesium, which is a large

cation, is completely excluded from the exchange sites

(El-Nahal and Whittig, 1973). This exchange mechanism

explains why the Woodward-Clyde soil survey (1978)

reported exchange-capacity values (20 meq/100 g) twice

as high as the cesium exchange-capacity values

(9 meq/100 g) of this report, because they used sodium

ion for saturation and ammonium ion for displacement.

The cesium cation-exchange values only measure the

saponite, sepiolite, illite mica, and organic matter

components in the soil.

2. Analcime is known to fix ammonium upon drying

(El-Nahal and Whittig, 1973). A slight decrease in

pore size, which occurs upon drying, traps exchange

able ammonium and explains why ammonium was not lost

when it should have been removed by volatilization.

The slow kinetics of ammonium exchange may explain

why it was not removed from the soil by the distilled-

water rinse after retort-water leaching. As analcime

has been found in most soils and sediments derived
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Table 4. Cation-exchange capacity contributions of Haterton soil constituents,

[meq =

milliequivalents; g
=

grams; NS =
not significant]

Constituent

Exchange

capacity

Soil Soil exchange

percentage capacity

Percent

exchange

capacity

Calcite

Dolomite

Quartz

Plagioclase

feldspar

Potash

feldspar

Analcime

Illite

mica

Saponite

Sepiolite

Kaolinite

Amphibole

Organic

matter

NS

NS

NS

NS

NS

400 meq/100 g (ref 30)

12 meq/100 g (ref 31)

76 meq/100 g (ref 31)

32 meq/100 g (ref 31)

6 meq/100 g (ref 31)

NS

200 meq/100 g (ref 32)

18

11

20

7

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

4 16 meq/100 g 51

9 1 meq/100 g 3

12 9 meq/100 g 29

11 3 meq/100 g 9

1 NS

2 NS

1 2 meq/100 g 6

100 31 meq/100 g

from the Green River formation, one can expect to

observe ammonium fixation as a major interaction

between retort water and soil.

Another interesting finding is that saponite and

sepiolite clays account for most of the exchange ca

pacity after analcime. Both of these clays are

magnesium-rich clays; this helps explain why magnesium

was the most abundant cation exchanged for ammonium

in the data of table 2.

3. The total cation-exchange capacity of

31 meq/100 g estimated by table 4 is in moderately

good agreement with exchange-capacity determination

(20 meq/100 g) of Woodward-Clyde (1978), because it is

not an unreasonable estimate that some of the soil-

exchange sites may be chemically and physically

blocked to give a lower experimentally determined

value .

SIGNIFICANT FINDINGS

Ammonium Adsorption by Soil

The cation-exchange sites on the soil were quan

titatively saturated with ammonium ion after passage

of only 2 void volumes of Omega-9 retort water through

the soil. A subsequent column rinse with 1.5 void

volumes of distilled water and drying of the soil

removed only 35 percent of the adsorbed ammonium.

Adsorbed ammonium was lost to a much greater extent

in the surface A soil horizon than in the subsoil C

horizons. Adsorbed ammonium is fixed and rendered

non-exchangeable by the analcime minerals in the soil.

Calcium Carbonate Precipitation

Cation exchange of calcium for ammonium in the

presence of high concentrations of carbonate and bi

carbonate resulted in calcium-carbonate precipitates,

both in the soil column and soil leachates. This

cation-exchange, precipitation process caused a mo

mentary reduction in soil permeability, as measured

by flow rate. The presence of high concentrations of

organic solutes in Omega-9 retort water seemed to in

hibit the rate of precipitation, compared to a syn

thetic retort water where organic solutes were absent.

This precipitation process caused a large reduction

of the inorganic-carbon concentration in the first

void volume of effluent, and limited calcium dissolu

tion from the soil column.

Soil Organic Matter Extraction by Retort Water

Ammonium saturation of the soil by retort water
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resulted in the formation of soluble ammonium fulvates

and humates from insoluble calcium and magnesium forms

of these soil-organic-matter acid mixtures. Ammonium

fulvates leached from the soil column at the point of

ammonium breakthrough; ammonium humates leached from

the column with the distilled water rinse which fol

lowed retort-water leaching. Iron, manganese, and

cobalt appeared to associate with leachable humic and

fulvic acids by complexation. Copper and zinc pref

erentially associated with the free ammonia released

during soil organic-matter extraction.

Adsorption of Organic Solutes in Retort Water by Soil

After correction of the amount of organic matter

extracted by retort water from soil, 44 percent of the

DOC was adsorbed from 9.4 void volumes (36 L) of

Omega-9 retort water.

Soluble Salts Leached from Soil

Most of the soluble salts leached from the soil

columns within the first liter (0.26 void volumes) of

leachate. These salts consisted mainly of sodium,

calcium, and magnesium chlorides, sulfates, and

nitrates. Most of the nitrate was found to reside in

the C-3 soil horizon. Lesser amounts of potassium,

lithium, strontium, cobalt, copper, and zinc were

found as cation constituents of these salts. Boron,

silica, and vanadium leached at a slower rate from the

soil. Anomolously high concentations of vanadium were

found in the soil leachates.

Inorganic Solutes Extracted from Soil by Retort Water

The ammonium ion exchange reaction caused the

displacement of exchangeable cations from the soil,

which increased calcium, magnesium, lithium, sodium,

potassium, strontium, and manganese concentrations in

retort-water leachates. Most of the displaced calcium

was precipitated as carbonate, and the soil did not

contain high concentrations of exchangeable lithium,

sodium, potassium, strontium, and manganese. There

fore, magnesium was the cation extracted in the high

est concentrations, because of its abundance on ex

change sites, the abundance of magnesium-rich minerals

in the soil, and the lack of solubility controls in

retort-water leachates.

Inorganic Solutes Adsorbed from Retort Water by Soil

In addition to ammonium adsorption previously

discussed, the trace metal cations, barium, iron,

cadmium, cobalt, copper, and zinc, were adsorbed from

retort water in the soil column. This adsorption was

probably related to a precipitation process involving

high pH and high inorganic carbon and sulfate concen

trations. Solubility and pH controls were also fac

tors in the adsorption of inorganic carbon, arsenic,

boron, and fluoride. When the distilled-water rinse

followed retort-water leaching, relaxation of solu

bility controls, humic acid complexation and ammonia

complexation caused the desorption of ammonium, arse

nic, barium, boron, cobalt, copper, fluoride, iron,

and zinc.

Retort-Water Solutes with Slight Soil Interactions

Chloride and thiocyanate showed almost no inter

actions with soil, and molybdenum was initially ad

sorbed and immediately desorbed from soil by retort

water. Thiocyanate in anaerobic waters and molybdate

in aerobic waters are good candidates for tracer

solutes because of their lack of interactions, unique

ness, and high concentrations in retort water compared

to soil.

Thiosulfate Decomposition in Retort Water and Soil

Eighty-four percent of the thiosulfate decomposed

to polythionates and sulfates in Omega-9 retort water

during three years of refrigerated storage. The un

stable nature of thiosulfate indicates that it will

be rapidly converted by biological and chemical

processes in the soil to polythionates and sulfates.

These extensive findings are by no means all

inclusive. They should be used as guideposts for

more specific research on important soil-retort water

interactions, and can be used in a predictive capacity

for interactions between similar retort waters and

soils.
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LABORATORY LEACHING OF BI-MODAL POROUS MEDIA

by David B. McWhorter

Agricultural and Chemical Engineering Department

Colorado State University
Fort Collins, Colorado 80523

INTRODUCTION

A commercial oil shale industry is more nearly

a reality now than ever before. Several different

surface and in-situ retorting methods are in various

stages of development and testing. Regardless of

the methods or combinations of methods that are

eventually adopted, it will be necessary to store,

at least temporarily, quantities of raw mined shale

and/or processed shale on the surface. Such materi

als will be subjected to weathering agents and

represent a potential for the release of various

chemical species into percolating waters.

The chemical and physical factors controlling

the leaching characteristics of such materials are

not well understood. To assess the significance of

raw and processed shale disposal piles as a source

for water quality degradation, knowledge of the

mechanisms that control both the concentration and

rate of release are important. It is expected that

the controlling mechanisms are different for the

various chemical species of interest. The problem

is further complicated by the virtual certainty that

such factors as freeze-thaw cycles, wet-dry cycles,

microbial activity, and vacillation between aerobic

and anaerobic conditions play an important role.

Raw mined shale and certain of the processed

shales have the distinctive property of being
bi-

modal with respect to pore size. For example, a

storage pile of raw mined shale will have a
macro-

pore space that results from the voids formed by the

collection of shale fragments. Individual shale

fragments are porous, also, and this void space is

referred to as the micro-pore space. Many naturally

occurring porous media exhibit bi-modal porosity to

some degree. However, the bi-modal character of a

collection of shale fragments is extreme in the

sense that the characteristic pore size of the

macro-space is orders of magnitude greater than that

of the micro-space.

It is believed that the bi-modal property of a

collection of shale fragments plays an important

role in the rate at which chemical species are

leached by percolating waters. The presence of the

micro-space must be important in the capillary

retention of water, also. Furthermore, it is

expected that at least the oxidation-reduction chem

ical reactions for the overall collection of parti

cles will be significantly affected by the presence

of the micro-space since it may remain saturated

when the macro-space contains both air and water.

Finally, the great disparity of pore size dictates

that significant bulk flow occur only in the
macro-

space. This means that the interchange of chemical

species between the macro and micro-space must be

dominated by the mechanism of chemical diffusion

which, ir. turn, may have an important effect on the

rate of chemical reactions and the rate at which

dissolved species are produced into the solution

flowing in the macro-space.

This paper makes no pretense of being a

thorough study or discussion of the above factors.

Rather, it is the purpose to present preliminary
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evidence that bi-modal porosity is important and to

present a formalism that is a first step toward

acquiring an improved understanding of the transport

mechanisms involved. This research is in its

infancy and is part of an ongoing program.

PREVIOUS WORK AND SOME EXPERIMENTAL OBSERVATIONS

The leaching of chemical species by percolating

waters involves many processes including diffusion,

dispersion, advection, adsorption, desorption, and

chemical reaction. These individual processes are

different in their details for each species under

consideration. The behavior in aggregrate is the

result of some complicated superposition and

interaction of the processes for individual species.

In the following paragraphs, the word tracer will be

used to denote the species considered.

The mathematical formalism usually used to

describe the transport of a tracer through porous

media is the advective-dispersion equation (Eear,

1972)

JTC 3C
_

3C
_

9S
D

~ 2
"

v
dx 3t 3t

dx

(D

where

D = hydrodynamic dispersion coefficient

C = tracer concentration (mass per unit volume

of solution)

v
=
mean velocity of solution in the pores

t = time

x =
space coordinate

and 3S/3t is a source term that represents the rate

of tracer mass addition per unit volume of solution.

In the above form, the equation applies for one-

dimensional flow and dispersion in a system for

which D and v are constants. The hydrodynamic

dispersion coefficient includes the influence of

molecular diffusion and the mixing that occurs on

the pore scale due to pore-water velocity varia

tions .

Numerous solutions for (1) with various boun

dary conditions and formulations for the source term

are in existence (e.g., Bear, 1972; Ogata and Banks,

1961; Baker, 1977; Perkins and Johnston, 1963;

Lapidus and Amundson, 1952). A solution of (1) for

a semi-infinite domain initially with zero tracer

concentration and with a constant concentration

C of tracer introduced at t = 0 on the inflow boun-

o

dary predicts that the concentration of 0.5 CQ will

move with velocity v. It further predicts that the

concentration distribution C(x,t) is approximately

symmetrical about the moving concentration 0.5 C .

Therefore, for a non-reactive species, one would

expect the tracer concentration in effluent from a

column to gradually increase until the influent con

centration is achieved. Furthermore, the effluent

should contain a tracer concentration equal to 0.5

C at the moment corresponding to a total through

put of 1 pore volume and that the cumulative mass of

tracer produced from the column prior to this time

should equal that produced following the arrival of

the 0.5 C concentration. These features of the

solution have been experimentally verified in

laboratory column experiments for such non-reactive

species as chloride. The laboratory scale agreement

has resulted in a general acceptance of concepts

underlying the development of the advective-

dispersion model. However, the validity of (1) (and

its more general forms) for field scale problems has

recently been called into question (Gillham and

Cherry, 1981).

The presence of chemical reactions and

adsorption-desorption processes can significantly

modify the time-space distribution of a tracer. A

common approach to the adsorption-desorption problem

is to characterize this process by a linear isotherm

that simply states that the mass of adsorbed tracer

is directly proportional to the concentration of
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tracer in solution (Bear, 1972). The linear iso

therm approach permits the source (or sink, depend

ing upon sign) term in (1) to be conveniently ex

pressed in terms of the solution tracer concentra

tion. Mathematically, one eventually obtains (1)

again without the source term and with modified val

ues for both D and v. The dominant effect is to

cause the tracer front to travel at a velocity less

than v. Because the effective value of D has been

modified, the distribution of tracer concentration

about the average value is also changed, but the

conclusion that it should be symmetrical remains in

tact . Non-linear isotherms hange the rate of ad

vance of the front and, also, produce an asymmetri

cal distribution of C about the mean. Chemical

reactions with reaction times on the order of the

residence time of the solution in a representative

volume element of the porous medium will also

produce asymmetrical breakthrough curves.

Figures 1 through 3 show the electrical conduc

tivity of the effluent from three laboratory columns

of shale (McWhorter, 1980). These data were

obtained by saturating columns of the shale with

de-ionized water, followed by continuous application

of de-ionized water at an approximately constant

rate. Figures 4, 5, and 6 show the grain size dis

tributions for these materials. The electrical con

ductivity is used as a convenient indicator of the

concentration of dissolved solids. Within the con

text of the above discussion, the de-ionized water

is the "tracer". If one made the totally unrealis

tic assumption that, once the dissolved solids

reached an equilibrium concentration in the initial

saturant, no more interaction occurs (even with the

influent) then one would expect a gradual decrease

in EC symmetrical about a mean concentration ob

tained at one pore volume of effluent. Obviously,

such a breakthrough curve was not observed. Instead

the EC decreased only slightly, if at all, prior to

the production of one pore volume and then decreased

gradually over the next several pore volumes result

ing in a highly asymmetrical breakthough curve.

Following the initial saturated runs, the

columns were allowed to gravity drain and approach

an equilibrium water content distribution. The

duration of this aeration period was approximately 6

weeks. De-ionized water was again added to the

columns and the leaching experiments were repeated.

The relationships between EC and the volume of

effluent for this second cycle are shown on Figures

1 through 3, also. The data on Figures 1 and 2 show

that during the period of aeration, the EC recovered

to a value very nearly equal to that achieved in the

initial run. The shales for which Figures 1 and 2

apply were relatively fresh mined shales and had

undergone very little weathering or leaching since

being exposed at the surface. In contrast, the

shale for which Figure 3 applies talus material

collected on Parachute Creek and has been exposed to

natural weathering and leaching processes for a long

time. The EC for this talus shale did not show a

recovery during aeration to the extent that the

relatively fresh shales did.

A complete and thorough explanation of the

observations described above would undoubtedly

require invoking several mechanisms. It is clear,

however, that simple linear desorption is not the

controlling mechanism. Much more likely is the com

bination of several time dependent chemical reac

tions. Also, it is speculated that the time

required for dissolved species to diffuse from the

interior of individual shale fragments is large

relative to the residence time of the flowing solu

tion in a volume element of the macro-space. The

mean residence time for the solution in the USBM

shale column (Fig. 1) was 46 hrs. The corresponding
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residence times for the Colony shale (Fig. 2) and

the talus shale (Fig. 3) are 103 hours and 155

hours, respectively. These are the overall

residence times and the residence times in a

representative volume element are much less, of

course.

The individual species making up the greatest

part of the total dissolved solids are calcium, mag

nesium, sodium, bicarbonate, chloride and sulfate

(McWhorter, 1980). Transport of these common ions

in soils has been fairly successfully modelled by

assuming instantaneous chemical equilibrium, the

reasoning being that the reaction rates are large

relative to the rate of solution movement. Not

always has the assumption of instantaneous chemical

equilibrium been successful, however (Glas, Klute,

and McWhorter, 1979 a, 1979 b).

In view of the residence times achieved in the

column leaching experiments, non-equilibrium chemis

try within the macro-space is not believed to pro

vide an adequate explanation of the extreme asym

metry of the breakthrough curves. Also, the fact

that the EC almost completely recovered in the rela

tively fresh shales seems to preclude the possibil

ity that all the soluble materials were dissolved

and flushed from the columns in the first cycle. A

possible explanation is that readily soluble materi

als exposed in the macro-space were removed and that

the asymmetry of the breakthrough curves is caused

by a limiting rate of diffusion of dissolved species

from the micro-space to the macro-space. This dif

fusion process may also have an indirect effect on

the rate of reactions within the micro-space by lim

iting the rate of transport of reactants and pro

ducts to and from the reaction sites.

If in fact the above phenomenon is an important

component of the operative process, it apparently

had a much less important effect in the talus shale

than in the relatively fresh shales. Because the

talus shale has resided in a zone that experiences

numerous wetting and drying cycles, it might be

expected that much of the readily soluble solids

originally contained in the shale has long since

been removed . During a period of drying by evapora

tion, the solids dissolved in the solution are left

in the shale. Furthermore, the precipitates result

ing from evaporation would be located on or near the

exterior surfaces of the individual shale fragments

where they are readily accessible to macro-space

water in the next wet period. Thus, the tendency of

repeated drying and wetting cycles in which some net

throughput of water occurs is to reduce the readily

soluble solids content but, also to cause that which

remains to be concentrated where they may be easily

contacted by waters moving through the macro-space.

Should percolation through the material occur in

quantities sufficient to remove these deposits, as

was the case in the experiments, very little

recovery in a subsequent wetting would be expected.

While the above discussion seems adequate to

explain the observed differences in EC recovery, it

implies that the breakthrough curve for the talus

shale should be relatively symmetrical as compared

to that for the fresh shales. As shown in Figure 3,

a more symmetrical breakthrough curve was not

observed. Evidently, diffusion of dissolved solids

through the micro-space is not by itself, a suffi

cient explanation of the asymmetrical breakthrough

curves .

A PROPOSED MATHEMATICAL FORMULATION

Advective-dispersion processes in porous media

that contain regions of stagnant fluids have been of

interest for several years. Coats and Smith (1964),

Brigham (1974), and Baker (1977) are among investi

gators in the petroleum industry that have dealt

with bi-modal porous media. The influence of the
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regions of stagnant fluids in
"dead-end"

pores is

referred to as a capacitance effect in these models.

The capacitance effects cause the breakthrough

curves to be asymmetrical, but less so as the scale

of the problem under consideration is increased.

Philip (1968) treated a mathematically and con

ceptually similar problem but considered only the

case of no bulk flow. When bulk flow is zero, mass

transport occurs only by diffusion and the advective

term in the hydrodynamic dispersion equation is

zero. Also, the dispersion coefficient becomes

equal to the effective coefficient of diffusion in

the porous medium. Philip modelled the diffusive

transfer of tracer from the active pore space

(analogous to the macro-space in this paper) to the

dead-end pore space (the micro-space) by assuming

that the local rate of change of concentration in

the dead-end pore space is proportional to the

difference in concentration between the two regions.

The proportionality constant is an effective mass

transfer coefficient.

Hydrogeologic systems are usually quite hetero

geneous and, based upon dispersion alone, one would

expect solute plumes to reflect this heterogeniety

to a much larger degree than has been observed.

Gillham and Cherry (1981) attribute the observed

regularity of solute plumes, at least partially, to

the diffusion of solute from the more permeable

zones where bulk flow dominates into the less perme

able zones that participate in bulk flow to a rela

tively insignificant degree. The net effect is a

retardation of rate of solute transport to a level

below that expected if only the permeable zones are

considered. Grisak and Pickens (1980) and Grisak,

Pickens, and Cherry (1980) treat such a system

explicitly by modelling and experimenting with tran

sport through a fractured porous medium. Their

results show that diffusion of solute into the

micro-space can greatly distort the breakthrough

curve in a manner that is qualitatively similar to

that observed in the experiments described above.

In the following development, Equation 1 is

applied to the transport of solute in the macro-

space. The internal geometry of the volume element

for which Eq. 1 is written is that which is deter

mined by the external surfaces of the individual

shale fragments contained within the volume element.

The source term is the rate of mass addition per

unit volume of macro-space resulting from mass flux

of solute from the micro-space. We define the aver

age mass flux of solute normal to the surface

separating the macro and micro-space as Jm and cal

culate the source term as

=
-

J
dt i m

(2)

In Eq. 2, 4 is the internal surface area of the

macro-space per unit volume of porous medium, and

is the macro-space porosity (less than the total

porosity) .

Among other factors, Jmu depends upon the size,

shape, size distribution, porosity and tortuosity of

the shale fragments. In addition, Jmu will depend

upon the difference in concentration between the

macro-space and the micro-space. Let Jmu De tne

mean mass flux on & consequent on a unit step

change in concentration on 6 .
Then

m / or mu
)dr (3)

where AC is the concentration deficit in the

macro-space equal to C - C. Equation 1 can be

rewritten with C as the dependent variable. Use

of (2) and (3) yields

2
3ZAC

dx

/t

d~f J (t-r)dx
dx mu

(4)
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Equation 4 is a form for which the Laplace

transform technique of solution is especially con

venient. The overbar notation is used to denote the

Laplace transform. Taking the Laplace transform of

(4) and solving the resulting ordinary differential

equation yields

4C-C""'I--B*b(-;oA <

in which P is the Laplace transform parameter. The

solution (5) applies for A C = 0 everywhere ini

tially and AC = C atx = 0 for t > 0.
o

We now turn to the question of evaluating J
mu

Some insight into the time dependence of J can be
mu

obtained by idealizing individual shale fragments as

spheres. The diffusion flux from a sphere of radius

R resulting from a unit step change in concentra

tion on the surface is readily obtained from Carslaw

and Jaeger (1959, p. 233)

2D
2 2

-D n n t

exp (6)

n=l

where D is the effective molecular diffusivity of

m

solute in the micro-space. Equation 6 predicts a

very large flux near t = 0 but that the flux rapidly

approaches an exponential function.

Given that individual shale particles are not

spheres and that there is a wide distribution of

particle shapes and sizes, we replace (6) with

-D n2kt

J = kD exp
mu m

(7)

where k is a parameter that will be evaluated

below. Equation 7 retains the correct long-time

behavior but predicts a finite flux at t = 0. The

effective diffusivity was not incorporated in k so

that the ability to explicitly evaluate the effect

of diffusion from the micro-space is retained.

The parameter k is evaluated by forcing (7)

to maintain the mass balance

/ J dt = 4
mu mC (8)

in which $ is the porosity of the micro-space

(i.e. the micro-space pore volume per unit bulk

volume of the total sample). Putting (7) in (8) and

computing k permits (7) to be written as

4D -4D t

exp (9)

h C 4> \n"C 4
o m \ o m

for which the Laplace transform is

4D

n2C 4 . _

,
o ml P +

4D
(10)

o m>

Equation 10 is substituted into (5) to obtain

the final solution in operational form. Inversion

of the ~EC in closed form does not appear possible.

However, expansions valid for small time and for

large time do appear to be derivable and we are

presently in the process of developing these results

by expanding AC (P) into appropriate power series.

Notwithstanding that the work is incomplete, the

inclusion of the source term as above has the effect

of retarding the breakthrough curve and producing an

asymmetrical tail. It remains to be seen to what

degree experimental leaching data are predicted by

these results.

ADDITIONAL EXPERIMENTAL RESULTS

The focus of this paper has been the possible

effect of micro-porosity upon the leaching charac

teristics of bi-modal porous media. The original

motivation for the work, however, was the need to
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establish some background data that would serve as

indicators to the magnitude of concentrations of

individual species in leachate from raw mined

shales. As conclusion to the present paper, an

overview of the results obtained in that study is

provided. tiore detailed results are presentee by

McWhorter (1980).

Laboratory columns of four raw mined shales

were leached with de-ionized water. To provide a

perspective in which to view the measured concentra

tions, similar tests were performed on two soils and

two samples of shale that have been exposed at or

near the surface for many many years. Table 1 is a

summary of the range of concentrations observed. In

most cases, the higher of the concentrations listed

was measured in the effluent near the beginning of

the leaching process and the minimum values after

several pore volumes of throughput.

The two samples designated as C-a composite and

C-a R-5/Mahogany were obtained from federal lease

tract C-a with the cooperation of Rio Blanco Oil

Shale Company. The sample designated as Colony raw

shale was collected from a stock pile of minus 12mm

material mined approximately six years ago by the

Colony Development Operation on Parachute Creek.

The fourth raw shale was obtained from the USBM site

in Horse Draw. The material is from the saline zone

and had been stockpiled for approximately six weeks.

Soil samples were collected from two locations.

The sample designated Colony soil was obtained in

the vicinity of the crusher and stockpile at the

Colony site on Parachute Creek and was scraped

directly from the surface. The second sample was

obtained from the B-horizon exposed in a small cut

in Cottonwood Gulch on the C-b federal lease tract.

These samples are designated Colony soil and C-b

soil, respectively.

The other two materials tested are designated

Colony naturally leached and Union naturally

retorted. The first is a talus slope material col

lected near the mine on Parachute Creek. The

material designated as Union naturally retorted

shale is shale that has burned under natural condi

tions and was obtained near the portal of Union's

mine on Parachute Creek. The age of the burn is

unknown but probably occurred many decades ago.

As stated previously, the four naturally occur

ring materials were tested to provide a perspective

for viewing the leachate from the four raw shales.

The maximum dissolved solids in the effluent from

the raw shales are significantly greater than in the

effluent from the previously exposed materials. The

increased uissolved solids are almost entirely

attributable to increases in Ca, Mg, Na, HC0 ,
Cl ad

SO . In general, the maximum concentrations of

trace elements from the raw shales are low and are

not often substantially greater than the values

measured for the previously exposed materials. The

major exceptions are Al, Boron and F. The maximum

concentrations of both Al and E were generally

greater in the raw shales than in the previously

exposed materials. The concentrations of F were

found to be relatively high in the effluents from

all materials tested.

Raw shale disposed above round will be sub

jected to a variety of weathering processes that

cannot be adequately simulated in the laboratory.

There will be wet and dry cycles, freeze and thaw,

microbial activity, periods in which percolation

from precipitation is rapid and others in which the

contact time will be great. Superimposed upon

this variability will be the inherent spatial

heterogeneity of the geochemical properties of the

materials placed in the embankment. The concentra-
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tions of various chemical species in leachates is

expected to be highly variable. The result of the

leaching experiments shown in Table 1 should be

viewed as indicators of the possible range of con

centrations that can be anticipated.
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ABSTRACT

In the modified in-situ retorting process (MIS),

the region of retorting will act as a large subsur

face sink and lead to a massive dewatering of the

surrounding hydrogeologic system. The present study

has been aimed at studying the possible alteration of

the groundwater regime in and around the C-a and the

C-b tracts due to the proposed MIS strategies. Our

approach has been one of scenario analysis and

parametric studies, using a numerical model.

The flow region is idealized as a
multi-

layered,

saturated-unsaturated system, within which the ex

panding disc-shaped retorted domain forms a cavity.

Water drains into the disc-
shaped region at atmos

pheric pressure. The material properties, such as

saturation and permeability, are functions of fluid

pressure head.

The results suggest that mine-inflow rates will

gradually increase with time and that the phreatic

surface will be drawn down significantly over several

square kilometers around the C-a and C-b tracts.

These drawdowns could have profound effects on the

shallow groundwater and surface water supplies. The

expected inflow rates may vary from 0.15 to 1.4

m /sec at the C-a tract and from 0.5 to 0.9 m /sec at

the C-b tract. The computations suggest that over a

30-year period of activity at the C-a tract, the wa

ter table in the vicinity of a tributary to the Yel

low Creek may be drawn down by as much as 31 m. Simi

larly, 60 years of MIS retorting at the C-b tract may

draw down the water table in the vicinity of the Pi

ceance Creek by 100 m or more.

The studies indicate that in an expanding mine,

the inflows are likely to be concentrated in the

neighborhood of newly excavated regions where hy

draulic gradients will be highest. It has been es

timated that inflow into individual retorts may vary

-3 -3 3
from 0.15x10 to 0.95 x 10 m /sec. These inflow

rates may or may not have significant effects on

combustion efficiency, depending upon such factors as

shale richness, uniformity of flow, and steam-air ra

tio.

In general, higher porosities, lower residual

saturations, and higher permeabilities will tend to

increase mine inflows. In view of the simplifying

assumptions made in physical conceptualization of the

system and the uncertainties in the input parameters,

the results of the present study are only estimates,

and the conclusions must be used or interpreted with

caution.

INTRODUCTION

The Green River Formation of Colorado, Utah, and

Wyoming is the largest and richest oil shale deposit

in the world and is estimated to contain in excess of

600 billion barrels of high-grade, recoverable oil

(Yen, 1976; Weeks et al . , 1974). The recent energy

crisis, increasing costs of crude petroleum, and high

U.S. energy demand may make shale oil a
cost-

effective source of crude oil if economically feasi

ble and environmentally acceptable methods of
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recovery can be developed.

The C-a and C-b tracts in the Piceance Creek

Basin are potential sites for the development of oil

shale by the modified in-situ (MIS) retorting pro

cess. Proposed development plans for these tracts

require the disturbance of large quantities of under

ground oil shale on an unprecedented scale. This

disturbance coupled with removal of water ( dewater

ing) which is required to prevent interference with

mining operations and underground combustion, could

profoundly alter the groundwater regime and could af

fect the surface waters of the surrounding area.

In evaluating hydrogeologic consequences, the

present study investigates the nature and impacts of

dewatering that are likely to accompany the MIS pro

cess. Previous studies along these lines have been

carried out by the U.S. Geological Survey (Weeks et

al., 1974; Robson and Saulnier, 1980) and others

(Tipton and Kalmbach, Inc., 1977; Golder Associates,

1977; Banks et al . , 1978). A detailed comparison of

the modeling efforts by these investigators is given

elsewhere (Mehran et al .
, 1980). Although the geolo

gic idealization of the hydrologic system in the

present study is similar to that used by previous in

vestigators, we have attempted to overcome some of

the earlier limitations.

In this study, the flow regions around the C-a

and C-b tracts are idealized as a multi-layered sys

tem of aquifers separated by aquitards. Within this

system, the expanding mine is represented as a disc

shaped opening which grows with time. Water from the

surrounding region drains into the mine at atmospher

ic pressure. As internal drainage progresses, the

region above the mine will desaturate. This study

considers saturated-unsaturated flow under isothermal

conditions. A variable number of layers is used, and

interaction between the layers is permitted. Tem

perature effects accompanying the retorting process,

rock-water interactions, and chemical transport

mechanisms are not considered. The present study in

vestigates the disturbance of the subsurface fluid

flow regime around the proposed MIS facilities at the

C-a and C-b tracts. It also seeks to identify,

through a parametric approach, the key variables that

are required to characterize such systems. It is

hoped that this study will eventually lead to the

design of carefully controlled field experiments

which will provide the critically required field data

for long-term predictions.

PROPOSED MINE DEVELOPMENT

The stratigraphy of the C-a and C-b tracts as

well as available hydrologic data indicate that the

medium is inhomogeneous and anisotropic. The general

stratigraphic succession consists of an upper aquifer

(including the alluvial zone), a confining layer, and

a lower aquifer. The thickness of the flow region

for the C-a and C-b tracts is taken to be 272 m (892

ft) and 690 m (2260 ft) from the bottom of the lower

aquifer to the average position of the water table,

which is about 34 m (111 ft) and 105 m (340 ft) below

the land surface, respectively. The locations of the

upper aquifer, the Mahogany Zone, and the lower

aquifer and their thicknesses for the two tracts are

given in Figures 1 and 2.

Internal drainage is used for dewatering at both

tracts C-a and C-b in this analysis. Thus, under

ground mine development is the forcing function in

our problem.

On the C-a tract, the retorts will have dimen

sions of 46 m x 92 m (150 ft x 300 ft) in plan and

229 m (750 ft) in height. On the C-b tract, the re

tort dimensions will be 61 m x 61 m (200 ft x 200 ft)

in plan and 95 m (310 ft) in height.

Based upon data supplied in the Detailed

Development Plan for the C-a tract (Rio Blanco Oil

339



o

5

Formotion

>

ir

c

0)

CD

Zone

Mahogony
Zone

L-6

R-6

L-5

R-5

L-4

R-4

L-3

R-3

Aquifer

>/WA\W/-306

8- 5

3 <

-249

213

193

o

'5
CT

<

0>

I'i-
^
<

Elevation

(m)

272

73

20

o

0)

EC
cn o

C\J f

FXBL 8011-2310

Figure 1. Stratigraphy of the C-a tract and loca

tion of the mining zone. R stands for

the rich oil shale zone and L for a lean

oil shale zone (After RB0SP, 1977).

Datum is bottom of R-3 zone.

Shale Project, 1977) and for the C-b tract (Energy

Development Consultants, Inc., 1980), the areal ex

pansion of retorted area will be 26 hectars (64

acres) per year on the C-a tract and 38 hectars (94

acres) per year on the C-b tract. Figures 3 and 4

show this expansion as an equivalent increase in the

radius of the disc-
shaped retorted domain with time.

Although the actual areal development will not

strictly be an expanding circle, the radial geometry

used here is assumed to be a reasonable approximation

of the proposed temporal expansion.

THE NUMERICAL MODEL

Dividing the flow region into appropriately

small elements, the equation of conservation of mass
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Figure 2. Stratigraphy of the C-b tract and loca

tion of the mining zone. R stands for

a rich oil shale zone and L for a lean

oil shale zone. Datum is bottom of R-2

zone.

combined with
Darcy'

s law yields:

G + f-< (z+ij,).ndr = J-(pVeS) 2i
dip w s Dt

(1)

where

p
=

density of water,

k = intrinsic permeability,

g
=

acceleration due to gravity,

u
= fluid viscosity,

z =
elevation head,

\b
=
pressure head,

n = outward unit normal to dr,

T = the bounding surface of volume element,

V =
volume of solids,

e = void ratio,

S = degree of saturation,

t =

time,

G =
volumetric rate of fluid generation,

and D/Dt = the material derivative.
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Figure 3. Rate of expansion of the retorted area

with time at the C-a tract.

In Eq. (1), (p V eS)
= M is defined as the

dij> w s c

fluid mass capacity of the volume element. Upon dif

ferentiation and simplification, the following ex

pression for M is obtained (Narasimhan and Wither-

c

spoon, 1977):

M = V p (Sep Bg +

c s w wo

SV^Cc dS
2.303a'

+ e

d^
(2)

where

3 =

compressibility of water,

p
=

density of water at atmospheric pressure,

y
= specific weight of water,

C =
coefficient of consolidation,

c
0'

=
effective stress,

and
x"

= parameter relating pore pressure and

effective stress.

The three terms on the right-hand side of Eq.

(2) represent three distinct quantities. The first

term expresses the expansion of water as fluid pres

sure changes. The second term represents the defor-

mabilty of the soil skeleton, and the last term

denotes desaturation of the pores. Under many cir

cumstances where flow takes place in an unsaturated

state, the last term of Eq. (2) is dominant. Howev

er, some workers (e.g., Golder Associates, 1977)

choose to approximate the desaturation term through

an equivalent specific yield coefficient. Equation

( 1 ) is highly nonlinear because M and k are both
c

strongly dependent on <Jj. The resulting equations are
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t i i
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Figure 4. Rate of expansion of the retorted area

with time at the C-b tract.

solved by an integrated finite difference scheme us

ing a Point Jacoby type accelerated iterative pro

cedure with a mixed explicit- implicit strategy (Ed

wards, 1972; Narasimhan et al., 1978).

Analysis of flow in an unsaturated state re

quires a knowledge of the relationship between sa

turation and pressure head on the one hand and

between permeability and pressure head on the other.

These material properties can be obtained through la

boratory or field experiments. Alternatively, one

could also attempt to theoretically compute unsa

turated hydraulic conductivity from saturation-

pressure head data and other fundamental properties.

In the present study, we have used the Millington-

Quirk (1961) formula which is based on Poiseulle's

equation for flow through a narrow tube.

Since the mined region is assumed to be a disc

shaped volume expanding with time, a procedure must

be implemented to handle the time-dependent geometry

of the opening. In the present work the dependence

of geometry on time has been handled as a series of

discrete jumps by stopping and restarting the problem
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at appropriate intervals.

The numerical model presented here solves tran

sient saturated-unsaturated flow in an axisymmetric

flow region containing a time-dependent disc-shaped

opening under various initial and boundary condi

tions. Anisotropy can be handled by the model by

orienting volume elements in such a manner that their

boundary surfaces are perpendicular to the principal

direction of anisotropy.

RESULTS

The numerical model described above has been

used to study dewatering at the C-a and C-b tracts.

These studies involved a parametric approach to ex

plore the relative importance of various parameters.

Long-term effects of dewatering and subsequent rein

vasion were also investigated.

Parametric Studies

The sensitivity analysis of dewatering was car

ried out for two years for an expanding retort at

tract C-b. The following properties and parameters

of the flow region are examined: 1) degree of satura

tion and its pressure head dependency, 2) hydraulic

conductivity and its pressure head dependency, 3) ma

terial distribution, and 4) porosity. Table 1 sum

marizes the various cases that are considered in the

sensitivity analysis and gives the magnitude of the

Table 1. Saturated-unsaturated properties considered in the sensitivity analysis.

Case Layering Unsaturated Saturated

Properties Properties

Saturation Permeability Specific Permeability

(Fig. 5) (Fig. 6) Storage (m2)

Upper Aquifer

Lower Aquifer

Upper Aquifer

Lower Aquifer

Upper Aquifer

Lower Aquifer

Upper Aquifer

Lower Aquifer

Upper Aquifer

Confining Layer

Lower Aquifer

Upper Aquifer

Confining Layer

Lower Aquifer

Upper Aquifer

Confining Layer

Lower Aquifer

Upper Aquifer

Blanket

Mahogany Zone

Blanket

Lower Aquifer

1.0*

sty),

l.o

Sty)
j

1.0

Sty)}
1.0

sty)2
1.0

SW1

s(*)1
1.0

sw1

s(*)1
1.0

s(*)1

SW1

sw1

1.0

kty)

kty)

kty]

kty)

kty).

kty),

kty)

kty).

kty)

kty)

kty)

kty)

kty)

kty)

4.,80x10 0.28

1.,
-5

1.
-14

,28x10 0.01

4.
-14

,80x10 0.28

1,
-5

1.
-14

,28x10 0.01

1. 0.28

1.
-5

1.
-14

.28x10 0.01

4.
-14

,80x10 0.28

1.
-5

1.
-14

.28x10 0.01

4.
-14

,80x10 0.28

1.,

30xl0~15

0.01

1.,

-5

1.
-14

,28x10 0.01

4.
-14

,80x10 0.10

1.
-14

30x10 0.01

1.
5

1.
-14

28x10 0.01

4.
-14

80x10 0.01

1.
-14

30x10 0.01

1.
5

1.
-14

,28x10 0.01

4.,

80xl0~14

0.28

1..

30xl0~15

0.01

1. 0.01

1,,
30xl0~15

0.01

1.
5

1,,
28xl0~14

0.01

Porosity Coefficient of

Compressibility

Pascal

10

10
-9

10

10

10

10

-9

10

10
-9

10
-9

10
-9

*The lower aquifer is assumed to remain saturated at all times.
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saturated and unsaturated properties. Figure 5 shows

saturation-pressure head relationships, S(i^) and

S ( i> )
2
, for two distinct material properties. The re

lationship between absolute permeability and pressure

head is shown in Figure 6. The lower aquifer is as

sumed to remain saturated at all times with a
sa-

-14 2
turated permeability of k =

1.28 x 10 m .

Figure 7 represents the variation of inflow rate

with time for a two-year simulation of internal

drainage into an expanding opening. The periphery of

the retorted area after two years is at a radial dis

tance of 500 m (1640 ft) from the axis of symmetry.

The effect of saturation-pressure head relationships

can be observed by comparing cases A and B. In the

case B, pertaining to higher residual saturation.

Sty) , both the inflow rate and its increase with

time are smaller and tend to stabilize sooner. The

influence of saturated permeabilty and the

permeability-pressure head relationship can be seen

by comparing cases A, F, and E. The difference in

flow rate between cases A and F is due to the differ

ence in the permeability-pressure head relationship

-IO -15 -20 -25

Pressure head (m)

30

FXBL 8011-2300

Figure 6. The relationship between permeability and

pressure head for three different mater

ials undergoing desaturation. Saturated

permeability of the lower aquifer, kf[ =

1.28xl0-14
m2. Values shown were used in

parametric studies only.

-8 -12 -16 -20

Pressure head (m)
FXBL 8011-2304

Figure 5. Percent saturation as a function of

pressure head for two different materials

assumed in this study.

Time (months)

Figure 7. Inflow rate as a function of time for

various cases considered in the para

metric studies.
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in the negative range since they both have the same

saturated permeability (ktyK and kty),). The large

difference between the inflow rates in cases A and E

are attributed to saturated-unsaturated permeabili

ties of kty ) and kty ) . The effect of material dis

tribution, or number of layers with various physical

properties, is investigated by comparing cases A, C,

and D. In the two-layer case (A), only the upper

aquifer is subject to desaturation.

In the three-layer case (C), a confining layer

is introduced between the upper and the lower

aquifers. In the five-layer case (D), it is assumed

that part of the confining layer which has a smaller

permeability remains intact as a blanket around the

mining region. This simulates leaving a cap rock in

place to minimize flow through the mining zone. The

result, as expected, shows that introducing a confin

ing layer with a low permeability largely reduces the

flow over a long period of time. A drastic reduction

in flow is observed in the five- layer case (D) where

the retorted region is protected by a blanket of low

permeability. This result may be important in situa

tions where significant reduction of mine inflow rate

is desired. The effect of porosity of the upper

aquifer is studied by comparing the cases C, G, and H

which are all three- layered and have the same

saturated-unsaturated properties. It is evident from

Figure 7 that in the initial stages of dewatering,

the inflow rate for all three cases is the same, in

dicating that flow takes place in a saturated state.

The deviations of inflow rates for the three cases

dS
becomes pronounced when the desaturation term e-rr of

the fluid mass capacity becomes appreciable.

Long-Term Simulations

To understand long-term consequences of dewater

ing for MIS retorting,
30- and 60-year simulations

were carried out for the C-a and C-b tracts, respec

tively. The properties of the aquifer system used

for these simulations are given in Table 2. The sa

turated hydraulic conductivities are within the range

of values used by other workers (Tipton and Kalmbach,

Inc., 1977; Golder Associates, 1977; Robson and Saul

nier, 1980). The assumed, hypothetical, unsaturated

properties of the medium are given in Figures 8 and 9

for saturation-pressure head and permeability-

pressure head relationships, respectively. To avoid

boundary effects, the modeled zone extends radially

to a distance of 25 km (16 mi) from the center of the

tracts. It is assumed that no other sinks exist in

Table 2. Properties used for long-term dewatering

simulations.

Property Upper Confining Lower

Aquifer Layer Aquifer

Saturated
7.64xl0"14a -15 2.45xl0-14a

Permeability

(m2)

Storage
lxl0~4

Coefficient

Coefficient of
-9

1x10
-9

1x10

Compressibility

(pascal-1)

Porosity 0.15 0.01 0.01

Residual 0.20 0.20

Saturation

Based on Tipton and Kalmbach, Inc. (1977),

1.0

1 1 1 1 1 1 ! 1

S$ 0.8 _

c

o

o 0.6 -

o

0.4

1 1 1 1 i i , '-

-5 -10 -15 -20 -25 -30 -35 -40 -45 -50

Pressure head (m of H20)

FXBL80II-23I8

Figure 8. Saturation-pressure head relationship for

the unsaturated zone used for long-term

simulations of dewatering and reinvasion.
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Figure 9. Variation of intrinsic permeability

with pressure head computed from

Millington-Quirk formula.
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Figure 10. The pattern and intensity of recharge

in the Piceance Basin (after Weeks et

al. , 1974).

the modeled zone. In this analysis, surface recharge

due to infiltration is based on the values and the

pattern given by Weeks et al . , (1974) as shown in

Figure 10. Although there is sufficient evidence to

show that the medium is anisotropic, due to lack of

consistent data, this effect has not been considered

in the long-term simulation analysis.

In the present investigation, actual modeling of

the interaction of Yellow Creek and Piceance Creek

with groundwater has not been carried out. Instead

we have analyzed the cone of pressure depression

caused by dewatering. The cone of depression in

directly helps to evaluate the potential for hydrolo

gic consequences to the surrounding surface water bo

dies.

The C-a Tract

In the dewatering simulations of the C-a tract,

it is assumed that the thickness of the retort inter

val is 229 m (750 ft) extending from the top of the

Mahogany Zone to the bottom of the R-4 layer as shown

in Figure 1. The variation of inflow rates for the

30-year simulation of dewatering is shown in Figure

11 using two different saturated permeabilities for

the lower aquifer. The smaller inflow rate, which

corresponds to hydraulic properties given in Table 2,

3
reaches a value of 0.15 m /sec (2300 gpm) at the end

of 30 years. The transmissivity of the lower aquifer

2
is 1.23 m /d (99 gpd/ft). The larger inflow rate

(1.38 m /sec or 21,800 gpm) corresponds to the case

where the transmissivity of the lower aquifer is as-

2
sumed to be 87 m /day (7000 gpd/ft) (Rio Blanco Oil
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Figure 11. Variations of inflow rates with time

over the C-a tract for two permeabil

ities for the lower aquifer.

Shale Project, 1977). The inflow rate in this case

is about 10 times the previous case, indicating that

the lower aquifer plays a significant role in the
de-

watering operation at the C-a tract. This behavior

is expected because the thickness of the upper

aquifer is very small, and the aquitard constitutes a

large portion of the overall aquifer system. It is

clear that since the contribution of the upper

aquifer to the total inflow into the mine is small,

the effect of porosity and unsaturated properties of

the upper aquifer on flow rates would also be less

significant. At the C-b tract, on the other hand,

the situation will be different due to the greater

thickness of the upper aquifer.

According to Rio Blanco (1977), water use on the

C-a tract during the commercial phase will be 0.0875

m3/sec (1400 gpm). The results of this study show

that even the lowest estimates of lower aquifer per

meability can furnish more than the required water

for consumption .

The position of the phreatic surface at various

times, along with the advancement of the retorted

area, are shown in Figure 12. Due to the small

thickness of the upper aquifer, the medium above the

retorted region always exists in a desaturated state.

As will be seen, this is not the case for the C-b

tract, and this effect may give MIS retorting on the

C-a tract an advantage.

The fluctuation of the water table at a radial

distance of 5 km (3.1 mi) from the center of the

tract (approximate location of waters tributary to

Yellow Creek) for the high permeability case is

shown in Figure 13. The water table initially rises

because of the effect of recharge up to about 15

months after which the influence of dewatering be

comes dominant. The maximum drawdown of the phreatic

surface after 30 years of dewatering is estimated to

be 31 m (100 ft) .

The C-b Tract

The variation of inflow rate for the 60-year

life of the project at the C-b tract is shown in
Fig-

Ground Surface

4000 4S00

1125 2 5 12
,

Time of Retort Expansion (years)

Figure 12. The position of the phreatic surface for dewatering the C-a tract in an expanding

retort scenario. (Note: Figure not to scale).
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Figure 13. Water table fluctuations at a radial

distance of 5 km from the center of

the C-a tract.

ure 14. The expansion of the mine is the primary

reason for the continuous but gradual increase in

mine inflow rate which reaches at 0.9 m3/sec (about

14,200 gpm). Assuming a production level of 50,000

barrels per day and a maximum water consumption of

6.6 barrels per barrel of oil (Fox, 1981), 0.62

m /sec (9800 gpm) of pumped water will be used.

Therefore, the balance is excess water at the site

and could either be reinjected into the ground, used

for stream flow augmentation, used by another oil
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Figure 14. The 60-year simulation of dewatering
for the C-b tract.

shale plant, or disposed of as waste. Considering

the large drawdowns of the water table in the vicini

ty of the Piceance Creek, the options of reinjection

or stream flow augmentation appear most likely. In

our analysis, it is assumed that there is no in

terference from any other mining activity requiring

dewatering of the modeled area.

As desaturation proceeds, the phreatic surface

becomes dynamic and moves downward as shown in Figure

15. The position of the periphery of the retorted

region and corresponding position of the phreatic

surface are shown in this figure as a function of

time. This figure demonstrates that at the C-b

tract, the tail of the phreatic surface intersecting

the roof of the retort lags the front of the mined

Elev(m) Ground Surface

500 600 700 850 "ii57j I650

Radial Distance(m)

2655"

0 I 2 3 4 6 II 22 38

Time for Retort Development (years)

Figure 15. The position of the phreatic surface for dewatering the C-b tract
retort scenario.

in an expanding
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region. This perhaps can give an indication of the

proper timing for the retorting process. This means

that the actual retorting process can be delayed un

til the phreatic surface reaches the expected peri

phery of the caved region causing a considerable

reduction in retort inflow rate. The primary reason

for the difference between the location of the

phreatic surface relative to the position of the

front of the mined region for the C-a and C-b tracts

(see Figures 12 and 15) is the thickness of the over

burden above the excavated region which is about 10

times greater at the C-b tract.

The model results show that the contribution of

the unsaturated region of the upper aquifer to the

overall inflow into the mine is substantial at the

C-b tract primarily because of the large thickness of

the upper aquifer.

Figure 15 also demonstrates the effect of dewa

tering at distances away from the center of the

tract. The drawdown of the phreatic surface at 3.5

km (2.2 mi) from the center of the tract, which is

the approximate location of the Piceance Creek, is

shown in Figure 16. Our computations indicate that

the phreatic surface could be lowered by as much as

0
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'
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Figure 16. Drawdown of the phreatic surface for the

60-year simulation of dewatering at a

radial distance of 3.5 (2.2 mi) km from

the center of the C-b tract.

100 m (330 ft) or more after 60 years of dewatering.

This suggests that water may be lost from the Pi

ceance Creek and its tributaries and that flow from

local wells may be reduced. Additional work is re

quired to quantify the effect of drawdown on stream

and well flow. The estimates of drawdown by Tipton

and Kalmbach, Inc. (1977) at the end of 60 years is

less than 60 m (200 ft) at a distance of 3 km (2.2

mi) from the center of the tract.

Estimation of Inflow into Retorts and Implications for

Combustion

The model results of the 60-year simulation of

dewatering at the C-b tract indicate that about 44%

of total inflow into the mine passes through the roof

of the excavated region and 53% through the floor.

The remaining 3%, the inflow which intersects the

periphery of the retorted region, is governed by low

permeability of the confining layer. The results

also demonstrate that as we approach the center of

the retorted area, the inflow rate into the mine de

creases rapidly. It is evident that in the vicinity

of the newly excavated region, the induced gradients

are very high, causing large contributions of flow

into the mine.

For mining and retorting purposes, it would be

useful to know approximately what fluxes ( inflow rate

per unit cross-sectional area of flow) exist at the

surfaces of the newly excavated regions. This would

provide some insight into the expected combustion ef

ficiency as a result of mine inflow.

The results obtained for both tracts show that

although the inflow rate increases with time as the

retorted region expands, the flux decreases, since in

an ax isymmetric system, areas expand geometrically

with increasing radius. Knowing the inflow rate into

the newly excavated region, the flux has been comput

ed and shown in Table 3 for certain selected times at

both tracts.
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Recent work by Braun et al. (1980) indicates

that the acceptable inflow rate into a retort to sus

tain combustion efficiency depends on the uniformity

of flow, richness of the oil shale, steam-air mix

ture, and other factors. Assuming a uniform water

flow into the Zero Retort recently burned at the C-a

tract and assuming a steam-air mixture of 30% and

70%, respectively, a total inflow rate of 1.9 x

-4 3
10 m /sec (3 gpm) over the entire retort having

plan dimensions of 9.1 m x 9.1 m (30 ft x 30 ft) ap

pears to be acceptable. According to Table 3, during

the early periods of the project, one might expect

-4 3
total inflows of 0.47 x 10 m /sec (0.75 gpm). The

inflow rate will decrease with time toward the end of

the project as fluxes gradually decrease. The flow

rate for the commercial-size retorts in the early

stages of dewatering will be higher since the plan

area is larger.

At the C-b tract, the flux into an individual

retort with plan area of 61 m x 61 m (200 ft x 200

-3 3
ft) varies from more than 0.946 x 10 m /sec (15

gpm) in the first 10 years of dewatering to less than

0.126 x 10 (2 gpm) at the end of the project. More

detailed simulation of individual retorts is required

for better estimates.

Table 3. Flux into the newly excavated regions

at the C-a and C-b tracts.

C-a Tract C-b Tract

Time after Flux Time after Flux

Dewatering (m3.s-l.m-2) Dewatering (nr^s-1-!!.-2)

(year) (year)

1.125
0.573xl0"6

6
0.125xl0"6

2
0.239xl0"6

11
0.057xl0"6

5
0.177xl0"6

22
0.028xl0"6

12
0.104xl0"6

38
0.0196xl0"6

30
0.030xl0"6

60
0.0146xl0"6

CONCLUSIONS

The above-described analyses lead to the follow

ing conclusions:

1 . The results of the parametric studies indicate

that the nature of the desaturation process could

play an important role in the flow behavior of thick

unconfined aquifers.

2. The long-term simulations of dewatering show that

although inflow rate into an expanding mine could be

high and that it increases with time, the flux (in

flow rate per unit area) is relatively low and de

creases as mine development proceeds.

3. The fluctuations of the phreatic surface indicate

that large drawdowns may be observed even at large

distances from the center of the tracts. These could

affect the surface water bodies in the region.

4. The credibility of the predictive models is

greatly dependent upon their conceptual soundness

which in turn depends on the manner in which: a) the

system is geometrically idealized, b) the distributed

material properties are generalized, and c) the com

pleteness with which the physical phenomena are con

sidered. The present analysis indicates an urgent

need for realistic characterization of large-scale

field problems such as those at the C-a and C-b

tracts. Particular emphasis should be directed to

ward measurements of directional transmissivities of

the aquifers and vertical permeability of the Maho

gany Zone .

5. The conclusions drawn from this study should be

exercised with caution primarily because of the un

certainties in the field data and the simplifying as

sumptions made in the physical conceptualization of

the system.
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ANALYSIS OF GROUNDWATER QUALITY SAMPLING METHODS
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ABSTRACT

In the complex hydrogeology of the Piceance Basin

Colorado and in the oil shale region in general, the

location and construction of monitoring wells play a

significant role in determining the nature of the

water quality data collected. In addition, the

methods used to collect samples have an appreciable

influence on monitoring data.

Data collected by pumping of alluvial wells on

Tract C-b and USGS deep aquifer wells in the Piceance

Basin indicate that appreciable changes in water

quality can occur during the pumping period. When

wells are bailed to collect samples, care must be

taken to collect samples consistently from the same

aquifer interval. Vertical profiles of water quality

measured on Tract C-a show significant changes with

depth in deep aquifer wells.

Field studies such as these provide the basis

for recommendation of groundwater quality monitoring

procedures for oil shale development. Sampling

methods must provide consistent and representative

water quality samples in order to both characterize

the hydrogeologic systems and to serve as monitoring

tools.

INTRODUCTION

Tempo's Water Resources Program has been conduc

ting an in-depth evaluation of groundwater quality

monitoring for oil shale development. One of the

initial observations of this analysis was the wide

range of concentration reported for various water

quality constituents for the major bedrock aquifers

in the Piceance Basin. A small sampling of these

ranges is shown in Table 1.

Some of this divarication can be explained

natural variability in the hydrogeochemical system.

However, the observed data variability is also appre

ciably influenced by such factors as well construc

tion and sampling methods. A series of sampling

activities was initiated to test this hypothesis

and to arrive at some indication of the extent of the

well construction/sampling influences. Some of the

results of this testing program are summarized in

this paper.

Table 1. Range of water quality observations

Tract C-b, 1974-76.

CONSTITUENT UPPER AQUIFER

800 - 4,200

LOWER AQUIFER

CONDUCTIVITY 630 - 45,000

pH 8.1 -9.1 8.1 -9.3

TOC 1 -9 1 -40

DOC NO DATA 2-175

NH3 0.1 -75 0.1 - 200

HC03 340 - 2,100 100-25,000

Ca 3-120 2-220

Cl 2-510 1 - 9,300

As <0.001 -0.06 0.001 -0.02

Ba 0.009-0.6 0.02-8

B 0.01 - 18 0.05-400

F 0.1 - 190 4-48

Hg <0.0003 - 0.0031 <0.00003- 0.0027

WELL SAMPLING BY PUMPING

Of the various approaches commonly utilized to

sample wells, pumping is the general lv preferred

method from a strictly technical standpoint. Combined

consideration of cost and effectiveness is a more com

plex issue and this general preference may not be

strictly true.

The major sampling question related to pumping

is the variation in water quality with pumping time.

Several rules-of-thumb exist, such as pumping two well

volumes (the volume of water standing in the well bore)

before sample collection. However, the question of

variation in water quality with time (or cummulative

pumped volume) is not that straight forward, as shown

by field data from the Piceance Basin.
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During the Spring of 1980, the variation of water

quality with pumping time was evaluated by sampling

alluvial wells on Federal Lease Tract C-b. Pumping

is the method used on Tract C-b to sample alluvial

wells as part of the developer's environmental moni

toring program. During this survey, two types of

data were collected. At frequent intervals, pH,

temperature and specific conductance (conductivity)

of the well discharge were measured in the field.

In addition, at selected intervals samples were col

lected for more extensive chemical analysis.

Figure 1 shows the changes in conductivity with

well discharge of Well A-2. A decline from nearly

1400 umhos/cm to a stable level of about 1300 ymhos/

cm occurred during the discharge of the first two

well volumes. During the pumping of Tract C-b Well

A-6, a quick increase of about 400 ymhos/cm (40 per

cent) was observed very soon after the initiation

of pumping (Figure 2). The implication of these

observations is that the selection of sampling

method (e.g. bailing water standing in the well bore

vs. pumping) and the volume removed prior to sampling

are key influences on the results of water quality

monitoring. It should be noted that approximately

monthly, samples are bailed from these wells for

analysis of pH, conductivity and temperature.

These bailed-sample data may contribute to obser

ved water quality variability when combined with

the quarterly pumped-sample data.
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Figure 1
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WELL: A-2, TRACT C-b

DATE: 4-29-80

10 20 30

TIME SINCE START (min)

40

Variation in specific conductance with con

tinued pumping, alluvial Well A-2, Tract

C-b, 1980.
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Figure 2. Variation in specific conductance with

continued pumping, alluvial Well A-6,
Tract C-b, 1980.

The decline in conductivity with pumping obser

ved at Tract C-b alluvial Well A-2 is also reflected

in TDS and calcium concentration data (Table 2).

The concentrations of other major inorganic ions was

relatively stable through the pumping period, and

slight increases are noted (after initiation of pump

ing) for several constituents. Most of the trace

constituents (arsenic, boron, and selenium) and DOC

were stable through the test period. Potassium,

fluoride and ammonia were variable with continued

pumping. Water quality data for Well A-6 are some

what inconsistent with the observed conductivity

increases during pumping.

The U.S. Geological Survey (USGS) has installed

24 deep aquifer wells in the Piceance Basin. Typi

cal well construction is shown in Figure 3. The

open interval in these wells is several hundred

feet (depending on the depth of the Mahogany Zone)
in the upper aquifer zone and 300 feet in the lower

aquifer zone.
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Table 2. Water chemistry of samples collected after discharge of varying

well volumes, Alluvial Wells A-6 and A-2, Tract C-b, 1980.

CONSTITUENT

WELL

A-6 A-2

WELL VOLUMES DISCHARGED

0 3 6 10 0 2.5 3 10

TDS 950 1000 990 1000 1200 900 890 880

CALCIUM 120 120 120 130 120 120 97 -

MAGNESIUM 58 66 68 71 72 71 72 70

SODIUM 150 150 160 170 120 130 130 130

POTASSIUM 3.9 2.7 2.8 2.9 2.9 2.7 3.5 1.8

BICARBONATE 530 480 500 500 440 470 460 460

CARBONATE - - - - <1 <1 <1 <1

SULFATE 270 320 260 300 260 300 290 270

CHLORIDE 60 53 57 56 49 58 60 54

FLUORIDE 0.5 0.5 0.5 0.5 0.6 1.3 0.9 1.0

AMMONIA 0.8 1.0 0.3 0.6 <0.4 0.2 0.1 0.4

ARSENIC <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02

BORON 0.2 0.1 0.2 0.2 0.1 0.1 0.1 0.1

MERCURY <0.0002 <0.0002 <0.0002 <0.0002 0.0002 0.0002 <0.0002 0.0002

SELENIUM <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

DOC 2 2 <1 3 6 8 5 7

UPPER LOWER

AQUIFER WELL AQUIFER WELL

500"

1000-

1500-

2000-

2500-

UINTA

FORMATION

UPPER

AQUIFER

MAHOGANY

ZONE

GREEN RIVER

FORMATION

LOWER

AQUIFER

As shown in Figures 4 thru 6, several types of

variation in specific conductance (conductivity) were

observed. In some cases an initial rapid and large

change was measured (Figure 4). Figure 4 shows a

drop of about 750 ymhos/cm (about 40 percent) from

the initial well discharge conductivity in a period

of a few minutes. Gradually a fairly stable level

is reached. Clearly water bailed from this well

(assuming it samples the initial well discharge) would

be very different from water collected after several

minutes of pumping.

In Core Hole #3, conductivity steadily declined

throughout the 100-minute aquifer test (Figure 5).

Over this time period, the conductivity declined to

about 20 percent of the initial observation.

Increasing conductivity with time was observed

in Well TH 75-1 B (Figure 6). During the test of

Well TH 75-1 B the conductivity was fairly stable at

around 30,000 ymhos/cm until 80 to 90 minutes into

the test. The conductivity at this point increased

to about 58,000 ymhos/cm in a very short period and

appeared to stabilize at this higher conductivity.

Figure 3. USGS upper and lower aquifer monitoring
well design.
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Figure 4. Variation in specific conductance with con

tinued pumping, USGS Well 75-1 A, 1980.
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Figure 5. Variation in specific conductance with con

tinued pumping, USGS Core Hole Number 3,
1980.
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Figure 6. Variation in specific conductance with con

tinued pumping, USGS Well 75-1B, 1980.
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Figure 7. Variation of temperature of pumped dis

charge, USGS Well 75-1 B, 1980.
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Figure 8. Variation in pH with continued pumping,

USGS Well 75-1A, 1980.
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Other constituents monitored in the field also

changed during the pumping period. For example, at

Well TH 75-1 B, the temperature of the well discharge

declined considerably at first and then appeared to

be increasing (Figure 7). The pH of Well 75-1 A

showed an initial increase of nearly one pH unit and

then stabilized after about 10 minutes of pumping

(Figure 8).

These patterns of change in water quality are also

reflected in the more detailed water chemistry analy

sis (Table 3). The large change in conductivity

observed during pumping of USGS Well TH 75-1 A is

repeated for several major inorganic ions (potassium,

sodium, bicarbonate, chloride and sulfate), alkalin

ity, TDS, and fluoride concentrations. Most of the

trace constituents (arsenic, boron, mercury and

selenium) were largely unchanged through the pumping

test. It is interesting that calcium, magnesium,

and DOC concentrations increase during the pumping

period.

Piceance Basin are composed of several fractured

permeable intervals. The water quality and hydraulic

characteristics of these zones is quite variable and

clearly can influence the results of water quality

monitoring. Vertical variations within a given well

and changes over time are factors to be considered in

collecting and utilizing these monitoring data.

Changes in water quality with continued pumping

result from the interaction of several factors, in

cluding:

(1) Local hydrogeochemical changes in the aq

uifer due to well construction. For exam

ple, local depressurizing and degassing of

confined aquifers or exposure of Teachable

minerals to water in and near the well bore.

(2) Horizontal variability within aquifers from

natural influences.

(3) Vertical variability in water quality among

the aquifer zones to which a well is open.

(4) Vertical variability in hydraulic charac

teristics among the aquifer zones.

Table 3. Water Chemistry of samples collected after

discharge of varying well volumes, USGS

wells, Piceance Basin, 1980.

CONSTITUENT

WELL

TH75-1A

COREHOLE

NO. 3 TH75-1B

WELL VOLUMES DISCHARGED

0 1 2 0 1 0 0.2 1

TDS 1176 816 836 7148 3276 22880 22400 45220

CALCIUM 4.3 13.8 11.7 1.8 3.2 3.6 2.0 1.5

MAGNESIUM 32 54.9 52.5 24.6 29.3 4.4 2.2 2.8

SODIUM 429 235 225 2910 1320 10200 9900 19650

POTASSIUM 1.2 0.4 0.4 21.3 13.6 22.5 22.1 32.5

BICARBONATE 944 695 708 3496 1719 23300 23640 48560

CARBONATE <1 5 <1 39.5 14.1 32.5 <1 <1

SULFATE 184 149 144 229 228 131 87.2 61.7

CHLORIDE 85.7 10.7 12.3 2236 852 1540 1670 3730

FLUORIDE 0.6 0.2 0.2 0.4 0.2 17.3 17.2 18.4

AMMONIA 0.4 0.3 0.2 5.6 2.3 8.0 8.3 8.2

ARSENIC <0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.02 0.01

BORON 0.3 0.3 0.4 0.5 0.4 0.8 0.8 0.9

MERCURY <1 <1 <1 <1 <1 <1 <1 <1

SELENIUM <0.01 <0.01 <0.01 0.01 0.01 <0.01 <0.01 <0.01

DOC 10.1 13.1 34.5 26.3 24.0 23.4 26.9 24.4

The observed changes in water quality of well

discharges are a reflection of the character of the

aquifers in the Piceance Basin. The deep or bedrock

aquifers (or more precisely aquifer zones) in the

This latter factor is important in several ways

The aquifer zones with the highest hydraulic head

will eventually dominate water in the well bore

and perhaps more generally due to flow from these
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higher head zones to lower head intervals within the

aquifer. Pumping lowers the head in these dominant

zones and eventually, with continued pumping, the

influence of other zones (perhaps of differing water

chemistry) may be observed in the well discharge.

These processes imply some period of equilibration

after a well is constructed. Thus the characteris

tics of a well with regard to sampling may change

after a period of months or years.

WELL SAMPLING BY BAILING

Well sampling by bailing was evaluted by surveys

conducted on Tract C-a. Deep aquifer wells on

Tract C-a are completed in a manner similar to the

USGS wells with relatively large open intervals

(Figure 9). The surveys were conducted by bailing

samples from several depths within the well. In this

manner variations with depth could be examined.

DEPTH (ft)

&&/ 150

CEMENT

BRIDGE PLUG

CEMENT
i!,:YY

UPPER AQUIFER

510-

-821

840-

-1751

Figure 9. Well Diagram of Upper Aquifer Well

GS-13, Tract C-a.

Figure 10 shows the conductivity and temperature

profile of Well GS-13 (diagrammed in Figure 9).

Over the approximately 375 feet of water standing

in the well bore, conductivity levels declined from

about 2300 ymhos/cm at the water surface to about

1600 ymhos/cm near the bottom of the open interval.

Temperature measurements were much more uniform with

depth.

POTENTIOMETRIC SURFACE 425 ft

L_J L
16 17 18 19 20 21 22 23 13 14 15 16 17

SPECIFIC CONDUCTANCE TEMPERATURE (C)

(jumhos/cm <&
25

C) X IO2

Figure 10. Variation in specific conductance and tem

perature with depth, Upper Aquifer Well

GS-13, Tract C-a, 1980.

Other wells on Tract C-a showed appreciable in

creases in conductivity with depth, e.g. Well D-17

(Figure 11). In Well D-18, conductivity measurements

increased approximately on order of magnitude in a

very small interval near the bottom of the well

(Figure 12), while readings were very stable above

that level .

The decline in conductivity with depth noted in

Tract C-a Well GS-13 is also seen in the water chem

istry data (Table 4). Appreciable changes in the

major inorganic ions with depth were also observed.

Trace constitutents and DOC were more stable with

depth. The general ionic composition is fairly con

sistent at all three depths sampled in Well GS-13

although sulfate concentrations decreased with depth

to a greater extent than most other ions and the

chloride concentration increased in the deepest sam

ple.

The increases in conductivity with depth obser

ved in Wells D-17 and D-18 are also shown in the more

detailed water chemistry analysis (Table 4). Most

of the increase in Well D-17 is in the form of sodium

bicarbonate. Magnesium, carbonate and sulfate levels
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Figure 11. Variation in specific conductance and

temperature with depth, Lower Aquifer

Well D-17, Tract C-a, 1980.
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Figure 12. Variation in specific conductance and

temperature with depth, Lower Aquifer

Well D-18, Tract C-a, 1980.

decline with depth. Thus the salinity of the water

in the well increased and the ionic composition of

the well water changed.

Similarly, the large increases in conductivity

noted near the bottom of Well D-18 are reflected

mostly in sodium and bicarbonate concentrations,

although several constituents increase appreciably

(Table 4). A likely explantion of these observations

is that Well D-18 was drilled deeper than the actual

aquifer zone and into nahcolite (sodium bicarbonate)

deposits. The nahcolite was thus subject to leach

ing by water in the well bore. Thus these waters at

the bottom of D-18 do not reflect aquifer water.

CONCLUSIONS AND RECOMMENDATIONS

The procedures employed to collect water quality

samples from wells play a significant role in deter-

ming the results of such sampling efforts. Both the

general character of the samples (e.g. salinity, pH)

and the ionic composition can be greatly affected by

the joint effect of sampling protocol and well con

struction. These factors must be considered in the

collection of data and in the interpretation of the

data collected.

The two most commonly used groundwater quality

sampling methods are pumping and bailing of wells.

When wells are pumped, care must be taken to assure

that the well has been thoroughly flushed out and

that the pump discharge has equilibrated, prior to

collection of samples for water chemistry analysis.

The time associated with obtaining a stable or equi

librated well discharge will vary depending on the

well location and construction.

When wells are bailed to collect samples, care

must be taken to collect samples consistently from

the same aquifer interval. Variations within the

well bore can be very significant.

Whether pumping or bailing is the selected

sampling method, wells need to be individually tested

and evaluated in order to adequately define and jus

tify sampling protocols for each well. The sampling

protocol may vary from well to well due to local

hydrogeologic factors and well construction. For

wells with large open intervals, periodic recharac

terization may be useful in the analysis of monitor

ing data.

The process of defining sampling protocols

begins with the initial drilling and testing of wells.

Data collected during drilling, geophysical logs, etc,

are useful in defining the vertical hydrogeologic

variability at a given location. Evaluation of
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Table 4. Variation in water quality with depth in selected deep aquifer wells, Tract

C-a, July 1980.

CONSTITUENT

WELL

GS-13 D-17 D-18

DEPTH (feet)

450 575 725 475 875 990 1400 1500

pH 7.3 7.5 7.5 9.1 9.0 8.6 8.2 8.1

SPECIFIC CONDUCTANCE 1940 1559 1344 1344 1790 2210 3856 64794

TDS 1409 1140 1160 1093 1174 1524 2954 37839

CALCIUM 67 46 42 3.4 3.9 5.0 2.2 2.8

MAGNESIUM 118 89 82 32 30 24 6.6 6.8

SODIUM 281 213 194 372 417 557 1224 16816

POTASSIUM 0.8 0.5 0.4 1.9 2.6 2.3 2.3 14.2

BICARBONATE 775 551 637 686 898 1355 3089 45682

CARBONATE <1 <1 <1 8.8 13.1 4.8 <1 <1

SULFATE 610 466 262 304 170 118 97 220

CHLORIDE 13.4 11.4 35.7 28.2 53.6 59.0 47.2 480

FLUORIDE 0.48 <0.1 <0.1 1.6 2.6 5.6 9.3 10.1

AMMONIA <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 3.9

ARSENIC 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01

BORON 0.29 0.31 0.31 0.31 0.53 0.73 0.79 0.87

MERCURY <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

SELENIUM <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

DOC 28.6 30.6 27.2 24.1 35.0 25.7 12.4 21.0

this variability is an essential factor in monitor

well design. Hydraulic variability (e.g. vertical

variations in head, interconnection of fracture zones

(vertically and horizontally), etc.) is as important

as variations in water quality. An initial focus on

the analysis hydraulic properties of various aquifer

zone will enhance collection of representative water

quality samples.

Once sampling protocols are defined, wells should

be sampled consistently. Trends in water quality data

can be created by changing sampling procedures.

Consideration of sampling factors and their in

fluence on water quality data is an important part

of the collection and use of monitoring data. With

out this due consideration, the interpretation and

use of monitoring data for engineering, regulatory

or scientific purposes can be severely constrained.
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ABSTRACT

The surface disposal of processed oil shale pre

sents major environmental problems due to the large

volume of wastes generated. Revegetation of the pro

cessed shale can assist in stabilization by decreasing

water and wind erosion. Establishing vegetation on

these disturbed areas would also aid in returning the

area to a valuable range and wildlife habitat.

In 1973 studies on the revegetation of processed

oil shales were initiated by the Department of Agron

omy of Colorado State University with funding from

the Environmental Protection Agency. The objectives

of these studies were to investigate the vegetative

stabilization of processed oil shales and to follow

moisture and soluble salt movement in the retorted

shale profile.

Studies involving TOSCO II and USBM retorted

shales were established at both a low-elevation (Anvil

Points) and a high-elevation (Piceance Basin) . Treat

ments included leaching and various depths of soil

cover. Vegetation was established with intensive

treatment and management. Measurements reported

include vegetative cover and species composition,

soil moisture, and soluble salts in the retorted shale

profile, surface runoff, and surface temperatures.

After seven growing seasons a good vegetative

cover remains with differences between treatments

insignificant, with the exception of the TOSCO

retorted shale south-aspect, which consistently sup

ported less perennial vegetative cover than other

treatments. With time, a shift from perennial

grasses to dominance by shrubs was observed, espe

cially on south-aspect slopes. Spring moisture

recharge of the shale profile from seasonal precipi

tation was adequate for vegetative needs, which suc

cessfully depleted the moisture profile during sea

sonal growth. Surface runoff and sediment yield

remained low due to satisfactory vegetative cover.

Although leached plots initially experienced some

accumulation of surface salts, in following years,

salts were leached downward by seasonal precipitation.

Surface temperatures of TOSCO retorted shale recorded

in midsummer were sufficiently high to limit seed

ling establishment, and increase surface evaporation.

INTRODUCTION

In recent years the need to develop new energy

resources within the United States has become

increasingly important. In 1973 the U.S. Department

of Interior estimated that the western oil shale

reserves, consisting of over 25,000 square miles in

Colorado, Wyoming, and Utah, contained over 600 bil

lion barrels of recoverable crude oil. This indi

cates the inevitable development of these lands.

These previously undeveloped areas, used largely as

range and wildlife habitat, will be subjected to vast

land disturbances with the development of an oil

shale industry.

Various waste products will be generated by

shale processing methods , making it necessary to

establish procedures for limiting pollution of natu

ral resources. One of the major environmental pro

blems occurring with retorting is the massive amounts

of waste material produced. The U.S. Department of

Interior (1973) estimated that a mature oil shale

industry (one million barrels of oil per day) would

generate approximately 20,000 ha-m per year of waste

material with surface retorting methods. Part of

this waste might be returned to mined areas, but a

large proportion would require surface disposal. Not

only the large volume, but also the chemical and

physical characteristics of the waste will create

reclamation challenges.

A promising solution to the management of pro

cessed shales would be the rapid establishment of a

satisfactory vegetative cover. Vegetation would aid

410



in stabilizing the processed shale by decreasing water

and wind erosion, which would otherwise lead to sub

surface, surface, and atmospheric pollution. Estab

lishment of vegetation would also aid in returning the

area to a valuable range and wildlife habitat.

To make reasonable predictions about the envi

ronmental impact of an oil shale industry it is nec

essary to investigate both the chemical and physical

propertieso the material to be revegetated. Factors

affecting the characteristics of the retorted shale

include the natural variation in the raw shale, the

degree to which the raw shale was crushed prior to

retorting and the retorting process itself.

In addition to the physical and chemical charac

teristics of the retorted shale, the location of the

disposal sites in a region of complex geomorphology

and varied climatic regimes will influence the suc

cess of revegetation efforts.

Thus, the following studies were initiated in

order to evaluate a variety of intensive management

techniques and practices for the reclamation of pro

cessed oil shales: two locations were chosen to simu

late disposal sites (a low-elevation and high-eleva

tion) . Various leaching and soil cover treatments

were applied to two types of processed shales (TOSCO

II and USBM) . The objectives were defined as the

investigation of surface stabilization through the

establishment of vegetation, and monitoring of various

parameters such as moisture and soluble salts in the

treatment profiles.

MATERIALS AND METHODS

Study plots were established at two sites to

simulate conditions existing at proposed shale waste

disposal sites (Figure 1). The low-elevation site at

Anvil Points (1700 m) has a semi-arid climate and

sparse natural vegetation of low-elevation pinyon-

juniper woodlands. This site receives approximately

300 mm of annual precipitation. The vegetation types

at the high-elevation Piceance Basin site (2200 m)

were high-elevation big sagebrush shrubland and
low-

elevation
pinyon- juniper woodland. With an average

precipitation annually of 4 30 mm, this site was very

similar in climate, elevation, and vegetation to the

Colorado Federal Oil Shale lease sites in the Piceance

Creek Basin.

Figure 1. Location of the low- and high-elevation

study sites.

Each research site contains a set of seven

3.3 m x 6.6 m plots with the following treatments:

1. Leached TOSCO retorted shale

2. Leached TOSCO retorted shale with

15-cm soil cover

3. Unleached TOSCO retorted shale with

30-cm soil cover

4. Leached USBM retorted shale

5. Leached USBM retorted shale with

15-cm soil cover

6. Unleached USBM retorted shale with

30-cm soil cover at the high-

elevation site or 60-cm soil cover

at the low-elevation site.

7. Soil control

Each of the seven replicated treatments had a

north and a south exposure on a 4:1 (25%) slope. A

diagram of the treatment arrangement at each site is

shown in Figure 2.

The two retorted shales used in this study were

products of processes developed by The Oil Shale

Corporation (TOSCO II) and the U.S. Bureau of Mines

(USBM) . Some chemical and physical characteristics

of these retorted shales have been determined by

Schmehl and McCaslin (1973) (Table 1).
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SOIL

Figure 2. Diagram of the low-
and high-elevation

study treatments.

Table 1. Physical and chemical characteristics of

TOSCO II and USBM retorted shales (Schmehl

and McCaslin, 1973).

studies allowed some physical and chemical changes

to occur due to weathering. The USBM shale was

retorted earlier and may have initially had a higher

pH than when used for these studies. The soil for

the experimental control was classified as a calcare

ous silty clay loam at the low-elevation site, and a

non-calcareous silt loam at the high-elevation site.

After construction, all plots were fertilized

with nitrogen and phosphorus; seeded with a mixture

of native grasses, forbs, and shrubs; mulched with a

grass hay; and sprinkler irrigated until vegetation

was established.

Vegetative analyses the first two years was by

the quadrat method and provided an estimate of ger

mination and establishment. The line-transect method

was used in later years to give a more quantitative

measurement. Soil moisture measurements were taken

with a neutron probe on a monthly basis during the

growing season. Core samples to follow salinity

patterns in the profile were taken on an intermittant

basis to minimize disturbance.

A more detailed description of the plot con

struction, revegetation methods, and measurements

was reported in Harbert and Berg (1978) .

TOSCO USBM

pH

EC (mmhos/cm)

SAR

Texture

>2 mm

<2 mm

Field Moisture Capacity

% H20

9.2

17.7

29.0

silt loam

14%

86%

20.9%

8.6

16.6

14.1

gravelly

silt loam

62%

38%

19.8%

The TOSCO retorted shale was black, silt loam

material retorted at the Colony Development Operation

near Parachute, Colorado. The TOSCO retorting pro

cess was described by Lenhart (1969) . The USBM

retorted shale was black-gray and contained approxi

mately 60% coarse particles (>2 mm) and 40% soil-

sized particles (< 2 mm). The USBM retorted shale was

produced by a gas-combustion method described by

Matzick et al. (1966).

Because these shales were retorted under experi

mental conditions, they may not be representative of

later commercially produced material. Several years

between retorting and initiation of these field

RESULTS AND DISCUSSION

LOW-ELEVATION STUDY SITE

Vegetation

Over the 1973-1976 growing period an adequate

stand of native perennial grasses and shrubs was

established (Harbert and Berg, 1978). The applica

tion of water for leaching and establishment in 1973

provided a reservoir of moisture in the soil or

retorted shale profiles for plant use. Only after

the 1975 growing season was the vegetation dependent

upon the natural precipitation.

Below average precipitation over the 1976-1977

winter, combined with a drought during the 1977

growing season, resulted in significantly less vege

tative cover on all treatments in 1977. With a

return to nearly average precipitation in 1978 and

1979 the vegetation recovered and reached levels

comparable to that before the drought (Table 2).
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Table 2. Vegetative cover for the low-elevation study treatments, 1976-1980.

Treatment 1976 1977 1978 1979 1980

TOSCO Spent Shale

15 cm Soil Cover/TOSCO

30 cm Soil Cover/TOSCO

USBM Spent Shale

15 cm Soil Cover/USBM

60 cm Soil Cover/USBM

Soil Control

73 29 66 59 60

80 32 76 78 53

75 46 70 78 68

79 53 66 79 55

87 38 73 81 55

84 43 78 82 60

84 36 76 81 52

Table 3. Vegetative cover by species categories for the low-elevation study

treatments, 1976-1980.

Species Categories

TOSCO Spent Shale

15 cm Soil Cover/TOSCO

30 cn Soil Cover/TOSCO

USBM Spent Shale

15 cm Soil Cover/USBM

60 cm Soil Cover/USBM

NORTH ASPECT

Perennial

Shrubs

Annuals

Grasses 28

13

52

Perennia'

Shrubs

Annuals

Grasses 73

4

15

Perennial

Shrubs

Annuals

Grasses 53

17

14

Perennial

Shrubs

Annuals

Grasses 62

14

17

Perennial

Shrubs

Annuals

Grasses 85

16

1

Perennial

Shrubs

Annuals

Grasses 66

24

7

Perennial

Shrubs

Annuals

Grasses 78

18

2

TOSCO Spent Shale

15 cm Soil Cover/TOSCO

30 cm Soil Cover/TOSCO

USBM Spent Shale

15 cm Soil Cover/USBM

60 cm Soil Cover/USBM

Soil Control

SOUTH ASPECT

Perennial

Shrubs

Annuals

Grasses 23

21

22

8

24

<1

6

17

35

12

34

6

6

55

32

Perennial

Shrubs

Annuals

Grasses 66

5

7

14

9

<1

30

18

28

37

27

22

13

31

20

Perennial

Shrubs

Annuals

Grasses 45

37

5

13

45

<1

17

57

15

17

56

10

7

36

23

Perennial

Shrubs

Annuals

Grasses 40

21

11

13

32

<1

15

47

6

11

50

18

6

34

21

Perennial

Shrubs

Annuals

Grasses 50

23

6

6

21

<1

15

40

14

18

52

12

5

50

16

Perennial

Shrubs

Annuals

Grasses 53

24

3

18

31

<1

37

31

14

37

26

13

11

44

17

Perennial

Shrubs

Annuals

Grasses 79

19

1

16

7

<1

40

19

22

56

11

10

21

13

13
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_._rt
15 cm 30 cm SOIL

TOSCO SOIL COVER SOIL COVER CONTROL

NORTH ASPECT

Moisture by vol. % Moisture by vol. % Moisture by vol. % Moisture by vol.

10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

15 cm 60 cm SOIL

USBM SOIL COVER SOIL COVER CONTROL
NORTH ASPECT

A-FALL O-SPRING

Figure 3. Seasonal moisture profiles for the low-elevation study

treatments, 1980.
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TOSCO NORTH ASPECT

SPENT SHALE 15 CM SOIL COVER 30 CM SOIL COVER SOIL CONTROL

EC x
IO3

SPENT SHALE

30

1 1 1 1

60 4

90 -<

120

150

180

USBM NORTH ASPECT

15 CM SOIL COVER 60 CM SOIL COVER

1 1 1 1

USBM SOUTH ASPECT

1 1 1 1

SOIL CONTROL

1 1 1 1

I97S* I97BT 1980

Figure 4. Soluble salt profiles of the low-elevation study treatments,

1976, 1978, 1980.
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The most noticeable change over the 1977-1980

growing period was the change in species composition

from a population dominated by perennial grasses to

one dominated by shrubs (Table 3) . The south slopes

showed a greater decrease in perennial grasses and a

greater increase in shrubs than did the north slopes.

Most of the shrub cover increase was due to the large

spreading canopy of fourwing saltbush which increased

in size every growing season. Although some increase

in shrub cover was measured on the north slopes, the

persistence of perennial grasses, primarily western

wheatgrass, was greater than on south slopes.

Overall, the TOSCO retorted shale consistently

supported less perennial vegetative cover than the

USBM retorted shale, soil cover treatments, or the

soil control. This was believed, in part, to be a

reflection of the reduction in perennials caused by

the resalinization in 1973 of the TOSCO profile after

leaching. Measured surface temperatures indicated

that evaporation of moisture from the black TOSCO

material could have also significantly affected the

vegetation.

There has been no grazing or browsing of the

vegetation since establishment in 1973. Larger

scale future studies should consider well-managed

vegetation use.

Moisture in Retorted Shale and Soil Treatments

Measurements taken prior to 1976 revealed a

large reservoir of plant-available moisture in all

treatments. Residual moisture from establishment

irrigations was most likely responsible for the

considerable amounts of moisture measured (25-30% by

volume) . The below average precipitation over the

1976-1977 period, combined with maturing vegetation,

began to result in well defined patterns of moisture

recharge and use in later years.

By 1980, after seven growing seasons, the vege

tative composition on these treatments was fairly

stable. The large fourwing saltbush shrubs currently

dominating the vegetation will most likely continue

to extract substantial amounts of water from the

moisture profiles of all treatments (Figure 3) . If

overwinter precipitation is average, the recharge and

extraction patterns of both USBM and TOSCO retorted

shales should continue to provide adequate
plant-

available moisture to support the present vegetative

cover.

Leaching and Movement of Soluble Salts

Initial analysis of the retorted shales revealed

high salinity levels, resulting in an unsuitable

plant growth media. For this reason the retorted

shales, and the 15-cm soil cover/retorted shales,

were leached prior to seeding. The treatments with

30-cm soil cover/retorted shale or 60-cm soil cover/

retorted shales were not leached.

Soluble salts in the TOSCO retorted shale

extracts, before leaching, averaged about 18 mmhos/cm

(Table 1) . Immediately after leaching in early 1973

the EC values fell to around 5 mmhos/cm, but due to

a combination of factors, the profiles of the TOSCO

retorted shale were resalinized by the fall of 1974

(Harbert and Berg, 1978) . A large reservoir of sub

surface moisture, the movement of that moisture along

with dissolved salts upward, and rapid surface evapo

ration from the black material ,
combined to cause the

resalinization. The concentration of salts at the

shale surface was particularly noticeable , with EC

values of shale extracts reaching 15 to 17 mmhos/cm.

Soluble salts did not accumulate at the surface of

those TOSCO shale treatments which had not been

leached, because subsurface water in excess of field

capacity was not available to transport dissolved

salts upward.

Core samples taken in subsequent years indicated

that additional moisture from winter and spring pre

cipitation was effective in reducing the movement of

soluble salts upward within the profile. Although,

when sampled in 1978 there was a small overall

increase in salinity throughout the entire profile

of the TOSCO shale plots , further precipitation and

continued weathering of the shale resulted in an

overall decrease of salinity throughout the entire

profile of the TOSCO shales by 1980 (Figure 4). This,

combined with a satisfactory vegetative cover, which

effectively utilizes moisture from the profile, should

reduce the potential for upward movement of water and

dissolved salts.

The salinity hazard of the USBM shale was ini

tially less than the TOSCO shale, and after the 1973

leaching, has continued to remain at an acceptable

level (Figure 4) . Resalinization of the USBM shales

did not occur, probably because of the coarse texture

of this material, which restricted upward capillary

movement.

The soil control was non-saline originally and

no salt accumulation was observed during the study

period.

416



Surface Runoff HIGH-ELEVATION STUDY SITE

Surface runoff has primarily been the result of

spring snowmelt, although occasional summer thunder

storms have resulted in measurable surface runoff.

Due to the effective mulch and a well-developed

vegetative cover on all treatments at this site;

amounts of runoff, sediment yields, and salinity

hazards have been insignificant. Only when very

small amounts of runoff, from an unfrozen surface,

dissolved concentrated surface salts, was the sali

nity hazard of the runoff elevated. Quantity and

quality of runoff from spring snowmelt depended pri

marily on whether the surface was frozen. A greater

volume of runoff may be of higher quality, but will

limit the amount of profile recharge for use by

vegetation.

Surface Temperatures

Temperatures 1 cm below the surface of the TOSCO

shale and soil plots, for both north and south aspects

were monitored during the 1978 growing season (Figure

5) . Initial establishment of vegetation without the

protection of a mulch could be difficult and the suc

cessful germination of seedlings in continuing years

might depend upon the shade provided by an adequate

mature vegetative cover. Evaporative losses could

also be substantial, creating a difficult revegeta

tion site.

70
r-

U 60

50

40

30

20

m 10

0L-

Mar Apr May June July Aug Sept Oct

Figure 5. Maximum temperatures at 1 cm depth for

TOSCO retorted shale and soil treatments

at the low-elevation study, 1978.

Vegetation

Because of ineffective leaching of some treat

ments in 1974, an unsatisfactory stand establishment

resulted. All plots at this study site were

releached, reseeded, and irrigated for establishment

in 1975. Therefore, 1976 was the first growing sea

son dependent upon natural precipitation, although

it was likely that some moisture remained in the soil

profile due to leaching. The seeding rate of western

wheatgrass on both TOSCO and USBM spent shales was

doubled when the plots were reseeded in 1975. From

the start, rodent activity on the north slopes of the

30-cm soil cover/USBM retorted shale caused distur

bances that affected the vegetative cover on that

treatment plot.

Initially, a satisfactory vegetative cover was

established in 1976, with dense stands of western

wheatgrass on the TOSCO and USBM retorted shales.

This was probably due to the effective leaching,

and the doubled seeding rate of that species.

Generally, for the years discussed, the overall

vegetative cover for both TOSCO and USBM shales was

comparable to the soil control. After a severe

drought season in 1976-1977, both retorted shale

treatments recovered well. However, the species

composition differed considerably. Almost all

retorted shale treatments maintained a much greater

proportion of cover as shrubs than the soil control,

a trend which is expected to continue in future

growing seasons.

During the 1980 growing season rodent activity

increased, disturbing large areas of many treatment

plots and resulting in an overall decrease of vege

tative cover (Table 4) . Most of this decrease was

attributable to the loss of perennial grasses on

many treatments (Table 5) . The invasion of weedy

species also accompanied this disturbance.

Moisture in Retorted Shale and Soil Treatments

Spring snowmelt generally provided the maximum

moisture recharge of treatment profiles. During the

growing season vegetation extracted plant available

moisture from the treatment profiles resulting in a

depletion by fall.

The water originally applied for leaching some

plots in 1973 did not penetrate the soil or shale

profile, but was lost to evaporation because of an

inefficient application rate. After a successful
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releaching, excess moisture remained in the profile

for plant use. Not until the 1977 growing season was

the vegetation dependent upon natural precipitation.

In subsequent years most treatments were adequately

recharged by spring snowmelt to levels of 20 to 25%

moisture by volume (Figure 6). The exception being

the TOSCO retorted shale plots which, due to higher

runoff volumes were only recharged to levels of 10 to

15% moisture by volume. The infiltration rate of

spring snowmelt on the fine-textured TOSCO material

led to higher runoff volumes and lower moisture

recharge levels. Most importantly, by the end of the

growing season, an adequate stand of vegetation re

duced moisture levels in all treatments to 10% mois

ture by volume. This efficient extraction of moisture

by vegetation provides for the safe storage and accom

modation of yearly precipitation in this region.

Leaching and Movement of Soluble Salts

Core samples taken after leaching of the retorted

shales and 15-cm soil cover/retorted shales in the

fall of 1973 indicated that a reduction of salinity

had not occurred. The leaching technique used was

ineffective because the application of the irrigation

water did not exceed the surface evaporation, to the

extent that soluble salts were moved to a satisfactory

depth in the profile. In the spring of 1974 all pre

viously leached treatments were releached to decrease

the salinity hazard of the retorted shale. Resalini

zation of the TOSCO retorted shales once again

occurred, primarily at the shale surface. Another

application of leach water was made to all leached

treatments in the spring of 1975. Core samples after

leaching indicated that effective leaching had

occurred throughout the profile with accompanying EC

values of less than 5 mmhos/cm.

The TOSCO shale treatments covered with 30 cm

of soil were never leached, and therefore, continued

to maintain a higher salinity level than those treat

ments which were leached.

Core samples taken in 1978 suggested that the

TOSCO shale treatments had become slightly more

saline with time, although shale extracts only aver

aged about 5 to 7 mmhos/cm in the leached treatments,

and 10 to 12 mmhos/cm in the unleached treatments.

Increased weathering of the shale materials,

combined with seasonal precipitation resulted in an

overall decrease of salinity throughout the entire

profile of the TOSCO shales by 1980 (Figure 7) .

The USBM shale extract values were initially

less saline than the TOSCO shale material, and with

additional leaching have become acceptable with no

indication of resalinization in succeeding years.

Little or no change was observed in the salinity

status of the soil control throughout the study.

Yearly precipitation and the rapid removal of

subsurface water by the established vegetation cover

should limit any upward resalinization, especially

in the leached treatments. Since fourwing saltbush

comprises a large proportion of the vegetative cover

at this study site, the effect of this shrub on the

soil or shale beneath the plant should be considered.

Other studies have indicated that the litter from

this shrub increased the salinity of the surface

horizon (Sharma and Tongway, 1973).

Surface Runoff

Surface runoff from spring snowmelt for all

treatments has generally been minimal in volume and

posed no environmental quality problem. However, in

August of 1977 a severe thunderstorm produced surface

runoff rated as medium to high salinity from both

TOSCO and USBM retorted shale plots. Due to the

small amount of runoff, surface salts were dissolved

and carried by the initial runoff. Without addi

tional runoff to dilute this concentrated salt solu

tion, salinity hazards were high. Sediment yields

for all treatments were considered negligible when

compared to regional sediment yields mapped by the

Soil Conservation Service.

At present, runoff, erosion, and salinity hazards

from the treatment plots are all within acceptable

levels. The most critical environmental factor

appears to be the salinity hazard of small amounts

of runoff from the retorted shale. This type of

runoff is associated with summer thunderstorm ac

tivity typical of this region. As far as revegeta

tion efforts, the spring snowmelt runoff poses a more

serious threat. The moisture from the snowmelt that

occurs as runoff does not enter the shale or soil

profile, and therefore, is not available for plant

growth needs. Until recently, the satisfactory vege

tative cover on most treatments minimized runoff and

erosion. The increased rodent activity and destruc

tion may develop the potential for greater runoff

and erosion.
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Table 4. Vegetative cover for retorted shales, soil-covered retorted

shales, and soil control by year, high-elevation study site,

1976-1980.

Treatment 1976 1977 1978 1979 1980

TOSCO Spent Shale

15 cm Soil Cover/TOSCO

30 cm Soil Cover/TOSCO

USBM Spent Shale

15 cm Soil Cover/USBM

30 cm Soil Cover/USBM

Soil Control

84 61

- -
-x

63 61 38

83 52 69 73 34

77 51 62 75 41

81 60 62 71 57

73 52 78 78 46

66 43 70 80 51

79 47 67 80 43

Table 5. Vegetative cover by species categories for the high-elevation

study treatments, 1976-1980.

Treatment Species Categories 1976 1977 1978 1979 198(

NORTH ASPECT

TOSCO Spent Shale Perennial

Shrubs

Annual s

Grasses 611

21

6

38

12

<1

43

9

12

44

33

0

22

18

'1

15 cm Soil Cover/TOSCO Perennial

Shrubs

Annuals

Grasses 43

13

7

42

7

<1

52

21

2

59

22

3

26

11

1

30 cm Soil Cover/TOSCO Perennial

Shrubs

Annuals

Grasses 40

9

7

38

<1

<1

54

9

5

47

3

32

31

2

11

USBM Spent Shale Perennial

Shrubs

Annuals

Grasses 60

20

2

40

30

<1

24

32

3

21

51

7

6

48

5

15 cm Soil Cover/USBM Perennial

Shrubs

Annuals

Grasses 48

7

11

44

10

<1

56

23

2

35

38

7

12

31

1

30 cm Soil Cover/USBM Perennial

Shrubs

Annuals

Grasses 29

13

17

42

12

<1

42

24

7

29

34

29

9

28

12

Soil Control Perennial

Shrubs

Annuals

Grasses 41

16

14

38

12

<1

43

9

12

41

14

44

26

9

11

TOSCO Spent Shale

15 cm Soil Cover/TOSCO

30 cm Soil Cover/TOSCO

USBM Spent Shale

15 cm Soil Cover/USBM

30 cm Soil Cover/USBM

Soil Control

SOUTH ASPECT

Perennial

Shrubs

Annuals

Grasses 61

16

2

49

23

<1
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Figure 6. Seasonal moisture profiles for the high-elevation study

treatments, 1980.
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Figure 7. Soluble salt profiles of the high-elevation study treatments,

1976, 1978, 1980.
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"The DOE Oil Shale Task Force - A Progress
Report"

Willard R. Chappell, Ph.D

Center for Environmental Sciences

University of Colorado

Denver, CO 80202

INTRODUCTION

The DOE Oil Shale Task Force was formed in re

sponse to a letter from Governor Lamm to Secretary

Schlesinger on May 8, 1978. The Governor asked the

Department of Energy "to assist Colorado by working

with us in developing additional research and analy

ses of current and future efforts." The Department

created the Task Force, initially called the DOE/EV

Modified In-Situ Task Force, to plan, implement, and

coordinate a comprehensive, integrated research pro

gram on the environmental and health impacts of modi

fied in-situ (MIS) processes. Later, the charge was

broadened to cover surface processes as well as in

situ processes. In the context of the DOE Oil Shale

R.D. and D. Management Plan the Task Force plays

the role of coordinating the work being done in the

Data Base Development and Risk Analysis subactivities.

Some of the past activities of the Task Force have

been :

The development and implementation of re

search programs at OXY's Logan Wash site,

at Tract C-a in connection with Retort 0,

and at Geokinetics.

Public meetings in Grand Junction and Denver

in April, 1980.

An environmental symposium, "Oil Shale: The

Environmental
Challenges,"

held in Vail in

August,
1980.*

Future activities now being planned include re

search programs at C-a on Retort 1 and at Logan Wash

on Retorts 7 and 8. The second environmental sympo

sium is being planned for August, 1981. In addition,

the Task Force has served as a focal point for inter

action with industry, state government, and public

interest groups. These activities and some of the

results of the research are discussed in the follow

ing sections.

ORGANIZATION

The Task Force was originally organized under

the auspices of the Assistant Secretary for Environ

ment of DOE. Later, the program became a joint effort

between the Offices of Environment (EV) and Fossil

Energy (FE) as a part of the Oil Shale RD&D Program.

Recently, because of organizational changes in

DOE, the programs coordinated by the Task Force

involve funding from the Offices of Energy Re

search; Fossil Energy; and Environmental Protec

tion, Safety, and Emergency Preparedness (EP) .

The present membership of the Task Force is shown

in Table 1 . It includes representatives from the

various national laboratories and universities

funded by DOE. It also includes Chips Barry from

the Colorado Department of Natural Resources, and

Dr. Lawrence Gratt of IWG Corp. who is the Prin

cipal Investigator on the recently initiated Risk

Analysis Project.

Recently, an Executive Committee was formed

to facilitate the work of the Task Force. The

members of the committee are shown in Table 2,

with their areas of responsibility.

In order to further interaction with outside

groups, there is an Advisory Group to the Chair

man which consists of individuals representing a

wide range of interests. The membership of this

group is shown in Table 3 .

TABLE 1

The Oil Shale Task Force Members

Willard R. Chappell (Chairman)

University of Colorado, Denver

David Sheesley
Laramie Energy Tech. Center

Jon Fruchter

Battelle-Pacific Northwest Labs

Richard Pelroy
Battelle-Pacific Northwest Labs

Raymond Wildung
Battelle-Pacific Northwest Labs

Larry Gratt

IWG Corporation

Chips Barry
Colorado Dept. of Natural Resources

L.M. Holland

Los Alamos National Laboratory

Marvin Tillery
Los Alamos National Laboratory

George Voelz

Los Alamos National Laboratory

Symposium Proceedings for 1980 available from Colorado School of Mines Press. Publication date-
July 1981

ISBN 0-918062-43-8, 382p., cloth, $19.
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TABLE 1 (cont'd.)

Paul Wagner

Los Alamos National Laboratory

Marvin Dickerson

Lawrence Livermore National Laboratory

Richard Ragaini

Lawrence Livermore National Laboratory

Hector Timourian

Lawrence Livermore National Laboratory

Ed Redente

Colorado State University

DOE Project Managers

Ralph Franklin

Ecological Research and R&D Coordinator

Joseph Blair

Human Health Assessments

Gerald Goldstein

Pollutant Characterization and Safety
Research

Charles Grua

Environmental Control Technology

David Smith

Health Effects Research

DOE Liasons

Arnold Harak

Laramie Energy Technology Center

Arthur Hartstein

Office of Fossil Energy

Jack O'Brien

Denver Project Office

Professional Staff - University of Colorado, Denver

Kathy Petersen

Associate Chairwoman

John Lanning
Asst. Professor, Dept. of Chemistry

Eleanor Werbe

Staff Scientist

Dona Janousek

Staff Assistant

TABLE 2

Executive Committee

The Oil Shale Task Force

Marv Dickerson; Air

Lawrence Livermore National Laboratory

Paul Wagner; Water, Retort Abandonment

Los Alamos National Laboratory

Larry Gratt; Risk

IWG Corporation

Marty Holland; Health

Los Alamos National Laboratory

Edward Redente; Reclamation

Colorado State University

David Sheesley; Control Technology
Laramie Energy Technology Center

TABLE 2 (cont'd.)

Ray Wildung; Solid Waste

Battelle-Pacific Northwest Labs

TABLE 3

Advisory Group
The Oil Shale Task Force

Bob Arnott

Colorado Dept. of Health

Dr. R. Merril Coomes

TOSCO Corporation

Carol Edmonds

Grand Junction, Colorado

Dr. Bobby Gunther

U.S. Public Health Services

Glen Miller

U.S. Geological Survey

Rafael Moure

Oil, Chemical and Atomic Workers

International Union

Daniel Luecke

Environmental Defense Fund

Ed Piper

Energy Development Consultants, Inc,

Dr. Martin Rabbins

Colorado Energy Research Institute

William Davis

Occidental Research Corporation

Anne Vickery
Colorado Mountain Club

RESEARCH ACTIVITIES

The research that is coordinated through the

Task Force covers a wide variety of areas:

Characterization of Products and Effluents

Health and Environmental Effects

Environmental Transport and Fate

Strategies for Mitigating Impacts

In the past two years three major programs

have been conducted at Logan Wash, Tract C-a, and

Geokinetics. The work at Logan Wash took place

during the Retort 6 burn from March to July, 1979.

The program at Tract C-a (Retort 0) was conducted

in the Fall of 1980, and the work at Geokinetics

was started in December, 1980.

Logan Wash

A major sampling effort at Retort 6 was con

ducted during the week of March 5, 1979 by per

sonnel from Battelle-Pacific Northwest Laboratory

(PNL) ,
the DOE Environmental Measurements Labora

tory (EML) , and Los Alamos National Laboratory
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(LANL) . During this week, a large number of samples

were obtained at various points at the retort (Figure

1). During this period, OXY personnel were trained

in various collection techniques so they could con

tinue the sampling during the remainder of the burn

on a periodic basis. Many samples were analyzed on

site for chemically or physically unstable species.

In addition, considerable attention was paid to sam

ple preservation for later analysis. All sampling

was coordinated by Jon Fruchter (PNL) ,
who later

distributed samples to various investigators for

analysis, bioassays, and other research. The types

of samples collected are listed in Table 4.

TABLE 4

Sample. Collect ion - Logan Wash

Crude Oil

Light Oil

Product Water

Boiler Blowdown

Makeup Water

Mine Sump Water

Ground Water

Water From Old^ . .

Retorts

Retort Gas

Mine Air

Mine Dust

Spent Shale Core

RAW

SHALE

OIL

WATER

SAMPLING

POINTS

LIGHT OIL*

OIL

OIL/WATER

TANK

VENT GAS

l

GAS

OVERBURDEN

BOILER MAKEUP WATER

BLOWDOWN

STEAM a AIR

GAS

OIL SHALE RUBBLE

RETORTED SHALE

RAW SHALE

MINE DUST

WATER MINE SUMP

No. 4

FIGURE 1: Simplified flow diagram and sampling points for

Oxy Retort 6 (not to scale) .
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Some of the results of the work on these samples

were reported in a progress report which has been pub

lished as a DOE document.
'

This report describes re

search in the areas of characterization, leaching,

and health. Some of the principal conclusions were:

The crude oil tends to have lower concentra

tions of As and Se and higher concentrations

of V, Co, Ni, and Zn than oils from surface

retorts.

Hg was above detection limits in all samples

of offgas. Very little As was detected in the

offgas most of it was in the form of arsenic

trioxide.

Although the Retort 3E shale was exposed to a

high retorting temperature, a water soluble

fraction exists containing significant levels

of Al, As, B, F, Mo, Se and V. The water sol

uble fraction is rapidly leached out.

The samples of spent shale from Retort 3E can

be divided into zones. This implies that re

torting conditions (e.g., temperature) and/or

the character of the initial raw shale may

play a significant role in determining the

character of the leachate.

The OXY crude oil and several associated by

products were found to contain a very low order

mutagenic activity or none at all. Skin paint

ing tests on animals reveal a lower carcino

genic potency than some surface-retorted

crudes.

Several studies are still in progress, including

mineralogical assays of both raw and spent shale cores.

The results from these studies will be reported in the

future.

Retort 0

In the fall of 1980, an extensive sampling pro

gram was carried out at Tract C-a in conjunction with

the Retort 0 burn. Pre^ and post-ignition sampling of

the mine environment was conducted. Samples were

taken of oil, retort waters, offgases, and mine water.

Extensive sulfur speciation was performed on offgas

samples. Several sulfur species were identified in

the offgas, including CH2S, COS, CS2, and CH3SH.

A progress report on the results to date will be

available shortly. It will be some time, of course,

before da .a from animal experiments will be available.

Geokinetics

In December, 1980, a program was initiated

at Geokinetics in conjunction with the Retort 24

burn. Industrial hygiene samples were collected

from around the retort. In March, 1981, a medi

cal program was initiated by LANL and the Univer

sity of Utah. Medical examinations were per

formed on most of the workers and some members of

their families. The results of this study will

be reported in future reports. To date, the in

dustrial hygiene samples do not show any signi

ficant elevation of dusts and gases.

Future Research Activities

The Task Force is presently preparing for

research on Retort 1 at Tract C-a. In addition,

research plans are being developed for Retorts 7

and 8 at Logan Wash.

PUBLIC MEETINGS AND SYMPOSIA

In April 1980, the Task Force organized

public meetings in Grand Junction and Denver.

The purpose was to introduce the public to the

research program. Several investigators pre

pared displays and gave talks on their research.

In August, 1980, a symposium, "Oil Shale:

The Environmental Challenges", was held in Vail.

The format involved presentations on the research

results in various areas followed by panel dis

cussions. The keynote speaker was Fraser Cook

from Scotland who was manager of British Petro

leum's oil shale facilities in the last years of

that industry.

This year another symposium will be held in

Vail on August 10 - 13.

Those interested in more information on the

Task Force, copies of Task Force reports, or in

formation about the Vail symposium should contact :

Ms. Kathy Petersen

Associate Chairman

Oil Shale Task Force

University of Colorado at Denver

1100 14th St. Campus Box 136

Denver, CO 80202 (303) 629-3460
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ENVIRONMENTAL RESEARCH AT THE LARAMIE ENERGY TECHNOLOGY CENTER

D. C. Sheesley, W. F. McTernan, J. D. Westhoff, and R. E. Poulson

U.S. Department of Energy

Laramie Energy Technology Center

Laramie, Wyoming

ABSTRACT

Since the founding legislation in 1944, the

Laramie Energy Technology Center (LETC) and the

associated Anvil Points Oil Shale Facility have

been affiliated with three different agencies:

the Bureau of Mines, the Energy Research and

Development Administration and currently the De

partment of Energy (DOE). The activities at the

Center have ranged from nearly academic pursuits

to the management of modular demonstration (pre-

commercialization) projects in processing tech

nology through Government/Industry Cooperatives.

Current program plans are in terms of long range,

high risk research at laboratory, bench and pilot

scale to examine concepts. Current research

programs at LETC in mitigation and monitoring of

environmental impacts for air, water and land/

solid waste are presented.

INTRODUCTION

Research programs at LETC, which have been

aimed principally at short-term problems in en

vironmental monitoring and control technology

development for air, water, and land/solid waste

associated with various synfuel extraction tech

niques have been subject to revaluation recently.

The research facility at Laramie has had three

agency affiliations in its period of existence

with three corresponding sets of operational

guidelines. As a Bureau of Mines, and later ERDA

entity, the programs were structured to assemble

data on small scale experiments related to oil

shale and tar sand processing, underground coal

gasification and petroleum utilization. In the

recent past, as a DOE facility, the emphasis has

been in project management for large scale Govern

ment/Industry Cooperative efforts where less

LETC-centered research activity could be sus

tained. Contract management for large research,

development and demonstration projects had re

placed internal technology development. Current

governmental restructuring appears to establish

the third and current role for LETC closely re

lated to the first, where internal research act

ivity will be emphasized and accompanied by con

tract work structured to support that research.

Activities in development of short-term solutions

are being supplanted by those in areas of long

range, high risk, conceptual definition and de

velopment.

In environmental research, the environmental

concerns have not changed, but the approaches

toward reducing uncertainties have. In general,

prototype engineering demonstrations have given

way to concept definition experiments. Experi

ments have been scaled to that necessary for

fundamental chemical and physical process defini

tion, and range from laboratory and bench scale
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experiments through pilot/field scale. Where

larger scale may be required to determine concept

feasibility, experimentation might proceed in co

operation with industry where sufficient inno

vative benefits may be expected. This paper

outlines the research technology base development

activities in monitoring and mitigation of en

vironmental impacts in oil shale resource develop

ment for air, water, and land/solid waste.

AIR

The principal effort in mitigation of impacts

to air is in definition and development of con

cepts for environmental controls for off-gas and

the development of the requisite sampling and

characterization methodology to support this

definition (1). In addition to the sampling and

characterization methodology which will be de

veloped, this program will also generate a data

base of uniformly high quality in an area where

good data are lacking. Experimentation will

continue at the LETC North Site
150-

ton (2,3) and

10-
ton NTU-type (4) retorts and, as appropriate,

at the Anvil Points Oil Shale Facility gas com

bustion-type retorts (5). Research supporting the

pilot plant experiments will continue at labora

tory and bench scale at LETC and selected labora

tories in the DOE oil shale program.

Experimentation in emissions control is

proceeding integrally with the retorting tech

nology base development, which includes basic

physical and chemical process definition and model

development. With respect to the retorting pro

cess itself, of special interest are the mechan

isms of mist/particulate formation and coales

cence, origin and fate of gaseous sulfur and

nitrogen species as well as the origin, transport

and fate of gaseous (and aqueous) metallic spec

ies.

In an integrated processing system where

environmental control may originate not neces

sarily in a unit operation or "black
box"

it seems

appropriate to define a control element. This

element is that array of factors within the system

which determine the efficiency of the process

toward a particular control objective. For ex

ample, a sulfur control element may be the mode of

retorting itself. Associated with any control

element, processes important in removal efficien

cies are being identified and quantified. Removal

efficiencies are being determined. Experiments

scheduled for 1981 are a sequel to the September

1980 DOE/EPA cooperative
150-

ton retort Venturi

scrubber experiments just described in this sym

posium in papers from the Monsanto Research Cor

poration (sponsored by the EPA) and from the

Denver Research Institute (sponsored by DOE).

These experiments indicated that 50-75 percent

ammonia removal from the off-gas was accomplished,

and particulate removal efficiencies of up to 94

percent were observed. These results together

with the commercial history of using ammonia-water

solutions for the selective removal of H2S from

coal-gas streams (6), suggest the possibility of

using the Venturi scrubber as a combined mist/

particulate removal and H2S removal device for oil

shale retort off-gases. Removal of a significant

fraction of the H2S in the off-gas would lower the

demands on downstream acid-gas removal by amine

scrubbers, Stretford or other devices.

Because large retort runs are expensive and

currently relatively infrequent, active labora

tory/bench scale retort and control element re

search projects will support the above work. The

laboratory/bench experiments will be performed

first to determine correlativity of these runs

with the more real world of the pilot plants.

427



Then, if that is established, the large retorts

will be used only for confirmation of lengthy

extrapolations. The big retort runs are, however,

considered quintessential in concept definition

for technology base development.

The importance of reliable characterization

of the experiments cannot be overemphasized. The

sampling and analysis is not a trivial question.

These off-gas and effluent streams are rarely

homogeneous, even when all phases are considered.

Although a variety of analytical devices are being

integrated into the retort off-gas analytical

system, particular study of the sampling method

ology seems a basic need and is being addressed.

On-line analyzers will include a mass spectrom

etric process gas analyzer, gas chromatographs

with hydrocarbon and sulfur detectors and a var

iety of specific gas analyzers including absorp

tion trains.

The potential for air emissions from ponded

process waters will be evaluated in conjunction

with some of the water treatment work described in

the next section.

In summary, the LETC North Site retorts will

serve as a focal laboratory for oil shale retort

off-gas characterization and impact mitigation

research which is planned and implemented inte

grally with retorting research. Water and waste

treatment/utilization research is performed con

currently as described below.

WATER

The LETC wastewater control technology de

velopment program addresses two distinctly dif

ferent needs from one research base. The first

need is that of concept definition for oil shale

processing technology base development; the other

is that of regulatory compliance at DOE pilot

plant and field site facilities. The compliance

aspect implies, in contrast to the concept defini

tion aspect, the anticipation of process demon

stration for cleanup at existing facilities. The

relationship of control technology research to

compliance has been discussed earlier (7). Com

pliance activities often provide a meaningful

stage and driving force for an R&D activity. Such

is the case for process water treatment and, as

will be seen in the next section, for solid waste

disposal.

Quantities of water which have accumulated

over long periods of oil shale retorting experi

ments at the LETC North Site must be disposed of

in order to continue the operation of the site.

Venturi scrubber operation requires real-time

water recycle because of the very large holding

capacities which might otherwise be required. To

meet this need, a 100,000-gallon holding pond is

being installed at the site.

Water treatment modules will be used to treat

condensate water for recycle to the Venturi and

also to devolatilize retort water from closed

tankage for discharge to the evaporation pond. In

addition, life testing of reverse osmosis modules

will be performed on the ponded residues (8,9,10).

Depending on the outcome of these tests, deter

mination of how to dispose of the aqueous resid

uals will be determined.

In addition to the expediencies above, the

current and near term water quality effort at LETC

for oil shale research will involve the evaluation

of various control technology strategies. As said

above, the LETC programs will stress concept

definition and development rather than hardware

evaluation. Previous wastewater treatment e-

valuations at LETC paralleled other portions of

DOE's oil shale program. That is, the majority of
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the activity was directed toward an evaluation of

those processes which would be supportive of first

generation oil shale developments (11). In those

programs involving joint
DOE-

industry cooperatives

research approaches to control technology appli

cation were not employed. In their place, a

system of vendor supplied hardware was chosen.

Field level testing of this equipment in con

junction with the initial oil shale development

activity was to determine overall treatment suit

ability for specific hardware selections. With

the new direction of research activity, long term,

higher risk projects will be undertaken. Those

ideas and concepts which are not ready to be

explored in the private sector may be researched

under government auspices. A general description

of the overall program structure and examples of

current research efforts follow.

At the core of the synfuels wastewater treat

ment program at LETC is the concept of secondary

or by-product recovery. The standard approaches

to wastewater treatment for municipalities, as

well as for industries, has been one where an

unusable solid waste often results. This ap

proach, if applied to synfuel wastewaters, is

unacceptable as is the idea that these waters can

be evaporated on a routine basis. With heavily

laden waters biological treatment will create

large volumes of solid waste, while disregarding

the potential for recovering secondary materials

such as heat, steam, additional hydrocarbons,

various metall ics, ammonia and sulfur. Evapora

tion, when practiced on an industry-wide scale

disqualifies a potentially large water source from

additional use. In addition, those efforts struc

tured to assist an emerging industry by their very

nature are ill equipped to address second gener

ation problems.

The LETC control technology research approach

is structured to follow a statistical control

basis where the results of a single effort or

investigation can be compared directly to those

generated from another source. The statistical

control basis demands overall control from col

lection through analysis. Inherent in this ap

proach are structured similarities for different

"chers.

same wastewater

same analytical methods

same replicates

same constituents

same statistical procedures

With this approach results from one research

project may be compared directly with those from

another. Fundamental to this unified statistical

control approach is the preparation of individual

and overall coordinated research plans, no devia

tion from any individual plan, and the application

of proper statistical models to draw comparisons

and conclusions. Results from an effort following

the above guidelines will be accorded maximum

credibility for the samples and conditions selec

ted.

The research effort at LETC is a combination

of in-house and contractor labor. Bench scale

reactors will be utilized to screen and further

define and develop basic concepts or to plan

larger experiments for oil shale and tar sand

processing and underground coal gasification

wastes. The most promising concepts as well as

those limited in application to larger scale

experiments will be tested at LETC's 150-ton

retort or at existing or future field sites.

Currently, LETC is retrofitting an existing lab

oratory to contain sufficient equipment to perform

the full range of environmental engineering
eval-
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uations listed below. Oil shale conversion waste

streams, as well as those subjected to various

combinations of pretreatment, will be tested for

constituent removal as well as secondary materials

concentration and recovery. Various methods of

waste stream segregation will be surveyed. The

treatment efficacy of individual unit processes,

as well as various process train combinations for

these segregated waste streams, will be compared

to that determined for the entire waste stream.

Secondary product recovery potentials from each

unit process will be determined. Examples of

secondary materials which will be identified in

clude steam, heat, supplemental hydrocarbons,

select metallics, ammonia, and sulfur. The unit

processes, which will be used in initial evalua

tions, whether singly or in process trains in

clude:

Flotation

Filtration

Coagulation

Stripping

Wet air oxidation

Reverse osmosis

Foam separation

Biological processes

Any solids resulting from these efforts will be

analyzed to determine heat content before and

after dewatering. Dewatering schemes will include

vacuum filtration, freeze-thaw, polymeric condi

tioning and gravity drainage. The environmental

effects of the fluids, as well as leachates from

the solids, will be determined by using standard

biological toxicology testing on the products and

selected fractions. Supplemental to this re

search, a comprehensive organic carbon identifi

cation program utilizing HPLC, GC, GCMS, and in

some cases tritium-tracer technology will be

implemented to track specific compounds and groups

of materials through the treatment schemes. Models

will be generated to compare the removal of tradi

tional parametric variables such as COD, TOC, and

alkalinity with those of more specifically deter

mined constituents. Preliminary economic evalua

tions will assist in determining the efficacy of

treatment and secondary materials recovery.

While these bench scale efforts are struc

tured to be independent studies, they also serve

to supplement pilot-scale research at LETC's North

Site retorts described above. In addition, the

refrigerated water sample repository established

at LETC will be maintained to provide meaningful

samples in large quantities for treatment and

effects studies (12).

LAND/SOLID WASTE

The solid waste management activity will, as

with the other commodities discussed above, focus

on long-term generic research. This effort will

investigate real world solid waste management

practices via controlled research conditions.

Portions of the LETC solid waste management re

search will be conducted at the DOE Anvil Points

Oil Shale Facility located near Rifle, Colorado.

The approach will be to construct a retorted shale

fill, probably in East Anvil Points Gulch, with

design provisions for field level experimentation

for environmental impacts monitoring and mitiga

tion.

The Anvil Points site has been utilized for

development of oil shale mining and processing

since the
mid-19401

s. Subsequently, both stream

and drainage basin characteristics have been

described in considerable detail (13): wastes from

experimental processes have been stored in the

gulch adjacent to the facility (referred to as
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East Anvil Points Gulch); spent shale presently

located at this site can be described as both

weathered and fresh in the approximate proportions

that would be expected in an operational com

mercial facility. On the whole, Anvil Points

shale represents the
"probable"

best experimental

conditions for retorted shale research to be

found.

In addition, there is a compliance need to

set the site in order for the State of Colorado

with the cooperation of the Department of Natural

Resources, Mined Land Reclamation Office. Any

contemplated future activity at the facility would

hinge on satisfaction of this need. If future

retorting occurs there, it is planned to add on to

the pile established and have a real working

operation with respect to retorted shale disposal.

The LETC, Carbondale Mining Technology Cen

ter, and the U.S. Army Corps of Engineers (CE),

Waterway Experiment Station (WES), have entered

into an interagency agreement to develop the

research spent shale pile design and ancilliary

research provisions within the structure. It is

the contention of LETC that a spent shale fill

conservatively designed and equipped in an en

gineering sense is of paramount importance in

mitigating existing environmental impacts at this

site and for developing experimental monitoring

and control strategies for future retorting ex

periments. Recognized expertise in soil mech

anics, engineering geology, rock mechanics and

structural design will be utilized. The WES is

the principal research, testing, and development

facility of the Corps of Engineers and has re

cently completed a 2-year project to determine the

physical and engineering properties of retorted

oil shales (14). The project was funded by the

U.S. Bureau of Mines. Extensive testing was con

ducted on spent shale from the Paraho retorting

processes. The WES project has generated complete

static and dynamic properties for the spent shale.

These properties are critical for conducting fill

design and stability analyses. The design will

use previously developed Paraho process retorted

shale, together with physical, topographic,
hydro-

logic (13,15) and chemical (16) characteristics at

Anvil Points.

The shale fill will consist of an initial

design for the approximately 400,000 cubic yards

presently located at the site with incremental

design provisions for a 40-year period of re

torting research. The ultimate design will be for

the stable configuration at a 1.25 million cubic

yard fill. The initial through final construction

design will be provided with instrumentation and

wells to monitor groundwater above, in and below

the fill, fill temperatures, settlement and em

bankment stability.

The DOE research design will include the fol

lowing integrated engineering and scientific

objectives:

Permanent surface fills for spent,

reject and run-of-mine shale

Temporary surface fills for stockpiled

raw feed shale for retorting and
run-of-

mine raw shale

Fill location, foundation and hydrologic

character

Engineering fill properties of Paraho

retorted shale

Analysis of alternative fill configur

ations

Stability analysis under static and dy

namic conditions, both with and without

seepage forces.

431



Fill stability monitoring instrumen

tation alternatives

t Design compactive efforts required for

spent shale embankment, including con

trolled channelization of seepage and

runoff for shale leachate contaminant

control

Design compactive efforts for layered

raw and spent shale to create imper

meable barriers preventing combustion

and water infiltration

Alternative hydrologic and water quality

monitoring well locations.

Design features to be provided by this study

will be used to conduct long-term and condition

intensive data base gathering control technology

and reclamation studies at the site. First phase

studies will emphasize literature and field study,

groundwater characterizations, spent shale contam

inants, and run off and seepage wake treatment

strategies. Long term studies will include chem

ical and hydrologic monitoring. Continued inves

tigations of breakthrough chemical indicators,

contaminant release modeling, surface and subsur

face water quality effects, erosion and reclama

tion and revegetation research studies.

It is believed that the best approach to

research in retorted shale stabilization is

through field testing of the best engineering

concepts available. That is the intent of this

activity.

SUMMARY

Current research activities at DOE/LETC in

mitigation and monitoring of environmental impacts

for air, water and land/solid waste cover a full

operational spectrum from laboratory/bench through

pilot/engineering scale. Activities are aimed at

data base and technology base development through

concept definition using a systems approach, where

the shale conversion engineering research and the

environmental engineering research are planned and

implemented concurrently. Energy and materials

recovery/utilization is emphasized in the envir

onmental research.
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