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FOREWORD

Each year since 1972, t^e dependence of the United States with respect to liquid and gaseous fuels has

increased. Since 1972 the amount of this country's imported needs has increased almost 300 percent. Present

and past government policies encourage importation of needs over domestic production. The distortion of the

industry position by news media has created a crisis with respect to industry credibility and a chasm between

those dependent upon petroleum fuels and those most able to supply their needs.

A viable synthetic fuels industry would not only produce sufficient motor fuel to mean the difference

between a supply adequate for essential needs and long waiting lines at service stations, but could serve to

tip the scales to our advantage in negotiations with OPEC countries. Exchange of technical information with

respect to all aspects of shale oil production serves to increase the effectiveness of everyone working in this

area. This Symposium's presentations covered the spectrum from environmental, socioeconomic, and public policy

issues to the technical and theoretical aspects of shale oil processing. The authors and their sponsors are to

be commended for the quality of the presentations.

To speedup the publication process, the authors were requested to supply their papers in a publication-

ready mode and to use both metric and English units of measurement. Fortunately, most of the authors were very

cooperative and the majority of the papers met good journalistic criteria. In one or two instances, I made the

decision that it was more important to publish the paper and make the results available in written form as soon

as possible than to delay the Proceedings and insist on the desired form.

Two papers were not available at the time of going to press and will be included in the next Proceedings.

One paper has been added to complete a series started in the Symposia. Acknowledgment is given to the American

Institute of Chemical Engineers for permission to publish the paper by Arvids Judzis, Jr.

This year, especially, I wish to acknowledge the help of R. E. Poulson in putting the environmental session

together and editing the papers, of J. K. Richmond for setting up the safety portion of the program, and of

Mrs. Ruth Jarnagin and Mrs. Marjorie Rinehart in doing the follow-up necessary to put the Proceedings into

print.

James H. Gary
Vice President for Academic Affairs
and Dean of Faculty

Colorado School of Mines
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SUPERIOR'S CIRCULAR GRATE OIL SHALE RETORTING PROCESS

AND

AUSTRALIAN RUNDLE OIL SHALE PROCESS DESIGN

J. H. Knight, Assistant Manager

and

J. W. Fishback, Senior Process Engineer

Oil Shale Division

The Superior Oil Company

2750 South Shoshone

Englewood, Colorado 80110

ABSTRACT

Both circular and straight grates have long been

in commercial use for iron ore pellet sintering, cooling,

and other kiln applications. Superior's process develop

ment effort focuses on adaptation of the circular grate

process for oil shale retorting. This effort included

construction and operation of an adiabatic fixed-bed

retort designed to simulate the conditions encountered

by a section of solids as it travels through the

separate processing zones in the circular grate. The

adiabatic retort tests identified the significant

process variables and their effect(s) on cost responses

such as throughput rate, thermal efficiency, product

yield, etc. Cost sensitivity analyses established opti

mum ranges in which to design and operate the circular

grate oil shale pilot retort which was later constructed.

The pilot circular grate retort operations defined

design and scale-up information for the oil removal

system which had never been tested in prior circular

grate applications. Pilot plant operations also con

firmed the mechanical reliability of solids flow on

four types of shale. The primary results of this

process development effort have been:

Attainment of thermal efficiency for the

cross-flow circular grate which approaches

those achieved in counter-current flow

devices.

0 Product oil yields of over 98 percent of

Fischer Assay.

Development of a proved oil recovery

system.

Optimized throughput and gas rates per

ton of oil shale processed.

Testing and process designs for Multi -

Mineral Green River and Australian Rundle

oil shales.

These successful process development results can

now be combined with the proven mechanical

reliability of commercial -size circular grate

heating-cooling equipment for oil shale retorting.

INTRODUCTION

Most types of engineered equipment and

processes evolve to larger and more

(economically) efficient systems once they are

part of the industrial economy. The environ

mental impact per unit of production in



the larger systems also is reduced many

fold over the smaller units. The principles

of many engineered systems are developed in

the laboratory or in feasibility studies

prior to commercial application; however,

the major economic advantages of size and

efficiency improvements are most pronounced

after commercial application experience.

Synthetic crude oil production from

oil shale is essentially in the laboratory

pilot plant and feasibility study stage and

has been for the past 100 years. The eco

nomics has also remained at generally the

same marginal level throughout this period.

Until commercial units are operated, the

numerous operational and equipment improve

ments which greatly affect economics will

not develop.

The production of alternate mineral

resources and synthetic fuels will continue

to be required by modern society. The

alternative is crisis management, leading

to a decline in the standards of living and

economic strengths of those countries

affected.

SUPERIOR'S DEVELOPMENT PROGRAM

Superior recognized the need for syn

thetic fuels production and started a multi-

mineral shale development effort in the

early 1970's. Pilot plant quantities of

nahcolite, shale oil, alumina, and sodium

compounds have been produced from Superior

multi-mineral shale holdings. One stage of

multi-mineral shale processing is shale oil

production or "retorting". Superior's pro

gram for the selection and development of a

retorting process was divided into the

following five steps:

1. Evaluation of equipment and pro

cesses to determine inherent

advantages and disadvantages.

2. Implementation of laboratory and

adiabatic fixed- bed pilot plant

retort test programs.

3. Testing of a circular grate pilot

plant retort.

4. Engineering, design, and cost

estimation for a commercial size

circular grate retort.

5. Testing and commercial process

designs for other oil shales.

STEP 1 : Evaluation of Existing Processes

During the evaluation of various heat

ing and cooling processes, Superior placed

strong emphasis on methods which had a long

history of development and commercial appli

cation. Both the circular grate and straight

grate had long, successful operational

histories at large throughput rates. Other

advantages of the grate systems were that

temperature and gas flow rates could be

controlled independently, thus allowing for

control of energy delivery in each process

ing zone. Therefore, the close control of

temperature and residence time, both impor

tant factors affecting spent shale leaching

and mineral recovery processing, can be

achieved. Existing installations had been

designed to handle pellets with low green

strength with little or no attrition to the

solids. This equipment allowed for the

introduction of solids and layering of the

bed with different rock size fractions. In

these processes, the solids do not move

relative to the grate or grate walls, as

the solids move in a horizontal plane

through each of the processing zones.

Therefore, the amount of dust carryover

with the oil mist is minimized.

The circular grate equipment had been

designed with water seals between the top

stationary hoods and bottom stationary

windboxes at the inner and outer walls to

seal in hydrocarbon process gas and seal

out air. These water seals also allowed

for unrestrained thermal expansion of

structural members. Thus, leaks from

cracks caused by thermal expansion stress

can be avoided. The materials of construc

tion for refractories and the grate itself

have been operated at 2400F (1315C), which

is a considerably more severe operating

condition than the 900F to 1000F (482C to

538C) required for shale retorting. A good



example of a commercial water-sealed circu

lar grate constructed by Arthur G. McKee is

in La Perla, Mexico. This unit is currently

used to sinter iron ore pellets at grate

temperatures in the 2400F (1315C) range.

This circular grate, water trough-sealed

system is the most advanced state of the

art in equipment development. A photograph

of the unit is shown in Figure 1. For the

above reasons, the water-sealed circular

grate system was selected by Superior for

further development and testing of oil shale

retorting.

Prior to development by Superior, the

circular grate process had a number of

shortcomings which required improvement and

testing to make the process applicable for

oil shale retorting. Thermal efficiency,

throughput rate per square foot of active

grate area, and the circulation rate of the

heating media required improvement. An oil

removal system was also required in the

circulating gas stream and this system

required optimization for retorting oil

shale.

STEP 2: Adiabatic Fixed Bed Retort Testing

and Laboratory Testing

The adiabatic fixed-bed retort simu

lates a section of the solids on the moving

grate as it travels through the various

processing zones in the circular grate retor t.

This is shown in Figures 2 and 3. Figure 4

is a simplified flow diagram of the adia

batic fixed-bed retort facilities. Time in

the fixed-bed retort is equivalent to a

length of travel of the solids section in

the circular grate retort. The adiabatic

fixed-bed retort was used to establish sig

nificant process variables and their effects

on retorting cost responses in the same

manner that smaller fixed-bed devices are

used to obtain sizing data for straight and

circular grates in other kiln applications.

Preliminary variable and cost sensi

tivity analyses were conducted prior to

conducting the adiabatic retort tests. This

was a comprehensive study of the effect of

energy transfer variables on process econ

omics. This included determining the cost

sensitivity effect which changes in process

variables have on cost responses such as

throughput rate, thermal efficiency, pro

duct quality, product yield, etc. Insigni

ficant variables and cost responses were

eliminated. A test program was developed

and over 100 tests based on a statistical

experimental design were conducted on the

adiabatic retort to determine optimum ranges

of variables (Shah, 1975). The primary cost

responses in a cross-flow, gas-to-solid

heating device were determined to be:

1. Throughput (expense) - This is

defined as the total annual cost

per ton for facilities to heat and

cool oil shale. This element

includes cost of money, deprecia

tion, taxes, and maintenance and

labor costs for a given size retort

Throughput is related to the resi

dence time required to load, heat,

cool, and unload the shale.

Required residence time is a func

tion of various heat transfer vari -

ables and the ability to use the

entire active grate area effec

tively. (Knight, 1977).

2. Feed (expense) - This is the cost

of providing and preparing oil

shale feed for the retort. Most

of this cost is for mining and is

therefore constant, having no

effect on the retort economics.

The variable costs are for crush

ing and screening the shale to the

required size. Crushing cost

increases as particle size

decreases .

3. Utilities (expense) - This is

essentially the power cost (both

electric power and/or steam for

turbines) required to circulate the

retort gases through the system

loop, including the shale bed. This

expense is a function of variables

affecting pressure drop in the bed

and the amount of recycle heating



Figure 1. Commercial Circular Grate in La Perla, Mexico
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media gas required per ton of shale

processed. Other utility expenses were

determined to be relatively constant or

insi gnif icant.

4. Thermal Efficiency (expense) - This

item is related to the cost of fuel

required to supply the energy needed

for heating the shale. The circular

grate retort, with its cross-flow type

heat exchange mechanism, has an inher

ently poor heat transfer efficiency,

however, substantial progress has been

made to improve this efficiency (Knight,

1977). For mul ti -mineral shale process

ing, some waste heat from the retort is

used in the alumina and soda recovery

processes. Thermal efficiency expense

is the cost of net energy required to

heat a unit weight of shale and the

cost penalty for unused waste heat

removal. The effectiveness of recover

ing the sensible heat from the shale

and use of the residual carbon heating

value are the dominant variabl es affect

ing themal efficiency.

5. Yield (credit) - This is defined as the

total recovery of the three organic

phases (solid, liquid, and gas). The

yield is the percent of organic heating

value recovered from the solid phase

(in the form of residual carbon), 1 iquid

phase (as oil), and gas phase (as pro

cess fuel gas). The value of each is

based on its fuel value, expressed in

terms of dollars per million BTU, or

dollars per million ki local ories .

6. Quality of Organic Products (credit) -

This is evaluated for various retorting

conditions which improve the value of

the organic products. The method used

to heat the recycle heating media gas

affects the composition of the produced

gas phase. The use of air or oxygen in

the carbon recovery zone also affects

gas phase composition.

7. Spent Shale (credit) - This is defined

as the total value of recoverable

alumina, soda ash, and energy (as sensi

ble heat) contained in the spent
shale.

Shale heating conditions,
temperature

and time in particular, have the most

significant effect on spent shale value

for product recovery.

Referring again to Cost Response 1, we may

cite one example of a preliminary variable

and cost sensitivity analysis which results

in defining the dominant heat transfer

variables affecting throughput expense.

Two modes of heat transfer are present

in the shale bed. The first is the rate at

which heat is transferred through the bed

of solids, and the second is the rate at

which energy is transferred from the sur

face of the solid to its center. In order

to pyrolyze the kerogen in the raw shale

feed and use the maximum amount of the

heating zone, the final temperature at the

center of the large rock in the top layer

must match the final temperature of the

center of the smaller rock in the bottom

layer. Dominate variables are:

Energy delivery rate to the solids,

which is primarily a function of gas

flow rate and temperature.

Particle size and shape.

Bed height.

Variables which are inherently constant for

a specific ore are thermal conductivity of

the solids, recycle gas composition, speci

fic heat, etc.

STEP 3: Pilot Plant Circular Grate Testing

In addition to determining the optimum

ranges for variables, process improvements

were also tested on the adiabatic retort

and were included in modifications to the

pilot circular grate retort. Proper oil

removal operation and equipment scale-up

data were determined from continuous steady-

state operation of the pilot circular grate

retort. A simplified flow diagram of the

pilot circular grate retort is shown in

Figure 5. A photograph of the plant is

shown in Figure 6. This 250-ton-per-day
(227 tonne-per-day) pilot plant defined

scale-up information for the oil removal

system which had not been tested on prior
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circular grate applications. This system

is a combination of a direct-contact spray

scrubber and an electrostatic precipitator.

As a result of the data generated from

the statistical adiabatic test program

investigating significant cost responses

and variables, optimum process design curves

were verified in subsequent pilot retort

testing.

One key process improvement tested in

the adiabatic retort and confirmed by the

pilot circular grate retort tests was the

enhancement of throughput by overlapping

the processing zones, thus increasing ther

mal efficiency by eliminating interzone

leakage and optimizing residual carbon

recovery (Knight, 1977). This effect is

graphically shown in Figure 7. When oil

evolution from the large rock at the very

top of the bed is complete (this rock is

exposed to the hottest gases at the very

beginning), controlled oxidation (Knight,

1978A) of the residual carbon is begun and

the energy from the carbon-oxygen reaction

replaces external energy requirements. The

heat front then continues down through the

bed. Recycle gas temperature and oxygen

concentration is progressively changed to

control bed temperature during carbon oxi

dation. The cool gas also begins to cool

the solids in the upper portion of the bed.

Sensible heat from the top of the bed and

the carbon-oxygen reaction furnish the

energy necessary to complete the heating of

the bottom of the bed. Thus, cooling and

heating operations are overlapped, using

the same grate area. By this method, signi

ficantly increased shale tonnage rates for

a specific residence time and equipment

size are achieved.

Depending on the type of shale used

and several other variables, the gas temper

ature at the bottom of the retort in the oil

evolution zone ranges between 230F and

340F, (110C to 171C) with approximately

80 percent of the oil in liquid mirt form.

Upon leaving the retort, the stream of oil

mist and process gas is contacted with water

sprays. The functions of these direct con

tact sprays are:

To cool the gas and water vapor mix

ture to the steady-state saturation

temperature (180F 20F). (82C

11C).

To condition the oil mist for subse

quent recovery in the electrostatic

precipitator.

To scrub sulfur compounds from the

gas phase.

To stablize the electrostatic pre

cipitator ionizing electrode and

grounding plates.

Both wet and dry pilot electrostatic precip

itators were tested. The two units used

were both flat plate units which had been

used to scale equipment for other commercial

oil mist electrostatic precipitation appli

cations.

In addition to defining oil removal

scale-up information, the solids handling

characteristics of shale from four different

sources were tested in the pilot unit. Oil

shale grade varied between 19 gallons and

40 gallons per ton (79 and 167 liters per

tonne) and sodium content varied between

0.5 and 9 weight percent sodium carbonate

equivalent. The original process configu

ration of the pilot plant was acquired with

the contract for the equipment construction.

This configuration had a maximum throughput

rate of 60 tons per calendar day (55 tonne

per calendar day) with 39 percent of Fischer

Assay oil recovery obtained in January,

1976. Superior Oil then implemented process

improvements defined predominately by U.S.

Patent No. 4,058,905 and by over 100 adia

batic retort tests. With heating and cool

ing gas ducts connected to two thirds of

the active grate area, these improvements

resulted in a throughput rate of 250 tons

per calendar day (227 tonne per calendar

day) and over 99 percent Fischer Assay oil

recovery.

STEP 4: 'Commercial Design for Superior's

Multi-mineral Green River Shale

Commercial design configurations have

been completed for both direct-heated and

indirect-heated modes of operation. Figure 8
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shows the direct-heated mode, wherein part

of the circulating gas phase is burned and

the flue gas produced is mixed with pre

heated recycle gas from the shale cooling

zone. The resulting combination of gases

produces heating zone hood inlet tempera

tures as desired between 1100F and 1500F

(593C and 816C). The direct-heated mode

produces surplus retort gas with a heating

value of 90 to 150 BTU per standard cubic

foot (801 to 1335 kcal/m3), depending on

shale grade.

The second mode of operation is in

direct heating, as shown in Figure 9. In

this mode, part of the retort gas phase is

burned with preheated air in a tubular fur

nace to heat recycle gas to the desired

temperature for introduction to the heating

zone hoods. Carbon recovery is achieved by

controlled oxidation with either preheated

air or oxygen. Oxygen is used when higher

heating value gas is desired since dilution

by nitrogen is avoided. The gas produced

by an indirect-heated retort has a higher

value but a lower total energy content
than

that produced by a direct-heated retort.

The gas has a higher heating value
because

of the lack of flue gas diluent but has a

lower total energy
content due to stack

losses in the indirect heater.

Superior has completed both direct and

indirect-heated retort process designs and

corresponding capital and operating costs

for 10,000 and 20,000 ton per calendar day

(9091 and 18,182 tonne per calendar day)

units. The optimized process, demonstrated

process improvements, and successful pilot

plant operation, combined with an existing

history of commercial operations for the

circular grate equipment, make this method

a viable surface retorting system. In

addition to development on mul ti -mineral

shale, Superior was requested to do, and

has completed, the testing and process

design for the Rundle Kerosene Creek shale

deposit in Australia for Southern Pacific

Petrol eum.

HOT RECYCLE GAS

MOS

1

RECYCLE CAS AT RETORTING

^MPERATURE

INOIRECT HEATER

COMBUSTION AIR

t_

THE CIRCULAR PATH OF

THE SOL. OS 9E0 iS

PlCUREO AS A STRAIGHT

-H FOR CLARITY IZ S WATER OUT

COMPRESSOR

HIGH S"U

SURPLUS

RETORT GAS

OUT

Figure 9. Simplified Process Flow Diagram for Commercial Circular Grate Retort

Indirect-Heated Mode.
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STEP 5: Australian Rundle Oil Shale Commer

cial Process Design

The development of Superior's Circular

Grate Oil Shale Retorting Process has been

described in terms of key process operating

variables investigated and their effect on

process economics (cost responses). This

process was developed to its present state

of commercial viability with the raw

material feed basis being Green River forma

tion oil shale from Superior's resource near

Meeker, Colorado. The basic approach to

process development used by Superior is

applicable to almost any technically-based

chemical or physical conversion process.

Thus, the equipment designed, built and

operated by Superior to support the process

development for our own deposit is equally

applicable to process development for any

solid-phase hydrocarbon resource. Southern

Pacific Petroleum's Rundle shale deposit in

Queensland, Australia, has a number of chem

ical and physical properties which are

different than Superior's Mul ti -Mineral

shale deposit. Therefore laboratory and

pilot plant test series were conducted and

a commercial scale process flow sheet was

developed with all major equipment sized.

This flow sheet was then used as a basis for

commercial plant capital and operating cost

estimates for the Rundle project by Arthur

G. McKee and Company.

The following paragraphs of this paper

will address the process development proce

dure for alternate resources in terms of key

physical and chemical property tests and

operating tests necessary to characterize a

given resource sufficiently for a commercial

retorting process design.

In the process development of circular

grate technology for oil shale retorting,

Superior designed, built, and operated a

1 000-1 b (455 kg) charge, fixed-bed adiaba

tic retort which duplicates a section of

solids traveling through the separate pro

cessing zones in the circular grate retort.

The adiabatic retort statistical experi

mental design for Superior's shale mentioned

above, that determined which process

operating variables had the most signifi

cant effect on operating costs and quanti

fied those effects so that an optimum pro

cess design could be developed, allowed a

reduced number of adiabatic tests to provide

the necessary data for the Rundle process

design. The adiabatic test series included

the demonstration of controlled oxidation

of residual carbon from spent Rundle shale.

(See U.S. Patent No. 4,082,645). This

technique developed and patented by Superior

also would be applicable to the partial oxi

dation (gasification) of any carbonaceous

material .

The only valid way to determine any of

the necessary cost responses with accuracy

sufficient for commercialization decisions

is with pilot testing in a device scaleable

to commercial size such as the adiabatic

retort.

Because of our extensive development

program to commercialize our own hydro

carbon resource, we would expect a similar

approach to be necessary to investigate

potential commercialization of any solid

phase hydrocarbon resource such as other

shale deposits, tar sands, coal, peat,

trash, biomass, etc.

For the Rundle deposit, the physical

and chemical properties listed in Table 1

were investigated and compared against

existing data for other shales. These

properties are grouped in three categories

that are indicative of the following

characteristics :

1. Material handling and mechanical

rel iabi 1 i ty .

2. Optimum process design.

3. Yield and quality of products.

11



Table 1. Some Physical And Chemical Property Tests Required To Characterize

Oil Shale Ores For Commercial -Scale Development.

A. Material Handling and Mechanical Reliability

1. Tumbler test for relative friability and compression strength. This test measures the

amount of
-%"

fines produced for each shale for a given number of tumbler revolutions.

2. Rock, particle, and bulk density of raw shale and spent shale for machine sizing and

material and energy balance calculations.

3. Angle of repose and angle of slide for bins and conveyor design.

B. Optimum Process Design

1. Time and temperature required for total evolution of kerogen in a Fischer Assay

retort. This has been established as a 45 minute heat up and 45 minute hold at 932T

(500C) for Green River shale. Other shales may differ. Rundle shale requires

approximately 850F (454C) for complete retorting in 45 minutes.

2. Fusion temperature to determine the maximum allowable inlet temperature delivered

to the bed that will prevent sintering and clinkering and will not effect any down

stream product recovery processes. This test also detects endotherms which cause

higher non-recoverable energy requirements to process the shale and perhaps cause

generation of diluents in the gas phase such as carbon dioxide from carbonate decom

position .

3. Heat capacity (specific heat) of spent shale for energy balance in cooling zones.

4. Carbon and hydrogen on spent shale before and after carbon burning to determine

extent of carbon recovery.

5. Percent moisture in raw shale for predrying zone sizing.

C. Yield and Quality of Products

1. Oil mist loading and particle size for electrostatic precipitator performance.

2. Emulsion breaker tests on oil product.

3. Total organic heating value of raw shale and all product phases: 1 iqui d (oil), solid

(residual carbon), and gas to determine overall net energy produced.

Even though the battery limits product ical properties listed in Table 2 were

for both the Superior and Rundle projects is determined to characterize the shale oil

whole raw shale oil, the physical and chem- and help evaluate its market price.

12



TABLE E'.PHYSICAL AND CHEMICAL PROPERTY TESTS REQUIRED

TO CHARACTERIZE RAW WHOLE SHALE OIL PRODUCT

SPECIFIC GRAVITY 60/60F

WATER CONTENT (KARL FISCHER) %

POUR POINT F : C

KINEMATIC VISCOSITY (S) I04F es

fS) 50Fcs

superior's RUNDLE

SHALE OIL SHALE
OIL*

0.93 - 0.01 o.g^.oi

< 1 <[

90 - 5 : 32 - 3 95-5:35^3

725 51-5

75 9.4- 5

FLASH POINT F : C

(CLEVELAND OPEN CUP OR PENSKE-MARTIN)

ASH CONTENT %

PARTICULATES %

CONRADSON CARBON %

NEUTRALIZATION NUMBER mg KOH/g

ORGANIC HEATING VALUE BTU/lb: kcal/kg

CARBON %

HYDROGEN %

OXYGEN %

NITROGEN %

SULFUR %

TRACE METALS

Ni ppm

V ppm

Fe ppm

Cu ppm

Pb ppm

As ppm

STRUCTURAL ANALYSIS

PARAFFINS VOL %

NAPTHENES VOL %

OLEFINS VOL %

AROMATICS VOL %

FRACTIONATION

130-20 : 54-M 114 20.46l

0.03 0.03

0.001 0.004

5 3.7

4.41 9.44

18500! 10256 18352:10174

84.5 84.7

12.5 12. 5

1 .35 1.62

2.0 1.0

0.8 0.4

20

5

25

50

(DISTILLATION, ATMOSPHERIC AND VACUUM)

IBP THROUGH EP AT 10 PERCENT VOLUME

OVERHEAD INTERVALS

0.4

*0. 1

42

<0.l

3.8

9

24.

24

2

50

BOTH OILS ARE

SIMILAR IN DIS

TILLATION PROPERTIES

O IBP TO 400F CUT(204C) NOTE: ALL VALUES ARE APPROXIMATE

D
650*

F RESIDUE! 343C) K KEROSENE CREEK FORMATION ONLY
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After completing the test program to

determine the physical and chemical proper

ties listed in Tables 1 and 2 that can be

analyzed in a laboratory, the adiabatic

pilot plant test program to determine the

optimum operating conditions was begun. The

data generated by adiabatic testing defines

the following critical parameters necessary

to size a commercial scale circular grate

machine specifically for a given ore:

1. Major equipment sizing including

sizing of each zone.

A. Residence time in each process

ing zone: predrying, heating,

carbon recovery, cooling.

2. Yield determination for retort

products .

A. Completeness of hydrocarbon

evolution in gas and liquid

phases .

B. Extent of residual carbon

recovery (utilization as fuel)

in the solid phase.

3. Material handling characteristics

for reliability of solids flow.

A. Bed pressure drop for a given

gas velocity, temperature,

particle size, and bed depth.

4. Energy requirements for complete

evolution of oil and gas phase

products in Btu/lb raw shale

including endothermic losses (non-

recoverable) and thermal efficiency

determination (based on bed inlet

and outlet temperatures).

The qualitative differences between

Superior's Mul ti -Mineral Green River shale

and the Rundle shale in each of these impor

tant areas are as follows:

1. Residence time in the heating zone

at a given gas inlet temperature

and gas flow rate is a strong func

tion of water content and endo

thermic reactions in feed shale but

a weak function of oil content. For

this reason dewatering or predrying

is economically justifiable on high

water content shales depending on

the source of energy for predrying.

Figure 10 illustrates the Rundle

HOT GAS TO DRIER

DILUE

-80F

NT AIR

COOL RECYCLE GAS

SHALE FEED

TO PREDRIER

+

'.->
. * Ti Jim

..[. .. i.Tir.
:: /
': '''-'.-'

HEATING "\ CARBON ''")COOLING
I'KEDRYING ZONE Z0NE j RECOVERY (ADDITIONAL CARBON | BY AIR

ZONE

LOW BTU

SURPLUS RE

TORT GAS OUT

TO GAS TURBINE

ELECTRICAL
GENERATOR SET

OIL 8 WATER OUT

Figure 10. Simplified Process Flow Diagram For Rundle Process Design
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process design including a predry

ing zone. Thus, a modification of

the heating media gas loop to in

clude predrying was completed as a

more attractive alternate approach

for Rundle shale.

Heating residence time for complete

oil evolution (100% Fischer Assay

yield) is comparable for Rundle

shale and Green River shale. The

additional residence time required

for Rundle shale due to higher

water content is offset by the lack

of endothermic carbonate decompo

sition reactions.

2-A. The hydrocarbon evolution efficiency

depends entirely on residence time

and bed temperature. It is impor

tant here to distinguish evolution

efficiency from recovery efficiency.

The recovery efficiency depends on

oil removal equipment design and

operation, not on temperature-time

history during heating but both

evolution efficiency and recovery

efficiency affect overall effi

ciency. The residence time and bed

temperature required for 100% oil

evolution efficiency for Rundle

shale are both somewhat less than

for Superior's Green River shale.

Once again, the biggest factor

affecting these parameters is water

content of the feed shale.

2-B . Recovering heat of combustion from

residual carbon on spent shale in a

separate processing zone of the cir

cular grate retort provides a sub

stantial amount of the energy

required for retorting. The con

trolled oxidation of residual carbon

is a diffusion rate controlled mass

transfer process. Superior's work

on this process is covered in U.S.

patent No. 4,082,645. The extent of

residual carbon recovery is based

primarily on the residence time at

proper temperature and oxygen con

centration conditions in the carbon

burning zone for a given mean diam

eter shale particle. An optimum

exists between the value of the

energy recovered from carbon in

$/MMBTU and the cost of additional

grate area (i.e., residence time)

required to recover the energy. The

comparison between Rundle and Green

River shale shows that more resi

dual carbon is present on spent

Rundle shale than on spent Green

River shale; therefore, recovery of

the same amount of residual carbon

requires less particle penetration

and less residence time, even

though the mass diffusion resis

tance is slightly higher for Rundle

shale. However, the controlling

factor in designing the carbon

recovery zone for any specific ore

is not the amount of residual car

bon available (within limits) but

rather is the site-specific value

of the incremental amount of gas

phase energy (net product retort

fuel gas) that additional carbon

recovery allows the retort module

to produce.

3-A. The pressure drop through the shale

bed, the supporting slotted grate,

and the duct system has a signifi

cant cost response in terms of

capital and operating costs for

blowers. The shale particle size

and resulting void volume in the

layered bed is therefore an impor

tant operating variable. An opti

mum exists between the costs of

crushing and screening the mined

ore together with the value of

rejected under-size material and

the costs of blower horsepower.

The circulating heating media gas

load required per ton of feed

shale depends to a large extent on

water content of the feed shale.

Particle shape factor and bed

voidage volume were determined on
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the Rundle shale and were signifi

cantly different than for Green

River shales. The Rundle shale is

more slab-shaped than Green River

shale and, therefore, has a slightly

higher pressure drop for the same

void volume than Green River shale.

4. The minimum energy required in

Btu/lb (kcal/kg) feed shale for

complete evolution of oil and gas

phase products together with the

overall thermal efficiency of the

retort system determines the net

energy production from the system

in the form of useful products.

The heating zone energy required is

based on the percentage of water,

kerogen, and minerals (potential

endothermic decomposition reactions)

present in the raw shale and the

sensible heat of the spent shale.

As discussed previously, energy

required due to higher water con

tent in Rundle shale is offset by

the lack of endothermic reactions.

The thermal efficiency of the heat

ing zone is also improved by the

additional water content because

the bed discharge temperature is

lower through the time when water

is being evolved. (Only in an

infinitely deep bed could the ther

mal efficiency be 100%.) Thus, the

extra water removal causes a lower

average bed outlet temperature in

the heating zones resulting in

higher thermal efficiency of the

heating cycle.

In summary, then, the physical and

chemical property differences between Rundle

shale and Superior's Green River shale and

the resulting circular grate retort machine

design differences were determined to pro

vide the optimum process design for the

Rundle shale.

Also, the analytical laboratory test

program and pilot test program described

above is required to develop designs for

different ores. The results allow deter

mination of major items such as:

1. Material handling
characteristics.

2. Overall system reliability.

3. Thermal efficiency and material

balance.

4. Machine sizing.

5. Process loop and oil removal

sizing.

6. Oil dewatering.

7. Optimum generation and utiliza

tion of organic heating value in

all phases.

8. Product characteristics and value.
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ABSTRACT

Australian oil shales have been investigated for

over 170 years and commercially exploited for more

than a century. Although there are extremely large

resources in the north of the continent, it is unfor

tunate that, because of poor quality, these deposits

must be regarded as sub-economic. The world's rich

est oil shales (torbanites) occur, further south, in

New South Wales, but, these days, they have little

commerical prospect because of limited reserves. An

oil shale of peculiar nature occurs in Tasmania.

The present paper traces the history of attempts

to exploit the oil shales of Australia. It describes

past operations and future plans in three states of

this country. The more important deposits are brief

ly described.

INTRODUCTION

The history of the possible commercial utili

zation of Australian oil shales antedates Drake's

discovery of Pennsylvania petroleum by more than

half a century. Early in 1802, a French scientific

expedition visited Australia under the leadership of

Peron and Freycinet. Members of the expedition,

who were exploring the foothills of the coastal moun

tains of New South Wales, were surprised to find

large blocks of a black flammable non-coal rock which

had obviously been carried down from the interior by

river flow. When the records of the expedition were

published (Peron, Freycinet 1807), Bailey reported:

"We have discovered, my friend Dupuch and I, at the

foot of a mountain, considerable masses of a bit

uminous schist which burns with a very lively flame,

giving off thick smoke and an extremely pronounced

odour of bitumin". This announcement leaves no doubt

that members of this expedition had come upon large

fragments of torbanite which had been transported

down the valleys by flooded rivers.

Oil shale occurs in three states of Australia;

in New South Wales, Queensland and in Tasmania. The

demonstrated amount of oil shale is approximately

2.6 x
IO9

tons with a possible oil potential of

15 x
IO8

Bbls. The Australian National Energy Ad

visory Committee reports (1978) that inferred re

serves of in-situ oil are 3 x
1012

Bbls. The shale

in each state is characteristically different from

the others and efforts for their commerical develop

ment have been in no way interconnected. Because

of the widely different nature of the oil shale in

the three areas, and because of the differences in

history of exploitation, there seems good reason to

treat each state individually.

QUEENSLAND

The oil shales of Queensland are the most ex

tensive in Australia but have received less atten

tion than those elsewhere. A good review has

recently been published by Swarbrick (1974). All

deposits, except for one small outcrop of torbanite

(Connah 1964), are of poor oil yield and no commer

cial operations have ever been undertaken.

By far the most massive reserve of oil shale

in Australia is that of the Toolebuc Formation which

underlies an area of 270,000 sq. miles extending

south from the Gulf of Carpentaria across Queensland

to northern N.S.W. and South Australia (see Figure

1). The Toolebuc Formation contains a Cretaceous

oil shale which occurs at depths varying between

100 ft. and 3,000 ft. with an average thickness of

about 30 ft. The oil shale consists of fossil ifer-

ous laminated siltstone and mudstone comprised

mainly of carbonate minerals and clays. The total

potential oil in the Toolebuc Formation is perhaps

2 x
IO12

Bbls; unfortunately the oil yield averages

about 12 gals per ton; it is thus uneconomic. On

occasions, there have been negotiations regarding

large scale operation to recover the better grades
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Figure 1 Map of Australia showing main areas of oil shale deposits

1. Toolebuc Formation 4. N.S.W. torbanites

2. Duaringa Basin 5. Latrobe deposits

3. Rundle oil shale

of the Toolebuc Formation, perhaps using strip mining.

Another factor causing commercial interest is that

sizeable portions of this vast deposit contain up

to 1/2 % of vanadium as well as lesser amounts of

uranium and selenium. Over the last twelve years

Aquitaine Petroleum Pty. Ltd., the Oil Shale Corpor

ation (TOSCO) and Australian interests have explored

the possibility of an oil shale industry based on

operations near Julia Creek, in the heart of the

Toolebuc. Although there has been sporadic press

announcements, it is believed that shortage of water

and the isolation of the workings would militate

against any commerical success. Little has been

heard over the last few years about activities in

this area. An additional large deposit of low grade

oil shale occurs in the Duaringa Basin in eastern

Queensland (see Figure 1). The nature and quality

of these Tertiary deposits, as well as the amount of

oil shale contained therein, is unknown.

A deposit of possible commerical interest occurs

in "The Narrows", an area close to Gladstone on the

eastern seaboard of Queensland. "The
Narrows"

or

Rundle oil shale occurs as a major portion of a

Tertiary sequence which lies on both sides of, and

under, a narrow channel separating Curtis Island

from the mainland of Australia. Although the oil

shale is below medium grade and has the disadvantage

of high inherent moisture (up to 16%), the deposit

is very favorably situated in gentle country be

tween two important and growing industrial towns.

The area is on the coast at tide water, close to the

main north-south railway and roadway, it possesses

ample fresh water and a large electric powerhouse

is sited nearby (area 3 in Figure 1).

"The
Narrows"

beds consist of mudstone, shales,

limestone, clay, oil shale and lignites. The oil

shale itself is a brownish soft rock containing

16-25% organic matter and with an oil yield averag

ing 25 gals/ton. Exploration indicates that "The

Narrows"

bed contain four oil shale layers aggregat-
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ing nearly 600 ft. with some individual bands 150 ft.

thick (Lindner, Dixon 1976). The composite thickness

of the Tertiary beds is over 1300 ft. for a total in

ferred resource of possibly 2.2 x
IO9

tons of oil

shale yielding 1.3 x
IO9

Bbls. of oil. The deposits

have been imperfectly explored in the past, but

recently an Australian company, Southern Pacific

Petroleum N.L., has been particularly active in the

field. It has carried out an extensive boring pro

gram and shown that the deposits are more extensive

and richer than previously believed. Because the oil

shale is close to the surface, strip mining is envis

aged using either scrapers, bucket wheels or large

shovels and excavations up to 160,000 tons per day

are presently being considered. As far as information

has been made available, Southern Pacific Petroleum

N.L. is considering a variety of well-established

above-ground retorting processes for oil production,

followed by a mild hydrogenation to produce a stabil-

zed fuel oil for sale. It is stated that it is not

intended to produce a refinery feed-stock.

NEW SOUTH WALES

The oil shale (and torbanite) deposits of New

South Wales are found in the Permian Coal Measures

of the Sydney Basin, an area extending from the coast

to the western slopes of the Blue Mountain ranges.

In general topography the whole of the Blue Mountains

area is characterized by a sandstone plateau formed

by fifteen hundred feet of Triassic sandstone which

overlies the soft and insecure Permian shales and

coals lying unconformably on the folded Devonian

rock which forms the floor of the valleys. In places

the sandstone has undergone vertical cracking expos

ing the soft underlying Permian rocks. Erosion,

hydraulic action, deformation and other agencies

has attrited and under-mined the soft shales so that,

over geological periods, the overlying sandstone has

broken away forming sharp fissures and canyons and,

to the west, broad river valleys. Undenuded areas

therefore, stand out as sharp islands of sandstone

masses separated from adjoining masses by deep and

often precipitous canyons. Occasional basalt peaks

stand above the table of the sandstone plateau.

The Coal Measures, several hundred feet thick,

dip towards the east, hence the Permian layers tend

to show above the valley floors only towards the

western margin of the basin. The valleys are usually

fairly open towards the west and, following the dip

of the Permian sequence, become increasingly narrow

eastward. At a certain distance, corresponding more

or less to where the Coal Measures meet the valley

floor, the sculpturing of the vertical cliffs tends

to change quite dramatically and the valleys become

narrow gorges. The great reticulated sandstone

plateau is so extensively channeled by deep canyons

that the coal resources lying below the sandstone

cliffs and exposed at talus slopes or in river beds

can scarcely escape detection. This is not true

for the local insular deposits of oil shale; cer

tainly their resistance to decay makes them conspic

uous where individual outcrops are exposed and can

be seen, but many other deposits are undoubtedly

hidden below the sandstone plateau.

The oil shale
"field"

is made up of a number

of individual lenticular deposits varying in size

from perhaps 7 sq. miles to quite small lenses.

The disposition of the deposits extended along the

western margin of the Coal Measures for a distance

of about 430 miles and occupies an area of approx

imately 300 sq. miles (Figure 2); the whole area

contains, in addition, substantial reserves of

good black coal. The number and extent of the

individual oil shale deposits are unknown, but at

least 35 have been described and probably there are

many more, at depth, further east. The estimated

total mass is not large, perhaps 4 x
IO7

tons, but

the deposits are unsurpassed in
"richness"

anywhere

in the world. Because of the funnel shaped valleys

and the easterly dip, the deposits occur at various

heights above the valley floor, depending on the

distance upstream from the gorges. As a consequence,

commercial exploitation has usually occurred in one

of the canyons at a site where the oil shale has

outcropped at a convenient level at the bottom of

the cliffs.

THE NATURE OF NEW SOUTH WALES OIL SHALES

The oil shales of New South Wales vary from

the extremely rich torbanites with oil yields from

180 to 300 gallons per ton (Cane 1943) to coaly

shales with poor oil yeilds. The formations are

lenticular, the upper surface being more-or-less

flat and the lower tending to be concave. The maxi

mum thickness of a deposit may be five feet, al

though more usually, the thickness is from 2-3

feet thinning out at the edges, at which place the

deposit often runs into coal, cannel , or ordinary
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shale. Sometimes two oil shale deposits may be

joined at their edges. The overall structure obvi

ously represents a series of fresh water lagoons

occurring within a large coal swamp in which flour

ished a vigorous growth of vegetation, mixed with

peat- like material introduced by the inflowing

rivers. Under these conditions, it is believed

that certain lakes would provide an excellent

aquatic environment for a flourishing algal growth.

Extensive scientific research has shown that

the N.S.W. oil shale originated mainly in a single

species of alga identified with the extant

Botryococcus braunii and Maxwell (1969) has demon

strated that this alga secretes enormous quantities

of highly unsaturated hydrocarbons. The reactions

of these hydrocarbons leave no doubt that the organ

ic matter of the rock has resulted from the polymer

isation and condensation of these and other organic

metabolities of algal growth. Fundamental aspects

of the genesis and constitution of these

oil shales have been fully treated elsewhere

by Cane (1976).

HISTORY OF THE N.S.W. OIL SHALE INDUSTRY

As mentioned above, the first record of

Australian oil shale was made by the French on their

return from the 1802 expedition. Following the

announcement that "bituminous
schist"

had been

found on the slopes of the Blue Mountains of N.S.W.,

Palaeozoic

Basement rocks

Towns

Figure 2 Geological map of the Kamilaroi Basin showing torbanite deposits

(after Dulhunty 1942)
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and after the first crossing of these mountains in

1813, for the next thirty years there was a succes

sion of reports dealing with additional discoveries

of oil shale deposits. Initially the material was

regarded as a geological curiosity then, later,

as a valuable source of fuel.

In 1854, at an exhibition in Europe, one pro

duct of New South Wales on display was a sample

of "brown coal or lignite, highly inflammable,

found in detached masses on the river Lett near

Hartley". This unknown material aroused a great

deal of curiosity as to whether it would have

industrial use. It is well to remember that the

period is only five years after James Young (the

father of shale oil) had investigated Bathgate tor

banite as a substitute for coal in the production

of oil for use in the Manchester cotton mills. The

sequence of events is familiar to all: In 1847,

Professor Playfair at the Royal School of Mines in

Scotland was made aware of a small oil flow from

the roof of a coal seam at Reddings (U.K.). James

Young decided this liquid might have use as a

lubricant and succeeded in producing a suitable

oil from it. The product sold very well but, unfor

tunately, the flow of oil decreased. Because of

the juxtaposition of the coal seam, Young believed

that the oil might have been naturally produced

by a sort of distillation from the underlying

coal (see Conacher 1938). He then proceeded to

see whether he could obtain a similar oil from the

coal itself. This process was eminently success

ful and was practiced extensively in England and

the U.S. until supplanted by petroleum. Young

also examined whether he could make a similar oil

by heating torbanite, a rich variety of oil shale.

It was not long before he realised that torbanite

was indeed more suitable for oil manufacture than

coal itself. When even better torbanite was re

ceived from Australia, chemists in Scotland were

astounded to find that the Australian samples

yielded 180 gallons of oil per ton. Humphrey, a

U.K. coal oil expert, reported (Carne 1903) "It

is, without exception, the richest oil mineral

I have ever seen It ought to pay well, and I

should not mind going into it
myself."

As the Scottish torbanites became worked out,

it became very profitable to export the Australian

rock for the production of oil for use in gas

enrichment. Shipments ranged in price up to $76

per ton (today's prices). Furthermore, it was found

that the addttion of Australian oil shale (torban

ite) to coal for gas making was particularly useful

in increasing the luminosity of gas flames. It

was shown that, in terms of flame luminosity, one

ton of torbanite was equivalent to five tons of

coal. The Manhattan Gas Light Co. of New York

found that the gas obtained from N.S.W. oil shales

was so rich in its illuminating power that they

could measure it only by diluting the shale gas

with common street gas. They reported that "Even

when 10% of the Wollongong cannel gas was added to

90% of street gas, its illuminating power was 14.98

candles From these data, the candle power of 1

cubic foot of the gas of this material is equal to

26.59 candles - a degree of illuminating power

unexampled, as far as we are informed, in the

records of gas making from any materials heretofore

examined." (Silliman 1869). The addition of 5%

of N.S.W. torbanite to Westmoreland (Pennsylvania)

Coal increased the lighting power of the gas from

3,32 candles to 18.79 candles. Hence the export

trade in Australian oil shale became an extremely

lucrative one.

The genesis of an organised shale oil in

dustry in Australia can be dated from 1865 at

which time the "Pioneer Kerosene
Works"

at

America Creek near Wollongong commenced produc

ing oil from colonial shale. The oil was sold

at today's price equivalent of $5.15 per gallon.

Other companies soon started to market oil for

various purposes or to mine rock for sale to the

gas industry. There was a lively demand for all

products. In 1871 the main operating companies

amalgamated to become the "New South Wales Shale

and Oil Company Limited". The new company

increased the size of the Sydney works to one

hundred retorts, improved the horizontal retorts

at Hartley in the mountains and continued a

lively export trade of the rock to Italy,

Great Britain, Holland, France and America; the

average yield of the handpicked shale being one

hundred and eighty gallons of crude oil per ton.

The refined shale oil products were placed on

the local market, largely as kerosene, with the

name "Comet Oil". The other products were gas

oline, naphtha, some wood preservatives and a
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heavy fraction for lubrication.

In those early days, it was usual for the oil

shale to be carried by bullock wagon from the valleys

to the nearest station and thence by railway to Syd

ney. However all retorting was not done at Sydney;

in the Capertee Valley a rich shale (6-17% ash) was

conveyed by tramway from the New Harley Mine, through

a tunnel (which took 3% years to construct) under the

Airly mountain to the village at Torbane where it was

retorted; the oil being sent elsewhere for refining

(photographs in Lishmund 1974).

Mention should be made of one additional under

taking. In 1873 an excellent deposit of oil shale

was discovered at Joadja. Initially the output

of this very rich material (3-10% ash) was sent to

America and England for use in the enrichment of

towns gas. From 1878 onwards the "Australian Kero

sene Oil and Mineral
Company"

at Joadja was very

successful and, at its prime, the works supported

a population of nearly 1,000 people in the town.

Although the bulk of the shale was exported, other

products were "The Southern
Cross"

kerosene,

naphtha, gasoline for use in gas engines and
'blue'

oil for gas making. Additionally candles, lubri

cating oil, preserving and cleaning oils were also

produced.

By the turn of the centruy three factors were

having a deleterious effect on the N.S.W. shale oil

industry. The invention of theWelsbach gas mantle

meant that the luminosity of the flame itself was

of little importance in lighting. Hence, the incen

tive to export high-grade torbanite for gas manufac

ture substantially decreased. A second factor was

the increasing importation of cheap American kero

sene; the petroleum derived product being very much

better than the shale kerosene locally available.

Finally, improvements to and the increasing use of

the internal combustion engine demanded a gasoline

better than that capable of being distilled from

shale oil. By 1904 most operations had either

ceased or their shale output was being taken by

the remaining active group, the "N.S.W. Shale and

Oil
Company."

In 1906 the Commonwealth Oil Corporation absor

bed the interests of the "N.S.W. Shale and Oil
Coy."

and, in 1910, constructed a retort setting and

refinery in the Wolgong valley, near previous oper

ations at Torbane and Hartley. A small town called

Newnes was established, a link railway was built

to join Newnes with the main line to Sydney and a

comprehensive refinery was erected. The Newnes

workes included a bench of 64 vertical Pumpherston

retorts, a distillation plant, a wax house, a coke

plant, an ammonia recovery unit, a power house and

a variety of other ancillary plants. The Wolgan

River provided constant water and the shale was of

good quality, averaging 110 gals per ton. Unfortun

ately, because of the high quality of the shale and

its thermoplastic behavior at retorting temperature,

the Scottish Pumpherston retorts were unworkable

and the works closed with less than one year's oper

ation. The Newnes venture was successfully

restarted during World War I with Fell's modifica

tions to the Pumpherston retort, however with the

cessation of hostilities and high labour costs,

oil production was increasingly uneconomic and all

operations ceased in 1922.

NATIONAL OIL PTY. LTD. (GLEN DAVIS) - 1939

In 1932, with the changing political situation

in Europe, the Newnes Investigation Committee was

set up by the Australian government to examine the

production of gasoline from local sources, with

specific reference to the production of shale oil

in the Newnes/Capertee area. As a result, in 1937

a semi -public company, "The National Oil Pty. Ltd.",

was formed to produce gasoline from oil shale in

the designated area. The site chosen for the works

of "National Oil Pty.
Ltd."

was at the eastern end

of the Capertee valley where it narrows. At this

point, the oil shale outcrops conveniently about

100 ft. above the valley floor and, further west,

the broad alluvial flat was very suitable for a

town site. The works of "National Oil Pty.
Ltd."

consisted of three sections; the mine and crushers,

the retorting and crude oil recovery system and a

refinery for the production of gasoline. A small

town, called Glen Davis, was built nearby. Under

wartime conditions, life at Glen Davis, as the

writer knows, was never easy.

The mine was a multiple path adit penetrating

for more than a mile under the Hawkesbury sandstone.

The mining was by bord-and-pillar operation, in

cluding two extensive side panels on each side of

the main headings. By use of shuttle cars, skips

and conveyor belts, the mine output was fed to the

crushing and screening operation. The retort
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installation consisted of more than 100 vertical

Fell -modified Pumpherston retorts each handling 8

tons per day of 50-70 g.p.t. oil shale. There was

an extensive oil collecting system operated so as

to recover dry crude oil and naphtha. The retorting

and oil recovery plants were designed to handle 22

million gallons per annum of crude oil but produc

tion never reached half of the design figure. Al

though technical difficulties contributed to low

production, restraints by labour particularly the

miners darg, had a major role in strangling output.

The crude oil was thermally cracked in a two-

coil selective Dubbs unit of 1600 BSD capacity,

backed by a U0P polymerization plant. The cracked

distillate was refined in a two-stage Alfa-Laval

acid treatment unit, followed by a Foster-Wheeler

atmospheric and vacuum re-distillation plant. The

product was then sweetened by caustic washing. The

final product was leaded and inhibited to yield a

satisfatory gasoline of 70 octane. The gasoline was

pumped 32 miles to the nearest rail. A detailed

description of the works has been provided by

National Oil (1950) and Antill (1944).

After World War II, the return to peacetime

conditions placed increasing difficulties upon the

economic operation of "National Oil Pty. Ltd.".

There were labour troubles, competition from in

creasing octane ratings of conventional gasoline and

technical difficulties. By the end of 1950 it was

realised that the hopes for a shale oil industry in

Australia were not to be realised and the Australian

government decided that the plant would be closed

because of operating losses. In hindsight, the

main reason for the failure of the venture was the

inability of the mine to deliver adequate shale.

The low output was occasioned by the decision of

The Miners Federation to limit output to about 3

tons per man per day, although double this pro

duction would have been possible with the highly

mechanised operation of the mine itself. Contribut

ing factors included the method of finance account

ing adopted by both State and Federal governments

and the effect of the selling price structure of

imported gasoline in which a freight differential

was allowed to the major oil companies for transport

to inland towns.

After the close of operations, the entire in

stallation was dismantled and much of it sold by

auction. The remaining structures, including the

workshop, the boiler house and the retorts, were

demolished by explosive charges. Today, only a

ghost town and rubble remains of what was once

Australia's viable oil shale industry.

TASMANIA

Tasmanite is the name given to a peculiar

Permian marine oil shale found mainly along a

restricted strip of the north coast of Tasmania and,

except for Alaska, is found in quantity nowhere else

in the world. The oil yielding kerogen consists

of countless yellowish discs about a half milli

metre in diameter with a distinct structure and

punctated exterior. These disc-shaped dissemenules,

once believed to be spores, are now known to be

algal cysts. Under the microscope these bodies

appear as minute flattened gooseberries which, in

rich samples, can be dissected out and distin

guished by the naked eye. The discs are embedded in

a matrix of clay, silt and sand, mixed with particles

of quartz, schist and other pebbles.

From the nature of the deposit and the presence

of littoral debris it is believed that tasmanite

was laid down in shallow coastal bays and inlets

adjoining the ancient Permian coastline. Contrary

to previous thinking, tasmanite lies below the

Coal Measures and occurs toward the base of fossil i-

ferous mudstone in the Lower Permian. The oil shale

is found as a single seam 3-6 feet thick comprised

of two distinct layers separated by a clay band

devoid of organic matter. Extensive faulting and

diabase intrusions have fragmented the seam into

no less than fourteen sharply separated areas at

different depths. The best known outcrops are in

the valley of the Mersey River.

The oil shale itself is a brownish soft rock.

It is noticeably laminated and, if split along the

bedding plane, it is often somewhat speckly, the

appearance being caused by aggregates of the "spore

cases". Oil yield varies greatly, depending upon

the position in the seam, the richest material yield

ing 70 gals/ton and the poorest about 4 gals/ton.

An average yield, neglecting the interstitual clay

would be about 40 gals/ton. Because of the partic

ulate nature of the kerogen, crushing followed by

separation techniques concentrates the organic mat

ter so as to have an oil yield of about 140 gals/

ton. Although tasmanite oil is
"normal"

in many
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respects, the sulphur content is high and in some

fractions exceed 5%; whole crude oil would average

about 2*5% S. Straight-run gasoline of 2.2% S

produced from tasmanite oil, when used in automo

biles, was characterized by an extraordinary exhaust

odour. Nevertheless, the local community, when

using the product, did so with every satis

faction. Indeed, in speed and hill-climb competi

tions, early users judged it much better than

imported American gasoline and motorists complained

of poor performance when some of the sulphur was

removed by acid refining!

Although interest in tasmanite as a source of

oil has been evinced since the turn of the century,

it was not until 1910 that the "Tasmanian Shale &

Oil
Coy."

erected four vertical Hall retorts to

recover oil. These were not successful but others,

after modification, were satisfactory and, with the

addition of two horizontal retorts, produced 24,000

gals, of oil. The onset of World War I caused the

closure of the works.

A new company was formed in 1922 and, during

the next decade, no less than seven different

retorts were tried with varying success. As there

was little technical appreciation of the principles

of pyrolysis, the changes were made on a "hit-or-

miss"

basis and, generally, were not very success

ful. In 1931, The Tasmanian Shale Oil Investigation

Committee was set up by the Australian Government

to report on the future of the shale oil industry

in Tasmania. The Committee recommended an amal

gamation of smaller interests with the "Tasmanite

Shale Oil
Company"

and the setting aside of a sum

of money to investigate the resource and make

recommendations for the industry. The combined

interests adopted the Crozier retort which was of

conventional construction except that it was provid

ed with horizontal flues across the body of the

retort to provide better heat transfer. The daily

feed rate was 12 tons per retort. In 1934, because

of technical difficulties and increasing mining

costs, it was decided to cease production approx

imately one half million gals, of tasmanite oil

having been produced.

No commercial activity with tasmanite has

taken place since 1934, although recently an

Australian company has commissioned research to

ascertain whether the kerogen has any novel char

acteristics or products that might justify further

investigation. No information has been made avail

able about this work.
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ABSTRACT

Oil shale has been exploited commercially in Soviet

Estonia and the People's Republic of China for nearly a
half-

century, but at a scale and under economic conditions that

would not qualify as commercial in the United States. Early

oil shale operations date to the 1920's in both countries.

Shale operations still play a significant role in Estonia and

that role is expected to increase, but available information

suggests that oil shale operations in the PRC are being
de-

emphasized in favor of conventional petroleum

development.

INTRODUCTION

Oil shale has been used in a commercial sense in both

Soviet Estonia and the People's Republic of China (PRC) for

about 50 years. While such operations probably have not

been profitable by economic standards employed in the

United States, the oil shale industries of these two countries

have nonetheless been critically important to specific

regions.

Ironically, oil shale may never have been developed in

either country were it not for unusual circumstances. In the

PRC, the most significant operation is based on an oil shale

deposit that is conveniently situated as overburden on one of

the world's thickest coal deposits. In fact, large open pit

coal mining operations were conducted for several years at

Fushun before any thought was given to viewing the oil shale

as anything more than waste material. While the Fushun oil

shale is very low grade, the price for using it was right,

since the coal mine essentially paid for the cost of mined oil

shale. In recent years, however, coal mining has gone

underground, gradually eliminating overburden removal and

adversely affecting oil shale economics. The result could be

Charles O. Hook

Cameron Engineers, Inc.

1315 S. Clarkson St.

Denver, CO 80210

an end to Fushun oil shale operations in the relatively near

future, unless economical underground mining methods and

improved processing technology are developed. Increased

competition from conventional oil and gas development in

the PRC is also affecting the oil shale industry. From a

peak use of some 60 million tons annually in the early

1970's, Chinese oil shale production has since declined to

about 8 million tons in 1978. At its peak, the Chinese oil

shale industry was the largest the world has ever known.

The oil shale in Estonia and neighboring Leningrad

province is among the richest in the world and is the only

indigenous source of fossil energy in that region of the

USSR. It has been used since the 1920's as a power plant

fuel and a source of oil, gas and chemicals. While the

Chinese industry appears to be faltering, the Soviet

industry may just be getting a second wind. Modernized

processing technology and more acceptable means of direct

combustion are being developed to permit the continued

use of oil shale as increasingly stringent environmental

control standards are adopted. Current use is some 35

million tons annually, but expansion is underway, with a

1980 production goal of some 60 million tons.

USSR

Estonian oil shale, known as kukersite, is among the

richest in the world. The oil content of virtually all

kukersite used in Estonia exceeds 40 gallons per ton, with

the average perhaps as high as 50 gallons per ton.

Reserves are sufficient for a large industry. Current

production is some 35 million tons annually, 85% of which

is mined in Estonia and the remainder in Leningrad

province. The principal use of kukersite is as a fuel burned

directly for electric power production. While oil shale

production represents only about 1% of total USSR energy

26



consumption, it accounts for 90% of Estonian power pro

duction. Two-thirds of all oil shale mined is burned

directly in power plants; the remainder is processed to

obtain some fuel oil and various chemicals.

During the past 10 to 15 years the Soviets have

conducted a vigorous R&D program to develop improved

technologies for converting oil shale to clean-burning fuels

and valuable chemicals, and to improve conversion effi

ciencies and economics. One of the reasons this program

has assumed added importance in recent years is because

air pollution in areas surrounding shale-burning power

plants has become increasingly bothersome. The program

has yielded improved methods of burning oil shale and

controlling emissions and has also led to the development

of two modernized shale retorting
processesthe Kiviter

and the Galoterwhich will likely become the workhorses

of the future Soviet shale industry. Oil shale economics

are said to be competitive with coal and conventional

petroleum development, and the fact remains that

kukersite is far and away the most abundant indigenous

energy source in a large area of the northwestern Soviet

Union. Sixty million tons annually is often cited as the

production goal for 1980.

Early Development

Oil shale research and development was initiated in

Estonia in the early 1920's. In 1925, the State Oil Shale

Industry constructed a plant with a capacity of 200 tons

per day. The Pintsch type retort installed in the plant was

used for production of low-Btu town gas and was no doubt

the progenitor of today's gas generator, known as the

Kiviter retort.

Two years later, a company known as The Oil Shale

Syndicate built the first tunnel oven. In 1930 and 1931 two

tunnel ovens, or kilns, were built at what was called the

Estonian Mineral A-G plant. They each had a capacity of

250 tons. The tunnel kiln results were so encouraging that

two more were built in 1936 and 1937, each having a

capacity of 400 tons. The tunnel kilns were batch type

processes wherein as many as 18 shallow hopper cars

loaded to a depth of about one foot would pass through a

rectangular-shaped steel tunnel several hundred feet long.

Hot gases were passed through the shale beds, and oil and

gas recovered. All of the evolved gas and some of the oil

were needed to provide heat for the process, so it was

relatively inefficient. Even so, tunnel ovens were used

until the late 1960's.

The New Consolidated Gold Fields Company started

R&D, including pilot work in England, of yet another

process in the late 1920's. In 1931, they built a plant

containing eight externally heated rotary retorts with a

combined capacity of 200 tons per day. The Davidson

rotary retort (named after its English designer) was pro

bably the forerunner of the present day Galoter retort and

was similar to the familiar TOSCO n and the Lurgi-

Ruhrgas retorts in that it employed indirect heating of oil

shale. Carbon on spent shale was burned to provide

pyrolysis heat.

The Estonian oil shale industry was well established by

the late 1930's. Production reached nearly 800,000 tons in

1938, second in the world to Scotland. But war was on the

way and Estonia was occupied by Russia in 1939. While the

existing industry was not severely hampered, any expansion

plans were likely curtailed. Germany invaded Estonia in

1941 and the Russian army disabled the entire industry as

they withdrew to the east. The Germans immediately

developed plans to restore the industry using local

materials and to greatly expand it using plants designed

and fabricated in Germany. They never had a chance to

get started. Russia regained possession of Estonia in 1944,

and apparently also assumed the German plans for

expanding the oil shale industry. The ensuing 5-year plan

called for 9.4 million tons of production annually. That

goal was probably not reached, but at least one new plant

was built in the 1950's.

Recent Developments

Until the end of the 1960's, most oil shale was proces

sed in the tunnel ovens, rotary retorts and gas generators

to produce liquid and gaseous fuels and various by

products. As the conventional oil and gas industry grew,

shale processing was redirected to production of chemicals

because shale-derived fuels could not compete. By the

mid-1970's, fuel production had decreased to about one-

fourth the former level. But substantial reconstruction and

modernization of shale processing plants in recent years

have led to increased product yields, plant capacities, and

labor productivity, all of which have contributed to lower

production costs. As a result, the old rotary retorts and

tunnel kilns, some of which dated back to the 1940's, have

been completely dismantled. Meanwhile, overall pro

ductive capacity has not decreased.
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The Kiviter Retort

As noted earlier, growing concern over air pollution has

led the Soviets to develop more acceptable methods of using

raw oil shale and derived products in the generation of

power. A principal result of this effort has been the

development of the Kiviter or gas generator retort. It is

comparable in many respects to the Gas Combustion,

Paraho, and Petrosix retorts in that shale flows counter-

currently downward against rising heat carrier gases in a

what is essentially a modified vertical kiln. The Kiviter

handles coarse oil shale feed (2.5 cm and larger). It is an

important improvement over the earlier gas generator.

A principal goal in the Kiviter program was to develop a

single generator capable of processing 1,000 tons of shale

daily. The Kiviter produces a large amount of gas with a

3
low heating value on the order of 1,000 kcal/m (about 110

Btu/ft ). To use this low-Btu gas, Soviet technologists have

designed special burners ensuring stable operation of boiler

units. The generator gas is purified by removal of HS, and

elemental sulfur is recovered.

The Kiviter retort represents several important im

provements over earlier gas generators, including the fol

lowing:

combustion of generator gas to provide some of the

heat of retorting.

injection of heat carrier gas at a single point which

restricts retorting to a relatively narrow zone in the

kiln; this in turn controls the caking problem

common in organic-rich Baltic shales and eliminates

clogging of gas vents

the development of spent shale discharge mech

anisms creating uniform discharge of spent shale

and, thus, uniform flow of shale throughout the

entire cross-section of the Kiviter shaft; gas gene

rators were, for many years, batch-type rather than

continuous-flow retorts

These improvements have led to increased oil and gas yields,

larger throughput capacities, and more dependable

operation.

A 1,000 ton per day Kiviter retort was being built in

1976 at the Kokhtla-Yarve combine in Estonia and probably

is in operation today. Preliminary work is also underway for

units 5 to 15 times this size. The Soviets feel these larger

units could have wide application for processing the
world's

low grade oil shales, since caking is normally
not a problem

with leaner shales. The Soviets also feel that large-

capacity Kiviter retorts (as much as 10,000 to 15,000 tons

per day) capable of handling both coarse and fine shale can

be built.

The Galoter Retort

The Galoter retort, which includes features of both the

TOSCO II and Lurgi retorting schemes, was developed by

the Soviets to handle fine oil shale feed (less than 2.5 cm).

The pyrolysis chamber in the Galoter process is a rotating

drum as in the TOSCO II process, while the solid heat

carrier employed by the Galoter is spent shale, as in the

Lurgi process.

It is likely that the Soviet oil shale industry will

eventually employ Kiviter and Galoter retorts in tandem to

process both coarse and fine raw shale; however, some

Soviet technologists feel the Galoter will play an even

more important role because of the following advantages

over the Kiviter:

5 to 10% increase in product yield (shale oil and

gas)

12 to 18% increase in thermal efficiency when

excess heat is used in retorting

reduction in both electric power and steam re

quirements

higher-quality crude shale oil (and various frac

tions, thereof) is recovered

higher-quality, sulfur-free gas product with a high

heating value is recovered

It is argued in addition that the Galoter can process all

mined shale, including dust, albeit shale larger than 2.5 cm

would have to be crushed. By the end of 1976, a 500 ton

per day Galoter retort had been operated for the equiva

lent of 8.5 years. The retort had processed 1,400,000 tons

of oil shale yielding 186,300 tons of shale oil (1.4 million

barrels), and 68 million cubic meters of gas (2.4 billion

cubic feet) with an average heating value of 11,000

3 3
kcal/m (1,235 Btu/ft ). Based on this operating exper

ience, a larger and improved retorting unit with a capacity
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of 3,300 tons per day was designed. The Soviets were then

planning the construction of a processing complex employing

four of the larger Galoter units for a combined capacity of

13,200 tons per day. Daily production from such a complex

would amount to about 10,000 barrels of oil and 17 million

cubic feet of gas averaging 1,270 Btu per cubic foot. The

first two Galoter units at this complex were expected to be

operating sometime during 1978.

ton by Fischer assay) Thus, one must search beyond shale

quality to determine why Fushun oil shale was ever

exploited in the first place. The need for liquid fuels may

be partly responsible, but the real answer stems from the

stratigraphic configuration of the coal and oil shale

deposits at Fushun. The bituminous coal strata are 40m to

130m thick. Overburden on the coal is, conveniently, 80m

to 150m of oil shale.

The only data available on Galoter operations are from

processing relatively rich Baltic oil shale having an organic

content of 29 to 30 weight percent, the Fischer assay of

which would be about 71 gallons per ton on the basis of oil

alone. The optimum retorting temperature for this shale is

given as about 490C (914F); however, Galoter retorting

temperatures can be varied from 450 to 650C so that

various oil shales can be processed and the yield and quality

of products can be varied. The average yield of liquid

products is about 85% of Fischer assay, but the yield and

quality of gas are noted as being much higher than that

indicated by Fischer assay. Overall thermal efficiency in

the Galoter process is said to be about 86%.

PEOPLES REPUBLIC OF CHINA

Oil shale operations are being conducted at two locations

in the PRC, one at Fushun in Liaoning province in north

eastern China and one at Maoming near Canton at the

southern edge of China. More is known about the Fushun

operation than the Maoming project, but even then, infor

mation is both scarce and often conflicting. A recon

ciliation of all sources of information indicates that the use

of oil shale peaked in the PRC in the late 60's or early 70's.

The use of oil shale today appears to be one-tenth that

achieved when the industry was at its peak. The continuing

development of conventional petroleum resources and tech

nical mining difficulties at Fushun are viewed as being

primarily responsible for the declining use of oil shale.

Fushun Operations

Oil shale operations are actually secondary to the large

scale Fushun coal mine operations. The Fushun open pit

coal mine was opened in 1914. Production probably peaked

in the late 1960's at between 15 million tons and 20 million

tons annually.

The oil shale at Fushun is relatively low grade when

compared to Green River Formation oil shale in the United

States. The average oil shale at Fushun contains about 5

weight percent organic material (or about 15 gallons per

Oil shale was treated as nothing more than overburden

to be discarded for probably the first 10 or 15 years of

operations. In 1926, the Japanese began the first comm

ercial shale oil production at Fushun. In the following two

years, 80 retorts with a daily capacity of 50 tons each were

constructed. This retort complex was eventually replaced

by improved retorts which began operating in about 1941.

Liquid fuels from this plant played an important role in the

Japanese efforts during World War n. In 1954, a second

complex using similar but improved retorting technology

began operations at Fushun.

Shale oil production at Fushun peaked at some two

million metric tons (about 15 million barrels) annually

during the mid-1960's and again during the early 1970's.

Available information indicates that annual production has

since declined to some 200,000 metric tons (1.5 million

barrels). The reasons for this appear to be twofold. First,

production from the great Taching oil field has steadily

increased, thereby making shale oil less and less important

to the overall Chinese economy. During the mid 1960's, in

fact, two refineries originally constructed to process shale

oil were converted to receive Taching crude instead. This

probably happened because other existing refineries could

not handle the increasing production from Taching. For

awhile following this, the shale oil may have been shipped

to refineries in Japan, but shale oil refining was eventually

resumed at smaller plants near Fushun.

The second reason for declining shale oil production at

Fushun is technical in nature. The coal and oil shale strata

dip at angles of
25

to 30. As overburden thickness

increases, open pit coal mining has become less attractive.

At least two underground mines in the area have been

opened in this decade and it is possible that open pit mining

will be phased out completely in the future. This obviously

places a severe economic penalty on oil shale mining, unless

inexpensive underground mining techniques can also be de

veloped for oil shale.

There is yet a third factor suggesting that the end of

Fushun oil shale operations may occur in the relatively near
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future. The youngest retorting complex is now 25 years old

and little modernization has occurred. Since the retorting

technology is not well developed, it would seem that new

retorting facilities would be necessary to significantly

improve operations and increase production. Because such

construction would be capital intensive, it is unlikely that

the Chinese would divert funds from an aggressive refinery

modernization program and offshore oil operations. In other

words, the Fushun oil shale operation is competing with

conventional petroleum, the production of which is steadily

increasing, and the costs of which are lower than for shale

oil. It is a familiar story to U.S. oil shale developers who

have experienced the same situation on several occasions.

As noted earlier, there are two retorting complexes at

Fushun. Individual retorts are modifications of the Estonian

Pintsch retorts and are similar in configuration to the Gas

Combustion, Petrosix and Paraho retorts. The Fushun retort

has an inside diameter of 3m and an outside diameter of 4m.

The lining between the two concentric steel cylinders

consists of heat resistant bricks. The retort is 13m tall.

The raw oil shale feed ranges in size from 1 to 7cm (3/8 to 2

3/4 inches). It is fed to the top of the retort and air is

forced in near the bottom. A discharge grate at the bottom

of the retort rotates at a rate of less than 1 revolution per

hour. The retort operates at atmospheric pressure.

Maximum temperature in the retort is 900 to 1000C about

one meter above the discharge grate. High temperature

spent shale is discharged from the bottom of the retort into

a pool of water and subsequently emerges into a slag pile.

Each retort processes about 220 tons daily. Shale residence

time in the retort is 9 hours.

The second plant built at Fushun is the more impressive.

It consists of 60 retorts, two rows of 30 each. Each row is

further divided into units of 5 retorts each. These 60

retorts process about 15,000 tons of shale daily, yielding an

oil production of about 500 tons (3,500 barrels). In addition,

some 100 tons of ammonium sulfate are produced daily.

Spent shale is used as road fill and in making cement but

none of the other wastes or by-products are used. They are

currently discarded in a canal which eventually flows into a

river. The older plant at Fushun currently produces about

120 tons (840 barrels) of oil per day. In the past, oil shale

and coal have been burned in combination to produce steam

and power.

Maoming Operation

While information concerning the Fushun oil shale pro

ject is limited, even less is known about the Maoming

operation. Furthermore, available information concerning

Maoming is decidedly more conflicting than that pertaining

to Fushun. One source reported in 1967 that the Maoming

project might have been abandoned before it ever

amounted to anything significant. Three years later, shale

oil production was estimated to be as much as 2 million

tons annually, and that 4 to 6 retorting plants existed. Still

a third source reported that new retorts were installed as

late as 1970. The most recent information indicates that

the Maoming project is active but that shale oil produc tion

is only 40 tons per day (280 barrels per day).

The retort used at Maoming is the same as that used at

Fushun. It has been mentioned on a couple of occasions

that a valuable by-product metal is recovered from the oil

shale at Maoming. One factor definitely places the

Maoming project in a different situation than that at

Fushun: there is no coal production associated with the

project.

References

Alternative Fuel Development Advances Claimed by

Soviets "The Oil
Daily,"

February 5, 1979, p.5

Cameron Engineers, Inc., 1976, Activity Trip Report on

Presentation of Paper at US/USSR Symposium on Coal and

Oil Shale, Moscow,USSR, prepared for U.S. Environmental

Protection Agency.

Cameron Engineers, Inc., 1977, Oil Shale Seminar. Con

ducted for the U.S. Department of the Navy Office of

Petroleum and Oil Shale Reserves.

Cameron Engineers, Inc., 1969, Proceedings of Papers

Presented at United Nations Oil Shale Symposium in

Tallinn, Estonia, USSR.

Cameron Engineers, Inc., "Synthetic Fuels Quarterly
Report,"

various issues.

Cameron, R. J. and Dailey, J. L., 1970, The International

Synthetic Fuels Picture, presented at the Hydrocarbons

Symposium sponsored by American Institute of Mining

Metallurgical, and Petroleum Engineers, the Colorado

School of Mines, and the Colorado School of Mines Re

search Institute.

Guthrie, B. and Klosky, S., 1951, The Oil Shale Industries of

Europe, Bureau of Mines RI 4776.

30



Kitawaki, K., 1955, Analysis of Fushun Method of Dry

Distillation of Oil Shale.

Meyerhoff, A. A., 197o, Developments in Mainland China:

1949-1968, "The American Association of Petroleum Geo

logists Bulletin," V. 54, No. 8.

Soviets Count on East for Future Energy, "The Oil and Gas

Journal,"
March 12, 1979, p. 47.

USSR May Double Oil Shale Output, "The Oil and Gas

Journal,"

February 14, 1977, p. 54.

Wang, K. P., 1977, The Mineral Industry of Mainland China,

U.S. Department of The Interior, "Bureau ofMinesMineral

Yearbook".

Wang, K. P., 1970, The Mineral Industry of Mainland China,

U.S. Department of The Interior, "Bureau of Mines

Minerals Yearbook".

Wang, K. P., 1975, The People's Republic of China-A New

Industrial Power with a Strong Mineral Base, U.S. Depart

ment of Mines.

Wei, J., Schriesheim, A., and Baldeschweiler, J. D., 1978,

Report on Visit of the American Delegation on Pure and

Applied Chemistry to the People's Republic of China.

31



A COMPARISON OF ABOVE GROUND PROCESSES FOR

RETORTING OF ISRAELI OIL SHALES
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ABSTRACT

A study applying the various U.S. oil shale re

torting processes to Israeli oil shale was conducted

for the Israeli Government. The study included an

open pit mine to supply the oil shale to various re

torting processes, retorting of the shale, upgrading

of the shale oil to a low sulfur fuel oil (LSFO) , and

production of power using some of the produced LSFO.

The comparison shows the importance of producing

process heat from the carbon in the spent shale.

Economic comparisons show that the cost per barrel

without internal energy production is relatively con

stant; however, if power must be produced by burning

the product, differences are noted.

INTRODUCTION

Israel's annual total energy consumption is

approximately what the U.S. uses in little over one

day or approximately 18MM bbl (i.e., 50,000 bbl/day

equivalent) . About 10-11% of the total government

budget per year is spent on importing 98% of its

energy. The other 2% are derived from solar energy

and an indigenous supply of oil and gas. Israel's

power production is about 3MW per hour per capita as

compared to the United States which has a power pro

duction of over 10MW per hour per capita.

In 1977, the price of kerosene and residual oil

increased by a factor of four (4) in constant dollars.

As a result, they have an even greater need than the

U.S. to become more self-sufficient in energy.

Presently, they are installing a power generation

plant fueled by coal and are investigating the use of

nuclear energy, the gasification of peat and solid

waste as well as the production of oil from indigenous

oil shale resources.

Science Applications, Inc. (SAI) was commissioned

by the Israeli Authority to investigate the possi

bility of recovering oil from their oil shale. This

study was limited to U.S. aboveground retort tech

nology that could be commercialized in the short term.

Modified in-situ technology may have application to

some of the oil shale deposits in Israel but was not

evaluated due to the paucity of data on these deposits.

It is not suitable technology for the Ef'e field.

ISRAELI OIL SHALE

Israel has identified 12 oil shale deposits.

Figure 1 shows the location of these deposits. To

date, some geologic information has been gathered on

most of these deposits. However, most of the geologii

information has been collected on the five deposits

noted on the map. The following are the names of

these deposits:

Map Number

6

9

10

11

12

Deposit Designation

HARTUV

NAB I MUSA

EIN-BOKEK

EF'E

ORON

Of these deposits, the Ef'e field is the one of

primary interest and the subject of this study because

the deposit is adjacent to two chemical plants - one

manufacturing periclase and the other super phosphate.

The deposit is strip mineable and there are 10 feet

of high grade phosphate ore under the oil shale de

posit. If the deposit is stripped mined, recovery

of this ore would be more economically viable. The

average overburden is approximately 120 feet and the

thickness of the deposit ranges from 60 feet to

approximately 200 feet. The deposit contains approxi

mately 600 MM tons of resource.

The terrain above this deposit is relatively
flat.

The region is arid and very desolate.

ANALYTICAL DATA

Tables 1A, IB and 2 contain compilations of

analytical data on the Ef'e deposit in Israel and the

United States (oil shale that might be found in

Colorado). Both shales assayed at 16 gpt. The Israeli

data were experimentally determined by Tosco Corpora

tion. The U.S. data are based on interpolations from

literature values.
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FIGURE 1

OIL SHALE DEPOSITS AND

OCURRENCES IN ISRAEL
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COMPONENT lbs.

TABLE 1A

OIL SHALE DATA

(16 GPT)

Elemental Analysis

Component Total Mineral Organic Higher

Weight Carbon Carbon Carbon Hydrogen Nitrogen Oxygen Sulfur Heating Value

ISRAEL

Raw Shale 2,000

Spnlle 1,744

Oil 127

Gas 60

U.S.

Raw Shale 2,000

Spent

Shale 1,836

Oil 124

Gas 20

ND = Not Determined

(Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%)

16.6 6.5 10.1 1.5 0.31 ND 2.4

(BTU/lb)

1,826

11.6 7.1 4.5 0.32 0.27 ND 1.2 ND

79.8 ND 79.8 9.7 1.2 2.21 7.1 17,254

31.8 10.3 21.5 7.8 ND ND 31.5 8,696

13.5 5.0 8.5 1.1 0.25 0.62 1.0 1,680

7.5 5.4 2.1 0.2 1.9 _ 1.3 ND

89.2 - 89.2 8.4 1.8 - 0.6 18,510

56.3 14.0 42.3 16.8 0.4 16.0 0.3 S f>r\n

ISRAEL

U.S,

Table IB

Oil Shale Data

X-RAY DIFFRACTION ANALYSIS

"Approximate"
Percentage

Calcite <fc*-Quartz Wilkeite Gypsum Pyrite

60 15 9 9 5

Calcite *^Quartz Dolomite Illite Na Feldspar K Feldspar Misc.

16 15 32 19 10

FISCHER ASSAY OIL PROPERTIES

ISRAEL

Specific Gravity at 60F.

Gross Heat of Combustion (BTU/lb)

Elemental Analysis, Wt.%:

Carbon

Hydrogen

Sulfur

0.9548

17,254

79.8

9.7

7.1

U.S.

0.928

18,510

89.2

8.4

0.6
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C2

C3-

C4

C4"

C5

C6

C7

C8

C9

TABLE 2

FISCHER ASSAY YIELDS

*

Cg & Heavier

ND = Not Determined

Israel U.S.

OIL (lb/Ton) 127.1 124.3

(gal/ton) 16.0 16.0

API Gravity 16.7 20.0

GAS (lb/ton) 60.4 20.0

(SCF/ton) 758.1 200.0

WATER (lb/ ton) 63.7 20.0

(gal/ton) 7.6 2.4

SS (lb/ ton) 1744 1836

TOTAL (lb/ton) 1995.3 2000

VARIANCE (PC) --2

GAS VOL.% VOL-*

NH3
ND

H 17.97

CO 3.19

C02
25.56

H?S 29.70

Cl H-21

4.64

C2- 1-62

C3 1-^7

1.27

0.58

1.26

0.63

0.64

0.07

0.28

0.20

1. 5

2. 3

5. 9

41. 4

4. 2

n. 0

6..0

2..2

5 .0

3 .7

3 .5

2 .8

2 .6

7
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Several significant differences between Israeli

and U.S. shale can be noted. Israeli shale makes

three times more gas. The Israeli shale oil contains

quite a bit of sulfur, oxygen and nitrogen, and is

heavier as compared to U.S. shale oil. The carbon on

the Israeli spent shale is twice that on U.S. spent

shale.

As is noted in Table IB, the mineral composition

of Israeli shale is quite different than U.S. shale.

Table 3 shows that U.S. shale makes more CO- on a

volume percent basis and three times less water.

table 3

general assumptions

Only Ef'e field was considered because of the paucity of

data on the other fields;

Near-term commercialization;

Capital costs based on 3rd quarter 1978 U. S. dollars;

Labor costs based on 1st quarter 1978 Israeli pounds;

Labor productivity equivalent to U, S. Gulf Coast;

Minimal or no environmental constraints;

no delivery costs for equipment;

No product transportation costs;

No construction premium, no temporary construction housing,

no other project indirect costs;

t No socioeconomic costs;

No community development costs;

Water will be available;

20-year project life;

Costs represent battery limits for mining, crushing, upgrading,

and support facilities for grass roots plant;

Cost analysis calculated assuming 1002 equity;

No cost of capital included in cost analysis;

no taxes, nor return on investment was used in cost analysis;

no credit was taken for sulfur or ammonia by-products;

Costs for replacing mine eouipmnt are included

TABLE 1

ranrre; nsgmiCNS

66,000 TPD SHALE MINED

330 DAY ON-STREAM FACTOR

t ON-SITE POWER GENERATION

STEAM AND POWER PRODUCED FROM PRODUCT

GASES S LIQUIDS

NO EXTENSIVE WATER TREATMENT NEEDED

WATER CONSUMPTION IS ABOUT 1.5 BBL/BBL OIL

COMBINING RETORTING TECHNOLOGIES WAS NOT

CONSIDERED

MODIFIED IN-SITU WAS NOT EVALUATED

NO CEMENT PRODUCTION

LOW SULFUR FUEL OIL QUALITY ASSUMPTIONS

FOR ALL CASES

- 0.76 WT.% SULFUR

- 26API

- 20Z NITROGEN REMOVED

- ALL OXYGEN REMOVED

Figure 2 shows the general block flow diagram.

This figure shows that the raw shale oil that was

produced in each retort was processed in a similar

manner. The off-gas produced by Paraho, Union-B,

Union-SGR and Superior was used as a fuel gas.

The rich gas produced by Tosco was used to make

hydrogen. If additional hydrogen was needed, a

naphtha fraction of the product oil was used. In

all cases the gas was cleaned to remove sulfur.

Since the facility was designed to be power self-

sufficient, low sulfur fuel oil was used to

supply the additional fuel if there was insufficient

off-gas.

DESIGN BASIS

Paraho, Superior, Tosco and Union were asked to

supply technical and economic data on their specific

retort technology. Each company was given Tables 3 and

4 and were asked to base their calculations on pro

ducing raw shale oil from a commercially sized retort.

SAI then included these data in an overall system

which included mining, crushing and grinding and up

grading the shale oil to a low sulfur fuel oil. The

general and process assumptions that were used in the

study are listed in Tables 3 and 4 respectively. No

return on investment was calculated since the tax

situation for this particular project in Israel is

unclear. Therefore, only capital and operating costs

will be discussed.

Raw shale oil was used in the Tosco case to

heat up their ceramic balls. Flue gas from the ball

heater is used by Tosco to preheat shale in a dilute

phase system. S02> generated from combustion of a

high sulfur fuel such as raw shale oil is effectively

removed by virtue of contact with partially calcined

shale in the dilute phase preheat system.

The procpss statistics are shown on Table 5.
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FIGURE 2
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TABLE 5

PROCESS STATISTICS

MINING RATE (1,000 TPD)

CRUSHING LOSSES (1,000 TPD)

RETORT FEED (1,000 TPD)

GROSS PRODUCT

LSFO (BBL/DAY)

LSFO USED TO SATISFY

PROCESS REQUIREMENTS

NET PRODUCT

LSFO (BBL/DAY)

EFFICIENCY
(%)*

SPENT SHALE (1,000 TPD)

EFFICIENCY IS CALCULATED AS A RATIO OF

PARAHO SUPERIOR TOSCO UNION-B UNION-SGR

66.0 65.0 66.0 64.8 64.8

6.0 5.0 0 4.8 4.8

60.0 60.0 66.0 60.0 60.0

20,840 21,870 24,000 22,220 22,220

5,500 5,054 10,520 8,986 4,360

15,340 16,816 13,480 13,234 17,862

74 77 56 60 80

50.3

\ RATIO OF

51.9

. NET PRODUCT

57.8

. x 100

52.5 49.2

GROSS PRODUCT

Sixty-six thousand tons/day of shale were stripped

mined. This tonnage was selected to produce a

nominal 20,000 bbl/day. Coincidentally, the costs

to mine higher tonnages are multiples of this output.

The crushing losses noted are due to the sizing re

quirements of each retort.

This table also shows that Paraho, Superior and

Union-SGR have a greater efficiency than does Tosco

and Union B. This can be attributed to utilization

of the carbon on the spent shale.

The Union B retort does not recover the energy

from shale, whereas the Union-SGR process does. The

importance of utilizing the carbon on the spent shale

as a source of process heat energy is reflected in

Table 5 by comparing these two cases. It is noted

that Union-SGR requires approximately 50% less fuel

oil to satisfy process requirements than does Union-B.

ECONOMICS

Table 6 lists a capital cost summary for each

retorting technology. It shows that, though mining

costs are similar, Tosco has a higher crushing cost

because this technology requires a smaller particle

size than do the other retorts. It also shows that

the retorting costs are comparable except for Union-SGR

This process requires an external combustor to recover

the energy from the residual carbon on the spent shale.

The upgrading costs reflect the amount of raw

shale oil that is processed. Superior's costs are

higher than Paraho, Union-B and Union-SGR; Tosco 's

upgrading costs are the lowest.

All of the retorting technologies, except

Superior, have comparable utility costs. Superior's

costs are high because they require an oxygen plant.
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TABLE 6

CAPITAL COST SUMMARY

RETORTING PROCESS

ACTIVITY PARAHO SUPERIOR TOSCO UNION B UNION SGR

MINING & SHALE

DISPOSAL 67.0 66.0 67.0 65.8 65.8

CRUSHING AND

STOCKPILING 33.1 31.4 55.8 33.9 33.9

RETORTING 180.0 205.0 210.0 225.0 400.0

UPGRADING 104.0 126.2 85.1 106.6 106.6

UTILITIES 58.5 69.5 57.5 56.5 56.5

SUPPORT 25.0 25.0 25.0 25.0 25.0

TOTAL

INVESTMENT 467.6 523.1 500.4 512.8 687.8

NET OIL PRODUC

TION (BBL/DAY) 15,340 16,816 13,480 13,234 17,862

CAPITAL INVEST

MENT/DAILY BBL. 30,482 31,107 37,122 38,747 38,506
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TABLE 7

OPERATING COST SUMMARY

PROCESS

MINING CRUSHING PROCESSING TOTAL

MM $/YR $/bbl
% OF

TOTAL MM $/YR $/bbl
% OF

TOTAL m $/yr $/bbl
% OF

TOTAL MM $/YR $/bbl,

PARAHO

SUPERIOR

TOSCO

UNION-B

UNION-SGR

19.5

19.2

19.5

19.2

19.2

_,

3.87

3.48

4.40

4.42

3.27

46.7

44.5

43.5

44.6

39.3

2.4

2.4

3.0

2.4

2.4

0.48

0.43

0.68

0.55

0.41

5.8

5.5

6.7

5.5

4.9

19.8

21.6

22.3

21.5

27.2

3.41

3.91

5.04

4.35

4.63

47.6

50.0

49.9

43.9

55.8

41.7

43.2

44.8

43.1

48.8

7.76

7.82

10.11

9.32

8.30

Table 7 lists an operating cost summary for each

retort technology. It shows that the processing costs

range from 40-50%, the crushing costs range from 5-7%

and the processing costs which include retorting, up

grading, utilities and support services are in the

45-60% range. Overall, Tosco and Union-B have the

highest total operating costs; Superior and Paraho

have the lowest.

Table 8 compares the capital and operating costs

on a $/bbl basis for each retorting process. It shows

that the capital costs are in the 40% range and the

operating costs are in the 60% range.

Table 9 lists a comparison of the total cost per

gross barrel with the total cost per net barrel. This

table also shows the importance of utilizing the carbon

on the spent shale. The smaller the difference, the

greater the utilization of this carbon.

Union-SGR, Superior and Paraho utilize the carbon

on the spent shale whereas Tosco and Union-B do not.
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TABLE 8

CAPITAL VS. OPERATING COST/ BBL OF PRODUCTION
5

1

CAPITAL OPERATING

PROCESS $/BBL 1 (/BBL z TOTAL COST/BBL

PARAHO 5.69 12 7.76 58 13.15

SUPERIOR 5.61 12 7.82 58 13.15

25

TOSCO 6.82 m 10.11 60 16.93
hi

&
at

z

MUNION-B 7.05 13 9.32 57 16.37

UNION-SGR 6.62 11 8.30 56 11,92 10

COST SENSITIVITY ANALYSIS

(PARAHO PROCESS)

TABLE 9

COMPARISON OF GROSS VS. NET

TOTAL COST/GROSS BBL. TOTAL COST/NET BBL.

$9.88 $13.97 $1.09

9.85 13.15 3.60

9.11 16.93 7.79

9.18 16.37 6.89

11.68 11.92 3.21

SENSITIVITY ANALYSIS

For purposes of this presentation, sensitivities

for the Paraho case are shown. Figures 3 and 4 show

the sensitivity of:

o Capital Costs

o Operating Costs

o Mining Costs

o Retorting and Production Costs

o Inflation

The slopes of the curves on Figure 3 indicate

the sensitivity of the parameter; the greater the

slope the greater the effect on the cost/bbl.

Mining costs have a greater slope than retorting

and production costs. As in the United States, mining

is the single most important activity even though

the oil shale in Israel is strip mineable. Also,

as in the United States, capital costs have a more

pronounced effect than do operating costs.

Figure 4 shows the effect of inflation of front-

end costs as a function of time delay. Israel is

experiencing inflation of greater than 30% per year.

Therefore, if they delay the project by three years,

they will observe an increase in front-end costs of

over 100%. A three-year delay for the same project

in the United States will show an increase of nearly

30% since the U.S. inflation is approximately 10% per

year. Of course, these results would be compounded if

rate-of-return was included in the analysis and price

rather than cost was used.
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FICURE 4

EFFECT OF INFLATION ON FRONT-END COSTS

YEARS DELAY

CONCLUSION

This preliminary study was done to determine the

efficiency of using U.S. retort technology to recover

shale oil from Israeli oil shale. Because their

oil shale produces quite a bit of gas, on-site power

generation is preferred.

The analysis that was done indicates that the

utilization of the carbon on the spent shale is

extremely important. The importance increases as

the shale becomes leaner. Therefore, residual

carbon utilization is of greater importance in the

Israeli situation than in the U.S. situation.
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ABSTRACT

Legislation in the form of the Clean Air Act,

the Clean Water Act, the Safe Drinking Water Act,

and the Resourse Conservation and Recovery Act

provide the primary framework for regulations which

control potential environmental impacts associated

with oil shale development. Uncertainty over enviro

nmental requirements has been raised by some devel

opers as a constraint to oil shale development.

This paper attempts to dispel that notion.

Results to date of EPA research programs con

ducted to charaterize residuals from oil shale

processes, to develop appropriate monitoring metho

dologies and to demonstrate mitigating pollution

control practices are discussed.

INTRODUCTION

EPA has legislative mandates to protect air

and water quality, to insure a safe drinking water

supply, and to provide for an environment conducive

for the enjoyment of man on this earth. In order

to accomplish these goals, EPA is involved in a

partnership with State and Local environmental

agencies in the planning, implementation and enfor

cement of legislation and regulations (Fig. 1). EPA

and State environmental agencies recognize that

environmental considerations are a major factor in

the viability of production of oil from shale. How

ever, technical, legal, institutional and of course

most of all, economic considerations play a role in

the determination of answers to the questions of oil

shale - how much? when?

This paper will 1) highlight the existing EPA

environmental regulatory requirements for the oil

shale industry, 2) describe EPA research directed

toward answering the most important oil shale

environmental questions facing regulators of the

oil shale industry, 3) discuss the interrelation

ship between the regulatory and research effort,

4) discuss the relationships which EPA has

attempted to develop with other agencies, with

the industry and with the public in both the

research and regulatory areas, 5) provide

results, answers, and updates on progress and

activities of EPA during the past year, 6) list

outstanding environmental issues which need to

be answered prior to the development of an oil

shale industry and 7) conclude with a discuss

ion of the EPA Region VIII ( and to a certain

degree Agency) position on the way oil shale

development could and should proceed.

REGULATORY ACTIVITIES

EPA is responsible for various regulatory

activities which affect the construction and

operation of oil shale facilities. Enabling

legislation and implementing regulations in the

form of the Clean Air Act Amendments of 1977

(P.L. 95-95), the Clean Water Act Amendments of

1977 (P.L. 95-217), the Safe Drinking Water Act

of 1974 (P.L. 93-523), the Resource Conservation

and Recovery Act of 1976 (P.L. 94-580), the

Toxic Substances Control Act of 1976 (P.L. 94-

469), and to a lesser extent the Noise Control

Act of 1973(P.L. 92-574) and the Federal Insec

ticide, Fungicide, and Rodenticide Act of 1975

(P.L. 94-140) is also a significant piece of

environmental legislation (Fig. 2).

Under the Clean Air Act oil shale developers

must 1) employ Best Available Control Techno

logy (BACT), 2) insure that National Ambient

Air Quality Standards (NAAQS) are not violated,

3) not cause Prevention of Significant Deter

ioration (PSD) ambient air quality increments

to be violated, 4) not significantly degrade

visibility in Class I areas and 5) perhaps
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obtain one year of baseline data prior to applying

for a PSD permit to construct and operate. Region

VIII has issued PSD permits for two developers (C-a

and C-b), has proposed a permit for a commercial

scale facility (Colony), and has received applica

tions and/or letters requesting applicability

determinations from seven other developers(Union,

Paraho,TOSCO, Equity, Geokinetics, Occidental and

DOE). BACT has been defined in the form of

allowable emissions limits and control device

operational characteristics.

The Clean Water Act contains requirements in

sections 301 and 404 for potential permits for an

oil shale developer. A (NPDES) permit must be

obtained under requirements of section 402 if

water is discharged to a navigable stream. A time

table for meeting the BPT and BAT effluent limita

tions was defined in the Clean Water Act by Congress

(Fig. 3). Specific effluent guidelines have not

been promulgated for oil shale facilities. NPDES

limits on core drilling, pump test activities and

the initial retorting phase have been established

by the State and EPA. A Section 404 permit must

be issued by the Army Corp of Engineers and concurred

upon by EPA if any dredge and fill operations take

place in a navigable stream.

Underground injection control (UIC) regulations

to be promulgated under the Safe Drinking Water Act

govern the injection or reinjection of any fluids.

Permits will probably be required for in-situ

operations and for mine dewatering reinjection.

The State of Colorado requires reinjection permits

under existing regulations. Monitoring and mitiga

tion measures to prevent the endangerment of the

ground water system will be requirements under these

UIC regulations.

The Resource Conservation and Recovery Act(RCRA)

will govern the disposal of solid wastes

generated by an oil shale facility. Criteria

for the identification of hazardous wastes were

proposed by EPA in December 1978. Performance

standards and monitoring requirements for hazar

dous wastes were also proposed. Permits requir

ing safe disposal of hazardous wastes will have

to be obtained from EPA or a State by an oil

shale developer. EPA is presently evaluating

how oil shale process wastes should be categor

ized within the hazardous/solid waste system.

Testing of effects, record keeping, report

ing, and conditions for the manufacture and

handling of toxic substances will be defined for

oil shale developers under the auspices of the

Toxic Substances Control Act of 1976. An inv

entory of all commercially produced chemical

compounds has been compiled and is expected to

be published by June 1979. Shale oil and its

refined products are expected to be grandfather

ed under this system.

RESEARCH PROGRAM

EPA's energy research program must be res

ponsive to Program Office and Regional Office

needs. Increased emphasis upon oil shale

research activities within EPA occurred in the

1974-75 period with the concurrent occurrence

of several factors including 1) the organiza

tion of the EPA Office of Energy, Minerals and

Industry (OEMI); 2) the effects of the Arab

Embargo and the launching of the Federal Proto

type Oil Shale Leasing Program; and 3) the

implementation of a congressional ly mandated

$100 million per year Interagency Energy/Environ

ment Program. OEMI was established in 1975 to
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REGULATORY RELATIONSHIPS
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- WATER -

RADIATION

FIGURE 1

FIGURE 2
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CLEAN AIR ACT PL 95-95
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AMENDMENTS OF 1977

SAFE DRINKING WATER PL 93-523

ACT OF 1974
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& RECOVERY ACT OF 1976

- SOLID WASTE -
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HANDLING
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assure that our national energy goals are matched

with an effective research and development program

in the critical area where energy needs and enviro

nmental protection goals overlap. OEMI implements

and coordinates EPA's energy related environmental/

industry research and development efforts and also

serves as the overall manager of the comprehensive

Interagency Energy/Environment Research and Develop

ment Program. This program has established a mechan

ism to plan, coordinate, and fund research and

development for clean energy use and pollution

control technology activities within the seventeen

(17) participating governmental agencies. Since the

states in EPA's Region VIII contain major energy

resources, including oil shale, the Region VIII

Office works very closely with OEMI to plan and utilize

the results from the R&D Energy Program.

The Research Program has been organized into

five major categories. Figure 4 lists for 1978 fiscal

year, budgets for Energy-Related Processes and Effects,

Processing, Overall Assessments, Extraction and

Handling, and End Use. The energy-related processes

and effects category has four significant subdivisions:

health effects, ecological effects, measurement and

monitoring, and environmental transport studies.

The total budget in support of the EPA Oil

Shale program in Fiscal Year (FY) 78 was $3.76 million

(Fig. 5) as compared to $3.14 million in FY 77.

Although the funding by category for FY 1979 is pres

ently not available, the magnitude of the effort is

currently only slightly larger than FY 1978. An influx

of funds into the program could be expected, however,

if the commercialization of our nation's oil shale

reserves is given primary importance in the National

Energy Plan-II. The agencies participating in this

program include: the Department of Energy, U.S. Geo

logical Survey, National Bureau of Standards, U.S.

Department of Agriculture, the
Department of

Navy, and the National Institute of Environmen

tal Health Sciences.

Within EPA ten separate
laboratories conduct

or contract oil shale-related
environmental

studies. The Office of Energy, Minerals and

Industry, Headquarters, acts as coordinator for

the Interagency Program, but also has contracted

work in the area of overall assessments. OEMI's

Industrial and Environmental Research Laboratory

in Cincinnati (IERL-Ci) funds and manages

research on processing, overall assessments,

and extraction and handling. Research labora

tories in Ada, Okalhoma; Athens, Georgia; Duluth,

Minnesota; Las Vegas, Nevada; and Research

Triangle Park, North Carolina conduct research

studies in the processes and effects area.

Shale oil product (end use) studies are managed

and funded by both OEMI's Industrial Environ

mental Research Laboratory at Research Triangle

Park (IERL-RTP) and the Ann Arbor(Michigan)

Emission Control Technology Division(ECTD) of

the Office of Air, Noise and Radiation.

Specific objectives of the EPA Oil Shale

Program are two-fold: first, the program is to

support the regulatory goals of the Agency;

second, the research is to be directed towards

ensuring that any oil shale industry to be

developed will be accomplished in the most

environmentally acceptable manner that is

reasonably posssible (Fig. 6). To these ends,

EPA is continuing to assess the research needs

and environmental concerns expressed by the Dept.

of Energy(DOE) and the oil shale industry.

Research is especially being directed to

find solutions for the environmental problems

expressed by the Department's Laramie Energy
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Technology Center, and the active developers. The

Office of Research and Development/EPA is focusing

on those efforts identified by the Laramie Center,

since Laramie has a key role within DOE for manag

ing and developing the technology of oil shale

development.

OEMI is also providing the lead in the devel

opment of various oil shale/environment documents

and reports such as the "Oil Shale Research Over

view", "Who's Who in Oil Shale", "Oil Shale and the

Environment", Program Status Report:0il Shale",

and "Pollution Control Guidance for Oil Shale Dev

elopment". OEMI has also formalized the inter

action with industry in the form of a forum for

the purpose of transferring results of EPA-sponsor-

ed research to industry and to catalyze cooperative

research in mutual areas of environmental interest.

In 1974, in order to insure that there is

internal coordination within EPA on oil shale

research activities and needs, an interagency Oil

Shale Work Group was formed consisting of those

EPA research staff who were engaged in the perform

ance of oil shale research. The Regional Office

is represented in order to provide researchers with

information on development activities, liaison with

developers and regional regulatory needs.

Let me turn your attention to some of EPA's

ongoing research activities. IERL-Cincinnati has

been studying the extraction and handling of raw

shale and disposal of spent shale waste. Studies

are underway to determine surface stability, water

movement, water quality and revegetation of spent

oil shale; to assess the environmental impact of

leachates from raw mined oil shale; to define the

nature, quantity, and composition of fugitive dust

from mining, hauling, crushing, and transfer

activities; to quantify the trace element compo

sition of two cores from the Naval Oil Shale Reserve;

and to assess the air emissions from old oil

shale operations and waste sites. Results to

date on spent shale revegetation indicate that

it can successfully be revegetated with the

use of nitrogen and phosphorous fertilization,

and irrigation, coupled with intensive manage

ment. Soil cover may be necessary in some cases.

It has also been learned that boron and molyb

denum accumulate in tissues of plants grown on

spent shale.

IERL-Cincinnati is also addressing retort

ing environmental concerns and pollution control

technology. Research has been conducted in the

areas of pollutant characterization, environ

mental analytical methods development, assess

ment of wastewater treatment and control tech

nology, air pollution control for oil shale

retorting, and overview of environmental problems.

Plans call for the construction and field test

ing of portable pilot scale modules for air and

and water treatment methods to be tested on

process streams.

EMSL-Las Vegas is managing an effort to

design and implement an optimum groundwater

monitoring network. As a first step in this

effort, a compendium of reports on processes

and process effluents has been completed. A

second document addresses factors to be consi

dered in the design of a groundwater monitoring

network. Efforts to date have been completed

in the Unita Basin and work is progressing for

a monitoring design for the modified in-situ

process in the Piceance Basin. EMSL-LV has

also performed field efforts in the White River

drainage of Utah and Colorado designed to define

optimum surface water physical , chemical , and

biological monitoring methods.
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The ERL-Athens oil shale effort is aimed at

characterization of retort effluent waters and the

development of instruments and methods to charac

terize energy related wastes. Characterization of

organic and inorganic compositions of potential

wastewaters and of spent shale leachates is in

progress.

The ERL-Ada program attempts to relate chemical

changes in ground water to the characteristics of

the native rock and to changes that occur due to

mining and retorting. By studying the transport

processes it is hoped that environmental impacts

can be predicted more accurately.

Biological and health effects are being studied

by ERL-Duluth, HERL-RTP, and ERL-Gulf Breeze. The

ERL-Duluth program is providing baseline information

on the aquatic environment existing prior to oil

shale development and is also performing bioassays

on retort process waters from the Paraho operation

at Anvil Points. ERL-Gulf Breeze is studying the

constituents of petroleum hydrocarbons which may

accumulate in the marine food chain which may

eventually be consumed by man. The HERL-RTP oil

shale research program consists of a multitude of

effects studies. Carcinogenic, mutagenic, and

teratogenic studies of shale oil derived products,

by-products and wastes are being performed in both

in-vivo and in-vitro laboratory experiments.

Air and water quality assurance programs are

funded and managed by EMSL-RTP and EMSL-Cincinnati,

respectively. EPA research staff also manage the

oil shale efforts performed by other Federal agencies

involved in the interagency energy/environment

program. Finally, oil shale development is one of

the resources which was subjected to a Technology

Assessment of Western Energy Resource Development

which is being sponsored by OEMI.

In response to many requests from oil shale

developers, DOE, the States, and the public, EPA

is preparing a document entitled "Pollution

Control Guidance for Oil Shale Development".

This document attempts to capsulize the potential

environmental impacts of an oil shale facility/

industry. It also attempts to crystal ball the

levels of pollution control which may be required

of oil shale developers. This joint effort

among researchers, program office staff, and

regional office staff is an example of how the

EPA oil shale program is tied together.

ANSWERS/UPDATES

I would next like to address several issues

which have either been consistently discussed or

have been raised in the past by the oil shale

industry, other agencies and the public. This

discussion will hopefully, insure that we are

all thinking on the same wave length.

First, the number of permits required for

a facility is consistently raised as a constraint.

EPA is investigating opportunities for permit

consolidation but I must ask the obvious question

~ how many of these permits are environmentally

related? I might add that we have compiled a

list of these permits and find that of the total

number of permits and approvals, 15 are federal.

Second, the high background air quality levels

of particulate, hydrocarbon, and ozone have been

considered and discussed at length. EPA has

responded in the form of development of a rural

fugitive dust policy, consideration of revoca

tion of the hydrocarbon standard, revision of

the ozone standard and the acknowledgement of

the need for special consideration of high

background rural ozone concentrations. Third,

it has been argued that the inclusion of fugitive
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dust from oil shale activities is not consistent

with the intent of PSD. The promulgated PSD reg

ulations do not require consideration of fugitive

dust emissions in evaluating compliance with PSD

increments. Fourth, concern has been raised over

the level of the proposed NSPS for electric utility

facilities combusting oil shale derived products.

It must be made perfectly clear that these standards

will apply only to those facilities which sell more

than one-third of their produced electricity and

have a unit capacity of greater than 250 million

BTU per hour. SO2 emissions will be limited to a

floor of 0.2 to a ceiling of 1.2 pounds per

million BTU coupled with an 85 percent reduction.

An option of an 80 percent reduction is being

considered for use of synthetic fuels. The

particulate limit will be set at 0.03 pounds per

million BTU coupled with a 99 percent reduction.

However, the percent reduction does not apply to

liquid or gaseous fuels. The N0X limit for

synthetic oils or gas will be 0.5 pounds per million

BTU. Conventional oil and gas limits are 0.3 and

0.2 respectively. Emission rates may be averaged

over a 24 hour period. Further, I should add that

one of the oil shale developer's PSD applications

would indicate compliance with the gas fiired NSPS.

A fifth issue involves the Resource Conserva

tion and Recovery Act. EPA is evaluating how high

volume wastes should be addressed based upon comments

received from the oil shale industry at the EPA

public hearings. A sixth issue involves the PSD

Class I/Class II designations and the necessity

for redesignation. It is EPA's feeling that the

development of a well controlled/environmentally

sound facility should be able to exist within the

constraints of a Class II designation. If Class III

is needed it should not be needed until the oil

shale industry becomes very mature.

Finally, uncertainties in the regulatory

framework have been discussed. I would acknow

ledge that there are instances to support these

statements. However, it is EPA's firm belief

that environmental requirements are not a show

stopper for small modules or even the first

couple of commercial facilities.

UNANSWERED ENVIRONMENTAL ISSUES

Mining and conversion of oil shale will

degrade air quality, will consume precious

water resources, may degrade surface and/or

ground water quality, will create solid and

hazardous wastes to be disposed of properly,

and will create significant population growth

in a predominantly rural setting which

translates into potential social and economic

problems. That these things will occur is a

given... the question is the magnitude and the

significance of the occurrence. Key questions

such as the following exist:

1. How much groundwater will be inter-

during mining?

2. What will the quality of potential

discharges be?

3. Can groundwater quality be protected

during and after in-situ retorting?

4. Can processed shale be disposed of

properly without degrading ground

or surface water quality?

5. Will revegetation of processed shale

be successful over the long term?

6. What are the concentrations of various

sulfur species in retort off gas streams?

7. What will be the air quality and

visibility impacts on the Flat Tops

Wilderness Area(nearest Class I area)?
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8. What are the expected trace element con

centrations in air, water, and solid waste

residual streams?

9. Is conventional pollution control technology

directly applicable to oil shale residuals?

Is it as effective?

10. What is the expected population growth

associated with the development of an oil

shale industry?

Answers to the above questions (and perhaps

other questions not yet posed) will in part determine

the ability of individual plants and of an oil

shale industry to be compatible with the desired

environment for oil shale country.

Answers to some of the above questions may be

partially answered by theoretical research work

and limited scope field investigations in the

absence of any oil shale facilities. Answers to the

remaining questions will necessarily be developed

through rigorous testing programs and data analyses

performed on facilities representative of commercial

size.

CONCLUSION

EPA recognizes that the development of the oil

shale resource must play a role in satisfying the

Nation's energy appetite. We are acutely cognizant

of the need to accomodate national energy needs within

a sound and reasonable environmental framework. We

also recognize that there are uncertainties in air

emissions, water quantity/quality information, solid

waste characteristics, etc. EPA has and continues

to acknowledge these uncertainties in the form of

flexibility in permits granted to date. However,

these uncertainties and unanswered questions coupled

with our legislative mandates dictate that we take

a position against the implementation of a large

e.g. 300,000 to 500,000 BPD industry until these

uncertainties are resolved. An EPA preferred

development option would be for the industry to

construct and operate commercial -scale modules

of different surface and in-situ retort techno

logies as a first step. A second step would be

the operation of a few (2 or 3) commercial

facilities in order to answer remaining environ

mental questions and to assess cumulative impacts.

Representative mining rates and methods should

be evaluated. A maximum of 150,000 barrels per

day should be developed and evaluated prior to

Federal and State decisions being made which

would allow or promote additional industry growth.

A Prototype Leasing Program is a well designed

program which should proceed to completion

before additional leasing is proposed. EPA is

not receptive to nor supportive of any plans or

incentives which would encourage the rapid

development of a large industry. There are too

many environmental uncertainties associated with

oil shale development to permit this magnitude

of development.
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INFLUENCE OF IRRIGATION AND WEATHERING REACTIONS ON THE COMPOSITION

OF PERCOLATES FROM RETORTED OIL SHALE IN FIELD LYSIMETERS

T. R. Garland, R. E. Wildung
Ecosystems Department

Pacific Northwest Laboratory
Richland, Washington 99352

H. P. Harbert

Texas Railroad Commission

P.O. Box 12967

Austin, Texas 78711

ABSTRACT

Major cations, anions, trace elements

and dissolved organic C were measured over a

two year period in percolate from retorted

oil shale collected from irrigated field

lysimeters at Anvil Points, Colorado. The

investigations indicated that chemical equi

librium was not established over the monitor

ing period and major changes occurred in

percolate composition as a function of applied

water volume and water residence time in the

shale. Field and laboratory studies indicated

that several factors contributed to changes

in the chemistry of the shale on weathering.

These included recarbonization of the surface

horizons with atmospheric CO- and the activi

ties of microorganisms in surface and subsur

face horizons. However, the principal

mechanism responsible for observed decreases

in pH and the concentrations of some trace

elements appeared to be the conversion of

major quantities of sulfide in the retorted

shale to sulfate through a thiosulfate

intermediate .

INTRODUCTION

The development of an oil shale industry

requires an understanding of the long term

impact of disposal and leaching of retorted

shale on regional water quality. Early short

term studies indicated that retorted shale

leachates were characterized by pH values

greater than 11 and total dissolved solids

exceeding 500 mg/100 g (Parker et al. 1977).

To reduce salt content to levels that vegeta

tion of retorted shale could be effected, it

was anticipated that several column volumes

of water would be required (Stollenwerk and

Runnels 1977) . However, extrapolation of

short-term laboratory and field studies for

prediction of long-term changes in retorted

shale properties and ground water quality

may be limited by (1) the chemical instabil

ity and reduced state of several elements of

freshly retorted shale and (2) a lack of

knowledge of the extent to which chemical

equilibrium is achieved with time and (3)

increased biological activity.

This paper presents a summary of infor

mation derived from the early phases of a

long term laboratory/field study to assess

the combined effects of weathering and micro

bial activity on the leachability and plant

availability of inorganic and organic resid

uals in retorted shale.

RETORTED SHALE PROPERTIES

The retorted shale employed in labora

tory and field studies was produced as part

of the Paraho Oil Shale Demonstration Pro

ject, operated by Development Engineering,

Incorporated, at Anvil Points, Colorado.

This is an above-ground retort which was

operating in the direct heating mode at the

time of sampling. The properties of the

retorted shale and soil adjacent to the

Anvil Points facility are given in table 1.

The concentration of major elements in the

retorted shale and soil differ significantly,

with only Al, Fe, K and Si being of similar

concentration. The concentration of the

other major elements are elevated in the

retorted shale. Of the trace elements,

levels of B, F, Mo, As and Se are elevated in

the retorted shale relative to soil.

FIELD TREATMENTS

The field studies were conducted adja

cent to the Anvil Points facility in lysim-

meters operated by the Agronomy Department,

Colorado State University. The design and

construction of the lysimeters were

described by Harbert and Berg (1978) .

The plot layout and a cross section of

the lysimeters are shown in figure 1. Six

treatments are being tested, including

retorted shale alone, different depths of

soil overburden, and a soil control. Each
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Table 1. Chemical characterization of

retorted shale and soil at Anvil Points,
Colorado.

Component Retorted Shale Soil

Total C 72.0 27.2

Organic C 26.6 5.2

Total N 4.1 0.86

Total S 9.0 0.50

Si 181 276

Ca 117 65.5

Mg 46.0 14.1

Al 43.7 46.3

Fe 23.6 21.7

Na 21.3 8.9

K 20.1 19.0

gg/g
P 770 380

F 2500 640

Cl 43 28

Br 9 10

I 1 6.8

B 130 47

Mo 22 2

V 550 230

Se 2.0 <0.1

As 26 2.6

Mn 350 420

Cu 56 49

Cr 28 36

Ni 4.9 24

TI 0.95 0.95

Hg 0.079 0.065

w 1.1 0.92

Sb 2.6 2.6

Sn 1.2 2.4

ca 0.51 1.0

Ag 0.15 0.13

Sr 690 300

Li 120 180

Be 0.45 0.51

Zn 110 95

o o o o o o

SOIL

ONLV

80 cm SOIL

A

RETORTED

SHALE

60 cm SOIL

RETORTED

SHALE

40 cm SOIL

RETORTED

SHALE

20 cm SOIL

?

RETORTED

SHALE

RETORTED

SHALE

ONLY

o o o o o 6

treatment has a 2% and a 25% slope,

simulating the fill area and dam face of a

commercial retorted shale disposal site for

above-ground retorting. There are twelve

collection points for percolate water. All

the percolate water was collected from the

drain beneath the compacted zone. Little or

no water drained from the collection port

above the compacted zone. The schedule for

irrigation water application and the volumes

applied on the shale and the 20 cm of soil

overburden treatments are shown in figure 2.

Applied water was corrected for evapotrans-

piration. Also shown are the collection

times and volume of percolate. One column

volume (v/v = 1) is estimated to be 40,000

liters. The other treatments (not shown) did

not receive irrigation water during the wet-

dry cycle and the leach cycle, whi.ch reduced

the volume of percolate that was collected

from these treatments. There was lateral

movement of water from the 2% slope treatment

through the 25% slope treatment. This cur

rently limits calculation of mass balances

for specific elements.

PLOT LAYOUT

CROSS SECTION

Figure 1. Plot layout and cross section of

field lysimeters used for evaluating compo

sition of percolates from irrigated retorted

shale .

Figure 2. Schedule of water application and

percolate collection from lysimeters. Dotted

line indicates one column volume.

MOBILITY OF INORGANIC/ORGANIC RESIDUALS

Total elemental concentrations in

retorted shale provide only the first indi

cation of possible environmental conse

quences. The chemical state of the elements

in the shale and solubility on interaction
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with waters over time serve as primary con

trols on leachability (Garland et al. 1978).

The ranges in elemental composition of

percolate water from retorted shale, soil

and Colorado River irrigation water are com

pared in table 2. A much wider range in

values occurs in percolates from retorted

shale collected as a function of time. This

arises principally from elevated concentra

tions of trace elements in percolates during

the first year of water-application as illus

trated for sulfate in the shale treatment

(fig. 3) . As in the case of total elemental

composition (table 1) , the concentration of

soluble ions in the percolates (table 2) re

flect major compositional differences between

soil and retorted shale. This comparison in

dicates the necessity of solubility measure

ments. For example, major differences occur

red in the levels of soluble K in the

retorted shale percolate compared to the per

colate from soil, although both shale and

soil exhibited comparable K concentrations.

The percolate concentrations of the trace

elements Cl, B, and F did not reflect the

total elemental concentration in soil and

retorted shale. However, Cl and B were more

soluble in the soil and F exhibited greater

solubility in the retorted shale.

The marked reduction in the pH of the

retorted shale percolate from the field lysim

eters after a single weathering season is of

major significance (fig. 4) . The reduction

in pH was accompanied by a corresponding drop

in F and B levels. A similar drop in pH did

not occur in laboratory column studies with

this retorted shale even after leaching with

25 column volumes of water. Volumes of per

colate collected differed in 1977 and 1978.

The change in pH of the percolate from the

field was not related to the total volume of

water percolating through the shale, but rather

to the time of contact between the retorted

shale and the water. There are several mecha

nisms that may explain the reduction in pH,

abiotically or through microbial activity.

These include (1) recarbonization, (2) oxi

dation of reduced S and (3) oxidation of

reduced N and C.

Table 2. Composition of soluble
components

in percolates from retorted shale and soxl

in field lysimeters collected in 1977 and

1978.

Parameter Retorted Shale

11.5 - 6.9

Soil Irrigation Hater

pH 8.5 - 7.9 8.3 - 7.7

Conductivity
(mho's/cm)

30 - 8 4.8 - 4.3 3.2 - 2.8

Organic C

(ug/ml)

400 - <2 145 - 36 32 - <2

Total C 429 - <2 320 - 48 100 - 30

20000 - 3000 2050 - 1380 1070 - 1400

S23 2100 - <10 <10 <10

Cl 2200 - 70 520 - 260 140 - 130

F 13 - 3 1.4 - 0.6 0.5 - 0.2

6 - <0.1 41-2 20 - 14

4 - 0.001 0.04 - <0.001 0.015 - 0.003

11 - <1 <1 <1

SiOj 35 - 11 34 - 20 2.6 - 2.2

Na 10400 - 1500 895 - 470 400 - 330

Ca 530 - 140 170 - 72 180 - 160

Mg 140 - 0.2 181 - 185 150 - 130

K 1230 - 320 90 - 19 8.2 - 6.7

Sr 13 - 4 3 - 1.9 2.5 - 2.2

B 3 - 0.5 1.7 - 1.2 0.3 - 0.2

Mo 9.5 - 1.2 0.6 - 0.02 0.04 - 0.02

V 0.45 - 0.1 <0.1 <0.1

Se 0.04 - 0.0005 0.002 - :0.0005 0.0009 -

<0.0005

As 0.08 - 0.007 0.006 - 0.003 0.001

Zn 1.1 - 0.005 0.06 - <0.001 0.01

Ba 0.55 - 0.03 0.08 - 0.03 0.06 - 0.04

Mn 0.075 - <0.01 0.1 - <0.003 0.07 - 0.03

Cu 0.07 - <0.001 0.041 - 0.008 0.04 - 0.006

Cr 0.02 - <0.001 0.009 - 0.002 0.001

Ni 0.04 - <0.005 <0.005 0.005

Li 20 - 6 0.09 - 0.03 0.09 - 0.04

Fe 0.3 - <0.01 0.031 - '0.01 0.02 -

-0.01

Al 0.1 - 0.0005 0.05 - <0.0005 0.25 - 0.04

U 0.003 - <0.0003 0.018 - 0.0003 0.007 - 0.0008

Sn <C . 34 <0.04 0.04

Sb <0. 005 <0.005 0.005

0.30 0.45 0.60 0.85

VOLUME OF PERCOLATE. (V/V0)

Figure 3. Concentration of soluble sulfate

in percolate from retorted shale.

54



5.0

(SLOPE 2%.) SHALE

(SLOPE 25%) SHALE ? 40 cm SOIL

(SLOPE 25%) SHALE ? 60 cm SOIL

oo SAMPLES TAKEN IN 1977

SAMPLES TAKEN IN 1978

SHADED AREA IS RANGE IN PERCOLATE
pH FROM SOIL CONTROL

0 0.18 0.36 0.54 0.72

VOLUME OF PERCOLATE COLLECTED (V/Vc)

Figure 4. The pH of percolate water col

lected in 1977 and 1978 from lysimeters con

taining retorted oil shale.

Although recarbonization, accelerated in

laboratory studies by increasing atmospheric

C02 levels, reduced percolate pH (Silviera

et al. 1978) , this mechanism was likely not

responsible for the change in pH of the per

colates from field lysimeters. Water col

lected in 1978 was not directly exposed to

the atmosphere, but was near the bottom of

the pile. Water that had leached the sur

face shale layers where recarbonization would

most likely occur, did not reach the collec

tion point in 1978. Oxidation of reduced

chemical species, either by chemical or micro

bial mechanisms, is a more likely explanation.

The retorted shale used in these studies was

produced under reducing conditions, and the

laboratory and field evidence indicates that

attainment of thermodynamic equilibrium at the

surface requires a general oxidation of the

retorted shale. This is most evident from

2-

the presence of S-0, , a reduced species of

S that does not exist naturally at equili

brium under aerobic conditions.

2-

The mole ratio of
S04"

/S23
2-

ln perco

lates from retorted shale columns in the

laboratory (fig. 5) exhibited a high of 10

but decreased to a relatively constant value

of approximately 6 after one column volume.

Field data shows a minimum molar ratio of

2- 2-

S0. /S5O3 approximating 10 at less than

0.25 column volume increasing to values of

1.0 2.0

VOLUME OF PERCOLATE COLLECTED (V/VD)

Figure 5. The concentration of
S04^

and

S2O32-

in effluent from laboratory column

of retorted oil shale.

greater than 2000 at one column volume,
indi-

2-

cating a loss in S.,0., . The oxidation of

2- 2-

reduced S species to SO. , with S-0, as

either an intermediate or as a co-product, is

a likely mechanism accounting for changes in

leachate composition with time.

Further evidence of the reduced nature

of the retorted shale and the effect of

weathering on oxidation is provided by com

parison (Silviera et al. 1978) of the Eh of

the percolate from retorted shale leached

directly and the Eh of the percolate from

shale that had been subjected to three

wetting-drying, heating-cooling cycles

(fig. 6) . The simulated weathering reduced

the pH as observed in the field but in these

experiments recarbonization from atmospheric

CO- likely played a greater role due to

greater atmospheric exposure.

The oxidation of N or C appears to have

a minor role in altering pH on weathering, due

primarily to the relatively low concentra

tions of N and C in the leachates compared

2- 2-

to SO. or S20^ . However, changes do

occur in the N or C levels in the percolate

with time. For example, the organic C was

eluted from the retorted shale in a pulse,

reaching a level of 400 yg/ml, about 0.15

v/vo during 1977. However, in 1978, organic

C was eluted at relatively low levels,

averaging only 25 yg/ml at similar elution

volumes (fig. 7) . The possible chemical/

microbiological processes accounting for

55



13

11 -

X
a 9

7

5

+100

-J

0

>

E

UJ

-100

-200

-300

-400
_

^-^, _

o TREATED 3X HEAT-COOL.

WET-DRY CYCLES

NO TREATMENT

I I I I I

0 12 3 4 5

VOLUME EFFLUENT (V/V0)

Figure 6. Effect of laboratory simulation of

weathering cycles on the Eh and pH of water

leaching retorted shale columns (Silviera

1978) .

0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36

VOLUME OF PERCOLATE. (V/V0)

Figure 7. Soluble organic carbon in perco

late collected in 1977 and 1978 from retorted

shale.

these changes and the relationship of C

transformations to inorganic ion solubility

are currently under investigation.

MICROBIAL COLONIZATION OF RETORTED SHALE

The magnitude of microbial involvement in

processes altering the chemical composition of

the retorted shale leachates is not known al

though studies in soil systems (Wildung et

al. 1978; 1979) suggest that microbial

activity may play a major role. Heterotro

phic bacterial populations in surface hori

zons of the retorted shale and the soil were

similar (^3 x 10 bacteria/g dry weight) in

1977 (Rogers and Li 1978) . However, the

bacterial population of the shale was domi

nated by a single organism which used

retorted shale as a sole carbon source and

composed 30% of the population. In 1978

there was a greater diversity of organism

types, indicating that succession of micro

bial populations was occurring with time. A

core sample was taken in 1978 from the shale

treatment to determine total heterotrophic

bacteria, anaerobic bacteria and fungi with

depth. The fungal population decreased with

depth (fig. 8) to less than 100 counts/g dry

weight) at the 150 cm level (top of the com

pacted zone) . Total heterotrophic and anaero

bic bacteria decreased from the surface layer

to 120 cm and increased at 150 cm to levels

approximating those at the surface. The high

est rate of anerobic bacteria to total hetero

trophic bacteria was observed at the 150 cm

depth, indicating anaerobic conditions at or

below this level. The role of microorganisms

in decomposition of carbon and in soil devel

opment has long been known. The importance

and possible long-term effects of microbio

logical activity in the retorted shale are

under investigation in the laboratory and

field.

(9

2
3
u.

O uj

S ta

So

So

t 3.0 -

2.0

^ TOTAL
^

HETEROTROPHIC

* Y BACTERIA

FUNGI

ANAEROBIC

BACTERIA

30 60 90 120

DEPTH (cm)

150

Figure 8. Distribution of heterotrophic

bacteria, anaerobic bacteria and fungi with

depth in retorted oil shale lysimeter

(Rogers and Li, 1978)
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PLANT UPTAKE

Since vegetation is likely to be a major

method for surface stabilization of disposed

retorted shale, it is important to examine

plant availability and toxicity of inorganic

and organic residuals in retorted shale. Pro

vided the plant does not discriminate against

an element (Cataldo el al. 1978) increased

stability in the ym to mm range normally

results in increased plant uptake (Cataldo

and Wildung 1978) . However, it is difficult

to relate solubility to uptake in the initial

phases of the field study because chemical

equilibrium was not established. The ele

mental composition of alfalfa grown on the

lysimeter was determined for the 1978 season.

There were significant differences in the con

centration of several elements in plants

grown on retorted shale and soil. The most

notable difference was the increased levels

of Mg (4 times) in the plants grown on

retorted shale. It is not known if these dif

ferences will continue in subsequent harvests.

The most important information obtained from

these analyses is that the chemical form of a

major fraction of the As and F in plants

grown on the retorted shale may be different

than that in plants grown on soil overburden.

This is based on a differential loss of As

and F on drying of plants grown on the retort

ed shale, whereas drying had no effect on As

and F concentration of plants grown on soil

overburden (table 3) . As expected, drying

the tissue resulted in losses of Se and Hg,

reducing concentrations to nondetectable

levels regardless of substrate. Laboratory

studies to define the kinetics of uptake,

translocation, form and toxicity of soluble

inorganic and organic residuals are under way.

Table 3. Effect of drying alfalfa tissue on

the concentration of As and F in plants grown

on retorted shale and soil.

Treatment

Assayed

As

Fresh

F

ug/g

Assayed

(60,
As

Dried

24 hr)

F

Retorted Shale Only
2.7a 85a 0.84C 35C

Plus 20 cm soil
0.10b 7.2b 0.08b llb

Plus 40 cm soil
0.05b 6.4b 0.10b 10b

Plus 60 cm soil
<0.05b7.3b <0.05b5.5b

Plus 80 cm soil

Soil Only

0.08b

0.22b

6.3b

7.0b

0.07b

<0.05b

6.0b

6.1b

Each value is the average of four determinations.

Values for the same element with different letters

are different at <0.01 level of significance.
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ABSTRACT

The partitioning of 49 elements during 15 runs

of the Laramie Energy Technology Center's controlled-

state retort was investigated. Mass balances and

mobility factors were determined for each element for

each run. The average mass balance closure for 47

elements (Cd and Hg excluded) for the 15 runs was

101 7%. Mobility was used to identify five groups

of elements. Over 25% of the raw shale elemental

mass of Group 1 elements (H, N, S, Cd, Hg, inorganic

C, and organic C) is distributed primarily to the

gas and oil. From 1% to less than 10% of the raw

shale elemental mass of the Group 2 elements (Se,

Ni, As, and Co) is partitioned primarily to the oil

phase. The Group 3 to 5 elements, all of which have

mobilities that are less than 1%, include Cr, Sb, Zn,

Cu, Na, Mo, V, Ga, Fe, Mn, U, Ba, Dy, La, K, Mg, Sm,

Cs, Eu, Hf, Rb, Ce, Sr, Al, Ca, Sc, Ti, Yb, and Th.

The study indicates that elemental partitioning

in the controlled-state retort is affected by miner

alogical residence and retort operating conditions.

Significant differences in the mobility and mass

distribution patterns were observed for Green River,

Antrim, and Moroccan oil shales. It is proposed

that for a given mineralogy, elemental partitioning

is controlled primarily by high-temperature chemical

reactions within the reaction zone and secondarily

by interactions between the products (oil, gas, and

water) and the cool shale ahead of the reaction zone.

Retorting temperature and atmosphere also affect

partitioning trends. Temperature controls the degree

of kerogen conversion and mineral decomposition;

input gas composition determines the atmosphere,

that is, reducing or oxidizing (although this latter

factor did not significantly affect partitioning here)

INTRODUCTION

Oil shales contain organic material in a mineral

matrix which includes significant quantities of such

environmentally sensitive elements as U, Zn, Cu, Pb,

As, Se, Hg, Cd, and Co. These elements could be

released to the environment by the disposal of by

products, by leaching of solid wastes, or by refin

ing and using shale oil.

Oil shale retorting produces shale oil, gas, a

solid referred to as retorted shale, and an aqueous

effluent known as retort water. Elements initially

present in the oil shale are partitioned or distri

buted to those products during the retorting process.

The quantity of each element distributed among the

products depends on the mineralogy of the oil shale

and on retort operating conditions.

This paper discusses the partitioning of 49

elements during simulated in situ oil shale retorting

in the Laramie Energy Technology Center's (LETC) con

trolled-state retort. Samples of raw and retorted

oil shale, shale oil, retort water, and retort gas

were collected, analyzed (using instrumental and wet

chemical methods) ,
and the results interpreted using

mass balances and mobility calculations.

EXPERIMENTAL

Retorting System

The LETC controlled-state retort was used in

all experiments. This bench-scale, simulated in

situ retorting facility has been previously described

by Duvall and Jensen (1975) and by Bartke and Duvall

(1977). A schematic of the system is shown in

figure 1; retort operating conditions for the runs

reported here are summarized in table 1.

The retort is a vertical stainless steel tube,

4 m (13 ft) long with an inside diameter of 8 cm

(3 in) ; capacity of the tube is about 20 kg of oil

shale. The tube is accessed at the upper end through

an outside cap-type compression flange which is

fitted with an inlet port for gas and a thermocouple

well. Thermocouples are placed in another tube,

outside diameter 2.5 cm (1 in), axially centered

through the outer 8-cm (3-in) tube. The bottom of

the tube is fitted with an outside cap-type com

pression flange provided with ports for the thermo

couple well and the product collection line. The
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Figure 1. Schematic of LETC's controlled-state

retort.

1"

TUBE FOR

THERMOCOUPLES

TOP HEATER

ELEMENT ZONE

GC ANALYSIS

Table 1. Retort operating conditions for LETC's

controlled-state retort.

%i

CS-60 Colorado I 123 3-13 46 1.83 540
N7 0.12

CS-M Colorado C 89 3-13 92 1.83 540 , 0.12

CS-S2 Utah C 126 3-13 95 1.83 540 ", 0.12

CS-63 Antrla C to 3-13 77 1.83 540 , 0.12

CS-M Colorado C 248 3-13 94 1.83 540 , 0.12

CS-65 Moroccan C 79 3-13 88 1.83 540 H2 0.12

CS-66 Colorado c 128 3-13 91 1.83 540
752

252

N2
steaa

0.15

CS-67 Colorado C 2)1 3-13 100 1.83 540
751

251

N2
steaa

0.15

CS-M Colorado C 119 3-13 97 1.83 540
N2 0.12

CS-69 Colorado c 118 3-13 98 1.83 760
64.52 H2. 10.51 0

0.15

252 steaa

CS-70 Colorado c 134 3-13 96 1.83 540
752

252

S2 0.15

CS-71 Utah c 137 3-13 91 1.83 540
752

252

N2 0.15

CS-72 Colorado c 89 3-13 97 1.83 540
752

252

N
0.15

CS-73 Horoccao c 77 3-13 97 1.83 540
751

252

N

steaa

0.15

CS-74 Colorado c 82 3-13 102 1.83 760
64.52 N. 10.52 02 0.15

252 steaa

The designation CS standa for controlled-state.

b
C completed run; I Interrupted run.

outer tube is surrounded between the upper and lower

flanges by a contiguous series of 24 pairs of 15-cm

(6~in) long electric heaters which are controlled by

24 variable transformers. Thus, the retort is div

ided into 24 zones delineated by these heater ele

ments. Zone 1 is the top 15 cm (6 in) of the shale

bed and zone 24 is the bottom 15 cm of the shale

bed.

The product collection system consists of a

glass receiver maintained at ambient conditions and

two knock-out traps in series; the traps are main

tained at 0C and -78 C. The glass receiver collects

most of the oil and retort water and the traps

collect organic and inorganic vapors. The volume of

noncondensable gases is measured by a wet test meter

and gas composition is determined by mass spectrom

etry.

Two types of experiments were conducted with

this retort: they are referred to as
"completed"

runs and
"interrupted"

runs. In a completed run,

the entire shale bed is retorted vertically from

the top to the bottom of the shale bed. In the

interrupted run reported here (CS-60) , heating was

stopped immediately after the shale within heater

zone 14 reached 540 C. The heating elements were

then opened and the retort tube was rapidly cooled

with a water quench. The tube was cut into 24

sections corresponding to the heater element zones,

and products from each section were recovered for

analysis. Shale in the first 14 sections was com

pletely retorted, shale in sections 15 through 17

was partially retorted and wet with oil, and shale

in sections 18 through 24 was unretorted and wet

with oil. The oil was removed from the shale with

a cyclohexane wash before analysis.

The controlled-state retort is different in

several important ways from field in situ retorts.

The maximum temperature reached in this retort,

760 C, is low compared to temperatures observed in

field experiments in which temperatures have reached

over 1000 C. These higher temperatures may result

in a greater distribution of mass from the raw shale

to the products than observed here. In the

controlled-state retort, the reaction zone consists

of a pyrolysis zone, and heat for pyrolysis is sup

plied by external electric headers; in field retorts,

the reaction zone consists of a pyrolysis zone and

a combustion zone, and heat for pyrolysis is derived

from the trailing combustion front. Therefore, the

retorting atmosphere in the controlled-state retort

is reducing while in field retorts, both oxidizing
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and reducing conditions may occur. The retorting

rates studied here are faster than those presently

used in field experiments and, therefore, oil

residence times in the reaction zone are shorter.

Similarly, the particle size ranges studied here

are much smaller and the void fraction much higher

than those anticipated for field retorts. Signi

ficant differences may also exist between the

product collection system used in the controlled-

state retort and in a commercial operation. A more

efficient condenser system, such as may be used

commercially, may remove a significant fraction of

volatile elements, such as Hg and Cd, from the gas

stream. These differences between the controlled-

state retort and proposed commercial in situ retorts

could result in significant differences in parti

tioning trends. Therefore, these results

should not be generalized to other retorting systems

or to field in situ retorts.

Sampling

Samples of raw and retorted shale, shale oil,

and retort water were collected for analysis. A

single sample of raw oil shale was split from an

approximately 20-kg lot and ground to less than

0.15 mm (100 mesh) with most passing 0.074 mm (200

mesh) in an alumina-faced jaw crusher and an
alumina-

jaw pulverizer. Samples of retorted shale were split

from the top, middle, and bottom sections of the

shale bed and crushed using the same procedures used

for raw shale. The glass receiver was removed from

the retort within 24 hr after run completion, the

water layer removed with a syringe (retort water)

and the trap condensates mixed with the oil (wet

oil) . A 25 ml to 100 ml aliquot of the retort water

and wet oil were collected for analysis. Pentane

was then added to the receiver and the wet oil was

dried by distilling off the water with the pentane.

The dry oil, the water distilled over with the

pentane, and the retort water were individually

analyzed for C, H, N, and S. The wet oil and

retort water were analyzed for all other elements.

Analytical Methods

Most of the collected samples were analyzed

for 49 elements (inorganic and organic carbon are

counted separately) using instrumental and wet

chemical methods. Some samples were not analyzed

by all techniques due to insufficient sample.

Zeeman atomic absorption spectroscopy was used

to make measurements of Cd and Hg in all samples

using techniques previously described by Hadeishi

and McLaughlin (1975, 1978).

Energy-dispersive, high-energy x-ray fluores

cence spectrometry was used to make measurements of

Fe, Ti, Mn, Cu, Pb, Zn, Ni, As, Se, Ga, Y, Ge, Rb,

and Sr in solids and of Zn, Fe, Ni, As, Se, Ge, Pb,

Sr, Y, Rb, and Ca in selected oil and water samples.

The procedures used have been previously described

by Giauque, Garrett, and Goda (1977, 1978). An

energy-dispersive, low-energy x-ray fluorescence

spectrometry technique described by Hebert and

Street (1973) was used to measure Na, Mg, K, Ca,

Fe, Si, Al, and Ti in all solid samples.

The neutron activation analysis procedure des

cribed by Perlman and Asaro (1969) was used to make

measurements of Al, Ca, V, Dy, Mg, Ti, Mn, Na, K,

Eu, Ba, Sr, U, Sm, Lu, As, La, Mo, W, Ba, Fe, Sc,

Ta, Co, Cs, Sb, Nd, Tb, Se, Ce, Hf, Th, Ni, Yb, and

Cr in all solid samples. An absolute neutron acti

vation analysis procedure described by Heft (1977)

was used to measure Al, V, Cu, Ti, Ca, Na, Mg, Si,

Mn, U, W, Ba, Dy, As, Ga, Sm, Mo, K, La, Lu, Yb, Sb,

Zn, Fe, Cr, Co, Se, Ce, Cs, Eu, Sc, Th, Ni, Ta, Hf,

and Rb in selected oils and waters.

Total C, H, and N were measured in all samples

using a Carlo Erba elemental analyzer gas chromato

graph, and inorganic and organic C and total S were

measured using wet chemical procedures described by

Fox et al. (1978).

RESULTS AND DISCUSSION

Mass Balances

Mass balances were computed for each run and

used to study partitioning trends and to assess the

adequacy of sampling and analysis procedures. This

section discusses the computation and statistical

analysis of product and elemental mass balances and

mass balance closures.

Concentration data and product mass balances

for each run were used to compute mass balances for

each element. Some runs for select elements were

omitted due to incomplete data or inadequate sam

pling.

The product mass balance around the retort

system studied here (figure 1) is given by:

Input gas raw shale retorted shale (1)
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where m is the mass of each input or output. The

degree of closure of the product mass balance

is expressed as the percent product closure. This

quantity is the mass recovery for the system and

represents the percentage of the total mass charged

to the system that is recovered in products the

retorted shale, oil, water, and gas. It is computed

from equation (1) as the ratio of mass outputs to

mass inputs and is given by:

(m) as:

Product

closure

(retorted shale "oil "water "gas \

raw shale Input gas J

The product mass balances and closures computed

with equation (2) are summarized in table 2. The

closures in the last column of table 2 indicate that

good product recovery was obtained. All of the

balances close to within 4%. The average closure

for 15 runs of the LETC controlled-state retort is

101 1%. This indicates that sampling of the

retort for mass balance purposes was adequate

and that reliable data were obtained for mass flows

into and out of the retort. One may infer from this

that the average experimental error associated with

sampling the various retort streams was of the order

of 1%.

The elemental mass balances were computed from

elemental concentrations (C) and the product masses

Table 2. Mass balance data for LETC's controlled-

state retort.

CS-60 17,140 _ 15,306 385 1,159 37.1 99

CS-61 18,624 - 16,161 811 1,587 99.7 100

CS-62 16,865 - 13,989 762 2,163 74.1 101

CS-63 16,511 - 14,918 816 535 495.1 102

CS-64 14,009 - 10,074 1,031 3,377 92.9 104

CS-65 15,820 - 13,109 629 1,125 927.3 100

CS-66 16,395 618 13,114 1,527 2,151 338.2 101

CS-67 13,948 580 9,400 1,582 3,413 393.3 102

CS-68 16,252 - 13,376 727 1,959 158.5 100

CS-69 16,954 976 11,380 4,068 2,233 351.5 101

CS-70 17,377 600 13,654 1,507 2,358 401.6 100

CS-71 16,927 651 13,513 1,304 2,384 334.5 100

CS-72 18,473 639 15,350 818 1,902 294.5 101

CS-73 15,731 780 13,370 4,239 1,216 1,086.0 100

CS-74 18,858 1,568 13,212 4,239 1,995 537.2 98

x, Input gas x, raw shale

+ M + M
x, retorted shale x, oil x, water x, gas

(3)

where M is the product of the elemental concentration

C and the product mass m (table 2) and x is a sub

script designating an individual element.

The degree of elemental mass balance closure

was assessed in this study using the elemental clo

sure which is similar to the product closure in

equation (2) . The elemental closure is defined as

the elemental mass recovery and represents the per

centage of the total elemental mass present in the

raw oil shale and input gases that is accounted for

in the products the retorted shale, oil, water,

and gas. It is computed from equation (3) as the

ratio of elemental outputs to elemental inputs and

is given by:

/ Elemental
I closure

i-(sx, retorted shale

x, raw shale x. input gas

+ M \
xI_gas

j

Computed on an H_-free basis.

It is assumed that values for M are zero for
x, gas

all elements except C, H, N, and S, and that values

for M .
A

are zero for all elements except

x, input gas

N and H. Nitrogen in the input gas was directly

metered in runs in which it was used, and H was

computed in the steam runs as 11% of the total

steam mass.

Typical concentration, elemental mass balance,

and closure data for a N.-steam run in which

Colorado shale was retorted are summarized in table

3. Detailed elemental closures for each run and

each element are summarized in table 4. This table

indicates that the elemental closure ranges from

18% to 240% and averages 101 7% (excluding Cd,

Hg).

The significance of the closure data presented

in table 4 depends on the uncertainty in the closure

itself. If the uncertainty is known, then the ele

mental closure can be used to assess the adequacy of

experimental procedures and to determine if an ele

ment is vaporized and lost from the retort. For

example, if the elemental closure is
"sufficiently"

close to 100%, then one may conclude that experi

mental procedures were adequate and that, within the
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Table 3. Elemental abundances and mass balance for run CS-67 (N -steam run with Colorado shale)

Concenti'ation, ppm Hass Balance, mg

Ra

ol

shale

Retorted

oil

shale

Shale

oil

(wet)

Retort

water

Raw

oil

shale

Retorted Shale

oil oil

shale (wet)

Retort
Gag

Closure.

water
*

Al 3.41 *
0.06a

4.85 *
0.13"

9.7 * 0.3 (e)
476 456c 0.033c

(e) ( s) 96 Al

As 42.3 * 1.7 73.4 t 2.9 4.12 0.34 3.43 0.31 590 690 14.1 1.35 ( ') 120 As

Ba 268 * 14 406 49 0.5 * 0.1 0.14 0.12 3740 3820 2 0.055 ( ) 102 Ba

C (org) 26.2 *
2.6a

9.35
0.49a

85.0 *
8.5a,g

0.745 -
0.006a

3654c 879c 2517c,g
3.40c"h

2
7.6

99 C (org)

C (lnorg) 3.05 *
0.31a

2.65
0.25a

(f) 0.697
0.005a 425c 249c

(f)
4.36c'n

3
!5.2

136 C (inorg)

Ca 5.77 *
0.03a

8.25 1
0.18a

(e) 6 1
805 775c

(e)
0.002

( ") 96 Ca

Cd 1.20 * 0.06 1.43 t 0.35 < 0.014 0.00069 1 0.00045 16.7 13.4 <0.05 0.00027 ( E) 80 Cd

Ce 35.7 * 0.8 48.2 0.8 0.011 * 0.004 < 0.011 498 453 0.038 C0.0039 ( ") 91 Ce

Co 13.3 * 0.3 18.1 0.3 1.98 0.01 0.213 0.002 186 170 6.76 0.0838 ( f) 95 Co

Cr 33.3 * 0.7 47.8 1.5 0.22 0.01 0.011 0.005 464 449 0.75 0.0043 ( ") 97 Cr

Cs 3.10 * 0.14 4.55 t 0.18 (e) 0.066 0.001 43.2 42.7 <e) 0.026 ( ') 99 Cs

Cu 51.2 * 2.4 73.5 1 3.2 < 0.72 < 0.09 714 691 <2.5 <0.04 ( ") 97 Cu

Dy 1.71 * 0.08 2.12 1 0.40 0.0009 * 0.0002 (e) 23.9 19.9 0.003 (e) ( ) 83 Dy

Eu 0.484 * 0.011 0.685 0.013 (e) < 0.0002 6.75 6.44 (e) <0.00008 ( ) 95 Eu

Fe 1.94
0.16a

2.90
0.08a

60.0 3.0 1.21 0.14
271c 273c 0.20 0.476c

( ) 101 Fe

Ga 6.5 * 1.0 11.0 t 1.4 0.034 t 0.008 < 0.06 90 104 0.12 <0.02 ( ) 116 Ga

Ge 1.6 * 1.0 3.3 1.2 < 0.48 0.06 * 0.04 22 31 <1.6 0.02 ( ) 141 Ge

H 3.74
0.37a

0.34
0.02a

11.9 * 1.2a,g 0.11
0.01a 586c 32

,g
352 " 88.

lc

1(
12.8

98 H

Hf 1.33 0.06 1.93 0.08 (e) 0.0014 0.0003 18.6 18.1 (e) 0.00055 (1 ) 97 Hf

Hg 308 *
81b

58
21b

59
4b

95
9b 4296d 543d 201d 37d

( ) 18 Hg

K 1.01
0.02a

1.49
0.02a

5.0 1.6 5 3
141c 140c 0.017c 0.002c

(1 ) 99 K

La 18.0 0.5 24.2 0.6 0.0064 1 0.0013 0.032 0.002 251 228 0.022 0.013 (1 ) 91 La

Lu 0.10 0.02 0.16 0.05 (e) (e) 1.45 1.49 (e) (e) (i ) 103 Lu

Mg 2.87 *
0.06a

4.01
0.07a

8.2 * 1.5 < 17
400c 377c 0.028 0.0067

( ) 94 Mg

Mn 242 1 5 329 7 0.156 0.002 < 0.10 3050 3090 0.53 <0.039 ( ) 101 Hn

Ho 31.8 2.5 45.6 3.5 0.15 * 0.04 0.53 0.02 444 429 0.51 0.21 ( ) 97 Mo

N 0.91 *
0.09a

0.63
0.07a

1.93
0.19a,g

1.14
0.03a 127c 59C

57c.g 8.95c'h 0*

99 N

Na 2.36
0.06a

3.34 t
0.02a

51.5 0.5 1360 * 12
329C 314c 0.18 0.535

( ) 96 Na

Nd 15 * 2 17 3 (f) (f) 210 160 (f) (f) ( ) 76 Nd

Ni 24.2 * 3.2 35.8 4.0 4.12 * 0.62 1.28 * 0.08 338 336 14.1 0.503 ( ) 104 Ni

Pb 35.7 * 1.6 54.4 2.2 < 1.6 < 0.24 498 511 <5.5 <0.094 (i ) 103 Pb

Rb 56.6 * 2.3 89.4 3.6 < 0.69 0.29 * 0.06 789 840 <2.4 0.11 ( ) 106 Rb

S 2.54 *
0.25a

1.78 t
0.21a

0.82 * 0.08a,g 0.24
0.01a 354c 167c 24 ' 1.14c>h

91 81 S

Sb 2.50 * 0.19 3.79 0.27 0.005 * 0.001 0.148 * 0.001 34.9 35.7 0.02 0.0582 ( ) 103 Sb

Sc 5.30 * 0.14 7.46 0.21 0.00089 * 0.00010 (e) 73.9 70.1 0.0030 (e) ( ) 95 Sc

Se 2.4 1 0.6 4.3 i 0.6 0.81 * 0.01 1.25 0.06 33 41 2.8 0.492 ( ) 134 Se

SI 12.9 *
0.1a

18.2
0.2a

< 79 (e)
1800c 1710c <0.27c

(e) ( ) 95 Si

Sm 2.29 * 0.12 3.13 0.16 0.0009 * 0.0001 0.0007 * 0.0005 31.9 29.4 0.003 0.0003 ( ) 92 Sm

Sr 350 i 14 541 21 < 0.87 0.10 * 0.08
4880 5080 <3.0C 0.000039

( ) 104 Sr

Ta 0.388 * 0.005 0.557 0.006 (e) (e) 5.41 5.23 (e) (e) ( ) 97 Ta

Tb 0.25 * 0.07 0.33 t 0.10 (f) (f) 3.5 3.1 (f) (f) ( ) 89 Tb

Th 4.66 * 0.05 6.41 0.17 < 1.4 0.0008 0.0004 65.0 60.2 <4.8 0.0003 ( f) 93 Th

TI 0.11 *
0.05a

0.19
0.02a

<0.5 < 0.60
18c 18 <0.002c <O.OO024c

( E) 100 Ti

U 4.79 * 0.05 6.32 0.09 < 2.3 0.046 * 0.002 66.8 59.4 <7.8 0.018 ( f) 89 U

V 166 * 18 225 19 0.60 * 0.04 < 0.072 2320 2110 2.0 <0.028 ( E) 91 V

U 1.4 1 0.4 2.9 0.5 (f) (f) 20 28 (f) () ( E) 140 u

Y 3.6 * 0.8 12.3 1.0 < 1.0 < 0.15 50 120 <3.4 0.059 ( E) 240 Y

Yb 0.963 * 0.033 1.39 0.07 (e) (e) 13.4 13.0 (e) (e) ( E) 97 Yb

Zn
*

69.3 * 2.8 98.6 t 7.4 0.69 * 0.11 0.09 0.04 967 927 2.4 0.04 ( E) 96 Zn

a percent; b ppb; c gm; d - ug; e * analyzed for and not detected;

pentane-distilled water.

f - not analyzed for; g
- dry oil; and h water Includes retort water and

limits of experimental error, none of that element

was vaporized. Similarly, since only C, H, N, and

S were measured in the gas phase, an elemental clo

sure
"significantly"

less than 100% for other ele

ments for example, Hg, Cd may indicate vaporiza

tion. (Although this is a necessary condition for

vaporization, it is not sufficient.) Likewise, an

elemental closure
"significantly"

greater than 100%

may indicate a sampling or an analytical problem.

The uncertainty in the elemental closure depends

on the magnitude of errors present in each measure

ment used to calculate it (equation (4) ) . This

uncertainty may be estimated for any single closure

using error propagation theory (Bevington 1969) ,
if

an estimate of each source of error is available,

or by replicating the experiment.

The principal sources of error in the terms in

equation (4) are analytical and sampling errors for

the raw and retorted shales. The product collection

and weighing error, which is about 1%, is negligible.
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Table 4. Summary of elemental closure data for LETC's controlled-state retort, %

Mass balance closure
Average

Cx 1<>)CS-60 CS-61 CS-62 CS-63 CS-64 CS-65 CS-66 CS-67 CS-68 CS-69 CS-70 CS-71 CS-72 CS-73 CS-74

Al 100 100 104 97 93 90 111 96 93 98 96 100 100 101 109 99 6 Al
As 107 111 123 112 117 108 111 120 95 108 97 95 106 103 117 109 9 As
Ba 99 102 93 93 173a 93 108 102 101 100 92 98 5 Ba
C(org) 95 105 109 97 102 97 97 99 117 93 94 95 101 94 80 98 8 C(org)
C(lnorg) 105 105 107 324a 107 102 112 136a 103

152a

108 110 114 112 123 109 6 C(inorg)

Ca 100

107b

102 102 103 108 95 92 96 94 120 90 95 107 100 92 100 8 Ca
Cd 71 67 47 71 - 78 80 70 57 71 _ _ _ _ 68 10 Cd
Ce 100 96 89 102 99 96 106 91 92 98 104 _ _ _ _ 98 5 Ce
Co 102 101 96 99 101 92 106 95 93 91 101 _ _ _ _ 98 5 Co
Cr 95 100 66a

98 103 95 108 97 96 92 104 - - - - 99 5 Cr

Cs 103 102 80 101 103 110 112 99 101 103 116 _ _ 103 9 Cs
Cu 105 101 116 100 107 105 101 97 99 95 107 95 100 104 103 102 5 Cu
Dy 98 104 91 98 95 97 102 83 93 92 105 _ _ 96 6 Dy

Eu
Eu 101 99 92 101 97 95 111 95 94 100 101 _ _ _ _ 99 5
Fe 99 98 100 99 100 94 111 101 93 98 101 97 97 105 107 100 5 Fe

Ga 105 110 105 103 110 92 123 116 104 92 93 _ 108 101 107 105 9 Ga
H 96 104 112 112 96 119 86 98 147 108 101 94 116 97 98 106 15 H
Hf 100

112b

110 98 100 104 96 115 97 104 104 110 _ _ 103 6 Hf
Hg 60 41 56 - 56 20 18 45 22 20 84 _ _ _ 42 22 Hg
K 100 96 100 97 97 94 104 99 91 99 95 94 95 102 112 98 5 K

La 100 97 88 100 94 92 105 91 94 96 100 _ _ _ _ 96 5 La
Lu 101 107 86 85 121 87 106 .103 83 106 97 _ _ _ _ 98 12 Lu
Mg 99 101 101 97 94 98 105 94 97 98 94 92 99 121 105 100 7 Mg
Mn 101 98 97 100 111 100 103 101 95 103 98 105 101 90 _ 100 5 Mn
Mo 99 97 101 100 99 100 100 97 95 77a

103 - 104 - - 99 2 Mo

N 91 74 108 68 82 86 90 99 97 62 86 58 147 82 104 89 22 N
Na 103 109 109 99 99 98 110 96 94 90 107 99 104 _ 89 100 7 Na
Nd 99 97 78 109 100 117 96 76 89 104 89 _ _ _ _ 96 12 Nd
Ni 109 93 119 102 109 100 107 104 103 99 100 97 103 101

141a
103 6 Ni

Pb 112 111 119 105 109 167a
112 103 110 94 105 100 111

213a
120 109 7 Pb

Rb 103 100 94 100 101 101 104 106 96 102 101 96 96 99 106 100 4 Rb
S 104 82 119 130 183 170 150 81 141 152 121 126 129 125 101 128 29 S
Sb 103 99 104 82 101 107 89 103 93 85 101 _ _ _ 97 8 Sb
Sc 101 98 84 98 103 95 107 95 94 98 95 _ _ _ _ 97 6 Sc
Se 118 138 134 66 143 108 129 134 127 111 141 105 122 104 128 121 20 Se

Si 101 99 99 96 94 93 106 95 93 99 99 97 98 98 104 98 4 Si
Sm 100 98 90 101 98 94 105 92 94 98 101 _ _ 97 4 Sm
Sr 103 108 105 103

117a

99 97 104 101 100 93 98 99 99 93 100 4 Sr
Ta 101 99 96 100 97 99 110 97 93 99 101 _ _ 99 4 Ta
Tb 97 96 81 107 95 102 108 89 100 92 98 - - - - 97 8 Tb

Th 101 152a
79 98 107 92 105 93 93 99 97 _ _ _ _ 96 8 Th

Ti 104 107 99 100 99 89 115 100 86 100 92 100 96 94 108 99 7 Ti
U 100

165a
90 97 100 98 102 89 91 97 95 _ _ _ _ 96 5 U

V 97 81 112 102 117 93 137 91 81 94 82 _ _ _ _ 99 17 V
W 97 88 74 - 67 - 156 140 79 83 68 - - - - 95 32 W

Y 129 117 140 105 68 102 141 240a
107 147 131 121 122 104 138 119 21 Y

Yb 102 119 88 98 103 100 109 97 96 97 98 _ _ _ _ 101 8 Yb
Zn 104 103 101 106 105 107 107 96 100 104 103 100 102 103 108 103 3 Zn

Value excluded from average based on Dixon's criterion for a = 0.02 (Dixon 1953).

Value excluded from average as 100Z elemental mass recovery obtained for interrupted run, i.e., run incomplete and volatilized elements
condensed on shale bed.

Likewise, the sampling and analytical errors

associated with the oil, water, and gases for most

elements are not important in propagating random

errors because they have relatively small elemental

mass (Kaakinen 1974) .

The analytical and sampling errors for raw and

retorted shale were estimated from the interrupted

run (CS-60) and used to estimate closure uncertainty

for other runs using error propagation theory.

Using these uncertainties, analysis of the data in

table 4 indicates that there are no statistically

significant differences between the closures ob

tained for the retort operating conditions and shale

types studied. By definition, a closure should be

100% within the limits of error unless gas phase

loss occurs for any element except C, H, N, or S

(recall that M =0 for all elements except
x, gas v

H, N, S, C). Therefore, statistically equivalent

closures imply that, within the limits of error,

retort operating conditions did not effect gas phase

loss of any elements except C, H, N, and S. Noted

differences in closure are due to uncertainties in

sampling and analytical procedures. Therefore,

each retort run, relative to closure, is a replicate

and the average closure (x) and standard deviation

(a) over all 15 runs are estimates of the accuracy

of the elemental mass balance.

The data presented in table 4 were analyzed

using Dixon's criterion (Dixon 1953) to identify

outliers, values that are gross errors. This

analysis resulted in the rejection of 13 closure

values. The remaining data were used to compute
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the average closures and standard deviations shown

in the last column of table 4. These closure data

indicate that good quantitative recovery for most

elements was obtained and that experimental proce

dures were satisfactory. The average closure

(excluding Cd and Hg) was 101 7% and the coeffi

cient of variation (lOOa/x) was less than 10% for

all elements except Cd, H, Hg, Lu, N, S, Se, V, W,

Y, and Nd. The elevated coefficients of variation

for the volatile elements Cd, H, Hg, N, and S are

due to sampling errors associated primarily with

the retorted shale. It is hypothesized that the

sampling is complicated because these elements,

which volatilize during retorting, are nonuniformly

condensed in cool regions within the retort. The

elevated coefficients of variation for Se, V, W, Y,

Nd, and Lu are due to poor analytical precision.

The measurement precisions of Se, V, W, Y, Nd, and

Lu are 32%, 13%, 24%, 12%, 12%, and 10%, respectively.

The data in table 4 also indicate that, within

the limits of error, 100% of all measured elements,

except Hg and Cd, was recovered. About 68% of the

Cd and 42% of the Hg originally present in the raw

oil shale were recovered in the retorted shale, oil,

and water. The balance, that is, 32% of the Cd and

58% of the Hg, was likely removed from the retort

in the gas stream. This agrees with results pre

sented previously by Fox et al. (1977, 1978) and

Fruchter et al. (1979).

Partitioning Patterns

The mass balances discussed in the previous

section and the single interrupted experiment are

used here to study elemental distribution among the

retorted shale, retort water, oil, and gas. The

mass distribution patterns of the more mobile ele

ments are presented and discussed and the effect

of retort operating conditions on partitioning

trends is inferred.

The mass balances computed for each run were

analyzed to determine the mobility of each element

where :

Mobility 100

(m ..
+ m + m \

x, oil x, water x, Ras 1

x, raw shale I

River oil shales is compared with that of Antrim

and Moroccan shales in table 5. The Green River

mobilities are the average (x) and one standard

deviation (a) for all completed runs with Green River

oil shales (Colorado and Utah). The Antrim (CS-63)

and Moroccan (CS-65) mobilities are each for a single

run. The data in table 5 indicate that there are

significant differences in the mobilities of Green

River, Antrim, and Moroccan shales. More specific

conclusions cannot be drawn due to the limited data

base for the Antrim and Moroccan shales. The impor

tant point, however, is that mobilities for Green

River oil shales should not be generalized to other

types of oil shales.

Table 5. Mobility of some major, minor and trace

elements in Green River, Antrim and

Moroccan oil shales retorted in LETC's

controlled-state retort at temperatures

less than 800C.

Constituent

Mobility,
Za

Group Green River Antrim Moroccan

1 H 94 + 3 79 88

Org. C 79 + 7 38 53

Hg 70 + 20 46 67

N 49 + 7b 16 35

Inorg . C 34 + 13b 88 14

S 44 + 8 46 72

Cd 29 + 7 53 -

2 Se 5.1 + 1.0 2.6 7.5

Ni 4.7 + 1.3 0.13 0.62

As 3.8 + 1.3 0.22 1.5

Co 3.8 + 0.8 0.005 0.16

3 Cr 0.38 + 0.78 0.0085 0.0060

Sb 0.28 + 0.15 0.70 1.2

Zn 0.27 + 0.28 0.65 0.059

Cu 0.27 + 0.33 0.013 0.020

Na 0.19 + 0.10 0.15 1.0

Mo 0.18 + 0.11 0.076 0.055

V 0.11 + 0.03 0.033 0.20

Ga 0.10 + 0.07 0.023 0.17

4 Fe 0.084 + 0.081 0.0006 0.008

Mn 0.056 + 0.071 0.003 0.008

U 0.040 + 0.023 0.076 0.063

Ba 0.035 + 0.022 0.004 0.03

Dy 0.034 + 0.017 - 0.026

La 0.024 + 0.019 0.0007 0.002

K 0.023 + 0.022 0.016 0.050

Mg 0.021 + 0.019 0.009 0.008

Sm 0.020 + 0.019 - 0.18

Cs 0.019 + 0.019 0.034 0.016

Eu 0.018 + 0.013 0.0004 -

Hf 0.014 + 0.028 0.003 -

Rb 0.014 + 0.009 0.028 0.052

Ce 0.013 + 0.007 0.0005 -

Sr 0.012 + 0.016 0.015 0.0028

5 Al 0.0062 + 0.0035 0.0002 _

Ca 0.003 + 0.005 0.008 0.0004

Sc 0.0057 + 0.0025 - 0.0002

Ti 0.0090 + 0.015 0.005 -

Yb 0.0033 + 0.0010 - -

Th 0.0076 + 0.0081 0.049 -

Thus, the mobility is the percentage of the total

elemental mass present in the raw oil shale that is

distributed to the oil, gas, and water phases as a

consequence of retorting. The mobility of Green

Percent of elemental mass present in raw oil shale that is

distributed to the oil, water and gas phases.

Excludes the N2-steam-02 runs (CS-69, CS-74) which were signi

ficantly different from others in set. The mobility of N for

these runs is 88% and of inorganic C, 94%.
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The Green River mobilities were ranked accor-
at 760C, and Moroccan shales, retorted under an

N2~

ding to magnitude and five separate groups delineated, steam atmosphere at 540C, are compared. This figure

and the mobilities in table 5 indicate that Group 1

elements are significantly mobilized during retorting

and are characterized by a gas-phase component.

These groups are:

Group 1 (25% - 100%) H, N, S, Cd, Hg, organic C,
inorganic C

Group 2: (1% -

<10%) Se, Ni, As, Co

Group 3: (0.1% -

<1%) Cr, Sb, Zn, Cu, Na, Mo, V, Ga

Group 4: (0.01% -

<0.1%) Fe, Mn, U, Ba, Dy, La, K,
Mg, Sm, Cs, Eu, Hf, Rb, Ce, Sr

Group 5: (<0.01%) Al, Ca, Sc, Ti, Yb, Th

Similar rankings were not attempted for the Antrim

and Moroccan shales the data were too limited to

permit assessment of variability.

Mass distribution patterns for the Group 1

elements are summarized in figure 2 in which Green

River shales, retorted under N and N-steam atmos

pheres at 540 C and under an N,-steam-0o atmosphere

Other groups do not have a significant gas-phase

component. For the Green River shales, in excess

of 35% of the H, N, and organic C is distributed

to the oil, and about 20% or more of the S, Cd, Hg,

and inorganic C is distributed to the gas phase.

In the Green River shales, the H, N, organic C,

and some of the S are initially present in the

kerogen (Smith 1961) and are converted to oil and

gases by pyrolysis. The remainder of the S and Cd,

Hg, and inorganic C, are largely present in the

mineral phase of the shales and are volatilized by

a series of mineral decomposition and reduction
2
"~

2

Figure 2. Mass distribution patterns for Group 1 elements.

[Retorted shale

to

to

H Organic C Inorganic C Hg
XBL 795-1651
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mechanisms discussed under "Partitioning
Mechanisms."

As noted, all of the Group 1 elements have a

statistically significant gas component. (It is

not implied that these elements exist in a gaseous

state but that they exit in the offgas where they

may exist as condensed or gaseous matter.) The

volatilization of these elements and their removal

from the retort are supported by direct gas measure

ments of all of them, except Cd, and by the results

of the interrupted experiment. Inorganic and organic

C and H, N, and S were measured in the offgas by mass

spectrometry, and mercury was directly measured in

two runs by Zeeman atomic absorption spectroscopy

or IC1 impinger trains (Fox et al. 1978). The

existence of Cd in the offgas, however, is inferred

from mass balance calculations indicating a 32% net

mass loss from the retort. This result is corro

borated by the interrupted run.

The results of the interrupted experiment are

summarized in figure 3. Figure 3 shows that there

Figure 3. Variation in Sr, Ba, Mn, Cd, Hg, N, S, H,

and organic C along the shale bed in an

interrupted run (CS-60) of LETC's

controlled-state retort.

ppm

ppm

8 10 12 14 16 18 20 22

Heater zones

Numbered consecutively from the top to the bottom of

the retort. Each zone is 15 cm (0.5 ft) in length.

are three types of elemental profiles in the shale

bed. All three occur for Group 1 elements.

The first, for Hg and Cd, supports the volatiliza

tion of these two elements from oil shale. This

profile is characterized by a peak just below the

point at which retorting terminated. It is consis

tent with on-line Hg measurements in which a pulse

of Hg was found toward the end of run CS-69 and with

the hypothesis that Hg is successively volatilized

and condensed as the reaction front moves down the

shale bed (Fox et al. 1978). The presence of a Cd

pulse in figure 3 suggests that Cd is also success

ively volatilized and condensed. The existence of

the Cd peak behind the Hg peak is consistent with

the relative volatilities of these two elements and

their compounds (Hg is the more volatile of the two) .

The second type of profile occurs for the

Group 1 elements S, N, H, and organic C. This pro

file is characterized by higher elemental concentra

tions in zones 15 - 24 than in zones 1-14. The

profile is caused by the volatilization and removal

of the element from the retort; it is consistent

with the mass distribution patterns (figure 2) .

The third type of profile occurs only for in

organic C among the Group 1 elements and for all

Group 2-5 elements. The elemental abundances in

zones 1-14 are higher than in zones 15 - 24 because

about 20% of the oil shale matrix (organic material

plus C0 from carbonate decomposition) has been re

moved, leaving behind about 100% of the elemental

mass. Although some elements are removed in the oil

or water, such as inorganic C and the Group 2 ele

ments, the percentage removal is too low to affect

the concentration profile.

The retort operating conditions studied here

affected the mass distribution patterns only of C, H,

and N of the Group 1 elements. The N and N_-steam

runs have identical mass distribution patterns with

the exception of H, for which a larger fraction of

the total mass of H is distributed to the water in

the N_-steam runs than in N_ runs. In the N~-steam

runs, the steam charged to the retort appears as

retort water, resulting in a larger percentage mass

distribution of H to the water phase. There are also

statistically significant differences between the

N2-steam-02 runs (T = 760 C) and other runs with

Green River shales and between the Moroccan and Green
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River shales. In the high temperature N--steam-0

runs, a larger fraction of the H, N, organic C, and

inorganic C are distributed to the byproducts than

during N or N--steam runs at lower temperatures.

For example, 65% and 81% of the inorganic C during

N_-steam and N_ runs, respectively, remain in the

retorted shale and only 7% remains in the retorted

shale produced from the N?-steam-0_ runs. The addi

tional inorganic C that is converted during the N_-

steam-O- runs is distributed primarily to the gas

phase. It is hypothesized that these differences

are due to more complete conversion of the kerogen

and decomposition of carbonates at the elevated

temperatures (the N-steam-0 runs were at 760 C

and the other runs were at 540 C) and to reactions

of 0- in the input gas with constituents in the oil

shale .

There are significant differences between the

mass distribution patterns of the Moroccan and Antrim

shales (not shown in figure 2) and the Green River

shales. In those two shales, a relatively larger

fraction of the N, H, organic C, and inorganic C

remain unconverted in the retorted shale; there is

less mass distribution to the oil, water, and gas

phases than in Green River shales retorted under

equivalent conditions. It is hypothesized that this

is due to differences in mineral and organic compo

sition of the different shales. This suggests that

different retorting conditions will be required to

optimally extract oil from various shales and illu

strates that data developed for one shale should not

be generalized to others.

Mass distribution patterns for the Group 2

elements are summarized in table 6 in which the

Green River, Antrim, and Moroccan shales are com

pared. Table 6 and table 5 indicate that about 4%

of the elemental mass of Green River shales for

Group 2 elements is mobilized and about 95% of

that is distributed to the oil.

The retort operating conditions studied here

had no statistically significant effect on the mass

distribution patterns of Green River oil shales for

the Group 2 elements. This is supported by the

small coefficient of variation (26%) for the percent

mass distributions reported in table 5. The parti

tioning data summarized in table 5 indicate that from

4% to 5% of the total elemental mass of Ni, Co, As,

Table 6. Mass distribution patterns of Group 2

elements, %.

Green

River
Antrim Moroccan

Nickel

Retorted shale 95.41.0 99.9 99.310.1

Oil 4.41.0 0.1 0.510.0

Water 0.20.1 0.0 0.210.1

Gas 0.0 0.0 0.0

Cobalt

Retorted shale 96.20.9 100.0 99.8

Oil 3.70.8 0.0 0.1

Water 0.110.1 0.0 0.1

Gas 0.0 0.0 0.0

Arsenic

Retorted shale 96.31.2 99.8 97.810.9

Oil 3.41.2 0.0 1.110.8

Water 0.30.1 0.2 1.110.1

Gas 0.0 0.0 0.0

Selenium

Retorted shale 94.9+1.0 64.4 92.210.4

Oil 4.60.8 1.2 5.410.4

Water 0.50.5 0.5 2.310.8

Gas 0.0 15.
2a

0.0

Computed by difference.

and Se originally present in the raw oil shale is

distributed to the oil, and that less than 1% is

distributed to the water. For the conditions studied,

no evidence was found to indicate that these elements

exit the retort with the offgases.

The principal differences in mass distribution

patterns for Group 2 elements occur for shales of

different geological origins, namely, Green River,

Antrim, Moroccan. In contrast to the Green River

shales, less than or about 1% of the Ni, Co, and As

is distributed to the oil and water in Antrim and

Moroccan shales. Although the distribution pattern

of Se in Moroccan shale is similar to that of the

Green River shales, the pattern for Se in Antrim

shale is very different, with about 15% of the Se

exiting the retort in the offgas. Because it is

based on a single retort run, additional, collab

orative work is required to verify and support this

latter conclusion.

The elements in Groups 3 to 5 all have mobil

ities that are less than 1% and large coefficients

of variation (27% - 205%). The large coefficients

of variation are due to experimental error rather
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than retort operating conditions. Because the con

centrations of these elements in the oil and water

phases is near the detection limit of many of the

techniques used, the analytical errors are large.

No significant relationships between operating con

ditions and mobility in any phase or combination of

phases for Groups 3 to 5 were observed. The varia

tion in the mobility of those elements is due to the

propagation of experimental errors.

Partitioning Mechanisms

The specific mechanisms that determine the par

titioning of a given element are not fully understood

and work is proceeding to clarify them. The series

of reactions thought to occur in the controlled-state

retort are summarized in table 7. In general, it is

proposed that elements are volatilized from the shale

as a consequence of mineral decomposition (equations

(1) - (3)), kerogen conversion (equation (4)), or

reduction by C, CO, and other species (equations

(5), (6)). These volatile species, swept ahead of

the reaction front by the input gas, may be condensed

on the shale bed in cool regions ahead of that front

(equation (7)), entrapped in the oil-water emulsion

(equation (9)), or swept out of the retort in the

gas stream as gaseous or condensed species. The

water that condenses out of the gas stream in the

cool regions ahead of the reaction zone may leach

some constituents from the unreacted shale (equations

(11), (12)). Interactions may occur between the oil

and water which exist as a tight emulsion (equation

(10)). Finally, raw and spent shale fines may be

entrained in the gas stream in the reaction zone or

may be picked up as the oil-water emulsion passes

over the cool shale and incorporated in the oil

and water (equation (13)).

Let us now explore some specific elements within

the framework proposed in table 7. The Group 1

elements S, N, H, and organic C occur largely in the

organic fraction in the original oil shale and are

released by pyrolysis during retorting. (Sulfur

may occur in both the organic and inorganic fraction

of oil shale, depending on the shale's geologic

origin.) Kerogen pyrolysis, studied by a number of

investigators (Fausett 1975; Duvall and Jensen 1975)

is known to produce oil, gas, bitumen, and C residue

in various quantities and compositions depending on

the retort operating conditions. The present study,

which indicates that significant amounts of the N,

H, S, and organic C are partitioned to the oil,

water, and gas phases, is consistent with previous

investigations of kerogen pyrolysis.

Some of the Group 1 elements also partition to

Table 7. Some proposed mechanisms that may lead

to the observed elemental partitioning

in LETC's controlled-state retort.

Mineral Decomposition

Sulfide

MS -=-? M + S

Carbonate

MC03-

Oxide

M0-^-

>M0 + C0

M + 1/20,

Kerogen Conversion

Kerogen

Reduction

Carbon

AAG,

Oil

as

Bitumen

C residue

>xM(g) + yCO(g)

Carbon monoxide

MO + yC

x y

M 0 + yCO
x y

' xM(g) + yCO,

Shale-Product Interactions

Condensation

M(g);==M(s)

Dissolution

M()

M(g)

MW

M(g)

:M(o)

M(o)

Solubilization

MO + yH-0 >xM + 2y0H
x y l

d)

(2)

(3)

(4)

MC03
+ H20 .M(aq) + CO.(aq)

Suspension of Fines

/raw shale \ / oil

I spent shaleJ V wate

o =

oil; % = liquid; g
- gas.

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)
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the water phase. In the controlled-state retort,

the principal water formation mechanism is mineral

dehydration. Input steam may contribute to retort

water in steam retorting and some water may be pro

duced by combustion in the N2-steam-02 runs (CS-69

and CS-74). The Group 1 elements H, N, S, inorganic

C, and organic C may condense out with the water or

dissolve in the water and are thus incorporated in

this phase. They may also be incorporated in the

water due to its contact with the oil or unretorted

or partially retorted shale.

It is hypothesized that the volatilization of

Cd and Hg is controlled by mineral decomposition.

Those elements occur as sulfides in many crustal

rocks and are thought to also exist as sulfides in

oil shales (see, for example, Desborough et al.

1976) . Because sulfide and other mineral compounds

of Hg and Cd decompose at the temperatures reached

in the controlled-state retort, reactions similar

to those shown in equations (1) and (3) of Table 7

may control the distribution of these elements to

the offgas. (This does not preclude the occurrence

of Hg and Cd as organometallic species; such species

would also be volatilized at the temperatures

studied here.) The interrupted run data (figure 3)

indicate that these elements volatilize and condense

in cooler regions of the retort. Therefore, they

may exit the retort entrained in the oil mist or as

condensed particles. Although the vapor-phase ex

istence of Hg and Cd has not been demonstrated ex

perimentally, thermodynamic calculations support the

existence of Hg.

The partitioning patterns of the Group 2 ele

ments As, Se, Ni, and Co are particularly interest

ing. In the Green River oil shales, the mass dis

tribution patterns of all four elements are iden

tical: about 4% to 5% of each element is distributed

to the oil and less than 1% is distributed to the

water. In contrast, the other two shales have much

lower mass distributions to the oil and water for Co

and Ni, and intermediate distributions for As and Se.

It is hypothesized that this behavior is related to

the existence of these elements in the organic frac

tion of the oil shales or to their volatilization

from the mineral matrix during retorting and their

subsequent entrapment in the oil phase. The specific

mechanism cannot be delineated from the data given

here. Some preliminary inferences can be drawn, how

ever, based on the mass distribution patterns in table

5 and on work completed elsewhere. Inorganic Ni and

Co compounds likely to exist in oil shales or to form

during retorting (oxides and sulfides) are not vola

tile at the temperatures reached in the controlled-

state retort (<800C). This suggests that the Ni

and Co that are partitioned to the oil may exist in

a more volatile form in the organic fraction of the

oil shale. This is supported by the identification

of Ni-porphyrin complexes in oil shales and conven

tional crudes. The presence of a Ni-porphyrin complex

in an oil shale was established by Glebovskaya and

Volkenshtein in 1948 and subsequently corroborated

by Moore and Dunning (1955) who found 59 ppm, 82 ppm,

and 137 ppm of Ni in the benzene, benzene-methanol,

and pyridine extracts of a Colorado oil shale. A

number of investigators have identified Ni and Co

porphyrins and other organometallic compounds in con

ventional crude oils (Manskaya and Drozdova 1968;

Filby 1975; Dunning 1963). Although there is no con

clusive evidence that Co exists in the organic frac

tion of oil shales, the chemical similarity of Co and

Ni and their similar partitioning patterns in Green

River oil shales support that hypothesis. The low

mass distributions of Co and Ni to the oil in Antrim

and Moroccan shales (<1%) suggests that the chemical

association of Co and Ni in these shales is different

from that in Green River shales.

Arsenic and Se, on the other hand, have not been

identified in organometallic complexes in oil shales

or conventional crudes and many of their compounds

are considerably more volatile than Ni and Co com

pounds. Arsenic oxides and sulfides sublime, melt,

or boil between 300 C and 800 C and selenium oxides

melt or boil below 400C (Dean 1973). This suggests

that these elements may be volatilized during retor

ting. Once volatilized, they may be entrapped by

the'

organic vapors and oil mist. This is specula

tion at this point and does not exclude the exis

tence of As and Se in the organic fraction of the

oil shale. Considerable additional experimental

work is required to elucidate the mechanism respon

sible for the partitioning of these elements.
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CONTROL STRATEGIES FOR ABANDONED IN SITU OIL SHALE RETORTS

P. Persoff and J. P. Fox
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ABSTRACT

In situ oil shale retorting may result in a

number of environmental impacts including degrada

tion of local surface and groundwaters, low resource

recovery and subsidence. The target of present oil

shale commercialization activities is the Mahogany

zone in Colorado's Piceance Creek Basin. The

principal oil shale resource in this area is

surrounded by two confined aquifers. During mining

and retorting, these aquifers are dewatered. When

the site is abandoned, groundwater will reinvade

the area and flow through the abandoned retorts,

leaching potentially toxic or carcinogenic materials

from the spent oil shale. This material may then

be transported in local aquifers, withdrawn in wells

or discharged into the Colorado River system as

base flow.

Certain control technologies appear poten

tially able to protect groundwater quality at

reasonable cost. These include designing retort

blocks to include a hydraulic bypass around

abandoned retorts (about $0.50/bbl), placing

adsorbent clays in abandoned retorts to catch and

hold leachable matter (about $0.50/bbl), collecting

leachate and treating it on the surface (about

$1.20/bbl), protecting abandoned retorts from

leaching by placing a grout curtain around a block

of abandoned retorts (about $2.00 to $3.00/bbl),

or grouting abandoned retorts with spent shale

(about $3 to $4/bbl).
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INTRODUCTION

Current industrial plans call for the develop

ment of lease tracts in the Piceance Creek Basin

by modified in situ (MIS) retorting. Figure 1

shows in simplified form the relative positions

of the rich oil shale layer (the Mahogany zone) ,

fractured oil shale artesian aquifers, and MIS

retorts.

During operation the aquifers will be dewatered.

Following abandonment groundwater will re-invade

the retorting area, leaching the in-situ spent

shale, and transporting leached material into the

aquifers. The worst case for aquifer disruption

will occur when retorts are in contact with both

aquifers at different heads. In this case there

may be advective flow through the retorts, which

would carry leached material into the aquifers.

If contact is made with one aquifer only, transport

of pollutants into the aquifer will not be advec-

tion, but only by diffusion, a much slower process.

Since 80% of stream flow in Piceance Creek is base

flow (i.e., the streams are groundwater fed),

material leached by groundwater may eventually

reach local surface streams.

The problem of aquifer and eventual surface

stream pollution by leaching of modified in situ

.
Surface

^- Hydraulic gradient

Overburden v.

Upper aquifer

tt Retort Mahogany [1 zone

Lower aquifer

Figure 1. Schematic of retort-aquifer configura

tion in Piceance Basin. XBL 786-994
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retorts in the Piceance Creek Basin has been

quantified by Fox (1979). This study concluded

that it could take centuries before significant

groundwater degradation would occur due to the low

flow velocities in many areas of the Piceance Creek

Basin. However, the report pointed out that the

potential long-term effects could be serious due

to the critical issue of salinity in the Colorado

River system and the slow self-purification

properties of groundwater aquifers. Table 1

indicates that leachates could result in salinity

increases in the Colorado River at Lees Ferry of

from 0.3-50 mg/A. A TDS increase of 50 mg/Jl in

the Colorado River would have a significant economic

impact upon irrigated agriculture. The total

economic loss due to Colorado River salinity

increases is estimated to be $200,000-400,000 per

year per mg/Jl (1974 dollars) (Kleinman, 1974).

Additionally, high concentrations of inorganic and

organic materials may occur in aquifers or surface

streams; some may be toxic or carcinogenic. In

some areas of the Piceance Creek Basin, water

quality of the lower aquifer is much worse than

that of the upper aquifer. In these cases, contact

between the two aquifers created by the retorts

would permit degradation of the upper aquifer in

the absence of leaching. Finally, resource recovery

in MIS retorting is poor. Oil recovery is low and

approximately 25% of the developed area must be

left intact as pillars between retorts to support

the overburden.

This paper will consider control technologies

to prevent leaching of in-situ spent shale. Aquifer

protection is the primary goal of these technol

ogies, and strengthening of abandoned retorts is

a secondary goal. Laboratory evaluation of these

control technologies is currently under way at

Lawrence Berkeley Laboratory; as the first stage

of this study, the technical literature of related

fields was reviewed. Conclusions and preliminary

cost projections presented here are based upon that

literature review (Persoff, 1979).

CONTROL TECHNOLOGIES

In situ leaching of spent shale can be prevented

or mitigated using several different control strate

gies. These include selection of dry sites, isola

tion of the retorted area from the aquifers, inten

tional leaching, in-place adsorption of leachables

and continuous dewatering. Some of these approaches

will simultaneously address other environmental and

technical issues, including subsidence, resource

recovery and disposal of surface spent shales.

Site selection may be adequate on a case-by-case

TABLE 1. The increase in TDS and TOC in surface waters of the upper Colorado River Basin due

to the discharge of in situ leachates into Piceance Creek and Yellow Creek as base flow.

Watercourse

Average

annual

discharge

(acre-ft/yr)

Maximum possible

increase in TDS

due to discharge

of in situ leachate

into Piceance Creek

and Yellow Creek

(mg/Jl)

Maximum possible

increase in Na

due to discharge

of in situ leachate

into Piceance Creek

and Yellow Creek

(mg/Jl)

Maximum possible

increase in TOC

due to discharge

of in situ leachate

into Piceance Creek

and Yellow Creek

(mg/Jl)

Piceance Creek at

White River

14,500 700- 42,000 260- 3,800 12 - 180

White River near

Watson, Utah

532,000 20 - 1,270 - 110 0.4-5

Green River near

Green River, Utah

4,427,000 3 - 150 1-14 <0.05-0.7

Colorado River at 12,426,000

Lees Ferry,
Arizona

1-50 0.3-5 <0.05-0.2

Ref: Fox, 1979.
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basis but will have a limited area of applicability,

as the target of MIS retorting, deep rich seams, is

located in the center of the basin where ground

water abounds. Continuous dewatering is not

economic and long-term custodial care would be

required. The remaining options may be both tech

nically and economically feasible and are discussed

here.

Grout Individual Retorts

Retorts may be isolated from groundwaters by

filling them with a material that is less permeable

than the surrounding aquifers. This process, which

is referred to here as grouting, involves partially

or completely filling abandoned retorts with a

material that will reduce permeability. If this

material also enhances the strength of the retort,

the risk of subsidence may be reduced and it may be

feasible to retort the pillars to enhance resource

recovery.

A wide variety of grouting materials are

available, ranging in cost upward from soil-cement

mixtures, at less than $l/ft ($35/m ) and neat

portland cement, at about $2/ft ($70/m ), to

chemical grouts with controllable gel times and

viscosities, costing more than
$20/ft3

($700/m ).

Even the cheapest commercially available grouting

materials are too expensive for grouting abandoned

retorts due to the large volumes that need to be

filled. Oil shale is a low organic carbon resource

and for each barrel (0.16 m3) of oil extracted,

9
ft3

(0.25 m3) of voids remain to be filled

(assuming a Fischer Assay of 24 gal/ton

[100 Jl/ tonne], 65% recovery, and 20% voids in the

retort; additional fine voids resulting from

decomposition of kerogen are not considered

groutable) . Thus, cheap materials are required

for grouting abandoned retorts.

Review of the literature suggests that spent

shale may have properties which make it suitable

for use as a grout. Spent shale from some retorts

(Lurgi, TOSCO) is finely ground, and thus can be

easily slurried and pumped. Investigators studying

stability of spent shale disposal piles have found

that the permeability of these piles is low and

decreases with time and that compressive strengths

increase with time. Unconfined compressive

strengths up to 200 psi (1400 kN/m2) were found

for compacted Paraho spent shale
(Woodward-Clyde,

1976), and up to 500 psi (3500 kN/m2) for compacted

TOSCO spent shale (Culbertson et al., 1970).
This

suggests that a cementing process,
similar to that

which occurs in lime stabilization of soils, occurs.

Pozzolanic reactions, i.e., reactions between free

lime [CaO or Ca(0H)2] and active silica are known

to occur. Pozzolanic activity (defined as the

ability to react with free lime to form cohesive

hydrates, e.g., tobermorite gel, which gives

strength to portland cement) has been induced in

shales and clays by heat treatment (Lea, 1971).

Retort grouting is the only candidate control

technology that would simultaneously strengthen

abandoned retorts and prevent leaching of spent

shale. It would also reduce the problem of

disposal of surface retorted spent shale and

mixing of waters of the two aquifers. Design

criteria for such a grouting operation have not

been established, but they may include the follow

ing requirements:

(1) Low permeability of the grouted retort,

-6

probably on the order of 10 cm/sec.

(2) Sufficient strength to support the roof

of the retort and permit the pillars

(undisturbed rock between retorts) to be

retorted afterwards. Compressive strengths

of 1000 psi (7 kN/m2) may be required.

(3) Long-term stability.

Two major technical problems remain to be

solved for this technology to be successfully

demonstrated. One is the preparation of a grout

that would satisfy the criteria listed The other

is ensuring good penetration of the grout into the

voids of an abandoned retort without incurring

excessive drilling and injection costs.

Preparation of spent shale grout. In order to

satisfy the design criteria, the grout will probably

require that significant amounts of cohesive

hydrates be formed. Unless this occurs, spent

shale grout will be basically a silt, rather than

a cement, grout. Adequate permeability reduction

could be achieved by a silt grout, but probably not

strength or permanence. Lack of permanence in a

i

silt grout would be due to washing out of fines

under the hydraulic gradient that may exist across

an abandoned retort after reinvasion of groundwater.
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For formation of cohesive hydrates, retorting

conditions (or post-retorting treatment) must

optimize both pozzolanic properties of spent shale

and also formation of free lime [CaO or Ca(0H)2].

Campbell (1978) studied mineralogical reactions

during retorting and showed that the calcium content

of raw shale, originally present as calcite (CaC0_)

or dolomite [CaMg(C03)2] , is largely converted to

silicates which have no cementing value. Campbell's

work suggests that at low C0 pressures and rapid

heating rates, some free lime may be formed. There

fore it may be possible to operate a surface retort

to optimize free lime formation. Research is

required to define these operating conditions.

Another way to obtain cohesive hydrates in

spent shale grout is to promote the formation of

Portland cement clinker compounds, e.g., tricalcium

silicate (alite) or B-dicalcium silicate (belite) .

Addition of finely ground limestone either before

retorting or before a post-retorting heat treatment

step could produce these compounds. A temperature

in the range of 1000C would likely be required for

this; thus, retorting conditions to optimize

cementing properties would result in less efficient

energy recovery.

Finally it may be economical to simply add a

proportion of portland cement to the spent shale

to improve its grouting properties.

Grout distribution. In usual soil grouting

applications, grout is injected through closely

spaced pipes, e.g., on 10-ft (3 m) centers. If

this were done in grouting abandoned retorts, good

penetration would be achieved, but the cost of

drilling the injection holes would be high due to

overburden depth. For retort grouting to be

economical, grout holes must be drilled at some

greater spacing [say 50 ft (15 m) on centers], and

the grout must be able to penetrate the maximum

distance between holes to fill the entire void

space.

Penetration of grout through porous media

depends on the properties of both the grout and the

flow medium. For a grout with a defined setting

time, the distance the grout can penetrate is the

distance it can travel before it sets. The velocity

of travel through pores is determined by the viscos

ity of the grout, or the apparent viscosity in the

case of non-Newtonian grouts. Another factor

limiting the penetration of particulate grouts,

i.e., a spent shale grout, is the size of particles

in suspension relative to the size of the pores.

Shear strength of the fluid grout is also an

important factor limiting penetration. In small

pores, a greater pressure gradient is needed to

overcome the shear strength of the grout. As grout

injection proceeds, the injection pressure gradient

which will cause flow of a grout with shear strength

S through a pore of radius r is 2S/r (Raffle and

Greenwood, 1961). Since the pressure gradient

decreases with increasing distance from the point

of injection, this limits the distance of penetra

tion through fine pores. It appears that this last

factor will be the most important factor limiting

the flow of spent shale slurries through an aban

doned retort. Therefore experimental work has

focused on quantifying the shear strength of spent

shale slurries, and the means to reduce it.

Additional complicating factors are the

tendency of spent shale to absorb water and the

complicated (and presently unknown) geometry of

porosity in an abandoned retort. Nevens et al.

(1977) found that simulated in-situ spent shale

from the LETC 150 ton (135 tonne) retort absorbed

up to 4 gal
water/ft3

(535 Jl/m3) and that for 2 in.

(5 cm) cubes, most of this was absorbed within 5

min. Thus, if spent shale is not prewetted, any

grout pumped through it would be dehydrated and its

shear strength would increase.

Spent shale geometry in an abandoned retort

may resemble that shown in figure 2. Pore distri

bution will include: (1) large voids (up to 3 cm

and larger) where flow may be turbulent rather than

laminar as is usually found in flow through porous

media, (2) small voids between small pieces of

rubble, (3) small voids between fragments of rubble

that remain in close contact (such as where a block

is broken into two pieces but the pieces are wedged

together and cannot move apart) , (4) cracks and

fissures in retort walls, and (5) pores within

rubble fragments remaining after pyrolysis of

kerogen. The permeability of an abandoned retort

has been estimated to be about 40 cm/sec, which is

typical of a loose packed gravel. While it may be

easy to fill the larger voids, which would certainly

reduce the permeability by orders of magnitude,
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NOT TO SCALE

Figure 2. Schematic of porosity in an abandoned

MIS retort. 1 Large voids between rubble

blocks; 2small voids between small pieces

of rubble;
3

small voids where a block has

broken but pieces cannot move apart;
4

cracks

and fissures in retort walls;
5micropores

created by pyrolysis of kerogen. XBL 793-726

permeability reduction necessary would almost

certainly require filling of the smaller voids as

well probably all except the type (5) voids

shown in figure 2.

Rheological properties of spent shale slurries.

In grouting an abandoned retort, compromise must be

reached between ease and completeness of grout

penetration, which are favored by a high water-shale

ratio, and strength and impermeability of the grout,

which are favored by a low water-shale ratio. The

situation is further complicated by the tendency of

the spent shale in situ to absorb water and dehy

drate the slurry being pumped through it. Prelim

inary measurements of rheological properties of

spent shale grouts are presented in figure 3.

Spent shale slurries studied here were non-Newtonian.

Their flow characteristics (in the range of shear

rates and water-shale ratios studied) are described

by the Casson model (Casson, 1959) :

F2

= a +
bD^

where F = shear stress,
dyne/cm2

D = shear rate, sec

a,b = constants.

This model was derived theoretically by considering

the slurry of a suspension of rigid spheres in a

MO
ADMIXTURE-

1% MELMENT F-10.

1K LOMAR O

300 400 S00 600

SHEAR RATE (sac-1)

Figure 3. Viscosity-reducing effect of admixtures

on spent shale slurries (45% solids).

XBL 794-1187

Newtonian fluid. It is hypothesized that due to

van der Waals attraction, chains of particles form,

which are broken to shorter chains when the liquid

is sheared. In figure 3 results are shown for a

45% solids slurry of Lurgi spent shale with and

without addition of dispersant. The two dispersants

tested were Lomar D (Diamond Shamrock Co.), sodium

naphthalene sulfonate, and Melment F-10 (American

Admixture Co.), a melamine-formaldehyde. Disper

sants function by being adsorbed on the surface of

particles in suspension, and preventing the forma

tion of chains. As shown in figure 3, the addition

of 1% by weight of shale of these dispersants

changes the flow characteristics to quasi-Newtonian

flow (Newtonian flow would be a straight line

through the origin) The viscosity of the slurries

with dispersants added are 130 cP and 90 cP for

Melment F-10 and Lomar D, respectively. More

important than the viscosity is the fact that the

yield value (the stress that can be sustained by

the grout without flowing) has been reduced from

25
dyne/cm2

to less than 5 dyne/cm2. This means

that the grout, with dispersant added, can flow

under a pressure gradient one-fifth as great as

without. As a slurry flows through spent shale,

its water-shale ratio will continuously decrease

due to dehydration. Use of dispersants may be

economical if grouts could penetrate farther and

fewer injection holes would have to be drilled.
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Ground surface

MOT TO SOLE

Figure 4. Schematic of grout curtain to prevent

groundwater re- invasion of abandoned retorts.

XBL 793-704

|ddddddd| [j

Grout curtain

Palisade of

hydraulic bypass conduits

Arrows indicate
** direction of ground

water flow

Block of retorts

Ground surface

^Upper aquifer

*
Mahogany zone

~~

^^
Lower aquifer

Bypass
conduit

NOT TO SCALE

Grout

curtain (if necessary)

Figure 5. Schematic of hydraulic bypass around

block of retorts. XBL 793-712

Hydrogeologic Modifications

Retorts may also be hydraulically isolated by

surrounding a retorted area with a grout curtain or

by providing a hydraulic bypass around the area.

Figure 4 shows a schematic of a grout curtain

used in conjunction with an in situ retorting

operation. A curtain of conventional grouting

material such as portland cement would be formed

around a large block of retorts. Flow through the

area would be limited to leakage through the curtain

which would be several orders of magnitude lower

than would otherwise occur. The economic attrac

tiveness of this approach requires that a large

number of retorts (about 200-300) be surrounded by

such a curtain. The technology of grout curtains

is well established for smaller scale application.

The application of this technology to large retort

blocks may have some important technical limitations.

Faults or fractures may limit the area which can be

surrounded by a single grout curtain. Drilling and

grouting at depths up to 1500 ft (450 m) may be

technically difficult or costly.

Alternatively, flow through a retorted area

may be limited by providing a hydraulic bypass

around the area. If nine times as much groundwater

flows through the bypass as through the retorts,

pollutant transport will be reduced by a factor of

ten. A hydraulic bypass arrangement could be a

palisade of perforated pipes short-circuiting the

lower to the upper aquifer, as shown schematically

in figure 5. Alternatively, a grout curtain and

hydraulic bypass could be used together.

Recover and Treat Leachate

Control technologies considered thus far have

focused on retarding flow through the retorts.

Another means of minimizing aquifer disruption is

intentional leaching. Laboratory studies have

shown that most of the leachable material is removed

in the passage of the first few pore volumes of

water. Thus, a finite amount of leachate can be

pumped to the surface, treated, and disposed of.

Figure 6 shows some experimental results for spent

shale from the LETC 10-ton (9-tonne) retort. For

shale particles in the size range 1/8 to 1/2 in.

(0.3 to 1.3 cm), six pore volumes were required to

remove most of the organic carbon (Fox et al.,1978).

Similar results were obtained for salts leached

60

sn -50

S40-

b-20-

-i | i | r -i i i i i i i i i i i p

? * Effluent

o o influent

One pore volume passed

through the column in

12 hours

t~> rr i i i i l_j i_i i_i_

4 6 8 10 12 14 16 18

Quantity of leachate - pore volumes

Figure 6. Progressive decrease in leachate

strength all organic carbon is leached by
first six pore volumes. XBL 791-246
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from TOSCO spent shale (Colorado State University,

1971). Thus after some limited volume of leachate

is recovered and treated, additional leachate may

enter the aquifers and pollutant transport will be

minimal. Conventional technology is adequate to

treat leachate. Adsorption on activated carbon

followed by reverse osmosis would probably produce

an effluent suitable for use or disposal (say by

injection into aquifers). Other demineralization

technologies, such as electrodialysis and ion

exchange, are generally more costly for waters in

the expected range of salinity.

The effect of particle size on the volume of

leachate to be treated must be resolved before this

technology can be applied. Another problem is the

volume of brine (rejected from the reverse osmosis

process) to be disposed of. The volume of brine

to be disposed of is proportional to the volume and

TDS of leachate treated. The maximum salt content

in the brine (corresponding to the minimum brine

volume) is about 60,000 mg/Jl. Thus, assuming a

leachate TDS of 6,000 mg/Jl, about 10% of the

leachate volume would end up as brine, requiring

disposal by evaporation. To keep pace with a

production rate of 100,000 bbl/day (16,000 m3/day)

of oil, 4.4
xio7

gal/day (1.7 *
IO5

m3/day) of

leachate would have to be treated. To evaporate

10% of this flow would require about 1,600 acres

(650 hectares) of lined evaporation ponds.

It would theoretically be possible to allow

re- invading groundwater to leach the retorts. The

disadvantage of this is that control measures would

only be implemented after retorting in an area had

ceased, and would have to continue for a long period

of time (on the order of 100 years).

Collecting leachate and treating it on the

surface is limited by the large volumes to be

handled and the rate at which it must be treated.

An alternative is to treat the leachate in situ as

it is formed. If adequate treatment of leachate

can be achieved by adsorption only (no reverse

osmosis step), then it may be feasible to inject

an adsorbent into the retorts that would trap and

hold leachable material in the retort. No technol

ogy for this has been demonstrated. However, some

clays may display good adsorptive capacity for

leachate contaminants .

Other Control Technologies

Other control technologies, such as managing

polymerization reactions between components of

retort water (aldehydes and amines or phenols for

instance) or injecting a water-repellent coating

into a retort are technologically remote and very

costly. The control technologies described here

appear feasible if the technical problems enumerated

are resolved.

COST PROJECTIONS

At this stage, only rough cost projections can

be made. The properties of the abandoned retorts

and of the aquifers are not well known, nor have

design criteria been established. However, it is

useful to project costs approximately to focus

attention on controls that have a potential for

commercial application. Control costs in excess of

about $3/bbl ($19/m3) are not feasible and could

seriously affect the economics of oil shale produc

tion. Table 2 summarizes unit costs for the various

control technologies discussed and the assumptions

upon which the cost projections have been based.

These cost figures are based upon the assump

tion of MIS retorting with 20% voids, a shale grade

of 24 gal/ton (100 Jl/tonne) and 65% recovery, plus

other assumptions as noted specific to each control

technology. Oil recovered from surface retorting

is not considered; to include it, reduce the cost

per barrel by 28%.

Retort/aquifer geometry from the detailed

development plans (Gulf Oil Corp. and Standard Oil

[Indiana], 1977 and Ashland Oil, Inc., and Occidental

Oil Shale, Inc.
, 1977) for tracts C-a and C-b were

used in these estimates. Costs for tract C-b are

higher than for tract C-a due to the greater depth

of overburden on tract C-b, and associated greater

proportion of the costs due to drilling. For retort

grouting (filling 100% of the voids), drilling

injection holes amounted to 23% of the total cost

for tract C-a, and 47% for C-b. This points up the

importance of using a grout that can penetrate to

substantial distances through fine voids, as

doubling the distance of grout penetration would

reduce the number of holes to be drilled by 75%.

While these cost projections are preliminary,
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TABLE 2. Cost projections for control technologies.

Control technology Technical problems

to be resolved

Projected Cost, $/bbl

Cost assumptions
Tract

C-a

Tract

C-b

Grout abandoned

retorts with spent

shale slurry
a

Development of spent shale

with adequate cementing

properties

Distribution of grout

through retort

2.70 3.80

(filling 100% of voids)

1.20 2.35

(filling 30% of voids)

Grout injection holes

on 50 foot centers

$20/ft to drill

injection holes

$6/yd3

to treat, slurry,

and inject spent shale

Construct grout

curtain around block

of retorts

Engineering feasibility of

constructing grout curtain

(not routine)

Computer modeling to

evaluate effectiveness

1.70 2.80
$13.50/ft2

to construct

grout curtain

Construct hydraulic

bypass around block

of retorts

Computer modeling to

evaluate effectiveness

0.25 0.50 Bypass pipes placed

around perimeter at

20-ft centers

Pipe costs $30/ft,
installed

Collect leachate and

treat on surface by
activated carbon and

reverse osmosis

Disposal of brine.

Volume of leachate that must

be treated depends on

kinetics of leaching large

blocks

1.20 Must treat 660 gal

leachate per barrel of

oil (=6 pore volumes)

Pumping cost:

$0.50/1000 gal

Treatment cost :

$1.20/1000 gal

Treat leachate in

situ by injecting
adsorbents into

abandoned retorts

Still hypothetical

adsorption isotherms must

be developed

0.50 No reduction in leachate

TDS required adsorbents

remove only organics and

heavy metals by ion

exchange

Adsorption on bentonite

($30/ton)

0.1 mg organic carbon

leached per gram of

spent shale

0.02 g organic carbon

adsorbed per gram of

adsorbent

This control option may also strengthen abandoned retorts, permit additional resource

recovery and allow disposal of part of the surface spent shale.

and require verification by laboratory and field

data, they do indicate that environmental control

may be economically feasible and that selection of

control technology will be site specific.
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INORGANICS LEACHING OF SPENT SHALE

FROM MODIFIED IN SITU PROCESSING

M. C. Tom Kuo, W. C. Park, A. Lindemanis,
R. E. Lumpkin, L. E. Compton

Occidental Research Corporation

P.O. Box 19601

Irvine, California 92713

INTRODUCTION

One of the technical uncertainties in

conventional oil shale retorting is how to

effectively dispose of retorted shale. Soluble

compounds in the rock might pollute local

streams and rivers if disposal is carelessly

handled. Occidental Petroleum Corporation has

developed a modified in situ (MIS) process for

retorting oil shale that promises to make shale

oil production economically feasible, and at the

same time appears to reduce the risk of environ

mental impact.

This paper presents the results of a series

of laboratory tests that examine the chemical

reactions in the inorganic part of oil shale

during retorting. A model is developed for

leaching retorts, based on laboratory data.

This model is then used to predict leaching

behavior of field retorts. Rock cored from a

spent in situ retort was analyzed to confirm the

laboratory work.

BACKGROUND

In Occidental's modified in situ process

(Prien 1976), oil is produced underground in the

formation containing the oil shale. Voids are

created in the shale formation by mining out a

volume of rock equal to about 1/4 of the shale

to be processed in situ. The raw shale is taken

to the surface for disposal. The remaining

shale is then fragmented with conventional

explosives, and the rubble pile is ignited at

the top. The combustion front moves from the

top to the bottom, where the oil and gaseous

products are removed. The flame front advances

by combusting the residual organic carbon left

in the shale. The spent shale produced by the

retorting remains underground in the retort

after processing.

MIS processing requires surface disposal of

the mined-out, raw shale. In general, the

leachability of this material is low. In

addition to having fewer water-soluble species

than retorted shale, raw shale retains the

kerogen which greatly impedes access to those

substances that are leachable. For a few ions,

such as fluoride, raw shale is a greater source

than spent (Chappell et al 1978). However, the

preponderant inorganic constituents of raw oil

shale are water insoluble, thus making it a

relatively easily handled waste. Moreover, it

is one that is already part of the environment.

Both the organic and inorganic compounds in

the spent shale underground are potential

groundwater pollutants. The organic compounds

are produced during the destructive distillation

of the kerogen. They are minimized, but not

eliminated, in a direct combustion process like

Occidental's that uses the residual carbon as

process fuel. Green River Formation oil shale

contains large amounts of inorganic carbonate

minerals, which may be converted to other

mineral forms during processing. Some of

these minerals are soluble and could pose a

possible problem if they were to be leached into

the surrounding aquifers.

LITERATURE REVIEW

The leachability of spent oil shale depends

on the mineral composition of the rock. This

composition is the product of both the composi

tion of the raw shale and the operating charac

teristics of the retorting process. Numerous

investigations have been aimed at identifying

and quantifying the various inorganic species

present in the raw shale. The principal min

erals found in Green River Formation oil shale

are carbonates (dolomite and calcite) and
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silicates such as quartz, feldspars, clay

minerals, and zeolites as shown in Table 1. The

amounts vary with location, and additional

minerals such as dawsonite (NaAl (0H)2C03),

nahcolite (NaHC03) and nordstrandite (A1(0H)3)

might be found in minor quantities.

Table 1

Average Mineral Composition of Mahogany
Zone Shale, Colorado and Utah

Mineral Chemical Formula

Dolomite (Mg,Fe)Ca(Co3)2
Calcite CaC03

Quartz Si02

Illite KAl2(AlSi3)Oio(OH)2

Albite NaAlSi30Q

K feldspar KAIS13O8

Pyrite FeS2

Analcime NaAlSi'04 25H2O

Total

Composition,
wt. percent

32

16

15

19

10

6

1

1

100

From Synthetic Fuels Data Handbook, Cameron

Engineers Inc., Second Edition, p. 14 (1978).

Mineral Reaction Kinetics

During retorting, the mineral composition

changes substantially as the carbonates decom

pose and react with other mineral species in the

shale. However, in contrast to the extensive

studies of raw oil shale, only limited informa

tion has been available on the minerals formed

or the rates of mineralogical reactions during

oil shale retorting.

Since the decomposition of carbonates

proceeds by the evolution of the volatile

product CO2, carbonate decompositions are more

amenable to kinetics studies than mineral

reactions which occur only in the solid state

and do not yield measurable gaseous products.

Consequently, a number of studies dealing with

decarbonation have been published. The thermo

dynamics and kinetics for pure carbonate decom

position were critically reviewed (Stern and

Weise 1969). The reaction of quartz with pure

carbonates and their corresponding oxides has

also been reported (Kridelbaugh 1973, Taylor and

Williams 1935, Montier et al 1969). Few at

tempts have been made to extend this literature

on pure phases to oil shale.

Early studies on decompositon of oil shale

carbonates found that the reactions begin at

temperatures lower than those observed for the

corresponding pure phases (Matzik 1960 and

Jukkola 1953). The decomposition of dolomite

((Ca,Mg)C03) to form calcite (CaC03), periclase

(MgO), and CO2 gas occurred below 565C, while

the decomposition of calcite began at 620C.

Both of these temperatures are more than
200

lower than those observed for the corresponding

pure minerals (Kridelbaugh 1973, Taylor and

Williams 1935, Montier et al 1969).

No other relevant investigations were

published until last year. Recent work has

utilized nonisothermal methods to study the

kinetics of the carbonate decomposition in oil

shale under nitrogen and carbon dioxide atmo

spheres (Campbell and Burnham 1978, Campbell

1978, Campbell and Taylor 1978). They proposed

that the rates were enhanced by the reaction of

calcite with quartz to form various calcium

silicates. Further silication involving

MgO was said to occur at 800-1000C after the

decarbonation was completed. Subsequent

work (Campbell 1978) found that steam accel

erated the solid state reactions.

A recent investigation emphasized identi

fication of the reaction products, reporting

both decarbonation and silication for oil shale

that had been retorted between 600C and 1150C

(Smith et al 1978). The newly formed silicate

minerals were largely diopside (CaMgSi2C>6)

and akermanite (Ca2MgSi207) .

Because the x-ray diffraction peaks showed

little or no increase in height across a 24-hour

span at a given temperature, the authors con

cluded that the solid state synthesis reactions

reached equilibrium rapidly in spite of the

requirement for mobility of the reacting species

through the solid phases.

None of these studies used reaction times

comparable to those normally encountered in

modified in situ retorts. Only short term

changes, 24 hour reaction times or less, have

been assessed so far. Longer reaction times are

currently under investigation, but results have

not yet been published (Parker 1979). The

conclusion is that current literature on reac

tion kinetics is not directly applicable to

modified in situ retorting which requires that

long reaction times be considered, usually two

weeks or more.
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Spent Shale Leaching

It is the leaching characteristics of the

minerals present after retorting that determine

the level of environmental concern. To date,

inorganics leaching investigation have not

studied spent shale that was produced by modi

fied in situ retorting. Most of the literature

work has used shale produced in above ground

retorting processes.

The leaching potential of spent shale

derived from several above-ground retorting

operations has been assessed (Ward et al 1971).

Spent shale from three pilot plant processes was

examined; from the USBM Gas Combustion retort

ing, from the Union Oil Company retorting

process, and from TOSCO retorting process. The

concentration of most ions was significantly

greater for the Union spent shale than for

either the USBM or the TOSCO spent shales. This

was attributed to the retorting conditions.

Preliminary experiments assessing the

leaching of soluble materials from oil shale

retorted under simulated in situ conditions have

been completed (Parker et al 1977, 1978).

Parker designed and fabricated a small labora

tory-scale retort that
"simulated"

in situ

retorting conditions. Spent shales were pro

duced by varying retorting temperature, retort

ing time, and gaseous environment and then were

leached with either distilled water or ground

water. The results in general showed more

material is leached when retorting temperatures

of
600

to 800C are used instead of temperature

in the
400

to
5008

range.

Parker noted that retorting temperature was

also a variable that influenced inorganic

chemical reactions. At temperatures above

550*C, carbonates were decomposed to oxides of

magnesium and calcium which, in the presence of

water, are converted to hydroxides. These have a

higher solubility than the carbonates and

generate a high pH. Thus, carbonate decomposi

tion can completely change the character of the

oil shale. However, the work did not use

retorting times sufficiently long to allow

valid extension of the work to MIS retorting.

The scope has recently been extended to longer

times, but the results are unpublished (Parker

1979).

The literature to date addresses mineral

transformations in idealized atmospheres with

short retorting times and spent shale leaching

using samples prepared with short retorting

times. The data have applicability to above

ground processing, because such processing

maintains the shale at temperature for only a

few hours. However, extension of this data

base to in situ processed shale is risky. Its

use will lead to predictions of a significant

water quality concern for in situ retorting

which may be too great.

RESULTS

Our research shows in situ oil shale

retorting will produce a spent shale that

minimizes the leaching of inorganic ions into

aquifer water. This conclusion is based on a

broad investigation including laboratory

kinetic studies that considered long-term

mineral transformations, leaching artificially

prepared spent shale, and mineralogical charac

terization and leaching of spent shale cores

from one of Occidental's in situ retorts.

The kinetics studies show that the mineral

ogical reactions involving dolomite, calcite,

quartz and other minerals lead to generally

insoluble mineral forms. The silication reac

tions are promoted by extremes of time and

temperature during in situ retort inq, and are

apparently catalyzed by steam in the retort

gas. Periclase (MgO) and lime (CaO) can be

completely consumed. TDS and pH levels are thus

greatly reduced when water leaches spent shale

which has undergone these extreme conditions.

Leachability of other ions is also reduced. The

results with artificially retorted shale are

confirmed by analysis and leaching in situ

retorted spent shale cores. Values for dH in

leachate from core tests are about 9 or less,

and the leachability of the ions measured is

similar to that found for raw shale. This is

certainly an encouraging result.

Occidental has also developed a model which

can be used to predict in situ retort leaching

behaviour. The model adequately predicts the

results of laboratory-scale, column leaching

experiments. When the model is used to simulate

field retorts, it predicts that dissolved solids

concentrations in water from in situ retorts

will fall very rapidly after a few rubble void

volumes of water have passed through the spent

retort. This result is also very encouraging.
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Mineral Kinetics

In order to identify the effect of various

operating conditions on the solid state mineral

reactions, retorting experiments were undertaken

in the laboratory with one-inch cylindrical

pellets. These pellets were prepared by com

pacting approximately 30-40 grams of oil shale

powder in a die at 1.4 x
IO5 kPa. This proce

dure insured repoducibility by minimizing

the natural nonhomogeneity of oil shale. All

tested pellets had the same initial chemical

composition. The compaction was to restore

the original grain-to-grain contact relation

ships that are important to the solid-state

reaction kinetics.

To start an experiment, these pellets would

be plunged into a furnace under a controlled

atmosphere and held at a given temperature

for time periods ranging from less than one to

1800 hours. Atmospheres of O2/N2, CO2, air

and steam were studied. The experimental

techniques and results have been reported in

detail (Park and Lindemanis 1979).

Certain generalizations may be made for the

inorganic reactions in oil shale. At tempera

tures above 600-700C, both dolomite and calcite

will completely decompose after extended retort

ing. The result of dolomite decarbonation is

the formation of calcite and periclase. The

slower calcite decarbonation could also produce

lime, but at no time was any lime detected in

the products. It is presumed that the lime

reacts immediately with quartz and periclase to

form various silicates. Periclase (MgO) is an

intermediate product that reaches a maximum

concentration between 550C to 650C and dis

appears within hours at temperatures above

800

C.

Akermanite (Ca2MqSi207) and diopside

(CaMgSi206) contents are low at 600C, but

the level of akermanite achieved at 760C after

20 hours is approximately 60 wt% of the spent

shale. Electron microprobe analysis indicates

that this akermanite contains 11.5% MgO. Thus

practically all of the MgO in the spent shale is

found as a silicate at 760C. Diopside content

after 100 hours at 760C is only 7-9 wt%,

according to semi -quantitative x-ray diffraction

analysis. However, above 900C diopside content

increases steadily while akermanite decreases.

Typical changes in mineral content for the

more important species are shown in Figure 1.

These particular results are for pellets retort

ed isothermal ly at 7608C under a 1% 02 in Ng

atmosphere for 0.5 to 264 hours. The relative

concentrations as measured by x-ray diffraction

peak heights are shown as a function of time.

Similar curves have been generated for the other

atmospheres and at the lower and higher tempera

tures of 600C and 1000C.

Although the decomposition of the carbon

ates is rapid, silication to form akermanite,

diopside or the other observed silicates occurs

in several stages with equilibrium not being

attained within 200-300 hours. The formation

and subsequent disappearance of monticellite

(CaMgSi'04) and forsterite (Mg2SiO/-.) typify

the small but significant changes were still

taking place. These results have been combined

with the shorter -term kinetic results to

generate predictive curves that are three-dimen

sional, showing the relative concentration for a

mineral species as a function of both tempera

ture and time. Figure 2 illustrates this for

one of the principal silicate products, akerman

ite (Ca2MgSi207).

Retorting under CO2 atmosphere slows down

the carbonate decompositions as would be expect

ed. A less obvious result is that the CO2

seems to retard the formation of silicates which

require MgO and thereby prolongs the conversion

to silicates as well.

Experiments with steam show that the use of

steam speeds up the formation of silicates.

Results so far indicate that essentially the

same minerals are formed as in the absence of

steam. This is in agreement with the Lawrence

Livermore work (Campbell and Taylor 1978).

Because steam is an important element in a

typical retorting atmosphere, a more detailed

investigation is underway to better characterize

the effect of steam in mixed atmospheres.

Leaching of Laboratory Samples

Three kinds of leaching experiments were

conducted using spent shale from Occidental

Research's "mini-retort"

(Mahajan et al 1977).

This unit simulates in situ retorting on a very

small scale. The retort is 15.3 cm. in dia

meter, 1.2 m long and holds about 20 kg of raw
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Figure 1: Mineral content changes in artificial shale pellets during heatinq. Relative x-ray

diffraction peak heights vs. time at 760C under 1% O2/N2 atmosphere.

oil shale. The walls are heated to control heat

losses, and are essentially adiabatic. Shale

prepared in this way is not representative of

spent rock from in situ retorts, because the

time the rock remains at high temperatures in

the pilot plant is too short, on the order of a

few hours. However, the objectives of the

experiments were compatible with this restric

tion.

The first set of experiments was run to

determine what leachable components in the rock

should be monitored. We planned to do a great

many tests, and wished to keep the number of

analyses within reason. Spent shale that had

been processed under a wide variety of operating

conditions was available from our mini retort.

A series of samples was chosen that covered

temperatures from
540

to 900C, shale grades

from 10 to 37 gal /ton, and particle sizes from

0.3 to 4 cm. All samples were retorted with

mixtures of air and steam; a few were processed

with undiluted air.

Samples were ground to minus 40 mesh powder

and slurried with deionized water at room

temperature. Conductivity and pH were moni

tored, and the samples were stirred until no

further changes occured. The water was then

decanted and analyzed. Water-to-shale ratio

varied from 7 to 75 ml/g. The results of those

tests showed that:

As expected, the major cations were

calcium, sodium and potassium; the major

anions were hydroxyl (pH) and sulfate.

Representative values for a shale retorted

at 720C are shown in Table 2.

Table 2

Mini Retort Shale

Batch Leaching Experiments

Water -to-

Shale

Ratio Ion

Major Ions

Concentration, mg/l iter

(ml/g) TDS
Na+

_K+_

Ca"1"1-

S04_

7 1260 154 47 410 180

10 1970 128 41 290 180

25 600 50 17 180 84
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Figure 2: Akermanite content of artificial shale pellets vs. temperature and time of

retorting under air.

Concentrations of all trace elements,

with two exceptions, were below those

specified by the EPA for public drinking

water. The exceptions were fluoride and

chromium. The latter proved to derive

from the mini retort walls, not the shale

itself. Mercury and selenium in the

leachates were close enough to the EPA

criteria that further monitoring was

needed.

The only elements in leachate from raw

shale (unretorted) that exceeded the EPA

drinking water criteria were boron and

fluoride. Similar results have been

obtained by others (Chappell et al 1978).

Organics in the leachate were negligible.

This is not surprising because the pilot

plant shale burns rather thoroughly.

The effect of maximum retorting tempera

ture on the leachability of the shales

confirms the results of the kinetic stud

ies. At the short exposure times used in

the pilot plant retort, calcium, sodium and

potassium concentrations in the leachate

all go through maxima between
750*

and

8508C, as shown in Figure 3. Less material

is available for leaching at either higher

or lower retorting temperatures.

t Samples from runs using undiluted air

instead of air-steam mixtures for retorting

were more readily leachable at any tempera

ture of retorting. This result confirms

the higher silication rates observed

in the kinetic studies when steam is

present.

The data also illustrated an important

point to consider in extrapolating batch leach

ing data to field conditions. The concentra

tions of at least the major ions in the rock are

high enough that equilibrium relationships

influence the results. Figure 4 shows how

sulfate and hydroxyl ion concentrations varied

for samples retorted at different temperatures.
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All leaching experiments used 10 ml water per

gram of shale. Hydroxyl ion would be expected

to show a maximum corresponding to the greatest

lime concentration in the rock, and it does.

The sulfate concentration in the leachate goes

thorough a minimum at the same point. As will

be illustrated below, the sulfate concentration

in the rock exhibits no such minimum, but

decreases steadily with increasing temperature.

This behavior is caused by the "common
ion"

effect, frequently encountered in the theory of

buffered solutions. Any quantitative use of

batch leaching data should consider this effect.

A second set of powder leaching experiments

used a Soxhlet apparatus to exhaustively remove

all soluble minerals. The data from these tests

define total material available for leaching, an

important parameter in any model for the leach

ing process. Theoretically, such information

could be derived from the composition of the raw

shale and the retort operating conditions, but

the reaction kinetics in the solid phase are

not yet defined well enough to make such

calculations practical. Since the reaction

conditions are not comparable to those in field

retorts, these data will not be discussed in

detail. Their primary application was in the

model used to predict the leaching of columns

containing similar spent shales.

Figure 5 shows the total soluble sulfate

contained in the shales after retorting. The

samples used to generate these data came from

the same runs as those used to generate Figure

4. The total sulfate does not exhibit the sharp

minimum observed in the sulfate concentration in

the batch -leaching liquids.

The final type of experiments on this same

set of spent shale samples was continuous-flow

column leaching. The shales were packed in 7.5

cm diameter glass tubes 1.2 m long, and deion

ized water was trickled over them. The objec

tive of these tests was to provide data to test

a mathematical model that included mass transfer

resistances. The results, like the earlier

batch leaching tests, are not directly applica

ble to MIS retorted shale because the rock was

not exposed to high temperature for long enough

times.

These data show that:

500 r

400 -

300 -

200 -

500 600 700 800 900 OOO

AVERAGE MAXIMUM RETORTING TEMP, *C

Figure 3: Spent shale laboratory batch leach.
Equilibrium concentration of calcium,

potassium, and sodium in water vs.

average maximum temperature in

mini -retort.

Figure 4:

600 700 800 900 1000

AVERAGE MAXIMUM RETORTING TEMPERATURE, *C

Spent shale laboratory batch leach.

Equilibrium relationship between

sulfate and hydroxyl ion concentra

tion in water vs. temperature.
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Figure 5: Spent shale laboratory extraction.

Total leachable sulfate vs. tempera

ture for variable shale particle

diameter.

For shale retorted at temperatures above

650C, the concentrations of most ions fall

to negligable levels in the leachate after

the first 5 void volumes of water. Initial

concentrations can be quite high, but as

soluble material is removed from the

particle surfaces, mass transfer resistance

within the rocks becomes important.

Concentrations of two species do not fall

off this rapidly. Hydroxyl and calcium

ions are present in high concentration, and

take longer to fall off. Calcium actually

increases for the first few void volumes,

and may not reach low levels for 20 void

volumes. pH remains above 11, even after

50 void volumes in many cases. Again, it

should be emphasized that these results do

not reflect the leaching behavior of MIS

retorted oil shale. It will be demonstrat

ed below that using shale that was not

exposed to high temperature for long times

to simulate field behavior can lead to

significantly overestimated potential

environmental impact.

t Concentrations of ions from lower tempera

ture retorting experiments fall off more

slowly. This is presumably due to the

limited solubility of the carbonates and

bicarbonates still present in these rocks.

More soluble hydroxides are removed faster.

Larger particle size and higher tempera

ture runs fall off most rapidly. The

effects are not separable because the

larger particles tend to lead to high

temperatures.

Water passed over raw shale in the same way

is virtually innocuous. One early sample

had a fluoride level of 4 ppm, but in no

other case was the concentration of any

component above the EPA drinking water

criterion.

Leaching Model

A simple mass-transfer model has been

derived that adequately predicts the leaching of

shale columns in the laboratory. The model

requires knowledge of the spent shale composi

tion and particle size, and the inlet water flow

rate and composition. It predicts the concen

trations of components in the outlet water as a

function of time.

The model considers pore diffusion to be

the rate-controlling step in leaching, and makes

the usual simplifying assumptions needed to

derive a
"shrinking-core"

model for individual

rocks. To complete the model for leaching a

column of rock, the rate equation must be

supplemented with a continuity, or mass balance,

equation. Two types are commonly applied

to columnar operations, one utilizing the

concept of axial dispersion and the other

considering the column to be a series of well-

stirred tanks. We chose the latter type. The

resulting differential equations are converted

to difference equations and solved numerically

with a computer.

Several parameters need to be specified to

obtain a solution. The amount of material

available for leaching is determined from

Soxhlet extraction data. The concentration of

material at the shrinking-core interface can be

calculated from phase equlibrium relationships,

or can be more simply determined from the

concentration of the ions in the "first drop"
to

emerge from the column. This first leachate
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should be at equilibrium with the rock. The

pore diffusivity can be determined from general

correlations in the literature, from single-

particle leaching data, or by fitting the column

leaching data to the model. All three methods

give values between IO"7
and IO"8

cm2/sec.

Finally, the number of "stirred
tanks"

in series

must be determined. This is frequently chosen

as the column length divided by the particle

diameter; for the leaching rates observed in

laboratory tests, any number of tanks greater

than 10 have no effect.

Figure 6 shows how well the model fits the

laboratory column leaching data. This is a

typical example, neither the best nor the worst

fit. The figure shows total dissolved solids in

the leachate from 0.3 to 0.65 cm spent shale

retorted in a mixture of 50% steam, 50% air.

Individual major ions also fit the model, but no

attempts have been made to follow trace metals.

The model should fit these as well.

Field Samples

Occidental has operated five in situ field

retorts so far, and is currently operating

another. One of the spent retorts, designated

Retort 3E, is particularly suitable for use in

understanding leaching from abandoned in situ

retorts.

Core samples have been taken from this

retort. Figure 7 shows a histogram of the

Fischer assay oil content in the retort before

processing for oil. The blank spaces on the

histogram are the locations of 4
"voids"

encoun

tered during the post -retorting coring. \lery

little material was recovered from these re

gions, and the drill string penetrated under its

own weight. Although the regions are called

voids, they may be filled with friable material

that the drill pushes out of the way. It is

also likely that cores from other locations in

the retort cross-section could be completely

different. Additional coring work is planned to

clarify this situation.

The samples that were collected have been

examined by petrographic microscopy, x-ray

diffraction, and electron microprobe. Methods

used and results obtained have been detailed

elsewhere (Park and Lindemanis 1979). The x-ray

data are summarized in Figure 8. These results

verify the laboratory kinetics studies. Aker-

10,000 r
Dt=20 x 10 CM /SEC

PREDICTED VALUE

EXPERIMENTAL DATA

10 20 30 40

NUMBER OF PORE VOLUMES

Figure 6: Column leaching model prediction

compared with laboratory experiment.

Total dissolved solids in leach water

vs. pore (void) volumes of water

through column.

manite and diopside, two calcium-magnesium

silicates, were the priciple minerals present,

and no free lime or periclase was detectable by

x-ray analysis. Most of the retort was held

at high tempertures for long times, and the

solubility of the spent shale accordingly is

much reduced.

Samples were also exhaustively leached in a

Soxhlet apparatus. The results are shown in

Table 3, and compared to the laboratory samples

and raw shale in Table 4. The leachability of

Retort 3E rock is very low; it behaves more like

raw shale than retorted rock from pilot plant

operation during leaching.

The pH in leachate from these samples is

also low and in agreement with our lab studies

and knowledge of core mineralogy. Equilibrium

values for 20/1 liquid-to-solid slurries of the

core at room temperature show an average pH

slightly under 10. This is in agreement with

our analysis of the core which shows no lime and

large amounts of akermanite and diopside. The

core pH and pH measured for synthetic akermanite

are identical within experimental error, +_ 0.3

pH units.
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Figure 7: Cores from Occidental modified

in situ retort 3E. Raw shale Fischer

Assay vs. depth and spent shale

core voids.

The pH values for intact pieces of core are

lower than equilibrium values. These values

were ascertained by immersing core fragments in

one liter of distilled water in a beaker,

continuously stirring, and measuring the pH for

up to 1440 hours (60 days). Initial pHs in

Figure 9 are higher than measured later, but at

no point in the experiments did any pH exceed

9.5. A spent shale fragment retorted at 800C

in the pilot plant gave a much higher pH that

increased with increasing leaching time.

The column leaching model has been applied

to Retort 3E, using the core data as a basis.

The water flow rate was assumed to be 10 gpm

f!3
5> a <5 Oo

048 12 048B048B 04812 0481204 812

440 * * * * ' * * ' ' ' ' ' i i'i f

510 -<;

Retort 3E spent shale core mineral

histogram. Relative x-ray diffrac

tion peak heights vs. depth.

(400 hours/void volume, or 0.08 meter/hr).

Results for the total dissolved solids in the

leachate are shown in Figure 10. Individual ion

concentrations also fall quite rapidly. The

extremely rapid drop in TDS is caused by the

combination of scarcity of leachable materials

and relatively large particle size. This

prediction is probably somewhat conservative

because fines, particularly in the
"void"

reqions shown in Figure 7, may contribute all of

their soluble material very quickly.
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TABLE 3

RETORT 3E CORE

Leachable

Soxhlet Results

Mineral Concentration, mg/g shale

Sample

Depth, ft. Ca

1.50

Mg

0.214

Na

0.63

K S04_

5.7

B As*

442-445 1.16 0.046 <.15

468-469 0.70 0.092 1.48 0.94 5.5 0.100 .38

468-469 0.50 0.100 1.30 0.69 3.6 0.064 0.53

469-470.5 0.77 0.110 1.05 0.94 3.1 0.029 <.15

470-475 0.97 0.149 1.02 0.97 3.1 0.034 0.49

475-477 1.14 N.A. 1.24 12.2 6.0 0.030 N.A.

475-477 0.30 N.A. 1.26 1.56 4.9 0.040 0.48

475-477 0.77 0.249 1.13 1.22 5.4 N.A. N.A.

475.5-477.5 0.53 0.063 1.08 1.24 3.1 0.027 0.61

477-480 2.08 0.135 2.06 2.85 6.6 0.063 1.61

480.5-481.5 0.61 0.066 1.35 1.35 5.7 0.032 0.84

481.5-483.5 0.97 0.080 0.54 0.82 4.9 0.011 <0.15

481.5-483.5 0.79 0.079 1.07 1.40 4.0 0.024 0.16

483-485 0.92 0.073 0.48 0.70 2.9 0.035 <0.15

483.5-485.5 1.43 0.143 0.95 1.19 4.9 0.008 1.43

485.5-500.5 0.99 0.091 1.03 1.01 3.9 0.011 0.38

500-506 1.17 0.111 1.14 1.34 2.8 0.021 0.65

Mean 0.95 0.117 1.11 1.21 4.3 0.036

Std. Dev. 0.43 0.054 0.37 0.49 1.1 0.024

* Unit for Arsenic ug/g.

N.A. means that no analysis was done.

TABLE 4

LEACHABILITY FOR VARIOUS SHALES

DETERMINED BY SOXHLET EXTRACTION

Leachable Mineral Concentration,
mg/g of shale

Retort 3E

Samples

Pilot Plant

Samples

Raw Shale

CONCLUSION

Ca

0.95

4-25

0.280

S04_

4.3

8-28

5.4

Na B

1.11 1.21 0.036

2-5.5

1.11

1-2.5

0.038

0.11-

0.32

0.046

Modified in-situ retorting produces a spent

shale which has mineralogical and leaching

properties very different from those predicted

by studies using spent shale produced by above

ground retorts or by short-term lab retorting.

During in situ retorting, extended reaction at

high temperature converts raw shale minerals to

silicate minerals, mainly akermanite and diop

side. These minerals are much less soluble than

those produced by short -time retorting.

Leachabilty of spent shale is strongly

dependent on temperature during retorting.

Temperatures sufficiently low to avoid decom

position of mineral carbonates and temperatures

sufficiently high to produce silicates both lead

to low leachability. Modified in situ retorting

operates at the high temperature end, and the

extended retorting times at this high tempera

ture give nearly quantitative completion of the

silication reactions.

Leachate from spent in situ retorts may not

be an environmental concern. Spent shale from

Occidental Retort 3E shows leaching properties

similar to those of raw shale for calcium,

sulfate, sodium, and boron. The leachability of

unmeasured species is also expected to be

low. Levels of pH measured for actual core

samples are less than 9.5. If initial leachate

from a retort does present some concern, a rapid
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Figure 9: Retort 3E spent shale core leach. Single fragments from core compared to fragment from

mini-retort pilot plant. pH vs. leaching time.
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Figure 10: Column leaching model prediction for

Retort 3E. Total dissolved solids

in leach water vs. void volumes of

water through retort.
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ABSTRACT

The Federal Bureau of Mines has conducted a con

tinuing program of environmental analysis for its oil

shale Mining Environmental Research program centered

around the 8-foot-diameter bored shaft in Horse Draw

in the central part of the Piceance Creek Basin. The

purpose of this analysis program is to determine po

tential adverse effects of the research program on

the environment before they become reality so that

any necessary monitoring can be started and mitigat

ing measures developed.

This paper describes the existing environment of

the Bureau's oil shale research tract and summarizes

the development of the facility up to the present

with emphasis on the environmental analysis that has

been conducted coincident with development. Signif

icant findings of the environmental analysis program

are presented. The Bureau of Mines has concluded

from its environmental assessment that the potential

benefits resulting from a proposed program of mining

environmental research conducted at the facility more

than offset the relatively minor negative environ

mental impacts that would result from the program.

INTRODUCTION

The most recent Bureau of Mines oil shale mining

research program began in mid-1974 as the Advancing

Oil Shale Mining Technology Program and continues,

following a major redirection of effort and a name

change, as the Oil Shale Mining Environmental Re

search Program. Since the start of the program, more

than 40 contracts have been awarded for oil shale R&D

projects, and over 10 in-house projects have been

funded. The status of this program, as well as re

search results, have been presented at each of these

symposia, beginning with the Ninth in April 1976.

A major part of the original program was to be

G. J. Leonard

VTN Colorado, Inc.

Denver , Colorado

the development of a research facility consist

ing of an underground pilot demonstration mine

in the Central Piceance Creek Basin. This fa

cility was to be developed on public lands man

aged by the Bureau of Land Management, and the

Bureau of Mines agreed to meet any Land Manage

ment environmental requirements during develop

ment and operation of the proposed facility.

This paper, which briefly summarizes the devel

opment of the facility up to the present, de

scribes in more detail the environmental analy

sis and monitoring work that has been carried

out coincident with development. The purpose

of the environmental analysis and monitoring

program has been to determine the potential ad

verse effects of the project on the local en

vironment before they become reality so that

they can be avoided or necessary mitigating

measures developed. Significant findings and

conclusions of the environmental studies as they

relate to the facility are presented, and areas

in which the authors feel more work could prof

itably be done for the Piceance Creek Basin are

mentioned.

SITE SELECTION

The initial step in developing the facility

was to establish the criteria for the site.

These criteria were selected with the idea of

locating the facility at a site that would be

representative of the depths, formations, ground

water conditions and accessory mineral suites in

the central portion of the Piceance Creek Basin.

It was decided that, if possible, the site

should

1. Have an overburden thickness of between

245 m (800 ft) and 306 m (1,000 ft) to the top
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of the Mahogany Zone.

2. Have approximately 122 m (400 ft) of "leach

ed"

water-bearing oil shale below the Mahogany Zone.

3. Have from 153 m (500 ft) to 306 m (1,000 ft)

of unleached oil shale averaging 83 1/metric ton

(20 gpt) containing representative amounts of nahco

lite and dawsonite between the bottom of the Leached

Zone and the top of the Blue Marker.

4. Have representative ground-water conditions.

5. Have typical geological structure free from

major faults or fractures.

6. Be located on from 800 to 2,000 ha (2,000 to

5,000 acres) of available contiguous public lands.

Under a cooperative agreement, the Geological

Survey reviewed available geological and hydrological

data of the Basin and located four potential sites

for the facility. Based on this information, the

Bureau of Mines ranked the sites and tentatively se

lected Site 2, located near the junction of Ryan

Gulch and Piceance Creek. Further exploration was

then planned to verify this selection by test drill

ing the site to determine if it, in fact, met the de

sired geological and hydrological requirements.

Because the site is located on public lands ad

ministered by the Bureau of Land Management, Special

Land Use permits were issued by them authorizing the

drilling and field activities. Three exploration

holes were drilled between October 1975 and February

1976. The first hole was drilled in a draw tributary

to Ryan Gulch. It intersected several faults and

problems were encountered with core barrel jamming

and lost circulation. The Bureau of Mines decided

that the location was unsuitable because of the

ground conditions. The Bureau then drilled two holes

in Horse Draw about 2.5 km (1.6 mi) north of the

first hole. Examination of geological and
hydro-

logical data obtained from these holes confirmed that

the site met the established criteria, and Horse Draw

was selected as the location for the proposed demon

stration mine pending Bureau of Land Management auth

orization. Specific conditions found at the Horse

Draw site were as follows:

1. Overburden thickness is approximately 282 m

(925 ft).

2.
"Leached"

Zone thickness is approximately

99 m (325 ft).

3. Oil shale section averaging 83 1/metric ton

(20 gpt) is 326 m (1,070 ft) thick and contains

several zones each of nahcolite and dawsonite.

4. Ground water was found in two aquifers,

one above and one below the Mahogany Zone. The

upper aquifer contains large quantities of fresh

to moderately saline water, and the lower aqui

fer contains more saline water in lesser quanti

ties than the upper aquifer.

5. Geology at the site is
"normal."

No

major faults were found, and the dip is from 1

to 2 degrees; and

6. Very importantly, the Horse Draw site

was located on otherwise unencumbered public

lands.

INITIAL ENVIRONMENTAL ASSESSMENT

Concurrently with site selection, the Bu

reau of Mines had an initial detailed Develop

ment Plan (DDP) for the proposed facility drawn

up and, with the site selected, the DDP was sub

mitted to the Bureau of Land Management for En

vironmental Assessment. The Bureau of Land

Management's Environmental Assessment Report

(EAR) was submitted on April 19, 1976. It

listed several known unavoidable impacts. Known

impacts included the following:

Artifact pot hunting, wildlife harass

ment, poaching, littering and off-road

vehicle travel would occur;

Animal-vehicle collisions would increase;

Noise, engine emissions and dust would

be created;

Fuel spills were likely;

Surface subsidence (approximately 40.5

ha or 100 acres) ;

Additions of sediment and total dis

solved solids into Colorado River

system.

Because there was no detailed information

on site hydrology and rock structure, it was

difficult to estimate the magnitude of some im

pacts that might be unavoidable. Such "pos

sible"

impacts included the following:

Changes in hydrologic characteristics of

upper and lower aquifers;

Lowering of upper aquifer affecting

stream flow and spring and well produc

tion;

Contamination of upper aquifer from
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surface storage of saline water;

Significant changes in Piceance Creek and

White River aquatic life due to uncontrol

lable water production from mine or loss of

large volumes of saline water from storage

reservoir;

Loss of some archaeological and paleontologi-

cal values.

The EAR recommended that the Bureau of Mines

shall be permitted to proceed with the project fol

lowing either of two approaches:

1. Prepare an Environmental Impact Statement

(EIS) after doing additional exploration work at the

site.

2. Have Bureau of Land Management periodically

review and reanalyze the project at key stages during

the life of the project.

Since it was felt that the most serious possible

impacts of the project were to the water quality, the

Bureau of Land Management also stated in the EAR that

monitoring of aquifers, surface water, discharge

water, Piceance Creek and White River water quality

and quantity, and aquatic plant and animal life

should be done.

In addition to the EAR, the Bureau of Mines con

tracted with Colorado State University for an arch

aeological reconnaissance of the proposed research

tract to locate any cultural resources that might be

disturbed by construction and mining activities at

the facility. The reconnaissance was conducted in

June 1976 with a total of 12 sites and 23 isolated

finds being located. However, none of the sites were

found to be endangered by the planned development.

Two of the sites were recommended for nomination to

the National Register of Historic Places.

RESEARCH TRACT ENVIRONMENT

In October 1976, an intra-agency cooperative re

search agreement between the Bureau of Mines and the

Bureau of Land Management was signed authorizing the

Bureau of Mines to develop a research facility within

a 1,070-ha (2,640-acre) tract designated in the agree

ment which included the selected site in Horse Draw.

The agreement stipulates that the Bureau of Mines will

carry out its planned development and research activ

ities subject to review and reevaluation in the form

of supplemental EAR's by the Bureau of Land Manage

ment at the completion of major phases of work, and

that if, based on the supplemental EAR's, it is
de-

determined that an EIS is required, the Bureau of

Mines will provide for its preparation. If an

EIS is not required, the Bureau of Land Manage

ment can impose additional environmental safe

guards based on findings and recommendations of

the EAR. The agreement also states that the Bu

reau of Mines "will conduct all operations in

compliance with applicable laws, ordinances,

regulations and stipulations necessary to avoid,

or when unavoidable, to minimize or mitigate any

adverse environmental
effects."

The Research Tract designated by the agree

ment is located near the structural center of the

Piceance Creek Basin in the area known to contain

nahcolite and dawsonite. The topography of the

tract is that of a moderately dissected plateau

with slope angles ranging between 0 and 45 de

grees. Maximum relief on the tract is about

198 m (650 ft) . Surface rocks are Tertiary sed

iments comprising the Uinta Formation and the

Thirteen-Mile Creek Tongue of the Green River

Formation. All drainage is intermittent with the

exception of Piceance Creek, which crosses the

northeast corner of the tract. The valleys

created by this drainage are narrow, V-shaped and

steep-walled. Horse Draw, Ryan Gulch, and

Piceance Creek Valley are more mature, with flat

floors, alluvial fans and, in the case of

Piceance Creek, stream meanders. Drainage in the

northern half is into Horse Draw which, in turn,

drains eastward to Piceance Creek. Drainage in

the southern portion of the tract is into Ryan

Gulch, which drains northeastward into Piceance

Creek.

Three ground-water aquifers are present:

the alluvium and the so-called upper and lower

aquifers in the Uinta and Green River Formations,

which are separated by the Mahogany Zone. Allu

vial ground water has dissolved solids concen

trations averaging 4,680 mg/l with sodium bicar

bonate as a primary constituent. The upper

aquifer water is similar in composition to the

alluvial water, but generally has smaller con

centrations of each constituent with dissolved

solids concentrations of from 400 to more than

2,000 mg/l. The lower aquifer is characterized

by poor water quality with dissolved solids con

centrations ranging as high as 40,000 mg/l be

cause of the dissolution of sodium minerals
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(halite and nahcolite).

The tract lies in the Pinyon-juniper ecosystem

of the Intermountain Region. The major communities

in the immediate vicinity of the site are

Pinyon-
juniper woodland ;

Chained pinyon-juniper rangelands;

Upland sagebrush;

Bottom land sagebrush; and

Bunch grass.

The chained pinyon-juniper rangelands are the

most extensive community type on the research tract.

The remaining
pinyon-juniper woodlands generally oc

cur where chaining was not possible. Upland sage

brush communities occur on ridgetops, while bottom

land sagebrush communities occur on deep alluvial de

posits in gulches and draws. The bunch grass commu

nities grow on south-facing slopes along Horse Draw

and Ryan Gulch and on talus slopes between pinyon-

juniper and sagebrush areas.

Wildlife species present on the research tract

are comparable to those found in similar habitats

throughout the area. Mule deer are the most con

spicuous and significant wildlife species. The

region around the tract is important winter range for

these deer. The research tract is also within the

region of highest conttontail rabbit density in the

county. Sage grouse occur throughout area, but the

nearest strutting grounds are nearly 10 km (6 mi)

away. No species of Federal or State threatened or

endangered status are known to regularly occur on,

or significantly utilize the project site.

Land uses of the research tract include live

stock grazing, wildlife habitat, recreation, and

mining. The tract is located within the Square S

grazing allotment in which approximately 1,000 head

of cattle are scheduled for grazing during May and

November or December of each year. Recreation activ

ities in the immediate vicinity of the project site

include hunting, rock hounding, and wildlife viewing.

RESEARCH FACILITY SITE PREPARATION

A detailed design for the, prototype demonstra

tion mine was prepared in which four mining methods

would be tested and demonstrated. Initial develop

ment for the project would be two shafts a 2.4-m

(8-ft) I.D. ventilation shaft and a 6.1-m (20-ft)

I.D. main shaft.

Surface preparation for the facility began in

January 1977 with construction of the two shaft

sites, an access road, a mud pit, and a cuttings

pit. The pits were lined with asphalt to prevent

the saline drilling fluid from mixing with the

surface water and shallow ground water in Horse

Draw. A concrete pad was constructed at the lo

cation of the ventilation shaft to support the

drilling rig. One of the exploration drill holes

was converted for use as a water supply well tap

ping the upper aquifer, and a powerline was in

stalled between the site and an existing line in

Piceance Creek valley. Site preparation was com

pleted, and boring of the ventilation shaft

started March 25, 1977.

Construction of the facility site resulted

in the removal of soils and vegetation from a

7.5-ha (18.4-acre) area and the disturbance of

vegetation and soils on an additional 1.5 ha (3.8

acres). This disturbance will increase the sedi

ment yield from Horse Draw by approximately 1.2%,

and reduces grazing capacity by about two animal

units of forage. Visual resources in the vicin

ity of the facility site have been impaired.

In June 1977, the Geological Survey in

stalled two water gaging stations in Horse Draw,

one upstream and one downstream from the site,

to monitor surface water quantity and quality on

a regular basis and to detect any effects re

sulting from the drilling operations. Other gag

ing stations were already in place on Piceance

Creek, both upstream and downstream from Horse

Draw.

Because the Bureau of Land Management stat

ed in its EAR that it felt that preparation of an

EIS might have several advantages over the per

iodic review approach, and also because the Co

operative Research Agreement stipulated that if

Supplemental EAR's found preparation of an EIS

to be required, the Bureau of Mines would provide

for its preparation, the Bureau of Mines decided

to proceed with the preparation of an EIS even

though it had not been required by the Bureau of

Land Management up to that time. As a result, in

September 1977, a contract was awarded to VTN

Colorado, Inc., for "Preparation of an EIS for

the Bureau of
Mines'

Experimental Oil Shale

Mine."
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RESEARCH PROGRAM CHANGES

Shortly thereafter, the Bureau's oil shale re

search program underwent a major change in direction

with the transfer of authority for conducting mining

productivity research to the newly created U.S. De

partment of Energy, while the Bureau of Mines was re

stricted to conducting mining environmental research.

One of the major consequences of this redirection was

that the Bureau's plans for developing the prototype

demonstration mine were canceled. The Bureau of

Mines was directed, however, to finish construction

of the nearly completed ventilation shaft and to mine

bulk samples of oil shale, dawsonite, and nahcolite.

To maximize research benefits from the facility, the

Bureau drafted plans for a new (and much reduced)

proposed program of research that could be conducted

from the small-diameter shaft. This program was

oriented toward mining environmental problems assoc

iated with development of the deep deposits of oil

shale and associated saline minerals. These problems

include in situ retort rubblization and stabilization,

definition of aquifer characteristics, rock mass be

havior, occurrence of methane and other gases, and

dust generation and temperature problems associated

with deep mine workings. The Scope of Work for the

EIS was reduced to fit these changes.

Shaft boring was completed on October 2, 1977,

and the casing installed and cemented in place by

December 27, 1977. The depth of the shaft to the

bottom of the casing is 717 m (2,352 ft), of which

the lower 488 m (1,600 ft) penetrate almost the en

tire thickness of oil shale and accessory minerals in

the Parachute Creek Member of the Green River Forma

tion underlying the research tract.

At this time, as required in the Cooperative

Research Agreement, the Bureau of Land Management re

viewed the project plans and approved the next phase

subject to several environmental stipulations:

1. No additional surface disturbance without a

prior full review of the project.

2. Bulk samples to be covered when stockpiled

on surface, and a berm constructed around

base of each pile to prevent soluble miner

als from dissolving and escaping into drain

age.

3. Waste water produced to be confined to ex

isting lined mud pit.

4. No living quarters at the facility.

5. Bureau of Mines compliance with all

applicable Federal, State, and local

laws and regulations pertaining to air

pollution, air quality standards, and

emission control.

In 1978, a head frame, hoist, hoist house,

ventilation fan, and other surface facilities

were installed. The shaft was equipped with cage,

skip, manway, and service lines, and development

of mining levels was started. The rock mined

from these levels was stockpiled to provide bulk

samples of oil shale containing nahcolite and

dawsonite to be used for process testing and met

allurgical research.

DRAFT ENVIRONMENTAL IMPACT STATEMENT

The Draft EIS, which was completed in Feb

ruary 1979, has been forwarded to Washington for

review by the U.S. Department of the Interior.

Data in the Draft EIS indicate that the proposed

program will result in only a minor adverse im

pact on the environment. Some fugitive dust and

minor unavoidable noise pollution will occur.

These factors will cause minor disturbance to

wildlife in the vicinity of the facility. Since

the facility site occupies a small surface area,

these effects should be insignificant. The most

serious impact to wildlife is expected to be in

creased deer kills resulting from increased

vehicular traffic.

Degradation of surface water and shallow

ground-water quality downstream from the facility

by saline water from the upper and lower aquifers

was identified as a potential impact. The Bureau

of Mines, through a cooperative program with the

Geological Survey, has established a water moni

toring program on the tract to detect any such

occurrence.

Social impacts that would result from the

proposed research program include the positive

impact of additional employment from the local

labor pool and the negative impact of increased

usage of limited municipal facilities in Meeker.

A survey of the available municipal services in

Rifle indicates that the addition of a small

labor force could be accommodated without causing

negative impacts.
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Other unavoidable impacts that occurred during

construction of the facility, as mentioned earlier,

include impairment of visual resources in the vicini

ty of the facility, reduction of grazing capacity,

and increased sediment yield in Horse Draw caused by

disturbance or removal of vegetation and soil.

Mitigation measures undertaken by the Bureau to

minimize environmental impacts include the following:

1. Protection of bulk samples to prevent emis

sion of dust and leaching and seepage of

saline water into the surface water system.

2. Confinement of saline ground water in a

lined mud pit to prevent leakage into the

surface water system. This pit is monitored

to detect leakage.

3. Casing and grouting of drill holes to pre

vent movement of ground water between the

bedrock aquifers and from these aquifers to

the surface water system.

4. Limitation of access to the site and posting

of warning signs along its perimeter.

5. Reclamation of the facility site following

completion of the research program.

As a result of the environmental assessment work

done in the preparation of the Draft EIS, it is pos

sible to delineate two areas in which further re

search would be valuable in quantifying impacts.

These are research into wildlife impacts, particular

ly road kills of deer, and research on the sediment

yield from disturbed sites in the basin.

effects on ground subsidence. A small modified

in situ retort will provide data on chamber sta

bility, rubblization, and retort stabilization

by slurry back filling. Research on living and

working environments in the mine (dust, gases,

temperature) will provide information about

hazards associated with the underground mining

of oil shale.

In retrospect, the Bureau of Mines has

performed a comprehensive program of environ

mental analysis of its oil shale Mining Environ

mental Research facility since the concept was

originally included in the oil shale research

program. Preparation of the Draft EIS has been

beneficial to the Bureau by helping put the pro

ject in perspective. The document can serve as

a starting point for additional environmental

assessment if the program at the research facil

ity were to be expanded at some future date.

CONCLUSIONS

The Bureau of Mines has concluded from its eval

uation of the Draft EIS that the negative environ

mental impacts of the proposed research program are

minor and are more than offset by the potential bene

fits resulting from the proposed research program.

This program would be instrumental in providing in

formation on mining environmental problems associated

with development of deep oil shale, nahcolite, and

dawsonite deposits in the Piceance Creek Basin.

Proposed rock mechanics tests will provide in

formation about in situ stresses and rock strengths

to aid in the design of structurally sound and safe

mining systems. Hydrology tests will better define

aquifer properties, and allow design of sound water

management and control techniques. Detailed geologic

studies will identify geotechnical features and their
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CARCINOGENIC TESTING OF OIL SHALE MATERIALS

R. Merril Coomes
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ABSTRACT

Detailed chemical analyses for known carcino

gens and lifetime animal experiments were performed

to determine the potential carcinogenicity of oil

shale materials produced by the TOSCO II process.

Results from more than 400 individual polycyclic

aromatic hydrocarbon (PAH) analyses demonstrated

that processed oil shale, shale oil, and TOSCO II

atmospheric effluent do not contain biologically

singificant concentrations of these potentially

carcinogenic compounds. The lifetime animal

studies required 2,580 mice and hamsters. It is

concluded from these data that potential occupa

tional exposures from oil shale processing will not

present unusual toxic or carcinogenic hazards.

INTRODUCTION

In recent years, there has been considerable

interest in the potential toxic and carcinogenic

effects of oil shale rock and materials produced

during the retorting of oil shale, as well as from

other alternate energy sources. This has arisen

naturally as increasing numbers of energy experts

and laymen participate in policy and informational

forums dealing with alternate sources, as new

government and industry research programs get

underway, and as academic researchers focus in

creased attention on studies and experimentation.

This paper deals extensively with the testing of

oil shale materials for carcinogenic (cancer-

causing) potencies.

Several good literature reviews have been made

by EPA concerning the health effects of oil shale

development (Coffin, 1978). In 1976, the American

Petroleum Institute (API) undertook a comprehen

sive biological testing program to determine the

toxic and carcinogenic potentials of oil shale

materials from several different retorting techno

logies. Although the API tests are currently in

progress, completed portions of the program were

reported in 1978 (Gibson and Weaver), and more

recently at the Ninth Conference of Environmental

Toxicology, March 28-39, 1979 (sponsored by the

University of California, Irvine).

Tosco Corporation and Colony Development

Operation have been investigating the potential

toxicity, with an emphasis on carcinogenicity,

since 1964. To date more than $500,000 has been

invested in the determination of the potential car

cinogenicity of oil shale materials produced by the

TOSCO II process. The studies discussed in this

paper were jointly funded by Tosco Corporation and

Atlantic Richfield Co., and partially by Ashland

and Shell Oil Companies.

Interest in the potential carcinogenicity of

oil shale materials was stimulated by the early

Scottish oil shale experience. That experience

demonstrated that certain partially refined Scot

tish shale oil fractions were carcinogenic to

humans. The most dramatic example was the mule

spinner who used a refined fraction of shale oil

as a spindle lubricant. Unfortunately, the shale

oil refining process used at that time concen

trated the carcinogenic compounds into the spindle

lubricant fraction. The exposure of the mule spin

ner was severe and continuous, an ideal situation

for the formation of an occupational skin cancer.

While the use of shale oil derived spindle oil was

hazardous under those working conditions, there was

no dramatically increased risk to oil shale workers

that produced the shale oil in Scotland. Scott,

1922, observed 5,000 Scottish oil shale workers

over twenty years and detected approximately five

skin cancers per year. Hueper reported in 1912

that Scott had not detected a single case of lung

cancer during his observations of oil shale

workers .

Early English chimney sweeps are another

example of human cancer caused by severe prolonged

human exposure to combustion (and partial combus-
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tion) products. Children cleaned the small twist

ing and sometimes hot chimneys of England, and

remained in the trade after reaching adulthood.

After twenty years of exposure, many developed

scrotal skin cancer. But in continental Europe

chimney sweeps did not have a high cancer inci

dence, due to much better personal hygiene (Huepar

1942) and laws regulating the use of young chil

dren as chimney sweeps.

PROGRAM OVERVIEW

Colony Development Operation (CDO) contracted

Kettering Laboratories, University of Cincinnati,

to analyze TOSCO II processed oil shale for poten

tially carcinogenic polycyclic aromatic hydro

carbons (PAH) in 1964. Kettering reported in 1965

that the processed oil shale contained less than

100 parts per billion (ppb) of benzo(a)pyrene (BaP)

and that the processed shale would not likely pose

a carcinogenic hazard from PAH exposure. This ana

lysis has been repeated (Schmidt-Collerus, 1974)

and verified by several laboratories. The amounts

of BaP in various oil shale materials also were

compared to those found in common materials

(Atwood, 1974) and it was determined that oil shale

materials do not contain unusual concentrations of

these potentially carcinogenic compounds.

The carcinogenic testing of TOSCO II shale oil

and the hydrotreated or upgraded final product

shale oil was completed by Kettering Laboratories

under contract with Colony in 1974. The final pro

duct shale oil used in the animal tests was hydro-

treated to a 0.25 wtj nitrogen content.

The potential carcinogenicity of the solids

used and produced in oil shale retorting and up

grading were examined in experiments conducted

from 1975 to 1978. The materials tested were raw

(as mined) oil shale, TOSCO II processed shale,

shale oil coke, and TOSCO II process atmospheric

effluent. The sample histories were carefully

documented. There is evidence (Coomes, 1977) that

the organic material in oil shale solids can oxi

dize under ambient conditions, and this requires

that the sample history of biological test samples

be known.

Raw and processed shales were tested by

Bio-Research Consultants, Inc, Cambridge, Massa

chusetts, in a "total
exposure"

experiment. In

this experiment, 1,300 hairless mice lived on var

ious concentrations of raw and processed shale and

on control corncob bedding material for their en

tire life time. Preliminary experiments had shown

that the skin of normal hairy mice did not inti

mately contact processed shale under the experimen

tal conditions.

All four solid materials were tested at Eppley

Institute, Omaha, Nebraska, by classical skin

painting experiments on mice - benzene extracts of

the solids were painted on the shaved backs of 350

mice. The materials were also tested as solids for

potential carcinogenicity to lungs by intratracheal

instillation with Syrian hamsters. The materials

were tested at two dose levels on equal numbers of

male and female animals. The intratracheal instil

lation tests required 1,200 animals.

The experimental protocol for the Bio-

Research and Eppley experiments were discussed with

a group of recognized cancer research experts re

tained by CDO, and then discussed with the appro

priate persons at the National Cancer Institute

(NCI). These discussions resulted in changes to

the protocol to comply with the recommended NCI

carcinogenic testing guidelines.

CHEMICAL ANALYSIS

The reported chemical analyses were done at

Eppley Institute for Research in Cancer and Allied

Diseases, Oman, Nebraska. The method has been pub

lished (Wallcave, 1971) and its applicability to

oil shale materials was verified in Tosco labora

tories. All analyses were done in duplicate or

triplicate. Quantification was by ultraviolet

spectroscopy, as recommended by the International

Union Against Cancer (UICC Technical Report) . The

quantification of alkyl-substituted PAH was made

using the extinction coefficients of the unsubsti-

tuted PAH, since the various alkyl-substituted PAH

extinction coefficients are not known, and the

pure alkyl PAH compounds are not available. The

separation of PAH, alkyl-I PAH, and alkyl-II PAH

was performed with paper chromatography. The paper

was saturated with dimethylformamide (DMF), the

sample was streaked, and then developed with DMF-

saturated isooctane. The bands were cut from the

paper, eluted, and quantified by UV. The addition

of methyl groups caused a small bathochromic shift
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in the UV spectrum compared to that of the unsub-

stituted PAH. Otherwise the spectra were identi

cal.

Table 1 summarizes the PAH analytical data for

oil shale materials. The alkyl-II PAH compounds

can be dimethyl PAH, ethyl PAH, or mixtures of

both, since the methods used cannot distinguish

between these types of compounds. The polarity of

dimethyl and ethyl PAH is similar enough to pre

vent chromatographic separation with the system

used in these analyses.

In published literature, alkyl substituted PAH

have not been extensively identified in environmen

tal samples, although their presence has been noted

(Giger, 1974). Alkyl PAH have been identified in

tobacco smoke. The addition of methyl groups can

affect the carcinogenic potency of PAH. For exam

ple, while chrysene is not carcinogenic, tests have

shown (Hecht, 1974) that four of the six possible

methyl chrysene isomers are carcinogenic by animal

skin painting experiments.

The alkyl PAH content of shale oil, of and by

itself, should not be cause for concern. An

unpublished report, concerning alkyl PAH content

of oils was given at the Fall 1976 National ACS

Meeting by Dr. Peter Jones, Battelle, Columbus,

compared the methyl PAH content of Fischer Assay

Shale Oil, Synthoil, and Prudhoe Bay Crude Oil.

The analyses showed that all three oils contain

quantifiable amounts of highly methyl-substituted

PAH, and that shale oil was similar to Prudhoe Bay

Crude. While alkyl PAH are of unknown biological

significance, present technology does not allow an

evaluation of their individual activities except

in simple PAH such as chrysene. The presence of

high molecular weight unsubstituted PAH has been

confirmed in crude petroleum (McKay, 1973).

Most common materials have not been analyzed

as extensively for PAH compounds as these oil

shale materials. Therefore, direct comparisons for

all PAH cannot be made. Comparisons of BaP content

can be made with many common materials. Shale oil

should logically be compared to crude oils and re

finery streams, since shale oil would be a replace

ment for these energy materials. The solid by

products from oil shale retorting (processed shale,

shale oil coke, and atmospheric effluent) are simi

larly compared to common solid materials that oc

cupy similar environmental roles.

The BaP content of shale oil is compared to

that of petroleum products and coal in Table 2.

The BaP value for coal is the average reported for

two high volatile coals (Tye, 1966). The average

BaP content of all coals analyzed was 3967 ppb.

These data show that shale oil does not contain

high or unusual amounts of BaP compared to ma

terials presently utilized in the energy indust

ries. The relatively high BaP content of coal

TABLE 1 PAH ANALYSES OF OIL SHALE MATERIALS

(concentrations In ppb)

Tosco II TOSCO II Hydrotreated

Raw Oil Shale Processed Shale Effluent Crude Shale Oil Shale Oil (0.05JN) Shale Oil Coke

Alkyl Croups 0 I II 0 I II 0 I II 0 I II 0 I II 0 I II

Pyrene 64 16 - 61 102 58 331 344 435 14,500 21,500 20,000 17,500 109,000 71,500 23 43 13

Fluoranthene 33 ? - 23 21 ? 171 100 ? 6,900 3,700 - 980 16,200 - 5 6 -

Benz (a )anthracene 13 13 10 27 43 45 83 89 145 2,700 4,550 2,050 - 1,800 1,435 53 54 34

Chrysene 36 25 26 30 52 55 105 105 447 5,600 6,850 5,350 915 5,600 3,450 21 50 50

Triphenylene 22 B 17 13 15 34 37 44 68 1,250 2,050 1,850 - 1,700 2,450 3 3 3

Benzo (a)pyrene in 5 1 28 55 36 140 83 123 3,100 7,250 4,550 690 2,250 460 129 189 105

Benzo(e)pyrene 16 5 4 18 29 18 102 80 93 1,350 2,250 2,000 3,150 6,950 875 46 82 52

Perylene 3 - - 6 9 3 35 + - 980 720 - - - - 6 20 -

Anthanthrene 3 - - 5 5 3 77 47 - 525 - - 310 - - 16 29 -

Benzo(ghi )perylene 15 11 - 12 19 24 267 63 21 1,400 - - 13,900 8,450 2,700 294 164 109

Coronene 4 - - 5 - - 78 - - - - - 515 - - 20 .

? trace, not quantified

- not detected
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TABLE 2 BaP CONTENT OF PETROLEUM PRODUCTS

Petroleum Products

Libyan crude oil

Cracked residuum (API 59)

Cracked sidestream (API 2)

West Texas paraffin distillate

Asphalt

Coal

Raw shale oil (Colorado)

Hydrotreated shale oil (0.25$ N)

Hydrotreated shale oil (0.05% N)

BaP (ppb)

1,320

50,000

2,000

3,000

10,000 to 100,000

4,000

3,200

800

690

deserves special attention, since many persons

equate BaP content to carcinogenicity. While the

coal miner does experience an occupational disease

commonly known as black lung from the inhalation

of coal mine dusts, studies have shown (Costello,

1974) that coal miners have a lower than normal

incidence of lung cancer. This effectively demon

strates that human exposure to BaP containing

materials is not necessarily cancer causing.

The BaP contents of raw and TOSCO II pro

cessed shales are given in Table 3 and compared

with several other
"soil-type"

materials. This

comparison is valid since processed shale will be

disposed of in surface disposal areas and will be

vegetated in the same manner soils are vegetated.

One fact becomes obvious when Table 3 Is examined;

solid oil shale retort products do not contain un

usual concentrations of BaP. Any of the materials

listed in Table 3 could be proven carcinogenic in

animal tests if the organic extracts were purified

until a sufficiently high concentration of BaP was

obtained.

These data also demonstrate that man has

always been exposed to low concentrations of

potentially carcinogenic PAH.

An important route of exposure is inhalation.

Materials in the lungs are exposed directly to the

blood and can be circulated throughout the body.

The relationship between cigarette smoking and

TABLE 4 ATMOSPHERIC CONCENTRATIONS OF BaP

Atmosphere or Effluent

Processed Shale (2.3 mg/MJ)*

Los Angeles (1971/72)

Auto Exhausts

Gas-Fired Heat Generators

Beer Hall in Prague

Truck Exhaust

Open Burning

BaP Concentration

3
nanograms /M

0.06

0.03 - 3.5

4,000

20 - 350

28 - 144

1,500 - 36,000

2,800 - 173,000

TABLE 3 BaP CONTENT OF OIL SHALE SOLIDS

AND NATURAL MATERIALS

Material BaP Content (ppb) Ref.

Raw Oil Shale

TOSCO II Processed Shale

TOSCO II Effluent

Shale Oil Coke

Farm Field Near Moscow

Oak Leaves

Rural-Mixed Forest Soil

- Eastern U.S.

Garden Soil

- Eastern U.S.

Plowed Field

- Eastern U.S.

Sandy Soil - USSR

Soil Near Streets

- USSR 1,000 - 1,500 Rudolf-1975

Sediment 75 - 370 Giger-1974

14

i 28

140

129

79 Zobell-1971

300 Zobell-1971

1,300 Blumer- 1961

90 Blumer- 1961

900 Blumer- 1961

0.8 - 40 Rudolf-1975

* The amount of processed shale is based on the

current nuisance dust standard:

30
mg/M3

% Quartz + 3

lung cancer is well established and thought to be

due in part to the PAH content of the smoke. Table

4 lists the atmospheric concentration of BaP in

various environments. Regulations controlling

worker exposure to alpha-quartz would, in effect,

severely limit any exposure to the BaP contained in

oil shale dusts. This is so because the pro

cessed shale dust level given in Table 4 is the

maximum allowed (calculated from the federal nui

sance dust standard using a 10} alpha-quartz con

tent) and the resulting BaP exposure from processed

shale dust even at this maximum level would still

be very low compared to the BaP levels of more com

mon and accepted environments.
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BIOLOGICAL TESTING

The origins of samples used in the biological

tests were carefully documented and are given in

Table 5. Samples selected were representative of

commercial materials. The raw oil shale rock was

obtained from the Colony mine, Parachute Creek,

north of Grand Valley, Colorado. The processed

shale and crude shale oil were produced in the

TABLE 5 OIL SHALE MATERIALS TESTED

FOR CARCINOGENIC POTENTIAL

Material Source

Crude Shale Oil 1,000 ton/day TOSCO II Retort

Hydrotreated Shale Pilot hydrotreating operation

Oil

1,000 ton per day TOSCO II retort at the Colony

site. The hydrotreated shale oil and shale oil

coke were produced from crude shale oil fractions

in pilot operations under commercial operating

conditions. The TOSCO II effluent was collected

from the 25 ton per day TOSCO II retort at
TOSCO'

s

research center, Golden, Colorado, during opera

tions at commercial design conditions.

Well designed animal testing programs require

that negative and positive control experiments be

made concurrently with the test materials. This

insures more reliable interpretation of the re

sults by providing a
"natural" tumor incidence for

the test species and by providing for the effect

of any carrier agent. The positive control also

demonstrates that the animal model system is capa

ble of detecting carcinogens.

Shale Oil.

Raw Oil Shale

Shale Oil Coke

Colony Mine, Parachute Creek

Processed Shale 1,000 ton/day TOSCO II Retort

Pilot Coking Operation

TOSCO II Process 25 ton/day TOSCO II Retort

The crude and hydrotreated shale oils were

tested for carcinogenicity at Kettering Labora

tories, University of Cincinnati. These lifetime

skin painting experiments were made with C3H/HEJ

mice. The hair was clipped weekly and the oils

were applied 50 mg per dose two times per week.

In a positive control experiment, the mice were

painted with a 0.05% BaP in toluene solution.

TABLE 6 SHALE OIL BIOASSAY

Number Dose Per

of Applications Application

Material Mice Per Week (mg)

Hydrotreated Shale 50 2 50

Oil (0.25* N)

Crude Shale Oil 50 2 50

0.05* BaP 30 2 50

in toluene

Average

Number of Number of * Time of Tumor

Mice3 Tumors Tumors Appearance0

37

40

27

39

27

13.5

97.5

100

49 + 18

30 + 2

40 + 2

Carcinogenic

Potential

Pmc
c

0.098

0.058

a Number includes mice which had already died bearing a tumor plus those alive at the "Average Time of Tumor

Appearance"
.

b Standard deviation 95* confidence, time in weeks.

c

(Horton, 1955).

d A P_ value cannot be calculated. A PM_ calculation requires that at least 50* of the effective

MC

number of mice develop tumors.

P values express the carcinogenic potency relative to the known animal carcinogen 3-methylcholanthrene
MC
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Table 6 summarizes the results of these experi

ments .

These tests demonstrated that crude shale oil

is carcinogenic to mouse skin, and that hydro-

treating dramatically reduces the carcinogenic

potency of shale oil. A PM_ value cannot be

calculated for the hydrotreated shale oil since

the potency is too low. The calculation of PMC

(Horton, 1955) is based on the average latent

period and requires that half of the test animals

develop tumors. The larger the PM_ value, the

higher the carcinogenic potency. The random

appearance of the five tumors developed causes

them to be suspect, and they may not be due to

test material exposure. When tumor appearance is

plotted against time, it has been shown that car

cinogens generally cause tumor development to

occur with a bell-shaped distribution curve. The

five tumors from the hydrotreated oil appeared at

31, 37, 52, 63 and 63 weeks. The experiment con

tinued until 80 weeks, at which time all animals

were dead and no additional tumors developed. For

comparative purposes, the PMC value of the hy

drotreated oil is stated to be less than 0.03. A

potency of PMC=0.03 means that one half of the

exposed animals would develop skin tumors by the

49th week.

These data are not in agreement with state

ments published (Sauter, 1975) by the
Scientists'

Institute for Public Information (SIPI) concerning

the carcinosencity of synthetic fuels. The SIPI

statement received wide publicity and was entered

into the Congressional Record unchallenged and is

often quoted by the misinformed. That statement,

"A worker exposed to shale oil is fifty times more

liable to get skin cancer than a worker in contact

with oil from a Pennsylvania well", is credited to

Hueper, 1942, who cited early work done by Twort 4

Twort, (1931). Most of Twort's work was on spindle

oils derived from varirjus petroleum crudes. An

exception was shale oil, of which Twort tested

several fractions which had been refined to various

degrees, the crude shale oil and final product

spindle oil. Table 7 summarizes Twort's work from

several of his publications (1930a, 1930b, 1933,

1935).

Direct comparison of carcinogenic potency

using Twort's potency numbers is meaningless. In

his desire to express carcinogenic potency as a

single number, Twort developed a complex method to

compare the potency to a hypothetical standard.

He often discarded the first animals to develop

tumors as too susceptible, and the last surviving

animals that did not develop tumors as too resis

tant. None of Twort's contemporaries adopted

Twort's methods. The week of the first tumor (5

to 17), demonstrates that all oils tested by Twort

were quite potent carcinogenic mixtures. The low

number of tumors generally found is possibly ex

plained by the high mortality in a typical Twort

experiment in which fifty percent of the original

animals were dead by week 25.

Examination of the data in Table 7 does not

reveal an understandable relationship between

TABLE 7 CARCINOGENIC POTENCY OF OILS DETERMINED BY TWORT - 100 ANIMALS PER TEST

Test Week Number of

Oil

Oil

Duration

Weeks

of first

Tumor

Tumors

No. Benign Malignant Potency

8 Crude Shale Oil 50 17 48

25
"Crude" Shale 0il 35 6 52 6 118

37 Spindle Unfinished

(shale oil)

35 9 23 3 338

55 Spindle-Shale Oil 32 5 29 3 244

S(2) Spindle-Shale Oil 35 6 25 2 293

59 Pennsylvanian Spindle 60 12 20 6 30

59 Pennsylvanian Spindle 30 20 0 17

19 Pennsylvania Blend 35 4 1 45

50 California Spindle 40 7 31 2 86

100 Texas-Spindle 45 13 14 1 20

33 Texas-Spindle 40 10 15 2 30

99 Texas-Spindle 45 15 24 3 31

* The scrubber naphtha and ammonia were removed from this sample before testing.
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Twort's potency values and the length of the

experiment or exposure, the appearance of the

first tumor, or the number of tumors formed. For

example, compare the potencies of oil S(2)

Spindle-Shale Oil with oil 50 California Spindle

Oil. All of the observations for these tests were

very similar; test duration 35 and 40 weeks, week

of first tumor 6 and 7 weeks, number of benign

tumors 25 and 31, and the number of malignant

tumors 2 and 2, respectively. Although the above

data show similar carcinogenic potencies for the

two oils, Twort's stated potencies are 293 and 86.

The number of malignant tumors is meaningless

because of the criteria Twort used to judge malig

nancy and the short period of time required for

benign tumors to become malignant. In our shale

oil painting experiments, the initial tumors were

formed at 24 and 31 weeks a time at which half of

Twort's animals would have already died.

Bio-Research Program.

An extensive literature search and consulta

tion with many biological testing laboratories

revealed that methods are not currently available

to test the potential carcinogenicity of solids on

skin without the addition of a carrier agent which

might affect the availability of any contained car

cinogen to the animal's skin. Consideration of

these factors led Colony to accept a proposal by

Bio-Research that the animals live on raw and pro

cessed shale as the bedding material. The biolo

gical testing program undertaken by Bio-Research

Consultants, Inc. was designed to determine the

potential carcinogenicity to skin of TOSCO II pro

cessed shale and of raw oil shale. The experiment

required 1,300 mice. In an effort to explain the

Bio-Research test program, photographs showing the

severe exposure of the test animals to TOSCO II

processed shale and raw oil shale, the experimental

protocol, and all competed portions of the tests

were published (Coomes, 1976).

The animals used were HRS/J hairless mice.

The hairless mice were used since preliminary

experiments showed that normal hairy mice did not

get large amounts of shale into direct contact

with their skin, whereas the shales completely

covered the hairless mice. The dose to the ani

mals living on 100* TOSCO II processed shale or

100* raw shale was the maximum amount possible. In

additional processed shale experiments, the expo

sure was limited by diluting the shale bedding

material with corncob bedding at 10, 50, and 90*

by weight. The raw shale was tested at one con

centration - 100* - as a fine powder similar to

raw shale dust generated during crushing opera

tions .

While the study was planned to determine the

carcinogenicity to skin, after it was in progress

it was noted that the oil shale dust not only

covered the animals but also the food and it

actually filled the air within the cages. It was

then apparent that the animals digestive and

respiratory tracts were being exposed to the test

materials. The animals ingested up to 37 wt*

processed shale in their diet. The amount of

ingested shale was estimated from a magnesium

analysis of the processed and raw shales, and the

feces of the control and test animals. In order

to prevent accidental magnesium contamination of

the fecal pellets from the bedding material, the

fecal pellets analyzed were removed from the

animals on autopsy.

Examination of the animal lungs at autopsy

showed large amounts of shale in the larynx, the

pharnyx and the upper part of the trachea, with

smaller amounts in the lungs. The lungs were

examined visually with plain and polarized light.

Shale minerals are birefringent and are easily

detected microscopically with polarized light.

The Bio-Research experimental design is given

in Table 8, which gives the bedding material and

additional treatments for each group. The purpose

of each experimental group is also given in the

Table. All mice were housed 10 per cage and were

randomized by age and weight. The cages and

bedding materials were replaced each week.

The positive control experiment (No. 14,

treated with BaP 3 times per week) was terminated

after 100* of the animals had developed skin

tumors (35 weeks) and demonstrated that the HRS/J

hairless mouse is susceptible to PAH carcinogens.

The remaining experiments were terminated after 68

weeks, at which time the number of survivors in

the highest mortality group was twenty. That num

ber of animals is required if one wants to obtain

statistically significant data (Natrella, 1966).

In order to prove a negative test result, a
statis-
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tically significant number of animals are required

for pathology. This procedure is normal Bio-

Research protocol. A good dose-response relation

ship existed between the amount of processed shale

in the bedding material and the amounts of shale

detected on the skin and in the digestive and

respiratory tracts.

Table 9 gives the histopathologic findings

for the skin at three sites, the trachea and the

larynx. Table 10 gives the histopathologic find

ings for the intestinal tract of the forestomach,

cecum, small intestine and the large intestine.

Table 11 gives the histopathologic findings for

the lungs.

The following conclusions may be made from

these data:

1) TOSCO II processed shale and raw oil shale

did not exhibit an acute or chronic toxic

effect to the animals, based on mortality

and body weight,

2) TOSCO II processed shale and raw oil shale

were not carcinogenic to skin during

prolonged intimate and severe contact,

3) Painting with lanolin or acetone to

simulate skin cream and solvents used

by humans did not affect the skin re

sponse to TOSCO II processed shale, and

4) TOSCO II processed shale and raw oil

shale were not carcinogenic to the

intestinal tract, larnyx or treachea

where exposure had been severe.

The data given in Table 11 for the lung

tissue requires some interpretation. The area of

concern is the number of benign adenomas, 12 of

which were focal and 12 nodular. First, it is

important that no dose-response relationships are

evident. Second, if one combines the groups by

exposure to TOSCO II processed shale, raw oil

shale and corncob bedding, it may be concluded

that TOSCO II and raw shales contribute to benign

nodular adenoma formation. However, there are no

statistically significant differences in biologi

cal response between raw shale and TOSCO II pro

cessed shale. Likewise, one could conclude that

corncob bedding leads to benign focal adenomas.

The incidence for all TOSCO II processed shale

groups combined is 9/182, or 4.9*, for all 100*

TOSCO II processed shale groups 2/85, or 2.4* and

for all raw oil shale groups (100* raw shale) 3/41,

TABLE 8 EXPERIMENTAL DESIGN - TOTAL EXPOSURE

Bedding Material

1

2

3

4

5

6

7

8

9

10

11

12

13d

14

Number Raw Oil Processed Corn Skin

of Mice Shale

100*

Shale cob
Treatment'

100

100 100*

100 50* 50*

100 10* 90*

100 100*

100 100* Lanolin

100 100* Lanolin

100 50* 50* Lanolin

100 10* 90* Lanolin

100 100* Lanolin

50 100*
BaPD

100 100*
BaPb

50 100* Acetone

50 100*
BaPD

Purpose

compare to processed shale

establish dose response

relationship

negative control

possible interaction

of shale with

skin creams

evaluate potential cocarcino-

genic effects of processed shale

solvent effects

positive control

Lanolin solution, 5* in acetone, and acetone were administered 0.1 ml/day, five days/week.

Each mouse received 200 micrograms BaP in 0.02 ml acetone for 2 consecutive days at beginning of

experiment .

0.02 ml of 0.33* BaP in acetone 3 times each week.

A second group 13 was started at week 29 due to accidentally caused high mortality in the original

group .
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TABLE 9 HISTOPATHOLOGIC FINDINGS IN THE SKIN, TRACHEA, AND LARYNX AFTER 68 WEEKS

Group Bedding

1 100* raw oil shale

2 100* Processed Shale

3 50* Processed Shale

4 10* Processed Shale

5 100* Corncorb

6 100* raw oil shale

(Lanolin)

7 100* Processed Shale

(Lanolin)
8 50* Processed Shale

(Lanolin)

9 10* Processed Shale

(Lanolin)

10 100* Corncob

(Lanolin)
11 100* Corncob

(400 mg BaP)

12 100* Processed Shale

(400 mg BaP)

13 100* Processed Shale

(Acetone)

a Site of lanolin and acetone painting

b Abscess

c Focal acute inflammation

No. of Upper Lower

Animals Abdominal Dorsal
Dorsal3

Studied Area Area Area Trachea Larynx

12
^

12 - - -
- -

12 - - - - -

12 _ - - - -

12 -
1

- - -

12 - - - - -

12 - - - - -

12 - - - - -

13 - - - - -

12
lc

- - - -

12 - - - - -

12 - - - - -

13 - - - - -

TABLE 10 HISTOPATHOLOGIC FINDINGS IN THE INTESTINAL TRACT AFTER 68 WEEKS

Histopathologic Findings

Group Bedding

1 100* raw oil shale

2 100* Processed Shale

3 50* Processed Shale

4 100* Processed Shale

5 100* Corncob

6 100* raw oil Shale

(lanolin)

7 100* Processed Shale

(lanolin)

8 50* Processed Shale

(lanolin)

9 10* Processed

(lanolin)

10 100* Corncob

11 100* Corncob

12 100* Processed Shale

13 100* Processed Shale

No. of

Animals Fore Small Large
Studied3

Stomach Cecum Intestine Intestine

17 _
lb 1 2

16 id 1 1

22 -
3C 3b;1c

lb;
5C

16 - lb;
2C 3b

-

13
Xd

- - -

12 - - - -

13 - - - -

19 - 2b;1c lb 2

23 -
3b;1c 1< 5C

15 _
lb 3c

16 -
2 lb;ic

17 -
2C 3C

_

12 id
- _

a Includes 12 to 13 animals per group selected at random, plus all additional mice with grossly

detectable lesions in the intestinal tract

b Lymphoid nodules

c Malignant lymphoma

d Focal atrophy
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TABLE 11 HISTOPATHOLOGIC FINDINGS IN THE LUNGS AFTER 68 WEEKS

Group

No. Bedding

1 100* Raw Oil Shale

2 100* Processed Shale

3 50* Processed Shale

4 10* Processed Shale

5 100* Corncob

6 100* Raw Oil Shale (lanolin)

7 100* Processed Shale (lanolin)

8 50* Processed Shale (lanolin)

9 10* Processed Shale (lanolin)

10 100* Corncob (lanolin)

11 100* Corncob

400 mg BaP

12 100* Processed Shale

400 mg BaP

13 100* Processed Shale (acetone)

Total

a Malignant lymphoma b Meas

No. of

Mice

Histopathologic Findings in Lungs

Con- Macro Benign Adenomas Lymphoid

Studied Normal gestion Phages Focal Nodular Aggregates Other

24

24

25

24

24

17

24

24

24

24

17

24

4

12

9

10

7

1

9

13

12

13

10

13

17

10

10

2

2

16

12

9

3

1

2

13 4 3 3 2 - 1

88 117 26 95 12 12 45

ed in 23 animals c Karyocytes d Ileasui

Birefringence

Weak Strong

5 18

23 1

23 2

23
0b

9
3d

6 11

24 0

23 1

22 2

12
0d

10
2d

23

10

214

Measured in 12 animals

2K

43

or 7.3*.

These data are not statistically significant

and do not lead to conclusions concerning the lung

carcinogenicity of raw shale and TOSCO II pro

cessed shales individually, but do show that there

are no differences in the biological responses of

the shales.

Another factor in this analysis is that the

normal incidence of lung adenomas, benign nodular

or focal, is not known for the HRS/J mouse. The

low incidences of benign nodular adenomas detected

in the shale-exposed animals could have been

undetected in the control animals. This can be

shown by biostatistical analysis. The test ex

posures to oil shale solids did not increase the

natural incidence of lymphomas in the exposed

animals. It is concluded from these experiments

that TOSCO II processed shale does not cause

tumors or enhance the known carcinogenicity of

this animal strain.

Again, it is important to remember that this

experiment was designed to test the carcino

genicity on skin. Positive control experiments

for ingestion and inhalation were not made to

prove the animal model under the experimental

conditions. An experiment designed specifically

to determine the potential lung carcinogenicity of

oil shale solids was undertaken at Eppley.

Eppley Program

The Eppley Institute for Research in Cancer

and Allied Diseases, Omaha, Nebraska, was con

tracted for a biological program which tested four

solid oil shale materials; raw oil shale, TOSCO II

processed shale, shale oil coke, and the atmo

spheric effluent from the TOSCO II process. The

materials were tested by classical skin painting

techniques with Swiss mice and by intratracheal

instillation in Syrian hamsters.

Preliminary acute exposure experiments were

conducted to determine potential toxicities of the

test materials and establish a dose for carcino

genic testing. The acute exposure experiment

involved skin painting and intratracheal instilla

tion. The materials proved to be non-toxic in
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large doses, although skin inflamation was ob

served in skin painting and after several weeks

exposure changes were detected in the lung which

were typical of these caused by severe expossure

to any mineral dust. The changes in the lungs

were caused by both the raw and TOSCO II pro

cessed oil shales, and was diagnosed as poten

tially silicotic. Oil shale solids contain about

10 percent alpha quartz, a concentration that

could cause the observed changes in the lungs.

Several dose levels of oil shale materials were

administered during the acute exposure tests and

these changes were observed only at the high dose

level, 5 mg/week for 10 weeks.

These preliminary screening tests were used

to establish the dose levels for the chronic

exposure experiments. The chronic skin painting

dose was 2.5 mg of benzene extract two times each

week. Benzene extracts were made of raw oil

shale, TOSCO II processed shale, shale oil coke,

and TOSCO II atmospheric effluent. The amounts of

benzene extractable material for each solid is

given in Table 12. The doses given to the animals

were high and exceeded any likely contact by

humans.

Table 13 lists the skin painting experiments

and the percent survival at 60 weeks. Examination

TABLE 12 DOSE - SKIN PAINTING EXPERIMENTS

Solid Equivalent

Material * Extractable

Raw Oil Shale 2.0

TOSCO II Processed Shale 0.25

Shale Oil Coke 0.203

TOSCO II Effluent 11.5

To 5.0 mg

Extract (g)

0.25

2.0

2.46

0.044

of these data show that only shale oil coke extract

exhibits a toxic effect, as demonstrated by the

lower percent survival at 60 weeks. The toxic ef

fect was also evident by the lower average body

weight for the shale oil coke treated animals. All

of the animals painted with the benzene extract of

shale oil coke developed skin tumors.

A summary of the skin painting results is

given in Table 14. The following conclusions can

be made concerning these results. The benzene ex

tract of shale oil coke is carcinogenic, as shown

by a 96* tumor incident in the treated mice. The

benzene extract of TOSCO II effluent is not carcin

ogenic and its application to mice resulted in one

papilloma at 94 weeks, which is not significant.

The benzene extract of raw oil shale did not cause

any marked changes in the painted area, and no

tumors were observed. The animals treated with the

benzene extract of TOSCO II processed shale devel

oped 3 squamous cell carcinomas at 56, 75, and 102

weeks, and 3 papillomas. The incidence of carci

noma was not significant in these experiments.

There was a crude relationship between the total

amount of BaP applied to the skin in the extracts

and the appearance of papillomas.

These data combined with the Bio-Research re

sults are similar to a series of experiments per

formed (Nau, 1958a, 1958b, 1960, 1962) on whole

carbon black and the benzene extract of identical

carbon black. In the carbon black example the

unextracted solid was non carcinogenic by inhala

tion, ingestion, subcutaneous injection and dermal

application, while the benzene extract of the car

bon black was carcinogenic by all routes of admini

stration.
Nau'

s experiments demonstrated that the

presence of a carcinogenic substance is not an in

dication that the material is carcinogenic. The

TABLE 13 SKIN PAINTING EXPERIMENTS

Material

Raw Oil Shale

TOSCO II Processed Shale

Shale Oil Coke

TOSCO II Effluent

Benzene Control

Untreated Control

Number Extract Applica

of Dose In tions Per * Survival

Animals Benzene (mg)

2.5

Week at 60 Wks

50 2 20

50 2.5 2 86

50 2.5 2 78

50 2.5 2 64

50 2 72

100 - 72

Average Wt.

at 60 Wks (g)

35

43

42

40

41

41
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TABLE 14 TUMOR INCIDENCES IN SWISS MICE TREATED WITH BENZENE EXTRACTS OF OIL SHALE SAMPLES

Total Total No,, of Histologically Total No.

Total

No. of

Effective

No. of

No. of

Skin

No. Of

Tumors

Verified Tumors of Animals

Fibro with Other

Group Treatment

Shale Oil Coke

Animals Animals

50

TBA(*)a

48 (96)

Observed PAP

33

Sq. Ca.

55

sarcoma
Tumorsb

1 50 90 2 26A

2 Tosco II Effluent. 50 50 1 (2) 1 1 - 30B

3 Raw Oil Shale 50 50 - - - - - 34C

4 Spent Oil Shale 50 50 6 (12) 6 3 3 - 22D

5 Benzene Control 50 50 - - - - - 29E

6 Untreated Control. 100 100 - - - - - 46F

a
TBA: tumor-bearing

b A 1C l,rmr,V.nm.. fl

animals

n.iamsMKS d11 nrnvm-! vmm*>e no. ta io

nomas, 1 lung adenocarcinoma, 1 liver hemangioma; C, 24 lymphomas, 8 lung adenocarcinoma, 1 s.c. fibrosar

coma; D, 16 lymphomas, 4 lung adenomas, 1 liver hemangioma, 1 s.c. fibrasarcoma; E, 22 lymphomas, 5 lung

adenomas, 1 lung adenocarcinoma, 1 forestomach papilloma; F, 33 lymphomas, 8 lung adenomas, 1 liver heman

gioma, 1 ovarian adenoma, 2 s.c. fibrosarcomas, 1 thymoma.

carcinogens must be available to react with the

cells of an organism. That is, the carcinogen must

be biologically available.

The intratracheal experiments were made at two

dose levels, 3 mg per week for 15 weeks and 0.5 mg

per week for 30 weeks, giving total exposures of

45 mg and 15 mg respectively. The alpha quartz

content of the oil shale solids was the major

factor limiting the size of the dose given to the

animals. Table 15 gives the experimental protocol

for these experiments. Fifty males and fifty fe

males were tested individually in each group, as

recommended in the NCI guidelines. All animals

were allowed to live their lifetimes. When the an

imals were moribund or dead, they were autopsied..

The pathological results are given in Table 16, and

demonstrate conclusively that oil shale materials

are not carcinogenic to lungs.

It is important that a positive control group,

treated with BaP and hemitite (Fe_0.J, was in

cluded in the study and that they did develop lung

cancers. That group demonstrated that the animal

model used responds to carcinogenic PAH material.

Many carcinogenic tests reported in the literature

do not have concurrently run positive control ex

periments, and the test protocol or animal model

can be questioned as to its applicability or vali

dity, especially when the results of the study are

negative .

TABLE 15 EXPERIMENTAL PROTOCOL

SYRIAN HAMSTER INTRATRACHEAL INSTILLATION

Number of Number of

Dose (mg) Treatments Animals*Material Tested

Raw Oil Shale 3.0 15 100

Raw Oil Shale 0.5 30 100

TOSCO II Processed

Shale 3.0 15 100

TOSCO II Processed

Shale 0.5 30 100

Shale Oil Coke 3.0 15 100

Shale Oil Coke 0.5 30 100

TOSCO II Effluent 3.0 15 100

TOSCO II Effluent 0.5 30 100

BaP + Fe20- 3.0 15 100

Saline 0.20 ml 30 100

Untreated 200

* The animal groups were 50 males and 50 females

each and were treated as individual test groups.

CONCLUSIONS

Chemical analyses presented in this study have

shown that oil shale related materials do not con

tain high concentrations of polycyclic aromatic

hydrocarbons. In fact, the BaP content of many

common materials is greater than that determined

for oil shale retorting products. A literature
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TABLE 16 TUMOR INCIDENCES IN SYRIAN HAMSTERS TREATED WITH OIL SHALE MATERIALS

BY INTRATRACHEAL INSTILLATION*

Total Number of Animals Bearing Animals Bearing

Material Tested Dose (mg) Animals Respirable Tumor Other Tumors

Raw Oil Shale 45 50 (50) 0 (0) 1 (1)

Raw Oil Shale 15 50 (50) 0 (0) 3 (3)

TOSCO II Processed

Shale 45 50 (50) 0 (0) 0 (1)

TOSCO II Processed

Shale 15 50 (50) 0 (0) 2 (0)

Shale Oil Coke 45 50 (50) 0 (0) 1 (0)

Shale Oil Coke 15 50 (50) 0 (0) 0 (0)

TOSCO II Effluent 45 50 (50) 0 (0) 1 (1)

TOSCO II Effluent 15 50 (50) 0 (0) 0 (0)

BaP +

Fe203 45 50 (50) 14 (13) 12 (12)

Saline Solution ~ 50 (50) 0 (0) 0 (1)

Untreated 100 (100) 0 (0) 4 (1)

* Values in ( ) are for females.

review shows that natural soils and crude petro

leums as well as oil shale materials, contain

alkyl-substituted PAH.

These lifetime animal studies have effectively

demonstrated that crude shale oil and shale oil

coke have carcinogenic potentials equivalent to,

or less than, common petroleum refinery products

and intermediates, and that refining shale oil by

hydrotreating significantly reduces the carcino

genic potency.

Animals exposed to massive amounts of raw oil

shale and TOSCO II processed shale by skin contact,

ingestion, and inhalation, for their lifetime, 24

hours per day, did not develop cancer or demon

strate any signs of acute or chronic toxities.

Animals painted with concentrated benzene ex

tracts of oil shale solids demonstrated carcinogen-

cities equivalent to similarly prepared and pre

sently used materials, and will not present any

unusual carcinogenic hazards during normal condi

tions.

Intratracheal instillation of raw oil shale,

TOSCO II processed shale, TOSCO II atmospheric ef

fluent, or shale oil coke in hamsters did not cause

lung cancer. Positive control test groups treated

with BaP developed lung cancers, proving the vali

dity of this animal test model.

These results demonstrate that a commercial

oil shale retorting facility using modern indus

trial hygiene practices will not expose workers to

carcinogenic risks that are not presently accepta

ble in modern energy industries. The combined

results from these studies and the American Petro

leum Institute's current oil shale bioassay pro

gram will form the basis to define an industrial

hygiene program for oil shale workers.

References

American Petroleum Institute, Final Report,

"Investigation of the Potential Hazards of

Cancer of the Skin Associated With the Refin

ing of Petroleum", API Project MC-1, October

1959.

Atwood, M. T. and R. M. Coomes, "The Question of

Carcinogenicity in Intermediates and Products

in Oil Shale Operations", (paper), TOSCO

Corporation, Rocky Flats Research Center,

(1974).

Blumer, M. , "Benzpyrenes in Soil", Science, 134,

474(1961).

Coffin, D. L., "Health Effects of Oil Shale

Development", presented at the 71st Annual

Meeting of the Air Pollution Control Associa

tion, June 1978.

112



Coomes, R. M. and F. H. Sommer, "Effects of

Thermal History on Oil Shale Pyrolysis Pro

ducts", Tenth Oil Shale Symposium Proceedings,

Colorado School of Mines Press, 200(1977).

Coomes, R. M., "Health Effects of Oil Shale

Processing"

, Quarterly of the Colorado School

of Mines, 71., 101 (1976).

Costello, J., et al, "Mortality From Lung Cancer

in U. S. Coal Miners", Amer. J. Pub. Health,

69, 222(1974).

Gibson, R. L. and N. K. Weaver, "A Petroleum

Industry Program to Evaluate the Health Risks

of Oil Shale Materials and Operations", pre

sented at the 11th Oil Shale Symposium, Colo

rado School of Mines, April 1978.

Giger, W. and M. Blumer, "Polycyclic Aromatic

Hydrocarbons in the Environment: Isolation

and Characterization by Chromatography, Visi

ble, Ultraviolet, and Mass Spectroscopy",

Anal. Chem., 46, 1663(1974).

Giger, W. and M. Blumer, Anal. Chem., 46, No. 12,

1663(1974).

Hecht, S. S. et al, "Chrysene and Methylchrysenes:

Presence in Tobacco Smoke and Carcinogeni

city", J. of the Nat. Cancer Inst., 53,

1121(1974).

Horton, W. A. and D. T. Denman, "Carcinogensis of

the Skin. A Re-examination of Methods for the

Quantitative Measurement of the Potencies of

Complex Materials", Cancer Research, 15,

701(1955).

Hueper, W. C. and C. C. Thomas, "Occupational

Tumors and Allied Diseases", Baltimore,

427(1942).

Hueper, W. C. and C. C. Thomas, "Occupational

Tumors and Allied Diseases", Baltimore,

18(1942).

Hueper, W. C. and C. C. Thomas, "Occupational

Tumors and Allied Diseases", Baltimore,

148(1942).

McKay, J. F. and D. R. Latham, "Polyaromatic

Hydrocarbons in High-Boiling Petroleum Dis

tillates", Anal. Chem., 45, 1050(1973).

Natrella, M. G., "Experimental Statistics",

National Bureau of Standards Handbook 91,

Superintendent of Documents, U. S. Government

Printing Office, October 1966.

Nau, C. A. et al, "A Study of the Physiological

Effects of Carbon Black, Part I. Ingestion",

Arch. Ind. Health, V7_, 21 (1958).

Nau, C. A. et al, "A Study of the Physiological

Effects of Carbon Black, Part II. Skin Con

tact", Arch. Ind. Health, J8, 511(1958).

Nau, C. A. et al, "A Study of the Physiological

Effects of Carbon Black, Part III. Adsorption

and Elution Potentials; Subcutaneous Injec

tions", Arch. Environ. Health, 1^, 512(1960).

Nau, C. A. et al, "Physiological Effects of Carbon

Black, PartIV, Inhalation", Arch. Environ.

Health, 4, 415(1962).

Rudolf, E. and W. Fritz, "Contamination of Food

with Carcinogenic Hydrocarbons of Environ

mental Origin", Roezn. PZH. , (Warsaw), 26, No.

1, 113-118 (Warsaw, Panstwowy Zabled Higieny,

Poezniki) 1975. Translation available from

STS Incorporated, Ann Arbor, Mich.

Sauter, D. Y. "Synthetic Fuels and Cancer",

Scientists Institute for Public Information,

New York, New York, November 1975.

Schmidt-Collerus, J. J., "The Disposal and En

vironmental Effects of Carbonaceous Solid

Wastes From Commercial Oil Shale Operations",

NSF GI 34282X1, January 1974.

Scott, A., "On the Occupation Cancer of the

Paraffin and Oil Shale Workers of the Scottish

Shale Oil Industry", Brit. Med. J., 2,

1108(1922).

Sontag, J. M. et al, "Guidelines for Carcinogen

Bioassay in Small Rodents", U. S. Government

Printing Office, February, 1976.

Twort, C. C. and J. M. Twort, "The Relative

Potency of Carcinogenic Tars and Oils", J. of

Hyg., 29, 373(1930). (a)

Twort, C. C. and J. M. Twort, "Classification of

Four Thousand Experimental Oil and Tar Skin

Tumours of Mice", The Lancet, 1331, June 21,

1930. (b)

Twort, C. C. and J. M. Twort, "The Carcinogenic

Potency of Mineral Oils", J. Indust. Hyg., 13,

204(1931).

Twort, C. C. and J. M. Twort, "Suggested Methods

for the Standardization of the Carcinogenic

Activity of Different Agents for the Skin of

Mice", The Amer. J. of Cancer, 17_, 293(1933).

113



Twort, C. C. and J. M. Twort, "Induction of Cancer

by Cracked Mineral Oils", The Lancet, 2,

1226(1935).

Tye, R. et al, "Beno(a)pynene and Other Aromatic

Hydrocarbons Extractable From Bituminous

Coal", Amer. Ind. Hyg. Assn. J., 27, 25(1966).

UICC Technical Report Series, 4, "The Quantifi

cation of Environmental Carcinogens", (1970).

Wallcave, L., et al, "Skin Tumorigensis in Mice by

Petroleum Asphalt and Coal-Tar Pitches of

Known Polynuclear Aromatic Hydrocarbon Con

tent"

, Toxicology and Applied Pharmacology,

J8, 41(1971).

ZoBell, C. E., Joint Conference on Prevention and

Control, of Oil Spills, 441(1971).

114



Microbial Interactions with Aqueous Effluents

Derived from In Situ Fossil Fuel Processing

S. E. Williams, Ph.D.

Division of Plant Science

University of Wyoming

Laramie, WY 82071

W. K. Gauger, M.S.

Division of Plant Science

University of Wyoming

Laramie, WY 82071

D. S. Farrier, Ph.D.

Laramie Energy Technology Center

U. S. Dept. of Energy

Laramie, WY 82071

ABSTRACT

Aqueous effluents produced during in situ

fossil fuel processing generally have large con

centrations of dissolved organic and inorganic

constituents. Current research efforts have been

directed towards evaluation of microbial

interactions with an aqueous effluent obtained from

the Laramie Energy Technology Center's site 9 in

situ oil shale processing experiment located near

Rock Springs, Wyoming. Microorganisms have been

shown to survive and grow in this process water

(Omega-9 water) . These organisms have an impact on

stability of stored Omega-9 water samples and may

be highly important in water treatment prior to

disposal.

Populations of microorganisms present in the

Omega-9 water exhibit growth kinetics typical of

single-celled organisms. Bacteria and actinomycetes

have been isolated from the water on standard quanti

fication and isolation media and on a medium in

which the organics of the retort water are the only

carbon sources available for microbial growth.

Pseudomonas aeruginosa and Pseudomonas putida3

genetically modified to metabolize complex or

recalcitrant organic compounds were inoculated into

filter sterilized Omega-9 water and did not grow in

it.

Mixed culture growth of microorganisms in

Omega-9 water was recorded spectrophotometrically.

Samples taken during growth were subjected to DOC

fractionation and analysis. Changes in total

dissolved organic carbon, total hydrophobics,

hydrophobic neutrals and pH were correlated signi

ficantly with time, possibly as the consequence of

microbial growth.

INTRODUCTION

Aqueous effluents derived from fossil fuel

processing have high potential impact on the

environment in spill or disposal events. Microor

ganisms have been shown to survive and grow in

process water (Omega-9 retort water) . These

organisms have an effect on stability of stored

Omega-9 water samples and may be highly important in

water treatment prior to disposal (Farrier, et al.,

1977).

It is well documented that microorganisms

survive in and metabolize components of fossil fuels.

A large number of bacteria have been shown to oxidize

hydrocarbons. Among these organisms are gram-nega

tive rods (Pseudomonas, Flavobacterium3 Aloaligenes

and Achromobacter species) , gram-positive rods and

cocci (Brevibacterium3 Corynebacterium3 Arthrobacter3

Bacillus and Micrococcus species) ,
acid-fast rods

(Mycobacterium), and multicellular, branching,

actinomycetes (Nocardia and Streptomyces) (Doetsch

and Cook, 1973). Even as early as 1946, it was

concluded that microorganisms play key roles in

degradation of petroleum derived gaseous, liquid and

solid hydrocarbons in aliphatic, olefinic, aromatic

and naphthenic series (ZoBell, 1946). That microor

ganisms can degrade petroleum hydrocarbons suggest

that these organisms might be usable to remove

hydrocarbon pollutants from various ecosystems

(Atlas, 1978). However, microbial degradation of

hydrocarbon pollutants is dependent on: 1) the

nature of the organic constituents (the chemical

nature of the hydrocarbon mixture and presence of

toxic components) ; 2) the concentrations of the

hydrocarbons; and 3) the nature of the environment

receiving the hydrocarbon materials (Bartha and

Atlas, 1977 and Colwell and Walker, 1977).

The oil shale derived Omega-9 retort water has

properties similar to waters which have been contami

nated with petroleum materials. Primarily the water

is high in organic components (1000 ppm total organic

carbon) (Stuber and Leenheer, 1978) , which may be

subject to degradation by microorganisms (Felix, et

al., 1977). However, the water has its own set of

properties which make it vastly different from

petroleum polluted water. The Omega-9 retort water

was high pH (8.6), bicarbonate (15,940 ppm), thio

sulfate (2740 ppm), sulfate (1990 ppm), ammonium

(3470 ppm), Kjeldahl nitrogen (3420 ppm), specific

conductivity (20,400 y mhos/cm), sodium (433 ppm)

and low total phosphorus (3.2 ppm) (Fox et aL, 1978).
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These properties may have substantial influence on

microbial growth. A pH of 8.6 is near the upper

limit tolerated by many microorganisms (Brock, 1974;

Doetsch and Cook, 1973), and an electrical conduc

tivity of 20,400 u mhos/cm is about the conductivity

equivalent of a 1% solution of sodium chloride (U. S.

Salinity Laboratory Staff, 1954), the maximum limit

tolerated by many bacteria (Brock, 1974) . Together

pH and electrical conductivity probably act to

limit the species of bacteria which can survive in

the Omega-9 water. Other properties of the water

may further limit bacterial survival.

An understanding of the microbiology of retort

water is an essential step in devising disposal

strategies. In addition, microorganisms will

probably be the first biological systems which the

water will contact in a spill or disposal event.

The interaction of retort water with microbial

systems will largely determine how the components

of the water will influence other systems. The

objectives of this research are: 1) characterize

and identify microorganisms present in

Omega-9 retort water; 2) investigate microbially

mediated alteration of retort water components; and,

3) examine modification of soil microbial popula

tions by retort water. This paper describes aseptic

techniques and sterilization methodology used to

prepare the water for use as a medium for microbial

growth, and is a summary of findings under objectives

1 and 2.

MATERIALS AND METHODS

Aseptic Techniques and Sterilization of Retort Water

The acquisition, processing and storage of a

47,300 liter sample of an in situ oil shale proces

sing water designated Omega-9 has previously been

described (Farrier, et al., 1977). An autoclavable

siphon mechanism was devised to aseptically withdraw

the Omega-9 water from storage barrels. The water

had been stored at 4 C in barrels since acquisition

(Farrier, et al. , 1977). All materials used in

handling the water were sterilized by autoclaving.

A breather tube packed with sterile cotton was

inserted into the barrel air intake to filter air

borne microorganisms. The sampling hole was plugged

with a rubber stopper that had previously been

bored and fitted with a 20 cm length of 4 mm diameter

glass tubing. The glass tubing was connected to a

2 liter vacuum flask by a 60 cm length of latex

tubing. The flask was attached to a vacuum pump via

vacuum tubing with a segment of glass tubing packed

with sterile cotton to serve as a filter. Water

withdrawn using this device was then prepared for

sterilization by centrifugation (Gauger et al., 1979),

After centrifugation the supernatant was with

held for sterilization and preparation as a growth

medium. The pellet was either discarded or used

immediately as a source of inoculum.

The centrifuged Omega-9 water was sterilized by

one of two methods: autoclaving or membrane filtra

tion. Autoclaved medium was prepared by mixing the

Omega-9 water in equal volumes with 3% water agar

(water to which 3% agar had been added) . This was

autoclaved (15 psi and 121 C for 15-20 min) and

dispensed into petri plated or screw cap tubes.

Duplicate samples of centrifuged retort water

were sterilized using membrane filtration procedures.

This technique obviates the possibility of altering

the retort water through the high pressure and heat

of autoclaving. The Omega-9 water was placed in a

1000 ml capacity cylindrical chamber and forced

under 414 mm Hg pressure through a sterile filter

holder containing a filter having 0.2 micrometer

pore sizes. The resultant filter sterilized liquid

was filter sterilized a second time, collected in

Erlenmeyer flasks, and agitated on a rotary shaker

for 48 to 72 hours at room temperature. If the water

contained viable microorganisms, their growth would

impart a visable turbidity to the water. Turbid

water was discarded. If the water remained clear it

was used to prepare growth medium. Liquid medium

was a lx concentration of the filtered Omega-9 water.

Agar medium was prepared as a 1:1 mixture of

filtered Omega-9 water and 3% water agar. The water

agar had been previously sterilized by autoclaving.

The agar medium was dispensed as described above.

Evaluation of Microbial Growth on Omega-9 Water

Media and on the Media Supplemented with Nitrogen

and Phosphorus

This study was designed to compare the growth of

microorganisms on Omega-9 retort water agar steril

ized by autoclaving and sterilized by membrane

filtration. Concurrently, the influence of nitro

gen and phosphorus additions to the medium was

evaluated (table 1). Nitrogen was added as 12 mM

NH4NO3 (1 g/l) and phosphorus as 21 mM Na2HP0^
(3 g/l) were added to media as individual components

and together. The media were inoculated with turbid

Omega-9 water diluted 10"1, 10~2, 10"3,
10~4

and

10~5
or with sterile water as a control. The turbid
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inoculum was obtained by allowing non-sterile Omega-9

water to incubate at room temperature. Three plates

were inoculated at each dilution level. Countable

plates (those exhibiting between 30 and 300 colonies)

were enumerated after 5 days of incubation at room

temperature.

Growth of Genetically Modified Pseudomonas

Pseudomonas aeruginosa (NRRL B-5472) which had

been genetically modified to degrade octane, camphor,

salicylate and naphthalene and Pseudomonas putida

(NRRL B-5473) genetically modified to degrade camphor,

salicylate and naphthalene and to possess drug resis

tance to neomycin/kanamycin, carbenicillin and tetra

cycline (Chakrabarty , 1974) were obtained from the

USDA stock culture collection (Peoria, IL) and were

inoculated into Omega-9 water. The cultures were

incubated at room temperature (20 to 25 C) on a

gyratory shaker (128 rpm) .

Microbially Mediated Alteration of Omega-9 Water

Components

A sample of the Omega-9 water was aseptically

obtained from a storage barrel as described previously.

This was dispensed into 500 ml Erlenmeyer flasks and

incubated at room temperatures (20 to 25 C) on a

gyratory shaker (100 rpm) until visible turbidity,

an indication of microbial growth, was observed (at

18 to 36 h) . Ten ml aliquots of this turbid water

were used to inoculate 3 replicate, 1000 ml quantities

of filter-sterilized water in 2.8 liter flasks.

These flasks were incubated at room temperature on a

gyratory shaker (100 rpms) and absorbance read spec-

trophotometrically at 0.5 to 2 hour intervals.

Growth rate of microbial population expansion was

determined according to the following relationship:

Ln A/A. = (t -

t,) k where A. is the absorbance or

number of bacteria at an initial time, t. (beginning

of log phase), and A is the absorbance at a later

time, t_ (end log phase) and k the growth rate con

stant (Mandelstam and McQuillen, 1973). Thus, a plot

of the logarithm of the absorbance versus the time of

measurement during log phase gives a straight line

with slope k.

In addition, 10 ml aliquots of the water were

collected at intervals for 40 hours from each of the

3 replicate samples which had been inoculated with a

turbid Omega-9 water culture. Absorbance, pH, elec

trical conductivity, dissolved organic carbon (DOC) ,

hydrophobic bases, acids, neutrals and hydrophilic

bases, acids and neutrals (DOC fractionation analysis)

were determined (Stuber and Leenheer, 1978).

Replicate samples at each sampling time were pooled

after initial determination of absorbance of all

samples indicated that replicates were similar.

Absorbance of the pooled samples was determined, and

samples were centrifuged for 20 min (11,400 x G, at

5 C) to remove most of the microorganisms. For DOC

fractionation, all samples were filtered through a

silver, 0.45 ym pore diameter filter to remove sus

pended organic C. The pH was determined directly on

the undiluted samples. DOC, DOC fractionation, and

electrical conductivity were determined on samples

which had been diluted 1:40 with distilled water .

RESULTS AND DISCUSSION

Evaluation of Microbial Growth on Omega-9 Water Media

and on the Media Supplemented with Nitrogen and

Phosphorus

Filter sterilized Omega-9 medium was shown to

be superior to autoclaved Omega-9 medium (table 1) for

microbial growth. Subjecting the water to 121 C tem

perature and 14.5 psi (about 1 Atmosphere) may remove

organic constituents from the water which support

microbial growth or generate compounds toxic to

microbial physiology. Addition of nitrogen and

phosphorus to the filter sterilized Omega-9 medium

significantly increased its ability to support micro

bial growth (table 1) . The response to phosphorus

additions was anticipated since the water is low in

this constituent (Fox, et al. , 1978) . The response to

nitrogen additions was unexpected because at least

reduced nitrogen (ammonium) as reported by Fox,

Farrier and Poulson (1978) is abundant in the water.

Growth of Genetically Modified Pseudomonas

The two Pseudomonas strains were both unable

to grow in the Omega-9 water. This suggests that

some component or characteristic of the water was

toxic to the organisms and not that they were unable

to assimilate carbon from the retort water.

Microbially Mediated Alteration of Omega-9 Water

Components

The results of the growth curve were typical of

microbial gorwth in liquid culture (Fig. 1). Total

DOC, total hydrophobics and hydrophobic neutrals

(Figs. 2, 3 and 4, respectively) were significantly

correlated ( = 0.01) with time, and decreased with

increasing microbial growth. Other parameters

1/ Fractionation analysis was contracted to Huffman

Laboratories, Inc., 3830 High Court, P.O. Box 777,

Wheat Ridge, Colorado, 80033.
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Figure 1. Growth of microorganisms in Omega-9 water.

Absorbance was measured at 660 nm. G is

generation time, K is the growth rate

constant. The linear portion of the above

curve was positioned using repression

statistics. Samples taken at 0, 8, 16, 20,

24, 26, 29, 31, 35 and 49 hours were

fractioned for DOC analyses.

Figure 2. Changes in total dissolved organic carbon

as a function of time and microbial growth

in Omega-9 water.
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Figure 3. Changes in total hydrophobic solutes as a

function of time and microbial growth in

Omega-9 water. HPO is hydrophobic solutes,

Figure 4. Changes in hydrophobic neutral solutes as

a function of time and microbial growth

in Omega-9 water. HPO is hydrophobic

solutes.
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Table 1. Experiment design and results of a study comparing the growth of microorganisms

in Omega-9 water agar media containing nitrogen and phosphorus.

Mean number of cells/ml (dilution plate counts)

AUTOCLAVED

OMEGA-9

MEDIA

UNTREATED NITROGEN
2/

I 120b \

PHOSPHORUS
3/

77b

NITROGEN +

PHOSPHORUS4'

/ 580d ]

FILTER STERILIZED

OMEGA-9

MEDIA

1/ Means with like letters are not significant at the 0.05 level. Those with unlike letters are

significantly different at the 0.005 level. Means in the control (untreated) are not significantly

different primarily due to loss of replication in the filter sterile system. Autoclaved and filter

sterilized Omega-9 water agar were compared in a separate study and found to be significantly

different at the 0.005 level.

2/ As NH4N03, 1 g/l.

3/ As Na2HP04, 3 g/l.

4/ As NH4N03, 1 g/l, and Na2HP0,, 3 g/l.

measured were not correlated at a statistically

significant level with time or microbial growth.

Microorganisms may be assimilating organic

carbon in the Omega-9 water. This explanation would

be plausible if the hydrophilic fractions were also

negatively correlated as a function of time. Since

the hydrophobic fractions represent those organics

which were sparingly soluble in aqueous solution,

an alternate hypothesis is that the hydrophobics

were adsorbed to the microorganisms and, as a con

sequence of centrifugation, physically removed, but

not biologically assimilated. However, the fact

remains that microorganisms grew in the retort water.

They had to assimilate carbon from some available

source, and the retort water does contain potentially

available carbon.

CONCLUSIONS

Filter sterilized Omega-9 water was shown to be

superior to autoclaved water in its support of

microbial growth. Supplementation of the filter

sterilized medium with phosphorus and nitrogen,

significantly increased its ability to support micro

bial growth.

Two Pseudomonas species genetically modified to

degrade hydrocarbons were unable to remain active or

survive in filter sterilized Omega-9 water. This

suggests that chemical or physical properties of the

water may limit microbial growth, since the

Pseudomonas species used had the metabolic diversity

to use the carbon available in the system.

Dissolved organic carbon fractionation analysis

of retort water during growth of indigenous micro

organisms (Fig. 1), suggested that hydrophobic

organics were being removed from solution by the

organisms (Figs. 2, 3 and 4). It has not been

determined whether this removal was due to metabolic

degradation or physical adsorbtion of the organics

to bacterial cells. Microbial growth was directly

correlated with pH. Decreases in organic constituents

may have been a result of microbial assimilation.

Alternately, these constituents may have been

adsorbed to microorganisms and removed from the

water during removal of the microorganisms.

ACKNOWLEDGMENTS

This research was supported in part by RMLEE/

LETC contract #DE-AS20-79LC01761, task agreement

#18, through the Rocky Mountain Institute of Energy

and Environment, University of Wyoming, Laramie,

82071 from the Laramie Energy Technology Center,

U.S.D.O.E., Laramie, WY, 82071.

120



REFERENCES

American Public Health Association. 1960. Standard

Methods for the Examination of Water and Waste

water. 11th ed. Am. Public Health Assoc, Inc.

New York.

Atlas, R. M. 1978. Microorganisms and petroleum

pollutants. Bio-Science 28: 387-391.

Bartha, R. and R. M. Atlas.

of aquatic oil spills.

22: 226-266.

1977. The microbiology

Adv. Appl. Microbiol.

Brock, T. D. 1974. Biology of Microorganisms.

Prentice-Hall, Inc., Englewood Cliffs, New

Jersey.

U. S. Salinity Laboratory Staff. 1954. Determina

tion of the properties of saline and alkali

soils, p. 7-16. IN L. A. Richards (ed.)

Diagnosis and improvement of saline and

alkali soils. Agric. Handb. No. 60, USDA,

U. S. Govt. Printing Office, Washington, DC.

Stuber, H. A. and Leenheer, J. A. 1978. Fractiona

tion of Organic Solutes in Oil Shale Retort

Waters for Sorption Studies on Processed Shale.

Preprints Amer. Chem. Soc. Div. of Fuel Chemistry,

Vol. 23, no. 2, p. 165-74.

ZoBell, C. E. 1946,

hydrocarbons .

Action of microorganisms on

Bacteriol. Rev. 10: 1-49.

Chakrabarty, A. N. 1974. Microorganisms having
multiple compatible degradative energy-generating

plasmids and preparation thereof. U. S. Patent

3,813,316.

Colwell, R. R. and J. D. Walker. 1977. Ecological

aspects of microbial degradation of petroleum

in the marine environment. Crit. Rev. Micro

biol. 5: 423-445.

Doetsch, R. N. and T. M. Cook. 1973. Introduction

to Bacteria and Their Ecobiology. University
Park Press, Baltimore, Maryland.

Farrier, D. S., R. E. Poulson, Q. D. Skinner, J. C.

Adams and J. P. Bower. 1977. Acquisition,

processing and storage for environmental research

of aqueous effluents derived from in situ oil

shale processing. Proc. Second Pacific Chem.

Eng. Cong. 2: 1031-1035.

Felix, W. D., D. S. Farrier and R. E. Poulson. 1977.

High Performance Liquid Chromatographic Charac

terization of Oil Shale Retort Water. Proc.

Second Pacific Chem. Eng. Cong., Vol. 1, p. 480-

485.

Fox, J. P., D. S. Farrier and R. E. Poulson. 1978.

Chemical characterization and analytical con

siderations for an in situ oil shale process

water. Laramie Energy Technology Center Report

of Investigations. Publ. #LETC/RI-781.

Gauger, W. K. , S. E. Williams, D. S. Farrier and

J. C. Adams. 1979. An analytical approach

for assessing the quality, by microbial

evaluation, of aqueous effluents obtained from

an in situ oil shale process. EPA Oil Shale

Sampling, Analysis and Quality Assurance

Symposium, Denver, CO, March 26-28, 1979; in

press, manuscript available from authors.

Leenheer, J. A. and E. W. D. Huffman, Jr. 1976.

Classification of organic solutes in water by

using macroreticular resins. Jour. Research

U. S. Geol. Survey 4: 737-751.

Mandelstam, J. and K. McQuillen. 1973. Biochemistry
of Bacterial Growth. J. Wiley and Sons, New

York.

121



PHYTOTOXICITY AND PLANT RESPONSE TO AQUEOUS EFFLUENTS

DERIVED FROM AN IN SITU OIL SHALE PROCESS WATER

D. Skinner, Range Management Division

T. S. Moore, Botany Department

R. 0. Asplund, Chemistry Department

J. C. Sexton, Botany Department

University of Wyoming

Laramie, Wyoming 82071

D. S. Farrier

Department of Energy

Laramie Energy Technology Center

Laramie, Wyoming 82071

ABSTRACT

A significant environmental concern associated

with the development of an oil shale processing

industry relates to the handling, containment,

treatment, use, and disposal of aqueous by-products

associated with oil shale processing. Aqueous by

products may include the leachates from raw and

spent shale, process waters recovered with the oil,

and subsurface waters associated with production

zones. Such effluents are generally heavily con

taminated with high levels of both organic and in

organic constituents. Possible mechanisms for bio-

environmental contact of aqueous effluents derived

from in situ oil shale processing include accidental,

episodic exposure resulting from failure of a con

tainment, leakage during transfer or treatment

processes, or contamination and subsurface migration

of ground waters to a surface outlet. The magnitude

of plant responses and phytotoxic effects resulting

from such exposure has not been but needs to be

quantified for purposes of risk assessment. The

development of control technologies for aqueous

effluents looks forward to the potential of using

suitably treated process waters for land reclamation

purposes. Again, quantitative data on plant responses

would both provide rationale for water treatment and

assess treatment efficacy for waters destined for

surface disposal. In response to these needs, a

research project to address plant and process water

relationships has been developed. The initial ob

jectives of the project are to 1) develop quantita

tive, short-term, cost-effective, diagnostic screen

ing procedures for vegetation, 2) using such pro

cedures, to quantitate the response of selected

plants to process waters derived from in situ oi 1

shale processing, and 3) provide information for

developing control technology. In the latter ob

jective the information most useful will be in terms

of indentifying toxic fractions and testing the

effectiveness of specific water treatments to

remove such materials.

This paper presents results meeting the

first-stated objective. Two screening procedures,

a seed germination assay and growth and develop

ment response assays, have been developed using an

in situ oi
'
shale process water.

INTRODUCTION

Oil shale represents a viable source of fossil

fuel to assist meeting U. S. energy needs. Develop

ment of oil shale processing technologies is pro

gressing along several lines and concurrent with

this development must be the assessment and solution

of environmental problems. A particular and sig

nificant problem resides in the handling, contain

ment, treatment, disposal, use, and eventual fate

of waters associated with aboveground or below

ground (in situ) processing techniques. Process

waters recovered with the oil, and subsurface waters

associated with the production zone represent ex

amples of aqueous by-products. Such effluents are

generally heavily contaminated with high levels of

both organic and inorganic constituents. Possible

mechanisms for bioenvi ronmental contact are acci

dental episodic exposure resulting from failure of

a containment, transfer, or treatment process, or

contamination and subsurface migration of ground

waters to a surface outlet. The magnitude of plant

responses and phytotoxic effects resulting from

such exposures has not been but needs to be quanti

fied for purposes of risk assesment. This is

apparent when it is realized that in the minimum

case during in situ processing of oil shale an equal

volume of process water is co-produced with each

barrel of shale oil (1). During in situ oil shale

processing the amount of water produced increases

as a result of recovery of ground water intruding

into the retort zone and consequently recovered with
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the oil (1, 2, 3). In situ coal gasification and

tar sands processing will encounter simi lar water

related concerns.

A research project has been designed to address

vegetation and process water relationships. The

initial objectives are to 1) develop quantitative,

short-term, cost-effective, diagnostic screening

procedures for vegetation, 2) using such procedures,

to quantitate the response of plants to process

waters derived from fossil fuel processing, and 3)

provide information for developing control tech

nology. In the latter objective quantitative data

on plant responses would both provide rationale for

water treatment and assess treatment efficacy for

waters destined for surface disposal. This paper

presents results meeting the first stated objective.

The screening procedures were developed in

laboratory and greenhouse environments. This was

necessitated by the importance of exercising as

much control as possible over the environment of the

plants in order to increase the uniformity of the

results and decrease the potential complications

arising from such factors as microorganism contam

ination, temperature fluctuations, etc. Techniques

were selected on the basis of their ability to

quantitate the overall status of the plants in

question and, that were in most cases, known to be

non-injurious so that effects could be followed for

extended periods.

Two screening procedures, a seed germination

assay and a growth response assay, have been de

veloped. The objective of having quantitative,

short-term, cost-effective, diagnostic screening

procedures for monitoring the effect of process

waters on plant systems is now achieved.

MATERIAL AND METHODS

Test Water

The water used for developing the screening

methods is from a 12,500 gallon composite of retort

waters produced during the 1976 Rock Springs Site 9

true in situ oil shale combustion experiment con

ducted by the Laramie Energy Technology Center

(L.E.T.C.) Department of Energy (4). The large

volume sample was given the designation "0mega-9

retort water". Acquisition, processing and storage

of Omega-9 water has previously been reported (3).

It must be emphasized that, while the Omega-9

retort water sample is representative of the site

operation from which it was obtained, it cannot be

construed as representative of effluents produced

during true in situ oil shale retorting in general.

The Omega-9 sample consists of a considerable dilu

tion with ground waters seeping into the retorting

zone and recovered with the oil. This is the first

reference sample collected in sufficient quantity to

support a large number of investigations. The eval

uation of its true representivity awaits comparison

with effluents obtained from a variety of in situ

experiments. Detailed composition characteristics

of the Omega-9 retort water have previously been

reported (2, 3, 5, 6, 7, 8). Table 1 compares the

chemical composition of Omega-9 with other oil

shale process waters.

Omega-9 represented an excellent choice as a

water for development of screening procedures. It

is available in quantities adequate for completing

the preliminary screening methods, testing these

methods, and eventually performing field trials.

It has been characterized as to constituents and

quality, and researched by others concerned with

water quality, treatment and bioenvi ronmental issues.

Germination, Assay

The development and testing of the germination

screening methods involved reviewing the germination

characteristics of test plants and examining the

effects on germination of process water. The Omega-

9 test sample was appropriately diluted to known

concentrations in distilled water and 2.0 ml of the

diluted sample were added to 10 seeds sown on filter

paper in a covered, 10 cm Petri dish. Controls were

treated only with 2 ml of distilled water. Six

replicates were used for each experiment. All ex

periments were run at room temperature (21 C) and

either kept in the dark, (except during observations),

or under normal laboratory illumination. The seeds

in the Petri dishes were examined for germination

and the germinated seeds removed at regular time in

tervals. The number of seeds germinated over each

period was recorded. The criterion used for germi

nation was the visible appearance of the radicle

tip. Experience has shown that other characteristics

of germination may be manifest in nonviable seeds

(such as hull spreading, seed coat splitting, etc.),

while active mitosis is necessary for the radicle
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Table 1. Chemical composition of various oil shale process waters (mg/S).a

Rock Springs Site 9

True In Situ Retort

(Omega-9Water

Simulated In Situ
Retorts'*

Composite)

Parameter Range Average Best
Value6

Alkalinity, total (mg/C CaC03) 18,200 110,900 16,200 480

Aluminum 0.041 16.6 <0.03 - 19.1

Arsenic 0.46 10 1.8 1.0 0.2

Barium 0.002 0.47 0.07 0.71 0.33

Beryllium <0.001 <0.001 <0.006

Bicarbonate, mg/fi HCO"3 4,200 73,640 15,940

Biochemical oxygen demand, 5-day 350 5,500 740

Bromine <0.001 1.94 0.082 2.4 .4

Cadmium <0.001 0.005 0.0016 0.0008

Calcium 0.0 94 7.6 12 4

Carbon, inorganic, mg-C/8 1960 19,200 7,500 3340 390

Carbon, organic, mg-C/fi 2,200 19,000 4,700 1003 192

Carbonate, mg-CO=3/B 0.0 15,210 500

Chemical oxygen demand 8,500 43,000 18,500 8100 5700

Chlorine 0.007 1910 824 61

Chromium 0.009 0.08 0.015 0.02 4%

Cobalt 0.002 0.65 0.12 0.030 0.012

Conductivity, umhos/cm 15.100 193,000 31,000 20,400 3840

Copper 0.003 160 0.019 0.10 0.04

Fluoride 0.1 270 60 9

Hardness 20 1,500 88 110

Iodine <0.001 1.3 0.59 + 0.30

Iron 0.091 77 7.6 1.2 + 0.3

Lead 0.002 083 0.0045 0.02

Lithium <0.001 7.1 0.70 0.18 - 0.8

Magnesium 3.2 350 22 20 6

Manganese 0.001 0.39 0.099 0.09 0.04

Mercury <0.001 0 39 0.0003 - 0.021

Molybdenum 0.033 1.2 0.60 0.07

Nickel 0.014 2.6 0.06 0.02

Nitrogen, ammonia, mg-NH3-N/C 1,700 13,200 7,000 3795 390

Nitrogen, ammonium, mg-NHVN/C 930 24,450 10,000 3470 830

Nitrogen, nitrate, mg-N03-N/8 1.4 8.7 0.17

Nitrogen, organic, mg-N/6 73.3 1510 148 - 630

Nitrogen, Kjeldahl, mg-N/C 6,600 19,500 3420 420

Oil and grease 3,800 3,800 580

PH 8.1 9.4 8.7 8.65 0.26

Phenols 2.2 169 60 30

Phosphorus 0.23 19.0 1.25 3.2 2.6

Potassium 8 120 37 47 9

Selenium <0.001 1.7 0.21 0.11

Silver <0.001 0.23 0.003 0.001

Sodium 45 1600 320 4333 244

Solids, dissolved 1,750 24,500 6,800 14,210 193

Solids, total 6,350 121,000 14,210 120

Solids, volatile 2,070 119,300

Sulfur, sulfate, mg-SOV? 42 2,200 1,400 1990 250

Sulfur, sulfide, mg-Jf/C 0.0 156 0.0

Sulfur, total, mg-S/C 14 2320 2300

Uranium 0.018 93 0.55 0.07

Vanadium 0.004 >190 0.27 0.12 0.01

Zinc 0.020 15.1 0.28 0.31 0.04

'Selected values taken from reference (2). This reference should be referred to for discussionspertinent to each value

given above.

''The range given is based on the analysis of up to 18 different waters obtained from 4 simulated in situ oil shale retorts.

An average value is given only if 15 or more waters were available.

cBest values determined by a statistical technique in the analysis of results obtained from a multilaboratory, multimethod

survey of the Omega-9 sample.
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tip to emerge.

Two useful quantitative parameters of seed

germination were calculated from the collected

data. These were the germination index (Gl) and

inhibition concentration factor Ocq) The germi

nation index is obtained by a variation of a

method developed by Maguire (9). The amount of

germination is observed over measured time intervals

and the index is calculated from the equation:

Gl - n 9
~

9
n-1

/n

where i is the time (usually days) of the first ob

servation and j that of the last observation, g

t"h
"

is the number of seeds germinated by the n ob

servation, g, is the number germinated in the

preceding observation, and n is the time of observa

tion (days from initiating the experiment). The

germination test since this treatment allows frac

tional observations.

Inhibition concentration factor, ( !,-), 's de*

fined as the dilution of the test water, in this

case Omega-9 retort water, which yields a Gl which

is 50 percent of the Gl for distilled water control.

For example, if undiluted process Omega-9 retort

water were to give a Gl equal to one-half of the

control Gl, then the I,.- would be 50 percent.

Therefore, the smaller the I-- the more detrimental

to germination is the sample. The retort water used

in these tests was diluted with distilled water

and the concentrations are expressed as percent v/v.

The l__ was computed by plotting the Gl versus

dilution, as shown in Figure 1, followed by estima

ting the dilution which matched the curve where the

Gl was one-half the value of the Gl at 0 percent

di lution.

Germination, Experimental

The methodology described above was used

specifically as follows. In the first experiment,

germination indices (Gl) and germination inhibition

(l50) were determined for several native grasses.

Seeds of Agropyron ri par ium (steambank wheatgrass) ,

Poa amp la (big bluegrass), Festuca pratensis (meadow

fescue), Elymus junceus (Russian wildrye) and

Hordeum vulgare var. beacon (barley) were obtained

from the Wyoming State Seed Laboratory (University

of Wyoming). 0mega-9 water was diluted with disti 1 led

water as required. This experiment demonstrated the

feasibility of using these parameters to measure

process water effects on seed germination and

allowed definition of the Hordeum vulgare as an in

dicator species.

The second and third experiments related pH

and conductivity to their effects on Hordeum vulgare.

These parameters were tested to determine to what

extent these physical factors, rather than specific

solutes, might be affecting germination. The pH

values were measured on a pH meter accurate to 0.01

pH units and standardized daily against a known

buffer. Conductivity measurements were made on a

conductivity meter equipped with a plastic-coated,

gold-plated cell and automatic temperature compen

sation; this also was calibrated daily against a

known standard. The determinations of the pH

effects were done using dilute phosphate and acetate

buffers; conductivity effects were tested using

various concentrations of NaCl or KC1.

Computation of confidence intervals and cor

relation coefficients was accomplished by standard

biometric methods (10) and are identified in the

relevant tabular data.

Growth and Development, Assay

Plant morphogenesis is the result of a complex

series of events which are carefully regulated at

every stage of a plant's life. For this reason, it

is essentially an impossible task to measure all

the potential response of a plant to process waters.

Indeed, it was necessary to select certain specific,

easily measured, and, for the most part, non

destructive techniques to measure the overall status

and productivity of the species in question. Total

dry weight, root/shoot dry weight ratios, leaf area,

shoot dry weight/leaf area ratios and diffusive

resistance measurements, as well as observations on

coloration, were the parameters chosen. The reasons

for each are presented below.

Dry weight measurements were selected as a

measure of overall productivity. Total dry weights

(g) were used rather than fresh weight in order to

gain greater reproducibility between replications.

Anatomical biomass relationships were obtained by

calculating root/shoot dry weight ratios. Such

information allows an estimate of the plants devel

opmental priorities. Knowledge of such relation

ships allow one to speculate on the relative needs

for photosynthate (greater shoot biomass), water
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Figure 1. Idealized representation of the effects of Omega-9 water on

Hordeum vulgare (domestic barley), showing the method of

calculation of I CQ.

(greater root biomass), etc. All dry weights were

determined after oven drying of whole plants or

plant parts for 48 hours at 80 C.

2
Leaf area (cm ) was used as a measurement of

the potential area involved in photosynthesis and

hence the overall capacity to synthesize food

materials and water loss. This measurement was ob

tained either by use of a Lambda Instruments Corps.

(Lincoln, Nebraska) leaf area meter model Ll-3000,

or by length-width measurements and subsequent cal

culations of the area. Observations of general leaf

color were used to estimate the percentage of the
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total leaf area actually engaged in photosynthesis;

they also were useful for monitoring general plant

health. Coloration changes from green represent

a reduction in actual photosynthetic area; such

changes are not adequately measured by straight

forward leaf area measurements.

2
The shoot dry weight/leaf area (g/cm ) ratio

also was calculated in order to relate total plant

biomass to potential photosynthetic area and there

by estimate the priorities for photosynthetic bio

mass production under various conditions.

Diffusive resistance (sec/cm) was used to

measure stomatal and cuticular resistance to water

loss (11) and to monitor physiological water stress

on the plants. Changes in the water status of a

plant may have profound effects on all aspects of

growth and reproduction. This technique specifi

cally measures stomatal aperture opening, which

allows estimates of the capacity of the plant for

taking up C0 for photosynthesis. A Lambda Instru

ments Corp. autoporometer model L 1 -65 equipped with

a narrow aperature (3.5 mm x 20 mm) was used for.

thjs purpose. Measurements were taken in the after

noon under approximately equal light intensities.

Calibration was performed using a Lambda Instruments

calibration plate model 20 at a constant temperature

(1 C). Light intensity was measured using a

Lambda Instruments Corp. photometer model L1-185A.

These techniques and their relevance to the study

are summarized in Table 2.

Growth and Development, Hydroponic System

The above growth responses were measured

utilizing plants grown in a hydroponic system under

greenhouse conditions. Growth in hydroponic cultures

was chosen because of the greater control which can

be exerted over the growing conditions. Regulation

Table 2. Methods utilized in whole plant growth and development investigations

and their contributions toward determining the status of the plants.

Technique

Parameter

Measured

Destructive(D)

vs

Nondestructive Purpose of

(N) Measurement

Measurement of Dry Weight of

Weight of Dried Plant Parts

Plants and

Organs

a. Estimate plant produc

tivity

b. Evaluate plant priori

ties on tissue and

organ development

Leaf Area Meter Leaf Area Estimate priorities on

leaf (photosynthetic

organ) formation

Estimate area available

for gas exchange and

photosynthesis

Diffusive

Resistance

Resistance of

Leaf Surfaces

to Water Loss

a. Estimate relative degree

of stomatal opening,

and thereby, gas ex

change

b. Estimate general water

status of plants

Color

Observations

Leaf Color Rela

tive to Controls

a. Determine relative

health of plants

b. Refine leaf area measure

ments for photosynthetic

capacity
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of sterility, nutrition, pH, etc., are essential

for controlling the wide range of variables which

can affect plant growth.

Each hydroponic system consisted of one large

polypropylene nutrient medium reservoir, a pump, a

main line, and feeder tubes from the main linge to

polypropylene pots as shown in Figure 2. The pots

generally contained thrice-rinsed horticultural

grade perlite as a plant support. The nutrient

medium reservoir capacity was either 20 or 50 t

depending on the scale of the experiment.
Individ-

uad pot capacities of 0.6, 1.0, 2.0, or 4.0 I were

used depending on the individual plant species re

quirements. The pots are covered with duct tape and

aluminum foil to eliminate light and holes were

drilled in the base of the pots for drainage of ex

cess medium into a common drainage trough. Runoff

was collected in containers connected to the trough.

The nutrient medium thus collected was not recycled.

The polypropylene pots filled with the plant sup

port and the nutrient reservoir were sterilized

with 70 percent alcohol followed by subsequent

rinsing with sterile distilled water. This steril

ization procedure led to a sterile hydroponic

system until introduction of the non-sterile

seedlings, after which only a minimum amount of

contamination occurred. The seeds were germinated

in sterile vermiculite and the seedlings were intro

duced after the appearance of the radicle, coty

ledon (s), and the first leaf.

The maximum daytime temperature for the hydro

ponic studies was 27 C and the minimum night tem

perature was 15C. The day length was 16 hours, the

normal day period being supplemented with incandes

cent and fluorescent light. The plants were har

vested after 10 weeks growth in the hydroponic

system.

Approximately 150 ml /pot of modified Hoag lands

nutrient solution (H-treatment) or modified

Hoaglands containing various concentrations {%, v/v)

of process water (HR-treatment) were pumped to the

pots during an interval of 0.5 hour each morning.

All media were filter sterilized (0.2 u filter)

prior to use and not recycled.

The composition of the modified Hoag land's

medium is shown in Table 3. Hoag land's medium was

chosen because of its wide use in physiological

experimentation. The changes in the original

Feeder Lines

Pump

6
jdK@

(2) <> <&J& (2) (2>

Drainage Trough Pots containing plants

Figure 2. Simplified diagram of the hydroponic system.
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Table 3. Composition of Modified

Hoaglands Nutrient Solution

Stock # Compound

Stock cone.

Experimental Set 1

1 KjHPO,,
66 mM

II KNO. 1 M

Ca(N03)2-4H20 1 M

II I MqSO^H^
0.4 M

KC1 10 mM

MnSO^-H^ 1 mM

ZnSO^^O 0.4 mM

H3B03 5 mM

IV NH^POj,
132 mM

V Edta-Na-2H20 1.34 mM

FeCl.-6H20 .98 mM

VI Cu(N0.)-3H20 0.5 mM

(HHk)6tto702l.'kH20 .01 mM

VII Kl 0.9 mM

medium were made to update Hoag land's salt solution

(12) to compare with modern culture solutions (13)

and provide optimum growth for the plants used in

these experiments. In all cases both modified

Hoaglands and the process water used were adjusted

with HC1 to a pH of 5.7.

Growth and Development, Experimental

The experiments described below were designed

for developing and demonstrating the effectiveness

of the methodology described above as applied to

evaluating process water effects on vegetation. The

first experiments utilized perlite as the support

system and compared leaf area and diffusive resis

tance of control (H) versus 5% (v/v) 0mega-9 (HR-5%)

treatments. As a basis for comparison with the

other species and to test and adjust the nutrient

media, certain cultivated plant species were tested

first. These included Lycopersicon esculentum var.

big boy (tomato) ,
Zea mays (corn) ,

and Hordeum

vulgare var. beacon (barley). Seeds of these species

were obtained from the Wyoming State Seed Lab

(University of Wyoming). For the first experiment

set, the corn and tomato plants were flowering at

the time they were introduced into the hydroponic

Stock cone.

Experimental Set 2

198 mM

1 M

1 M

0.4 M

10 mM

1 mM

0.4 mM

5 mM

264 mM

2.68 mM

1 . 95 mM

0.5 mM

0.01 mM

0.9 mM

system in these initial experiments and were con

tained in 2 and 4 t pots; barley was in 1 t pots.

Certain wild species also were used and included

Agropyron dasystachyum (thickspike wheatgrass),

Aster spp. (aster) and Poa pratensis (Kentucky blue-

grass). The latter plants were transplanted from

the field to the greenhouse. After the initial

transplant shock was over, the soil particles were

washed from the roots and the plants were introduced

into the hydroponic system and were contained in

0.6 and 1.0 L pots. In all cases, treatments were

run in triplicate. Leaf area measurements were

taken at the onset of the experiment and after one

month of growth. Diffusive resistance was measured

after two weeks of growth.

The second experimental set utilized three

types of plant support (sand, vermiculite, and

perlite) and the plants were introduced into the

system as seedlings. Comparisons were made between

plant growth responses in control (H) , 1$ (v/v)

0mega-9 and (HR-5%) The plant species used were

Lycopersicon esculentum var. big boy (tomato) ,

Agropyron ri par ium (streambank wheatgrass) , and

Agropyron dasystachyum (thickspike wheatgrass).
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All plants were germinated in vermiculite before

transfer to the hydroponic system. Tomato plants

were placed into 2 or 4 pots and the Agropyrons

into 0.6 and 1 t pots containing sand, vermiculite

or perlite. At the time of their introduction into

the system, the tomato plants had several branch

roots and three juvenile leaves evident. The

Agropyron plants had one major root with no

branching and only one primary leaf visible. The

plants were grown under the conditions outlined

above for 10 weeks and the growth and plant status

measurements were taken at the termination of the

experiment .

RESULTS AND DISCUSSION

Germination Tests

The germination indices (Gl's) and inhibition

concentration factors (l-.'s) indicating the

response of each species exposed to Omega-9 water

are shown in Table 4. H_. vulgare and A_. r i pa r i urn

have a large Gl and low I,., and thus, can be said

to be more sensitive to added Omega-9 water. E_.

junceus has the smallest Gl, indicating the least

sensitivity to the water. The response over a

concentration range was generally the same for all

species tested. This is evidenced by the correla

tion coefficients shown in Table 5- junceus

correlates less directly with the others because it

shows a stimulation of germination at low concen

trations of added Omega-9 water. The form of

response is that generally expected for toxins in

biological systems (a negative exponential curve).

Hypothetical ly, at least, the observed effect

of the Omega-9 water might be divided into two

parts, a specific effect resulting from the chemical

composition of the water and a non-specific effect

resulting from properties of the water which might

be obtained equally well from a variety of other

factors. Two possibilities, as examples of the

latter factors, are ionic strength, as reflected in

the conductivity of the water, and pH. To test

these possibilities, distilled water was made to

varying conductivities using two salts, NaCl and

KC1, and the resultant solutions were tested on H_.

vulgare (Figure 3). The resultant exponential curve

follows the equation

y
= 22.31 -

5.85 In x

Table 4

Germination index (Gl) and inhibition concentration (KQ) values standard deviations

for Omega-9 process water-treated grass species.

Species

Agropyron ri par ium

Poa amp la

Festuca pratensi s

Elymus junceus

Hordeum vulgare

Gl
50

14.2 3-1

12.1 2.7

6.8 2.6

0.81 1.2

14.00 0.08

12.3 0.61

20.6 0.32

33.0 0.44

50.8 0.65

22.7 0.80

Gl (germination index) is the sum of number of seeds germinated at selected time

periods computed as shown in the materials and methods section.

Concentration of 0mega-9 water in distilled water (percent, v/v) yielding a Gl

which is one-half of the control value.
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Figure 3. The effect of solutions of varying conductivity (ionic strength)

upon the germination of Hordeum vulgare (domestic barley). Given

ionic strengths were produced by the addition of either NaCl or

KC1 to distilled water.

Figure 4. The effect of solutions of varying pH upon the germination of

Hordeum vulgare (domestic barley). pH was obtained by using a

variety of acetate and/or phosphate buffers at very low ionic

strength (<
.001 M) to eliminate conductivity effects.
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Table 5

Coefficients of linear correlation (r) of germination responses between various grass species as

calculated by standard biometric techniques.

Species

Agropyron ri par ium

Poa amp la

Festuca pratensis

Elymus junceus

P. amp la

0.92

Species

F. pratensis E . j unceus

0.92

0.96

0.89

0.84

0.88

H. vulgare

0.94

0.96

0.98

0.86

where y is the observed Gl and x is the conductivity

-3
expressed in micromhos x 10

The results of germination trials conducted

with H_. vulgare and regulating the pH are contained

in Figure 4. Germination was found to be insen

sitive to pH changes over a wide range (approxi

mately pH 3 to 11). This observation was considered

an adequate reason to abandon any further attempts

to incorporate a correction for pH effects into the

calculations.

The data presented above for 0mega-9 water thus

appear to be a direct effect of the water on seed

germination which is certain to occur in the field.

It is only one of several potential effects of

0mega-9 on plants but it is an important one. Of

considerable importance here is that the test

described with barley can be completed in thirty

hours. The speed of this assay, plus the simple

and direct measurement of the end product of a com

plex physiological process, make it extremely use

ful as an early screening method for questionable

process waters.

A number of native grasses also were used as

test plants but several difficulties arose and were

noted which do not make them good test species.

The first is availability. Most of them are diffi

cult to obtain at all and currently impossible to

obtain in quantity. Secondly, their germination

characteristics are nearly unacceptable. They do

not show a high germination percentage (i.e. there

are a large number of nonviable seeds) and the

germination is quite slow, requiring from one to

two weeks to complete a germination experiment. It

is for the purpose of overcoming these difficulties

that the use of H_. vulgare is suggested. This

species, which is a cultivated crop grass, is readily

available in any quantity from commercial sources.

The seed so obtained has a high level of germination

(usually near 100 percent) and the germination is

essentially complete in thirty hours. Further,

the cultivated seeds are much larger than are the

native seeds, so the observation of the radicle is

much simpler.

One important question concerning this recom

mendation is whether or not the effects on germi

nation of a cultivated seed accurately reflect

effects on native seeds. A comparison of the data

from four native grass species with data for H_.

vulgare gave linear correlation coefficients of

r > 0.86 (Table 5). It must be emphasized that this
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does not mean the actual values of l_n are the same

but, rather, that parallel values are obtained so

that comparisons can be readily made. It is to be

emphasized that H_. vaulgare is being proposed only

as a test organism for routine tests of effects on

germination.

Growth and Development

Seed germination represents the first stage of

plant growth. Subsequent growth stages past germi

nation depict success or failure for plant survival.

Results of methods selected for testing the effects

of Omega-9 water on growth and development are as

follows. Table 6 summarizes the findings from

experimental set 1. HR-treated plants were found

to have decreased leaf areas and increased diffusive

resistances. Corn and tomato plants in the process

of flowering showed a reduction in leaf area and the

tomatoes were severely wilted within one week.

Extensive chlorotic and necrotic areas were present

on all leaves of HR-treated plants; controls showed

chlorosis and necrosis on the older leaves, and only

slight chlorosis was present on younger leaves.

The pattern of chlorotic development in the con

trols was indicative of a nutrient deficiency (14)

and was compensated for in later experiments (see

modification for experiment 2 in Table 2).

Agropyron dasystachyum plants were the least affect

ed in all cases by the Omega-9 treatments. Some

difficulties were obtained in this first set of

experiments, however, since diffusive resistance

measurements indicated that plants (except Poa

pratensi s) from both H-
and HR-treatment were

water-

stressed (11, 15). This was thought to be a result

of poor adaptability by the vegetatively mature

plants to the hydroponic system, so younger plants

were utilized for later experiments.

Table 7 and Figures 5 through 8 outline the

results of experimental set 2. From these data

several trends may be noted. The first is that

seedling survival (Table 7) was lower for Agropyrons

than tomato in Omega-9 treatments, even though the

leaf areas (Figure 5) and dry weights (Figure 6) of

Table 6

Characteristics of plants in experimental set 1 either for Omega-9

water treated (HR-530 or not (H) for a period of one month.

Species Treatment Leaf area

(cm2)

change Diffusive Resistance

(Sec cm"1)

Zea mays H

HR

-162

-1189

+ 100 28.5

43
9.3

Lycopersicon

esculentum

H

HR

197

-877

+ 143

*Poa pratensis H

HR

54

15.7

+

+

9.1

2.6

5.4

9.7

2.7

3.2

Hordeum vulgare

var. beacon

H 104.4

15.4

+

+

15.6

1.8

12.4

54

4.9

14.3

*Aster spp. H

HR

37.5

12.2

+

+

11.2

3.6

21.6

30.8

3.2

6.7

*Agropyron

dasystchyum

H

HR

25

18

+

+

4.4

6.2

59

127

10.8

26.7

* Plants transplanted from native habitat; all others were germinated

from seed.
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Table 7

Percent of plants in experimental set 2 which did not establish evident growth in hydroponic system

Tomato

Treatment Sand Vermiculite Perlite

H 0 0 0

Agropyron riparium

Sand Vermiculite Perlite

0 0 0

Agropyron dasystachyum

Sand Vermiculite Perlite

0 0 0

HR {)%) 0 0 0 4o% 0 0 0 0 0

HR (5%) 0 0 0 60% 20% 20% 20% 0 20%

surviving Agropyron plants were no more detrimentally

affected with 0mega-9 than were the tomato plants.

This possibly is due to the fact that the tomato

seedlings had greater root development than

Agropyron when they were introduced into the hydro

ponic system but further experiments will be neces

sary to verify this. This does suggest a potential

major significance of root development in toleration

of the 0mega-9 water, a factor which should be

considered in all tests of process. waters. These

results also indicate that care must be taken

during introduction of seedlings into the hydroponic

system so that artifacts will not arise as a result

of root damage.

A second trend suggests that the type of plant

support is critical. Leaf areas (Figure 5) and dry

weights (Figure 6) were reduced to a greater extent

in perlite when increasing concentrations of
Omega-

9 were used than was the case with vermiculite and

sand. Thus the plants apppear to be more sensitive

to 0mega-9 in the perlite support. Ionic exchange

capacity, water holding capacity, aeration and com

paction all are factors which might contribute to

these differences. The tight compaction of sand is

likely to be responsible for the large root/shoot

ratios in all treatments utilizing that particular

support (Figure 7), since such compaction interferes

with normal root development.

Plants supported in sand also were found to

develop shallow root systems with thickened, sparsely

branched roots in comparison to plants growing in

other support media. Plants in vermiculite supports

evidenced good productivity in terms of dry weights

and leaf areas (Figure 5 and 6), but the possibility

of vermiculite acting as an ion exchange makes

questionable its use as a support medium for testing

process waters.

Perlite appeared to give adequate support for

growth in all cases. Plants in this support media

have more sensitivity to the effluent water (e.g.,

Figure 8) and it shows greater interspecific con

sistency between treatments. For these reasons,

perlite has been chosen for further experimentation.

From examination of the standard errors in all

Figures it is apparent that the native species have

a greater variability of response than the culti

vated species. The smaller standard error for the

cultivated species may be attributable to the more

genetically stable population (16, 17). A larger

number of samples per species appears necessary to

adequately distinguish changes in the growth

responses of the wild species, so we recommend a

minimum of five samples be used in growth response

studies of this type.

In summary, the hydroponic system was found

to be a valid technique for use in the study of

plant responses to process waters. The hydroponic

system was designed for ease of operation and

achieved this end adequately. It also is capable of

automatically accomodating a large number of samples.

In addition, the individual pot design allows segre

gation of plants in order to eliminate any influence

of one on another; plants are known to exude sub

stances from the roots which may influence other

plants'

responses (18, 19). Complete sterility of

the system was not feasible on a large scale basis,

but sterility of the solution reservoirs, delivery

tubes, pots and supports could be maintained at a
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level adequate to minimize any effects of microbial

contamination which might complicate the effects of

process waters on growth responses.

The growth response parameters which were selec

ted were found to be reliable in separating and

evaluating effects of process waters on plant

growth. All the parameters measured related directly

or indirectly to the productivity of plant systems.

Some difficulties were encountered, however. For

example, the leaf area meter could not be use on

seedlings because of their small size and tender

ness. Ruler measurements were found to suffice

at this state, although they were much more cumber

some. In addition, although the leaf areas of

grass-like plants were very easily measured, plants

such as tomato were more difficult due to the

limitations of the instrument in measuring large

pinnate leaves. Overall the techniques tested were

found to be adaptable to the conditions required

and to meet the criteria of speed, simlicity, accu

racy, and reproducibility which were felt to be

necessary. Some details do remain to be marked out,

such as quantifying leaf color changes, more

accurate methods of estimating photosynthetic

capacity through gas exchanges, and development of

better techniques for observing root development.

SUMMARY

Two screening procedures have been developed

(seed germination assay and growth response assay)

for testing the effect of aqueous effluents on

plant life. Omega-9 water was utilized as the test

water. Results show that methods used will distin

guish different seed and plant responses in respect

to different dilutions of Omega-9. These diagnostic

screening procedures are versatile, quantitative,

reproducible and can be carried out in a short time

frame. Experimental methods are conducted within

laboratory and greenhouse facilities utilizing

hydroponic culture systems. This approach allows

control over environmental parameters.

The developed screening methods may now be used

to assess the response of a variety of plants to

different waters. Such data will be of significant

use in determining potential risks associated with

untreated waters and determining the acceptibi 1 i ty

for surface disposal of treated waters.
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ABSTRACT

Associated with in situ oil shale processing

is the copious production of wastewaters termed

retort waters. Retort waters are very complex

and contain high levels of both inorganic and

organic solutes. In support of the development

of an environmentally acceptable oil shale

processing technology, handling, treatment, use,

effects, and disposal of retort waters. In the

course of field experiments and laboratory

investigations there is a potential for exposure

to retort waters. This paper describes the results

of exposure studies, acute toxicity studies, and

reproduction-developmental studies undertaken to

define health risks associated with occupational

exposure to a retort water sample produced during

the Laramie Energy Technology Center's 1976 Rock

Springs Site 9 true in situ oil shale combustion

experiment. This sample, designated "0mega-9 retort

water", was collected as a 12,500 gallon composite

and is currently being used by numerous laboratories

in studies pertaining to retort water control

technology and biological effects.

This investigation represents the first

animal toxicity evaluation of a retort water and

therefore incorporated a broad base of various tests

selected to determine toxicity as a function of

exposure route and species exposed. Results are

interpreted as to their occupational health

significance. On the basis of this study a limited

number of specific tests have been selected for use

in cost-effective, comparative screening of

additional retort waters and waters significant to

oil shale processing, in general.

INTRODUCTION

Significant quantities of wastewaters are

produced during thermal retorting of oil shale

to produce shale oil. The initial water co-

produced with the shale oil is referred to as retort

water (1). Retort water is derived primarily from

water released by dehydration of oil shale minerals

and water formed as a by-product of Combustion of

organic matter in oil shale during retorting.

In the minimum case, the quantity of retort

waters produced approximates the quantity of

shale oil produced (1). This would amount to

nearly 5,000 acre-feet of retort water per year

for a processing facility producing 100,000

barrels of shale oil per day. During in situ

(below ground) oil shale processing the quantity

of retort water may be considerably enhanced

because of the recovery of ground water intrud

ing into the retorting zone. An illustration

of this is the water-to-oil ratio of 22.2

obtained during the Laramie Energy Technology

Center's 1976 Rock Springs Site 9 tue in situ

oil shale retorting experiment (1,2).

Retort waters are odiferous, yellow to

brown in color, have a pH that ranges from

8.0 to 9.5, and contain high levels of complex

organic and inorganic constituents (3-5). In

view of their nature and amounts, the handling,

containment, treatment, use, effects, disposal,

and fate of retort and other process-related

waters pose environmental concerns which are

currently being investigated in support of the

development of an oil shale industry (1,5). In

both laboratory and field environments there is

a potential for personnel exposure to retort

waters. Therefore, it is vital for occupational

safety purposes to ascertain the potential for

toxic and irritative effects of this effluent.

In this investigation a series of exposure

effects studies, acute toxicity studies, and

preliminary reproduction-developmental studies

were undertaken with an in situ-produced retort

water sample to provide data useful in predic

ting effects of exposure to man and animals.

Since this is the first investigation of this

type with a retort water, a very broad series

of tests were initially required for several

reasons:

To determine the toxicity of the retort

water resulting from different exposure

routes.
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To determine interspecies differences to

toxicity as an aid to extrapolation of

animal data to human health effects.

To gather significant occupational safety

data.

To obtain a broad baseline of data to allow

selection of significant tests for use in a

cost-effective, comparative screening of

additional retort waters.

In addition to defining occupational exposure

risks, studies of this type provide data useful in

assessing potential animal effects resulting from

accidental, episodic spillage of retort waters

during site operations. Also, knowledge of the

effects of exposure to humans and animals may be

used in recommending retort water control and

treatment strategies (6).

The type of studies performed on the retort

water sample are as follows:

Acute oral LD,-0 in rats, rabbits and dogs.

Acute intraperitoneal LD,.- in rats, rabbits

and dogs

Eye irritation in rabbits.

Skin irritation in rabbits.

Acute dermal toxicity in rabbits.

Skin sensitization in guinea pigs.

90 day feeding study in rats.

Modified dominant lethal mutation study

in rats.

Reproduction study in rats.

The rationale, procedure, and results of each study

are presented. As a result of these studies a

cost-effective protocol for screening of additional

retort waters has been developed and is described.

OMEGA-9 RETORT WATER

The retort water used in this work is from a

12,500 gallon composite of retort waters produced

during the 1976 Rock Springs Site 9 true in situ

oil shale combustion experiment conducted by the

Laramie Energy Technology Center (2). The large

volume sample was given the designation "0mega-9

retort water". The acquisition, processing, and

storage of Omega-9 has been discussed in detail by

Farrier and others (7). Unless otherwise indicated,

the sample used in this investigation comes from

the large volume Omega-9 reserve and has thus been

filtered (nominal 0.4 micron exclusion), drawn at

random from the homogeneous composite, and

maintained at 3+ 1 C prior to use.

It must be emphasized that, while the Omega-

9 retort water sample is representative of the

site operation from which it was obtained, it

cannot be construed as representative of

effluents produced during true in situ oil shale

retorting in general. The Omega-9 sample con

sists of a considerable dilution with ground

waters seeping into the retorting zone and

recovered with the oil. This is the first

reference sample collected in sufficient quantity

to support a large number of investigations.

The evaluation of its true represent ivity awaits

comparison with effluents obtained from a variety

of in situ experiments.

Detailed compositional characteristics of

the Omega-9 retort water have previously been

reported (4,5,7,8,9,10). Briefly, the Omega-9

water has the following characteristics: pH

8.6; total dissolved solids, 30,300 mg/l as sum

of ions; total organic carbon, 1003 mg/l;

alkalinity as calcium carbonate, 16,200 mg/l;

conductivity, 20,400 micromhos/cm. Principal

ions are: bicarbonate, 15,940 mg/l; sodium,

4,263 mg/l; ammonium, 3,470 mg/l; thiosulfate,

2,740 mg/l; sulfate, 1,910 mg/l; chloride,

764 mg/l; carbonate, 500 mg/l.

INVESTIGATIONS

Eye Irritation Study Using Unfiltered And

Filtered Retort Water In Rabbits:

This standard toxicological screening test

is aimed at determining the degree of irritation

produced on the surface of the eye and related

mucus membranes for a substance. The significance

of this test lies primarily in the potential for

splashing retort water into the eye of workers.

Procedure

Filtered and unfiltered Omega-9 water was

used in this study. Both eyes of twelve New

Zealand White rabbits, six males and six females,

were examined initially and found to be free of

defects and irritation. One tenth ml of the

test material was instilled into the right eye,

lower conjunctival sac. Six rabbits received

whole retort water and six received filtered

retort water. The left eye was untreated and

served as a control. The grading of eye irri

tation was done according to the Draize scale (11) <
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Results

The materials tested in this acute primary eye

irritation study proved to be non-irritating as

defined by Section g-3, Part 19.1, Chapter 1, Title

21 of the Code of Federal Regulations.

This means that Omega-9 water caused no corneal

opacity, and no redness, chemosis, or discharge of

the conjunctiva which are the basic evaluation

criteria of the Draize scale.

Primary Skin Irritation Study Using Unfiltered Retort

Water And Filtered Retort Water In Rabbits:

This screening test is designed to determine the

degree of irritation produced on the surface of the

skin by a substance. The importance of this test

lies primarily in the potential of chance contact

of retort water with the skin of workers.

Procedure

Unfiltered and filtered retort water were used,

the test materials for this study. Six male and six

female New Zealand White rabbits in good health and

weighing approximately 2.5 kg each were used for the

studies. An area approximately
6"

x
6"

on the back

of each rabbit was clipped of hair using a #40 Oster

clipper blade. Coarse sand paper was then used to

abrade a
2"

x
2"

portion of the left side of the

clipped area of each animal. One inch square pieces

of surgical gauze, two single layers thick, were

soaked with 0.5 ml of the appropriate test water.

Two of these treated pieces of gauze were placed on

each rabbit, one on the abraded area and one on the

clipped only area. Each gauze pad was then covered

with a IV x IV square of clear plastic which was

secured to the skin with adhesive tape. The trunks

of the rabbits were then wrapped with
3"

conforming

gauze and
3"

self-adhering elastic tape.

The patches were left in place for 24 hours,

and observations were made at the time of bandage

removal (24 hours) and at 72 hours. Grading of the

skin irritation was done according to the scale

presented in Section 1500.41, Chapter II, Title 16

of the Code of Federal Regulations.

Results

Based on the definition of a skin irritant as

described by National Academy of Sciences NRC

publication 1138 (15) and by Draize (11) the

Omega-9 sample was not considered a skin irritant.

Evaluation of these skin reactions was

based primarily upon erythema and edema as

delineated by Draize.

Guinea Pig Sensitization Assay Using Processed

Retort Water:

This assay was designed to provide data on

the sensitizing potential of retort water with

constant or repeated exposure.

Procedure

Ten white male guinea pigs ranging in weight

from 300 to 500 grams were selected at random

for use in this test. The hair on the back and

flanks of each animal was closely clipped. The

test material was injected intracutaneously

using a 25 gauge hypodermic needle three times

weekly to a total of nine such injections. These

injections were made in a random pattern in an

area of 3-4 sq. cm. in the back and upper flanks.

The first injection was administered at a volume

of 0.05 ml, whereas the remaining eight

injections were administered at a volume of 0.1

ml each. Scores for erythema and edema were

recorded 24 and 48 hours following each injec

tion.

The animals were then rested for a two week

interval following the last, ninth, injection.

At this time, a retest injection (challenge) of

0.1 ml was administered to each animal. Ten

additional control animals were also clipped

and injected. Twenty-four and forty-eight hours

later, observations were recorded (using a

scalar notation) of the diameter, height and

color of the test injection site. A comparison

of this score was then made with the ten control

animals and with the average of readings taken

after each of the initial nine injections. If

a value was obtained which was substantially

higher than the average reading of the nine

original injections, the test material would be

considered to have produced sensitization. The

degree of sensitization is proportional to the

increase in the final, challenge, reading

compared to the average of the control animal

readings and to the average of readings follow

ing the original nine injections.

Results

Based on the conditions of this test
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Omega-9 retort water was not considered to have a

sensitization potential.

Acute Dermal Toxicity In Rabbits With Omega-9 Water:

To be able to predict the toxicity of retort

water via skin penetration is of major concern in

fully evaluating the potential hazards of Omega-9

water. This study was undertaken to permit the eval

uation of both the type and degree of dermal irrita

tion as well as the possibility of precutaneous ab

sorption of Omega-9 water.

Procedure

Four young adult albino rabbits were selected

as the test group. Prior to dosing, the hair was

clipped from the back on all animals. The skin of

two animals was abraded while the skin of the other

two remained intact. The animals were dosed daily

with Omega-9 water at a dosage of 20 ml/kg for four

teen days and observed at the changing of the bandage

at 24 hour intervals.

Results

No signs of erythema, eschar formation or

edema were demonstrated in the test animals treated

with Omega-9 water at the end of the fourteen day

observation period.

Acute Oral LD^Study in Rats Using Retort Water:

This study was designed to establish the oral

lethal dose of retort water in rats so as to provide

data on the potential toxicity if and when acciden

tal ingestion should occur.

Procedure

A single dose at graded levels was given by

gavage to six groups of ten rats each. Wistar rats

ranging from 200-300 g of body weight were used.

The animals were observed for fourteen days following

the administration of the test material and deaths

were recorded. The acute oral toxicity (LD,...) for

rats was calculated according to the method of

Miller and Tainter (14).

Results

Based on this study the LD
n
for Omega-9 retort

water given orally to rats was calculated to be 33

ml/kg. The following clinical signs were observed

during the observation period: gastrointestinal

tract discomfort and irritation, diarrhea, muscle

tremors, convulsions, coma and death, all deaths

occurred within one hour of dosing.

Acute Intraperitoneal LD,.n Using Omega-9 Water
50

In Rats:

This study was designed to ascertain the

lethal dose potential of Omega-9 water when ad

ministered to rats via the intraperitoneal (IP)

route. The IP route was chosen so that the

toxicity of Omega-9 water could be compared in

several species.

Procedure

Eighty adult Wistar rats, forty males and

forty females ranging from 200-300 g in body

weight, were allotted to one of eight dose levels

and administered Omega-9 water in a single IP

injection. The dose levels included 15, 20,

22.5, 27.5, 30, 37.5, and 40 ml/kg. All animals

were observed for survival or signs of toxicity

immediately upon dosing and daily thereafter

for 14 days. At the end of the 14 day period

all animals were examined at gross necropsy.

Results

The LDqn for rats administered Omega-9

water was calculated using the Reed-Muench

method (12) applied to the accumulated mortality

percentages. Interpolation between mortality

above and below 50% identified the dosage of

22.2 ml/kg as the LD
Q
in this study.

Acute Intraperitoneal LD
n
In Rats and Rabbits

Administered pH Adjusted Retort Water Or The

Synthetic Inorganic Fraction Of Retort Water:

In previous studies the acute IP LD,.- of

retort water was determined to be 22.2 ml/kg

in rats and 32.3 ml/kg in rabbits. Since the

pH of retort water ranges from pH 8.40 - 8.60

an acute metabolic alkalosis had to be considered

as a potential cause of, or contributing factor

to, death. In light of this information two

more studies each in rabbit and rat were devel

oped. First, in order to determine if the alka

line pH was the cause of death, the retort water

was an important factor in the test material's

toxicity, a synthetic solution consisting of the

13 principal ions was prepared and an acute IP

LD_n determined.

Procedure

Immediately prior to use the filtered Omega-9
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water was brought to about 30 C then adjusted to pH

7.35 using concentrated HC1. This pH-adjusted water

was used within thirty minutes.

Sixteen liters of the inorganic fraction of

retort water was stored at 4 C. Prior to sampling,

the container was vigorously shaken then an aliquot

removed and brought to a temperature of approximately

30C. This solution was used within thirty minutes.

Each test material was administered to forty

Wistar rats, ranging from 200-300 g in body weight,

with a 22-gauge 3/4 inch needle in a single IP in

jection. Rabbits required a 20-gauge 3/4 inch needle

or 19-gauge thin wall 3/4 inch needle and since

larger volumes were used often more than one injec

tion site was used. Sixteen rabbits were used for

each test material.

All animals were observed for survival or signs

of toxicity immediately after dosing and daily for

fourteen days thereafter. At the end of the obser

vation period the animals were necropsied and any

gross abnormalities noted.

Results

The LDnr. values were determined by the method

of Litchfield and Wilcoxon (13) using probit analysis

and probability times three log cycle paper. LD

was interpreted graphically and the confidence limits

were determined using nomographs provided in the

article.

The LDc0 as determined by this method for the

pH-adjusted retort water studies was 27.9 4.4 ml/kg

for rabbits and 26.6 + 2.0 ml/kg for rats; for the

inorganic fraction of retort water the LDeQ was 32.0

1.85 ml/kg for rabbits and 36.5 2.8 ml/kg for

rats . Those animals that survived the observation

period showed no gross abnormalities upon

necropsy.

Ninety Day Rat Feeding Study Using Omega-9 Water:

This study was designed to provide information

regarding the safety of certain dilutions of
Omega-

9 water offered as the only source of water to rats

over an extended period of administration.

Procedure

One hundred eighty young adult Wi'star rats,

90 males and 90 females, were randomly divided into

five treatment groups to receive either control

water or 5%, 20%, 80%, or 100% Omega-9 water as the

sole source of water for a period of ninety days.

Animals were observed daily for signs of toxicity,

and feed and water consumption and body weights

were calculated on a weekly basis. Terminal

hematology, clinical chemistry and urinalysis

determinations were conducted, and all rats were

subjected to gross pathological examinations.

Tissues from ten male and ten female rats in

both the control and high dose groups were sub

mitted for histopathological evaluation.

Results

During the test period no rat died or ex

hibited clinically abnormal signs. Rats in high

dose groups did consume less food and water than

control rats and also gained less weight. However,

terminal evaluations including hematology, clinical

chemistry, urinalysis, and gross and microscopic

pathology revealed no significant differences

among groups.

Based on these data it can be concluded

that rats can tolerate various dilutions of

Omega-9 water for ninety days without adverse

effects. This is in contrast to giving a large

dose of Omega-9 water such as the acute oral

study. When the intake volume approximates nor

mal consumption the animals are able to detoxify

the Omega-9 water, but when a large amount of

water is given in a single exposure, animals

cannot detoxify it rapidly enough to prevent

death.

Modified Dominant Lethal Assay:

Since there is the potential for retort

water to enter the food chain, it appears impor

tant that reproduction be measured. The modified

Dominant Lethal Assay is one step in this process.

The Dominant Lethal Assay is a widely used

procedure to test the potential mutagenicity of

suspected materials. The procedure involves

the use of intact rats or mice and mating treated

males with untreated females. The parameter that

has been found to be most useful is that of a

statistically significant increase in the number

of early embryonic deaths. Other parameters

that are measured are fertility index (number

females pregnant /number females used) . Total

number of corpora lutea (the endocrine organ

formed from the ruptured ovarian follicle) and

total implantations. This procedure has been

modified to determine also the teratogenic

potential of retort water.
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Procedure

The rats were divided randomly into four groups

consisting of ten males and twenty females. In Group

1 ten male rats were given undiluted retort water

ad libitum as the sole source of water for five days.

Immediately after treatment each male was mated to

two untreated females for seven days to ensure con

ception. The appearance of sperm plugs were used

to confirm matings. The males then were separated

from the females who were allowed to develop for

17-19 days. At this time the pregnant (and non

pregnant) rats were anesthetized and the uterus and

ovaries removed from each. The total number of im

plantations, living, dead or resorbed and the total

number of corpora lutea were counted. Two-thirds

of the living pups in each litter were subjected to

a gross necropsy while the remaining pups were pre

pared for skeletal examination. Groups 2, 3, and

4 rats were treated in a similar manner with the

following exceptions. Group 2 served as the neg

ative control, and the rats were mated without prior

treatment. In Group 3, the positive control group,

the males were given one dose of the known mutagen

triethylenemelamine (TEM) administered intraperi-

toneally at a level of 0.3 mg/kg in physiological

saline solution (PSS) . The males of Group 4 were

untreated and allowed to mate the females, who were

given undiluted retort water ad libitum as the sole

source of water during day 6 through day 17 of ges

tation.

Results

The results of this study indicate that Omega-9

water ingestion does not cause lethal mutations in

fetuses from pregnant rats, but may enhance or in

duce the expression of non-lethal mutations. In

the female treated group a 6% incidence of a rudi

mentary 14th rib was observed as well as a 4% inci

dence in the male treated group. In addition one

pup examined from the male treated group had agenesis

of the caudal thoracic, lumbar, sacral, and cocygeal

vertebrae.

The presence of a rudimentary 14th rib is a

common malformation that can occur spontaneously in

developing rat fetuses. It has been reported that

this malformation has an incidence of 15% in un

treated control rats and may increase under certain

stressful conditions. However since the rudimentary

14th rib occurred in the retort water-treated animals

and not in the negative control group this would

indicate a potential causal relationship and may

merit further investigation. However, it may be

logically argued that the stress of placing

pregnant rats on an unpalatable source of water

may be sufficient to induce this common malforma

tion. Indeed, the retort water consumption of

the female treated group was low initially and

then increased to a normal level within three

days. In the male treated group (l) one of the

females accidentally went without water for

about two to three days during gestation. This

female had nine pups, one with a rudimentary

14th rib and one with agenesis of the caudal

vertebral column.

Segment I Reproduction Study Using Omega-9

Water In Rats:

This study was designed to provide data

helpful in assessing the potential adverse

effects of Omega-9 water on reproduction in

rats. Such factors as libido, cycling in fe

males, conception, nursing, litter size, and

vigor of pups were observed. The significance

of the study lies primarily in accumulating at

least some data of the effects of Omega-9 water

on reproduction in the event of catastrophic

exposure to both humans and animals.

Procedure

Twenty-five male rats were given Omega-9

water as their sole sources of liquid ad libitum

for sixty days. At this time each male was

paired with a female who had received Omega-9

water for ten days prior to pairing. The

paired male and female were transferred to wire

mesh cages and allowed to mate for seven days.

During this mating period retort water was pro

vided ad libitum. Confirmation of mating was

established by observing sperm plugs on the

paper in the litter pens which were changed

daily. Behavior of the pair was examined twice

daily, once in the morning and evening.

At the end of the seven day mating cycle

the males were removed, weighed, sacrificed

within a 24 hour period using ether and
necrop-

sied with selected organ weights taken. Sections

of kidneys and liver from 22 experimental males

and one control male were fixed in 10% neutral

buffered formalin and both testicles from the
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sampled male rats were fixed in Bouin's solution.

Tissue samples of liver, kidney and both testicles

were embedded in paraffin, sectioned at 5y and

stained with hematoxylin and eosin.

On day 13 of gestation, half of the females

were necropsied and the fertility data as described

in the protocol were recorded. This included total

number of corpora lutea. The remaining females

were allowed to complete gestation and whelp. Each

litter was observed three times a day, morning,

noon, and evening, to determine if the pups were

being nursed and cared for properly. On days 4,

7, 14, and 21 post par turn the average weight for

a pup in the litter was determined by weighing the

entire litter and dividing by the number of pups

in the litter. At this time the general condition

of the pups was examined without over handling

them. At the end of 21 days post partum the pups

and dams were sacrificed and subjected to gross

necropsies.

A control group of twenty-five females and

twenty-five males were treated in exactly the same

manner with the exception of Omega-9 water.

Results

Segment one of a reproductive study was

carried out in Wistar rats. Results indicate that

Omega-9 water does not affect the libido, reproduc

tive behavior or maternal rearing capacity of the

rat. The number of pups per litter were not sig

nificantly different between treatment and control.

However the sex ratio for the treatment group

was 1.18 M/F vs. 0.86 M/F for the control group.

The significance of this finding is not known since

no other abnormalities were found in the pups or

the dams from treatment or control groups. However

the difference is statistically significant at

p < 0.1. Mild degenerative changes in the testicles

were found in the treated males. This warrants more

detailed investigation to ascertain the relevancy

of these degenerative changes.

CONCLUSIONS OF INVESTIGATION

A very comprehensive toxicological investiga

tion of Omega-9 water obtained from an in situ oil

shale processing experiment was undertaken. The

work consisted of acute studies, subacute studies,

mutagenic studies, and reproductive studies. The

criteria for the selection of these studies was as

follows :

All tests were acceptable toxicological

methods used widely in industry.

The tests were the most cost-effective

available.

The tests were designed to yield sig

nificant occupational safety data.

The tests were designed to provide inter

species toxicity comparisons as well as

toxicity of different waters within a

given species.

From this very broad test battery initially

undertaken it is now possible to select only

the most useful tests and run them on a large

number of retort waters at a reasonable cost.

This battery selection is possible because of

the interspecies comparison of the initial

studies. It was determined that very little

variability existed among species tested in re

gard to the toxicity of Omega-9 water.

A cost-effective protocol for screening

other retort waters has been developed from the

Omega-9 studies. This protocol will include

the following tests:

Primary eye irritation (rabbits) .

Primary skin irritation (rabbits).

Acute dermal (rabbits) .

Acute oral LD _ (rats) .

Skin sensitization (guinea pigs) .

Ames test (bacteria) .

Fertility and reproduction (rats) .

This test protocol will provide assessment

data for evaluation of occupational safety,

animal lethal doses, mutagenic potential, and

probabilities of reproductive interference.

As further experience is gained with other re

tort waters a "universality of
toxicity"

will

be encountered with certain tests. In other

words certain tests will yield toxicity data

for any water tested. This type of information

will enable the further selection of specific

tests and also enable the testing of fractions

of various waters to determine the cause of

toxicity and the possible removal of toxicity

from the fraction. This method of testing re

tort water fractions will be possible at a very

reasonable cost because of the systematic ap

proach of the continuing research. This type of

toxicity screen for oil shale process waters
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should prove to be a very useful tool in monitoring

and managing toxicity problems encountered in the

development of the oil shale and other fossil fuel

processing technologies.
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Table 1

Acute Oral LD5Q Values

IP (ml/kg) Oral (ml/kg)

Rats:

Omega-9 Water 22.2 33.0

pH Adjusted Omega-9 Water 26.6+2.0

Inorganic Fraction Of Omega-9 Water 36.5 + 2.8

Rabbits:

Omega-9 Water 32.3 37.5

pH Adjusted Omega-9 Water 27.9 + 4.4

Inorganic Fraction Of Omega-9 Water 32.0 + 1.85
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Table 2

Dominant Lethal Reproduction And Fertility Data

Male rats

Female rats

Fertility index

Number of live litters

Average live litter size

Total number of dead fetuses

Number of litters with dead fetuses

Total number of implantations

Average number of implantations per

pregnant female

Percent live fetuses per total number

of implantations (%)

Litters with post-implantation

resorptions

Total number of
post-implantation

resorptions

Average number of post-implantation

resorptions per pregnant female

Average percent post-implantation

resorptions per pregnant females (%)

Arcsine transformation of average

percent post-implantation resorptions

Average corpora lutea per pregnant

female

Ratio of total implantations to total

corpora lutea

Incidence of rudimentary 14th rib (%)

1

Treated

Males

-(,ro

2

Negative

Controls

up-

3

Positive

Controls

4

Treated

Females

10 10 10 10

20 20 20 20

.75 .90 .70 .75

15 17 14 15

10.7 11.4 5.9* 11.6

0 0 2 0

0 0 2 0

176 203 144 162

11.7 11.9 10.3 12.5

91.5 95.0 57.6 100

9 7 13 8

15 10 59 12

1 .6 4.2 .92

10.3 4.7 41.5 7.1

18.8 15.3 40.8*** 16.2

13.6 14.0 11.7** 13.3

.86 .86 .95 .94

4 0 0 6

*
Significantly different from negative control at p

< 0.001

**
Significantly different from control at p

< 0.025

*** Significantly different from control at p < 0.5

148



THE DOE/EV TASK FORCE ON THE ENVIRONMENTAL AND HEALTH EFFECTS

OF MODIFIED IN SITU OIL SHALE PROCESSES*

Willard R. Chappellt

The Environmental Trace Substances Research Program

Campus Box 215

University of Colorado

Boulder, CO 80309

ABSTRACT

In May of 1978 Governor Lamm of Colorado

wrote to Secretary Schlesinger requesting

DOE assistance in the analysis of oil shale

impacts, particularly those relating to

modified in situ (MIS) processes. In re

sponse, the Office of the Environment (EV)

of DOE created a Task Force to plan, imple

ment, and coordinate a comprehensive, inte

grated research program. This program in

volves five major areas of activity: (1)

source characterization, (2) health effects,

(3) environmental fate and effects, (4)

environmental control technology, (5) inte

grated assessment. The research is being

conducted at several national laboratories

and universities. The MIS Task Force activ

ities are reviewed.

INTRODUCTION

Modified In Situ (MIS) processes for

extracting oil from shale have in a rela

tively short period evolved from a highly

experimental approach to the technology of

choice by the holders of the C-a and C-b

leases. As a result of this fast evolution

there has been considerably less research on

the environmental and health consequences of

these processes than of above-ground

processes such as TOSCO II and Paraho.

Recognizing the need to understand the

environmental and health consequences of MIS

processes, Governor Lamm on May 8, 1978

wrote to Secretary Schlesinger request

ing the assistance of the Department of

Energy. Specifically The Governor asked

DOE "to assist Colorado by working with

us in developing additional research and

analysis of current and future
efforts."

The Department of Energy responded to

the Governor's request by creating a

Task Force to plan and coordinate a com

prehensive, integrated research program

on the environmental and health impacts

of MIS processes. It is this Task Force

and its activities that are described

here.

The Task Force was organized under

the auspices of the Assistant Secretary

of Environment (ASEV) of DOE and is re

ferred to as the DOE/EV MIS Task Force .

I chair the Task Force whose membership

consists of the fifteen individuals

shown in Table 1. Most of these indi

viduals are involved in oil shale re

search funded by The Office of the

Environment (EV) of DOE. Bob Siek

serves as the State of Colorado repre

sentative and Dave Farrier provides an

invaluable service in helping to coor

dinate our activities with those of the

Laramie Energy Technology Center as well

as other programs funded by the Office

of Energy Technology (ET) of DOE.

*This work has been supported by contract #
EY-78-02- 4017 from the Department of Energy.

tDepartment of Physics, University of

Colorado, Denver, CO 80202.

PURPOSE AND SCOPE

The purpose of the Task Force is to

plan and coordinate a comprehensive
,
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Table 1. DOE/EV MIS Task Force

Willard R. Chappell, Chairman

University of Colorado

Boulder, Colorado and

Denver, Colorado

Darryl Hessel

Pacific Northwest

Laboratories

Richland, Washington

Richard Ragaini

Lawrence Livermore

Laboratory

Livermore, California

Marvin Tillery
Los Alamos Scientific

Laboratory
Los Alamos, New Mexico

Eugene Wewerka

Los Alamos Scientific

Laboratory
Los Alamos, New Mexico

David Farrier

Laramie Energy Technology
Center

U.S. Department of Energy
Laramie , Wyoming

Marty Holland

Los Alamos Scientific

Laboratory
Los Alamos, New Mexico

Robert Siek

Department of Natural

Resources, State of

Colorado

Denver, Colorado

Hector Timourian

Lawrence Livermore

Laboratory

Livermore, California

Raymond Wildung
Pacific Northwest

Laboratories

Richland, Washington

Jonathan Fruchter

Pacific Northwest

Laboratories

Richland, Washington

Richard Pelroy
Pacific Northwest

Laboratories

Richland Washington

Robert Thomas

Los Alamos Scientific

Laboratory
Los Alamos, New Mexico

George Voelz

Los Alamos Scientific

Laboratory
Los Alamos, New Mexico

Wagner, Paul

Los Alamos Scientific

Laboratory
Los Alamos, New Mexico

DOE/EV Liaisons

Jack O'Brien

U.S. Department of

Energy

Lakewood, Colorado

Ralph Franklin

Office of Environ

mental Research

U.S. Department of

Energy
Washington, D.C.

Task Force Technical Staff

John Lanning

University of Colorado

Denver , Colorado

integrated research program that will pro

vide the State of Colorado, DOE, and other

interested organizations and individuals with

as complete understanding as possible of the

environmental and health consequences of MIS

processes and of the alternative strategies

for eliminating or reducing any adverse im

pacts which may exist. This is obviously a

very sweeping purpose and we fully recognize

that there are limitations on resources as

well as problems of possible unnecessary

duplication of effort. As a result we are

making great efforts to coordinate our activ

ities with those of DOI (e.g. the Prototype

Program), EPA, NIOSH, API, and others.

Because of the considerable research

that has been directed at above-ground re

torts the Task Force will limit its activ

ities to research that is fairly specific

to MIS processes. For example, there is

a considerable amount of research that

has been done and is being done on socio

economic impact. We do not plan to

duplicate that effort. But the final

integrated assessment will take into

account the work being done by others.

It is also important to note that all of

the Task Force members have been and

still are heavily involved in research

on above-ground processes.

The Task Force was created to

assist DOE in the management of the re

search funded by the Office of the

Environment and to provide a mechanism

for strengthening the interaction with

state and local government, the public,

various federal agencies, the industry,

environmental groups, and others
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interested in this issue. We believe that

this objective can best be acppmplished by

establishing cooperative arrangements with

as many groups and individuals as possible

in order to promote the flow of information.

Our basic approach has been to develop

a generic research plan that addresses the

issues shared by all MIS processes. This

generic plan is to be supplemented by

appendices for different processes and sites

that focus on the site- and process-specific

issues. The first such site-specific plan

regarding OXY's Logan Wash operation has

been completed and is now being implemented

at that site. Because we focused most of

our energy on the Logan Wash plan, the

generic plan is still in draft form.

The generic plan involves five major

research areas: Source Characterization,

Health Effects, Environmental Fate and

Effects, Environmental Control Technology,

and Environmental Assessment. Examples of

some of the specific research tasks under

way or contemplated are:

the workers. Industrial hygiene studies

will also be performed. The biological

testing will involve cellular level

assays and selected animal exposures to

materials of concern. The tests will

include both short-
and long-term animal

studies of the chronic and acute type.

Because of the expense and time involved

in animal studies, these studies will be

initially limited to those products and

effluents that have the highest proba

bility for human exposure (e.g., crude

shale oil, process water, raw shale dust,

etc.). A parallel, but closely related,

effort will involve the chemical identi

fication of the compounds primarily re

sponsible for the biological activity of

the effluents. This work will couple

chemical fractionation with various

assays (e.g., bacterial assays) through

several feedback
loops.'

The human

studies will involve medical and epi

demiological studies on oil shale

workers .

Source Characterization

Extensive sampling of gaseous, liquid,

and solid products and wastes will be per

formed. These samples will include vent gas,

mine air, retort waters, mine waters, sur

face waters, ground waters, raw shale, re

torted shale, blow down, and ambient parti

culate at various points and phases of the

operation. These samples will be analyzed

for a number of inorganic elements and

organic compounds which may bear on the

environmental and health studies. This

collection began at Logan Wash early in

March .

Health Effects

The health effects studies will involve

three major components: sampling and

characterization, biological testing, and

human studies. The sampling and character

ization work will include the use of personal

samplers to determine concentrations of total

and respirable dust in the breathing zone of

Environmental Fate and Effects

The environmental fate and effects re

search will involve activities in four

major areas: air quality, water quality,

land disturbance,, and ecological effects.

The extent and types of activities will de

pend on a number of site- and process-

specific characteristics. Our goal is to

understand what would happen if a major,

commercial-size MIS operation occurred.

Thus, for example, our work at Logan Wash

is not directed specifically at the evalu

ation of impacts at that site, but rather

toward understanding what will happen if

that process is implemented on a commercial

scale such as at the C-b site. In general

the studies will involve activities such

as air quality measurements, leaching

studies of both raw and retorted shale,

modeling studies, revegetation studies,

aquatic toxicity studies, and terrestrial

toxicity studies. One research activity

which will soon be underway is a remote
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sensing program which will involve the com

puter analysis of aerial photographs and

LANDSAT satellite imagery.

Environmental Control Technology

These studies will consist of both

laboratory and field experiments in order to

determine the type and magnitude of the con

trol technology needs for the MIS processes

and to test the effectiveness of various

control technologies and management strate

gies. Much of the work in this area will

rely heavily on the research in the other

areas. Indeed, we feel that one of the

advantages of the Task Force will be the

cross-fertilization that will be promoted by

this approach. This research will involve

the characterization of the various effluents

and the testing of various control strate

gies. During the latter stages of this

program we would hope to scale up the most

promising technologies and possibly test

some of them on site.

Environmental Assessment

The purpose of this activity is to pull

together all the information gained by us

and others for the purpose of a risk or

hazard assessment that will help decision

makers make determinations such as, for

example, effluent guidelines. At this point

it is important to consider the big picture

and not to focus only on MIS processes. If

the population of a small community in

western Colorado is going to be impacted by

workers from two or more oil shale opera

tions the impacts are not necessarily in

dependent. In order to account for such

problems this part of the work will be in

cluded in an overall assessment that is just

now getting underway. This assessment,

which is managed by Dr. Darryl Hessel of

Pacific Northwest Laboratories, will in

volve scenarios that include both above-

ground and MIS retorts.

This, then, is a brief picture of the

scope of the Task Force activities. We

cannot do it all ourselves. We will be

working closely with our colleagues in

EPA, NIOSH, USGS, USBM, the Colorado

Health Department, the Colorado Depart

ment of Natural Resources, the oil shale

industry, and others to assure that the

work gets done with a minimum of un

necessary duplication.

ORGANIZATION

The Task Force is chaired by Willard

R. Chappell and reports to the Office of

the Environment of DOE through Ralph

Franklin who is the DOE/EV Research and

Development Coordinator for Oil Shale.

The Task Force also has significant

interactions with other individuals in

DOE. These include Jack O'Brien, DOE/EV

Regional Representative, who provides

regional liaision; Arthur Hartstein, the

DOE/ET Program Manager for Oil Shale;

Larry Harrington of LETC , who aids in

coordinating our activities with those

programs involving LETC; and Arnold Harak

of LETC, Technical Project Officer on the

OXY/DOE contract, who assists in the

coordination with OXY.

The names of the Task Force members

have already been given in Table 1. One

of the major management tasks of this

program will be the coordination of

samples. This coordination will be the

responsibility of the Sample Coordination

Committee which is chaired by Jonathan

Fruchter. Other committees that have

been formed are Health (Chairman: M.

Holland) , Environmental Fate and Effects

(Chairman: R. Wildung), Environmental

Control Technology (Chairman: E. Wewerka) ,

and Assessment (Chairman: D. Hessel) .

The purpose of these committees is to

facilitate the interaction between and

coordination of the researchers in the

areas. It is important to note that

much of the research that will be per

formed under the auspices of the Task

Force will be done by people who are not

members of the Task Force.
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One of the most difficult jobs we face

is the one of coordinating our research with

that of the many projects funded by a large

variety of organizations. Another large

task is that of communication with the

various groups and individuals who are

potentially interested in the information

we generate. In order to help with these

momentous tasks, as well as provide guidance

and review, we have recently formed an

Advisory Group that contains individuals with

a variety of backgrounds. This group is

advisory to me as Chairman of the Task Force.

The membership of this group is given in

Table 2.

Table 2. Advisory Group

Auberle, William M.

Associate Director for

Environmental Programs

Colorado Department of

Health

Coomes, Merril R.

Environmental Health

Coordinator

TOSCO Corporation

El-Ashry, Mohamed T.

Staff Scientist

Environmental Defense

Fund

Gunther, Bobby J.

Industrial Hygienist

U.S. Public Health

Service

Hutchins , John

Energy Development

Consultants, Inc.

Jenkins, Joyce

Coordinator for Energy
and Land Use

Colorado League of

Women Voters

Co-Director, Grand

Junction Public

Energy Information

Office

Miller, Glen A.

Hydrologist

Area Oil Shale

Office

U.S. Geological

Survey

Miller, Sam

Manager, Environ

mental Affairs

Rio Blanco Oil

Shale Company

Moure, Rafael

Industrial Hygien

ist

Oil, Chemical and

Atomic Workers

International

Union

Sass, Allen

Vice-President

Technical Develop
ment

Occidental Oil

Shale, Inc.

Thoem, Terry
Office of Energy
Region VIII

Environmental

Protection Agency

Vickery, Anne

Colorado Mountain

Club

While there are many oil shale pro

jects that are of great interest to the

Task Force, there are two in particular

that we feel have a large potential im

pact on the usefulness of our results.

These are the "Joint Review
Process"

and

the "Development of Criteria for Assessing

the Relative Success of Oil Shale Develop

ment in Colorado". The first is funded

by DOE/EV and the contractor is the

Colorado Department of Natural Resources.

The aim is to streamline and improve the

review of major proposals by local, state,

and federal government by developing a

coordinated review process. The second is

funded by the Colorado Energy Institute

and the contractors are Booz Allan,

Hamilton, Inc., and Jack Gilmore. An ad

hoc coordinating committee consisting of

Bob Siek as chairman, Marty Robbins of

CERI, and myself has been formed to help

coordinate the efforts of the Task Force

and these two projects.

PRESENT ACTIVITIES

While I cannot report that we have

reams of data, I do feel that the Task

Force has made considerable progress in

getting this rather complex effort moving.

A considerable portion of our effort has

been in the development of a detailed re

search plan for the OXY operations at

Logan Wash. All of us are grateful to

numerous OXY employees for their patience

and assistance in this effort.

On February 6 a delegation of Task

Force members and DOE employees (including

two representatives from DOE's Environ

mental Measurements Laboratory EML in

New York City) made a reconnaissance of

the Logan Wash operation. On March 6 this

group returned to the site and conducted

extensive sampling on the 6th, 7th, and

8th. The major samples collected from

Retort 6 (the present burn) included retort

off-gas, product oil from various pro

duction and storage points, retort water

from various sampling points, make-up
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water, ground water, boiler blow down, and

mine air from mining locations (presently

inactive) and in the vicinity of production

equipment. In addition, retort water was

collected from all five previous retorts.

Three OXY personnel were trained to collect

periodic gas, water, oil and particulate

samples.

In addition to the sampling program

described above, the Task Force received

(on February 2) from OXY eighteen ground core

composites from Room 3E retorted shales.

These composites represent approximately

half of the remaining material taken in a

coring of that retort. Each composite weighs

about 50 grams and represents a vertical

interval ranging from 1 to 9 feet. These

samples, while small, represent a unique

opportunity and a test of the effectiveness

of the Task Force approach. We hope to soon

reach agreement regarding additional corings

to provide us with larger samples.

The OXY/Logan Wash Plan, which consti

tutes Appendix B of our report, contains

work statements by the various investigators.

Table 3 gives a breakdown of the tasks de

scribed in these work statements.

These research tasks represent approx

imately $0.7 million of effort during FY-79.

We recognize that this effort does not

address all necessary elements. This is

partly because other agencies will be di

recting research at those areas. For

example, the USBM already has a major pro

gram directed at the explosivity of mine

dusts. Thus, while we will try in every way

possible to facilitate that research and

work with the industry to minimize the

number of people involved in sampling, we do

not anticipate performing any work in that

area ourselves.

Over the next several months we will

be developing and implementing research

plans for other operations . In the meantime

we have initial materials for people to work

with and we anticipate that a substantial

amount of data will be forthcoming within

the next few months.

One method we have developed to fa

cilitate interaction and communication is

the wide distribution of a newsletter de

scribing our activities. We anticipate

these newletters to be produced every three

to four months. So far we have produced

two. Those of you who have not received

one and wish to be on the mailing list

should contact me.

SUMMARY

The purpose of the DOE/EV MIS Task

Force is to plan and conduct a compre

hensive, integrated research program on

modified in situ process in order to

enable the Office of the Environment of

DOE to carry out its assigned role of

assessing the environmental and health

consequences of alternative energy sources,

and to participate with the oil shale

program office in DOE in the development

of environmentally acceptable oil shale

technologies. This includes development

of effective control strategies and methods.

The Task Force has a membership represent

ing most of the ongoing oil-shale related

projects funded by the Office of the

Environment. A research plan has been

developed and is being implemented for the

OXY operations at Logan Wash. Other such

plans will be prepared and implemented

in the near future. It is our goal to

cooperate with other research groups to

minimize unnecessary duplication. The

anticipated products of this effort

include:

A strategy for retort abandonment.

Performance criteria for emission

control and the handling of retort

waters and other effluents.

Guidelines for the protection of

the environment, the worker, and

the general public.
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Table 3. Contractors and Research Tasks Relating Task Force Studies at Logan Wash

Research Area

Source Characterization

Health Effects

Environmental Fate

and Effects

Environmental Control

Technology

Environmental

Assessment

Contractor

J . Fruchter

M. Tillery
LASL

L.M. Holland

LASL

L.L. Deaven

LASL

B.J. Barnhart

LASL

J. Rudnick and

H. Ettinger

LASL

R.A. Pelroy
PNL

F. Hatch

LLL

J. Epler

ORNL

J. Holland

ORNL

R. Wildung
PNL

W. Chappell

CU

E . Wewerka

LASL

J.P. Fox

LBL

B.W. Mercer

PNL

D. Hessel

PNL

Brief Title

Effluent Characterization

Sample Collection and

Storage

Fine Particulate Studies

Toxicology

Chromosome Studies

Mutagenesis

Worker Study

Mutagenesis

Toxicology

Carcinogenesis

(comparative)

Carcinogenesis

Terrestrial Impact

Trace Elements

Control Technology
Research

Control Technology
Research

Control Technology
Research

Oil Shale Industry
Assessment
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Trace Element Release and Transport Associated with Shale Oil
Production*

Willard R. Chappellt

The Environmental Trace Substances Research Program

Campus Box 215

University of Colorado

Boulder, Colorado 80309

A review of recent progress of an inter

disciplinary, tri-university research pro

gram is given. This program involves

faculty from the University of Colorado, the

Colorado School of Mines, and Colorado State

University. The objective of the program is

to determine if shale oil production will

lead to the emission of significant amounts

of toxic trace elements such as B, F, Mo,

As, and Se into the environment. The re

sults of the third year of the study are

presented.

INTRODUCTION

Last year I gave a talk on the results

of the first two years of research of a re

search program that we very simply refer to

as "Trace Elements in Oil Shale". This

project was initially funded by the Colorado

Energy Research Institute in 1974 with a

small
"seed"

grant. In 1976 we received

additional funding from ERDA which has con

tinued under DOE.

The project is a part of the Environ

mental Trace Substances Research Program

(ETSRP) at the University of Colorado. The

purpose of this talk is to give an up-date

on progress made during the year.

INVESTIGATORS

In addition to myself, as project

director, the other senior investigators are:

Dr. Ronald Klusman

Department of Chemistry-Geochemistry
Colorado School of Mines

*
This work has been supported by contract #

EY-78-02-4017 from the Department of Energy.

tDepartment of Physics, University of

Colorado, Denver, Colorado.

Dr. Thomas Wildeman

Department of Chemistry and Geochem

istry
Colorado School of Mines

Dr. Willard Lindsay
Department of Agronomy
Colorado State University

Dr. Robert Meglen

Environmental Trace Substances Re

search Program

University of Colorado, Boulder

Dr. Robert Sievers

Department of Chemistry.

University of Colorado, Boulder

Dr. D.D. Runnells

Department of Geological Sciences

University of Colorado, Boulder

All inquires about the project should be

directed to:

Ms . Terry Tedeschi

Administrative Coordinator

ETSRP

Campus Box 215

University of Colorado

Boulder, Colorado 80309

(303) 492-7588

OVERALL OBJECTIVE

The overall objective of the program

is to evaluate the environmental and health

consequences of the release of toxic trace

elements by shale oil production and use.

In order to accomplish this objective

we have designed a comprehensive project

that involves the study of the sources,

release mechanisms, transport, fate, and

effects of toxic elements . The program

elements are directed at the following

objectives:

-

Understanding the potential impact

of the oil shale industry on
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environmental levels of trace con

taminants in the region

Understanding the effects of such

contaminants

Development of possible control

strategies

The program involves six basic elements

which link together to provide a comprehen

sive, interdisciplinary approach. These

elements and the investigators are:

1. A geochemical reconnaissance of the

oil shale regions, with special

focus on the lease sites and Anvil

Points (Klusman) .

2. The characterization of raw shale

and the products and effluents from

various retorts (Wildeman) .

3. The release, transport, and fate of

trace elements in raw and retorted

shales (Runnells) .

4 . The uptake of trace elements by

plants from raw and retorted shales

(Lindsay) .

5. The role of organics in the mobili

zation of trace elements (Sievers) .

6. The chemical analyses of raw shales,

retorted shales, shale oil, various

wastewaters, and other environmental

samples (Meglen) .

Those who wish to have a more detailed

description of the individual program

elements as well as a rationale for each

element should refer to the paper presented

at this symposium in April, 1978 (Chappell,

1978) .

PREVIOUS RESULTS

The principal results reported last

year were:

1. Trace element maps for some ele

ments in plants and soils were con

structed for the region surrounding

Tract C-a.

2. Studies of leachates from raw and

processed shales showed very little

release of As and Se, but signifi

cant releases of B, F, and Mo.

Moreover, while B and Mo are flushed

out relatively rapidly, F remains

high for many pore volumes.

3. The leaching studies showed that

the type of process is an impor

tant parameter in determining the

quantities of contaminants in the

leachate. These studies also

showed that significant amounts of

F and B, and, to a lesser extent,

Mo can be leached from crushed,

fresh shale.

4. Analyses of plants collected from

revegetation sites showed very

little uptake of As and Se, but

very significant uptakes, depend

ing on the process and the plant

type, of Mo and B.

RECENT PROGRESS

Many additional results are available

this year. These are discussed in detail

in a forthcoming progress report. I will

only touch upon some of the principal

findings.

Trace Element Reconnaissance in the Oil

Shale Region (R. Klusman, Colorado School

of Mines)

Many additional data are now available

concerning the distribution of trace ele

ments in soils, stream sediment, and plants

in the region. The use of the Analysis of

Variance (ANOVA) approach has yielded a

number of interesting
"baseline"

data. In

these studies a baseline is considered to

be a reference which not only describes the

means and limits of concentrations in

herent in nature, but also specifies the

geographical scale of variability. The

most effective way of expressing such a

baseline is with a geochemical map. But,

if the variability is too local, the number

of samples required to develop a stable

(or reproducible) map is impractical. In

that case an expected range is an appro

priate means of describing the baseline.

The stream sediment data show that

there is a significantly greater concentra

tion of Mo, Zn, Hg, and organic carbon in
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samples taken south of the Roan Plateau as

compared to samples taken north of the

plateau. A similar distribution was noted

in surface soils for Zn, Cu, Li and Be

(Ringrose, et al., 1976). The results also

show that there is a significant difference

between the streams studies (Roan, Black,

Sulfur, Piceance, Parachute, and Yellow) for

Mo, Hg, and organic carbon, but not for Zn.

Table 1 gives a summary of the data for Mo

and Zn.

Last year we reported on the develop

ment of trace element maps for Tract C-a.

This year, maps for some trace elements in

soils and plants are available for a 45

square mile area containing Tract C-b as in

dicated in Figure 1.

In general the trends are much weaker

in the vicinity of Tract C-b than in that

of Tract C-a. Dr. Klusman believes that

this is due to the fact that Tract C-b and

vicinity has only rocks of the Uinta forma

tion exposed at the surface in contrast to

Tract C-a which contains soils derived from

both the Unita formation and the Parachute

Creek member. Figure 1 shows a geochemical

map for Zn in surface soils. Where trends

are present they tend to be in the direction

of increasing concentrations in the eastward

direction.

During this past summer an extensive

sampling of a 36 square mile region contain

ing Anvil Points was conducted. Most of

these data are not available yet.

One of the applications of Dr.
Klusman'

s

results is that estimates can be made of the

length of time that would be required to be

able to measure an increase in trace element

concentrations, given a specific input from

an oil shale operation. These calculations

can, of course, be done in varying degrees

of complexity depending on the assumptions

used and the means of dispersal. The

simplest possible assumption is to uniformly

disperse the material over a given area.

These estimates range from less than a year

to 240 years for uniform dispersal over 45

square miles (for C-a) . These estimates

may be too high (since non-uniform dis

persal will lead to earlier detection) or

too low (since the dispersal area may be

greater than 4 5 square miles) . Dr. Klusman

is now attempting more sophisticated cal

culations in order to obtain more reliable

estimates.

Chemical Characterization (T. Wildeman,

Colorado School of Mines)

Dr. Wildeman has obtained considerable

additional data during the past year. His

work has been concentrated mostly in two

areas. One activity has been an inter-

laboratory comparison of analyses of solid

and liquid oil shale-related samples. Con

siderable data is now available on the

solid samples showing that there is very

good agreement (often within 5%) for most

of the trace elements that were considered.

So far the results on the liquid samples

have not been as good as those on the

solid samples. While their results give us

considerable confidence that good measure

ments can be made , they do not mean that

they are easy. Moreover, these comparisons

involve techniques such as neutron activa

tion analysis, X-ray fluorescence, and

Zeeman atomic absorption. While good

agreement with other methods has been ob

tained many (if not most) of these are not

the
"standard"

methods described in the EPA

manual .

Considerable data are becoming available

from the extensive sampling that Dr.

Wildeman conducted on the Paraho retort.

One of the most interesting is the remark

able homogeniety in the trace element con

centrations of both the feedstock and the

retorted shales.

During the past year Dr. Robert Meglen

and Dr. Donald Denney of our program have

been developing the capability to apply the

method of pattern recognition to the inter

pretation of multicomponent analyses. This

is a powerful statistical tool for analyzing

similarities among many variables. It goes

beyond the calculation of correlation co

efficients, which only allows a comparison
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Table 1. Summary of Results for Mo and Zn in Stream Sediment

Concentration in parts per million (ppm)

Geometric Geometric Expected 95%

Element Stream Mean Mean Range

Mo

All 4.2 1.65 1.6 - 11.1

Roan 3.5 1.28 2.1 - 5.7

Black Sulfur 2.9 1.41 1.5 - 5.6

Piceance 4.2 1.33 2.4 - 7.4

Parachute 9.5 1.14 7.3 - 12.3

Yellow 3.3 1.34 1.8 - 5.9

Zn All 61.0 1.20 28.6 - 129

Roan 63.8 1.28 39.9 - 102

Black Sulfur 53.3 1.12 42.5 - 66

Piceance 67.8 1.08 58.1 - 79

Parachute 68.9 1.06 61.3 - 77

Yellow 52.5 1.13 41.7 - 66

Scale

'/; 0 I M.let

^rJ
! i i

< -64 ? 75 -85

64 -75 c~n >85

Figure 1. Geochemical contour map of Zinc in soil (ppm) .
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between two variables at a single time.

Instead, pattern recognition provides a

method for examining complex relationships

in a multidimensional space where there can

be simultaneous correlations between more

than two elements .

The application of these methods to

the raw shale data from the Paraho sampling

can be displayed by means of a dendrogram

which in turn is obrained from the correla

tion matrix. Such a dendrogram is shown in

Figure 2. What is shown here is that Sr and

Rb are highly correlated (r = 0.95). Taken

as a group, the concentration trends for

these two elements are next most like those

for Nb in the 48 samples (r = 0.85). This

cluster of three elements is next most like

the cluster formed by Ga, Mn, Fe and Ca

(r = 0.75). The dendrogram thus reveals

patterns in the trace elements in the

Paraho feedstock:

1. Two distinct groups or clusters are

apparent. The elements Ba, Y, Nb,

Sr, Rb, Mn, Fe, and Ca form clus

ters with r >0.5. These elements

are associated with carbonate min

erals.

2. A second cluster is formed among

Se, Pb, As, Mo, Cu, and Ni. These

elements are usually associated

with sulfide minerals.

3. Gas + loss, oil, and water content

do not correlate well with either

group of elements. It is also of

interest that Zn and Zr do not

correlate well with either group of

elements. Of all the elements, Zn

shows the poorest correlation.

This is of interest because other

data indicate that Zn behaves

peculiarly.

Pattern recognition has also been

applied to the retorted shale samples

collected from the Paraho plant. In this

case the clusters seen are not as strong.

Pattern recognition was also attempted to

see if raw and retorted shales could be

matched. The result was that there was no

consistent matching, which implies that so

far none of the elements examined can be

used as a tracer to mark the passage of the

feedstock through the retort.

Dr. Wildeman also sampled bag house

Cluster Dendrogram Raw Shale

gas-Moss

oi

Figure 2. Pairwise clustering dendrogram for 20 components in 48 raw

shale samples.
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dust and crusher fines. He finds that there

are higher concentrations of Ni, Cu, As, Mo

and Pb in the retorted shale bag house dust

than in bulk raw or retorted shale.

Release, Transport, and Fate of Potential

Pollutants in Oil Shale (D. Runnells,

University of Colorado)

Dr. Runnells and his students have been

pursuing several lines of attack on the

basis of their previous results. The present

work consists of four major areas. These

involve :

A more detailed study of the

leaching characteristics of raw and

retorted shale. This includes a

study of leaching behavior under

conditions of alternate wetting and

drying.

A study of the role of reduced

sulfur species and their ultimate

fate.

A study of the peculiar leaching

behavior of F to determine why the

concentrations of F in leachates

remain constant over many pore

volumes.

A study of the ability of soils

of the oil shale region to remove

contaminants from wastewater.

In order to more closely simulate an

ticipated field conditions, two different

experiments have been carried out. One ex

periment attempts to determine the effect

of time and the approach to equilibrium on

leachate composition. The other experiment

attempts to determine the effect of alter

nate wetting and drying cycles .

The equilibrium experiment involved

allowing the shale in the column to equili

brate with the interstitial water for 10,

209, and 400 days before leaching. For

some parameters, such as TDS, B, and F, and

for some retorted shales, an increasing con

centration was observed with increased

equilibration time. Figure 3 illustrates

this behavior for F in retorted shales.

For other parameters such as pH no change

was observed. The effect of equilibration

time is fairly process-specific.

20i

15

6 '0

\P0'

10 209

SS-I

1 23

400

10 209 1 2

400

SS-2

10 209 I 2 3 FIELD

400

PSS-1

Figure 3. Concentration of F in retorted oil shale leachates from

column equilibrium experiment. Analytical precision = 10%.

The solid vertical bar represents the value found in the

first pore volume and the hollow bars represent subsequent

pore volumes. The PSS-1 column labeled
"field"

is the average

value for leachate generated from the Berg-Harbert lysimeters

during the initial irrigation.
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The wet/dry experiment involves a cycle

of saturating the material with water and

then placing it under a heat lamp to dry.

This process is repeated 20, 50, 100, and

150 times. After drying for the last time,

the shale is packed into columns, saturated,

allowed to equilibrate for 10 days, and then

leached. The results for different para

meters depended on the parameter measured

(e.g., pH or element) and the material used.

For example, alternating wet-dry cycles

caused Mo to increase in the retorted shale

leachates and decrease in raw shale leach

ates . Fluorine and B show no change in re

torted shale, but a decrease in concentra

tion after wet-dry cycles in raw shales.

Of particular interest is that, where

as relatively small concentrations of Se

have been seen in previous leaching ex

periments, the wet-dry cycles had consider

able effect on Se concentrations for all

materials tested. So far only the data

from 0, 20, and 50 wet-dry cycles are avail

able. Whereas previous results for Se in

leachates involved concentrations less than

50 yg/L, after 50 wet-dry cycles the con

centrations were as high at 250 yg/L.

Dr. Runnells and his students have been

carrying out a detailed study of the chem

istry of sulfur compounds in leachates.

They and others have noted that high con

centrations of reduced sulfur species are

present in leachates and may play an im

portant role. One such role would be a

dramatic lowering of pH as oxidation to sul

furic acid occurs. Indeed, they have ob

served pH drops in leachates from 10.5 to as

low as 3.5. This, in turn, could lead to

the mobilization of other trace elements

such as Cu and Zn. This study is still in

its early stages. However, a joint experi

ment with Ms. Corale Brierley of the New

Mexico Bureau of Mines and Mineral Resources

indicates that bacteria may help catalyze

the oxidation of these sulfur species. Ms.

Brierley identified two sulfur oxidizing

species of bacteria in leachate samples.

In order to understand the unusual be

havior of F in leachates. Dr. Runnells and

his students have been attempting to under

stand the geochemical residence and be

havior of F in raw and retorted shale.

They have developed an interesting method

to determine the density fraction in which

F resides. This involves low temperature

ashing, density separation by centrifuga

tion, and analysis by inelastic nuclear

scattering. They have also analyzed 136

samples from the Bureau of Mines core hole

to obtain data on the vertical distribution

of F and its relationship to parameters

such as oil yield.

To date the results show that F has a

fair, positive correlation with oil yield.

There are large variations in F content

over short vertical intervals. The only

interval where high F concentrations might

be avoided by selective mining is between

950 and 990 feet below the surface (at the

location of the core) . Extraction of the

organic fraction yielded less than 2% of

the total F, indicating that most of the F

is in the mineral fraction of the rock.

To date, the only data available from

the study of the ability of soils to remove

contaminants from wastewater passing

through them relate to the leachability of

the soils under similar conditions as the

leaching experiments for raw and retorted

shales. The results show that the soil

leachates contain much less B and F, but

about the same TDS as from retorted oil

shales. These leachates also contain high

concentrations of Ca, which may help con

trol the F levels by precipitation of CaF-.

The Uptake of Trace Elements from Raw and

Retorted Shales (W. Lindsay, Colorado State

University)

While the work of Dr. Runnells

addresses the question of potential contam

ination of ground and surface waters, it

does not directly address the potential for

uptake of toxic trace elements by plants.

There is often a relationship between these

two areas because the bioavailability of a

substance is often a function of its
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solubility.

Dr. Lindsay and his students have been

conducting greenhouse experiments and study

ing revegetation sites in order to under

stand the bioavailability of these materials.

They have found that a number of factors in

fluence the uptake of trace elements by

plants. These factors include the retorting

process used, the depth of soil cover, the

aspect, the elevation, the precipitation,

and the species of plant. Last year I re

ported on several of their findings. One of

those findings related to the uptake of B

by western wheatgrass . We have continued

to sample the revegetation sites and now

have three years of data. Figure 4 shows

the data for B in plants for two types of

retorted shales and three depths of soil

cover. While these levels are high enough

to be toxic to some species of plants, we

have not yet demonstrated the existence of

toxicity problems in the plots we have

sampled .

I also reported last year on elevated

molybdenum levels in four wing saltbush

growing on USBM retorted shales. These

concentrations, which were as high as 25

ppm coupled with the relatively normal Cu

concentrations of 5 to 6 ppm found in

plants, could cause molybdenum toxicity in

livestock grazing these plants (Underwood,

1977) . Figure 5 shows that there are

moderate increases in Mo uptake in western

wheatgrass. While these levels are not yet

in the range where they could be considered

hazardous to livestock, continued increases

might eventually lead to toxic levels .

The results obtained on Se and As con

tinue to support the conclusion that these

elements are not taken up by plants in

significant amounts from retorted shales.

During the past year results on F in plants

have become available. The concentrations

of F range from 0.3 to 7.6 ppm in the

Figure 4. 1976 - 1978 Western Wheatgrass - Anvil Points
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Figure 5. 1976 - 1978 Western Wheatgrass - Piceance Basin.

plants analyzed. This is well below

concentrations (about 30 ppm) which are con

sidered to be toxic to vegetation.

The Role of Organics in the Mobilization of

Trace Elements (R. Sievers, University of

Colorado)

There are many examples of organic com

plexation or chelation playing an important

role in the mobility and/or toxicity of

trace elements . Since the organic content

of retort waters and leachates is quite high,

there is the potential for such phenomena to

play an important role in the transport,

fate, and effects of trace elements associ

ated with oil shale materials.

Dr. Sievers and his students are

applying a variety of methods to study these

phenomena. One approach involves the frac

tionation of the organics present in oils

and waters and the subsequent analysis of

these fractions for trace elements to de

termine whether some trace elements tend to

be associated with certain organic fractions.

Preliminary results to date indicate that

there is a tendency for Cd, Se, and Cr in

shale oil to be associated with the organic

fraction containing the majority of the

nitrogen-containing compounds.

Analytical Chemistry (R. Meglen, University

of Colorado)

I emphasized last year that our ana

lytical laboratory has a high sample flow

rate. During the past year the laboratory

performed more than 5,000 analyses on
oil-

shale related materials ranging from rocks

to animal tissues. As a result we empha

size the development of methods which are

fast, inexpensive, and reliable. We have

also concentrated on methods that do not

require large capital expenditures. There

fore we feel that our work will have broad

applicability in the many laboratories that

are involved in such analyses .

Several important advances have been

made in the laboratory. One of these in

volves the development of a single geolog

ical sample fusion method for both B and F

analyses. Previously, it was necessary to

use separate fusions for B and F analyses

in order to destroy the silicate matrix.

The development of a single fusion for both

analyses significantly reduces the expense
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of these analyses.

Last year we reported that Dr. Meglen

had developed a new F method. During the

past year Dr. Meglen has improved the F

method by developing an alternate F separa

tion technique to replace the solvent ex

traction method. This technique requires

less time, is more reproducible, and is

capable of being automated.

Dr. Meglen has also developed an im

proved method for B analyses. The method

is more precise than the widely used

curcumin method. He has also adapted the

technique for use with a Technicon Auto-

analyzer.

SUMMARY

During the past year we have made sig

nificant progress in understanding the

sources, transport, and fate of trace

elements associated with shale oil produc

tion. Data are now available from the trace

element baseline survey on tract C-b . Con

siderable data are becoming available from

the sampling of the Paraho retort. We are

obtaining a more refined understanding of

the leaching characteristics of retorted

and raw shale, including the effects of

wetting and drying. The vegetation sam

pling continues to support our earlier

findings regarding significant uptakes of

B and Mo and low uptake of As and Se.

Further, we now have data showing that F

uptake is very low. Preliminary data from

a new project on the role of organics in

dicate that Cd, Se, and Cr may be associated

with a particular organic fraction. Con

siderable progress was made in developing

fast, inexpensive, reliable, and non

capital-intensive analytical methods for

trace elements in oil shale-related mater

ials.

However, much remains to be done. We

still need to develop a better understanding

of the peculiar behavior of F as well as an

understanding of the fate and effect of the

reduced sulfur species in the leachates.
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OIL SHALE 1979 AND THE $3 TAX CREDIT

J.S. Hutchins

Energy Development Consultants, Inc.

2221 East St.

Golden, CO 80401

ABSTRACT

A review of the technical maturity, economic

viability and environmental status of retorting pro

cesses and projects. Projections are made of production

levels subject to potential government encouragement

mechanisms. The proper roles of the industrial,

state and federal sectors in future development are

suggested.

INTRODUCTION

The position of oil shale development in early

1979 is that a wide variety of processes have been

tested and are available, or are nearing availability,

for commercialization in first generation pioneer

plants. An exceptional array of environmental studies

is in place. However, the economics of initial shale

oil production is not encouraging to industrial

development without government support mechanisms.

Thus, it is very doubtful that any shale oil production

will be realized domestically unless Congressional

action provides some form of modest stimulation.

Justification for such government encouragement is

indicated by the growing need for on-shore petroleum

development, the insecurity of foreign sources and

the trade deficit which fans inflation. A review of

the oil shale situation in 1979 suggests very strongly

that one appropriate and efficient government mech

anism to provide this support is a $3 direct tax

credit.

There is good reason to believe that such a

stimulus should be structured to generate a production

level approximating 100,000 barrels per day (B/D).

Further, there is good technical and historic evidence

to predict that requirements for government support

will be washed out in time. Support should only be

required for the life of the initial pioneer plants.

Added production can be self-attaining without any

further government support as a result of internal

industry learning curve productivity and technologic

advances. Thus, if the Congress provides pioneer

plant stimulation, ultimate production through the

three state oil shale area of Colorado, Utah and

Wyoming could approximate IH million B/D. That pro

duction would not represent the upper bounds of

shale oil production capacity since a full or crash

commitment by the federal government could generate

even higher levels. Regardless of positive Federal

actions however, there are absolute bounds or cap

limitations to production which are represented by

technologic barriers, water availability, acceptable

environmental impacts and construction labor and

materials availability. It is most probable that the

maximum realistic shale oil production rate is

around 2 million B/D and it is doubtful if this

would ever be reached in real life based upon the

limits of environmental constraints for air and

water in the region. These latter limitations,

however, should not assert themselves for perhaps

20-30 years. Nonetheless, being matters of prime

State concern means that Colorado, Utah and Wyoming

governments should be participating early and very

positively in the development life of retorting

projects.

TECHNOLOGY STATUS

The technology array available for oil shale

development is broad and spans several ascending

levels of demonstrated competence. As shown in

Table 1, there are three processes, all for surface

retorting, having sufficient demonstration back

ground so that single or multiple module pioneer

plants producing 5-50,000 B/D each, could immediately

be constructed. For these three processes (Paraho,

TOSCO II, and Union B) extended demonstration tech

nology has been completed and specific engineering

design is available or in the process of being

developed.

Next there is a set of field demonstrations, all

in situ, now in progress by Occidental, Rio Blanco,

Geokinetics and Equity. Of these, Occidental is

in the process of completing a burn on its sixth

retort. Subject to successful results, its process
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TAB
INDUSTRY TECHNOLOGY ARRAY

Western Oil Shale

1979

READY FOR PIONEER PLANT STATUS (Pre-Commercial)

1. Paraho (Surface-Coarse)

2. TOSCO. II (Surface-Fines)

3. Union B (Surface-Coarse)

FIELD TESTING (Demonstration)

4. Occidental Bottom Entry (In Situ)

5. Rio Blanco Side Entry (In Situ)
6. Geokinetics Horizontal (In Situ)

7. Equity Steam (In Situ)

PILOT PLANT (Pre-Demonstration)

8. Superior Rotating Grate (Surface-Coarse)

9. Lurgi (Surface-Fines)

BENCH SCALE (Theoretical)

10. Radio Frequency (Surface & In Situ); Raytheon; IITRI, etc.

11. Multi-Mineral (In Situ); Shell, Charter, etc.

12. Batch (Surface); SOSSI, etc.

13. Many others

would be immediately available for commercialization.

The other processes within the "in
demonstration"

category (Rio Blanco, Geokinetics and Equity) variously

require several months to several years to prove

their technical viability.

Superior and Lurgi are two processes which could

move rapidly into a field demonstration mode. Both

have pilot plant operations. They have run oil shale

batches and both have engineering designs and cost

estimates available for demonstration projects. Some

operators, such as Superior, propose to skip the field

testing level and proceed directly to commercial

plants. There are very good and viable engineering

and economic arguments for this type of development

strategy.

Finally, there is an array of technology in early

life development at a bench scale or laboratory level.

This "new
technology"

is investigating beyond the

conventional surface and in situ methods into exotic

areas such as radio frequency heating for both surface

and in situ applications, and multi -mineral in situ

recovery processes. Thus, a great amount of bench

scale and laboratory development is being currently

performed by numerous companies in their research

laboratories as well as by government supported re

search with such groups as the Laramie Energy Technology

Center and Lawrence Livermore Laboratories.

The array of processes available to development

of oil shale is thus not only well established and

readily available for production, but it also has the

healthy sign of emerging back-up or alternative

technology.

ENVIRONMENTAL STATUS

Environmental studies are numerous and broad and

have occurred over a span of the last 15 years. The

vast amount of studies through 1974 are documented in

"Summary of Industry Oil Shale Environmental
Studies"

published by the Rocky Mountain Oil and Gas Association.

Because of the high level of environmental studies

that have already been performed it is doubtful that

additional valuable environmental data will be de

veloped without actual monitoring of operating plants.

Studies do indicate that pioneer plants will meet

State and Federal laws.

ECONOMIC STATUS

Production of shale oil is not now economically

attractive. The results of a recent study by the

Department of Energy, shown in Table 2, indicate

quite clearly the sub-marginal economic position of

shale oil. Costs, including a 15% return on in

vestment, range from a minimum of $15 up to $30 per

barrel as contained in DOE's Commercialization Strategy

Report for Oil Shale (1978). While the price of

foreign crude will rise to a projected $17-18 per

barrel in mid- 1979, escalation of the 1978 DOE report

also has occurred. Thus the bottom line is that shale

oil production is still in the sub-marginal area. No

meaningful production of shale oil can be anticipated

without Congressional action to stimulate development.

TABLE 2

SHALE OIL COST

10,000 B/D Pioneer Plant

1978

TECHNOLOGY

Surface

Vertical In Situ/Modified

Horizontal In Situ/True

Multi-Mineral

PRODUCTION
COST*

$20-30/bbl

$15-25/bbl

$19-30/bbl

$16-30/bbl

*

Includes upgrading to refinery feedstock and requisite

environmental control technology.

Source: Commercialization Strategy Report for Oil

shale: Part II, 1978, DOE Task Force, TID-28845.

CONGRESSIONAL OPTIONS

Should the Congress consider stimulation of oil

shale as a course of action there are three basic

options available to them, as shown in Table 3.

Historically, the Congress has chosen the industrial

support option as a first alternative by providing

tax credits, accelerated depreciation, loan guarantees
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and, on occasion, purchase guarantees. The second

alternative, the grant mechanism, has historically

been well used to stimulate technology advances.

Government owned plants operated by companies (GOCO's)

have usually been reserved for military needs, high

control technology (e.g., nuclear production or

chemical warfare plants) or in areas of the most ex

ceptional national interest such as the production of

rubber during the second World War.

TABLE 3
CONGRESSIONAL OPTIONS

Stimulation for Shale Oil

SUPPORTS Tax Credit

Depreciation Acceleration

Oil Price Guarantee

Loan Guarantee

Other

GRANTS Direct

Indirect

Combination

GOCO's Firm Fixed Price (FFP)
Cost Plus Fixed Fee (CPFF)
Negotiated

To consider the relative value of these options

first let me define the basic costs associated with

each retorting process. Table 4 indicates the current

data for a bare bones investment cost, without up

grading to a refinery feedstock, which produces solely

a whole raw shale oil for use under boilers. A

minimum investment cost for a pioneer plant would

range from $13, 600-16, 300/daily barrel.

TABLE 4
INVESTMENT COSTS (1979)
Oil Shale Pioneer Plants)

PROCESS $'s/DAILY BBL. (1)

GENERIC

RETORT TYPE

Paraho

TOSCO II

Union B

Superior Circ. Grate

Occidental

Rio Blanco

13,650 (2)
16,280 (3)
14,910 (4)
14,850 (5)
16,000 (6)
Undetermined

Surface/Coarse

Surface/Fines

Surface/Coarse

Surface/Coarse

In Situ

In Situ

(1) For Whole Raw Shale Oil without upgrading.

Because of differences in attributing costs

to such things as support facilities, com

munity development, etc., these figures are

not strictly comparable. Because Paraho has

some basic facilities in place at Anvil

Points, for instance, those figures may be

low in relation to other processes.

(2) At $78M per 6000 B/D as of January 1979

escalated at 10%/year to July 1, 1979; See

DOE proposal .

(3) At $1050Mless all pre-refining, licensing and

reserve costs per 55,000 B/D as of September

1977 escalated at 10%/year to July 1, 1979;
See Oil Shale Economics Update; Nutter and

Waitman, AIChE, April 18, 1978.

(4) At $122M per 9000 B/D as of July 1, 1978

escalated at 10%/year to July 1, 1979;
private correspondence.

(5) From Naval Oil Shale Reserve Study, TRW,
Unpublished at $13,000-14, 000/Daily Bbl.

in terms of mid-year 1978 costs escalated

at 10%/year.

(6) From SEC records.

The average cost, about $15,000/daily barrel, can be

used illustratively to provide a quick fix on the

effectiveness of each of the three options available

to the Congress for shale oil stimulation.

As shown in Table 5 a $3 tax credit, using for

an example a 10,000 B/D plant, would
"cost"

the

government in foregone taxes $197 million. However,

this is spread over a 20 year life and thus represents

only $64 million in present worth money. The grant

option must.be spent at the front end - $113 million -

and thus can only be discounted to $101 million. On

balance then the tax credit option represents both a

lesser
"cost"

to the government, while at the same

time eliminating the government's risk of construction,

processing and marketing operations inherent in front

end dollars. Of course, this
"cost"

in tax credit

supports will provide very substantial tax income

to the government in later years as production levels

rise. This substantial income to the government is

not available to them unless the front end tax credit,

as a "cost", avails because I do not believe there

will be any production without Conaressional stimulation

TABLE 5
"COST'

OF GOVERNMENT OPTIONS

10,000 B/D Pioneer Plant (1979)
$15,000/Daily Bbl.

90% Stream Factor

2/20 Year Constr/Producing Life

TYPE OF GOVT. DEGREE OF FRONT END

STIMULATION STIMULATION GOVT. $'s

FOREGONE PW

TAX GOVT. $'s GOVT. $'s

SUPPORT

GRANT

GOCO

$3 Tax Credit None

75% Direct Grant 113M

100% Govt. 150M

Owned

197M

None(?)
197M

64M

101M

(199M)

Note: Support Discount producing years 3-22.

Grant Discount construction years 0-2; no

operating costs included nor benefits

to the government (which may be

negotiated) .

GOCO Discount combined all above; does not

credit any income or debit any

operating cost, resource value or

risk. Presumable Congressional

objective would be to stimulate oil

production and not to enter the
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industrial risk rate of return mar

ket. () indicates figure cannot be

compared to others .

Rate The 11% discount rate was chosen by
~~~~

taking the current 90 day Treasury
Bill rate and estimating the as

sociated costs (direct, GA, over

head and fringe) to approximate 15%

of the base.

The final Congressional option, direct government

ownership of shale oil plants, is least attractive

of all since the government would not only have to

put up the front end money but would forego the tax

income over the producing life of the plant.

These data are certainly not rigorous, but would

indicate that if the Congress desired to stimulate

shale oil production a serious consideration of a

tax credit option is viable. Perhaps it is a more

complete analysis of this kind that has historically

led the Congress to provide industry support mechanisms

for commercialization, to more exclusively utilize

the grant mechanism for research and technologic

advance and not for operational facilities, and to

turn to Government owned facilities only for unique

and clear national security needs.

TAX CREDIT ECONOMICS

An example pioneer plant in the Piceance Basin,

built as a 10,000 B/D single module without pre-

refining capacity, would look to sell its product for

use under boilers. The local market area, most

logical to minimize transport costs, ranges up to 600

miles distant. After conversations with local oil

purchasing agents it appears optimistic that a

product could command, at the point of sale, as much

as $11/Bbl. Transportation cost for an average 400

mile haul by rail approximates $3/Bbl . or more. A

plant would therefore receive $8/Bbl . as shown in

Figure 1. Under current law it may receive a $2

entitlement and this would bring its netback to some

thing less than $10/Bbl . Such a netback will not

provide an economic rate of return for a pioneer

plant.

A $3 tax credit, however, would provide a pioneer

operator with a netback of $13-16/Bbl . after taxes

depending upon its taxable position. That tax posi

tion is impossible to predict for each of the twenty

years of future producing life.

However, in order to evaluate this $13-16/Bbl.

after tax netback some computerized economic simulations
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were made. A 10,000 B/D pioneer plant was costed at

the average $15,000 daily barrel and a 32 month period

was estimated for obtaining permits and completing

construction. With a mining and plant operating cost

of $4.65/Bbl. and providing $7.00/Bbl. to cover

depreciation and taxes, the plant would require a net-

back of $14.20/Bbl. in order to produce an acceptable

15% risk rate of return. This would indicate that the

$3 tax credit providing a $13-16/Bbl . netback would

be a minimum realistic stimulation for pioneer shale

oil production.
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While the $16/Bbl . ceiling might provide a pioneer

operator with a rate of return slightly greater than

15%, this would only occur if he was in a fully taxed

position. Additionally, any pioneer operator is

assuming a number of substantial risks beyond a normal

business risk basis. This can best be shown by

Figure 3. If the construction cost estimate is



optimistic and the operator overruns construction

costs by 20%, he would be required through a 20 year

plant lifetime to obtain $17.04/Bbl. for his product.
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If in addition, there are startup delays (up to 2

years) because of environmental inquiries, regulatory

reviews, labor disputes or manufacturing and design

delays that cumulate to his capital overruns, he would

then require through the life of the plant $22.21/Bbl.

in order to maintain a risk 15% rate of return. And,

if upon these previous two risks accumulated a third

risk of unanticipated inflation, which was 12% during

the construction period instead of the calculated

7%, then $27.00/Bbl. is required for the product.

As the graph in Figure 3 indicates there are many

other risks not calculated such as a local market

saturation, unanticipated low plant efficiency, over

runs in mining operating costs and excessive plant

downtime. Most of these risk examples are quite

obvious such as capital overruns, possible startup

delays, and unanticipated inflation.

Nelson, a technical editor of the Oil and Gas

Journal, reports that since 1974 the inflation index

has risen so much that productivity advances have

been wiped out such that plant construction cost

curves that are normally reducing with time have

reversed for the first time in industry history. And,

to expand on another example, a pioneer plant might

anticipate selling its product 400 miles distant and

thus incur a $3/Bbl . transportation cost. However,

the area is industrially very thin while simultaneously

being a net crude oil production region. Early

market saturation is probable. Some of the pioneer

plants would be forced to move their product to the

Los Angeles, Chicago or Gulf Coast industrial market

some 800-1200 miles distant. This, of course, would

substantially increase the transportation cost and

reduce the netback to the plant.

POTENTIAL OIL SHALE MARKET AREAS

FOR PIONEER PLANTS - WESTERN U.S.

These risks are unique, at least in numbers and

magnitude, because plants would be pioneer - that is,

operating in a totally virgin setting without precedent

of design or operation.

RESULTS OF CONGRESSIONAL STIMULATION

Should a $3 tax credit be established by the

Congress a great number of production response scen

arios could be generated. One probable scenario is

shown in Figure 5 which would stimulate plants on-

stream, at various production volumes, from 1982

through 1987 depending upon their current technologic

preparedness, required construction time and the time

required to complete current demonstration projects.

It is quite probable that 100,000 B/D could be gen

erated by 5-10 pioneer plants in response to a $3

tax credit if that credit provided for the entire

project life of that pioneer plant.

Congressional guarantee of a continuous tax treat

ment throughout a pioneer plant life is desirable since

the plant has committed to a pioneer level of construc

tion and operating cost for the life of the project.

Normally, learning curve efficiencies captured by

second generation plants can only be gained in the

pioneer by costly capital retrofit. This extra cost

is just to try and bring his return even with the

"late-in"

competitor plant who has ridden on the

pioneers risk-taking but has not contributed to the

prior learning curve advance.
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Once the Congress stimulated pioneer plants with

a $3 tax credit, further supports should not be

required for additional production increases. From

this point well documented learning curve, product

ivity and self-sustaining technologic advances would

take hold. Consider for example, the experience in

the refining area of catalytic cracking shown in

Figure 6. These units when first installed required

a very high investment cost.

FIGURE 6
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With technology advances resulting from a very short

operating experience, exceptional reduction in invest

ment costs were steadily realized, first in major

plants and, second, even in the smaller sized plant

operation. Within only a 10 year span refineries had

reduced initial construction costs on catalytic

crackers by a startling 70%. New catalytic crackers

cost only 20% of those built 10 years before. This

trend continued and by 1972 the investment cost for a

catalytic cracker was down to 10% of pioneer or first

generation designs. This productivity learning curve

has been experienced in almost every process design in

industry. Many illustrations, both as to investment

and operating cost, are available in the literature

and statistically defined. Among them are: aircraft

assembly, turn around down- time and maintenance

operations, manufacture of television sets and, most

recently, hand held calculators.

Experience with several additional representative

petroleum processes or complete integrated plants is

shown in Figure 6. Technologic experience and advances

reduced the investment costs for new processes by some

35% in coking, 50% in hydrogenation, 70% in reforming,

70% in vacuum distillation, 80% in cryogenic gas plants

and as stated earlier, by 90% in the case of catalytic

cracking. Studies by some of the planning groups of

oil shale developers indicate that it is realistic to

expect a 30-50% reduction in construction costs for

second or third generation plants after 5-15 years of

pioneer plant experience with ultimate reductions

easily in the range of 70% after 30 years of operating

history.

PROJECTION RELIABILITY FOR MINING

There is a consensus within the industry that

historic refinery cost reductions can be applied to

shale oil retorting plants. However, retorting only

represents a portion of an oil shale project. Within

the other part, mining, there is some divided opinion

on the use of technologic advance curves. As one of

the oldest engineering disciplines, mining has been

carried on for over a thousand years and some use this

as an excuse to believe that near optimum technologic

development has already occurred. This completely

ignores the basis of technologic advance curves and

also ignores the levels of advance now occurring in

a broad spectrum of mining research. Just a few of

the technologic advances in the mining engineering

discipline during the last decade are listed in
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Table 6 below. Each is bound to have a substantial

effect on the cost of mining in the application areas

being researched.

TABLE 6

TECHNOLOGY ADVANCES

Selected Mining Research

1. Solution Mining
2. Blind Hole Drilling
3. Continuous Miners

4. New Explosives

5. Delayed Cycle Blasting
6. Raise Boring

In just one of the examples in Table 6, raise

boring, the cost to establish a shaft has been

reduced over conventional shaft sinking in the range

of 50 to 67%. And this has occurred in a time span

of about five years. The mining technologic advance

curve for raise boring thus almost exactly parallels

the exceptional reductions already documented in the

process engineering discipline of catalytic cracking.

One must come to the conclusion that mining is

certainly as much open to technologic advance cost

reductions as any of the other engineering disciplines.

Nonetheless, as is the case in oil shale processing

itself, until there are operating mines there is

little or no incentive to research cost reduction

methods and equipment. When pioneer plants are

finally in place the curves for the elements of the

mining cycle must provide an array of technology

advance curves not materially unlike those projected

for surface or underground retorting processes.

TIME AS A BASIS FOR TECHNOLOGIC ADVANCE

For over 30 years technologic advance curves

have been plotted against units of production - the

number of warplanes produced, the number of barrels

refined (throughput) or the number of calculators

manufactured. Early on, the key elements were (1)

operational experience to provide an understanding

of the interrelationship of engineering functions

(i.e., what was happening) and (2) iterations of

production (i.e., cost effective re-design or opti

mizing). With the advent of computer technology in

the 50 's and
60'

s, however, much of the technologic

advance dependency on units of production was re

placed. The computer is now being used in research

labs (1) to simulate engineering processes (determine

and understand what is happening) and (2) to iterate

process situations by varying conditions such as

pressure, volume, space velocity, thermal transfer

and chemical reaction (optimizing). With the computer

some processes which were technologically known but

uneconomic and abandoned on a units of production

basis (e.g., delayed coking in the 20's and early 30's)

were
"re-invented"

in the 40's and 50's. So now units

of production have become less important, to be

replaced with time. The computer, by its ability to

simulate and to iterate, has assumed in large part

the function previously represented by throughput or

units of production.

As a requirement time is now, I believe, the key

element. Time is required to start a pioneer plant,

to simulate and learn by actual operation, to optimize

new design by more computer simulation and iteration,

to modify an old or re-design to a new plant, and to

then rapidly operate under a new set of conditions.

And if time is now a key element the $3 tax credit also

becomes essential since the time clock cannot start

until the first pioneer projects, surface and in-situ,

are in full time operation.

LIMITING A TAX CREDIT

Use of the economic computer model was made to

determine the degree of technologic advance required

to offset a $3 tax credit. Using an average tax

credit effectiveness before taxes of $4.50/Bbl., it

was determined that a learning curve advance sufficient

to reduce new plant costs or increase production by

a combination of 30% would eliminate the need for

continuing any tax credit benefit for new on-going

plants. If an average projection is made for oil

shale learning curve effect such as shown in Figure 7,

that first stimulus by Congress would place the industry

in a fully self-sustaining mode by about the 10th

to 15th year of pioneer plant operation.

The confidence placed in learning curve (tech

nologic) advance is well justified. The curves are

documented to be ascending so that the self-sustaining

prophecy must be realized, and, with the exception of

external influences such as inflation and labor costs,

have only the time element or throughput as unknown
-

that is, whether it will be realized in a shorter or

longer time period than was originally predicted.
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ESTIMATED OIL SHALE

PROJECT COST REDUCTION

LEARNING CURVE VS TIME

YEARS FROM INDEX

LONG TERM PROJECTION

With the projection of an initial stimulation

established for pioneer retorts under a $3 tax credit,

and the historic indication of substantial reductions

in investment cost, it is realistic to project, as in

Figure 8* ascending production levels without any

further stimulation from government incentives. After

5 years initial production experience with pioneer

retorts it is projected that additional non-supported

first generation technologies will provide a total

level of 200,000 B/D. Subsequently, cascading second

generation response to reduced front-end costs should

provide 300,000 B/D by second generation technology.

And if the logical and historic pattern holds, this

would be followed closely by third and fourth gener

ation processes responding to a full productivity and

learning curve experience and reduction in investment

cost by technology advances. As a result of the

initial one-spot tax credit stimulation, ultimate

production early in the next century should be ranging

between 500,000 and 1,000,000 B/D.

$3 TAX CREDIT
THIRD a FOURTH GENERATION PROCESSES

RESPONDING TO FULL "PRODUCTIVITY a

LEARNING
CURVE"

EXPERIENCE AND

REDUCTION IN INVESTMENT COSTS BY

TECHNOLOGY ADVANCES, 5-10 NEW

TECHNOLOGIES

MITIAL SECOND GENERATION RESPONSE WITHOUT

$ 3 TAX CREDIT PERHAPS 5 NEW TECHNOUXIES,

5 SECOND GENERATION

ADDITIONAL FIRST GENERATION TECHNOLOGIES AT RISK

WITHOUT $ J TAX CREDIT STIMULANT PERHAPS 5 NEW

TECHNOLOGIES ,
S DUPLICATING

3

WINDFALL PROFITS

At this writing, political upset in Iran and

within the Arab League has caused OPEC exporters to

temporarily increase prices and add surcharges. While

short term and political in nature, this always gives

rise to doubts about long term plant life stimulation

benefits since it can be seen from prior figures that a

tax credit would not be required if the import price

rose - and held for a long period - by $3 to $6/Bbl .

about current levels. The possibility of long term

increases in oil price is distinct. However, since

OPEC oil prices are based on politics as opposed to

production costs, the price could as well hold constant

or drop. The unknown of future price is exactly the

long term unknown that will not allow the pioneer plant

to proceed while simultaneously creating doubts within

the Congress concerning plant life stimulation.

Wording within the law, however, certainly can and

should be developed to reduce, and ultimately eliminate,

tax credit benefits in response to unusual oil price

fluctuations not justified by inflation or the cost

of production. Thus, any tax credit can easily be

defined by the Congress to levels (up or down) that

would not result in windfall profits.

CONCLUSIONS (1979)

1. While the oil shale industry is technologically

prepared for commercialization, little or none will

occur without Congressional stimulation because of the

economic and risk limitations.

2. Environmental studies have been performed in

depth and additional data is most available only by

monitoring operation of pioneer plants.
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3. A $3 plant life tax credit appears to be the

most cost effective governmental option available to

the Congress to stimulate production at a volume

sufficient to trigger the necessary 5-10 processes

into first generation technologic advance curves.

4. No further or on-going stimulation should be

required and within 5 (optimistic) to 15 (pessimistic)

years of operation the industry should have experienced

sufficient learning curve advance for economic self-

sufficiency in newly built additional plants.

5. Ultimate production will then depend not upon

industry ability to produce but upon limitations deter

mined by Federal and State controls relating to public

issues such as water consumption and environmental

constraints. It may take some time, perhaps 20-30

years, before production rises to this level of

concern.
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Comments on J. S.
Hutchins'

Paper

12th Oil Shale Symposium, Colorado School of Mines

April 19, 1979

Les Ludlam

Colony Development Operation

ARCO Coal Company
555 Seventeenth Street

Box 5300

Denver, Colorado 80217

The investment costs for a TOSCO II retorting

facility shown in Table 4 were calculated by sub

tracting certain costs from the $1,050 million cost

for the total complex. Additional costs should have

been subtracted to account for the utilities associ

ated with upgrading. Our estimate of the capital

cost per daily barrel of shale oil production is

about $15,400. That figure applies to a 6- train,

66,000 ton/day facility and would be significantly

greater for one 10,000 ton/day module.

In the Tax Credit Economics section of the

paper, I disagree with the conclusion that raw shale

oil will sell at $11 per barrel (about $1.80 per mil

lion BTU) at the point of the sale. I believe raw

shale oil will be used in boilers only when blended

with petroleum and will incur a significant price

penalty because of special handling requirements. A

more realistic price for raw shale oil, in my opinion,

is $1.20 to $1.50 per million BTU or $7 to $9 per

barrel at the point of consumption.

The assumption that a raw shale oil producer's

netback would increase by $2/barrel because of the

"entitlements
credit"

is not correct. With entitle

ment credit, shale oil is not subjected to a $2

penalty when sold to a petroleum refiner. The

regulations do not mention sale of shale oil as boil

er fuel and specifically point out that changes in

the regulations will be required if on site shale

oil processing facilities are to qualify for entitle

ments. Also, phased decontrol of domestic crude oil

prices as recently announced by President Carter will

drive the entitlement value to zero.

A raw shale oil producer might get $5 to $6 per

barrel at the plant gate, before any tax credits,

under the circumstances I've just described. Accord

ing to Mr.
Hutchins'

Figure 2, a single 10,000 ton/

day module would lose money at these prices. The

$3/barrel tax credit would boost the DCF rate of

return to about 9% to 11%.

My point is that the economics presented in this

paper are misleading by showing that single, 10,000

ton/day modular facilities could be made satisfactor

ily profitable with a $3 per barrel tax credit.

By comparison, full scale commercial plant eco

nomics, as presented recently by Tosco Corporation,

show about a 10% to 13% DCF return on investment at

world oil prices without any incentives. Current

economic evaluations show that the $3/barrel tax

credit, if adjusted for inflation and applied to the

entire plant output, will boost the DCF rate of re

turn to just over 15% vf there are no significant

construction delays or cost overruns. The $3 per

barrel tax credit is no bonanza, even for full scale

commercial plants.

Figure 3 of Mr.
Hutchins'

presentation illus

trates very well the effect of risks on economics.

These effects are quite similar to the effects of

risk on commercial plant economics.

Finally, I agree with the concept that "learn

ing
curve"

improvements in costs will occur and once

those improvements are achieved, the industry can be

profitable without incentives. However, if pioneer

plants are limited to single, 10,000 ton/day retorts

only, the expected cost improvements will not occur

for the other components in an integrated complex

such as upgrading, transportation, mining and

large-scale end uses.

Colony's position is that the $3 per barrel tax

credit should apply to a variety of
developers'

plans. Technology other than that which we plan to

use should be developed. The tax credit must be

adjusted for inflation and apply to the entire plant

output to achieve this goal.
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PROGRESS AND PROBLEMS IN SHAFT SINKING AT TRACT C-A

Eugene L. Grossman

Manager of Mine Development

Rio Blanco Oil Shale Company

Initially, development of Federal Oil Shale

Lease Tract C-A was proposed to be by open pit mining

and surface retorting. After the Interior Depart

ment determined that off tract waste disposal and

plant site as contemplated in the Environmental

Impact Statement was not available to us without

Congressional action and in the light of projected

economics, the decision was taken in the summer of

1976 to turn to a modified in situ approach.

Conceptual design of the Modular Development

Phase, the initial investigatory step in development,

was by Golder Associates. Detailed design of facili

ties was performed by Morrison-Knudsen Company, the

overall management contractor. AMS of Nevada, Inc.

was selected as the shaft sinking contractor.

Vertical shaft access to the deposit, the top

of which is some 400 feet below surface in the mine

area, was decided early on. Consideration was given

to blind boring the ventilation exhaust shaft (then

8 feet in diameter) and upreaming the 15-foot diam

eter service and production shaft from it. We elect

ed instead to sink the larger shaft conventionally

and upream the ventilation shaft, which was subse

quently redesigned to 10-foot diameter. One rf the

primary reasons for this change in approach was the

realization that ground water was going to be a pro

blem and that dewatering of the area through pumping

wells ought to start early. Given relatively high

local permeabilities, it seemed unwise to commence

dewatering through wells during blind boring. The

probability is high that the dewatering wells would

start producing drilling fluid very quickly. The

difficulty that the Bureau of Mines had in twisting

off and subsequently successfully fishing for their

8-foot diameter cutter head at their Horse Draw Shaft

preceeded our decision and to a limited degree may

have influenced our judgment.

Prior to the commencement of sinking, five de-

watering wells were drilled, four immediately around

the shaft and one just outboard of the mine area.

These were initially fitted with large submersible

pumps and produced just under 3000 GPM during the

early stage of dewatering. As the aquifer was drawn

down and production from these wells decreased pro

gressively smaller pumps were installed. Only three

of these wells are now pumping and total production

is just under 1000 GPM.

The service and production shaft was sub

sequently named the Herget shaft after Walter

Herget, Rio Blanco's first President. It is fif

teen feet in diameter inside its concrete lining.

Concrete is a minimum one foot thick to the A-

line and contains no reinforcing steel except at

the collar and at the stations. Figure 1 is a

sectional elevation of the shaft showing the three

stations at C, E and G levels. The missing letters

are for levels developed from these levels by ramps

and raises. Total depth of the shaft at completion

will be 971 feet. Currently the shaft is completed

to 858 feet, just below the G-level station.

Offset ore passes each eight feet in diameter

connect the three main levels to the single skip

loading pocket just below G-level. Broken oil shale

will be passed from both C and E and G levels to this

measuring pocket.

The shaft is being sunk with its permanent

hoist, a used Canadian Ingersoll Rand 8-foot diameter

double drum hoist. During sinking the drums are

locked together and only one is being used. The

hoist is driven by a pair of 400 horsepower electric

motors. On the completion of sinking and outfitting

the shaft, a pair of four-ton skips in counterbalance

will raise the broken shale from the G-level skip-

pocket. A single cage will be suspended beneath one
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6500-
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Level

R-6

L-5

R-5

5700-1
^ Cross Section Thru Herget Shaft

Figure: 1

Figure 1. ~ Cross Section Thru Herget Shaft

of the skips for transport of men and materials. The

cage and skips came from the same operation as the

hoist.

Drilling has been with hand held percussion

sinker drills. Alternate sloped benches are drilled

and blasted with a maximum 8-foot deep hole. In this

manner the average advance per round is four feet.

Loading is by Cryderman mucker into one to two 3-

cubic-yard buckets. The concrete lining is placed

behind a 20 foot high slip form. A Galloway stage, a

four-deck work platform, is used in handling forms,

placing concrete, erecting shaft steel, and install

ing utilities. The manway side of the shaft steel is

being installed as the shaft is sunk. Figure 2 is

generally illustrative of the sinking method,

although it differs in minor details from our arrange

ment. As manway steel and utilities are installed

above the Galloway, they set the upper limit to which

it can be raised. At the completion of the shaft,

the Galloway will be cut up and removed.

When a station sill is reached the station is ex

cavated a short distance out from the shaft. Shaft

excavation is then carried some 40 feet below the

station sill. The Galloway is lowered into this

stub of shaft allowing larger loading equipment (a

2-yard LHD) and a drift jumbo, neither of which could

be passed through the Galloway, to be lowered to the

station cutout. The Galloway is then raised to just

above the station. As the station is enlarged and

drift excavation proceeds, the 40 feet of shaft below

the sill is filled with broken oil shale. When the

level reaches the sill, the rock dumped in the shaft

from the heading is rehandled by the Cryderman into

the sinking bucket. Because this type of rock hand

ling is relatively inefficient, compared to using the

permanent skips, the amount of drifting off of the

shaft, prior to recommencement of sinking, is kept to

a minimum.

Sinking progress has been slower than anticipat

ed for a number of reasons which include higher in

flow of water than originally estimated and the in

termittent presence of hydrogen sulfide and methane

gases.

Headframe

Chute

Sinking a

Shaft

Muck

Retaining
Wall

Collar

Decking & Doors

Crosshead

Blast-Proof

Long-Drop Form

Muck Bucket

Winch Hoist

i )Work Platform

/(Galloway]

Mucker

Figure 2. -- Typical Setup For Sinking A Shaft
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Sinking Chronology

Contract awarded to AMS

First concrete placed at Collar

Started sinking below collar

concrete 2/sinking plant

First significant water @471
'

Complete C-level excavation and

Recommence sinking

Complete E-level and Recommence

sinking

Reach G-level sill

November 1977

February 1978

May 13, 1978

July 1978

October 1978

January 1978

March 1979

Three water lines, two 8-inch and a 6-inch, have

been used for shaft dewatering. Pumps have been

largely submersible types. 58 H.P. and 150 H.P. The

three centrifugal pumps on C-level are the only ex

ception to the use of submersibles in the shaft. In

flow to the shaft has ranged around 1000 gallons per

minute, mostly near E-level. When C-level was ex

cavated last summer it was very wet. However, as the

shaft progressed downward, dewatering from the wells

and the shaft itself pulled the water level down so

that now that level is totally dry. A number of

holes of varying length have been drilled from E-

level and between C and E levels in an effort to

drain the formation to the mine. This approach is

meeting with reasonable success and in the future

will be the prinicple dewatering method used.

Hydrogen sulfide was encountered in August 1978

at a depth of about 500 feet. A threshold Limit

Value (TLV) for this gas is 10 ppm. This is the max

imum concentration at which a man is allowed to work

for eight hours. At 1% times this concentration

personnel must be withdrawn from the affected areas.

The hydrogen sulfide has been largely dissolved in

ground water and is released as the water enters the

mine and is depressurized. This fact was evidenced

on C-level where considerable difficulty was ex

perienced with this gas while the level was wet.

After the water level declined below C, the hydrogen

sulfide there abated abruptly. It remained a problem,

however, on E level, which was and is wet. As venti

lation on E level was increased and water inflow de

clined somewhat, the hydrogen sulfide problem has

been mitigated to a degree. The presence of this gas,

however, continues to be bothersome.

down a corehole in the mine area and encapsulated

cores immediately as they were removed from the core

barrel. The encapsulated core was tested for

methane bleed by a method developed by the U.S.

Bureau of Mines. After 30 days of measured bleed,

the core was sent to the Laramie Energy Technology

Center where it was crushed in a controlled atmos

phere and additional methane liberation monitored.

The results of this work indicated that at selected

locations near G-level, low concentrations of

methane could be anticipated. Indications were that,

if ventilation were maintained, concentrations would

be limited to less than the 0.25% that would class

the mine gassy. To date, ventilation has kept

methane concentration below this level. As a pre

caution we have prohibited smoking and open flame in

the shaft. Welding, flame cutting and other

necessary work requiring open flame is done under a

permit system. The area in which the work is to be

done is carefully monitored for methane before the

permit is signed and the work is commenced only if

readings are below 0.2%.

Continuous monitors for both hydrogen sulfide

and methane are installed at the shaft collar and

provide a record of concentration of each in the

exhaust ventilation air. The working places are

monitored before each shift and on re-entering after

each blast for both these gases as well as carbon

monoxide by hand held instruments.

A few photographs illustrate the shaft area and

hoisting plant.

Although water conditions and the problems

associated with methane and hydrogen sulfide have

slowed progress, we are gratified to be as far along

as we are. We look forward to the completion of the

shaft and permanent hoisting plant this summer.

The presence of methane in the oil shale was

suspected prior to sinking but the concentration to

be anticipated was unknown. In April 1978 we put
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EXPERIENCES IN EQUIPPING A 96- INCH-DIAMETER SHAFT,
AND MINING BULK SAMPLES OF OIL SHALE, DAWSONITE AND NAHCOLITE

K. C. Cox

Civil Engineer

U.S. Bureau of Mines

Pittsburgh Mining and Safety Research Center

Pittsburgh, PA

ABSTRACT

A 96-in (2.4-m) diameter shaft was equipped to

extract bulk samples of nahcolite, dawsonite and oil

shale. Quantities of water and methane gas were en

countered in surprising volumes and pressures.

This paper describes the physical facilities

used in the encounter with high-pressured water

and methane gas, and methods used in coping with

the problems.

INTRODUCTION

The purpose of this paper is to acquaint the

reader with a contract performed for the U.S. Bureau

of Mines by Harrison-Western Corp. Under this con

tract a 96-in (2.4-m) diameter shaft was equipped

and bulk samples of oil shale, dawsonite and nahco

lite were extracted. In fulfilling the object of

the program methane was encountered. Experiences

in coping with the methane may be of interest.

Figure 2 is an aerial photo of the site taken

during the time when the site contained equipment

to bore a 120-in (3-m) diameter hole. Note the

Piceance Creek Basin, access road, drill rig and

mud pits .

DESCRIPTION

The map of Colorado shown by figure 1 has

been marked to indicate the site in Rio Blanco

County of western Colorado. The site is known

as Horse Draw located in the Piceance Creek

Basin.

Figure 2. Aerial photo of site.

Under several contracts a 10-ft (3-m) diame

ter hole was bored and lined with steel. The

bottom of the steel lining was completed by means

of a hemispherical structural steel head at a

depth of 2,352 ft (717 m) . The shaft lining at the

bottom is 2 in (5 cm) thick. Figure 3 illustrates

a typical fabricated section of shaft lining.

Figure 1. Area map showing location of U.S. Bureau

of Mines oil shale tract.

Figure 3. Fabricated section of shaft lining.
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The thickness of the lining varies in relation to

the static head and measures 3/4 in (1.9 cm) thick

at the surface. Stiffener rings 3-5/8 in x 8 in

(9.2 cm x 20.3 cm) will be found on 2-ft (0.61-m)

centers at the bottom and 3 in x 6 in (7. 6 cm x

15.2 cm) on 10-ft (3-m) centers near the top. Fig

ure 4 shows that receipt, storage and assembly of

jLAmuU^a

Figure 4. Storage area for shaft lining.

the shaft lining required extensive space. Forty-

foot (12-m) lining sections were welded end to

end at the surface where the joints were x-rayed

and lowered in sequence to make one continuous

lining piece top to bottom. The procedure to

add liner sections for lowering is illustrated

in figure 5.

The annular space between the steel lining

and the bored hole was grouted starting at the

bottom. As the grout was introduced the dril

ling mud was displaced.

During the boring of the hole, a cutter head

was lost, and fishing for this head continued for

a period of two months. The cutter head was lost

when boring had progressed to depth of 1,781 ft

(543 m) and lodged about 1,245 ft (379 m) from

the surface. The reason for emphasizing this

particular trouble is to help explain difficul

ties which later occurred in the mining opera

tions. The highly soluble nahcolite zone was

exposed to more than a normal "churning
around"

to recover the cutter head. Time and activity

took their toll in that zone.

Following completion of the contract to

bore and line the hole bids were requested to

equip the shaft and mine oil shale, dawsonite

and nahcolite. Eleven competitive bids were

received and an award was made to Harrison-

Western Corp. on the basis of their low bid.

Operations started at the site on April 10,

1978, at which time mobilization and plant setup

were initiated. The plan of the plant setup may

be of interest as shown by figure 6; note the

headframe, hoist house,, office and dry house.

The contractor did a good job and continually

maintained a neat operation.

Figure 5. Lowering of linear sections. Figure 6. Research facility site plan.
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Table 1 presents in tabular form the physical

characteristics or description of the principal

Table 1. Description of Plant

Head Frame
-75*

Structural Steel

Main Hoist
- 2 Drum 300 H.P.

1 Drum Counterweighted

500 tons per hour

Skip (Cap.) - 8000# Muck Load

Cage (Cap.) - 4 Men & 500# Equipment

Air Compressor
- 1200 c.f.m. Sullair-Electric

Fans - 2 @ 50 H.P. 25,000 c.f.m.

Pump (Cap.) - 250 gal per min (3 stages)

Power - 225 kva Power Sta. Source

plus 750 kw Caterpillar

Generator at the site

plant items. On June 18, 1978, shaft steel was

first placed, along with the other numerous items

needed to equip the shaft. The guides for the

cage and skip,
30- in (76-cm) vent line, ladderway

which extends from top to bottom, 16-in (41-cm)

counterweight tube, brattice and service lines

were located as shown by figure 7.

N

Figure 7. Shaft layout.

The objective was to extract bulk samples at

five levels. To do this, stations were planned as

illustrated by figure 8. Note that the cross sec

tion of the drift was planned to have a 10-ft x

10-ft (3-m x 3-m) cross section. Bulk samples were

to average about 450 yd3 (344 m3) at each level.

Figure 8. Shaft station development (plan)

The locations of the levels below surface are

indicated in figure 9.

e-f t. id

eofteo and
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C2M'
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Y Y{
CAStO OEPrM

use'

Figure 9. Research excavations.
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Level 2, at a depth of 1,669 ft (509 m) , was

intended to be cut first. This procedure made it

possible to get into the bedded nahcolite at ear

liest opportunity and to use that level as a pumping

station in the event that water was encountered at

Level 1. Level 1 is located between two aquifers

and is above Level 2.

The shaft was sufficiently equipped by July 28

to start drilling exploratory holes. Somewhat

out of curiosity as well as precaution, a 1/4-in

(0.64-cm) diameter hole was drilled through the

casing.

When the 1/4-in (0.64-cm) hole penetrated the

casing, a stream of high-pressured water was en

countered. Larger holes, 1-3/4 in (4.4 cm) in

diameter, were then drilled to drain the area, and

during the process, methane gas was emitted with

concentrations running 92% and pressures of about

150-500 lb/in2
(10.5-35.2 kg/cm2). This action

took place at about 1,675 ft (511 m) below surface.

It became the objective to install pumps ca

pable of dewatering from the shaft bottom, and to

complete a grout curtain above Level 2 before

opening any level. Over the next three months

this effort was successful.

Deep well pumps were ordered having a capa

bility of pumping 250 gal/min (946 l/min) .

Pumping was done in three stages, each stage

having its separate 125-hp (127-hp metric) motor

and pump.

Before delivery of the pumps drainage holes,

exploratory holes and relief holes were drilled.

A program of grouting was followed. In summary,

an estimated 7,000
ft3 (198,000 liters) of water

was drained, after which grouting was done through

many of the holes using a total of 3,550 sacks

(100,000 liters) of cement. Yield of the grout

mix produced an estimated volume of nearly 5,300

ft3 (150,000 liters). Most of the grout placed

included a red dye so that the grout source would

be indicated. Grout pressures were controlled

not to exceed about 1,000
lb/in2

(70.3 kg/cm2).

Figure 10 shows the grout pattern, extent

of holes drilled and grout that intruded near

the 1,675-ft (511-m) level. When this program

was completed, the pumps had been delivered.

After the pumps were installed, it took little

time to pump out water accumulated during the

draining and drilling procedures. About 45,000

gal (170,000 liters) had been bailed to lower

the water level.

,H0LEV
55"

85 SAGS

HOLE "No
1" 7'

(NOT 4ST)/
990 BAGS /H0SVBAGS

45'

UP HOLES DRILLED 8 GROUTED

I6T5 FEET FROM SURFACE

Figure 10. Grout pattern.

Having completed the pump installation and

made a grout curtain at Level 2, the effectiveness

of the program was checked by drilling exploratory

holes at Levels 5, 4, 3 and 2, in that order.

Briefly, in this exploratory program two holes

were drilled horizontally at each level encoun

tering little or no water or gas. Red grout was

evidenced in the drilled cores at Levels 4
, 3

and 2, which demonstrated that grout had traveled

a good distance. It was concluded that reason

able opportunity now existed to mine bulk samples

at Levels 3, 4 and 5. Level 2 may present prob

lems because large quantities of drilling mud

may be found at that horizon.

Having accomplished this work, the situation

was reviewed with respect to funds and it was de

termined that bulk samples at only two levels

could be mined. Excavation at Level 5 at a depth

of 2,079.5 ft (634 m) and Level 3 at a depth of

1,844 ft (562 m) was made. It was no small task

to cut through the casing at these levels. Meth

ane gas was observed in such quantities that it

took about 30 days at Level 5 and about 20 days

at Level 3 to make the entries without accident.

The heat required to burn through the

1-7/8 in (4.8 cm) thick plate as well as cutting

through many cross sections of the 3-5/8 in x

8 in (9.2 cm x 20.3 cm) stiffener rings is con

siderable.
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At Level 5, two methane fires were experi

enced; the first occurred on November 1, 1978,

and the accompanying citation terminated

November 2, 1978. The second, which was more

serious, developed when the drift caught fire

on December 6, 1978, requiring the work to be

flooded to put out the fire. Work was resumed

on December 20, 1978.

The drift at Level 5 was driven a distance of

approximately 90 ft (27 m) and a 400-st (363-mt)

bulk sample of oil shale in the dawsonite zone

was brought to surface. At Level 3, a station

roughly measuring 9 ft x 27 ft x 10 ft (2.7 m x

8.2 m x 3 m) was established before funds were

exhausted and work stopped. About 35 tons (32 mt)

of bedded and modular nahcolite were brought to

surface .

At the time work was stopped at Level 5,

great difficulty was experienced in advancing

the face of the drift because of the quantity

of methane confronted. At the time operations

were stopped at Level 3, methane in that drift

did not present a problem, but gas from Level 5

is a continuing problem.

CONCLUSION

It is anticipated that further work will be

done at this site and it is expected that some

effort will be made to study numerous questions

relating to oil shale.
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ABSTRACT

Under contract with the Office of

Naval Research and Department of Energy,

Paraho performed retorting research directed

towards supplying, transporting, and

refining of up to 14,400 tonnes (100,000

barrels) of crude shale oil.

During the 1977-78 research-production

project, several milestones were achieved:

Long, continuous operations.

High onstream factors.

Good material balance closures .

Good yields.

Significant research results.

This paper discusses the milestones

and presents data on the Paraho operations .

INTRODUCTION

The Paraho oil shale activities have

been conducted at the Anvil Points Research

Facilities leased from the Department of

Energy. The facilities are located on the

Naval Oil Shale Reserves near Rifle,

Colorado.

Pilot and semi-works size Paraho

retorts were built and tested at Anvil

Points (Pforzheimer 1974) . Over $18 million

have been expended at Anvil Points. The

initial $10 million, privately funded

program was completed in 1976 and some of

the results have been reported previously

(Jones 1976 and Jones 1977) .

At the conclusion of that program, the

Office of Naval Research (ONR) ,
Department of

the Navy, contracted with Paraho to continue

research and development of surface re

torting technology. These contracts con

sisted of refurbishment of the Anvil Points

facility for a limited period of operation,

installation of tanks for storing crude

shale oil, and continued R&D and production

of shale oil with an objective of pro

viding up to 14,400 tonnes (100,000

barrels) of crude shale oil for refining

into military fuels. Operations under

these Navy contracts, performed through

December 31, 1977, were continued under

a Department of Energy (DoE) contract.

Principal objectives of these contracts

were:

Phase I (ONR)

Test all equipment.

Startup and operate for 10

days.

Phase II (ONR)

Perform R&D using Paraho re

torting technology towards

improved operational

reliability,

increased crude shale oil

productivity , and

improved product quality.

Produce 1,800 tonnes (12,500

barrels) of oil meeting speci

fications.

Determine operational charac

teristics and costs.

Phase III (ONR)

Continue R&D towards improving

surface retorting oil shale

technology.

Produce 9,400 tonnes (65,000

barrels) of oil meeting speci

fications.

DoE

Operate Paraho retorts to con

tinue R&D.

Select and control conditions

to identify and verify

maximum oil yield,

highest oil production,
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minimal environmental impact,

and

best operability.

PRODUCTION OPERATIONS

Mining and Hauling

The mining and hauling operations

during 1977 and 1978 utilized, for the most

part, equipment employed by Paraho in pre

vious operations. The mining equipment con

sisted of a rotary drill jumbo, a mechanical

scaler, a roofbolter, a road grader, a water

truck, air compressors, and ventilating

fans. The loading and hauling operations

were carried out with a 5 cubic meter wheel

loader and 45 tonne rear dump trucks.

The mining operation produced nearly

180,000 tonnes of shale for DoE use and for

Paraho'

s project use. Figure 1 is a sche

matic diagram of the mine which details the

mine advances for 1977 and 1978 mining

operation.

Crushing and Screening

The crushing operations utilized a

180 tonne per hour jaw crusher, a 70 tonne

per hour jaw crusher, and a 70 tonne per

hour double deck screen with a double roll

crusher for oversize, all provided by the

Navy. Miscellaneous support equipment in

cluded a small loader and belt conveyors.

Retort Description

The Paraho retort, Figure 2, is a cy

lindrical, vertical shaft vessel. It uses

a refractory lined, carbon steel shell. A

small surge hopper on top of the retort re

ceives the raw shale from the crushing and

storage plant. The shale flows from the

hopper into a rotating spreader for even

placement across the top of the retort. The

shale flows downward by gravity through the

retort as a continuous moving bed. It first

passes an off-gas collector then is progres

sively heated by ascending hot gases. The

shale is preheated and retorted before it

reaches the upper distributors. The shale

continues downward past the distributors

and begins to cool as it moves below the

middle distributors. Cooling continues

until the shale moves past the distri

butors built into the top of the grate.

The shale is passed through the moving

grate then discharged through a pressure

seal at the bottom of the retort. A

rubber belt conveyor is used to receive

and transport the retorted shale to the

disposal area.

The successful operation of the re

tort was made possible by the develop

ment of the patented Paraho grate. This

grate causes the column of shale to

descend uniformly over the full cross-

section of the retort. The grate is

operated hydraulically and its speed

controlled to give the desired flow of

shale through the retort.

Process Description

The retort provides gas-to-solids

contact and the countercurrent flow of

the gas and the shale make it a heat

exchanger with a high thermal efficiency.

The Direct Heated process, Figure

3, was used to produce the shale oil for

the government.

In the Direct Heated process, the

cool recycle gas enters the bottom of

the retort through distributors built

into the grate. The gas, as it ascends

through the shale bed, is heated by the

descending retorted shale, which in turn

is cooled. The additional process heat

requirements are generated by injecting

air into the distributors. This air

burns some of the gas and gasifies some

of the carbon normally left in the re

torted shale. The air is diluted by

recycle gas (dilution gas) to moderate

the otherwise high local temperatures in

the combustion zone.

All of the gases pass through the

combustion zone and are heated. These

gases transport enough heat to retort

the shale in the zone above the top dis

tributor. The gases also sweep the oil

vapors out of the retorting zone and are

cooled rapidly by the incoming raw

shale. The vapors condense into an oil
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FIGURE 1

Layout of Anvil Points Mine
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mist near the top of the retort. The mist

and gases leave the retort through off-gas

collectors and are piped to oil-gas sep

arators. The separators remove the mist

from the gas and send the collected mist

to an oil-water gravity separator. The

dewatered oil is pumped to storage.

The functional zones within the retort

are:

Mist Formation Zone. As the as

cending gas stream is cooled by

the descending shale, oil vapors

condense into a stable mist en

trained by the cooled gas.

Retorting Zone. The oil shale is

preheated and retorted by the hot

gases from the combustion zone.

When heated the organic matter

(kerogen) decomposes and forms oil

vapors, fixed gases, and leaves

a carbonaceous residue in the

retorted shale particles.

Combustion Zone. This zone ex

tends in the region of the top

and middle distributors which

inject and distribute an oxygen

containing mixture over the cross-

section of the shale bed. The

oxygen combines with recycled

shale gas and with carbon residue

in proportions which depend on

process adjustments. The process

conditions are adjusted to provide

the high oxidation rates necessary

to keep oxygen out of the retorting

zone but low enough to keep the

endothermic reactions at an accept

able level. Only sufficient oxygen

is added to keep the retort in

thermal balance.

Retorted Shale Cooling Zone. This

zone 'has the principal function of

recovering some of the sensible

heat in the retorted shale. This

conserved heat reduces overall

process heat requirements and pre

heats the recycle gas entering the

combustion zone.

Retort Production

A general overview of the 1977-1978

Paraho retorting operations is presented

in Table 1. Nominal range of data is

shown for three periods of operations
-

ONR Phases I and II, Jan. - Apr. 1977;

ONR Phase III, May
- Dec. 1977; DoE,

Jan. - Sept. 1978. Although both

retorts were operated during this two-

year period, the operational data

represents semi-works retorting.

Table 1

RANGE OF OPERATIONS

Paraho Semi -Works Retort

1977 1978

Jan/
Period Apr.

May/
Dec.

Jan/
Sept

Shale:
9

Rate, Kg/Hr-rT 2110/
2370

2040/
2620

2030/
2450

Grade, Liter/Tonne 102/
124

103/
153

102/
122

Product Gas:

Production, Thous.

M3/Day 38/
40

35/
46

38/
48

GHV,
Kcal/M3

1110/
1330

1110/
1440

1130/
1690

Equivalent Oil ,

Tonne/Day 4/
5

4/
6

5/
7

Product Oil:

Tonne/Day 20/
29

21/
27

21/
26

Shale rates varied from 2030 to 2620

kg/hr-m2

(416 to 536 lb/hr-ft2) during

the 1977-78 operations (see Table 1) .

Shale grade varied from 102 to 153

liters/tonne (24.5 to 36.6 gal/ton).

Oil production under the three con

tract periods ranged from lows of about

20 tonne/day (140 BPD) to highs of about

29 tonne/day (200 BPD) . Oil producti

vity was limited by the auxiliaries

(oil-gas separation equipment) and

not by the semi-works retort. Over

loading this equipment occurred when oil

production exceeded 26 tonne/day (180 BPD).
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Gas productivity averaged about 40,000 m3/

day (1.5 million SCF/D) with an average gross

heating value of about 1,400
kcal/m3

(150

Btu/SCF) . Equivalent oil (EO) of gas pro

duction has been calculated on the basis of

1 liter of oil = 9500 kcal (1 bbl of oil =

6 x 10 Btu) . On this basis the gas pro

ductivity (EO) ranged from lows about 4

tonnes/day (30 BPD) to highs of about 6

tonnes/day (40 BPD)

Operability of the Paraho semi-works

retort was very encouraging. The on-stream

factor, determined by dividing the on-stream

hours by the total hours (on-stream hours

plus down- time hours) and multiplying the

result by 100%, exceeded 90% for the 1977-

78 operations. Actual on-stream factors for

each year were 90.8% (1977) and 90.7% (1978).

These consistently-high on-stream factors are

a measure of the operational reliability of

the Paraho above-ground retorting process.

Another measure of the reliability of

the Paraho process is the long, continuous

run achieved during Phase I and Phase II of

the ONR contracts. Although long, contin

uous operations were not one of the princi

pal objectives, a 105-day continuous oper

ation was achieved. The semi-works retort

was successfully fired off on January 5,

1977 for the 10-day Phase I operation.

Without shutdown, Phase II operations were

begun. After the required 1,800 tonnes

(12,500 barrels) of crude shale oil had been

produced, research efforts were accelerated

to determine maximum oil production. Oil

production of 29 tonnes/day (200 BPD) was

achieved. This exceeded the limits of the

oil-gas separation and the operations were

shut down on April 20, 1977. Total shale

oil production, meeting ONR specifications,

approached 2,200 tonnes (15,000 barrels) of

dry oil. Lost time, or down-time, during

this continuous operation totaled 4.2 hours,

most of which was stand-by time while the

raw shale rotary seal was serviced. Other

details of the 105-day continuous operation

have been presented in Table 1.

The reliability of the data presented

in this PRODUCTION OPERATIONS section and

in the following RESEARCH section has

been verified by good closures of material

and elemental balances (see Table 2) .

The mean data showing closures approxi

mating 100% for each of the two year

periods is typical of results from indi

vidual test days. Normally, the overall

weight balance is 100 1% and total

carbon is 100 4%. These good balance

closures indicate accurate measurements

of both process flows and product

composition.

Table 2

TYPICAL DATA QUALITY

MATERIAL AND ELEMENTAL BALANCES

Paraho Semi -Works Retort

1977

Percent

Recovery

1978

Percent

Recovery

Weight 99.8 99.9

Total Carbon 99.0 99.2

Total Sulfur 103.1 100.3

A typical inspection of crude shale

oil has been presented in Table 3 (Jones,

1978, Pforzheimer and Robinson, 1979).

Table 3 presents the typical properties

of the retort oil. These are the average

properties of the oil pumped to storage

after making a simple gravity oil-water

separation. The pour point of the oil is

Table 3

PARAHO CRUDE SHALE OIL

Gravity
- API

Viscosity

SUS - 54.4C

SUS - 98.9C

Pour Point - C

Carbon - Wt%

Nitrogen - Wt%

Hydrogen - Wt%

Sulfur - Wt%

Water - Wt%

Sediment - ML/100G

21.4

83

48

29.4

84.8

2.0

11.4

0.6

0.3

0.1
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29.4 C (85 F) . Several pour point depress

ants have been identified. When small

quantities are added, the oil can be pumped

in pipelines eliminating the need to build

refineries near the commercial retorting

plants.

The analysis of the product gas pro

duced in the direct heated Paraho retort is

presented in Table 4. Because of equipment

limits, some pentanes and heavier hydro

carbons remain in the gas. These hydro

carbons in the gas recycled to the retort,

probably are lost. These losses may be

avoided in the design of full-size equipment,

thereby increasing the liquid production.

The performance of retorts is always

compared to the Fischer Assay analysis of

the raw shale (Heistand 1976) . The assay is

an empirical laboratory procedure used for

classifying oil shales by their relative oil

values. It, like other indirect heated

retorts, requires supplemental heat obtained

from an outside source or by burning part of

the oil and gas produced in the retort. The

oil and gas produced in the Paraho direct

heated retort are net yields after the shale

has supplied the heat required for retorting.

(See Table 5) The energy in the retort gas

is about three times that produced in the

assay. The retort yields, after supplying

the retort thermal energy requirement,

averages 114% of assay (Heistand 1979) .

Tablt2 4 .

\TVCTC

GAS PROPERTIES

DRY GAS - VOL.,%

H2

N2
o2
CO

5.5

61.0

0

2.9

CH4 2.4

CO2

C2H4
C2H6
C3

C4
C5+

H2S

NH3

TOTAL

24.2

0.7

0.6

0.6

0.6

0.6

0.3

0.6

100

H20 - Vol .% 17.5

- Kcal/M
3

1360

Properly designed commercial plants will

burn the gas to produce enough electri

city to power the operation and have

marketable electric power in addition to

the oil production.

Table 5

PARAHO DIRECT HEATED RETORT

YIELD

Shale Assay (Liters/Tonne)

Oil 114

Gas (EO) 9

Total 123

Paraho Retort Output (Liters/Tonne)

102

25

13

Oil

Gas (EO)

Thermal Energy (EO)

Total

Yield, % of Assay

EO is Equivalent Oil

140

114%

RESEARCH

Research studies directed towards

improving operational reliability, in

creasing oil yield and production, and

minimizing environmental impacts were

carried out during the 1977-78 operations.

The major emphasis of these R&D studies

was directed toward retorting operations.

These studies involved more than 100 24-

hour test days. Although the retorts

were subjected to wide variations in

shale grade, air and recycle gas flow

rates, air-gas mixtures within the retort,

and shale rate, the overall operability

was not significantly affected and the

retort yield in 1977-1978 remained

consistently high.

Four of the research studies

merit additional discussion. These

are: shale grade studies; rich shale

retorting; product gas desulfurization

and introduction of air to the

lower section of the retort. These
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Table 6

SHALE GRADE RESEARCH

Paraho Pilot Plant Retort

PRODUCT PRODUCTION

Date

1/9-10

1/15-16

1/20-21

Raw Shale

Liter/Tonne

108

116

131

Oil

Tonne/Day

1.86

2.67

2.96

3.361/25-26 147

*E0 = Equivalent Oil

studies have been conducive towards im

proving oil production, minimizing environ

mental impacts, and improving operability.

Shale Grade

Eight 24-hour test periods were carried

out over a two week period using raw shale

feed having grades 108, 116, 131, 147 liters/

tonne (26.0, 27.9, 31.4, and 35.2 gal/ton)

(see Table 6 above) . The Paraho pilot plant

retort was used for these studies. Results

indicate that oil production mirrored the

increasing shale grade
-

product production

increased with increasing grade of raw shale

feed. Retorting operability was not affected

during the rich shale, 147 liter/tonne

(35.2 gal/ton), tests.

In order to substantiate the retorting

operability using rich shale, another re

search study was scheduled for the pilot

plant retort. Over a two week operation,

six 24-hour test days were run using rich

shale 151 1 liters/tonne or (36.2 0.2

Gas (E0)*

Tonne/Day

0.22

0.27

0.25

0.30

Total

Tonne/Day

2.08

2.94

3.21

3.66

gal/ton) . Retorting operability was not

affected. Yields for the six test days

remained high, averaging 112 4% of

assay.

Gas Desulfurization

Samples of gas within the retort in

dicate that hydrogen sulfide (H2S) is re

moved from the gas as it passes through

the lower bed. At the middle distributor,

the H2S content of the recycle gas is

reduced to zero. A special off-gas col

lector, designed to be installed without

modifying the pilot plants middle dis

tributor, was used to test the concept

of sulfur removal. This off-gas was

installed just beneath the middle dis

tributor (see Figure 3) The percentage

of product gas removed through the

middle off-gas collected increased from

0% to 78% (see Table 7 below) . As the

fraction of product gas taken through

the middle off-gas collector increased,

Table

GAS DESULFURIZATION RESEARCH

Paraho Pilot Plant Retort

Date

3/11

3/18

3/21

3/23

PRODUCT GAS

Normal

M3/Min

Middle

M3/Min

H2S

Vol%

4.3 0 0.30

2.0 2.3 0.22

1.0 3.5 0.17

1.1 3.8 0.19

PRODUCT PRODUCTION

Oil Gas (E0) Total

Tonne/Day Tonne/Day Tonne/Day

2.12 0.33 2.45

2.36

2.19

2.12

0.23

0.22

0.32

2.59

2.41

2.43
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hydrogen sulfide in the combined product gas

fell from 0.30 to 0.17 vol.% H2S. Indivi

dual samples of the middle product gas

stream showed as little as 0.05 vol.% H2S

or about 0.5 mg H2S/kcal (0.3 lb H2S/MM Btu).

Removal of product gas from the middle

of the retort did not affect yields. The

yield averaged 113% of assay when the mid

dle product gas averaged 78% of total pro

duct gas. Significant quantities of hydro

gen sulfide can be removed from the gas in

the lower retort. This can reduce en

vironmental impacts without affecting

operability or product yields.

Improved Operability

The effect of adding air to the bottom

distributor was studied over a four week

period using the Paraho semi -works retort.

Six tests (one-to-four 24-hour periods each)

were carried out durinq which the bottom air

was varied from 0 to 2.6m /min (97 SCFM)

(see Table 8) . During the two day test

period (6-27-28) , a blockage in the middle

distributor prevented the introduction of

sufficient air. Oil production fell from 24

tonnes/day (165 BPD) to 22 tonnes/day (153

BPD) and, normally, the retorting operations

would have been shut down. Instead, air was

introduced through the bottom distributor.

Oil production again reached 23.5 tonnes/day

(163 BPD) and operations were continued

for an additional two weeks. Although

this technique could be used to extend

operations, it does reduce the thermal

efficiency. This ability to shift the

air injection to various distributors

without adversely affecting production

or operability, demonstrates the good

mechanical design of the Paraho tech

nology. It serves to complement

the commercial feasibility of the

technology. Good on-stream service

factors (discussed previously) are

enhanced two ways. First, operations

are extended. Second, unscheduled shut

downs requiring more down-time are

avoided.

CONCLUSIONS

The crude shale oil, produced during

the 1977-78 operations, has been shipped

for refining. Shipment was carried out

by rail using a shuttle of 40 rail tank

cars. This is the largest shipment of

crude shale oil in the U.S. to date.

Refining carried out at The Standard Oil

Company of Ohio's Toledo Refinery has

been discussed (Robinson 1979) .

Results obtained during Paraho oper

ations at Anvil Points have been most

encouraging. Highlights of these

Table 8

AIR TO BOTTOM DISTRIBUTOR

Paraho Semi -Works Retort

AIR PRODUCT PRODUCTION

Date

Bottom Distributor

M3/Min

Oil

Tonne/Day

23.1

Gas (E0)*

Tonne/Day

3.6

Total

Tonne/Day

6/13,15 0 26.7

6/18-21 1.3 23.8 3.5 27.3

6/27-28 0 21.9 3.7 25.6

6/30 1.6 23.2 3.6 26.8

7/2 2.4 22.9 3.3 25.2

7/3-6 2.6 23.6 3.2 26.8

*E0 = Equivedent Oil
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results are:

Production of more than 15,000

tonnes (100,000 barrels) of crude

shale oil.

Continuous periods of operation

exceeding 100 days.

Maintained a service factor exceed

ing 90% for a two year period.

Ability to retort rich shale

+150 liter/tonne (+ 35 GPT) .

Ability to produce low sulfur gas

(< 500 ppm H2S) .

Ability to operate until scheduled

turn-
around.

With the successful completion of two

research projects utilizing the Paraho re

torts, we are ready to proceed toward our

next objectives:

Design, construct, and operate a

full-size Paraho module.

Encourage oil shale commercial

ization.

Remain a technology licensing

company .

Jones, J.B., Jr., 1978, Oil Shale Re

torting
- The Paraho Process, Interna

tional Symposium on Oil Shale Chemistry

and Technology, Jerusalem, Israel.

Pforzheimer, H., Jr., 1974, Paraho -

New Prospects for Oil Shale, Chem. Eng.

Prog., v. 70, no. 9, p 62.

Pforzheimer, H., Jr. and E. T. Robinson,

1979, Processing of Oil Shale: from Rock

in the Ground to Finished Petroleum

Products, 108th Annual Meeting Am. Inst.

of Mining, Metallurgical and Petroleum

Engineers, New Orleans, LA.

Robinson, E.T., 1979, Refining of Paraho

Shale Oil into Military Specification

Fuels, 12th Oil Shale Symposium, Colorado

School of Mines.
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REFINING OF PARAHO SHALE OIL INTO MILITARY SPECIFICATION FUELS

E. T. Robinson

The Standard Oil Company (Ohio)
Research and Development

4440 warrensville Center Road

Cleveland, OH 44128

ABSTRACT

The purpose of this paper is to present the

results of a program to refine up to 100,000 Bbls.

of Paraho crude shale oil into military specifi

cation fuels. This program is a joint effort by

the D.O.E. and Department of Defnese, sponsored by

the Navy. The paper includes the final results of

the Phase I pilot plant program and the preliminary

results from the actual refinery run at
Sohio'

s

Toledo Refinery (Phase II) and wrap-up analysis

(Phase III). It was demonstrated that military

specification transportation fuels such as JP-5

and diesel fuel marine can be produced from shale

oil utilizing conventional refining technology.

The processing scheme (whole shale oil hydrotreating

followed by distillation and acid/clay treating)

and the physical characteristics of the fuels are

reviewed and discussed.

INTRODUCTION

The purpose of this paper is to present the

results of a program to refine up to 100,000

barrels of Paraho shale oil into military fuels.

This program is a joint effort by the D.O.E. and

the Department of Defense, managed by the Navy.

The paper will include the final results of the

Phase I pilot plant program and the preliminary

results from the actual refinery run (Phase II)

and wrap-up analysis (Phase III).

PILOT PLANT PROGRAM - PHASE I

Objectives

The objective of Phase I was twofold:

(1) Develop and demonstrate in refinery pilot

plants a method for producing specification

and stable military fuels from crude

Paraho shale oil. The method should be

adaptable to existing facilities at Sohio 's

Toledo refinery.

(2) Maximize yields of JP-5 and DFM while

minimizing yields of 343C bottoms

(residual fuel).

Paraho Shale Oil

The unique nature of crude shale oil

requires special considerations in handling

and processing. Figure 1 summarizes some

typical inspections of raw shale oil. In

comparison to conventional petroleum, shale oil

has several deleterious characteristics:

(1) High nitrogen ( * 2 wt.7.) and oxygen

( 1.3 wt.7.) content.

(2) Low hydrogen/carbon ratio.

(3) Low yield of 343C minus material ( <30

vol. %).

(4) Moderate arsenic (* 10 PPM) and iron

( 50 PPM) content.

(5) Suspended ash and water (BS&W**0.3 vol.7.).
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The high nitrogen content is probably the

largest area of concern. The nitrogen content of

shale oil is an order of magnitude higher than

that found in petroleum. The technology for pro

cessing high nitrogen crudes is not nearly as

advanced as comparable technologies for

desulfurization or conversion (increasing yield

of lower boiling hydrocarbons).

Nitrogen compounds are known to be poisons for

many petroleum processing catalysts such as fluid

bed catalytic cracking, naphtha reforming and

hydrocracking catalysts. In addition, nitrogen

compounds have been found to create stability

problems in gasoline, jet and diesel fuels. Fuel

bound nitrogen will also increase the N0X emissions

from practically any type of combustor. Finally,

nitrogen compounds quite often have a peculiar and

offensive odor which is uncommonly difficult to

remove .

Shale Oil Refining Process

A schematic of the process developed for this

program is shown in Figure 2. The crude shale oil

is initially allowed to settle batchwise at above

ambient temperature. This has been found to be

effective in breaking the water/oil emulsion,

thereby precipitating suspended water and ash to

the bottom of the tank. The sediment and water

content of the pilot plant oil was * 0.8 vol.%.

Settling reduced this to 0.3 vol.%. Emulsified

water in any process can cause pumping problems due

to cavitation and steam explosions if rapidly

heated. Ash (finely divided rock and other
non-

carbonaceous material) can create havoc by

depositing in pipes, heat exchangers, and catalyst

beds where it could act as a poison.

After settling, the shale oil is mixed with

hydrogen, preheated and passed through a guard

bed. The purpose of the guard bed is to remove

the organic Fe and As as well as any ash and

solids which survived the settling procedure.

Following the shale oil pretreatment steps

(settling and guard bed demetallization) the

whole shale oil is catalytically hydrotreated

at elevated temperatures and hydrogen partial

pressure. Hydrotreating is the most important

processing step. It is the catalytic reaction

of hydrogen with sulfur, oxygen and nitrogen

compounds to form h^S, H2O and NH3, respectively,

plus heteroatom-free hydrocarbons. In addition,

aromatic saturation and cracking occur to some

extent
--

thereby increasing the hydrogen/

carbon ratio and increasing the yield of

military fuel feedstock (343C minus material).

The hydrotreated shale oil is fractionated

by distillation methods into gasoline, jet,

diesel, and 343C bottoms (residua). The jet

and diesel fuel boiling ranges were determined

experimentally to meet flash and freeze or

pour requirements while maximizing yields.

The residua or bottoms material could not be

utilized in the diesel or lighter cuts due

to pour point requirements. Some of the

residua was recycled back to the hydrotreater

to increase jet and diesel fuel yields.

A final finishing step, acid and clay

treating, was included to meet military

specification gum and stability requirements.
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Hydrotreating

The Toledo hydrotreater was modelled in pilot

plant reactors to study the full scale problems of

hydrotreating whole shale oil.

Catalyst screening and process variable studies

were performed to optimize jet and diesel fuel yields

and minimize nitrogen content. It was found that

within the constraints of the Toledo hydrotreater,

recycling the 343C plus bottoms material optimized

the desired yields.

The effects of hydrotreating whole shale oil at

the process conditions utilized in this study are

summarized in Figure 3. Hydrotreating substantially

reduced the heteroatom content of the shale oil,

achieving 86% nitrogen removal, 60% oxygen removal

and nearly 100% sulfur removal. The hydrogen/

carbon molar ratio was increased from 1.6 to 1.8.

The boiling point distribution of the shale oil was

favorably altered, as indicated by the decrease in

molecular weight and doubling of the yield of

material boiling less than 343C.

An extended pilot plant run was made to test the

catalyst life and produce quantities of raw fuels for

further study. Detailed material balances at the

start and end of run are shown in Figure 4.

The hydrogen consumption, which was physically

measured by the pilot plant apparatus, is presented

as negative weight per cent since it is added to the

shale oil products. Translated to more common units,

the net hydrogen consumption obtained by the pilot

plant was * 1500 to 1600 SCF/BBL. (267,200-285,000 L/M3)

The yields shown in Figure 4 are reactor yields

and are based on true boiling point distillations

of the final hydrotreated product. Blending

studies found that a 157-249C boiling range stock

met all the primary physical requirements (flash,

freeze or pour and distillation) of a JP-5.

Likewise, a 249-343C fraction met the primary

diesel fuel marine requirements. The reactor

yields shown here therefore represent the

maximum yields possible of the respective jet

and diesel fuels, given this technology and

operating conditions. In an actual refining

situation, perfect distillations such as these

cannot be achieved due to physical limitations

of the fractionation equipment, and different

yield structures are obtained.

The life test data shown in Figure 4 also

indicate that the denitrification activity of

the catalyst declined significantly from the

start to end of run. There is no apparent

change in yield structure, however, indicating

cracking activity is maintained.

The nitrogen content of the hydrotreated

shale oil increases as the boiling point of the

individual fractions increases, as expected.

The exception to this is the 343C bottoms

material which generally has a lower nitrogen

than the diesel fuel (249-343C) fraction. The

reason for this anomaly is that some of the

bottoms is being continuously recycle, hence it

has a longer average residence time in the

reactor than the lighter fractions.

Product Treating

Gasoline Component

The hydrotreated gasoline (C6-157C) was

very paraffinic and therefore had a very low

octane rating. Analyses of this fraction are

shown in Figure 5.
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To improve the octane of the gasoline, it was

reformed over a commercial catalyst. The catalyst

deactivated substantially during the course of the

run, due to the high nitrogen feed. The deactivation

was compensated by increasing the reactor temperature.

The unleaded product experienced a significant gain

in octane, to 93 RON, by virtue of the increase in

aromatic content (See Figure 5) .

The final leaded product was unstable, however,

probably from a nitrogen/ lead reaction and the

severe reforming conditions.

Jet Fuel

The raw JP-5 was treated with sulfuric acid and

clay contacted in a final finishing step. Inspections

of the raw and treated JP-5 are shown in Figure 6.

Acid treating reduced the nitrogen to less than 20 PPM,

which was more than sufficient to meet gum and

thermal stability requirement (JFTOT).

An additional requirement of the fuel, which is

not contained in the military specifications, is that

the fuel be "storage
stable."

Our criteria for

storage stability was that the fuel pass the JFTOT

after being stored for 1 month at 60C in a vented

actinic glass bottle.

Figure 7 summarizes the results of our storage

stability studies. The low nitrogen fuel (12 PPM)

passed the JFTOT before and after aging at both

260C and 288C -- indicating it is indeed a very

stable fuel. The high nitrogen fuel (189 PPM), also

passed the JFTOT before and after aging at 260C,

but failed after aging at 288C. This fuel is still

acceptable, but definitely less stable than the low

nitrogen fuel.

Diesel Fuel Marine

Inspections of the diesel fuel marine

produced in the pilot plant are shown in

Figure 8. This untreated fuel has nitrogen

related stability problems as indicated by

the ASTM 2274 gum results.

ASTM 2274 is an accelerated stability test

that maintains the fuel at 99C for 16 hours with

oxygen bubbling through it. At the conclusion

of the 16 hour test, the amount of gums formed

is measured and reported. Minimum requirement

for passing this test is less than 2.5 mg/100 cc

fuels .

Again acid treating is required to reduce the

nitrogen content to meet stability requirements.

In Figure 8, a 90 PPM fuel easily passed the

ASTM 2274 requirement. Other stability tests

also indicate that this fuel was thermally stable,

however, it does experience gum problems when

exposed to light.

The light instability was not viewed as a

major problem because these fuels are produced,

stored, and utilized in the dark.

The resultant sludge from this process is

extremely viscous and difficult to handle. The

major drawback to acid treating is disposal of

the sludge. The quantity of sludge produced by

this program is small enough that it can be

handled on a contract basis by conventional acid

sludge disposal methods.

Residua or #6 Fuel Oil

The residue or 343C plus bottoms was not

treated. The material is actually very clean

for a #6 fuel, containing no ash, metals, or

sulfur, and a relatively high hydrogen content.

198



The physical inspections are summarized in Figure 9.

The major drawback of this fuel is its high pour

point (* 38C). A conventional #6 fuel has a pour

of w 10C, so some handling difficulties might

arise if the hydrotreated residue were utilized in

an unmodified #6 fuel oil system.

TOLEDO SHALE OIL REFINERY RUN

Logistics of Refinery Run

The shale oil processing scheme is shown in

Figure 2. The hydrotreated shale oil was

fractionated into naphtha, jet fuel, diesel fuel

marine, and bottoms in a continuous, multiple draw

distillation column.

The gasoline or naphtha fraction was utilized

within the refinery as feed to another hydrotreater.

The jet and diesel fuel were stored separately in

tankage provided by the refinery. The 343C bottoms

not consumed by recycle were utilized internally.

A portion of this product (715MT) was also loaded

into railroad cars for future combustion testing by

EPRI (Electric Power Research Institute). 57
H3

of

resid was also shipped to the EPA for industrial gas

turbine testing.

The Toledo Hydrotreating run lasted from

November 8 to December 4, 1978. The stored raw JP-5

was acid/clay treated during the month of January,

1979. Approximately 986
M^

of finished JP-5 were

shipped to Rickenbacker AFB via rail for subsequent

testing in aircraft engines by the Navy. The diesel

fuel marine is currently being treated and should be

finished by March 1, 1979. Approximately 2890
M3

of raw DFM will be treated.

In addition to the JP-5 and DFM, one 79.5 M3

railroad car of JP-8 was produced for the Air

Force on rundown during the hydrotreating run.

This material is very similar to JP-5 except it

has a lower freeze requirement (-50C vs -46C).

The treated JP-8 passed all military specifications.

Numerous samples of crude intermediate and

product streams were taken for health effect

studies by the DOD and DOE.

Comparison of Pilot Plant and Refinery Performance

The shale oil hydrotreating run at Toledo

performed as predicted by the Phase I pilot plant

studies. Figure 10 summarized the normalized

liquid reactor yields for the pilot plant and

Toledo. Reactor yields axe calculated on the

basis of the true boiling point distillation of

the whole hydrotreated shale oil leaving the

reactor. The yields can be considered the same

within the error of the method. The refinery

hydrogen consumption was 17,800 to 35,600 L/MT

less than the pilot plant results. The

difference could be due to pilot plant error

since leaks were included in the pilot plant

calculations.

Inspections of the pilot plant and refinery

produced JP-5, both raw and treated, are shown

in Figure 11. The raw JP-5's have nearly

identical physical properties, including

distillation and hydrocarbon type breakdown.

The refinery JP-5 appears to be of a slightly

better quality than the pilot plant produced

material. The Toledo treated JP-5 has a lower

nitrogen and higher WSIM due to superior acid/

clay treating techniques. The JFTOT also seems
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to have benefitted from the improved treating.

Both the refinery and pilot plant fuels passed all

military specifications.

Analyses of the pilot plant and refinery raw

diesel fuel marines are shown in Figure 12. The

refinery DFM was made with a lower flash at the

request of the Navy. The high flash pilot plant

DFM could result in engine starting problems.

Consequently the refinery distillation curve had a

lower front end. The back end was also lower

because the distillation equipment utilized in the

refinery was not capable of reaching a higher

endpoint. The net result of these distillation

alterations was a decrease in net yield. The

lowered DFM front end reduced the jet fuel as some

of the jet fuel had to be included in the DFM. The

lowered DFM back-end resulted in a DFM yield loss

as some potential DFM was included in the bottoms.

The altered DFM distillation, however, did have some

positive effects, including a lower pour point and

nitrogen content.

At this writing, the DFM treating is just

beginning. Preliminary results indicate that 50 PPM

treated refinery DFM can be made in comparison to

the pilot plant 90 PPM material.

CONCLUSIONS

1. Fuels meeting military specifications and

possessing good storage stability characteristics

can be produced from crude shale oil.

2* The processing scheme utilized in this study

requires :

(a) Settling and a guard bed to protect the

hydrotreating catalyst.

(b) Hydrotreating to remove heteroatoms, increase

the hydrogen/carbon ratio and improve the

343C minus liquid yield of shale oil.

(c) Acid and clay treating to meet thermal

and storage stability
requirements of the

jet and diesel fuel.

3. It was demonstrated that crude shale oil can

be processed in commercial refinery equipment.

APPENDIX

Jet Fuel Thermal Oxidation Test - ASTM 3241

The JFTOT (Jet Fuel Thermal Oxidation Test -

ASTM-3241) is considered by the Navy to be the

most important stability test. It is an empirical

method that is supposed to determine the fouling

characteristics of a fuel when utilized in Jet

aircraft cooling and fuel system. The JFTOT

apparatus is illustrated in Figure 13. A jet

fuel sample is pumped through a filter and over

a highly polished, thermally controlled heater

tube.

260C is the minimum temperature at which

the JFTOT is run for PASS/FAIL determination.

Naturally higher temperatures would indicate a

more stable fuel, if it still passes all the

criteria which are discussed below.

The fuel is heated as it passes over the

tube and deposits form on the highly polished

surface. At the outlet of the tube the fuel is

once again filtered. The pressure drop is

monitored by means of a mercury manometer.

After the 2% hour test is over, the tube is

removed and the deposits are rated by both a

visual inspection and a light reflectance test

which is abbreviated MAX TDR for maximum tube

deposit rating. Criteria for a passing fuel are:

1. <
3 on the visual tube rating.

2. < 17 on the light reflectance rating (MAX TDR).

3. < 25 MM Hg AP on the final filter.
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Settled Unsettled

API 21.4

Pour Point, C 29

BS&W, Vol. % 0.3 0.80

Ash, Wt. % 0.010 0.70

TAN, MgKDH/gm 2.00

Asphaltenes, Wt. % 0.58

Vis. @ 54C, est 27.5

@ 99C, est 6.7

C, Wt. % 84.8

H, Wt. % 11.4

0, Wt. % 1.3

N, Wt. % 2.0

S, Wt. % 0.6

As, PPM 12 I3

Fe, PPM 33 41

V, PPM 0.2 0.3

Ni, PPM 2.0 2.5

343

C", Vol. % 32

343C+, Vol. % 68

H/C Mole Ratio 1.6

Fig. 1. Properties of Paraho Settled Shale Oil
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Pilot Plant

Unhvdro treated Hydrotreated

API Gravity 21.4 34.4

Hydrogen, Wt. % 11.4 13.0

Carbon, Wt. % 84.5 85.9

Nitrogen, Wt. % 2.00 0.3

Oxygen, Wt. % 1.30 0.5

Sulfur, Wt. % 0.60 < 0.002

Molecular Weight 297 261

TBP
343

C PT, Vol. % 32% 65%

H/C Molar Ratio 1.6 1.8

Fig. 3. Effects of Hydrotreating Whole Shale Oil
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START OF RUN

Wt. % API Vol.% Wt.% N

2
-2.6

NH3/H2S/H20 4.0

Cl 1.0

C2 1.0

C3 0.9

C4 0.9 111.0 1.5

C5
1.0 92.7 1.6

C6
- 157C 6.3 58.0 7.9 0.05

157 - 249C 22.2 42.2 25.3 0.25

249 - 343C 31.9 33.3 34.5 0.43

343

C Btms. 33.4 28.7 35.2 0.22

END OF RUN

Wt.% "API Vol.% Wt.% N

-2.5

3.3

1.2

1.5

1.1

1.1 111.0 1.8

1.1 92.7 1.8

4.8 56.2 6.0 0.08

21.8 41.9 24.9 0.40

33.5 33.3 36.4 0.76

33.1 27.5 34.7 0.59

Fig. 4. Pilot Plant Material Balances

API Gravity

Research Octane Number

Paraffins, Vol. %

Naphthenes

Aromatics

H/C Molar

Nitrogen, PPM

Gasoline

Hydrotreated

C6
- 157C

Gasoline

Reformed

C6
- 157C

57.5 50.5

47 93

58.9 42.1

30.7 6.8

10.4 51.1

2.03 1.61

400 0.5

Fig. 5. Inspections of Hydrotreated and Reformed Gasoline
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INSPECTIONS

API Gravity

Carbon, Wt.%

Hydrogen, Wt.%

Nitrogen, PPM

Oxygen, PPM

Sulfur PPM

Before

Acid/Clay
Treat

40.9

86.0

13.4

3200

63

0.4

After

Acid/Clay
Treat

43

86.6

13.7

8.3

* 43

1.3

D-86 IBP, C

D-86 50%, C

D-86 EP, C

Paraffins, Vol. %

Naphthenes, Vol.%

Aromatics, Vo .%

173

212

247

43.9

33.2

22.9

177

212

253

46.0

33.1

20.9

Freeze Pt., C

Smoke Pt, MM

H/C Molar Ratio

47.5

19

1.87

- 47

20

1.90

STABILITY

Existent Gum, Mg/lOOcc

Potential Gum, Mg/100 cc

D-3241 (JFTOT) & 260C

Visual

AP MM

Before

Acid/Clay
Treat

12.2

47.8

4 (Fail)

5

After

Acid/Clay
Treat

0.6

3.9

< 2

1.0

Fig. 6. Inspections of Shale Derived JP-5
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Low Nitrogen

12 PPM Nitrogen

Visual

AP MM

MAX TDR

Visual

AP MM

MAX TDR

High Nitrogen

189 PPM Nitrogen

Visual

AP MI

MAX TDR

Visual

AP MM

MAX TDR

Before

Aging

After

Aging

JFTOT & 260C

< 2 < 3

1.0 1.0

4.5 7.0

JFTOT & 288C

<2 < 2

0 2.0

4.0 2.0

JFTOT @ 260C

2 1

0 1.0

11.5 3.0

JFTOT @ 288C

No < 3

Sample

10

22.5

Fig. 7. Accelerated Aging Test of Shale Derived JP-5
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API Gravity

Pour, C

Cloud, C

Carbon, Wt.%

Hydrogen, Wt. %

Nitrogen, PPM

Cetane Number

D-86 IBP, C

D-86 50%, C

D-86 EP, C

Paraffins, Vol. %

Naphthenes, Vol. %

Aromatics, Vol. %

Stability, Mg/100 cc (ASTM 2274)

Before

Acid/Clav

After

Acid/Clav

33.4 34.8

-9 -15

-7 -9

86.4 86.8

12.9 13.0

4000 90

50.1 55.3

264 264

289 290

331 333

32.8 42.2

18.2 25.8

49.0 32.0

8.3 0.4

Fig. 8. Composition and Stability of Shale Oil Derived Diesel Fuel Marine

207



API Gravity 30.3

Flash, C 149

Ash -

D-482, Wt. % Nil

Pour Point, C 41

Molecular Weight 351

Asphaltenes, Wt. % 0.244

Vis, @ 50C, est 25.71

@ 99C, est 6.45

C, Wt. % 87.32

H, Wt. % 12.59

N, PPM 3300

0, PPM 102

S, PPM 5

H/C Molar 1.72

Saturates, Vol. % 57.1

Aromatics, Vol. % 42.9

Fe, PPM 0.9

As, PPM 0.1

V, PPM 0.4

K, PPM < 0.1

Fig. 9. Inspections of 650+ Bottoms
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(Pilot Plant vs. Toledo)

C4
- 163C (Gasoline)

163 - 249C (JP-5)

249 - 343C (DFM)

343C e Btms

Net H2 Cons
(L/M3

x IO3)

Pilot Plant Toledo

10.3% 11%

24.0% 26%

32.5% 31%

33.2% 32%

100.0% 100%

267.2 - 285.0 240.5 - 258.3

Fig. 10. Preliminary Normalized Reactor Yields
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(Raw) Untreated JP-5

API Gravity

Flash, C

Freeze, C

Distillation

IBP, C

10

50

90

EP

Nitrogen, Wt. %

Paraffins, Vol. %

Naphthenes, Vol. %

Aromatics, Vol. %

API Gravity

Nitrogen, PPM

TAN, mg KDH/gm

WSTM

JFTOT @ 260C

Visual

Max Spun Rate

MAX A? mm Hg

Pilot Plant

41.8

69

-84

D-86

180

193

213

236

247

0.32

Toledo

42.7

70

-89

D-86

188

195

204

224

249

0.29

< 2

10

1.0

1

0

0.5

Mil Spec

36 < API GR < 48

60 Min

-83 Max

D-86

R

205 Max

R

R

290 Max

43.9 42.5 -

33.1 36.0 -

23.0 21.5 25% Max

Treated JP-5

Pilot Plant Toledo Mil Spec

43.0 43.6 36 < API GR < 48

8 0.5 -

Nil 0.006 0.015 Max

86 95 85 Min

< 3

< 17

< 25

Fig. 11. Preliminary Quality Comparison JP-5
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API Gravity

Pour, C

Flash, C

Distillation

IBP

10

50

90

EP

% Res

Nitrogen, Wt. %

Cetane Index

(Raw) Untreated DFM

Pilot Plant Toledo Mil Soec

33.4 36.8 R

-9 - 18 -7 Max

143 72 60 Min

D-86 D-86 D-86

264 202

276 236

289 267 R

312 294 357 Max

331 306 385 Max

1.0 1.0 3 Max

0.40 0.32

50.1 52.5 45 Min

Fig. 12. Preliminary Quality Comparison DFM
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SOME FLOW CHARACTERISTICS OF UTAH SHALE OILS

Paul F. Lovell

Sunoco Energy Development Co.

12700 Park Central Place, Suite 1500

Dallas, Texas 75251

Walter H. Seitzer

Suntech, Inc.

P.O. Box 1135

Marcus Hook, Pa. 19061

ABSTRACT

Another sample of Uinta Basin oil shale was

mined from a deeper cut in the face of the Hells

Hole Canyon outcrop. The chemical and physical

properties of the shale oil produced by the Union

"B"
retort were the same as those previously re

ported including the unusually low pour point.

Microscopic examination of these shale oils, how

ever, has shown that the wax in the Union
"B"

shale

oil crystallizes as wax spherulites instead of the

expected needle crystals observed in Paraho DH shale

oil. Further investigations in a rotating cylinder

viscometer show that Utah shale oils exhibit a com

plex non-Newtonian behavior. The flow effect is

observed to a greater degree in the Union
"B"

shale

oil containing the spherulites. These character

istics of Utah shale oils could be important for

shale oil transport by pipeline.

INTRODUCTION

Previous work done on a sample of Utah oil shale

from the Hells Hole Canyon outcrop produced an inter

esting anomaly in the pour point. Raw shale oil from

the Union
"B"

retort had a pour point of 30F (-1C)

while shale oil produced by the Paraho DH process

gave a typical 75F (24C) pour point. Other than

this pour point difference, the chemical and physical

properties of the two oils were very similar as re

ported by Lovell (1978).

The first sample of Hells Hole Canyon oil shale

was taken after blasting about 10 ft. (3 m) of weath

ered material from the outcrop face. The difference

in pour point raised some questions as to whether a

representative unweathered sample was obtained.

Therefore, in July, 1978 we returned to Hells Hole

Canyon and blasted further into the face and extract

ed another sample. This oil shale was then trucked

to Brea, California where it was retorted in the

Union "B"

pilot plant. The pour point of this oil

was similarly around 40F (4C) and the chemical and

physical properties were similar to the 1976 sample.

Simultaneous research efforts by Suntech, Inc.

into the nature of these shale oils had identified

that the difference in pour points is caused mainly

by the difference in how the waxes crystallized.

Wax in the Union
"B"

oils crystallized as spheru

lites while the wax in the Paraho DH oil appeared as

the expected needle crystals (Lovell and Seitzer,

1978).

This paper summarizes these investigations to

gether with more recent studies on the complex non-

Newtonian behavior of shale oils and their potential

effect on shale oil pipeline transport.

SAMPLE PREPARATION

The recent sample of oil shale was mined from

the same area in Hells Hole Canyon as the previous

ones. The mining technique was essentially the same

as reported previously (Lovell, 1978) except that an

additional 25 ft. (7.6 m) of lean shale and waste

zone rock were shot from the face before mining the

oil shale. Visual observation of this material in

dicated no perceptible weathering. This material

was then trucked to Roosevelt, Utah where the oil

shale was crushed with a jaw crusher and cone crush

er to a
1/4"

x
1"

(6 non x 25 mm) consist. Approxi

mately 100 tons (90 metric tons) of clean, screened

Utah oil shale were shipped to the Union Research

Center in Brea, California for analysis and pro

cessing. Properties of the raw shale are compared

with the previous sample in Table 1. These analyses

indicate no major differences in the shale samples.

ANALYTICAL

The 100 tons (90 metric tons) of 32.5 gpt.

(135 1/tonne) Utah shale were processed in the Union

"B"

pilot retort. Operating conditions were chosen

to conform with previous runs on this grade of Hells

Hole Canyon shale to get as good a comparison of the

performance of both Utah shale samples as possible.

Subsequent retort products yields were comparable to

the former runs. The shale oil yield was again in

the range of 99-101 vol % on a
C4+ basis (Lovell

,1978)
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In order to compare the chemical and physical

properties of this recent shale oil with previous

data on Utah Union
"B"

oil, a comprehensive analyt

ical examination of this new shale oil was under

taken. The results, together with previously

reported data, are shown in Table 2. The signifi

cant trace metals for both samples are given in

Table 3.

Table 1. Raw shale properties - Hells Hole Canyon,
Utah.

1976 1978

Fischer Assay*

Oil, gal. /ton 32.2 32.5

Oil, Wt. % 12.21 12.30

Water, gal. /ton 2.90 2.20

Water, Wt. % 1.23 0.90

Mineral CO2, Wt. % 18.96 20.0

Organic C, Wt. % 13.68 14.15

Elemental Analysis

C, Wt. % 18.85 19.60

H, Wt. % 2.05 1.88

N, Wt. % 0.46 0.48

s, wt. X 0.53 0.47

?Based on 105C dry shale.

Table 3. Trace metals in Utah shale oils.

Element

Arsenic

Iron

Nickel

Copper

Vanadium

Concentration, W ppm

1976 1978

49 48

56 60

<2 <5

<2 <5

<20 <5

A graphical representation of the chemical

structure of both samples of Utah Union
"B"

shale

oil is shown in Figure 1. Again, the high per

centage of polar aromatics in the higher boiling

fractions indicates the presence of heteroatoms of

nitrogen, sulfur, and oxygen in the ring structures.

Overall, there is quite good agreement in the

analytical data; the low pour point was reproduced,

the chemical structure was similar, and the trace

metals equivalent in concentration. This rather

complete agreement on the oil properties should tend

to minimize any concerns about weathering effects.

WAX CRYSTALLIZATION

The difference in the pour points of the orig

inal oils from the Utah shale retorted by Union and

Paraho was shown by Lovell and Seitzer (1978) to be

caused mainly by the difference in how the wax in

the respective oils crystallized. In the high pour

point, 77F (25C), Paraho DH oil the wax, under a

microscope, appeared as fine (l-10u) needles as ex

pected for normal paraffins. However, the wax in

the low pour, 30F (-1C), Union oil was viewed as

spherulites. This observation is also true for the

recent sample of Union shale oil. Apparently wax

spherulites have not been observed before; however,

this structure is seen commonly in polymers. Spher

ulites show up as round areas containing a dark

maltese cross when observed between crossed polars

under a microscope. The cross remains stationary

on rotation of the stage. Presumably, these highly

ordered spheres are made up of wax needles grown out

radially from the center (Hartshorne and Stuart,

1970). The polarized light is scattered only by

those needles not parallel or perpendicular to the

plane of polarization.

Photomicrographs of these crystal structures

are shown in Figure 2. The first, 2A, is of the

original Union oil and the second, 2B, of the new

oil. As nearly as can be seen microscopically, the

two oils are identical. In contrast they are very

different from the customary needles as typified

by the Paraho oil in micrograph 2C.

Comparison of the differently retorted oils has

revealed that the crystallization of the distillate

wax into spherulites was caused by something in the

1050F+ (566C+) residuum fraction of the Union oils.

Further experiments of adding or substituting this
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table 2. Physical and chemical properties of Utah shale
oils.'

Sample Union
"B"

(1976) Union
"B"

(1978)

Gravity API 20.2 21.5

Carbon wt. % 84.27 84.48

Hydrogen
"

11.68 11.47

Oxygen
H

1.23 1.54

Sulfur
11

0.55 0.83

Nitrogen Total
H

1.93 2.11

Nitrogen Basic
H

1.26 1.27

Ash
H

0.30 0.26

Ramsbottom Carbon
I

2.1 1.2

Pour Pt. >F (C) 30(-l) 40(4)

Viscosity G 100F est
35.3 32.7

Viscosity 210F
ii

4.83 5.07

Chloride W ppm
15 15

Chemical Structure :

Paraffin wt. %
9 11

Naphthenes
ii

10 8

Olefins
H

7 7

Aromatics
a

45 41

Polar Aromatic
n

24 31

Pentane Insols.
H

5 2

Distillation ASTM D-1160 oF C F C

IBP 152 67 183 84

10 345 174 407 208

30 633 334 628 331

50 799 426. 765 407

70 919 493 879 471

90 1078 581 984 529

EP 1100 593 1100 593

% Rec. 92 92 95 95

^All analytical data determined by Suntech on "as
received"

oils directly from the pilot

retort; no other processing done or implied.
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A. UNION SHALE OIL (1976) B. UNION SHALE OIL (1978)

C PARAHO SHALE OIL

SCALE .
25M

Figure 2. Photomicrographs of wax crystals

D. PARAHO SHALE OIL SUBSTITUTE UNION

1050

F+ FRACTION
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fraction into the Paraho oil caused spherulites to be

formed as shown in micrograph 2D. Simultaneously,

the pour point was lowered to about the same as the

Union oil. These results are given in Table 4.

Table 4. Pour points by Mectron Autopour

Oil

Wax Crystal

Form

Pour Pt.,
F (C)

Whole Union
"B"

Spherulite 27 (-3)

Whole Paraho DH Needle 77 (25)

Union, Substitute

Paraho Residuum Needle 58 (14)

Paraho, Substitute

Union Residuum Spherulite 21 (-6)

Figures 5 and 6 are plots of the Bingham viscosities

and yields logarithmically as a function of tem

perature. Within the error of the approximation,

both the oils from Table 2 are identical by this

technique also.

The antithixotropic behavior of shale oil is un

usual, if not unique, among
petroleum- type oils. It

is undoubtedly true that the primary cause of both

antithixotropy and thixotropy is the wax suspension.

For instance, Barry (1971) found that waxy crude oils

exhibited only thixotropy. One possible model would

be wax crystals which clump and disperse upon shear

ing thus increasing the viscosity. A system where

the wax has agglomerated into spheres ought to fit

such a model better, but no direct connection has yet

been made.

Present belief is that the formation of spherulites

is connected with some aspect of the Union retort

ing process.

RHEOLOGY

In the rotating viscometer shale oil dem

onstrates a complicated non-Newtonian behavior as

reported by Seitzer and Lovell (1979). The Haake

Rotovisco RV3 with coaxial cylinder sensor was used.

This device has the capabilities of measuring the

shear stress while the shear rate is varied con

tinuously at a constant rate.

The procedure was to decrease the rate at 23.4

sec~Vminute from several hundred sec_l down to zero

and then back up. The various curves possible from

time-dependent fluids are shown graphically in Figure

3. Newtonian is linear with zero intercept, Bingham

is also linear but with a positive intercept of yield,

thixotropic is concave downwards and antithixotropic

is concave upwards. The hysteresis with thixotropic

fluids gives shear stresses with the line from de

creasing shear rate below that from increasing shear

rate. Antithixotropic fluids show just the opposite

hysteresis (Crane and Schiffer, 1957).

In Figure 4 the general curvature at temperatures

below 14C would indicate that the Union shale oil is

thixotropic but the hystersis is characteristic of an

antithixotropic fluid. The antithixotropic affect

diminishes with increasing shear rate and temperature.

At about 30C the oil becomes Newtonian, probably

because most of the wax has dissolved. At low shear

rates the oil was approximated as a Bingham fluid.

CONCLUSIONS

*

Weathering effects on the Hells Hole Canyon

shale samples are considered minimal due to

the very good agreement in the overall analy

tical data on the shale oil samples.

* The low pour point of the Union shale oils is

caused by a change in the wax structure to

spherulites rather than naedles.

* Spherulites in shale oil are caused by some

aspects of the Union retorting process.

*
Shale oil at low temperature and/or low shear

rate is both thixotropic and antithixotropic.

The antithixotropy must come from some unusual

interactions in the wax suspensions.

* The additional factor of antithixotropy may be

reason for extra caution for designing a pipe

line for shale oil transport.
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POST-BURN STUDY OF THE ROCK SPRINGS, SITE 9

IN SITU RETORTING EXPERIMENT

Dale L. Lawlor, D. R. Latham, D. W. Fausett

Laramie Energy Technology Center

P. 0. Box 3395, University Station

Laramie, Wyoming 82071

INTRODUCTION

Development of oil shale as a viable energy

source is a primary responsibility of the U.S. De

partment of Energy. The Laramie Energy Technology

Center is conducting research to develop economically

feasible methods to recover oil from the oil shale.

An experiment was conducted at Rock Springs
, Wyoming

to produce oil from oil shale by a pure in situ tech

nique (1, 2). The Site 9 in situ experiment was

carried out using a 12-well pattern (Fig. 1) drilled

into the upper Tipton Member of the Green River for

mation 137 to 177 feet (42 and 54 m) below surface

level. Three hydraulic fractures produced at 148 feet

(45 m), 160 feet (49 m) and 172 feet (53 m) were

enhanced by explosive fracturing (3, 4). Ignition and

injection were started in well No. 1, but after 60

days the ignition system was moved to well No. 10.

The retorting phase lasted for approximately 180 days.

After completion of the experiment, a post-burn

evaluation was made to determine the vertical and

horizontal dimensions of the thermal halo and the

retorted shale. Post-burn cores were drilled and

visually examined, and bitumen or oil samples were

obtained from portions of each core. The samples were

analyzed for chemical composition and physical proper

ties to produce analytical data that were analyzed by

computerized pattern recognition techniques (cluster

analysis) .

EXPERIMENTAL

Core Sampling and Analysis

Eleven cores were drilled (Fig. 2) around the

R. 0. Asplund

Chemistry Department

University of Wyoming

Laramie, Wyo. 82071

original injection well No. 1 to sample the retorted

region, located approximately 140 to 180 feet (43 to

55 m) below the surface. The cores were taken to best

represent the system based upon the suspected direction

of retort-zone travel. Visual inspection showed zones

where obvious retorting had occurred (Table 1) as well

as the depth of a geological marker called the
"M-Bed,"

later used to vertically orient the cores.

Post-burn fracture locations were determined by

interpolation of fracture locations that had been

located by well logging techniques in the original

production wells. These locations were confirmed by

visual inspection of the split cores.

One-foot (0.3 m) samples selected to include

those zones where visual evidence of retorting was

observed were taken for analysis from each core. Core

10 was entirely sampled for comparison purposes be

cause this core was the furthest from the center of

the retort pattern and presumably experienced the

least amount of retorting. A total of 210 samples

were prepared from the eleven cores.

Twenty-one physical and chemical variables listed

in Table 2 were used to determine correlation coeffi

cients for each of the 210 core samples. Each selec

ted 0.3-m core sample was split, crushed to pass an 80

mesh sieve, and riffled. A 100-gm sample was submit

ted for Fischer assay to obtain the shale oil yield.

Another 100-gm sample was ground to pass a 100 mesh

sieve. This sample was Soxhlet extracted for 48 hours

with a benzene-methanol azeotropic solution (60-40
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percent by weight) . The resulting solution was evapo

rated under reduced pressure and the amount of soluble

organic material was weighed. The soluble material

was fractionated using silica gel chromatography with

n-hexane elution to produce a saturate hydrocarbon

fraction(s). The optical activity of the saturate

fraction was determined by optical rotary dispersion

(5). Individual compound analysis of the saturate

fraction was accomplished using a 12-ft (366-cm x

0.1-in. (0.3-cm) column packed with 5 percent Dexsil

300 in an HP 5840 gas chromatograph; the temperature

was programmed from 100 to 350C. Identification of

individual compounds was accomplished by GC-MS analy

sis of selected samples.

Data Development

Pattern recognition analysis (cluster analysis)

was selected as the method to correlate the analytical

data to produce insights into the thermal history of

the retorted system. Cluster analysis is based upon

computer development of multivariate data, usually

involving calculation of correlation coefficients

derived from chemical or physical descriptions of

given samples (see Appendix for details). The ana

lytical data for the Site 9 system were developed by

comparing data from a core sample at a specific depth

with those from a sample at the same level in core No.

10, using the correlation coefficient as the means of

comparison. Core No. 10, having the least visual

thermal history, was used to circumvent vertical,

geochemical differences that most certainly exist.

Therefore, any change noted between samples examined

at a given depth, barring experimental errors, would

result from thermal activity. For interpretation

purposes, samples having a correlation coefficient

value of less than 0.9 were considered to be thermally

altered.

To eliminate or minimize the effects of surface

irregularities on the correlation of vertically orien

ted cores, depths were measured relative to a common

layer of compacted volcanic ash called the "M-bed."

This bed occurs between 168 and 175 feet (51 and 64 m)

below the surface, the differences in depth being due

to terrain irregularities.

RESULTS AND DISCUSSION

The Site 9 system was studied using the postulate

that thermal activity would change the amount of

solvent-soluble material, the amount of saturate

material, the optical activity of the saturates, and

the distribution of specific saturate compound types.

These differences would produce different analysis

correlation coefficients between the core samples.

This difference in correlation coefficients between

two core samples
,
examined at the same level relative

level to the M-bed, is a measure of thermal history

differences .

Retorting may be visually observed in the split

cores (Table 1) by gray oxidized or glisteny carbon

ized areas, to obtain an initial indication of thermal

history. However, the use of cluster analysis of the

analytical data allows a more comprehensive view of

the thermal history than does the obvious visual

changes. Cluster analysis allows the development of

the dimensions of the thermal halo that surrounds the

high temperature retort zone. One problem becomes

immediately apparent: because the retorted zone has

had the soluble organic matter removed, this zone does

not produce adequate organic material for development

of the data required for cluster analysis calculations.

Therefore, the vertical profile curves (Figs. 3, 4)

show discontinuities where complete retorting occur

red. A vertical profile comparison is made in Fig. 3,

where core No. 2 from an extensively heated area is

correlated to core No. 10, the most remote from the

222



center of the retort pattern. If no thermal activity

were evident, a correlation coefficient of near unity

would be seen at each equivalent level . The more

severe the thermal exposure of the sample, the lower

would be the correlation coefficient because of

changes in physical and/or chemical properties of the

sample. Extensive thermal evidence is seen in core

No. 2, particularly near the upper fracture (shown by

F at level 22) where 15 feet (4.6 m) of thermally

affected shale is seen, and near the two lower frac

tures, levels 5 and -4. This is the only core ex

amined showing major thermal activity at the middle

fracture (Level 8) . Evidence of a small thermal zone

is seen near the bottom of the core at level -5,

apparently derived from the lower fracture, based upon

one sample with an approximate correlation coefficient

of 0.2. The only unaltered zone is between levels 16

and 11, where correlation coefficients approximate

0.9. This core is the most extensively heated core,

primarily because of its close proximity to both the

earlier and the later injection wells (Fig. 2).

Core No. 3 (Fig. 4) shows major thermal activity

at the upper fracture between levels 22 and 30. Two

narrow, single-sample thermal points appear at level

18, apparently related to
the'

middle fracture and at

at level -2, related to the lower fracture. The

isolated, narrow zone at level 18 was not initially

considered a valid data point because it was difficult

to conceive of such a thin thermal zone, existing in

isolation from the rest of the system. Visual reex

amination of core no. 3 showed a darkened band at

level 18. This observation supports the cluster

analysis results and develops more confidence in

fine-structure interpretation of the thermal record.

Core No. 7 (Fig. 5) has a considerable amount of

thermal fine structure in the upper-fracture zone.

Three narrow thermal areas are seen, in the 24 to 31

level region, but only the zone at level 31 is associ

ated with a known fracture. An adequate explanation

of the dynamics of the occurrence of isolated, narrow

thermal zones is not possible at this time. However,

they may result from differences in lithology or

micro-thermal conductivity, from the presence of

micro-fractures, or from a short exposure to a per

turbing thermal pulse. A small thermal pulse may be

seen at level 21, apparently resulting from the middle

fracture at that level. A substantial amount of

thermal activity is apparent in the lower fracture

area between levels 0 and -5.

Core No. 6 (Fig. 6) has general, low level ther

mal activity at all three fractures. The space in the

data represents an area where no samples were examined.

Core no. 1 (Fig. 7) has major thermal activity in

the upper fracture area between levels 30 and 20. As

in cores 3 and 7, much of the activity does relate

specifically to the known fracture location. Although

the location of the middle fracture was not estab

lished, some thermal activity is apparent in the

middle zone as well as some associated with the lower

fracture at level -5.

The data from cores 1, 2, 3, 6 and 7 show that,

based on the vertical thickness of the heated zones,

in general, the upper fracture exhibits the most

thermal activity, with the lower fracture the next and

the middle fracture the least amount. Considerable

detailed thermal structure is evident in sections as

thin as 1 foot (0.3 m) , especially in the upper frac

ture zone. These thin zones are not obviously associ

ated with fractures but exist in the midst of cold

zones .

Representative examples of the horizontal record

of the retorted system are presented in Figs. 8 to 11,

where the upper, middle and lower heated zones, as

well as an example of an unheated middle zone, are
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displayed. The contours were derived from computer

plots using approximately six data points, available

from different cores, using core no. 10 for compari

son. The original injection well (the center of the

retort pattern) is located by the letter
"C,"

and

cores 1, 4, 5, 8 and 10 are included for orientation.

These contour plots are general shapes and trends and

should not be used for detailed interpretation because

only a few data points were used to establish a given

contour. In this regard, correlation coefficient

areas are presented rather than individual correlation

coefficient lines. Fig. 8 (level 27), indicates the

NE/SW trend of the thermal effect by the general shape

of the contour system, as well as by the change of

correlation coefficient values from 0.9 to 0.6 in

these directions. As was described earlier, most of

the organic material was expelled in the most active

areas. This resulted in the upper zone having limited

data for contour plotting even though it was the most

thermally active. An example of the thermally inactive

portion of the middle zone is shown in Fig. 9 (level

13), where a random 1.0 correlation coefficient line

is seen. In contrast, a thermally active portion of

the middle zone is shown in Fig. 10 (level 10), where

correlation coefficients range from 0.6 to 0.9, with a

slight eastward trend apparent by the general contour

shape. The most thermally active contour system is

shown in Fig. 11 (level 3), where the correlation

coefficients range from 0.1 to 0.9 with thermal trends

apparent in the north and in the east directions.

An estimate of the thermal boundary in the east

erly direction may be seen in Fig. 12, where the rate

of change of contour values is extrapolated to inter

cept the 1.0 correlation coefficient value, repre

senting the unheated oil shale organic matter. The

points on the curve were obtained using information

from Figure 11. Superimposing the 1.0 correlation

coefficient intercept back to the retorting pattern

indicates that the thermal boundary is approximately

130 feet (39 m) east of the retorting pattern center.

CONCLUSIONS

The use of cluster analysis techniques to analyze

chemical and physical property data from bitumens and

oils has produced information on the extent of the

vertical and horizontal progression of the thermal

zones from the Rock Springs Site 9 pure in situ re

torting experiment. The upper fracture system dis

plays the most extensive amounts of thermal evidence.

The lower fracture system has the next most extensive

thermal evidence, followed by the middle fracture

system. Data on the thermal halo or induction zone

that brackets the retort zone, shows the shale to be

affected vertically as much as 4.5 m (15 feet) and

horizontally as much as 39 m (130 feet). Numerous

examples of isolated thin thermal zones are evident;

some are 1 foot (0.3 m) thick, not apparently associa

ted with fractures. Retorting directions were deter

mined to be northwest and southeast in the upper

fractures and easterly in the lower fracture.
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TABLE 1. - Visual evidence of thermal activity

1 2 3 4 5

Core

6

no.

7 8 9 10 11

Depth in meters

42.3 -

42.
6b

43.8 -

44.
la'

43.2 -

c
/

d

43.3

41.1 -

41.2b

40.5 -

40.
8b

41.7 -

41.
9b

41.8 -

42.
4b

42.1 -

42.
6b

42.3 -

42.4

42.2 -

42.7b

41.0 -

42.1b

42.7 -

42.
8b

43.3 -

43.9

41.2 -

41.
4b

40.8 -

41.
0b

42.4 -

42.
9b

42.6 -

42.
8b

42.4 -

42.5'
d

42.8 -

43.1b

42.2 -

42.5b

42.9 -

43.
0b

43.9 -

44.
33'

C

41.4 -

41.
6b

41.0 -

41.
4b

43.1 -

43.
3b

42.8 -

43.
0b

43.4 -

43.5b

49.
83'

b
44.3 -

Area

48.
93'

Area

44.
7C

C

46.2 -

46.
5b

46.5 -

46.
7a

50.4 50.4 51.6 50.7 50.8 51.5 52.2 52.4 52.6 52.5 51.9

3D C d fi

Pink oxidized, Glisteny carbonized, Gray oxidized, Brown, thermally altered, Top of M-bed

TABLE 2. - Physical and Chemical Property Variables

Shale oil, weight percent

Specific gravity of shale oil

Soluble material, weight percent

Saturate fraction, weight percent

Optical activity of saturate fraction

Individual compounds in saturate fraction, percent

C23 to C29 n-alkanes

Pristane

Phytane

5a-Cholestane

5B-Cholestane

5a-Ergostane

C29 Isoprenoid compounds (two)

C30 Isoprenoid compound (one)

Perhydro(B) carotene
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APPENDIX: CLUSTER ANALYSIS

Cluster analysis is a general term applied to a

variety of techniques for the statistical analysis of

multivariate data (6-10) . The common feature of

cluster analysis techniques is that each technique is

devised to separate data into constituent groups.

The particular application of cluster analysis

that was utilized in this work is the statistical

interpretation of coring data obtained after an in

situ oil shale retorting field experiment. The pur

pose of the statistical analysis is to determine the

spatial extent of physical and chemical phenomena

associated with the retorting process. The approach

that was followed was to obtain a statistical measure

of the degree of similarity between a given core

sample and a base reference sample. The base refer

ence sample consists of data from a core that was

largely unaffected by thermal exposure in the retort

ing process.

Cluster analysis offers several methods for the

statistical measure of similarity among data. The

measure of similarity that was involved in this work

is that which would be the correlation coefficient if

the measure were among variables. However, the mea

sure was among cases in this project, where each case

was described by observed values of twenty-one vari

ables. If the j-th case is denoted as the n- tuple

(X.., X. . , .... X
.),

then each case can be thought of

ij
2j' ' nj" 6

as a point in n-dimensional space. Here each of the

coordinates, X... represents an observed value of one

of the n variables for the j-th case, where n = 21.

The pseudocorrelation coefficient between two cases,

say the j-th and k-th cases, is computed by:

/n Wn \

n I X. .X.. - [ I X. . ] [ IX.,
i-l

1J lk

W=l 1J/li=l W

While the pseudo-correlation calculation is

clearly a classic example of mixing apples and oran

ges, the similarity measure, p., , does retain some of
jk'

the desired properties of the correlation coefficient.

In particular, for any constant C t 0, if the relation

holds that:

X. .

= C X., for i = 1,2,.
...n,

lk
' ' ' '

then

PJk
=

|C|
= + 1

Therefore, p., is a measure of the extent of
Jk

linear relationship between the j-th and k-th cases.

Of course, in applying this type of pseudo-correlation

to measure similarity between two cases, the tra

ditional interpretation of the correlation coefficient

as the ratio of the covariance of two variables to the

product of their standard deviations is lost.

The computational procedure for the pseudo-cor

relation calculation was implemented on a digital

computer. The cluster analysis algorithms from Dixon

(11) were employed for that purpose. An example of

the type of output obtained is shown in Table 3.

Because the correlation matrix is symmetric, only the

lower triangular portion of the matrix is printed.

If the pseudo-correlation procedure that was

adopted seems too worrisome to others, there are

several alternative measures of similarity between the

cases that can be used. Two such measures are the

Euclidean distance and Mahalanobis distance.

pjk=
i=i

iJ iR

W=i 1JMi=i 1K/

([i4-(i-.)fiv(i'.)'])
1/2
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PROGRESS REPORT ON THE GEOKINETICS HORIZONTAL

IN SITU RETORTING PROCESS

M. A. Lekas

Geokinetics Inc.

280 Buchanan Field Road

Concord, CA 94520

Geokinetics Inc., in cooperation with

the U. S. Department of Energy, is engaged

in developing an in situ process for the

extraction of shale oil. The process is

designed specifically for areas where the

oil shale beds are relatively thin and

close to the surface. We call this

technique the LOFRECO process. Geokinetics

is a very small company, and does not have

the resources for massive capital expendi

tures ahead of production. Therefore, we

set out to develop a process with low

front end costs. The result was the

LOFRECO process - LOFRECO being an acronym

for Low Front End Cost.

LOFRECO truly lives up to its name.

Front end costs are minimal, as most of the

expenditures are in the form of operating

costs. In the process, a pattern of

blastholes is drilled from the surface,

through the overburden, 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 well 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. (Figure 3) The bottom

of the retort is sloped to provide drain

age for the oil to a sump where it is

lifted 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 burning front

heats the oil shale ahead of the front,

driving out the shale oil, which drains to

the bottom of the retort
,
where it flows

along the sloping bottom to the oil pro

duction wells. As the burn front moves

from the air-in to the air-out wells, it

burns the residual coke in the retorted

shale as fuel. The combustion gases are

recovered at the air-out wells. This gas

is combustible, and could be used for

power generation. Progress of the burn

front is monitored by thermocouples set

in thermocouple wells.

Although the process was designed to

retort relatively thin oil shale beds

under shallow overburden, the basic

horizontal burn that is being developed

can be applied to a number of other

situations, such as a modified in situ

process in thinner oil shale beds, or as

a secondary recovery process to follow

after a room and pillar mining operation

to recover oil from the mine pillars and

from oil shales above and below the mined

zone.

Laboratory and pilot work was carried

out at the Geokinetics facilities at

Concord, California, during 1974 and early

1975, to demonstrate the technical

feasibility of establishing and maintaining

a horizontally moving burning front

through a random sized mass of rubblized

oil shale.

In March of 1975, leases on oil

shale lands suitable for the LOFRECO

process were acquired in the Book Cliffs

area, south of Vernal, Utah, on lands
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owned by the State of Utah. The oil shale

bed is approximately 30 feet thick, and has

an average grade of about 23 gallons per

ton. The beds strike in an east-west

direction and dip to the north at about

120 feet per mile. Overburden over the

shale ranges from zero to 150 feet.

(Figure 1)

The leases are located in a very

remote area, 70 miles from the nearest

settlement. Communication is by a poorly

maintained, unpaved road. There are no

power lines or telephone lines in the area.

Immediately upon acquiring the property,

field operations began. Because of the

remote location and poor communications, it

was necessary to establish a fully equipped,

self-contained living and operating

facility at the test site. In order to

move the project ahead with the minimum

delay, the experimental work began concur

rently with the construction of the camp

facilities, and the camp has grown as the

project progressed and increased in size.

The initial camp was established in April

of 1975, and was promptly christened

"Kamp
Kerogen."

Kamp Kerogen consisted

initially of three tents and outdoor cooking

and eating facilities. The field work

progressed rapidly. Two small retorts

were blasted in July of 1975, and the first

small retort was ignited on March of 1976.

Work has proceeded seven days a week, and

continued throughout the winters despite

heavy snowfall and difficult living

conditions .

Our field program has made steady

progress since its inception in the spring

of 1975. After four years of field work,

we have blasted 18 retorts, and burned

11 retorts. In the course of carrying out

our experimental work, we have produced

over 5,000 barrels of shale oil. Kamp

Kerogen has grown from three tents in the

sagebrush to a small village, with a

permanent population of 30 persons
,
includ

ing wives and children.

It has been demonstrated that:

1) It is possible to drill a pattern

of blastholes from the surface into the

oil shale, and fracture the shale in a

manner to establish a zone of high perme

ability in the shale, with a relatively

impermeable zone between 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

temperature front, with satisfactory sweep

efficiency.

5) Produced oil can be recovered

from a well drilled to the bottom of the

rubblized zone.

We feel that the technical feasibility

of the LOFRECO process is established. We

are now engaged in optimizing the process

to make it economically feasible. This

involves :

1) Reducing the cost of rock frag

mentation. This is the single most

significant cost item in the process.

2) Improving the recovery of in-place

oil. This involves improved blasting

techniques to prepare the shale bed for

retorting, optimized burning techniques

to minimize burn-up and coking of oil in

the retort, and better oil lifting

techniques . Our target is a recovery of

50% or more of the in-place oil. Out of

11 retorts burned to date we have achieved

50% recovery on two retorts, including

the #16, which is our latest and largest.

3) Making effective use of the

combustible retort off gas to generate

electrical power.

4) Meeting all of the environmental

requirements .
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5) Establishing a market for crude

shale oil at the refineries in Salt Lake

City; Roosevelt, Utah; or at Fruita,

Colorado. In order to make our shale oil

acceptable to these refineries, we are

investigating the feasibility of controlled

blending of shale oil with the normal

refinery feedstock, and upgrading our shale

oil by a hydrotreating process.

Our primary objectives for 1979 are

to:

1) test a number of retorting pro

cedures to optimize oil recovery,

2) burn a retort with full thickness

of the oil shale bed (30 feet) , and

3) blast a full-sized retort (200

feet wide by 200 feet long by 30 feet

thick) .

In 1980, we plan to blast a cluster

of three full-sized retorts. During 1981,
we will burn this cluster, and blast a

second three-retort cluster. This second

cluster will be burned during 1981 and the

first half of 1982.

By mid-1982, we expect to have

achieved our overall program objective of

developing and testing the Geokinetics

Horizontal In Situ Retorting Process. By
this date we should have sufficient data

on hand to evaluate the technical,

environmental, and economic feasibility of

the process. If the results are favorable,
we will be in a position to construct a

full scale operating unit producing a

minimum of 2,000 barrels of shale oil

each day.
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Retort

Number

Date

Blasted

Thickness

of Shale

Blasted

Overburden

Thickness Width Length

Cross -

Sectional

Area ft2

Tons of

Broken

Shale

Date

Ignited

Barrels

of Oil

Recovered

1 7/75 10 ft. 0 ft. 10 ft. 50 ft. 100 330 9/76 56

2 7/75 3 10 10 30 30 60 3/76 28

3 1/76 10 17 20 40 200 530 7/76 82

4 2/76 10 16 20 40 200 530 2/77 146

S 2/76 11 19 20 81 220 1200 5/77 354

6 Drilled - Not Blasted

7 11/76 10 15 20 50 200 670 -

8 11/76 23 22 20 83 460 2600 - -

9 12/76 22 22 40 83 880 4900 9/77 1007

10 12/76 11 14 20 50 220 730 - -

11 3/77 12 14 20 45 240 720 4/77 272

12 3/7/ 11 31 30 50 330 1100 - -

13 6/77 11 31 30 50 330 1100 - -

14 6/77 12 29 40 70 480 2200 2/78 384

15 7/77 20 31 50 75 1000 5000 5/78 1003

16 8/77 20 41 62 87 1200 7200 8/78 2067

17 5/78 17 26 72 156 1200 13000 - -

18 7/78 17 27 108 156 1800 19000 - -

19 12/78 30 50 126 182 3800 46000 - -

FIGURE 4. SUMMARY OF DATA ON re:"ORTS 1 THROUGH 19 (to 12/31/78)

Days API

Gravity

Pour Nitro-

Point gen

oF
%

Sulfur

7.

Engler Distillation D-86

IBP 57. 107. 207. 307. 407. 507. 607. 707. 807.

Residue

907. 7.

1-6 24.4 55 1.88

7-10 25.0 60 1.83

11-15 25.6 66 1.67

16-20 25.8 65 1.55

21-25 26.2 64 1.66

26-30 25.8 69 1.46

31-35 26.4 60
'

1.45

36-40 26.7 63 1.42

41-45 26.7 65 1.19

46-51 26.5 64 1.28

0.91 210

0.92 j 302

0.84 212

0.81 I 230

0.78

0.77

0.83

0.80

0.77

0.91

232

223

205

214

238

223

398 436 501 548 594 630 670

384 431 496 552 605 644 689

382 438 490 550 599 640 672

416 452 501 548 589 630 680

407 444 498 546 589 634 685

416 449 502 547 592 641 672

408 444 503 555 598 643 692

406 441 493 543 588 627 670

383 436 486 529 571 616 657

439 466 510 548 589 627 670

732

734

710

705

712

709

728

709

700

709

736

753

743

729

738

741

739

734

737

734

752

750

753

755

755

755

754

748

6

14

13

9

3

6

5

6

6

6

Avg. 25.9 63 1.54 0.83 229 404 444 498 547 591 633 676 715 738 754

FIGURE 5. ANALYSIS OF OIL PRODUCED FROM RETORT #14, SHOWING CHANGE IN CHARACTERISTICS

OF THE OIL DURING RETORTING.

FIVE DAY COMPOSITE SAMPLES
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Days N2 2 co2 CO CH4 H2
u

Oa

u

Pa

M

M

t

z

i U

H
M

O l-l H z i-i w w

1-10 71.1 6.3 15.5 2.2 1.1 2.5 .109 .119 .009 .029 .046 .007 .005 .009
..017

.104 .077 .24 .21

11-20 67.4 4.8 18.2 3.5 1.5 3.6 .078 .069 .019 .030 .034 .009 .003 .003 .005
.013 .006 .27 .31

21-30 67.9 4.3 17.7 3.6 1.3 4.2 .082 .061 .012 .030 .030 .006 .003 .003 .006 .016 .006 .30 .35

31-40 67.2 3.7 18.1 4.6 1.2 4.3 .068 .048 .012 .032 .028 .006 .004 .002 .013 .019 .008 .30 .38

41-50 67.7 3.7 17.6 4.3 1.1 4.3 .092 .062 .013 .037 .030 .007 .003 .001 .008 .024 .008 .28 .46

51-60 65.2 2.0 18.6 4.9 1.8 5.9 .113 .074 .017 .051 .034 .010 .006 .003 .013 .207 .206 .24 .44

61-70 - - - - - - - - - - - - - - - - - - -

71-80 60.3 4.1 13.3 9.9 1.3 10.5 .084 .071 .017 .054 .042 .010 .005

-
.006 .031 .008 .03 .19

81-90 59.1 2.3 17.6 8.5 0.8 10.7 .140 .139 .030 .072 .052 .012 .006 .005 .015 .052 .015 .12 .31

91-100 62.5 1.9 19.3 5.0 1.1 9.2 .250 .189 .033 .084 .065 .015 .010 .003 .017 .067 .020 .05 .24

101-110 62.0 1.5 22.0 3.9 1.3 8.1 .238 .184 .046 .070 .058 .027 .011 .017 .015 .058 .085 .13 .28

111-120 54.5 2.8 24.9 3.8 2.3 10.2 .283 .167 .041 .096 .073 .017 .017 .025 .020 .059 .146 .13 .52

Avg. 64.5 3.4 18.8 4.6 1.3 6.4 .144 .112 .024 .053 .045 .012 .007 .009 .013 .054 .050 .21 .33

FIGURE 6. ANALYSIS OF RETORT #16 OFF GAS, SHOWING CHANGE IN CHARACTERISTICS DURING RETORTING

TEN DAY COMPOSITE SAMPLES
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PRODUCT YIELDS

R. N. Heistand

Development Engineering, Inc.

Box A, Anvil Points

Rifle, Colorado 81650

ABSTRACT

The Fischer Assay (FA) , termed "the

standard for the oil shale industry", is

designed to assay the oil potential of geo

logical deposits. It is not designed for

process control nor process evaluation. Yet

traditionally, the calculation "oil yield,

volume percent Fischer
Assay"

is used.

The product split between oil and gas

in the Fischer Assay does not relate to any

known oil shale retorting process. The

Fischer Assay is a laboratory test; heat is

transferred through the reactor wall; it is

a batch process in which the energy products

are separated by cooling to 0C.

Sincf? both the crude shale oil and

product gas are valuable energy products, a

calculated Product Yield presents a truer

picture of retort production. This Product

Yield compares the retort products (oil and

gas) with the Fischer Assay products (oil

and gas) .

The Product Yield is based on the

products produced from the retorting opera

tions before any allowance for energy

consumed. No credit is given for any

process heat supplied from the raw shale

feed. When this energy (expressed as

MBtu/T) is included, Retort Yield can be

calculated using products plus any heat

supplied by the carbon residue on the shale.

For the Paraho Direct Mode process, the

Retort Yields are generally 110% of assay.

Increases in this number are anticipated as

more of the carbon residue is utilized.

OIL YIELD

The classical approach toward assessing

a given retorting process is to calculate

the oil yield as based on Fischer Assay.

The oil yield, as a volume percent of

Fischer Assay, is simply the oil produced

by the retort divided by the oil produced

by the assay, as shown by the following

equation :

R
(1) Oil Yield, % Assay

= 100% x

Where 0 = Oil Produced

R = Retort

A = Assay

This simple expression has several draw

backs. The first is the Fischer Assay

itself (Heistand, 1976) . It is meant to

assay geological deposits, not assess

retorting processes. The American

Society for Testing and Materials (ASTM)

cautions the user that:

"The method neither yields quantities

that necessarily duplicate yields

in experimental or commercial oil

shale processes nor does it yield

products that necessarily duplicate

in physical or chemical nature the

products that may be obtained in

such experimental or commerical

processes."

(ASTM, 1978)

Also, the oil, determined by Fischer

Assay, is obtained by cooling the off

gas to 0C. This cooling cannot be

achieved economically nor practically in

a commercial process. The most important

drawback of the simple expression is that

only the liquid oil is considered. In

the Green River oil shale, oil comprises

only two-thirds of the total organics,

or kerogen, in the raw shale. For many

other shales, this oil fraction is less

yet since they yield larger assay
gas-to-

oil ratios.
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PRODUCT YIELD

A better approach would be to expand

Equation (1) to consider both the oil and

gas yields as shown in the following

equation:

(2) Product Yield, % Assay = 100% x fc + )
Oa

gA'

Where g
=

energy value of the gas produced.

This expression, Equation (2), has the

advantage that both commercial products of

oil shale retorting, oil and gas, are taken

into consideration. However, this complex

expression has several drawbacks. First,

this expression results in a mixed number -

percent oil plus percent gas, as determined

by Fischer Assay
-

since oil produced is

measured in liter/tonne and the gas produced

in kcal/tonne. Secondly, the energy value

of the Fischer Assay gas, kcal/tonne, is not

normally determined.

The energy value of the gas produced

from the retorting process, kcal/tonne, can

be calculated from the gross heating value,

3 3
kcal/m , and the quantity, m /tonne. This

can be converted to equivalent oil using

the following equation:

(3) 1.0 Liter of Oil = 9500 kcal.

Although the heating value of the gas

produced by Fischer Assay is normally not

determined in the standard Fischer Assay

procedure, the value can be determined using

the Material Balance Assay. (Goodfellow and

Atwood, 1974)

The heating value of the assay gas has

been determined for Green River shales

having different assay oil contents. (USBM,

1951) The relationship between assay oil,

liter/tonne and gas, kcal/tonne, can be

expressed by a straight line formula using

least squares (see Figure 1) . Combining

this straight line relationship between

assay oil and gas with Equation (3), it is

possible to calculate the assay gas, equiva

lent oil (EO) , from the measured assay oil.

This produces the following expression:

(4) Gas (EO) Liter/Tonne = 0.11 x 0A,
Liter/Tonne - 3.3

The good agreement between the calculated

and measured gas data, as indicated by

the r2 term = 0.982, tends to validate

the straight line equation. Thus, with

this straight line equation, one can cal

culate the equivalent oil of the assay

gas from the measured assay oil yield.

.300

GAS

4

-200 kcal/Tonne

-100

OIL

Liter/Tonne

'
100 200

i

300

Assay Oil vs. Gas (USBM RI4825)

Figure 1

Using the relationships developed

in Equations (3) and (4) , the product

(oil plus gas) for both the retort and

the Fischer Assay can be expressed as

liquid volumes per unit weight of raw

shale (liter/tonne). Thus, the Product

Yield, expressed in Equation (2) , can be

simplified as follows:

R Gr
(5) Product Yield, % Assay = 100% x ^ + ^

9a gA

Where G = equivalent oil of gas produced

(liter/tonne) .

RETORT YIELD

The Product Yield, as shown in Equa

tion (5), compares the retort and Fischer

Assay products. The numerator is the sum

of products out of the retort and the

denominator is the sum of products

measured in the raw shale feed using

Fischer Assay. This concept still does

not give the complete picture of
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retorting. It needs to be expanded to

include the thermal energy supplied from the

raw shale feed for retorting. When thermal

energy is included, the expression becomes

Retort Yield. The thermal energy (E) is

added to the retort products when it origi

nates from the kerogen in the raw shale in

the same manner as the product gas and oil.

It is subtracted from the retort products

when it is obtained from burning part of the

oil or gas produced in the retort. Thus,

the Retort Yield becomes:

(6) Retort Yield, % of Assay
=

100* x
0r +

g;
+ Er

A + A

Where E = thermal energy to fuel process.

CONCLUSIONS

For the Paraho Direct Mode, a typical

Retort Net Yield is 114 Vol% assay (see

Table 1) . This reflects the 14 liter/tonne

TABLE 1

YIELDS

Indirect Direct

Liter/Tonne Liter/Tonne

Raw Shale Feed

Assay Oil + Gas (EO) 115 123

Paraho Retort

Oil + Gas (EO) 115 126

Thermal Energy (EO)
- 14 + 14

Total 101 140

Yields, Volume % Assay

Product 100 102

Retort 88 114

B0 is the equivalent oil, in liter/tonne.

(equivalent oil) of thermal energy supplied

as heat by the raw shale feed to operate the

retorting process. For the Paraho Indirect

Mode, a typical Retort Yield is 88 Vol%

assay (see Table 1) . This reflects the heat

supplied by the external combustion of

product oil or gas. Product yields for both

Direct Mode and Indirect Mode are 100-102

Vol% assay.

Further expansion of the Retort Yield

equation would provide the means for

including other terms such as resource

recovery, materials handling, and energy

conversion. This expanded equation could

then compare in-situ to above-ground

retorting, take into account the convey

ing or transport of shale, include the

energy consumption of other operations

such as mining and crushing, and the

losses caused by energy conversion and

environmental controls. However, for

many processes, these detailed energy

requirements for commercial operations

are not available at this time.

There are both disadvantages and

advantages in using the concepts of

Retort Yield and the more expanded equa

tions. Some additional work is needed.

Some of the disadvantages are:

1) Fischer Assay remains the

benchmark .

2) Additional laboratory work is

needed to quantify the assay

gas.

3) Energy premiums for oil and

gas products are not the same.

However, the advantages far outweigh the

disadvantages. Some of the advantages

are:

1) Both products (oil and gas)

are considered.

2) A numerical assessment of a

particular oil shale retorting

process is possible.

3) The technique can be expanded

to various energy (or economic)

parameters.

4) Results are based on a common

point
- the Fischer Assay of

the raw shale feed.

Some additional work which should

be done to assure that the concepts of

Retort Yield are used in valid fashion

include:

1) The equation relating assay

gas quantity to the assay oil

yield should be confirmed.
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2) The heating value of crude shale

oil should be measured for each

retort tested.

3) The heat and power required for

retorting should be confirmed.

4) The energy requirements for

various aspects of oil shale

operations should be determined.

What has been presented is a basis for

more fully evaluating oil shale retorting

processes. At this time, the concept of

Retort Yield, which takes into account both

products of oil shale retorting (oil plus

gas) , and the energy required to fuel the

retort, best describes the retorting

process.
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CONSIDERATIONS FOR RETORTING OIL SHALES

WITH SUPERHEATED WATER VAPOR

V. Dean All red

Marathon Oil Company
Denver Research Center

P. 0. Box 269

Littleton, Colorado

ABSTRACT

The use of superheated water vapor (steam)

is not a new concept in oil shale retorting.

However, careful evaluation of data pre

sented in the literature, particularly that of

Wells, Gavin, and Bae, reveals that water is

chemically reactive in oil shale retorting,

producing larger than normal quantities of

hydrogen gas and slightly higher oil yields of

improved quality oil.

Investigation at Marathon Oil Company's

Research Center was initiated as the result of

these observations to reevaluate superheated

water vapor processes for recovery of shale oil.

Data obtained during these laboratory evalua

tions led to the conclusion that retorting in

the presence of water vapor has unique advan

tages among which are: (1) increased yields of

oil and gas, (2) lower retorting temperatures,

(3) simplified oil recovery technology, (4)

higher quality product gases with increased

hydrogen content, (5) more environmentally

acceptable retorted shales.

OVERVIEW

Steam injection was used at the beginning

of the century in the operation of the indirect-

heated Pumpherston retort to improve the heat

transfer and recover heat from the retorted

shale*. The use of steam as a heat transfer

agent was investigated briefly by personnel of

the USBM at Rifle in the early 1950s, where it

was shown that it doubled the gas yield from the

Royster retort2. USBM investigators at the

Laramie Energy Research Experiment Station also

evaluated the use of steam in an entrained

solids retort**. Numerous patents have also

been issued which allude to the use of steanf^-H.

With such seemingly wide advocation of the

use of steam as a retorting agent, it is some

what surprising that little basic research

has been published to indicate that it has ever

been seriously considered as a practical method

for recovering shale oil. Some experimental

work using water and other gases from atmos

pheric to 2500 psi was reported in 1969 by

Bael2. However, in this work, no mention is

made of any advantage in using water.

There are probably many reasons that the

use of water vapor as a retorting media was not

developed. One could be that early in the 1950s

GuthrielS, in setting down criteria for oil

shale retorts in Colorado, stated they should

use little or no water. However, this limita

tion need not be applicable in processing

concepts where the water can be used as part of

a closed system and continuously recycled.

Perhaps the most important reason was that

there was no economic incentive to try to

improve the quality and quantity of the retort

off-gas. The off-gas from the NTU retort, which

was the forerunner of most of the U.S. retorts,

was grossly diluted with nitrogen and of

such low heating value that the gases were

considered of little value. This fact, coupled

with observation that there was an abundance of

natural gas in the areasome of it actually

underlying the oil shale depositsdiscouraged

processes which would produce high quality

off-gas, but at some additional cost. Obviously,
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this situation has changed markedly during the

past 20 years, and retorts economically produc

ing a marketable gas will be in demand as its

value as a fuel gas or source of hydrogen

continues to increase.

Still another possible reason that water

vapor retorting has not been widely investigated

appears to be the erroneous assumption by most,

if not all, investigators that water vapor

basically behaved as an inert gas, in which case

it would have no particular advantage over

nitrogen or recycled retort gases. However,

careful evaluation of data presented in the

literature, particularly in the papers of

Wells2, Gavin*, and Bae*2, reveals that water

is chemically reactive in oil shale retorting

producing larger than normal quantities of

hydrogen gas and slightly higher oil yields of

improved quality oil.

The USBM evaluation of the Pumpherston

retort* showed that injection of water into

the lower portion of the retort increased both

the hydrogen content of the off-gas and the oil

recovery. Their data showed that the hydrogen

content increased from a predicted 282 cu ft/ton

based on assay to 1420 cu ft/ton at the optimum

water rate. Further the oil yield was 93.3

percent of assay with an API gravity of 25.6, a

pour point of 75F, and a
100

Saybolt viscosity

of 56 seconds. Unquestionably some of the

increased hydrogen production and improved flow

characteristics of the oil were the result of

cracking and reaction of water with the residual

shale. On the other hand, it was observed that

both hydrogen and oil yield increased with the

rate of water injection up to the point where

quenching was observed. One would therefore

conclude that the beneficial results were to a

large degree the result of increased gas veloc

ity which decreased the product residence time

in the reactor. It therefore appears that

cracking was not a principle mechanism in the

hydrogen production. Unfortunately, the rate of

oil production can not be determined from the

reportone would suspect in view of our experi

mental work that the retorting rate would also

have increased appreciably.

A significant experiment was conducted on

the
"Royster"

retort2 in the early 1950s by

the USBM investigators at the Rifle plant.

Basically the Royster retort used hot gas

recycle to heat the shale. Two experimental

runs were made with superheated steam (at

atmospheric pressure) in place of the recycled

gas. Their data showed that the hydrogen gas

production increased from 488 to 2064 cf/ton

when steam was used. Also noted was a greatly

reduced carbon monoxide content in the off-gas.

This observation is important since it indicates

that the carbon monoxide shift reaction proceeds

rapidly in the presence of water vapor and hot

retorted oil shale.

Bae12 investigated the effect of pressure

and retorting gas environment in the late

1960s. His data were reported as grams of

product and unless one scrutinizes the data

carefully they will miss the observation that at

atmospheric pressure the amount of oil increased

slightly and the gas volume increased appreci

ably when water was used at a retorting media.

However, the gas composition was not reported so

the relative enhancement of hydrogen content is

not known.

EXPERIMENTAL

As a result of these observations, a

research program was initiated by Marathon at

the Denver Research Center to evaluate the use

of steam as a retorting agent for the Green

River Formation oil shales. The experimental

approach consisted; of evaluating the effect of

water vapor on the weight loss of cylindrical

shaped pieces using a recording thermobalance;

of batch retorting; and retorting in a continu

ous feed mini-retort. Experimental data

were derived on oil shales obtained from the

Colony Mine, the USBM (DOE) Anvil Points Mine,

the Geokinetics (Utah) Quarry, and the Portland

Claims Outcrop.
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Thermogravimetric Retorting

The use of the recording thermobalance as a

tool for evaluating the devolatilization of oil

shales has been previously reported 14*15.

When used with regularly shaped pieces, such as

cubes, cylinders, or spheres the procedure has

unique capabilities for determining the rela

tionships of particle size, heating rates,

gaseous environments, etc., upon the devola

tilization rates. To some degree, the tempera

ture conditions a piece of shale would encounter

while moving through a shaft kiln-type retort

can also be simulated. In the work reported in

this paper, two heating techniques were used:

one consisted of placing the sample in a hot

environment by preheating the TGA furnace to the

desired evaluation temperature, and the other

was to preheat the sample and the TGA equipment

to a temperature above the condensation point of

saturated water vapor and then program the

temperature increase at a fixed rate. These

procedures permit one to follow the devolatili

zation as a function of both time and tempera

ture. Comparative data were obtained between

similar samples using water and either nitro

gen or carbon dioxide as the retorting media.

Evaluations of Thermobalance Data

The evaluation of weight loss data from the

Green River oil shales is complicated by carbon

ate decomposition as well as coking of the

residual carbonaceous materials that form during

the pyrolysis of the organic matter (kerogen).

With the large sized samples involved, i.e., 30

grams and greater, the weight loss approaches

its limiting value asymptotically with time.

For this reason it is difficult to establish a

reference time for comparable states of devola

tilization between samples of different sizes,

or for different gaseous environments, e.g.,

in steam versus nitrogen. A prefered technique

to overcome this problem is to use the deriva

tive curve of weight change per unit of time

versus time (or temperature) rather than the

cumulative curve. When plotted on semilog

coordinate paper, the organic volatilization

rates, which are relatively fast, follow well

defined bell-shaped distribution curves.

The carbonate decomposition rates, which are

normally very much slower, tend to show a

linearly decreasing weight loss with time

particularly at constant temperature.

Figure 1 shows differential TGA curves for

the devolatilization at a temperature of 510C

of Utah oil shale for samples retorted by

super-heated water vapor and by carbon dioxide.

Figure 2 shows data for similar samples as a

function of temperature. From these and other

data we have concluded the following:

a. That devolatilization of Green River

oil shales is considerably more

rapid in the presence of water vapor

than either carbon dioxide or nitrogen.

b. That devolatilization of Green River

oil shales also takes place at an

appreciably lower temperature in the

presence of water vapor.

Samples: Utah Oil Shale

1 x
1"

Cylinders

Weight =
~30g

Temperature = ~925F

28

1.0

10"'-

uj E

_>
o

10*

10_

1 3

H20 atm

12 16

TIME (minutes)

Figure 1. Relationship Between Time and Weight

Loss for Oil Shale Samples Heated in Water Vapor

and Carbon Dioxide.
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Figure 2. Relationship Between Temperature and

Weight Loss for Oil Shale Samples Heated in

Water Vapor and Carbon Dioxide.

Based on these favorable observations, the

next logical step was to actually retort shales

in the presence of water vapor and verify the

literature implications that oil yield and

quality are improved, and the hydrogen content

of the off-gas greatly increased.

Laboratory Batch Retorting

In the batch retorting experiments, the

variables investigated were temperature, pres

sure, superficial vapor velocity, and oil shale

quality (richness). The data were obtained on

shales from two sources: a 34-gal/t shale from

the Colony Mine, and a 19 g/t shale from the

Anvil Points Mine, both of which are from the

mahogany depositional zone. The retorting

experiments were conducted in a 90 mm (3 1/2-

inch) I.D. and a 38 mm (1 1/2-inch) I.D.

tubular reactor which could be charged with 4000

and 1000 gram lots of crushed (1/4-inch by 8

mesh) shale. The experimental setup and process

flow is shown as Figure 3.

During an experimental run, superheated

water vapor was passed through the reactor at

superficial vapor velocities ranging from 0.3 to

60 meters/minute (1 to 200 ft/mi n) at tempera

tures from 370-510C (700-950F) and pressures

from 13.8 to 565.4 kPa (2 to 82 psia). Compara

tive data were also obtained, so far as practi

cal
, using nitrogen.

Batch Retort Observations

As indicated in the Overview Section, early

experiments of the USBM with the Pumpherston

retort indicated that the sweep gas velocity was

a critical variable in the batch retorting of

oil shales. Our results show that the oil yield

is a function of the sweep velocity as indicated

by Figures 4, 5, 6, and 7 wherein the oil yield

is shown as a function of temperature and the

superficial gas velocity at different operating

pressures, i.e., subatmospheric to 480 kPa (70

psig).

Nitrogen retorting gave lower than assay

oil yields until temperatures reached the

454-482C (850-900F) range at which time

approximately 100-110 percent of assay is

reached, depending upon the carrier gas veloc

ity. This relationship is shown graphically in

Figure 8 which gives comparative oil yields

(percent of Fischer Assay) for nitrogen and

water vapor retorting. The important observa

tion is that water vapor retorting appreciably
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Figure 3. Schematic Equipment Layout and Flowsheet for Steam Retort.

reduces the operating temperature which is

important for at least two reasons. First, it

decreases the extent to which the inorganic

mineral carbonates decompose, giving a more

acceptable retorted shale for disposal, and,

second, it requires less heat energy for retort

ing.

Shale oil evaluation consisted of determin

ing the API gravity, pour point, viscosity, a

G.C. simulated ATSM distillation, and ultimate

chemical analysis. Some of these data are

summarized in Table 1. Except for the subatmos-

pheric experiments, the oils generally showed

lower pour points and higher gravity than assay

oils. On the other hand, chemically the sulfur,

nitrogen, and oxygen analyses were quite typical

for Colorado shale oils.

The oil viscosity seems to be a function of

the superficial gas velocity. As can be seen

from the plot in Figure 9, the viscosity in

creased markedly with increasing gas velocity in

the retort. This is interpreted to be the

result of a lesser degree of visbreaking or

cracking, i.e., the higher velocities greatly

reduce the time an enduced species is in con

tact with the retorted shale in the pyrolysis

zone. These observations suggest that control

led cracking of the crude shale oil on retorted

shale may actually be a beneficial step in

obtaining a more fluid oil product.

As anticipated, the produced gas volumes

were about double that which would have been

predicted from the modified Fischer Assay

procedure. Comparative gas and oil analysis are
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Fischer Assay) for Retorting Colorado Oil

Shale with Steam at Subatmospheric Pressure.
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Figure 8. Comparison of Oil Yield Data as

Function of Temperature and Gas Velocity When

Retorting with Steam and with Nitrogen.
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TABLE 1

TYPICAL PROPERTIES OF 850F STEAM RETORTED SHALE OIL

Retort Pressure

Gravity ("API)

Pour Point (F)

Viscosity (SSU I? 100F)

-20 in Hq atm 35 psig 70 psig

17 20 22 23

86 78 78 65

1400 310 170 100

Chemical (Wt. %)

Carbon

Hydrogen

Oxygen

Ni trogen

Sulfur

Ash

84.3 \

11. l/

1.6

2.0

0.3

<0.1

W
84.3

11.3

1.9

1.7

0.8

<0.01

84.0.

77<^
,
'?

7STO

11.2

2.3

1.6

0.9

0.04

83.6.

11.8'

2.2

1.6

0.8

0.01

7.0k

Spectroscopic analysis of oils shows less than 400 ppm Si, 100 ppm Fe, 50 ppm Cu, 40 ppm, Mg,

and 30 ppm Ni (vanadium and arsenic not within detection limit).
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shown in Tables 2 and 3. Note that the composi

tion and volume data are given on an acid-gas-

free (no CO2 or H2S) basis. However, the

CO2 content is given as a percentage on the

same basis for reference purposes. It is also

worth noting that the carbon monoxide content is

appreciably reduced. In fact, in some of the

experiments it was below detection limitsagain

indicating that the shift reactions are proced-

ing to near equilibrium conditions.

DISCUSSION

From a commercial scale retorting view

point, the implications of these data are very

significant. For example, the acid and basic

gases can be scrubbed from the gas stream

leaving a gas with large amounts of hydrogen and

few other non-condensibles (except about 20

percent methane). Hydrogen in significant

quantities will be required in treating the

shale oil to remove oxygen, sulfur, and nitro

gen.

Shale oil recovery from the vapor phase is

also greatly simplified since it co-condenses

with the water vapor and forms an immiscible

liquid phase which readily separates from the

water. In commercial practice, this will

simplify the oil recovery equipment since a

stable oil mist which seems to be characteristic

of many other retorting processes does not seem

to be a problem. Therefore electrostatic

precipitators will probably not be required.

Another advantage is that the volume of gas

being handled after the condensation is greatly

reduced over processes which recycle gas or use

air injection and internal combustion to supply

heat.

Still another advantage, in using a con

densable heat exchange media, is that a positive

break is made in the hydrocarbon phase as a

recycle stream to the retort, i.e., the recycle

of oily products, or non-condensed hydrocarbons

in a gas stream are largely precluded. This is

the same effect as that occuring in retorts

recycling a solid heat exchanger (i.e., TOSCO,

LURGI, Galoter processes) which are known to

give higher than assay oil yields.

The critical processing step in the design

of a retort using a condensing heat exchange

media is a requirement to recover the heat of

vaporization. This is particularly significant

with water systems since water has a very high

heat of vaporization which not only must be

removed in the condenser, but also needs to be

recovered to vaporize the recycle stream. A

successful commercial retort will need to achieve

this step in an economical manner. This can

probably best be achieved by operating the

retort and condenser at a modest pressure, i.e.,

250-500 kPa (35-70 psig) to take advantage of

the higher condensation temperature while

vaporizing the recycled water stream at a

reduced pressure and subsequently lower temper

ature.

There may also be other advantages in

operating at a moderate pressure. The lower

vapor velocity will reduce particulate entrap

ment and also produce oil with lower viscosity

and pour point, however, at a slight reduction

in oil yield.

ENVIRONMENTAL CONSIDERATIONS

Disposal of retorted shales in an environ

mentally acceptable manner has become a prime

consideration in development of commercial scale

oil shale operations. One of the major problems

is associated with the formation of alkaline

earth oxides through decomposition of the

inorganic carbonates. When leached with water

these shales give a high pH leachate. The

formation of these oxides is accelerated with

increasing temperature. Therefore, operation

at lower temperature will result in a more

acceptable retorted shale.

Our procedure in evaluating the basicity of

retorted shales has been one of titrating a

representative sample with acid in an automatic

titrator. Typical titration curves are shown in

Figure 10. The relative neutrality of the low

temperature retorted shales compared to
mater-
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TABLE 2

TYPICAL GAS ANALYSIS

(Mole Percent)*

Component Fischer Assay Data

USBM18 Paraho20 TOSCO19

Hydrogen

Methane

Ethane

Ethylene

40.2

24.1

8.5

3.3

40.1

25.3

8.8

3.2

46.1

21.8

9.0

4.2

Propane

Propylene

4.0

3.7

4.3

4.1

4.1

3.8

i-Butane

n-Butane

Butenes

C5+ Heavier

Carbon Monoxide

(2.3

(
1.7

5.6

6.6

(
(4.9

(
2.7

6.6

0.1

1.3

2.2

3.2

4.6

Total* 100.0 100.0 100.0

Carbon dioxide

Hydrogen Sulfide1

32.4

5.0

31.4

2.6

22.8

3.7

Hydrogen Volume

Retorting
Indexl

JSCF/T)8

290

0.39

(940)

175

0.37

(935)

321

0.46

(968)

Retort Data

Batch Cont.

61.7

17.2

5.4

1.1

50.1

22.8

6.7

2.0

2.7

1.8

3.1

2.6

0.2

1.1

1.5

4.1

3.1

0.2

1.4

2.2

3.3

5.7

100.0 100.0

34.6

NR

59.9

NR

478

0.21

(854)

397

0.39

(890)

i'i

*Acid Gas Free Basis

a - Estimated from data for 27.7 G/T Basis

NR - Not Reported

TABLE 3

TYPICAL OIL PROPERTIES

Fischer Assay Data

Item

Gravity ("API)

Viscosity (SUS)1qq

Pour Point (F)

Chemical

Carbon

Hydrogen

Oxygen

Nitrogen

Sulfur

Ash

NR = Not Reported

USBM18 TOSCO17

25.0 NR

NR NR

NR NR

84.50
*

I
84.68

11.60 ^

i
NR

NR NR

1.76 I 2.21

.66 1 0.68

NR /
1

NR

7,2fc

Retort Data

DRC-Batch DRC-Cont.

20.4 21.1

248.9 123.0

82.0 74.0

83.96
~"\

11.23

1.56

1.72

0.82

r

0.12
'

83.27

11.02

~^

0.84V.7s-6
Cf&WW

0.51

7.t %
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Figure 10. Titration Curves for Retorted

Colorado Oil Shale Showing Effect of Temperature

on the Alkalinity of Leachate.

ials heated to higher temperatures is evident.

However, we have not demonstrated an appreciable

difference in the titration data for low temper

ature shale retorted in steam compared to

nitrogen.

One point not evident is that the carbonate

decomposition rate is greatly accelerated and

the extent to which the inorganic carbonates are

decomposed is much greater when the Green River

oil shales are heated in the presence of water

vapor. Therefore, one would logically expect

the steam retorted spent shales to be much more

highly alkaline than they are. Campbell16 has

given an excellent discussion of this phenomenon

and concludes that retorting with steam enhances

the formation of silicates rather than alkaline

earth oxides. He also points out that silicates

tend to be environmentally inert to water

leaching. Further, an energy advantage is

gained since the formation of silicates is

considerably less endothermic than the formation

of the oxides.

CONCLUSIONS

Our experimental work has verified early

observations that water vapor retorting offers

significant advantages in the retorting of oil

shales. These are:

a. Enchanced yields of oil and gas.

b. Appreciably lowered retorting temper

atures.

c. Simplified oil recovery technology.

d. High quality product gas with greatly

increased hydrogen content.

e. More environmentally acceptable re

torted shales.
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A PHYSICAL CONCENTRATION ROUTE IN OIL SHALE

WINNING

INTRODUCTION

tioned or considered in oil shale winning.

This is based on the physical concentration

of the organic material in the shale prior

to heat treatment.

present major efforts in the U.S. and on the

American continent for pyrolysing oil shales

into oil and gas follow a few established

paths:

Retorting of crushed shale free from

fines

heated by direct contact between the

combustion gases and the shale

(direct combustion methods)

heated indirectly through a wall

which separates the combustion gases

from the shale (indirect combustion

methods)

Retorting of fine crushed shale and

fines

heated by direct contact between the

shale and circulating particulate

heat-carrier material (solid heat

carrier methods)

Pyrolysis in situ.

I would like to start by outlining and

discussing a method which is rarely
men-

Development work for the purpose of combined

kerogen and uranium concentration of Swedish

oil shales was initiated during the forties,

although without leading to commercial

application of the concept[l]. Since then,

development of autogenous and
semi-

autogenous grinding and in froth flotation

techniques and equipment has largely elimi

nated the technical obstacles then present.

During the last five years, Boliden AB has

conducted studies on a physical con

centration method in oil shale winning in a

preparatory effort to exploit Swedish sha

les. At the same time, certain studies of

oil shales of Colorado and other origins

were initiated, in order to gain a broader

perspective of the possibilities of this

approach.

A conclusion is that it should doubtless be

worthwhile today to consider physical con

centration methods in oil shale winning as a

complete or partial approach in developing

commercial methods for the recovery of oil

and gas from the vast resources of oil shale

in the Americas and elsewhere.

Country or area

Table 1

Major shale oil reserves

Oil in place D

million bbl million
n3

Oil yield 4)

% by weight

Brazil

Burma and Thailand

Canada

Esthonia

Italy
Peoples Republic of China

Republic of the Congo

Sweden

United States

Higher grade 1

Medium grade 3

Lower grade 6

U.S.S.R.

1) Tonnages according to reference [2]

2) Tonnages revised with regard to later estimates

3) Tonnages revised with regard to reference [3]

4) Indicative estimate by the author based upon published sources,

342 000 55 000 7 - 10

17 100 2 700 26

34 200 5 400 6 - 12

17 300 2 700 22

34 200 5 400 8 - 12

4 700 750 3 - 5

103 000 16 000 10

6 000 2) 950 2> 2 - 6

3)

200 000 190 000 9 - 38

800 000 600 000 4 - 9

000 000 945 000 2 - 4

6 800 1 100 13 - 20
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At this stage, it is only just to recall the

tenacious efforts made in the USSR during

the past three decades to develop physical

concentration methods for organic material

in oil shale, in order to arrive at improved

commercial processes for Esthonian kukersite

oil shales. The concentration is based upon

froth flotation or gravity separation in

heavy liquids, after due liberation by wet

grinding. Grades of 80% kerogen and at 90%

recovery have been reported [4].

In addition, it may be mentioned that a

number of reagents for kerogen flotation

were developed and introduced in Germany

during World War II.

However, my topic will mainly be based on

the two oil shales which are best known to

you and me. Yours is the very large Green

River Formation in Colorado, Utah and

Wyoming, dating from the Eocene period,

which has been described more comprehen

sively in the literature than any other oil

shale, e.g. [5] [6]. Mine is the much smaller

Cambrian formation of the province of Naerke

in the south of Sweden, which was mined bet

ween 1941 and 1965 by Svenska Skifferolje AB

[7] [8] , and which has been the prime subject

of studies by my company in recent years.

In order to make the introduction short, let

me conlude: the oil shales of Naerke should

be regarded as the Green River Formation

Shales of Sweden.

Table No. 2

MAIN DATA OF COLORADO AND NAERKE SHALES

Compiled data of properties and composition of oil shales of the Mahogany and related

zones of the Green River Formation 1 and of Kvantorp, eastern Naerke.

Age

Reserves shale oil IO6 m3

(bbl)

Area, sq. km (sq. miles)

Mineable bed thickness, m (ft)

Overburden, m (ft)
Compressive strength kg/sq cm

(psi)
Modulus of elasticity kg/sq cm

(psi)

Density g/cu cm

80% passing particle size of

inorganic matter, microns

Organic matter

Content of raw shale, % by weight

Ultimate composition

Carbon

Hydrogen

Nitrogen

Sulphur

Oxygen

Total

Mineral matter

Content of raw shale, % by weight

Estimated mineral constituents

Carbonates

Feldspars

Quartz

Clays, illites

Analcite

Pyrite

Total

Mahogany zone Kvarntorp
Eocene Cambrian

110. IO3 (700 ,103) 55 (100)
44. IO3 (17.:LO3) 55 (21)
9 (30) 15 (50)

0 - 500 (0 - 1600) 2-15 (6 - 50)
700 (10 (300 900 (13 000
- 1300 - 18 000) - 1100 - 16 000)
120 (1.7 85 - (1.2
- 175. IO3 - 2,

.5.106) 250. IO3 - 3.6. IO6)
2.1 - 2.2 2.2

15 15

16.3 22

80.5 67.6

10.3 7.4

2.4 0.9

1.0 7.2

5.8 16.9

100

83.7

48

21

13

13

4

1

100

100

78

1.5

26.0

35.0

24.0

13.5

TOO

2)
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Table No. 2 (contd.)

Mahogany zone

Heating value of

raw shale, gross kcal/kg 1 400 (2 520)
(Btu/ lb)

Oil yield gallons per short ton

% by weight of shale 10.9 (28.4)

Gas yield, % by weight of shale 1.5

Water yield, % by weight of shale 0.8

Spent shale yield, % by wt. of shale 86.3

Ash content of raw shale, % by wt. 65.3

Composition

Si02 42.2

Fe203 4.3

M203 12.5

CaO + M20 33.8

Na20, K20 5.4

S03
'"

1.8

Total 100

1) References [21, [31, [51, [6]

2) Excluding 19% carbonates rejectable by preconcentration

Kvarntorp

2 000

5.9

3.6

2.8

87.7

72.0

58

10

21

1

6

4

100

(3 600)

(15.4)

THE CHEMICAL AND PHYSICAL PROPERTIES OF OIL

SHALE OF IMPORTANCE TO CONCENTRATION

mineral particles occur within the kerogen

bulk.

From a classification point of view, oil

shale is a carbonaceous rock of high ash

content, assaying at 5-30% organic material

and 70-95% ash-forming minerals.

Oil shale is generally a well consolidated

laminar rock with a compressive strength of

700-1400 kg/sq cm (10 000-20 000 psi). Due

to movements in the bedrock, dislocations,

faults and zones of high core index occur in

the shale deposits.

The inorganic or ash-forming minerals fall

within a wide range of types. In sea-formed

deposits, minerals such as quartz, feldspar,

sericite, kaolinite and pyrite predominate,

while in lake deposits, e.g. in the oil sha

les of the Green River Formation, dolomite,

calcite, quartz, kaolinite and sometimes

also dawsonite and nacholite predominate,

whereas the pyrite content is low. As has

been reported, the inorganic mineral matter

is generally very fine-grained, usually

below 20 microns. Submicroscopic inorganic

The organic debris material - the kerogen -

forms a matrix or filling between laminated

or irregularly distributed mineral grains.

It is a soft, non-brittle or semi-brittle

material, made up of a heterogenous range of

large-molecule polymer compounds of carbon,

hydrogen, oxygen and some sulphur and nitro

gen. Although the organic material is pre

sent to some extent as bitumen, all of it

will be referred to here as kerogen, in

order to simplify the presentation.

As a rule, kerogen in a specific deposit

consists basically of materials of either

algal or humic origin, or a varying mixture

of both. Algal kerogen has a higher H/C

atomic ratio than humic kerogen. The shales

of oily type, e.g. those of the Green River

Formation with an H/C atomic ratio of 1.6-

-1.7, predominantly contain kerogen of algal

origin, while those of Naerke, Sweden, are

of a coaly type, with a high content of

humic kerogen and an H/C atomic ratio of

1.3 - 1.4.
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In pyrolysis, the oily kerogen of Colorado

yields a higher percentage of oil and a

smaller percentage of C-H gases out of the

organic matter and a lower percentage of

remaining coal (coke) in the spent shale

than does the coaly kerogen of Naerke in

Sweden.

The H/C atomic ratios of the kerogens in

the oil shales of Brazil, Esthonia, Canada,

Italy, Manchuria and the U.S.S.R. are

somewhere between the limits of the Green

River and Naerke kerogens.

The precentage of kerogen in the shale in a

given deposit may vary within wide limits,

depending on the presence of diluting

inorganic ash-forming materials of varying

chemical and mineralogical compositions.

Thus, although the kerogen may be well

defined as such, its heat treatment as

part of a rock on a commercial scale is

significantly influenced and governed by

the variations in the absolute amount and

composition of the ash-forming minerals.

The ratio of ash-forming mineral content to

kerogen content increases rapidly at kerogen

contents below about 15% (Fig. 1). Thus, in

the pyrolysis of a shale with a content of

16.3% kerogen or 10.8 % by weight oil con

tent (28.4 gallon per ton shale), five tons

of ash-forming minerals are heat treated

together with one ton of kerogen. At lower

kerogen contents, which form a very large

part of the oil shale deposits, the

ash/kerogen ratio increases rapidly. For

example, in a 10% kerogen shale, the ash-

forming mineral content is nine times that

of kerogen.

However, the ratio of ash-forming minerals

to oil and gas obtained in pyrolysis is

about 1.3 - 2.5 times larger than the ash to

kerogen ratio, since the conversion of kero

gen into oil and gas products in the pyroly

sis process is always only partial.

More specifically, in the retorting of a

28.4 gallon per ton average shale of the

Mahogany Zone of the Green River Formation,

eight tons of ash-forming minerals are heat-

treated during the retorting of one ton of

shale oil.

ASPECTS ON RETORTING OF OIL SHALE

The purpose or merits of physical con

centration of kerogen can be assessed by

considering the shortcomings of present

retorting techniques and by comparison with

ore or coal concentration prior to pyro-

treatment.

It is well known from oil shale retorting

that the variation in chemical and physical

compositions of the shale is the one major

restriction in achieving good performance,

high thermal efficiency and low cost of

retorting. This variation calls for stock

piling with good blending, means for

avoiding segregation and, in some processes,

removal of fines from the feed to the

retorting operation. This has been tech

nically solved but is costly and, under cer

tain circumstances, is detrimental to oil

recovery and thermal efficiency. The large

proportion of ash-forming minerals also

determines the size of the retorting plant,

choice of retorting temperature and, as a

consequence, the retorting rate, oil com

position and yield, and it also dilutes the

non-re tortable part of the kerogen, i.e. the

coke, making its combustion incomplete. In

addition, problems have been associated with

the heat treatment of a very large amount of

reactive ash-forming minerals, including

sulphides, which may form gaseous emission

and leachable residues.

It is probably unnecessary to discuss all

these phenomena in detail, since they have

been so well outlined in work carried out in

this country, on the Colorado shales in par

ticular. However, it seems reasonable to

conclude that an ideal retorting process

would take advantage of the thermal effi-
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ciency of the direct gas combustion method,

the production of a rich oil vapour gas

offered by the indirect combustion method,

and the high rate of pyrolysis and excellent

temperature control available with the solid

heat carrier method. There are reasons to

assume that a physical concentration method

for the rejection of the bulk of the ash-

forming minerals from the kerogen could form

the feed for such an ideal process.

At this stage of considerations, it would be

wise to draw parallels with the exploration

of oil shale with that of low grade ores,

e.g. copper porphyry ores. Nobody would

consider today the smelting of the latter

without physical concentration, by means of

flotation, of its mineral copper content and

the rejection of the bulk of its slag-

forming minerals prior to smelting. On the

other hand, in the early days of flotation,

nobody could imagine the revolutionary

impact that this technique was to generate

for the winning of ores of gradually

decreasing grade or increasing complexity.

From the process aspect, the concentration

of kerogen largely resembles froth flotation

of sulphide minerals or coal slimes. Water

and air, a cheap frother, a simple collector

and not least liberated particles are the

elements of a successful float of organic

material. The recent investigation at Boli-

den AB has been directed towards the study

and evaluation of these elements on a

laboratory scale, as a basis for scale-up

studies of commercial equipment and plants.

LABORATORY INVESTIGATION OF PHYSICAL

CONCENTRATION METHOD

The mineral matter of the shales is fine

grained. Studies on Colorado shales have

shown that the grain size distribution is

not significantly influenced by the bed

depth or kerogen content of the shale within

the Mahogany Zone of the Green River For

mation. The grain size distribution of

shale from Naerke shows a remarkable coin

cidence with that of the Mahogany Zone (Fig.

2). 75% of the grains are between 2 and 20

microns and about 7% are finer than 1

micron. The 80% passing size is about 15

microns. It might be assumed that, in order

to achieve liberation, a grind to about 80%

passing 15 - 20 microns would be required.

The energy demand for grinding shale of

Naerke and of the Mahogany Zone for dif

ferent particle size was determined using a

batch grinding rod and ball mill according

to Bond. Selected particle distribution

curves for the products are shown in Fig. 3.

A study of the ability of the Naerke shale

to be comminuted autogenously as run of mine

was undertaken in a continuously running
4'

x
3'
pilot grinding mill. It was concluded

that this shale was not strong enough to

persist in lump form. Although its com

pressive strength of 900 - 1100 kg/sq cm is

sufficient for the formation of qualified

pebbles, its high core index makes the larger

lumps split in a run of mine autogenous pri

mary mill. However, steady conditions and

excellent grinding performance were obtained

with a composite semi-autogenous charge made

up of 20% by weight of
3i"

steel balls and

80% run of mine shale (Fig. 3). Additional

grinding tests on the shale of Magohany Zone

were carried out in the Bond mill, using

rod, balls and shale pebbles.

Analogously with mineral concentration of

ores, flotation treatment and the recovery

and grade of kerogen concentrate depend on

the physical liberation of the shale consti

tuents. This, in its turn, depends largely

on the method of grinding and the energy

input in this stage.

The grindability of Naerke shale using rod

and ball mill charges is about 25 kg (55 lb)

formed below 20 microns per kWh. The

corresponding value for the semi-autogenous

charge is 56% higher or 39 kg (86 lb).

The Mahogany shale is harder to grind due to
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its "cherty"
nature displaying 11.5 kg (24

lb) formed below 20 microns per kWh with rod

and ball charges. Pebble charges increased

this value by 56% to 18 kg (40 lb).

The necessary energy for grinding to dif

ferent sizes is shown in Figure 4.

A grinding energy input of 40-50 kWh per ton

in mills of indus-trial size would produce a

product with 80% passing 15 - 20 microns or

with a corresponding degree of liberation

and that this could be carried out semi-

autogenously with composite mill charges of

shale and steel balls, preferably in at

least two steps.

Flotation should be carried out at 5 - 15 %

solids by weight, depending on type of shale

and fineness of grinding. A number of tests

were carried out on grinding to different

particle sizes as well as on regrinding and

cleaning of the rougher concentrates. The

necessary flotation time is 3 - 10 minutes.

Most of the tests were performed on Naerke

shales, but supplementary tests on a sample

from the Mahogany Zone were made at

corresponding energy inputs of between 40

and 50 kWh per ton. Typical concentrate

grade curves as a function of recovery for

Naerke and Colorado shales are shown in

Figure 5. The grade and recovery are signi

ficant for each oil shale in particular.

The oily kerogen with a high H/C ratio is

generally more favourable to flotation than

the coaly kerogen with a lower H/C ratio

probably depending on differences in

hydrophobic-wetting conditions originating

from the oxygen radicals.

The results so far have not been optimized.

The regrinding techniques of the rougher

concentrate should be improved further. The

results are mainly indicative, but demon

strate the possible range of concentration

and encourage further studies.

The percentage rejection of ash-forming

minerals at kerogen recoveries of 90% and

above, at different concentrate levels,

recoveries and at varying kerogen contents

of shale has been calculated (Fig. 6). It is

evident that the kerogen content of the feed

significantly influences the percentage

rejection of ash-forming minerals. At a cer

tain kerogen feed, the percentage ash rejec

tion increases with concentrate grade and

decreases with kerogen recovery. At a rejec

tion of 85-90% of the ash-forming minerals,

the possible range of recoveries and grade

is are shown by the shaded area. For

example, an oil shale from the Mahogany Zone

with a kerogen content of 16.3% and an oil

content of 28.4 gallon per ton at 85% rejec

tion of ash-forming minerals should be con

centrated to 54% and 56% kerogen at 90 and

95% recovery respectively. If the goal for

ash rejection is increased to 90%, the cor

responding concentrate grades are 64 and 66.

The test work supports the conclusion that

these results are within reach at 40 -50 kWh

energy input in the comminution of the shale.

ASPECTS ON THE PHYSICAL CONCENTRATION METHOD

ON AN INDUSTRIAL SCALE

Some decades ago, the physical concentration

of sulphide ores in the size range below 20

microns was considered to be out of the

question. Today, this is proven technology

in large-scale metal mining operations. With

regard to fine grinding, the development of

the autogenous and semi-autogenous grinding

method in two or several stages has opened

up an economical way for size reduction to

practically any size. This has been

accomplished by the use of the material as

such as the grinding media. If the material

as such is not competent throughout, a

limited number of steel balls are added to

form a semi-autogenous grinding charge. In

this case, the steel consumption is about

one-fifth to one-tenth of that in regular

rod and ball mill grinding. In addition, the

plant for autogenous or semi-autogenous

grinding has been largely simplified with

fewer units of high capacity. Boliden has
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been in the lead in these techniques for

low-grade sulphide ores [10] [11] . The tests

carried out on oil shales indicate that

these techniques could also be applied to

the fine grinding of oil shales for kerogen

flotation and would be significantly more

economical than ordinary crushing and

grinding methods.

In most cases of autogenous and pebble

grinding, it has been shown that the libera

tion of particles is more selective than in

rod and ball mill grinding due to the predo

minantly rubbing and shearing action of rock

pieces rather than the mere impact action of

steel grinding media. This is a substantial

advantage on the soft or semi-brittle kero

gen matrix of oil shale.

In the specific case of shale preparation,

the semi-autogenous grinding principle seems

to work best, since the run of mine shale

itself, when tumbled in the mill, cannot

withstand the forces for retaining the indis

pensable amount of lumps. Mills with length-

to-diameter ratios of 1 - 1.5 and the use of

rubber lining in mills increase the chances

for forming and maintaining a maximum com

petent grinding charge of the shale. Fine

grinding is carried out in one or two adja

cent steps with pebble or composite load

pebble-ball mills (Figures 7 and 8). Each

subsequent mill receives its grinding charge

from the preceding one at a predetermined

rate in an automatic manner determined by

the power of the mill motors [12] . In addi

tion, varying numbers of balls are added to

the mills.

Another major development in ore con

centration is the introduction of
jumbo-

sized, high tonnage capacity flotation cells

with cell volumes as large as 57 cu m (2000

cu ft). Finally, the development of large

thickeners with diameters of 200 m (650 ft)

and filters with filter areas of 250 sq m

(2700 sq ft) , provides the missing items of

equipment for a low cost physical con

centration method for kerogen.

THE CONCENTRATION FLOWSHEET AND PLANT

Figure 9 shows a condensed process flowsheet

and layout and major equipment of a pro

posed 16 000 tpd plant for kerogen con

centration of an average Colorado oil shale,

as specified in Table 2, with 16.3% by

weight of kerogen and an oil content of 28.4

gallons per ton, the concentrate of which

will yield around 1800 cu m (11 400 bbl)

shale oil per day. The equipment is arranged

in two parallel lines. For larger tonnages,

multiple lines or still larger grinding

units could be considered.

Each line is made up of a feeder breaker, a

primary semi-autogenous 6.7 m diamater by

12.2 m long
(22'

x 40') wet grinding mill,

with 2x3 000 kW installed motor power,

with automatic pebbles and used balls dis

charge and collecting device, followed by a

secondary and a tertiary composite-load

pebble-ball mill, each of 6.7 m x 12.2 m

size, and with motor ratings of 2 x 3 000

kW. The classification is carried out at 15-

20 microns in a 30 m (100 ft) diameter hydro-

separator operating at 5-15 % solids in the

overflow. The grinding charges are made up

of 80% shale and 20% steel balls. The col

lector - a medium boiling oil from kerogen

crude oil refining or amyl alcohol - is added

in the pebble mills. A light frother is

added in the flotation cells, comprising

5 x 57 cu m rougher and scavenger cells and

two to four cleaning cells of equal size.

Flotation tailings are thickened and partly

filtered to 60-70% solids. For stabiliza

tion purposes, cement is added to the

tailings. The cement is obtained by slagging

the ash-forming minerals of the kerogen

concentrate, and is used for mine backfill

and disposal in ponds or piles The

thickener overflow is recycled with its

slime content and is reused as process

water. Concentrate cleaning may optionally

be carried out as oil agglomeration for the

purpose of simultaneous dewatering, using

oil from the kerogen oil refinery. The plant
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will produce 4130 tpd of kerogen concentrate

with 60% grade at 95% recovery and 87%

rejection of ash-forming minerals.

Further cleaning of the kerogen may possibly

be obtained by centrifuging the rougher con

centrate in a denser salt solution or in an

organic liquid with a density between 1.2

and 1.4. Under favourable conditions,

classification of the concentrate in micro-

cyclones into a fine-light high grade frac

tion and a lower grade fraction might also

show promise.

POWER DEMAND AND ENERGY CONSUMPTION

It has been concluded from the foregoing

that oil shale from the Green River For

mation of Colorado can be liberated to a

reasonable degree at an energy input of

about 40-50 kWh per ton of shale, with con

centrates of 55-65% kerogen within reach at

a recovery of 90-95%, corresponding to an

ash rejection of 85-90%. The kerogen con

centrates obtained are fine-grained and have

a particle size generally below 20 microns.

In the pyrolysis of a raw shale yielding

10.8% by weight of oil (28.4 gallon per ton)

and about 83% ash-forming minerals, 200-300

kcal/kg (360-540 Btu/lb) will be lost as

carbon and physical heat in the ash and

other thermal losses proportional to the

mass flow through the pyrolysis stage. This

corresponds to 55-82 kWh per ton if con

verted to electric power at an efficiency of

33%. Thus at a rejection of 85% and 90%

respectively of the ash-forming mineral mass

of the shale in the physical concentration

route, about 47-75 kWh can be justified for

the purpose of concentration. This seems to

be within the possibilities of a physical

separation method described. The energy

demand should preferably be covered by

improved use of the energy content of the

non-volatile part in the pyrolysis stage,

i.e. the kerogen coke.

In the treatment of shales with less than

10% by weight of oil, i.e. with higher ash-

forming mineral content, the energy com

parison should prove to be even more

favourable, since a larger absolute amount

of ash-forming minerals is rejected in the

concentration stage at a certain rejection

of the ash-forming minerals.

WATER DEMAND AND WATER CONSUMPTION

The amount of water required for the con

centration process is the water that will be

trapped as pore water in the dewatered

mineral residue. This will have a solids

content of the order of 60-70% by weight or

roughly 0.5 cu m/t of shale residue. For a

28.4 gallon per ton Colorado oil shale, this

figure is about three times as large as the

amount specified in the binding and com

pacting of retorted shale residue [3], The

demand for make-up water in a 16 000 tpd

concentration plant would be of the order of

1.97 .
IO6

cu m or 1600 acrefeet per year.

This figure can be decreased by the evapora

tion and condensation of some of the water

in the residue. However, this will call for

a higher energy consumption and will make

the energy balance less favourable. Dewa

tering by means of improved physical methods

now under way in the phosphate industry

should be attractive. The water demand

seems to be within the quantity that could

be made available for depletion by the oil

shale industry as recently reported [3].

This is of the order of 0.9 cu m per ton of

shale at a production rate of 157 .
103 cu m

or 1 000 000 bbl per day.

THE HEAT TREATMENT OF KEROGEN CONCENTRATE

The concentration method should open up new

possibilities for transporting the kerogen

concentrate as a slurry by pipeline, for

heat treatment and refining of the shale oil

or for use as chemical feedstock in plants

close to the market, particularly if the
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grade can be raised to 80% kerogen or more

(about 20% ash-forming minerals) . By siting

the heat treatment plant away from the mine

and concentration plant, the overall en

vironmental and social impact on a nature

conservation area will be relieved. However,

the heat treatment in a plant close to a

mine or a concentration plant serving a

number of mines will most likely become the

starting point for the commercial use <3f the

kerogen concentration route.

It is obvious that none of the known re

torting processes for coarser material would

suit the unique properties of a kerogen con

centrate with a particle size below 20

microns, an oil yield of 400-550 litres per

ton (105-145 gpt), an ash-forming mineral

content of 20-45% and a calorific value of

4500 - 6300 kcal/kg (8100 - 11 300 Btu/lb).

As very limited development work has so far

been devoted to the heat treatment of kero

gen concentrates, I shall outline a few

possible process concepts worthy of further

investigation.

With the aim of achieving an economical heat

balance, the concentrate should be dewatered

and dried before pyrolysis. Oil agglomera

tion and conventional drying with low tem

perature waste heat from the pyro-treatment

are obviously attractive and
self-

explanatory steps which must be developed

technically or adapted to the process.

When the primary goal is to extract both oil

and gas, the process should preferably be

carried out in two steps, the first of which

being the pyrolysis of the oil and gaseous

compounds at a temperature very close to the

decomposition temperature of kerogen, and

the second being the gasification or com

bustion of the kerogen coke at the highest

possible temperature. On the other hand, if

the primary goal is to produce a richer syn

thetic gas only, e.g. from the kerogen con

centrate, a one-step high temperature

pressure gasification process should be

advantageous.

The use of a low-temperature pyrolysis pro

cess and a high-temperature gasification or

combustion process has the advantage of per

mitting complete sulphur removal with the

gases and complete combustion of the hydro

carbons of the coke.

The heat treatment processes to come are

similar in many aspects to those now in the

course of forced development for pulverised

coal and these should no doubt lend them

selves to the treatment of kerogen con

centrate [14] .

PYROLYSIS OF KEROGEN CONCENTRATE INTO OIL

AND GAS

The thermal conductivity of shale at room

temperature is low - about 0.0017 cal/c. Cs.

and drops to half this value at 500C

(930F). Due to the fineness of the kerogen

concentrate, pyrolysis at 500C will occur

in one second or less, as compared to a

reaction time of the order of hours for raw

shale in retorting.

With regard to the almost instant pyrolysis

reaction and the presence of kerogen in con

centrated form, the specific load in tons/

cu m/h could be increased by several orders

of ten as compared to that of unconcentrated

shale in retorts, provided that the

necessary heat flow to the process can be

maintained.

The first choice for development would be a

reactor heated by means of a coarser inert

particulate heat-carrying medium (Fig 10).

This could consist of a fluidized bed sur

rounding tubes with circulating molten

alkali metals or salts of known types, these

in their turn being heated to about 550C by

gases obtained from the combustion of the

kerogen coke or the coke gas from a second

step reactor. Pyrolised oil vapour, oil mist

and gas would be drawn off. The gaseous pro

ducts - after oil condensation
- would be

partly circulated and used for preheating
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the kerogen, for feeding it to the bed and

for fluidizing the particulate bed.

From the point of view of obtaining maximum

heat transfer from the heat carrier to the

kerogen particles, a molten metal or bath

reactor would provide an ideal approach.

Although attempts to use this procedure on

coarse shale seem to have failed [15] [16] ,

there is reason to expect more success with

kerogen concentrate, according to what has

been demonstrated for the gasification of

coal powder in a molten iron bath [17] . A

ten-fold higher heat transfer rate should be

attainable, e.g. in a heated molten metal

bath injection reactor, as compared to a

fluidized reactor with a heat-carrying par

ticulate medium as described above.

In such a process, the temperature difference

between a bath of molten metal or splash

drops of metal and kerogen particles could

be kept within 10-25C, with very close

control of the pyrolysis reaction. By suit

able choice within a wide range of tem

peratures of the molten metal, the compo

sition of the shale oil could be chosen

according to specific demand of the product

[18]. The very fast pyrolysis, the uniform

temperature and the short retention time of

oil in the reactor would have a favourable

effect on kerogen conversion to oil, which

would come very close to or even above the

modified Fisher oil assay. The oil vapour

and mist and the pyrolysis gas of high

calorific value would be cleaned to remove

particulate matter before they were used or

treated in a known manner. The separation of

solid particulate kerogen coke would pro

bably require refined oil-gas-particulate

separation techniques.

As the kerogen is concentrated, the coal

content in the kerogen residue will also

become enriched. This residue will take the

form of a kerogen coke, consisting of the

coal content and the non-volatile ash-

forming minerals in the kerogen concentrate.

In Figure 11, the coal content in the

kerogen coke is plotted as a function of

kerogen concentrate grade at varying oil and

gas yield percentages in the pyrolysis step.

The kerogen coke will easily attain carbon

assays of above 30%. In the case of a above

60% kerogen concentrate obtained in the

example described on page 8, the kerogen

coke would assay 27% carbon, which compares

favourably with the carbon content in the

coke of untreated shale of about 4.5% car

bon.

One of the best choices for the utilization

of the kerogen coke would be to gasify it

with oxygen in a water-quenched slagging

coal slurry gasification reactor to about

1400C and 27 atm. At this temperature, a

low-calorific carbon monoxide heating gas is

formed. After the removal of hydrogen

sulphide in the normal manner, the gas is

burnt with air for electric power and steam

generation, for heating the medium in the

pyrolysis reactor and for drying kerogen con

centrate and mineral residues from the con

centration plant.

If a richer synthetic gas is the goal of the

conversion of kerogen, the gasif iciation of

the entire concentrate in a slagging water

quenched coal slurry gasifier with oxygen

and water should no doubt prove advan

tageous. If energy autonomy of the plant is

required, part of the gas should be burnt.

The demand for drying the concentrate should

be less than in the two-step
pyrolysis-

gasification process, as the gasification of

kerogen concentrate will require around 0.5

ton of steam (water) per ton of kerogen. A

crude gas of approximately the following

composition, less water vapour, could be

obtained:

% by volume

H2 48

CO 44

H2S 1

C02 6

CH4,COS

NOv
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Upon cleaning, it
would form about 2 cu m of

synthetic gas per kg kerogen (32 cu ft/lb),

with about 52% hydrogen and 48% carbon

monoxide and a calorific value of around

3000 kcal/cu m (340 Btu/cu ft).

CLOSURE OF THE PROCESS

In the slagging gasifier, the ash-forming

minerals are partly decomposed to metal oxi

des. These react with silica to form silica

aluminates. In the reducing atmosphere of

the gasifier, mineral matter free from lime

melts at temperatures below 1000C. At

higher lime and magnesia contents, the

melting temperature increases. This fact is

utilized in European plants for production

of cement clinker at temperatures between

1350 and 1800C [16] [19] [20] .

Ash-forming minerals and ash composition of

28.4 gallon per ton shale of the Green River

Formation are given in Table 2.

material in the mine and probably allows for

the later mining and winning of pillars left

in the mine. Depositing waste in the open

should also permit the ponding or stacking

of solidifying, impermeable and
weather-

resistant masses, with a minimum surface

area requirement.

For the purpose of closure of the physical

route in the manner described, a certain

amount of ash-forming minerals are desirable

in the kerogen concentrate. Depending on

the amount of dolomite and limestone in the

kerogen concentrate, it should correspond to

a rejection of 85-90% of the ash-forming

minerals of the shale. For a 10.9% by

weight (28.4 gallon per ton) shale, this

corresponds to a kerogen concentrate of
55-

65% grade at 95% recovery, i.e. a fairly

modest concentration ratio that makes the

goal of concentration appear within reach.

MERITS OF PROCESS

The ash content is about 75% of the content

of the ash-forming minerals. The com

position of this ash is very close to that

of the German Poseidon shale ash [16] and

the Dalhic kukersite shale ash [19] which

are used as cement material. The ash-

forming minerals of the Green River For

mation shales should form molten Ca-Al

silicates at 1300-1350C. The slag and the

fly ash should display hydraulic binding

properties when ground dry to cement fine

ness. The high-temperature burning or gasi

fication treatment of the coke thus has the

dual purpose of offering high conversion

efficiency from coke via carbon monoxide to

electrical energy (approx. 40%) and the for

mation of a useful hydraulic mineral binder,

The clinker slag from the the gasification

step will be ground dry to cement and added

to the mineral residue from the physical

concentration of the shale. The amount

would be of the order of 10% of the amount

of mineral residue. The addition of cement

permits backfilling with a stabilizing

The physical concentration in oil shale

winning in general should offer the

following principal merits:

Simplified ore handling and dust control

in the preparation step

Scope for employing well established

processes and equipment for fine

grinding of the shale, its flotation and

the dewatering of the products

Scope for treating concentrates from

several oil shale mines in one pyro-

plant

Scope for alternative siting of pyro-

plants to suit environmental and social

demands

Scope for transporting kerogen con

centrates for treatment in pyro-plants

located close to the market for the pro

ducts

A feed to pyrolysis of high uniformity

and grade, irrespective of shale com

position and grade

Feed to pyrolysis of small particles

with high reaction rate
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A feed to pyrolysis with reduced amount

of inert, tricky or spurious ash com

ponents

Choice of indirectly heated or heat-

carrier reactors with a high yield of

oil and rich gas

Choice of fast and/or high temperature

pyrolysis with improved oil yield and

specific oil quality demand

Choice of retorting conditions within

very close temperature limits

Scope for obtaining intermediate coke of

non-volatile carbon of sufficient grade

for efficient combustion and generation

of electric power, steam and preheated

air

Scope for increasing the overall energy

efficiency of oil shale winning

Viability of mining and winning
lower-

grade oil shales and thus extending the

oil shale resources.

Storage of the mineral residue of the

shale in a proper manner

Reduced gaseous emissions from shale

treatment and oil winning operations.

A part of the mineral sulphur content of the

shale is also rejected in the residue. A

heat treating process for the concentrate

might include known and simple means for

sulphur removal from the gases. The route

would therefore have very low sulphur

dioxide emission impact.

The main question in many locations would be

the use and supply of water for the con

centration process. The dewatering of the

mineral residue and the replacement of the

process water trapped in it seem to be one

of the most important questions in the

further development of the physical con

centration method. In an era of oil shor

tage and in an area of water shortage, the

correct question seems to be: Do we have

access to the water to compensate for the

voids left by the kerogen in the shale

residue? And - if the answer is not conclu

sive - what amount of water are we prepared

to spend in the shale in exchange for

kerogen?

THE PROCESS AND THE ENVIRONMENT

The last two statements are worthy of

further comments.

Since physical concentration is carried out

at low temperature with complete circulation

of water and small or negligible emission of

gases and dust, the process should be kindly

to the environment. The plant for the heat

treatment of the concentrate and refining of

the shale oil may be located without excess

ive logistic costs in areas less environmen

tally sensitive than the mine site itself.

In the concentration of kerogen, a major

part of the ash-forming minerals is rejected

as a residue without being chemically af

fected. The residue can be converted to phy

sically and chemically stable masses, dis

posed of in the mine and on the surface with

a minimum of environmental impact (Fig. 12).

THE FINAL QUESTION

It can be categorically stated that physical

concentration methods applied to metal ores

have created more ore than new finds and

have added larger amounts of metals to the

world supply than has the development of the

pyro-metallurgical treatment of ores. Is

the physical concentration method then an

answer to commercially gainful extraction of

oil from the Green River Formation oil sha

les and oil shales elsewhere?

As pointed out in the above, to raise to

commercial maturity the physical con

centration route outlined in this paper will

require further development work along four

different lines:

-

dewatering of kerogen concentrate and

mineral residue

stabilization of mineral residue

-

pyrolysis of kerogen concentrate
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- optimum utilization of the energy of the

shale in the process

What, then, are the chances of success in

this necessary development work?

Up to 1946, more than 2300 patents had been

recorded in the field of shale treatment. A

further 200 patents have no doubt been

lodged in the intervening 33 years. No

single process has so far attained economic

viability. It therefore seems safe and fair

to conclude that we still have a wide choice

of roads ahead of us to try out and to

decide between before we reach our goal of

prosperous beneficiation of oil shales.

My paper today should be regarded as a new

signpost to a negotiable and, hopefully,

progressive road towards our goal.
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Figure 7. - Rubber lined primary autogenous grinding mill

at Aitik copper mine, northern Sweden. Size 0
20'

by L
33'

;
feed rate 7.500 tpd.

Figure 8. - Two lines of two-stage autogenous-pebble grinding
-APG-

circuits at Aitik copper mine of Boliden Metall AB;
Tonnage: 15.000 tpd.
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'OIL SHALE IN SHU RETORTING: EFFECT OF POROSITY ON
YIELD*

R. Simon

Chevron Oil Field Research Company
P.O. Box 446

La Habra, California 90631

ABSTRACT POROSITY AND HETEROGENEITY

Modified in situ oil shale retorting involves mining

out the desired void volume, rubblizing the remain

ing shale to fill the void, and retorting the rub

blized bed. The porosity of the bed is equal to the

mined-out void volume.

The yield of the shale oil from the retorting process

is a function of many variables, particularly parti

cle size heterogeneity and fluid flow uniformity.

Lower bed porosity causes greater heterogeneity,

hence a lower shale oil yield. The relationship be

tween practical rubblized shale bed porosities and

shale oil yield is discussed.

A rubblized bed of oil shale can range, in theory,

from perfectly homogeneous to heterogeneous. For

the purposes of this paper: In a perfectly homoge

neous bed all particles have the same size and shape

in a uniform packing geometry and all flow paths

between particles have equal resistance to flow. In

a heterogeneous bed the particles have different

sizes (from dust to large blocks), and the paths

between particles have different resistances to

fluid flow. The variation of particle sizes and

flow resistances can range from small to large.

I. Beds of Equal Particles

INTRODUCTION

Modified in situ retorting of oil shale involves

mining out the desired void volume, rubblizing the

remaining shale to fill the void, and retorting the

rubblized bed. The porosity of the bed equals the

mined-out void volume.

An optimum retorting operation requires a balance

between shale oil yield and mining and other operat

ing costs. To achieve this balance, it is necessary

to know the relation between yield and rubblized bed

porosity. The purpose of this paper is to discuss

the relation between bed porosity and heterogeneity,

and between heterogeneity and retorting yield what

is known and what we need to know for design, evalua

tion, and operation of a successful in situ retorting

operation.

Properties of beds composed of equal size and shape

particles have been studied by numerous investiga

tors. Their findings, while not directly applicable

to rubblized oil shale, help to explain packed beds.

The highlights of their findings follow.

Scott (1960) found that the porosities of packed

steel spheres lie between two limits. He called

these "loose random packing", achieved by filling

the bed by rolling the spheres down a slope of

randomly packed spheres; and "dense random packing",

achieved by gentle shaking. The respective porosi

ties of the loose and dense limits were 0.399 + .002

and 0.363 +
.002. At both limits the random packings

are considered stable because uniform pressure

applied to the top of the pack does not alter the

packing*.

Rutgers (1962) studied the effect of sphere density

by allowing nylon spheres to fall through water and

air. His results confirm that Scott's limits do not
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depend significantly upon sphere size, sphere densi

ty, or the
medium in which the pack is formed.

Wyllie and Gregory (1955) studied the porosities of

random packed beds composed of equal, non-spherical

lucite particles. These were large enough that

friction and cohesion were negligible compared to

gravitation. Table 1 shows the packed-bed properties

reported by Wyllie and Gregory, plus Scott's values

for spheres. Values are also shown for the theoreti

cal minimum porosity attainable in a systematic

packing for comparison with random packing.

Table 1 shows that for dumped beds of equal particles

in loose random packing, the minimum porosity is 40%

for spheres; for other shapes, it is higher.

Bernal (1960) ,
in a particularly important experi

ment, measured the number of spheres in contact with

a central sphere in random-packed beds . He found

that for loose random packing, the number of contacts

varied from 3 to 9. This indicates that even though

the spheres are equal, the channels between them are

not. Thus a random packed bed of equal particles is

not homogeneous, and the distribution of fluids

flowing in such a bed is not uniform.

II. Beds of Unequal Particles

Properties of beds of unequal particles have also

been studied. The results are more nearly applicable

to rubblized beds though specific, detailed studies

of rubblized beds are still needed. Leva, et al,

(1951) measured the properties of loose and dense

random-packed beds of a variety of materials. He

found, as shown in Figure 1, that porosity varied

with the ratio D /D (diameter of particle/diameter

of container) and that mixed sizes had lower porosity

than uniform sizes.

Dallavalle (1948) and Yerazunis (1965) showed that

increasing size ratio [diameter (large) /diameter

(small)] of a binary particle system can decrease

bed porosity.

The above discussions of equal and unequal particles

indicate that for loose random packing (to be expect

ed from the rubblizing procedures currently proposed

for in situ retort construction) ,
a porosity >40% is

needed to obtain beds of equal size particles. Beds

with lower porosities will have a mixture of sizes,

i.e. will be heterogeneous. The lower the porosity,

the more heterogeneous .

Table 2 illustrates the properties of a rubblized

bed. The values are based on achieving a rubble

having 35% porosity after the shale is blasted into

the mined-out void volume. Note that as mined-out

void volume decreases from 0.35 to 0.10, the
unrub-

blized shale remaining after mining increases from 0

to 79%. The unrubblized shale is probably fractured,

thus introducing a major heterogeneity in the rub

blized bed. This is another indication that low

initial porosity increases bed heterogeneity.

III. Fractured Beds

A fractured bed is composed of blocks of shale

separated by permeable fractures. The porosity of

the bed is essentially zero and the fractures could

carry the fluids involved in retorting. This form

of fractured bed is a desirable goal for in situ

retorting because the blocks and fractures could

approach a homogeneous arrangement at minimum mining

cost. However, experiments and theories indicate

that a homogeneous fractured bed of oil shale is not

commercially practical to achieve at present; there

fore, the effects of fractured beds on yield will

not be considered further here.

HETEROGENEITY AND FLOW DISTRIBUTION

Heterogeneous beds made up of particles of different

sizes and shapes will have flow paths of different

resistances between the particles. Air injected at

the top of a heterogeneous bed will have uneven flow

distribution; i.e., within a horizontal cross section

of a rubblized bed, vertical velocities will vary

from fast through a high-permeability streak to slow

in a lower permeability path.

Two ways have been suggested to quantify flow distri

bution: one is to measure the time of injected

fluid breakthrough; the other is the stimulus-

response technique with tracers, described by

Levenspiel (1972) and illustrated by McCarthy (1976).
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TABLE 1

FRACTIONAL POROSITIES FOR PACKS OF

EQUAL PARTICLES OF VARIOUS SHAPES

Particle

Shape

Sphere

Cube

Cylinder (DsL)

Disk (Ds2L)

Prism (H*2W)

Random Packing
Loose Dense

0.399

0.4252

0.4290

0.4534

0.5177

0.3634

0.1899

0.3287

0.3426

0.3607

Regular (Systematic)

Packing,
Theoretical Minimum

0.2595

0.0000

0.0931

0.0931

0.0000
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Voids in Packed Tubes vs. OJDx (Diameter of

Particle/Diameter of Tube) for a Variety of Materials

Particles e and i are rough

Arithmetic average of loose

random and dense random

packing.

OIL SHALE IN SITU RUBBLIZATION

EFFECT OF MINED-OUT VOLUME

Original

Retort

Volume

1 .00

1.00

1 .
00*

1.00

1 .00

1 .00

Mined-Out

Void

Volume

.35

.30

.25

.20

.15

.10

Oil Shale

Volume

Remaining
After

Mining

.65

.70

.75

.80

.85

.90

Rubbl ized

Shale

Volume (1)

.65

.56

.66

.37

.28

.19

Unrubblized Shale

% of Shale

Remaining
Volume After Mining

0.0

.14

.29

.43

.57

.71

(I) The values in this column are based on achieving a rubble

having 35% porosity after the shale is blasted into the

mined-out void volume. Therefore, the rubblized shale

volume is 65/35 of the mined-out void volume.

''This case is illustrated in the following
figures:"

Original

Retort

Volume

1.00

Shale

Remaining

0.75

Mined-Out

0.2S
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Two experiments are discussed below to illustrate

heterogeneity and nonuniform flow in loose random

packed beds.

the kerogen below the combustion front. Therefore,

nonuniform air flow can decrease the shale oil

yield.

I. Flow in a Rubblized Oil Shale Bed CONCLUSIONS

McCarthy (1976) reports results of krypton 85 tracer

studies in an oil shale retort constructed in

Colorado by Occidental Oil Company. The porosity of

the rubblized bed was 20-25%. Detection points in a

horizontal cross section at the bottom of the bed

showed that breakthrough of the krypton occurred at

injection of about 35% of the porous volume of the

bed. This early breakthrough indicates nonuniform

flow.

II. Flow in a Short Sand Pack

The yield of shale oil from in situ retorting is

related to flow distribution in the rubblized bed.

Flow distribution is affected by heterogeneity of

the rubble which, in turn, depends on bed porosity,

or the initial mined-out void volume. Reducing this

volume (e.g. to reduce mining costs) would decrease

the rubblized bed porosity. This would, in turn,

give a more heterogeneous bed, more uneven flow, and

decreased shale oil yield. Thus, an optimum in situ

retorting operation requires balancing mining cost

against shale oil yield.

Rosman (1976) studied flow distribution of nitrogen

displacing helium in a 130-140 mesh sand pack, 3/1

length/diameter ratio and 48.7% porosity. These

gases were chosen because their viscosity ratio

approaches 1.0 at room temperature. Earlier nitrogen

breakthrough would indicate a higher degree of

heterogeneity.
Rosman'

s results showed nitrogen

breakthrough at 58% of a pore volume injected,

considerably earlier than would be obtained from

uniform
"piston"

flow.

Summarizing these two illustrative experiments:

McCarthy had low porosity and early breakthrough,

indicating a heterogeneous bed. Rosman had a higher

porosity and later breakthrough but still showed

nonuniform flow because his irregular sand particles

could not be arranged homogeneously. Thus a porosity

>40% is a necessary but not sufficient condition for

uniform flow.

FLOW DISTRIBUTION AND YIELD

Shale oil yield from in situ retorting is related to

flow distribution of the inlet combustion air. This

burns residual coke and generates hot inert gases to

decompose kerogen. Ideally, the coke combustion

front should move uniformly downward in
"piston"

flow. If the inlet air
"fingers"

ahead of the com

bustion zone, it can cool the shale and decrease

kerogen decomposition. Rather than converting coke

to C0, this air can burn the shale oil coming from

RECOMMENDATIONS

The preceding information suggests three principal

items of information needed to optimize the design,

construction, and operation of an in situ oil shale

retort: a practical method for producing uniform

rubblized particles, a scheme for relating shale oil

yield to initial rubblized bed porosity, and a

process for selectively plugging high permeability

paths to improve flow uniformity through the rubbliz

ed bed. Obtaining each of these will require field

experiments .
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R.H. Snow, J.E. Bridges, S.K. Goyal , and A. Taflove

I IT Research Institute

10 West 35th Street

Chicago, IL 60616

ABSTRACT

The IITRI RF process applies uniform dielectric

heating to large blocks of oil shale in situ. Factors

unique to the in situ dielectric heating of large mono

lithic shale blocks are considered in detail, such as

product characteristics, production methods, and recov

ery of energy from pyrolytic carbon and of uranium from

Eastern Shales.

Performance of the process was tested in the labo

ratory by dielectrically heating both 86 to 172 Jl/tonne

(25 to 50 gal /ton) Colorado and 14 to 18% carbon

Eastern oil shale under simulated overburden pressure.

Sample sizes were 1 to 10 kg. No undue difficulties

were experienced in dielectric heating of either

Western or Eastern shales under constrained, simulated

in situ conditions. The rate of pyrolysis is much

faster for Eastern than for Western shale at tempera

tures above 350C. This points to either a different

mechanism of pyrolysis or a catalytic effect with

Eastern oil shale.

Recovered oil yield from Colorado shale was 90% of

Fisher assay. The oil was much lighter than that from

other processes, 44% boiling in the naptha and kerosene

range. Nitrogen content was less than 1%, which should

significantly lower refining costs.

High autogenous gas pressures are developed to

drive out products, and experiments were done with

autogenous gas pressures up to 20 atm for Eastern

shales. This was found to affect the yield only

slightly, increase the reaction temperature, and result

in more valuable hydrocarbons such as ethane and pro

pane in the gas product.

Our measurements of permeability of Western shale

during and after pyrolysis agreed with published data,

and were approximately 200 mil lidarcies at an overburden

pressure of 20 atmospheres. With Eastern shales we

measured permeabilities ranging from 4 to 150 milli-

darcies for various thin samples perpendicular to the

bedding plane and much higher values parallel to the

bedding planes. Eastern shale does not swell as

Western shale does.

Net energy ratios to recover oil and gas from

the Eastern shales were found to be in the order of 3

based on products only from the RF pyrolysis step.

This NER can be significantly improved by gasifica

tion of the pyrolytic carbon. Sufficient perme

ability exists for gasification, and a post-gasifi

cation leaching process to recover co-products, such

as uranium.

INTRODUCTION

Over the years various proposals have been made

to recover useful fuels from oil shale deposits.

These generally have involved conventional heat

transfer methods from fluids through the shale.

Such heat transfer methods require development of a

thermal gradient; that is, the outside of the shale

block is at a higher temperature than the inner por

tion. Large thermal gradients represent an ineffi

cient use of the applied thermal energy, and can lead

to a degraded shale oil product which has a very high

pour point.

On the other hand, the use of radio frequency

(RF) dielectric heating represents a new and alterna

tive technology to recover useful fuels from oil

shale and other hydrocarbonaceous deposits. By this

method, large blocks of shale can be heated from

within to a uniform temperature. This heating is

independent of the thermal conductivity and gas per

meability of the raw shale. As described in a

previous paper (Bridges et al . 1978), RF dielectric

heating can result in a nearly true in situ process.

Because only 1 to 3 percent of the shale is removed

to emplace electrodes, a large percentage of the

deposit can be processed. Environmental problems

are minimized by leaving the spent shale in place

and by avoiding in-place combustion. Because com

bustion products are not present during the pyroly

sis, and because the blocks can be heated in a

controlled atmosphere, improved products are recov

ered which require minimal upgrading or prerefining.

This paper, therefore, focuses on considera

tions unique to the RF heating processthe electri

cal behavior during RF heating, the improved

characteristics of the products, the factors which

permit recovery from large monolithic blocks in situ,
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and methods to recover additional energy from the

residues and co-products.

The characteristics of the products from simula

ted in situ RF dielectric heating of both Eastern and

Western oil shales exhibited improved pour points

less than 40F, nitrogen content less than 1% and

distillation cuts similar to light Arabian crude.

These properties should reduce transportation and up

grading costs. Further energy is recovered in the high

Btu gases and distillates which are normally lost in

many combustion retorts.

The uniform volumetric heating of massive mono

lithic blocks of shale in situ requires significantly

different production concepts than those usually em

ployed for more conventional heating processes.

Since the process is an in situ one, long processing

times may be employed without undue economic penal

ties. Also, the heating process is not altered by

plastic flow of the heated shale, which reduces heat

transfer by gases and fluids in conventional in situ

recovery processes. Longer heating times and lower

retorting temperatures can be considered in

optimizing the yield and heating costs. Based on

the literature and our tests on the Eastern and

Western shales, the optimum final temperature may be

in the order of 350C to 425C, and this lower tem

perature may well lead to reduced RF energy costs.

The Eastern shale exhibited a faster rate of pyroly

sis than the Western shales, and all other factors

being equal, exhibited lower retorting temperatures.

Data in the literature as well as that developed

in our own tests demonstrated that sufficient perme

ability can be induced, even with large overburden

pressures, to permit the products of pyrolysis to

be driven out to the producing surfaces by auto

genous gas pressure. The effect on yield of high

autogenous gas pressures within the heated shale

block must be considered. However, both the litera

ture and our tests demonstrate that such autogenous

gases which are rich in hydrogen have, at worst, no

significant effect on yield and might even be uti

lized to enhance the yields.

Product and yield degradation as the pyrolysis

products or shale oil vapors are driven to the

producing surfaces has been the subject of numerous

studies for the conventional oil shale heating pro

cesses, which, of necessity, require the shale block

surface temperatures to be much greater than the

interior temperatures. These studies have not con

sidered the nearly uniform heating situation

possible with RF heating. The results of one labora

tory study, discussed below, demonstrated that pro

duct and yield degradation can be minimized for large

shale blocks by the use of lower surface tempera

tures, lower final retorting temperatures, and more

uniform heating. In the case of the RF heating, the

driving of shale oil vapor into progressively hotter

shale zones is not inherent to the RF recovery sys

tem, and the production surfaces can be located such

that these surfaces are slightly less in temperature

than the shale block as a whole. This would minimize

much of the coking and polymerization which takes

place in many conventional retorting processes where

the shale oil vapors are forced into progressively

hotter regions before reaching a producing surface.

It must be recognized, however, that other factors

may also contribute to product and yield degradation.

The net energy recoveries and the economics of

the RF process are greatly improved if the energy in

any unproduced oil and pyrolytic carbon can be par

tially recovered in a subsequent gasification step.

In the case of the Eastern shales, recovery of only

a third of the energy in the pyrolytic carbon is

needed to fuel one of the more economical sources of

ac power, a combined-cycle ac power plant. Thus,

even an inefficient gasification step may be benefi

cial for the carbon-rich Eastern shales. Our studies

also demonstrate that sufficient permeability exists

to permit gasification. Further, the electrodes,

which are used in the gasification step as "injection

or producer wells", can be located such that the gas

flow is perpendicular to the bedding planes. This

suppresses
"fingering"

or "break
through"

which can

lead to radically reduced recoveries.

After gasification, the spent shale is now

water-

wettable and can be considered suitable for a

leaching process to recover useful co-products, such

as uranium. In the case of some Eastern shales, a

50% recovery of the in-place uranium could add $10

of product value per barrel of oil produced at cur

rent market prices.

After describing the apparatus, the following

sections discuss in more detail the above points in

the following order: RF dielectric heating, effect

of temperature on pyrolysis rate, products of RF

heating experiments, in situ product recovery, effect

of gas pressure and constituents on the product,

effect of temperature distribution, net energy ratios

for Eastern shales, in situ gasification, and uraniun

leaching.
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RF PYROLYSIS AND FUEL RECOVERY APPARATUS

RF reactors were constructed to heat samples of

oil shale to the pyrolysis temperature. One such

unit, made in the tri-plate line configuration des

cribed previously (Bridges et al . 1978), was used to

demonstrate uniform heating of a 10-kg sample of

Western oil shale under unconstrained conditions.

However, more useful experiments apply both

overburden pressure and pressures from gases generated

by the decomposition of the kerogen, to simulate the

conditions of in situ RF pyrolysis. Figure 1 shows

the laboratory arrangement for simulating in situ

pyrolysis. RF energy ranging from 100 KHz to 300 MHz

is applied via an impendance-matching network through

a 7.62 cm (3 in.) coaxial conductor to the reactor.

Figure 2 shows a cross section of the 10 cm

(4 in.) diameter stainless steel coaxial reactor. A

2-kg toroidal shale sample is fitted between the

reactor wall and a coaxial electrode constructed from

5 cm (2 inch) diameter stainless steel pipe. RF

voltage is applied between the inner electrode and

the outer wall to produce the electric field. Guard

heaters outside the reactor are controlled by thermo

couples which null the heat loss across and along the

reactor walls.

The shale sample is constrained from both ends

by packing the end spaces with quartz sand and glass

beads. Overburden pressure is simulated by applying

hydraulic pressure to a piston sealed into the base

N2 Inlet

RF Control

'Quartz ( Pass - Through)

-End Guard Heater

-Sand

-Oil Shale

-Center Electrode

-Center Guard Heater

-End Guard Heater

-Sand

Product

Collection

Figure 2. RF coaxial reactor.

of the reactor. Gas pressure is either allowed to

build up autogenously, or selected gases are injec

ted to a controlled pressure.

Figure 1. Laboratory apparatus for RF oil shale pyrolysis,
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The products of pyrolysis vent from the lower

portion of the reactor, and are carried to a conden

ser, which separates oil and gas products. These

products are contained in the flask and plastic con

tainer shown on the left of Figure 1.

The toroidal samples were machined from oil shale

blocks. Six to eight pieces were fitted together for

each experiment. The bedding plane was normal to the

reactor axis and parallel to the electric fields.

The general experimental procedure was first to

carefully weigh the shale samples, the sand and glass

beads, which were then used to pack the reactor. RF

energy was then applied at varying rates depending on

the experiment requirements. A typical average input

was of the order 200 watts to heat the sample to

pyrolysis temperature in 6 to 8 hrs. At 300 watts

the temperature rise was lC/min. Most of the

actual pyrolysis was carried out at constant tempera

ture. In most experiments the RF power was turned

off and the guard heaters were used to hold the tem

perature constant.

In the case of the Western shales, periodic

measurements of the permeability were made during and

after the pyrolysis by injecting a sweep gas

(nitrogen) and measuring the flow with a rotameter

and the differential pressure with a manometer. Such

measurements were possible in the case of Western

shale because it swells, forming a seal between the

sample and the reactor walls. After pyrolysis, the

spent shale was removed, and additional permeability

measurements were made on small portions. Material

balances were also obtained by weighing the products

and residues.

Additional experiments were carried out in a

conventionally-heated stainless steel pipe reactor,

and also by means of a thermogravic analysis method

(TGA). The TGA apparatus suspends crushed shale in

a metal basket within a control led- temperature furnace

in a stream of nitrogen. The sample weight is con

tinuously recorded by a Cahn electrobalance. This

method is used to determine the effect of tempera

ture on reaction rate.

The 5 cm (2 in.) stainless steel pipe reactor is

shown in Figure 3. The reactor is 91.5 cm (3 ft)

long. Flanges on the top and bottom are sealed with

copper gaskets. Two thermal wells of 0.3 cm (1/8 in.)

stainless steel tubes 66 cm (26 in.) long were inser

ted from both ends to measure the temperature at any

length of the reactor. The temperature along the oil

shale bed was controlled within 4C of the desired

Q) Pressure Gauge

Insulation

Heaters

Steel Slabs

Liquid

Product

Gas Sample

Bottle

Figure 3. Two inch ID reactor system.

reaction temperature. To fill up the space at the

bottom and the top of the reactor, four 15 cm (6 in.)

long steel bars were inserted.

Gas samples were analyzed for N2, 02, CO, C02,

CHi,, C2Hi, C2H6 and C3H8 using a Porapak N column at

100C with a thermal conductivity detector and helium

carrier gas. Hydrogen, which diffuses through a

palladium tube, was analyzed by using nitrogen as

carrier gas. Some gas samples were analyzed for

higher hydrocarbons on an additional chromatograph.

EXPERIMENTAL RESULTS

RF Dielectric Heating

Numerous questions have been asked about the

ability to dielectrically heat oil shales, particu

larly with the electric field parallel to the bedding

plane. Concerns were expressed that various types of

inhomogeneities would cause some peculiar effects.

To address this question we have heated several

2-kg samples of Western shale in the coaxial reactor

of Figure 2. A reactor charge is made up of 6 to 8
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separate toroidal samples stacked upon each other,

and samples were taken from a variety of oil shale

rocks from both the Colony and Paraho mines. As

a consequence, a charge contains 6 to 8 samples with

varying grades ranging from 65 to 170 A/tonne (20 to

50 gal/ton). In all cases, it has been possible to

heat the shale to the pyrolysis temperature by RF

dielectric absorption without undue difficulties.

This was probably facilitated by the use of con

straint, which prevented exfoliation and radical

changes in the geometry of the samples. Western

shale becomes plastic and tends to swell when it

approaches pyrolysis temperature (Campbell et al .

1977). In our reactor it swelled only slightly

(0.1 mm) before being constrained by the reactor

wall. This restricted change in dimensions tended to

minimize an otherwise abrupt change in the electrical

input characteristics. Consequently, it was possible

to continuously match the electrical characteristics

of the shale to the RF generator by a simple network.

The Eastern shales which we have tested to date

showed no observable change in size or shape during

pyrolysis; consequently little changing of the match

ing network was found necessary after the initial

boil -off of moisture from the sample.

Effect of Temperature on Pyrolysis Rate

In order to select a pyrolysis temperature and

study the kinetics of pyrolysis, small samples were

first pyrolysed in a Thermo-Gravimetric-Analysis

apparatus (TGA). The sample was coarsely crushed,

placed in a metal basket and suspended from a Cahn

electrobalance in a quartz tube with flow or nitrogen

gas containing less than 5 ppm oxygen. The sample

was heated in a furnace at the desired temperature.

Experimental results for Eastern and Western

shales are compared in Figure 4, in which the time for

90 percent of the weight loss to occur is plotted.

The upper line is that reported by Needham (1976) for

Western shale, and confirmed by several of our experi

mental TGA points. The lower line and points repre

sent our TGA experiments with Eastern shale. These

results show that the rate of pyrolysis is several

times faster for Eastern than for Western shale; or

expressed another way, the temperature required for

pyrolysis of Eastern shale is 28 to 56C (50 to

100F) lower than that for Western shale.

The slopes of the two curves differ, that of

Eastern shale having a higher temperature coefficient.

The temperature coefficient may be expressed as an

activation energy in the Arrhenius expression

Figure 4.

600 700 800 900 1000 1100

Shale Test Temperature, F

Dependence of Retorting Time on

Pyrolysis Temperature.

Rate = A exp (-AE/RT)

where

A is Arrhenius constant

AE is activation energy, kcal/mol

R is gas constant, 1.987 cal/mol-K

T is temperature, K

From Figure 4, the activation energy is 36 kcal/mol

for Western shale, and 56 kcal/mol for Eastern shale.

This is a striking difference. It suggests either a

different composition of the two types of kerogen,

or a different catalysis due to minerals in the two

types of shale, or a basic structural difference in

the two types of shales.

Products of the RF Heating Experiments

One advantage of the RF process is the improved

product quality obtained. By this we mean that a

low pour point oil with relatively low nitrogen con

tent was obtained. In addition, high-Btu gases are

recovered, which are lost by mixing with combustion

products in the combustion-heated oil shale recovery

techniques. The quantity of high-Btu gas recovered

is economically significant. In the case of Eastern

shale it amounts to about 24 to 37 percent of the

product energy yield.

Reaction conditions and results obtained are

summarized in Table 1 for an Eastern and a Western

shale. In the case of Western shale the yield of

oil was 90 vol percent of the Fisher assay, or 85 wt

percent. The Fisher assay is not a very good measure
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of performance with Eastern shale, because it recovers

only half of the carbon content.

Table 1. Conditions and results of

RF pyrolysis experiments.

Eastern Shale Western Shale

RF Run No. 1 RF Run No. 3

Conditions

Temperature, C 400.0 500.0

Pressure, atm

overburden 3.4 3.4

gas 0.0 3.4

Time after which oil

and gas production

ceased, hr 2.0 0.5

Total run time, hr 5.0 6.0

Raw Shale

Sample size, g 2149.3 2074.0

Fischer assay,

gal /ton -- 34.0

/tonne 117.0

Carbon, wt % 18.0 22.1

Hydrogen, wt % 2.07 2.22

Products

Oil, g 137.0 228.0

gal /ton 16.9 30.6

Gas, g 42.1 65.0

ft3/ton 632.0 1158.0

Water, g 42.0 22.8

gal /ton 4.6 2.6

Gas analysis, vol %

H2 45.0 25.7

CO 2 4.0 9.9

C2Hif 0.6 1.4

C2H6 6.3 5.4

CH- 12.0 30.6

CO 0.9 5.5

CsHs 30.7 21.5

To assure the accuracy of the data, material

balance information is reported. Table 2 gives over

all material balance data, while Table 3 presents

elemental material balance data for the Western shale

RF pyrolysis run no. 3. These data indicate that the

product characterized in Table 4 was representative

of the oil produced, and was not biased by loss of

product. Comparing the IITRI product to others

indicates:

44% by volume of the product was within

the ASTM naphtha and kerosene fractions,

as compared with Paraho (6.8%), Garrett

(15.2%), Tosco (20.9%), Arabian Light

Crude (34.5%).

. Hill and Dugan (1967) found

43% of naphtha and kerosene fractions.

It was obtained by low- temperature

pyrolysis (400C), confirming that special

processing conditions can produce oil of

these properties.

Nitrogen content in the whole shale oil is

less than 1%, which is a factor of 1.3 or 2

smaller than most of the other conventional

products. University of Utah also reported

a nitrogen content similar to that of the

IITRI process product.

Sulfur content in the whole shale oil was

0.56 wt %, slightly lower than that reported

by Paraho (0.64%), Tosco (0.67%), Garrett

(0.71%), and Arabian Light Crude (1.69%).

Thus, it is clear that RF pyrolysis can produce

a very desirable shale oil product of heating value

44 MJ/kg (18,879 Btu/lb). We attribute this to

the more uniform and better controlled processing

conditions.

For completeness, the elemental material

balance data for Eastern oil shale RF run no. 1

is presented in Table 5.

IN SITU PRODUCT RECOVERY

In-situ recovery of useful products from large

blocks of shale under overburden conditions includes

the following elements: 1) development of internal

permeability as kerogen decomposes in interlocking

void spaces (induced permeability), 2) development

of self-generated (autogenous) gas pressure to force

the products of pyrolysis into the recovery system,

and 3) competition between the desired reactions

which crack kerogen into oil and gas with residual

char, and the undesired coking reactions which pro

duce more char.

Table 2, Material balance for Western Shale,

RF Run No. 3.

Wt before Wt after

run, g run, g

Shale 2074.0 1788.5

Oil from sand 18.0

Oil 210.0

Gas, excluding N 65.0

2074.0 2081.5

Shale discrepancy
(probably due to some

sand sticking to the

spent shale)

Beads and sand (dry)

Overall discrepancy

7098.0 6944.0

7.5

146.5
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Table 3. Ultimate analysis and elemental material balance for Western Shale, Run No. 3.

Ultimate Analysis

C H N S Ash 0 Cl Sum

22.12 2.22 0.39 1.02 62.64 11.59 100.0Raw Shale, wt %

Spent shale, wt % 11.43 .25 .34 .57 75.22 12.14 100.0

Crude Oil, wt % 83.63 12.08 0.97 0.56 -- 2.76 100.0

Gas, wt % 76.7 11.3 12.0 100.0

Material Balance

458.7 46.0 8.08 21.15 1299.15 240.37 0.41 2072.1Raw Shale, g

Spent Shale, g 204.4 4.47 6.08 10.19 1345.30 217.12 0.89 1788.5

Difference, g

(raw-spent)

254.28 41.53 2.00 10.96 (4.6) 23.25 286.0

Crude Oi 1 , g 175.6 25.37 2.03 1.18 0.0 5.79 209.96

Gas , g 49.9 7.3 (6.9) -- 7.8 65.0

Total , g

(gas + oil)

225.5 32.7 2.03 1.18 0.0 13.6 275.0

Loss, %

, Gas + Oil + Spent
1

Raw
.06 19.0 0.0 46.3 ~ 3.9 0.5

u.-.-u o, Gas + Oil
Yield* %

Raw
49.1 71.1 25.1 5.5 5.6 ~

Table 4. Comparison of oil characteristics from Western Shale RF Run No,

ASTM distillaton, Vol %

IITRI Tosco* Garrett* Paraho*

Arabian*

Light

Hill and

Dugan (1967)

Astm Cut

Naphtha

(154C) 15 7.10 1.26 0 23.7

(C5/190C)

19

Kerosene

(154 C/200C) 29 13.86 14.04 6.8 10.8 24

Gas Oil

(260C/565C) 26

(260C/371C)

61.4 80.2 84.2 57.1

(238C/565C)

56

Pitch

(565C+) 30

(371C+)

17.6 4.5 9.0 7.0 1

Whole Shale Oil

Sp Gr 0.853

(24C)

0.928

(21.0C)

0.938

(25.0C)

0.904

(25.0C)

0.853

(34.4C)

Sulfur, wt. % 0.56 0.67 0.71 0.64 1.69

Nitrogen, wt. % 0.97 1.85 2.00 1.30 0.04 0.8

Pour Point, C

(F)

4 (40) 21 (70) 29 (85) 10 (50)

* Evaluation of Me

III, Exxon Resee

September 1977,

ithods to Produce /

trch and Engineerir

p. 8.

Wiation Turl

lg Company Gc

>ine Fuels fn

)vemment Res<

Dm Synthetic

jarch Labs,

Crude Oils, Pha

.inden,
New Jers

se 3. Volume

ey 07036,
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Table 5. Ultimate analysis and elemental material balance for Eastern Shale, Run No. 1.

Ultimate Analysis

C H N S Ash 0 Cl Sum

18.01 2.07 2.05 2.53 75.19 0.02 0.13 100.00Raw Shale, wt %

Spent Shale, wt % 13.03 0.97 0.58 1.62 82.71 1.05 0.14 100.00

Crude Oil, wt % 82.09 12.61 0.70 1.37 0.07 3.16 100.00

Gas, wt % 57.40 26.00 16.70

Material Balance

387.10 44.50 44.10 54.40 1616.00 0.40 2.80 2149.30Raw Shale, g

Spent Shale, g 253.10 18.80 11.30 31.50 1606.00 20.40 0.80 1941.90

Difference, g

(raw-spent)

134.00 25.70 32.80 22.90 10.00 -20.00 -2.00 207.40

Crude Oil , g 112.50 17.30 0.96 1.78 0.10 4.30 136.90

Gas, g 24.18 10.92 7.00 42.00

Total , g

(gas and oil )

136.68 28.22 0.96 1.78 0.10 11.30 ~ 178.90

Loss, % -0.60 -5.60 31.80 21.10 10.00 1.32

.-_u o, Gas + Oil
Yleld' %

Raw
53.58 63.41 8.32

True in-situ production of shale oil from large

blocks has been attemped in the past. The first

large-scale demonstration was conducted by

Ljungstrom (1951), who embedded closely-spaced

electric resistance heaters in boreholes and allowed

the heat to flow into the shale by conduction over

6

a five-month period. Approximately 11 x 10 I

(70,000 barrels) of oil were produced by this nearly

true in-situ method. Although heating was highly

non-uniform, recovery of about 60 percent of Fischer

assay was claimed.

The development of permeability obviously

occured in
Ljungstrom'

s deomonstration. Other data

confirm that permeability results when kerogen is

pyrolysed. Using very small samples, Thomas (1966)

investigated the development of permeability for

various simulated overburden pressures and retorting

temperatures. Thomas showed that the permeability

begins to develop at approximately 371C for his

chosen 24-hr retorting period for Western shales.

His data also showed that the induced permeability

is a function of the overburden pressure. It ranges

typically from about 200 millidarcies at small over

burden pressure to 10 millidarcies at 68 atm (1000

psi) overburden pressure for the richer shales.

It can also be inferred from the Thomas data

that an internal gas pressure exceeding 68 atm is

also developed. This is consistent with tests made

at IITRI by pyrolysing small samples of Western shale

which nearly filled a steel bomb. Autogenous gas

pressure of 44 atm was measured when the initial

vapor expansion space was 10 percent of the sample

volume.

Hill and Dugan (1967) also investigated the

development of induced permeability in connection

with their in-situ process based on thermal transfer

from heated fluids.

At IITRI we have measured induced permeabili

ties both during pyrolysis and after cooling of

spent Western oil shales, and after cooling of

spent Eastern oil shale samples. Table 6 compares

induced permeability measurements by Thomas, Hill,

and Dugan, and IITRI, for overburden pressures of

3 and 20 atm (50 and 300 psi). The measured values

in Table 6 were 4 times greater while the samples

were hot during pyrolysis than when cold; the reason

is not known.

For Eastern oil shale samples the permeability

could not be measured during pyrolysis because the

shale did not swell and seal to the reactor walls.

The induced permeability of small samples of the

spent Eastern shale approximately 3 to 5 mm thick

was measured across the bedding plane. This perme

ability varied widely due to local variation of the

shale from one bedding plane to the next. The

average permeability in Table 6 was consistent with

values measured for the Western shales.
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Table 6. Induced permeability of Pyrolysed Shale

measured perpendicular to bedding planes

Overburden Induced Permeability,

Investigate

pressure,

atm

Shale

grade

millidarices

Cold Hot

Thomas (1966) 3.4 rich 150 _

20.0 rich 35 -

Hill & Dugan (1967) 20.0 rich 46 - 197 -

IITRI, Western 3.4 rich 166 525

IITRI, Eastern
3.4 lean 4 to 150 -

Once permeability has been induced, oil shale

vapors can migrate through the interconnected pore

spaces to producing surface area. This requires a

build up of pressure or an applied gas drive. This

raises questions as to the effect of pressure on the

yield and type of product, which is considered in the

next section.

Effect of Gas Pressure and Gas Constituents on the
Product

~"
~

It has been shown that a pressure of autogenous

gas or vapor will build up in volumes of heated shale

which are somewhat distant from the producing bore

holes. The composition of this gas can vary depend

ing on the time/ temperature heating cycle applied.

Typical analyses of such gas are given in Table 1

for Eastern and Western shales. The gas from Western

shale contains 25 percent hydrogen, and that from

Eastern shale contains 45 percent hydrogen. A num

ber of investigators have considered the effect of

applied hydrogen pressure on the product yield and

quality. A review of the literature revealed that,

with the exception of Huntington (1966) very little

work has been done on the effect of pressurizing

with gas having composition similar to autogenous

gas on the yield and quality of the products.

Huntington (1966) reported obtaining a yield

of 130 percent of Fischer assay when pyrolysing oil

shales in hydrogen without a catalyst at 20.0 atm

(300 psig) and 113 percent at 1.7 atm (25 psig).

He also reported pyrolysing a Western oil shale in

an 80/20 percent mixture of hydrogen and methane in

the presence of a catalyst and obtaining 130 percent

of Fischer assay by volume. He also stated that

"the hydrogen need not be of high purity; in fact,

at least 20 percent of methane is desirable to

suppress the reaction C + 2H2 *

CH*, which wastes

hydrogen". Schlinger (1967), Wise (1977), and Schultz

(1965) also report improved yields when retorting oil

shale in the presence of hydrogen. However, they

show that higher hydrogen pressures are required than

indicated by Huntington (1966). Schultz (1965) ob

tains 130 percent of Fischer assay from Eastern shale

at 128 to 206 atm (10,000 psig) hydrogen pressure and

760C temperature. LaRue and Wise (1977) obtain

79 percent at 1 atm hydrogen, 108 percent at 55 atm

(800 psi), and 110 percent at 109 atm (1600 psi), all

at 14C/hr heating rate. Bae (1969) reported reduced

yields at high hydrogen pressures, but Wise (1977) and

Carpenter (1976) suggest that an artifact in his

test procedure caused the reduced yields.

To determine the combined effect of autogenous

pressure and temperature on Eastern shale pyrolysis,

we carried out additional experiments in the 5 cm

(2 in.) reactor described above. The conditions and

results are summarized in Table 7. Temperatures

ranged from 350 to 450C, and autogenous gas pressure

from 0 to 20.0 atm (300 psig). It is difficult to

observe a trend in the results, because the carbon

content, gas yield, and oil yield of the raw shales

varied from sample to sample, affecting the total

energy yield. However, comparing runs 5, 3, and 4

indicates that lower temperature results in lower

yield. Varying hydrogen content of the raw shale

could also explain the observed trend of yields. In

any event, the optimum process temperature will re

sult from a trade-off between the added cost of RF
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Table 7. Effect of conditions on pyrolysis results for Eastern Oil Shale

Run

No.

Temperature,
C

Pressure,
atm

Shale a >say, wt. % Sample

Wt. g

Products Product heat

content,

1012J/tonne

(1000 Btu/ton)

Equivalent OilOil,

1/ tonne

(qal/ton)

Gas,
m3/tonne

(ftVton)

Water,

1/ tonne

(qal/ton)

1/ tonne

(qal/ton) Oil, * Gas, %carbon hydrogen

5 350 10 15.22 1.62 930 34

(10.0)

12

(391)

17

(5.1)

10

(1,993)

51

(15.0)

74 26

3 393 20 15.20 1.63 1,996 43

(12.5)

13

(428)

16

(4.8)

12

(2,411)

62

(18.0)

76 24

1

RF

400 0 18.01 2.07 2,149 58

(16.9)

20

(632)

16

(4.6)

17

(3,330)

85

(24.9)

75 25

2 430 0 14.21 1.65 989 44

(12.7)

25

(815)

15

(4.4)

15

(2,968)

76

(22.2)

63 37

4 450 20 14.51 1.64 1,005 47

(13.6)

20

(645)

14

(4.0)

15

(2,864)

73

(21.4)

70 30

energy to heat the shale to a higher temperature,

and the lower yield at lower temperature. With

Western shale, Needham (1976) found that a yield

up to 90 percent of Fischer assay could be obtained

at temperatures as low as 400C. Some of his data

are shown n Figure 5.

This effect of temperature on yield may be

modified by other variables that deserve study,

such as higher hydrogen pressure, and rate of

purging by injected gas. In RF Run No. 3 with

Western shale, occasional purging with nitrogen

gas appeared to drive out oil from the shale

samples. Such purging was not feasible with

Eastern shale because the shale did not swell

and seal to the reactor walls. The possibility

of separating and recycling hydrogen should be

further considered, since this can be done once

enough permeability has developed by the onset

of pyrolysis.

The effect of autogenous gas pressure on

yield is not clear from the data of Table 7.

If there is an effect, it is small at the

pressures used. This further refutes the sug

gestion that pressure will reduce yield.

Increasing gas pressure decreases the pyro

lysis rate, as shown in Figure 4, where the

triangles indicate experiments from Table 7

with Eastern shale at higher pressures.

Raising the temperature compensates for increased

pressure.

Since high-Btu gas comprises a large fraction

of the product energy value of Eastern shale, we

have also expressed the results in Table 7 as

equivalent oil, gal/ton of shale. The fractions

of this energy value recovered in the form of oil

and of gas is also shown. From this it is seen

that the fuel value recovered from Eastern shale by

RF pyrolysis can approach that of Western shale,

provided that higher grades of Eastern shale are

processed. The samples for these experiemtns came

from the Sunbury shale of northeastern Kentucky,

and were kindly provided by Pyramid Mineral Co,

Grayson, Kentucky.
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Fuel

1.1 MJ

Loss

0.7 MJ

x 0.42 Electric Power Efficiency (Anon 1977)

x 0.90 RF Generator Efficiency (Bullock 1978)

x 0.95 RF Heating of Oil Shale (Bridges 1978)

0.4 MJ (Wise 1971)

to heat shale

to 393C

1 kg Shale

Gas

13-3 g
13 id /tonne

0.66 MJ

Shale Oil

45 g
43 1/ tonne

= 2.12 MJ

Spent Shale

at 393C

924 g

(10.577. C)

NER =
(2.12 + 0.66) _ 0 ,

Ti
2-6

Figure 6. RF Pyrolysis of Eastern oil shale.

(Basis: Data of run No. 3, Table 7).

Effect of Temperature Distribution

The effect of a more uniform distribution of

temperature on yield has not been considered in any

depth in the past simply because most of the heating

processes available required a temperature gradient.

Some insight into the unique advantages of more uni

form heating over the entire volume can be inferred

from some data published by Needham (1976). By a

clever arrangement of samples in a 60 cm (2 ft.)

long pipe reactor Needham was able to simulate the

temperature gradient needed to retort by surface

heating a 120 cm (4 ft.) thick block of shale.

Some of his results are reproduced in Figure 5.

They show that especially at higher temperatures

a reduction of yield occurs due to surface heating.

It is postulated that the migrating shale oil

further cracks as it reaches the hotter surface

zone. In the case of RF heating, the shale block

can be uniformly heated, and the shale oil and

vapors can be produced from a surface which is at

the same temperature as the bulk of the shale.

NET ENERGY RATIOS

Net energy ratio (NER) is the ratio of fuel

value of the products divided by the energy that

must be supplied to the process. For the RF pro

cess, the main energy input is that of the fuel

supplied to the electric generating plant. NER's

for Western oil shales were presented in the pre

vious article (Bridges et al . 1978). For com

pleteness, NER's for Eastern oil shales are pre

sented in Figure 6. Assumptions concerning the

efficiencies of the electric power plant and the

RF generator were presented in the previous paper.

The heat requirements for pyrolysis of Eastern

shales are not presently known. Therefore, we

assumed the heat capacity of raw Eastern shale to

have an upper limit set by the heat capacity of

raw, 51 Jl/tonne (15 gal/ton) Western shale as

given by Wise (1971). Figure 6 shows that the

NER of approximately 3 is possible for Eastern

shale without any recovery of sensible heat from

the spent shale. These values are higher than

previously thought possible. The main reason
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is that these results are based on shale deposits

having 14 to 19 percent carbon, whereas others have

assumed only 8 percent carbon shales were available.

The Eastern oil shale resource covers such a wide

area that we have only scratched the surface in deter

mining where the high-grade deposits lie. It is

likely that other regions will be found with deposits

at least as rich as those used in the present experi

ments.

Several other factors could further improve

tne AER. These are 1) recovery of indigenous gas,

2) recovering the energy in the residual char, and

3) recycling sensible heat. In addition, the re

covery of uranium could further improve NER and

economi cs .

The U.S. Department of Energy is presently

funding attempts to produce more natural gas simply

by fracturing Eastern shale deposits. This indi

genous gas is lost when cores are taken for assay,

but the gas would be recovered in the first stage

of an RF in-situ process.

Chemical and Engineering News (1977) reports

estimates that 30 to 65
m3

(1000 to 2000 ft.3)of

high-Btu gas can be produced per tonne of shale.

However, Zielinski and Nance (1978) estimate that

the indigenous gas producible from fractured wells

may be 1 m3/tonne (33 ft.3/ton). The latter

quantity would not significantly affect the NER

of the RF process. However, addition of 30
m3

(1000 ft.3) of high-Btu gas would raise the NER of

Figure 6 to 3.6, and if data of Run No. 1 is used

it would raise the NER to 4.4.

Recycling sensible heat was discussed in the

previous paper (Bridges et al. 1978). It could

further increase the NER by approximately 30 per

cent.

Sleom/AIr/ 3SO'C

Preheat
Bios*

400*C

Gosifitd

Shale

650' C

Htol

Recycling

GASIFICATION OF RESIDUAL CHAR

Recovery of energy in residual char is very

promising, because half of the carbon in Western

shale remains as char, and 70 percent of the carbon

in Eastern shale remains as char.

Spent shale gasification is similar to coal

gasification, which has been extensively studied in

the past. It differs from coal gasification in the

presence of rock matrix together with the residual car

bon. Because of the heat capacity of this rock, it

is not economically feasible to gasify the char at

high temperatures. In addition, Western shale contains

dolomite which decomposes when heated to high tempera

tures, and this also limits the gasification

temperature.

The basic concepts of in-situ gasification

of residual char are shown in Figure 7 (although

many variations are possible). In Figure 7 raw

shale appears on the right side, and it suffers

various treatment steps progressing towards the

left. The gases used to treat the shale enter

Figure 7 at the left, and progress toward the

right side.

The IITRI RF Process first heats the shale

to pyrolysis temperature by RF energy, producing

shale oil and high-Btu gas. This step is indi

cated on the right side of Figure 7. In this

example, pyrolysis of the shale occurs at 425C.

The spent shale (containing char) is then pre

heated to 650C by partial combustion with a mix

ture of air and steam (called the "blast"). One-

third of the carbon in 120 H/tonne (35 gal/ton)

shale will be consumed in this preheating step,

assuming that the products are an equimolar mix

ture of CO and C02. The gaseous product of pre-

iV

Shale Oil

And

Vapors

Pyrolysl!

25'C

Figure 7. Gasification of Residual Shale Char
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heating has a low heating value (about 80 Btu/ft3),

and it may perhaps be used as power plant fuel when

mixed with other gaseous products.

Once the spent shale has been preheated to

650C, no further heat is required to raise the temp

erature of the rock matrix. The remaining 2/3 of

the char can now be gasified adiabatically. That

is, the heat of the gasification reactions is just

sufficient to raise the temperature of the blast

to 650C.

Gasification temperature is controlled by

the blast composition, especially its water vapor

fraction, as explained in the next section.

Several additional steps shown in Figure 7

can improve the thermal efficiency of the pro

cess. Heat can be conducted from gasified shale

at 650C to raw shale, and this will lower the

amount of RF energy required for the pyrolysis

step. Heat transport calculations indicate that

gasified shale can transfer 30 percent of its

sensible heat to adjacent slices of raw shale

in a matter of months depending on the size

of the blocks. If this is not feasible in prac

tice, some other means of heat recycling can per

haps be used. After this heat transfer, the

spent shale is at 400C, and its sensible heat

can still be used to generate the steam required

for the blast. This is done by injecting water

into the spent shale through existing boreholes.

The steam/air mixture, preheated to 350 C

is then used as the blast to the gasification

step. This will improve the thermal efficiency

of the overall gasification process.

Gasification depends on the permeability

developed in the shale as a result of volumetric

RF heating and pyrolysis. Thus the spent shale

is a porous bed, through which gas can be forced

under pressure, and so a very effective contacting

between the air and the shale can be achieved.

This is a unique feature of the IITRI RF Process.

This is different from the underground gasification

of coal, where the air passes along a face of re

acting coal, rather than through a bed of porous

char. Data in Table 6 indicate that a significant

permeability is observed across the bedding planes

of the shale. Much higher permeability results

parallel to the bedding planes. In the case of

Eastern shale, the shale splits and is held toget

her only by the overburden pressure. The permeabil

ity is too high to measure without constraint,

and the permeability wifl depend on the overburden

pressure.

One difficulty with gasifying by flow along

the bedding planes is that layers of high perme

ability will react first, after which unreacted

blast gas will pass through such layers and dilute

the product gas. This effect can be avoided by

forcing the gas to flow perpendicular to the bed

ding planes, using the permeability measured in

Table 6. In this case, the higher permeability

layer will tend to redistribute the pressure, thus

causing more uniform gas flow through the layers

of shale.

Gasification of residual carbon on spent

shale is similar to gasification of coal, but

optimum conditions differ. Gasification of coal

is an old technology; information on process con

ditions and yields is summarized by Gumz (1950).

Coal gasification is usually carried out

at temperatures of 700 to 1200C. Temperatures

this high should not be allowed with Western

shale, because its dolomite content decomposes.

This decomposition absorbs heat and produces C02,

lowering the Btu content of the product gas. The

decomposition reactions are complex; Campbell

(1978) showed that only certain reactions with

limited heat requirement occur if the temperature

is held below 650C.

An even more important reason for gasify

ing at low temperature is the heat capacity of

the shale matrix and its effect on the heat

balance. To raise the temperature of the mass

of spent shale to the usual coal gasification

temperature would consume all of the heat value

of the residual char. Therefore, gasification

of the char should be carried out at a low temp

erature, if a fuel gas product is desired.

Coal gasification is known to be feasible

at a temperature as low as 500C. The carbon in

spent shale has been reported by Soni and

Thompson (1978) to be quite reactive compared to

coal. Their data indicate that gasification is

90 percent complete in 1 hr at 700C. Extra

polation indicates that gasification can be done

in a few hours at 650 C, and in a few days at

600C. The alkali content of the shale appar

ently accelerates the gasification rate, since

acid-leached shale gasifies more slowly by a
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factor of 3. The data clearly shows that in-situ

gasification is feasible in today's time.

There are many variables that affect yield,

heat value, and economics of carbon gasification.

These variables include blast composition, pressure,

and preheating of the blast. The blast can be com

posed of mixtures of air, oxygen, steam, and products

of combustion from the power plant. Use of steam is

essential if reaction temperature is to be controlled.

This is accomplished by the endothermic water-gas

reaction, and is controlled by varying the steam/air

or steam/oxygen ratio. Data from Gumz (1950) show

that 20 vol percent steam in the blast limits the

temperature to 700C, and 30 volume percent limits

the temperature to 650C. Figure 8 presents an ex

ample calculation of the energy yield from gasifying

the residual char from Eastern oil shale.

The NER resulting from the gasification step

is calculated to be 3.5. This is based on a very

conservative assumption that only 50 percent of the

char is gasified.

The low-Btu gas produced will provide a

fuel that is well suited for use in a combined-

cycle power plant. The power plant must be sited

near the shale process, to avoid excessive trans

port costs. This power plant can supply electric

power to operate the RF process. Power can be

sold to the electric grid during peak power periods.

Economics of Gasification

A preliminary cost estimate has been made of

the gasification process. For this purpose we have

adapted results from a study of economics of under

ground coal gasification published by Moll (1976).

Table 8 compares the capital costs. We have reduced

some of these costs because part of the existing

piping for gas gathering and general facilities are

already in place for the RF part of the process.

Table 9 presents the operating costs and return on

investment. Again, some items were deleted from

the Moll estimate because they are already part of

the RF system. The conclusion is that if the gasi

fication process works as expected, low-Btu fuel can

be produced at a cost of $0.75 per million Btu. At

this price, the economics of ac power generation in

a comb ined -cycle plant would be very favorable.

Economics of ac Power Generation

The major costs associated with RF heating of

either Eastern or Western shales is for ac power.

The most favorable ac power cost occur for one or

more combinations of the following: 1) purchase of

Basis RF Run #1

1 Kg Spent Shale Eastern

130 g carbon

10 g hydrogen

140 g char

Power Plant,
Compressor

0.2m air

Spent

Shale

Injection

Gasification at 600 C

50% conversion

0.19 m Low Btu gas

1.9 MJ heat value

(118 Btu/ft3)

Gasified Spent Shale at 600C

70 g char heat value 2.2 MJ

Sensible heat 0.21 MJ above 425C

0.68 MJ above 250C

1.1 MJ to

Combined Cycle

Power Plant

0. 5 MJ for

Compressor Power

0.3 MJ

Spare

1.9 =

0.5

Figure 8. Gasification of Residual Char

at 600C.

Table 8. Estimated capital cost of low-BTU

gasification of residual char and

unrecovered product for 5.3 x
1012

J/hr. (5 x
IO9

BTU/hr)
(Based on "The Economics of Underground

Coal Gasification by J. Moll, 2nd UCG

Symposium, August 1976)

Plant Section Investment

From Moll

Data On

Coal,
Table 1

Estimate for

RF Oil Shale

Gasification

$xl06

24

26

10

15

25

100

$xl06

24

26

5

5

so

Air Injection/
Compression

Gas Purification

Gas Gathering System

Utilities

General Facilities

Total Plant Facilities
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Table 9. Estimated operating cost of low-BTU

gasification of residual carbon and

unrecovered product for 5.3 x
IO12

J/hr (5 x
10'

BTU/hr).

(Based on "The Economics of Underground

Coal Gasification by J. Moll, 2nd UCG

Symposium, August 1976)

From Table II,
(Moll Data)
for UCG

From Moll

Data On

Coal

$/1055 MJ
($/106

BTU)

Estimate for

RF Oil Shale

Gasification

$/1055 MJ
($/106

BTU)

Coal royalty at

$.7/+ gasified 0.05

Maintenance Materials .05 .02

Other Materials .02 .01

Drilling Expense .34

Gathering System

Modification .08 .04

Labor .13 .05

Fixed Costs .11 .11

Plant Depreciation .15 .15

Total Operating Costs 0.93 .38

Return on rate and tax 0.29 .12

$1.22 .50

Adjusted for inflation

to 1979 .75

instantly interruptible off-peak power from the grid,

2) generation of ac power by a combined-cycle power

plant fueled by low-Btu gas, and 3) sale of power

from the combined cycle plant into the grid during

periods of peak consumption.

The advantage of the combined cycle plant is

that its capital costs are about half that of a

coal-fired plantand that it can efficiently burn

low Btu gas. Costs have been recalculated from the

previous paper using low-Btu gas made from in-situ

gasification of Eastern oil shale to fuel the power

plant. It was found that the power required for

the RF heating can thus be generated for about $5

per barrel .

available, except an economic method of developing

permeability in-situ in the shale and retorting

it in place to prepare it for leaching. The IITRI

RF Process would fill a gap in the processing of

oil shale for uranium leaching. Eastern shales

have been found to have a reasonable kerogen

content as well as a uranium content of at least

60 ppm, although the continuity and thickness of

these deposits remains to be well established.

The recovery of the uranium could enhance the

economics of the RF recovery process; for example

the recovery of half of the uranium in a shale

containing 90 ppm would add a product value of

$10 uranium for each barrel of oil produced from

from 15 gal/ton shale, assuming U308 sells for

$100 per kg.
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CHEMICAL AND PHYSICAL PROPERTIES OF OIL SHALE DUST AND CORRELATIONS

WITH LABORATORY FIRE AND EXPLOSIVITY TEST RESULTS

By M. T. Atwood, L. Goodfellow and R. K. Kauffman

Tosco Corporation

ABSTRACT

Test materials included oil shale dusts vary

ing in richness (Fischer assay oil yields) and

particle size. These samples were either freshly

prepared or obtained from dust deposits in the

Colony oil shale mine. Analyses carried out

included Fischer assay and determination of total

volatile hydrocarbons, organic carbon and pyritic

sulfur. Data were obtained at the Denver Research

Institute on laboratory dust ignition and explo

sivity properties and on the tendency for sponta

neous ignition, and the values were correlated

with the chemical properties. Ignition and ex

plosivity properties increase as the organic con

tent of the oil shale dust increases and as the

particle size decreases. However, oil shale dusts

were shown to be much less explosive than coal

dusts .

INTRODUCTION

The work described in this publication was

initiated under the Metal and Non-metal Health

and Safety Research Program as outlined in U. S.

Bureau of Mines Contract No. JO2750O1. It was

administered under the technical direction of the

Pittsburgh Mining and Safety Research Center with

Mr. J. Kenneth Richmond acting as technical pro

ject officer. The contract was awarded May 2U,

1977 and covers the work described in this publi

cation and results described in accompanying

publication by R. E. Williams et al, Denver

Research Institute and R. B. Crookston et al,

Tosco Corporation.

SCOPE OF WORK

develop the data needed in evaluating the sce

narios created in the first phase. The third

phase consisted of completing the Phase One sce

narios using data developed during the Phase Two

studies. This publication describes a portion of

the work conducted in pursuit of the second phase

designed to relate oil shale dust properties to

laboratory fire and explosivity test results so

that conclusions can be obtained which will ulti

mately assist in solving problems of mine and

process monitoring, mitigation of potential safety

hazards, and formulation of future safety regula

tions .

REVIEW OF PREVIOUS WORK

Laboratory explosivity tests were conducted

according to the procedures of Dorsett et al

(1960) and are described in the accompanying pub

lication by Mr. R. E. Williams of Denver Research

Institute. Using the Dorsett procedures, Jacobsen

et al (1961), Dorsett and Nagy (1968) and Nagy et

al (1965) studied the explosivity of a variety of

agricultural, chemical and carbonaceous dusts.

The major conclusion was that the tendency for

explosivity increased as the dust particle size

decreased and as the volatile organic content of

the dust increased. Figure 1 describes results

obtained by Nagy et al (1965) which show that as

the volatile content of carbonaceous dust de

creased, the explosibility index, computed from

ignition and explosion parameters, decreased. The

organic volatile content of 30 gallon per ton

shale, utilizing Fischer assay results, is about

"\2$. This represents a previously uncharted area

of Figure 1 but presumably one of low explosi

bility index.

Contract work was divided into three phases.

The first involved the compilation of scenarios

describing potential fire and explosion accidents

in oil shale mining and processing. The second

phase included laboratory testing required to
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Hartmann (1957) reported on an extensive

investigation of coal mine explosions and deter

mined that the minimum explosive concentration of

fine bituminous coal dust in air was around 0.05

oz. per cubic foot. U. S. Bureau of Mines per

sonnel conducted tests on fire and explosivity

properties of oil shale dust beginning with

Allison and Bauer (1926), Kawenski (1974), and

Kawenski and Jacobsen (1974-1975). Laboratory

tests results obtained demonstrated that there was

little or no ignition of samples having an assay

up to 31 gallons per ton but that richer samples

would ignite in the Dorsett et al (1960) appara

tus at high dust concentration. Full scale mine

dust explosion testing was conducted by Richmond

and Miller (1977).

Full scale mine propagating explosions could

be obtained if the amount of oil shale volatiles,

as determined by Fischer assay, exceeded 0.05

ounces per cubic foot of mine space. This is the

same numerical value obtained previously by

Hartmann (1957) on tests with fine bituminous coal

dust. Richmond and Miller concluded that a dust

layer of at least 0.2 pounds of 30 gallon per ton

oil shale per square foot of mine surface in a 50

x 60 x 70 foot room would be required to form an

explosive mixture. This amounts to a layer of

dust 0.038 inches thick on all six surfaces of the

room. As discussed later, this is a value much

higher than that which was measured in the Colony

oil shale mine.

LABORATORY PROCEDURES

Sample Selection and Preparation

The suite of oil shale dust samples

selected consisted of both mine and labora

tory prepared materials. Old oil shale dust

samples were taken from the Colony Parachute

Creek mine and from an 8 x 8 foot drift which

formed a minor extension of the large Colony

mine. After removal of old dust from the 8 x

8 foot drift, an explosive round was set off

and new, freshly formed dust was obtained for

testing. In addition, new dust samples were

prepared from core obtained from the mahogany

zone of Core hole TG2-1*.

Segments of this core were selected to

approximate target Fischer assay oil yields

of 10, 15, 20, 25, 30 and 35 gallon per ton.

Each selected core sample was ground entirely

to -40 mesh (U. S.) and the total product was

referred to as a "head sample" for testing and

for screening to obtain various size ranges

of -40+100, -100+200, -200+325, and -325 mesh

(U. S.). Since, from previous work, it was

known that dust explosivity properties are a

function of both organic content and particle

size, it was decided that a rigidly prescribed

particle size distribution was needed to de

fine an additional set of dust samples which

would represent all size ranges from -40 mesh

(U. S.) down to 0 size and would differ only

in the property of oil shale richness as de

fined by Fischer assay.

Using the

(Taggart, 1945):

Rosin-Rammler function

Wr = lOOe -{!

D\b*

Section 21, NE1/4 of the SW1/4, T3S, R96W, Rio Blanco County, Colorado.

Wr is cumulative weight percent retained, D is the screen aperture size in mm., and a and b are equation

constants .
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a "Reconstituted Standard Size"
was defined

which represented the screen size analysis of

dusts as determined by an evalua- tion of old

mine dust from the Colony mine and from dusts

used by Richmond and Miller (1977).

The defined standard size consist was as

follows :

Fischer Assay

Fischer assays were conducted

using the Tosco procedures as des

cribed by Goodfellow and Atwood

(1974).

Tosco Material Balance Assay

Screen Size (U.S) Weight %

-40+100 19

-100+200 13

-200+325 13

-325 55

As now constituted the test sample suite

incorporated ( 1 ) shale dusts obtained both

from new and old sources, (2) various screen

sizes below 40 mesh, (3) a -40 mesh head

sample, and (4) a -40 mesh Recostituted Stan

dard Size series of samples differing only in

oil shale richness.

Tosco material balance assay

(TMBA) is identical to Fischer assay

except that the product pyrolysis

gas is collected in its entirety

and measured and analyzed.

Particle Specific Gravity

Specific gravities were deter

mined by a displacement of heptane

with a weighed amount of solid

sample.

Kerogen content

Analytical Procedures

Screen Analysis

All screening separations were

conducted with dry dust. Indepen

dent tests show that the results

were the same whether using dry or

wet screening procedures. Dry pro

cedures are more convenient.

Carbon Analysis

Kerogen contents were calcu

lated in both weight and volume

percent using the procedures of

Smith (1976).

Pyrite Sulfur

Pyrite sulfur determinations

were conducted using the lithium

aluminum hydride treatment proce

dure described by Smith et al

(1964).

Total carbon (and hydrogen)

was determined using a Perkin Elmer

240 carbon-hydrogen-nitrogen ana

lyzer operating on the combustion

principle. Mineral carbon was

determined utilizing the mineral

acid evolution of carbon dioxide

under the guidelines of ASTM D-1756.

Organic carbon is the arithmetic

difference between total carbon and

mineral carbon contents.

X-ray Diffraction

X-ray diffraction determina

tions of relative mineral contents

were conducted at the Laramie Energy

Technical Center under the direc

tion of J. Ward Smith. Results

reported were relative and not abso

lute.

ANALYTICAL RESULTS AND INTERNAL CORRELATIONS

Analytical results obtained on the Graded
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Series, i.e., dust samples freshly prepared from

oil shale cores as previously described, and those

taken directly from the Colony mine are treated

separately.

Graded Series

Carbon Analyses

Carbon analyses of the Reconsti

tuted Standard Size dust samples are

given in Table 1 .

Table 1

Carbon Analyses

of Oil Shale Shale Dusts

Graded Series

Reconstituted Standard Size Samples

Fischer Assay

Oil Yields Total Mineral Organic

(gpt ) Carbon

(wt*)

Carbon

(wt*)

Carbon

Nominal Actual (wt*)

10 11.4 11.4 5.7 5.7

15 13.3 11.4 4.9 6.5

20 19.2 15.3 5.8 9.5

25 22.4 16.7 5.5 11.2

30 28.3 19.3 5.2 14.1

31 29.5 19.8 5.6 14.2

35 34.1 19.4 4.2 15.2

Fischer Assay

Fischer assay results for all samples

in the Graded Series are given in Table 2,

showing the variation of actual Fischer

assay results with target (or nominal)

richness and the effect of particle size.

Table 2

Fischer Assay Oil Yields in Gallons per Ton

Graded Series

As-

Prod Fractions RSS

-40 -40+100 -100+200 -200+325 -325 -40

11.8 12.7 12.3 11.5 10.9 11.4

13-8 14.5 13-8 13.6 12.7 13.3

18.9 22.1 20.3 19.5 18.0 19.2

23.6 24.7 24.6 23.8 21.2 22.4

29.0 30.4 29.4 29.4 26.2 28.3

31.2 34.1 31.3 32.2 30.5 29.5

35.4 37.3 36.6 37.8 31.3 34.1

* Reconstituted Standard Size

Figure 2 describes the relationship

between total carbon and organic carbon

contents and the actual determined

Fischer assay oil yields of the Recon

stituted Standard Size samples. Linear

correlations were obtained with high

correlation coefficients (r).

FIGURE 2

FISCHER ASSAV OIL YIELD AS A FUNCTION OF TOTAL ANO

ORGANIC CARBON CONTENTS: GRADED SERIES-RECONSTITUTED

STANDARD SIZE SAMPLES
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Figure 3 describes the correlation

of screen size with actual Fischer assay

oil yield over the entire graded series.

The decrease in Fischer assay with de

crease in particle size is not uniform,

particularly in the three richer samples.
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FIGURE 3

CORRELATION OF SCREEN SIZE WITH FISCHER ASSAY
OIL YIELD: GRADED SERIES SAMPLES
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Particle Specific Gravity

Table 3 shows the relationship

between Fischer assay yield and particle

specific gravity for the Reconstituted

Standard Size samples. An equation was

published by Smith (1969) which defines

the relationship between particle speci

fic gravity (X) and Fischer assay oil

yield (Y):

Y = 31.563
X2

-205.998X +326.624.

Table 3

calculated oil yield was obtained and

compared with the actual oil yields

given in Table 3. The results are dis

played in Figure 4. The line with the

slope 1.0 defines perfect correlation

between the Fischer assay yield obtained

using the Smith equation and that

actually determined. The correlations

are good for the Reconstituted Standard

Size samples, but good correlation does

not extend to the indicated mine dust

samples.

FIGURE 4

COMPARISON OF EXPERIMENTAL AND CALCULATED

FISCHER ASSAY OIL YIELDS: RECONSTITUTED STANDARD

SIZE SAMPLES
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Particle Specific Gravities

Graded Series

Reconstituted Standard Size Samples

Nominal Actual Particle

Oil Yield Oil Yield Specific

(gpt) (gpt) Gravity (g/cm

10 11.4 2.463

15 13.3 2.393

20 19.2 2.314

25 22.4 2.245

30 28.3 2.160

31 29.5 2.133

35 34.1 2.073

Kerogen Contents

Figure 5 describes the relationship

between Fischer assay oil yield and cal

culated weight and volume percent kero

gen values.

Using this equation, and the par

ticle specific gravities of Table 3, a
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FIGURE S

CALCULATED KEROGEN CONTENTS AS A FUNCTION OF

FISCHER ASSAY OIL YIELD: GRADED

CRIES-RECONSTITUTED STANDARD SIZE SAMPLES
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Tosco Material Balance Assay

Table 4 presents the Tosco material

balance (TMBA) data for the Reconsti

tuted Standard Size samples. The data

are self explanatory. The last row of

data, Total Product Recovery, is the sum

of the yields of oil, water, gas and

spent shale on the basis of one ton of

feed raw shale. Figure 6 describes the

relationship between Fischer assay oil

yield and total hydrocarbon yield

showing a linear relationship with a

very high correlation coefficient (r).

Knowing the Fischer assay oil yield of a

freshly prepared oil shale dust, the

total hydrocarbon yield (organic vola-

tiles) can be quickly calculated.

FISCHER ASSAY OIL YIELD (GPT)

Oil Yield: (gal/ton

(lb/ton)

Oil Gravity (API)

Specific Gravity (60/60)

Water Yield: (gal/ton)

(lb/ ton)

Gas Yield: (Scf/Ton)

(lb/ ton)

Total Hydrocarbon -

Incl. H2 and
C0 (lb/ton)

Spent Shale Yield (lb/ton)

Total Product Recovery

(lb/ton)

Table 4

Tosco Material Balance Assay Data

Reconstituted Standard Size Samples

Graded Series Oil Shale Test Samples

Nominal Richness

10 gpt 15 gpt 20 gpt 25 gpt 30 gpt 31 gpt 35 gpt

11.4 13.3 19.2 22.4 28.3 29.5 34.1

87.7 101.4 144.0 166.3 216.6 221.4 255.4

27.0 23.6 26.1 27.4 22.6 25.9 26.2

0.8927 0.9124 0.8976 0.8904 0.9181 0.8989 0.8975

1.7 2.6 3.0 3.5 2.2 2.8 0.9

13.9 21.9 25.1 29.1 18.0 23.0 7.2

312 514 663 804 659 784 492

22.2 41.5 54.4 66.2 56.0 52.8 34.5

97.5 112.4 159.8 182.8 236.6 245.4 275.9

1869 1836 1772 1734 1707 1696 1685

1992.8 2000.8 1995.5 1995.6 1997.6 1993.2 1981.7

This total includes the oil and all of the gas product except CO and H_S.
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INCREASE OF TOTAL HYDROCARBON YIELD

WITH FISCHER ASSAY OIL YIELD: GRAOED

CRIES-RECONSTITUTED STANOARO SIZE SAMPLES
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The relationship described in

Figure 6 can be assumed to be valid for

other related Piceance Basin oil shales

but should not be used for foreign oil

shales or for oil shales from other

parts of the United States.

Total Combustion Energy of Volatiles

Using the Tosco material balance

assay data for the reconstituted stan

dard size samples and laboratory data on

the heating value of the Fischer assay

oils, the data in Table 5 were calcu

lated. These data show for example,

that 30 gallon per ton shale will pro

duce 3.982 million Btu's of oil per ton

of raw shale and, by calculation from

gas analysis obtained in the Tosco

material balance assay, 0.481 million

Btu's of gas. The total combustion

Table 5

Tosco Material Balance Assay Data

Determination of Combustion Energy of Oil and Gas Volatile Products

Graded Series - Reconstituted Standard Size Samples

Nominal FA Oil Yield (gpt)

Actual FA Oil Yield (gpt)

10 gpt

11.4

15 gpt

13.3

20 gpt

19.2

25 gpt

22.4

30 gpt

28.3

35 gpt

34.1

Fischer Assay Oil

Yield (lb/ ton of raw shale)

Higher heating value (HHV) (Btu/lb)

MM Btu/Ton of raw shale

87.7 101.4 144.0 166.3

18,540 18,445 18,620 18,675

1.626 1.870 2.681 3-106

216.6 255.4

18,385 18,640

3.982 4.761

Fischer Assay Gas

Yield (Scf/Ton of raw shale)

Calculated HHV (Btu/Scf )

MM Btu/Ton of raw shale

312 514 663 804 659 492

731 513 543 516 730 984

0.228 0.264 0.360 0.415 0.481 0.484

Total Combustion Energy of

Fischer Assay Oil Plus Gas

MM Btu/Ton of raw shale

1.854 2.134 3.041 3.521 4.463 5.245

Volatile Combustibles in

Dust at 1 Oz. of Dust/Cu Ft.

0z. of volatilesVCu. Ft.

Combustion energy (Btu/Cu. Ft.)

0.048 0.056 0.080 0.091 0.118 0.138

57.9 66.7 95.0 110.0 139.5 163.9

1 Based on values for "Total Hydrocarbon - Including
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energy of oil plus gas is 4.463 million

Btu's per ton of raw shale. From this

information, it can be easily calculated

that the 30 gallon per ton oil shale dust

will produce 0.118 ounces of volatiles

per ounce of dust and 139.5 Btu's per

ounce of dust.

Data on combustion energy versus

Fischer assay oil yield are plotted in

Figure 7. With this information it is

possible to calculate the combustion

Table 6

Pyritic Sulfur Contents

Graded Series

(wt* Pyritic Sulfur)

Fractions RSS

-40 Mesh -100+200 -200+325 -325 -40

As Produced

(GPT)

18.9 0.26 0.31 0.29 0.27

31.2 0.56 0.69 0.61 0.60

35.4 0.63 0.82 0.73 0.69

FIGURE T

TOTAL COMBUSTION ENERGY OF PRODUCT HYDROCARBONS
RELATEO TO FISCHER ASSAY OIL YIELD: GRADED

SERIES-RECONSTITUTED STANDARD SIZE SAMPLES
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1

energy of total product hydrocarbons,

knowing the Fischer assay oil yield.

Again, these calculations should be con

fined to Piceance Basin oil shales in

the absence of further testing.

Pyrite Sulfur Content

Pyrite sulfur contents of selected

samples are given in Table 6, and the

correlation with Fischer assay oil yield

is displayed in Figure 8. For the Graded

Series, a reasonably good correlation

coefficient, 0.951, was obtained.

Source

Colony (Old)

8x8 Foot Drift

New Dust

Old Dust

Mine Dusts

(wt* Pyritic Sulfur)

-200+325

0.45

0.85

0.36

* Reconstituted Standard Size

FIGURE 9

RELATIONSHIP BETWEEN PYRITIC SULPHUR

CONTENT AND FISCHER ASSAY OIL YIELO

RSS

0.33

0.72

0.31

FISCHER ASSAY OIL YIELD (GPT)

X-Ray Diffraction Data

Relative X-ray diffraction data ob

tained by the Laramie Energy Technology

Center, are given in Table 7. There
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does not appear to be any marked change in inor

ganic composition as oil shale richness (Fischer

assay) increases.

Fischer Assay, Tosco Material Balance

Assay (TMBA), and Combustion Energy

Values.

Table 7

Relative X-Ray Diffraction Data

Graded Series

Reconstituted Standard Size Samples

(Done by Laramie Energy Technology Center)

Fischer Assay Oil Yields (gpt)

Nominal 10 15 20 25 30 31 35

Actual 11.4 13.3 19.2 22.4 28.3 29.5 34.1

Estimated Relative Percent

Dawsonite ND 2 2 2 ND 2 ND

Quartz 9 10 9 8 8 7 8

Calcite 4 3 4 6 4 7 2

Dolomite 24 20 25 18 20 20 21

Indication

Pyrite Yes Yes No Yes No Yes No

ND = not detected

Old and New Mine Dusts

Reconstituted Standard Size samples

were subjected to Fischer assay, Tosco

Material Balance assay and determination

and calculation of total combustion

energy. As expected, the old samples

produced less hydrocarbon than the new

sample, as shown in Table 9.

Table 9

Old and New Mine Dusts

Fischer Assay

Total Hydrocarbon Yield and Combustion Energy

Reconstituted Standard Size Samples

Fischer Assay Oil

Yield (gpt)

Colony

(old)

22.7

8x8 Foot Drift

Old

23.5

New

34.3

Carbon Analyses

Carbon analysis data on new and old

dust from the Colony mine and from the 8

x 8 foot drift are given in Table 8.

Organic carbon content of the new dust

is significantly higher than that of the

old dusts which were formed from eight

to ten years earlier. Reduction in

organic carbon content is a function of

the age of the dust.

Table 8

Total, Mineral and Organic Carbon Contents

Old and New Mine Dusts

Reconstituted Standard Size Samples

Colony Mine 8x8 Foot Drift

Dust (old) New Dust Old Dust

Total Carbon

(wt *)

Mineral

Carbon (wt *)

Organic

Carbon (wt *)

16.6

4.2

12.4

21.3

5.6

15.7

17.5

5.0

12.5

Total Hydrocarbon

Yield (including CO

and H ) from TMBA

(lb/ton of Raw Shale)

Total Combustion

Energy of Oil and

Gas (MM Btu/ton of

Raw Shale)

189.5 197.7 287.8

3.596 3-782 5.548

Figure 9 describes the correlation

between oil shale richness of new and

old dusts from the 8x8 foot drift,

based on analysis of equivalent screen

size samples. It is generally true that

at equivalent sample size, the new dust

is richer by 11 to 12 gallons per ton

than the old dust.
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FIGURE 9

FISCHER ASSAY OIL VIELO COMPARISON BETWEEN OLD
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X-Ray Diffraction and Pyritic Sulfur Data

Laramie Energy Technology Center

data are given in Table 10. Both old

dusts "showed indications of gypsum

(CaSOjj), which very likely represents

slow oxidation of pyritic sulfur and sub

sequent reaction with calcite. Gypsum

is not normally found in oil shale.

Table 10

Relative X-Ray Diffraction Data

Old and New Mine Dust Samples

Reconstituted Standard Size Samples

(Done by Laramie Energy Technical Center)

Colony 8x8 Foot Drift

Component (old) Old New

Dawsonite ND 2 ND

Quartz 7 8 8

Calcite 3 4 3

Dolomite 16 19 16

Indication yes yes no

of Gypsum

CORRELATIONS OF ANALYTICAL DATA ON OIL SHALE

DUSTS WITH FIRE AND EXPLOSIVITY PROPERTIES

Laboratory equipment and procedures for eval

uating explosibility of dust was described by

Dorsett et al (I960). The test procedures are

disclosed further in the accompanying publication

by R. E. Williams et al, of Denver Research Insti

tute. Dust Cloud Minimum Ignition Temperatures

were determined in a vertical Godbert-Greenwald

furnace in which the test dust is blown downward

through the heated furnace tube and the ignition

temperature is defined as the minimum furnace

temperature at which flame appears at the bottom

of the furnace. The Minimum Explosive Dust Con

centration was determined in the Hartmann appara

tus in which the test dust is blown up into a

Lucite chamber and exposed to an induction spark

source. The Minimum Electrical Energy required

to ignite a dust cloud is determined in the same

Hartmann apparatus except that an electronic timer

controls the spark discharge and the minimum

energy of the spark (in Joules) required to pro

duce a flame propagation of four inches and longer

in the tube is measured.

The test procedure used in determining the

Spontaneous Combustion Index is based on the

temperature rise resulting from hydrogen peroxide

addition (Maceijasz, 1959). Higher values of the

index mean a greater tendency for spontaneous com

bustion.

Graded Series

Minimum Ignition Temperature

The relationship between Minimum

Ignition Temperature and total hydro

carbon yield from TMBA is given in

Table 11 and the data are plotted in

Figure 10. As expected, the Minimum

Ignition Temperature decreases with the

increase in hydrocarbons available from

pyrolysis of the shale dust.

ND = not detected
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Table 11

Relationship Between Minimum Ignition Temperature

and Total Hydrocarbon Yield from TMBA

Reconsitituted Standard Size Samples

Fischer Assay Oil Yields (gpt)

Nom 10 15 20 25 30 31 35

Act 11.4 13.3 19.2 22.4 28.3 29.5 34.1

Tot. 97.5 112.4 159.8 182.8 236.6 245.4 275.9

HC

with increasing hydrocarbon yield froa

pyrolysis. These results were obtained

by operating the Hartmann apparatus at

25 psig, which is a higher pressure than

that prescribed by Dorsett (1960). Under

Dorsett'
s stated conditions of five to

fifteen psig, no ignition could be

obtained. The higher pressure presumably

produced a more uniform concentration of

dust.

Table 12

Min. 630 615 595 595 565 560 580

Ig. T.

Total Hydrocarbon Yield (ind. CO and H.

from TMBA, lb/ton)

** Minimum Dust Cloud Ignition Temp (C)

FIGURE 10

RELATIONSHIP BETWEEN MINIMUM IGNITION

TEMPERATURE AND TOTAL HYDROCARBON YIELD FROM

TMBA RECONSTITUTED STANDARO SIZE SAMPLES

Relationship Between Minimum Ignition Concentration

and Total Hydrocarbon Yield from TMBA

Reconsitituted Standard Size Samples

Fischer Assay Oil Yields (gpt)

Nom 10 15 20 25 30 31 35

Act 11.4 13.3 19.2 22.4 28.3 29.5 34.1

Tot 97.5 112.4 159.8 182.8 236.6 245.4 275.9

HC*

Min 0.104 0.106 0.063 0.047 0.079 0.075 0.046

Ig. C

* Total Hydrocarbon Yield (incl CO and H_

from TMBA, lb/ ton)

** Minimum Ignition Concentration (g/l)

100 200

TOTAL HVOROCARSON. IHCL. H2 AND CO

(LS./TON OF RAW SHALE)

Minimum Ignition Concentration

The relationship between Minimum

Ignition Concentration and total hydro

carbon yield from TMBA is given in

Table 12 and the data are plotted in

Figure 11. The minimum dust concentra

tion which produced ignition decreased
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Spontaneous Combustion Index

The increase of Spontaneous Combus

tion Index with increasing organic carbon

content and pyrolysis hydrocarbon yields

described in Table 14, and the data are

plotted in Figure 12. Other factors

than oil shale richness will govern Spon

taneous Combustion Index; these include

particle size and pyrite content.

Higher pyritic sulfur content tended to

increase Spontaneous Combustion Index.

Table 14

Correlation of Spontaneous Combustion Index

with Organic Carbon Content

and Total Hydrocarbon Yield from TMBA

Reconstituted Standard Size Samples

Fischer Assay Oil Yields (gpt)

11.4 19.2 28.3 29.5 34.1

The relationship between Minimum

Dust Cloud Ignition energy, at 25 psig

in the Hartmann apparatus, and total

hydrocarbon yield is given in Table 13-

The energy required for dust cloud igni

tion decreased as the hydrocarbon

available from pyrolysis increased.

Table 13

Relationship Between Minimum Dust Cloud Ignition

Energy (25 psig) and Calculated Total

Hydrocarbon Yield from TBMA

Graded Series Samples

Fraction

-40

as Produced -200+325

Organic Carbon 5.7 9.5 14.1 14.2 15.2

Content (wt*)

Total Hydro- 97.5 159.8 236.6 245.4 275.9

carbon Yield

(ind CO &

H from

TMBA, lb/ ton)

Spontaneous 2.2 4.0 3.2 4.9 5.4

Combustion

Index

FA (gpt) 29.0 31.2 35.4 29.4 32.2 37.8

Cale.Tot.HC 238.6 256.2 289.9 241.8 264.2 309.2

Yield (lb/ton)

Min.Dust Cloud 8.0 4.0 0.96

Ign.E. at

25 psig (Joules)

4.8 1.2 0.1
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FIGURE 12

CORRELATION OF SPONTANEOUS COMBUSTION INDEX WITH

ORGANIC CARBON CONTENT AND TOTAL HYDROCARBON YIELD

FROM TMBA: RECONSTITUTED STANDARD SIZE SAMPLES
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Effects of Particle Size

It is known that when a given

mass of oil shale is converted to -40

mesh dust and the various smaller screen

size fractions are removed and assayed,

the potential hydrocarbon yields decrease

as particle size decreases. However,

this decrease is slight and the general

effect of decreasing particle size, with

approximately the same oil shale rich

ness, is to increase the tendency to

ignition and explosivity. This effect

could be anticipated from the increased

surface area of the finer particles.

The reader is referred to the interim

report on this contract work to the

Bureau of Mines (1978)* for a more com

plete set of data describing effects of

particle size.

Old and New Mine Dusts

The correlation of ignition and explo

sivity properties of the old and new mine

dusts with pyrolysis hydrocarbon yields are

described in Table 15. With this limited

data, there does not appear to be any rela

tionship between Minimum Ignition Concentra

tion and the age, or richness, of the mine

dusts. However, indications are that the new

dust from the 8x8 foot drift has a lower

Minimum Dust Cloud Ignition temperature and a

higher Spontaneous Combustion Index.

Table 15

Correlation Of Ignition and Explosivity Properties

of Old And New Mine Dusts

with Total Hydrocarbon Yields From TMBA

Reconstituted Standard Size Samples

FA (GPT)

Tot. HC (incl.

CO & H from

TMBA, lb/ton)

Min. Ign. Cone.

(25 psig, g/l)

Min. Dust

Ign. Temp. (C)

Colony Mine

Dust (Old)

22.7

189.5

0.072

8x8 Foot Drift

New Old

546

Spon. Comb. Index 3.6

34.3 23.5

287.8 197.7

0.073 0.069

505 520

9.9 2.4

Correlations with Richmond and Miller Results

(1977)

Results from the Richmond and Miller

full scale mine explosivity testing with oil

shale dust, as previously described, showed

that, in general, concentrations of oil shale

dust which would produce 0.05 ounces of vola

tile hydrocarbons per cubic foot of mine

space or greater would result in propagating

*
Tosco Corporation and Denver Research Institute "An Evaluation of the Fire and Explosion Hazards of Oil

Shale Mining and
Processing"

prepared for the United States Department of Interior - Bureau of Mines,

Interim Report on Contract No. J0275001, October 20, 1978.
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explosions. The calculations described in

Table 16, plotted in Figure 13, relate the

actual Fischer assay oil yield to the vola

tile combustibles to be expected from one

ounce of the indicated oil shale dust in one

cubic foot of space. For example, one ounce

of 34.1 gallon per ton oil shale dust in a

cubic foot of space would produce 0.138

ounces of volatile hydrocarbons having a com

bustion energy of 163. 9 Btu's.

Table 16

Viewed in another manner, Table 17 shows

calculations relating the Fischer assay rich

ness to the amount of oil shale dust required

to produce 0.05 ounces of volatile combus

tibles in one cubic foot of confined space.

These data show that 0.352 ounces of 35 gal

lon per ton shale and 1.162 ounces of 10 gal

lon per ton shale would both give the propa

gating explosion threshold value of 0.05

ounces of volatile combustibles per cubic

foot. Figure 14 shows a plot of this impor

tant relationship.

Calculated Volatile Combustibles

and Combustion Energy

From One Oz/Cu Ft. of Oil Shale Dust

Graded Series

Reconstituted Standard Size Samples

Fischer Assay Volatile Combustibles

0].1 Yield

(gpt)

in 1 Oz. of Dust/cu ft

Oz. Volatiles/

cu ft

Combustion Energy

Nom Act.

11.4

(Btu/cu ft)

10 0.048 57.9

15 13-3 0.056 66.7

20 19.2 0.080 95.0

25 22.4 0.091 110.0

30 28.3 0.118 139.5

35 34.1 0.138 163.9

Table 17

Concentrations of Oil Shale Dusts Required

to Give 0.05 oz/cu ft of Volatile Combustibles

Fischer Assay Oil

Yield (gpt)

10

15

20

25

30

35

Dust Concentration (oz/cu ft)

Giving 0.05 oz/cu ft of

Volatile Combustibles

1.162

0.796

0.605

0.488

0.409

0.352

FIGURE 13

RELATIONSHIP OF VOLATILE COMBUSTIBLES

AND FISCHER ASSAY OIL YIELD: GRADED

SERIES-RECONSTITUTED STANDARO SIZE SAMPLES

FIGURE 14

CONCENTRATIONS OF OIL SHALE DUSTS REQUIRED TO

GIVE 0.05 OZ./CU. FT. OF VOLATILE COMBUSTIBLES
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The Richmond and Miller (1977) data are

given in Table 18 and can be compared with

similar data obtained by analysis of the

Lucite Hartmann Minimum Explosive Concentra

tion results. In each case, i.e. ignition in

the Hartmann apparatus and explosive propaga

tion in the Bruceton mine, a minimum concen

tration of Fischer assay volatiles is re

quired .

Table 18

Comparison of Lucite Hartman Apparatus Results

With Full Scale Mine Tests

HOW THESE PROCEDURES MAY BE USED IN REAL WORLD

SITUATIONS

Mine Load Dust Studies

As described in the following paper

by R. B. Crookston et al, measurements

of the dust loading concentration in a

mine and assay of the dust would permit

a calculation of the potential pyrolysis

volatiles available in the known mine

volume. If this value were to exceed

0.05 ounces per cubic foot of space, a

potential safety hazard would exist.

Lucite Hartmann Apparatus Results Monitoring Procedures

Test Dust

Fischer Assay Oil Yield (gpt) Min. Explosive Cone.

Recon. Std. Size Samples of Volatiles (g/l)

11.4 0.005

13.3 0.006

19.2 0.005

22.4 0.004

28.3 0.009

29.5 0.009

34.1 0.006

Avg. 0.0063

Std. Dev. 0.002

Mine Explosive Propagation Tests

(Richmond & Miller, 1977)

Test Dust Concentration of

Fischer Assay Volatiles What Happened

Oil Yield (gpt) (g/l) In Mine

19 0.048 No propagation

19 0.032 No propagation

25 0.066 Propagation

25 0.033 No propagation

25 0.033 No propagation

34 0.023 No propagation

34 0.045 Propagation

46 0.060 Propagation

46 0.030 Marginal

50 0.033 No propagation

50 0.050 Propagation

It will be important to be able to

determine Fischer assay of the dust col

lected in a working or non-working

mine. Using Fischer assay equipment,

the results can be quickly correlated,

using relationships described in this

paper, with potential total hydrocarbon

yield and combustion energy of the

obtained volatiles. In the absence of

Fischer assay equipment, measurements of

the specific gravity of the shale dust

will permit calculation of Fischer assay

but, if this is done, it would be neces

sary that non-oil shale dust be kept out

of the sample. Another substitute for

Fischer assay equipment would be to use

the Pulsed Nuclear Magnetic Resonance

equipment produced by the Praxis

Corporation in San Antonio. Use of this

equipment permits estimation of Fischer

assay yields without conducting the

actual pyrolysis test.

If the oil shale test dust has been

aged for several years, it would be pre

ferred to generate the test dust by

grinding oil shale taken from represen

tative channel samples and using Fischer

assay data to predict dust explosivity

properties.
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Mitigation

The level of potentially available

pyrolysis hydrocarbons may be obtained

from (1) mine dust loading determina

tions, (2) collection and assay of float

dust in active mines, and (3) estimates

of non-oil shale hydrocarbon concentra

tions, if any. If these values approach

hazardous levels, additions of rock dust

(Richmond et al 1975) and moisture would

serve to reduce the amount of dust which

could potentially become airborne.

CONCLUSIONS

Oil shale dusts have analytical properties

which are of value in predicting relative fire

and explosivity tendencies. These are: organic

carbon content, weight and volume percent of

kerogen contents, particle specific gravity,

Fischer assay oil yield, total hydrocarbon yield

from Fischer assay (TMBA), and combustion energy

of total volatiles from Fischer assay (TMBA). Of

these, the property most easily obtained is

Fischer assay oil yield. All of the remaining

properties correlate with Fischer assay oil yield

by simple linear regression relationship having

correlation coefficients greater than 0.99. The

analytical relationships developed in this work

must be reestablished with oil shales outside of

the Piceance Basin of Colorado.

Fischer assay oil yield and organic carbon

content decrease with decreasing particle size of

natural oil shale dust.

Dust Minimum Explosive Concentration, Minimum

Ignition Energy, Minimum Ignition Temperature and

Spontaneous Combustion Index all increase with

increased Fischer assay oil yield of test dust.

The grade of oil shale dust deteriorates with

time.
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LABORATORY AND FIRE EXPLOSIVITY TESTING

OF OIL SHALE DUST

R.E. Williams

Z. Zborovszky
Denver Research Institute

ABSTRACT

Explosivity tests, as described in the U.S.

Bureau of Mines RI 5624, were conducted on prepared

new and aged oil shale dusts. Tests included minimum

ignition concentration, temperature, energy, maximum

pressure, and rate of pressure rise. In addition,

dust layer ignition data were obtained as well as the

potential for oil shale to spontaneously combust. A

high Btu retort gas was tested for minimum ignition

energy and limits of flammability. A preliminary

evaluation was made on rubble fires. Oil shale dust

layers can ignite at temperatures found in mining,

handling and processing operations. Oil shale is

less liable to spontaneous combustion than typical

western coals. Oil shale rubble burns with diffi

culty and does not propagate under the conditions of

the test procedure. A nonexplosive methane/air

mixture and a nonexplosive oil shale dust when com

bined did ignite and explode. High Btu retort gas is

more dangerous than methane in terms of minimum

ignition energy.

BACKGROUND

Using apparatus and procedures of Dorsett et al.

(1960), Jacobson et al. (1961) studied the explosive

hazards of agricultural dusts. Explosivity data were

presented on 45 agricultural products. The authors

suggest a number of ways to reduce dust explosion

hazards, including good housekeeping, prevention of

dust dissemination, elimination of ignition sources,

use of an inert atmosphere, of explosion-supression

devices, and venting.

Using similar procedures, Dorsett and Nagy

(1968) investigated the explosivity of 73 chemical

compounds and mixtures, 29 drugs, 27 dyes and 46

pesticides. The authors determined that the explo

sivity index increases as the dust particle size

decreases. In addition, they found that organic

compounds containing nitrogen tend to have high

explosivity indexes and, further, that halogen sub

stitution in organic molecules tends to reduce explo

sivity.

The explosivity of a variety of carbonaceous

dusts was investigated by Nagy et al. (1965). Dust

R.M. Blunt

D. West

Denver Research Institute

explosion data were obtained using the RI 5624 appa

ratus and procedures, Dorsett et al. (1960). Mater

ials studied included activated carbon, asphalt,

charcoal, carbon black, coal, coke, gilsonite,

graphite, lignite, pitch, tunnel dust and miscella

neous carbons. Their major conclusion was that the

explosion hazard tends to increase as the volatile

content of the dust increases.

In a review of investigations of coal mine

explosions done in previous years at the Bruceton

experimental mine, Hartmann (1957) reports a number

of conclusions: (1) coal dust can produce widespread

explosions in the absence of methane; (2) coarse coal

dust, as coarse as 20 mesh, may take part in mine

explosions, but the fine particles control the ease

of ignition, the violence and the speed of flame

propagation; (3) the combustible volatile content of

coal has an important effect on the explosivity of

coal dust; (4) any increase in the Incombustible

constituents of coal is accompanied by reduction in

explosivity of the coal dust; (5) the presence of

natural gas in the air current, even at concentra

tions below the lower explosive limit of methane,

about 5%, enhances the ease of ignition of coal dust

and makes it more difficult to arrest an explosion;

(6) the minimum explosive concentration of fine

bituminous coal dust in air was determined to be on

the order of 0.05 ounces per cubic foot.

Hartman further reported that coal dust deposit

ed on rib and roof surfaces or on overhead timbers is

generally a finer size, is more readily dispersable

and ignitable, and constitutes a greater explosion

hazard than coal dust on the floor. Further, explo

sions initiated by strong that is, high

energy sources, develop faster, do more damage, and

are more difficult to arrest than explosions initi

ated by weak sources.

Other Bureau authors (Nagy et al., 1964) discuss

properties of float coal dust, i.e., dust having a

particle size of 74 micrometers (200 mesh) and less.

These dusts are transportable in ventilating air

currents, and similar dusts would be present in

active oil shale mines. Full scale tests at the
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Bruceton experimental coal mine showed: (1) the

intensity of an explosion, i.e., the product of

pressure and flame velocity at the flame front,

increased as the particle size of the coal dust

decreased; and (2) the percentage of incombustible

required to arrest explosion propagation increased

with the quantity of float coal dust.

The effect of added rock dust on the explosivity

of coal dust was reviewed in detail by Richmond et

al. (1975). Based on full scale mine explosion

tests, Richmond and his coworkers demonstrated that

increasing rock dust decreased flame speed, decreased

flame pressure gradient, decreased length of flame

travel and, above a certain level, converted an

explosive propagation situation to nonpropagating.

Rock dust acts both as an inert ingredient and, in

chemical decomposition, as an energy sink reducing

the energy of an explosion.

Spontaneous combustion and its detection are

discussed by Hertzberg (1978). The Bureau's approach

is to directly measure spontaneous combustion by

determining the rate of selfheating in an adiabatic

calorimeter. Calorimeter data show that the various

methods of evaluating relative reactivities correlate

reasonably well with one another. The rate of tem

perature rise in the adiabatic calorimeter correlates

well with the rate of production of carbon monoxide

and carbon dioxide.

INTRODUCTION

The earliest work on testing fire and explosivi

ty properties of oil shale dust was conducted by the

Bureau at Bruceton in 1926 (Allison and Bauer, 1926).

The authors tested oil shale dust in a laboratory

steel dust gallery made up of a steel pipe of 8 in.

inside diameter and 17 ft. long. A cloud of the test

dust was raised in the pipe by means of compressed

air and a loose flame was fired into the dust cloud.

Explosivity was determined by the flame length.

Although information in the publication is not clear,

the authors maintain that oil shale test samples,

averaging in richness down to 8 gpt, were explosive.

This conclusion is based on the fact that the test

flame length exceeded the flame length of combustion

of the igniting powder alone. Other information in

the report does not support this conclusion. The

authors state, however, that the oil shale dusts

tested were explosive, and that their explosiveness

increased with their combustible content.

Kawenski (1974) of the Bureau at Bruceton tested

two samples of oil shale dust from the Colony Para

chute Creek mine. One was an old mine dust sample

taken from a mine pillar and the second an oil shale

crusher dust. The former assayed 23 gpt and the

latter 33 gpt. Using the equipment and procedures of

RI 5624, minimum ignition temperatures of dust clouds

obtained were 540 and 530C, respectively. No igni

tion was observed in tests in the Hartmann lucite

apparatus. However, in the steel Hartmann, the

33 gpt shale ignited at a dust concentration of

0.5 oz/ft3

and above. The 27 gpt shale, old Colony

mine dust, did not ignite in the steel Hartmann

apparatus at concentrations as high as 2 oz/ft3.

Laboratory tests, utilizing the apparatus and

procedures of RI 5624, were conducted on a series of

oil shale samples varying in richness from 6.3 to

64.8 gpt and ground to -200 mesh (Kawenski and

Jacobsen, (1974; 1975). Utilizing the
Godbert-

Greenwald furnace, minimum ignition temperatures of

dust clouds ranged from a high of 710C for the 6.3

gpt sample to a low of 470C for the 64.8 gpt sample.

Experiments in the lucite Hartmann apparatus resulted

in no ignition for samples having up to 30.9 gpt

assay. Richer samples ignited with an average mini

mum concentration of 0.28 oz/ft3 for the 33.6 gpt

sample and 0.1 oz/ft3 for the 64.8 gpt sample.

Utilizing the pressure steel Hartmann apparatus,

ignition was effected with 33.6 gpt and richer sam

ples. In the richer samples, the minimum concentra

tion of dust which underwent ignition decreased as

the richness of the oil shale dust increased. Due to

the fact that even the lean oil shales ignited when

heated by a hot surface, Bureau personnel drew the

conclusion that all samples would present a dust

explosion hazard. Data on tests in the Godbert-

Greenwald furnace, which indicate that both dust

clouds and dust layers of all tests were readily

ignited, further supports the conclusion.

More definitive work has been done by Richmond

and Miller (1977) of the Bureau at Bruceton. These

investigators worked with oil shale samples from the

Anvil Points mine, which were crushed and finally

ground to a nominal -200 mesh size consist. These

prepared dust samples were blended to make five large

samples varying in average Fischer assay from 19 to

50 gpt. The dusts were tested by spreading in the

experimental mine at Bruceton, followed by attempted

explosions initiated by a mixture of natural gas and
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air. Results obtained were described as "propagat

ing," "marginal,"
and

"nonpropagating."

A total of 17 tests were run in the Bruceton

mine. The authors concluded that at least

0.05 ounces of volatiles per cubic foot of mine space

were required for a propagating explosion. The

volatiles were assumed to be equivalent to the sum of

Fischer assay oil plus gas yields. In tests with

addition of rock dust it was determined that rock

dust is somewhat more effective in inhibiting explo

sions than is the inorganic matter in oil shale.

This was believed to be due to the fact that the

inorganic in oil shale is only about one half mineral

carbonates, while rock dust is almost entirely cal

cium carbonate. They also concluded that oil shale

dust will propagate explosions at much greater incom

bustible content than in the case of coal dust/rock

dust mixtures. Tentative explanations offered for

this finding are that kerogen pyrolyzes at a lower

temperature than coal and/or the kerogen pyrolysis

products contain more hydrogen than coal.

The minimum concentration of volatiles, i.e.,

Fischer assay volatile combustibles, required for

explosion is virtually independent of the amount of

incombustibles in the oil shale dust over the range

tested. The critical concentration of volatiles,

0.05 ounces per cubic foot, is about the lean explo

sive limit for most hydrocarbons and the same lean

explosive limit as observed in the case of Pittsburgh

coal for explosive propagation. The lean explosive

limit of 0.05 ounces of volatiles per cubic foot of

mine space is not claimed by the authors to be the

final word on such matters, but represents a conven

ient and reasonable level.

The authors also determined that a dust layer

density of 0.2 pounds of 30 gpt oil shale per square

foot would be required to form an explosive mixture

of all six surfaces of a room 50 x 60 x 70 ft. This

amounts to a layer of dust 0.038-inch thick which is

much greater than has been found in an existing oil

shale mine.

Finally, the authors conducted some spontaneous

ignition tests on oil shale dust and found that

46 gpt oil shale dust will ignite at a dust tempera

ture of 130C. A shale dust of 25 gpt richness

required a dust temperature of 180C for ignition.

DUST EXPLOSIVITY

Using the apparatus described in RI 5624the

Godbert-Greenwold Furnace, the lucite Hartmann and

the steel Hartmannthe explosivity
parameters of oil

shale dust were determined.

Minimum Dust Concentration

Oil shales of various grades were tested using

the lucite Hartmann. The results of these tests are

presented on Table 1. In no case was there ignition

of the oil shale dusts observed.

In an attempt to achieve a more uniform dust

dispersion, the reservoir pressure was increased to

25 psig (well outside the pressure called for in

RI 5624). Selection of 25 psig was rather arbitrary,

and based to some extent on the reservoir strength.

Numerous tests were made with and without dust (no

spark) to assure that the pressure pulse would not

rupture the filter paper cap on the lucite Hartmann.

Results of the higher pressure tests are presented on

Table 2. The complete dust series was not completed

because of time and the fact that the 25 psig reser

voir pressure tests were outside the original scope

of work.

Minimum Dust Ignition Energy

Using the lucite Hartmann apparatus, the minimum

ignition energy (following RI 5624 procedures, e.g.,

5-15 psig) was investigated. Again, as in the

previous section, it was necessary to increase the

reservoir pressure to 25 psig to obtain positive

results. The data are tabulated on Table 3.

Minimum Dust Ignition Temperature

Using the Godbert-Greenwald furnace, the minimum

ignition temperatures of all samples were determined.

The results indicated an expected trend of higher

ignition temperatures (^620C) at the lower assays to

560C at the higher assays.

Maximum Pressure and Rate of Pressure Rise

Several higher grade oil shale samples were run

in the steel Hartmann; however no explosions were

observed. The oil shale, in all cases, failed to

exhibit any pressure rise attributable to deflagra

tion (slow burning). As a result of these negative

tests, if the sample indicated no ignition in the

lucite apparatus at RI 5624 conditions, it was not

tested in the steel chamber.

Explosivity Index

An ignition sensitivity index can be determined

by:

I.S. =
(Conc-WEnergy^(Temp->min SamP1e

(Cone. )min(Energy)min(Temp. )min
Pittsburgh
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An explosive severity index can be determined by:

E.S. =
(P)max (dP/dt)

(P)max (dp/dt)

Pittsburgh Coal

Sample

It is evident that if Pittsburgh seam coal is

taken as a standard, then both the I.S. and E.S. have

a value of 1.0.

When the I.S. and E.S. are multiplied together,

an arbitrary explosivity index is obtained and is

used for comparing the relative explosivity of a dust

to Pittsburgh seam coal. The following indicates how

these indices may be related to a subjective descrip

tion of the hazard (Nagy et al., 1965).

Ignition Explosion

Explosive Hazard Sensitivity Severity Explosibility
Adjective Rating Index Index Index

Weak <0.2 <0.5 <0.1

Moderate 0.2-1.0 0.5-1.0 0.1-1.0

Strong 1.0-5.0 1.0-2.0 1.0-1.0

Severe >5.0 >2.0 >10

Using the data obtained in the laboratory, oil

shale dusts gave an explosivity index of approxi

mately 0.0001. By comparison, Gil soni te gives an

index of greater than 10; lycopodium, 6.72; and

carbon black less than 0.1.

METHANE ADDITION TO OIL SHALE DUST

The steel Hartmann closed bomb was used for

methane addition testing. A modification to the

Hartmann was made to permit evacuation of the air

supply tube to ensure that accurate gas mixture

compositions would be created.

A reservoir solenoid was connected to an ex

ternally controlled 118 volt, 60 Hz line with the

power off. A 0.616 gram sample of oil shale dust

(0.5 g/l) was placed in the chamber and the apparatus

assembled. All compressed air feed line and the

vacuum line valves were closed. The solenoid was

actuated to the open position and methane added to

the entire system until a low pressure gage indicated

5.5 psi. Following this, the entire system was

pressurized with air to 100 psig and the solenoid

closed. The steel tube was then slowly vented until

the internal pressure reached Denver ambient,

approximately 650 torr.

This procedure resulted in the steel Hartmann

tube and the 100 psig reservoir containing a 5%

methane/air mixture at ambient pressure. Several

tests were conducted on -200+325 mesh 35 gpt shale in

this atmosphere. For comparison, tests were run with

5% methane/air alone, oil shale alone, an explosive

mixture of methane/air (7%), Pittsburgh seam coal,

and lycopodium.

It is noted that oil shale alone and a 5%

methane/air mixture alone do not ignite. An explosive

mixture (7%) of methane does ignite to give a peak

pressure of approximately 90 psig. The mixture of

5% methane/ air and oil shale ignites to give a peak

pressure of approximately 65 psig.

DUST LAYER TESTING

Dust layers present a potential hazard if they

are in contact with heat sources such as exhaust

pipes. Using standardized techniques, oil shale

dusts were characterized.

Dust Layer Ignition Temperature

The ignition temperature of a dust layer is

determined in a modified Godbert-Greenwald furnace.

A sample of dust filling a
0.5- inch deep, 1-inch

diameter container, made of 40 mesh stainless steel

with a 200 mesh stainless steel bottom liner, is

suspended in the center of the heated furnace. The

temperature of the dust (initially at room tempera

ture) is measured by a chromel-alumel thermocouple

centrally imbedded in the sample. A temperature-time

record of the dust, along with that of the furnace,

is obtained on a recording potentiometer. A stream

of air, 30 cubic inches per minute, passes through

the inlet orifice and flows upward into the furnace.

At this flow rate, the dust will attain the same

temperature as the furnace if combustion of the dust

does not occur. The top surface of the dust is

observed in a mirror above the furnace. Ignition is

denoted by an inflection in the time-temperature

record of the thermocouple imbedded in the dust.

In the few samples of dust tested, the nominal

ignition temperature was 200C.

Dust Layer Hot Plate Test

This test was intended to simulate dust collect

ing on a hot surface with a flame source present. A

thin layer of dust was spread on a conventional hot

plate and the temperature of the plate monitored.

The temperature was set to 200,
230

and 260C. A

pilot flame was passed over the dust layer and obser

vations made.

The hot plate test was conducted on nominal 35

gpt shale in the -200+325 size fraction. Only the

260C hot plate temperature gave a visible flame when

a pilot flame was introduced over the dust. This

260C value correlates quite well with the values

obtained at the Laramie Energy Technical Center

(personal communication, Dr. J. Ward Smith).
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RUBBLE FIRE TESTING

A single test was conducted to determine the

relative flammability of oil shale rubble. The

intent of the test was to initiate a fire, then

determine fire spread into the raw shale.

An outdoor test was conducted by placing a high

volume fan 6 feet downwind from the shale ignition

source. A velometer was used to monitor the air flow

which was held nominally at 100 feet per minute. A

large galvanized drain pan was filled with minus

3-inch oil shale rubble assaying 44.3 gallons per

ton. The shale was extended downwind from the pan

approximately 4 feet. In total, 150 pounds of shale

were used in the test.

One gallon of #2 diesel fuel was poured over the

shale in the pan and allowed to accumulate. A second

pan was filled with only one gallon of diesel fuel to

serve as a control to assess when all of the fuel had

been consumed. The pans were shielded from strong

air currents and a diesel soaked flammable wick used

to ignite both pans. A Locam camera was set up to

photograph the test intermittently.

One minute after ignition, the control was

burning well. The shale pan was burning only

sporadically. Three minutes after ignition, the

control reached its maximum intensity (subjective)

with the shale pan gaining little intensity. After

12 minutes, the control pan fuel was almost exhausted;

however, the flame in the shale was still quite small

and had spread away from the pan less than 1 inch.

At 14 minutes after ignition, the control flame

extinguished; no additional flame spread was noted in

the shale. Up to 1 hour and 45 minutes after igni

tion, an audible
"crackling"

was noted as well as

hydrocarbon odors, with no additional flame spread.

A small flame was still confined to the pan area.

SPONTANEOUS COMBUSTION

An accepted standardized test for determining

the potential of materials to auto-oxidize has been

in use for decades and uses an adiabatic furnace.

The technique is extremely time-consuming and yields

temperature-
time data which is not amenable for

comparative evaluations of materials. The test

procedure used in this program has been widely

accepted in Europe and is gaining popularity in the

United States as a reliable indicator of spontaneous

heating.

The test procedure for determining potential of

spontaneous combustion is derived from a hydrogen

peroxide test (Maceijasz, 1959). This relatively

simple test procedure consists of the following

steps:

Ten grams of sample are crushed to a size

of 63 micrometers or less.

t The sample is mixed with 5 milliliters of

distilled water in a thermally insulated

container.

After allowing the sample and water to

thermally equilibrate, 30 milliliters of

20% hydrogen peroxide are added to the

sample.

The temperature of the sample is monitored

and the time required to increase tempera

ture by 65C is recorded.

The susceptibility or liability index
"I"

is calculated from: I = 100/t, where t is

the time in minutes required to reach a

temperature change of 65C.

Increasing values of I indicate a greater lia

bility for spontaneous combustion. Table 4 presents

the spontaneous combustion I value across the graded

series. In general, the values range from 2 to 10

with an expected trend toward higher values with

higher assay.

The test indicates only a relative index and

does not imply oil shale is 3 to 15 times less likely

to spontaneously combust than western coals; only

that it is less likely. The fact that values were

obtained in the range of 2 to 10 indicates that

rubble, fractured seams, etc., do have a liability to

auto-oxidize.

RETORT GAS FLAMMABILITY

An oil shale retort gas (either surface or

in situ) is a complex mixture of hydrocarbons,

hydrogen, hydrogen sulfide, ammonia, carbon monoxide,

carbon dioxide, and water in varying proportions.

The concerns from a flammability standpoint are the

upper and lower explosive limits and the minimum

energy required for ignition. In order to perform

rough determinations of the explosive limits and the

minimum ignition energy, an apparatus known as the

PTB was used.
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The PTB apparatus has been used for intrinsic

safety testing for several years. It is basically a

test apparatus made to create electric sparks in an

explosive atmosphere. The sparks are created as a

result of four rotating wire electrodes brushing the

surface of a similarly rotating cadmium disc

electrode. The electrodes operate in a chamber

filled with the test mixture for a given length of

time, during which at least 1,000 sparks are created.

If ignition occurs, the gas is replaced and either

the ignition current or the gas composition is

changed. If ignition does not occur, the ignition

current is increased and the test run again.

In order to be able to compare the results with

the minimum igniting current (MIC) for methane, the

PTB apparatus was run with the following settings:

source voltage 24V; inductance 100 mH; 0.1778 mm

diameter, 11 mm long tungsten wires; 1 mm overlap; Cd

disc; 80 rpm; a negative test was run for 13 minutes

(at least 2,500 sparks).

The test gas was generated from Fischer assays

of 31.4 gpt oil shale and analyzed by gas chroma

tography. The analysis showed some variation in

component ratios for the 3 batches.

Different mixture ratios were obtained using the

technique of partial pressures. Approximately one

liter of gas was required for each test, as a result,

the number of test points obtainable from 3 to 4

liters of available gas was limited. Consequently,

only a rough idea was obtained about the variation of

minimum igniting current or minimum igniting energy

as a function of mixture ratio. The testing was done

at one atmosphere absolute, using 21.5% 02 in N2 for

air.

Three samples of retort gas derived from a

Fischer assay were tested in the PTB apparatus with

composite results shown on Figure 1. The three gas

compositions differed somewhat which may account for

the variability in results. Basically, the test

indicates a L.E.L. around 5% retort gas in air and an

upper explosive limit (U.E.L.) around 25 to 30%. The

most dangerous mixture would appear to be approxi

mately 15% with a minimum ignition energy of 0.23

mil li joules and a minimum igniting current less than

0.1 amperes. The apparent
"hump"

in the U-shaped

curve at 15% is unexplained.

The minimum igniting current for retort gas was

approximately 70 milliamps. Under the same test

conditions, the minimum current for the most

hazardous methane/air mixture was approximately 100

milliamps.

It is important to note that these limited

experiments were conducted at room temperature and

760 mm mercury pressure. An increase in temperature

(more likely for a true retort leak) would increase

the explosivity and reduce the energy or current

required for ignition.

CONCLUSIONS

Oil shale dusts in actual Bureau mine tests

which, by a combination of dust loading and

richness, will provide about 0.05
oz/ft3

of

volatile hydrocarbons or greater will

undergo a propagating explosion.

The results of laboratory tests on the fire

and explosivity properties of standard

materials during calibration of the RI 5624

equipment correlated quite well with the

work done by the Bureau and MSHA.

Laboratory tests, following the conditions

specified in RI 5624 procedures, with oil

shale dusts assaying nominally 10 to 35

gpt, and having particle sizes ranging from

-40 mesh to -325 mesh, resulted in no

ignition and explosion. It is therefore

concluded that oil shale dust is not

explosive when tested according to RI 5624.

Oil shale dusts assaying 10 to 35 gpt and

-325 mesh did ignite and propagate in the

lucite Hartmann apparatus at a reservoir

pressure of 25 psig. It can then be said

that oil shale dust is explosive when

tested in RI 5624 apparatus, but with

prescribed reservoir pressure exceeded.

(Prescribed reservoir pressure is 5 to

15 psig.)

Oil shale has an overall explosive index of

0.0001 compared with an index of 1.0 for

Pittsburgh seam coal, indicating a lesser

tendency of oil shale to explode.

Using a hot plate with a thin oil shale

dust layer, of 35 gpt grade, and a pilot

flame as an ignition source, the dust layer

ignited at 260C. It is concluded that oil

shale dust layers can ignite at tempera

tures found in mining, handling, and
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retorting operations if an ignition source

is present.

In all laboratory tests, using the peroxide

method for spontaneous combustion, oil

shale dusts indicated a potential to auto-

oxidize. Oil shale is less liable to

spontaneous combustion than typical western

coals. Spontaneous combustion is influ

enced by surface area, chemical composition,

and moisture content.

In a single test, fuel-soaked, 3-inch oil

shale rubble burned poorly and combustion

did not spread into untreated oil shale

rubble. From this one observation, it

appears that oil shale rubble burns with

difficulty and combustion does not

propagate under the test conditions.

In limited tests, a nonexplosive 5% methane/

air mixture (a lower explosive limit of

5.3%) and a nonexplosive oil shale dust did

ignite and explode. The conclusion is that

a nonexplosive methane/air mixture enhances

the explosivity of oil shale dust.

Oil shale retort gas appears to be more

dangerous than methane in terms of minimum

ignition energy. Since gases may be

grouped according to the ratio of their

minimum igniting current with that of

methane, the retort gas gives a ratio of

0.9, classifying it in the ISA II B group

(for which ethylene is the laboratory

standard).
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MINIMUM CONCENTRATION (g/l)
5 - 15 PSIG (RI5624)

SAMPLE

TYPE

MESH SIZE

(US)

GRADED SERIES OIL SHALE TEST SAMPLES

NMUIINAI Rir.HNFSS

COLONY

MINE

DUST

8x8 FOOT

DRIFT SPENT

SHALENEW

DUST

OLD

DUST10 GPT 15 GPT 20 GPT 25 GPT 30 GPT 31 GPT 35 GPT

AS PROD. -40 4 >4 >0.9 >3.25 >2 >2 >2 >2 >2 >2 >2

F

R

A

C

T

I

0

N

S

-40+100 >4 >4 >8 >4 >2 >2 >4 >2 >2 >2 >2

-100+200 >4 >4 >8 >4 >1.2 >2 >2 >2 >2 >2 >2

-200+325 >4 >4 >0.9 >2.4 >2 >2 >2 >2 >2 >2 >2

-325 >4 >4 >0.9 >4 >2 >2 >2 >2 >2 >2 >2

RECON.

STD.

SIZE

>4 >2 >0.9 >2 >2 >2 >2 >2 >2 >2 >2

Table 1.

MINIMUM CONCENTRATION (g/l) 25 PSIG

SAMPLE

TYPE

MESH SIZE

(US)

GRADED SERIES OIL SHALE TEST SAMPLES

NniUIINAI RIHHKIFSC

COLONY

MINE

DUST

8x8 FOOT

DRIFT SPENT

SHALENEW

DUST

OLD

DUST10 GPT 15 GPT 20 GPT 25 GPT 30 GPT 31 GPT 35 GPT

AS PROD. -40 0.203 0.198 0.105 0.079 0.099 0.039

F

R

A

C

T

1

O

N

S

-40+100 0.118

-100+200 >4 1.096 1.310

-200+325 0.982 0.527 0.370 0.536 0.216 1.002

-325 0.063

RECON.

STD.

SIZE

-40 0.071 0.137 0.052 0.080 0.073 0.047

Table 2.
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MINIMUM IGNITION ENERGY (JOULES)
25 PSIG

SAMPLE

TYPE

MESH SIZE

(US)

GRADED SERIES OIL SHALE TEST SAMPLES
MHMIMAI QirUNECC

COLONY

MINE

DUST

8x8 FOOT

DRIFT SPENT

SHALENEW

DUST

OLD

DUST10 GPT 15 GPT 20 GPT 25 GPT 30 GPT 31 GPT 35 GPT

AS PROD. -40 8.0 4.0 0.96 >8.0 0.210 >8.0

F

R

A

C

T

1

0

N

S

-40+100

-100+200 0.215 0.355

-200+325 4.8 1.2 0.100 >8.0 0.080 >8.0

-325 >8.0

RECON.

STD.

SIZE

-40 >8.0 >8.0 >8.0 >8.0 0.420 >8.0

Table 3.

SPONTANEOUS COMBUSTION INDEX (I)

SAMPLE

TYPE

MESH SIZE

(US)

GRADED SERIES OIL SHALE TEST SAMPLES

NOMINAL RICHNESS

10 GPT 15 OPT 20 GPT 25 GPT 30 GPT 31 GPT 35 GPT

AS PROD. -40 2.5 5.9 10.1 4.1 7.2 12

F

R

A

C

T

1

0

N

S

-40+100 2.1 4.3 4.0 6.1 6.5

-100+200 2.9 5.2 5.2 6.8 6.5

-200+325 4.7 8.3 4.5 8.0 8.1

-325 1.8 4.3 3.4 4.0 . 5.1

RECON.

STD.

SIZE

-40 2.2 4.0 3.2 4.9 5.4

Table 4.
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POTENTIAL FOR FIRES AND EXPLOSIONS IN OIL SHALE MINING AND PROCESSING

Robert B. Crookston and William N. Hoskins

Tosco Corporation

1600 Broadway, Suite 1150

Denver, Colorado 80202

ABSTRACT

Since 1944, more than 2,730,000 mt of Colorado

oil shale has been mined without a mine dust

explosion. Laboratory and large scale tests and

experiments, however, have demonstrated that

sufficient volatiles concentrated in airborne dust

will propagate an explosion of methane. Studies

of the concentration and character of dust on

surfaces in an oil shale mine suggest that the

potential hazard of mine dust explosions may be

less than that of fires in oil shale rubble and of

the mine itself. Although the potential hazard

and consequences from mine fires have not yet been

measured, two very recent unplanned fires in oil

shale mines suggest caution.

Methane in small concentrations has been

encountered in oil shale exploration and mining.

This potential hazard, together with those of

process gases and vapors produced by surface and

underground retorts need evaluating.

Scenarios of possible fire and explosion

events highlight these potential hazards, and

suggest the need for thoughtful research, and a

deliberate, but carefully studied approach to

promulgating specific regulations, if any are

proven necessary. The studies that have been

sponsored by/or conducted for the Bureau of Mines,

have so far served to establish the existence, if

not the measure, of the potential hazards. It is

important that the emerging oil shale industry be

cognizant of all of the potential hazards and

their impact upon the mode of operation and

costs. The industry also must be informed,

insofar as it is possible, of the impact of

possible safety regulations, if any are required,

on commercial operations.

INTRODUCTION

This presentation is a companion paper to

those by Ralph E. Williams, Denver Research

Institute, "Laboratory and Fire Explosivity

Testing of Oil Shale
Dusts"

and Mark T. Atwood,

Tosco Corporation, "Chemical and Physical

Properties of Oil Shale Dust and Correlations with

Laboratory Fire and Explosivity Test Results".

These three papers report and highlight the data

and information developed and brought together

under Bureau of Mines contract J027001, awarded

May 20, 1977. The materials from which these

papers have been generated, together with all

references, are included in an interim report by

Tosco Corporation and Denver Research Institute to

the Bureau of Mines, October 20, 1978.

The primary objective of this contract study

was to make an evaluation of the fire and

explosion hazards of oil shale mining and

processing.

Included in the scope of work were the

requirements (1) to identify and measure the

potential hazards of fires and explosions in oil

shale mining and processing, (2) to prepare the

basis for promulgating safety regulations, if any

are necessary, and (3) to develop procedures for

monitoring compliance with such regulations. This

paper includes a review and summary of potential

oil shale hazards, hazard analysis, scenarios of

potential accidents involving oil shale related

incidents, and summary of a dust study done in the

Colony mine at Parachute Creek in the Piceance

Creek Basin.

DISCUSSION OF THE OPERATING ENVIRONMENT

Mining and feed preparation of oil shales

involves handling vast amounts of dry, often

dusty, carbonaceous solids. Safety considerations

dictate an awareness and knowledge of conditions

leading to spontaneous combustion, burning,
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ignition, and explosion. In preheating and

retorting, high temperatures (260C to

760 C) , are commonly required. Carbonaceous

solids and hydrocarbon vapors must be processed,

separated, and recovered. Problems of handling

hot, dusty carbonaceous solids are compounded by

the presence of high temperature hydrocarbon

gases. These high temperature hydrocarbons are

routinely^
and safely handled in refineries and

petrochemical plants and, by themselves, were not

evaluated in this study. The underground mining

environment, however, presents areas requiring

quite a different set of safety considerations.

IDENTIFICATION OF HAZARDS

During the initial study phase, scenarios were

developed that identified potential safety hazards

in the framework of a possible event. These

hazards were prepared as a checklist thereby

making it possible to identify the substances

requiring testing and, in part, the nature and

extent of the tests and experiments that were,

and/or are, necessary to establish full scale

operating hazards. Through this process it became

readily apparent that the fire and combustion

hazards unique to oil shale are few in number when

compared to the hazards normally associated with

all types of mining and processing.

The non-oil shale hazards for the most part

have been previously identified, and where

necessary, the hazard measured and regulated.

Therefore, for the purpose of this study, the

associated hazards were of incidental and not

primary interest.

A hazard checklist was derived from, and for,

these several parts of oil shale operations:

mining; underground crushing, handling and

storage; surface crushing, handling and storage;

spent shale handling and disposal; and,

retorting. There are then four categories of

potential fire and explosion hazards unique to or

associated with these oil shale operations:

potential combustibles; potential ignitors;

potential explosives; and, potential detonators.

To provide a yardstick for measuring these

hazards, two categories oil shale and non-oil

shale hazards, were established (Table 1).

Methane is listed as "non-oil shale" because

although it is occasionally found in the oil shale

formation, it is not generated from oil shale

Table 1

Potential Fire and Explosion Hazards

Oil Shale Non-011 Shale

Potential Combustibles
"~~

Mine surfaces

Broken raw shale

Raw shale dust

Shale oil, vapors & gases

Spent shale

Methane

Blasting supplies

Equipment

Fuel, oil, grease

& maint. supplies

Potential Ignitors

Spontaneous combustion Electric spark

Hot solid heating media Cutting & welding
Hot gas heating media Fire & open flame

Mech. friction

Blasting
Other explosions

Equip, accidents

Natural phenomena

Potential Explosives

Raw shale dust
"

Methane

Spent shale dust Blasting supplies

Retort gases and vapors Fuel and lube

Potential Detonators

Electric spark

Fire & open flame

Mech. friction

Mine blasting

Blasting caps and

detonation cord

Static electricity

Other explosions

Equip, accidents

Natural phenomena

except at retorting temperatures.

Of the potential oil shale derived causes of

combustion, thus far only spontaneous combustion

and hot indirect heating media appear to be

potential ignitors. Many of the potential hazards

that are associated with oil shale processing are

not uncommon in oil refining where the procedures

for detecting and mitigating those hazards follow

long standing refinery practices. A detailed list

of all of the hazards is presented in the interim

report .

SUMMARY OF ACCIDENT SCENARIOS

A requirement of the contract was to develop

scenarios describing potential accidents involving

oil shale mining and processing. The hazards that

were postulated by these scenarios provided

guidelines for the basic laboratory analyses that

were conducted. Results of the laboratory tests

were intended to determine the extent of the

hazard, if any, and suggest measures to mitigate

or eliminate unsafe conditions.
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The definition of a scenario in the context of

this tests was: "a scenario is not a prediction

of what is likely; rather, it is a statement of

what is possible". The following are summaries of

scenarios contained in the interim report.

Combustion of Broken and Solid Oil Shale.

Rubble on the mine floor soaked with hydraulic

fluid is ignited by cutting and welding. The fire

spreads to a muck pile, and to the adjacent roof

and ribs of the opening.

Propagation of a Methane Explosion by Raw

Shale Dust . A combination of events in a mine

causes an explosion of methane which is propagated

by oil shale dust on the mine surfaces.

Combustion and/or Explosion of Raw Oil

Shale Dust Below a Crusher. The dust in a hopper

below a crusher is scattered by a repairman; the

heavy airborne concentration of dust is ignited

and/or detonated by a cutting torch.

Fire and/or Explosion from a Hot Exhaust

Manifold. A layer of dust on a hot exhaust

manifold is ignited at the same time a mine round

is blasted. The burning dust detonates the

airborne dust cloud raised by the blast.

Spontaneous Combustion of Raw Oil Shale.

Spontaneous combustion occurs in the
"dead"

portion of a large coarse-ore stockpile on the

surface .

Fire and Explosion in a Hot Gas

Recirculation Retort. After repairing a hot

recycle gas compressor, an air leak into the rich,

hot recycle gas stream is undetected and the

combination reaches explosive limits. The

resulting explosion starts secondary fires of raw

shale, spent shale, shale oil,
and gas in the area.

Explosion of Spent Shale in a Surface

Retort. An accident causes hot spent shale dust

to be dispersed in a heavy airborne concentration

which is detonated by an electric spark.

Gas Combustion Retort Fire and Explosion.

A mechanical malfunction in an electrostatic

precipitator results in an air leak into the

precipitator forming an explosive mixture of oil

mist, low Btu gas, and air. An electrical spark

in the precipitator causes an explosion.

Explosion of Hot, Rich Gases from a Spent

In Situ Retort. The sensible heat in a shut down

retort is to be used to preheat a rubblized

retort. The heat is transferred by flowing low

Btu gas from an operating retort through the spent

retort. The recycle gas also picks up rich gas

and vapors. When the combination contacts the air

in the rubblized retort, an explosion occurs which

is propagated by the dust in the rubble.

Explosion of Retort Gases Leaking into a

Rubblized In Situ Retort. The combustion zone

burns through the rich shale section of a retort

wall, the recycle gas stream drives the rich gases

and vapors into an adjacent
ready-to"-be-fired

retort. ignition of the new retort detonates an

explosion.

Methane Explosion, In Situ Retort. Methane

which fills a rubblized retort is not purged

before igniting the rubble. The resulting

explosion is propagated by the shale dust in the

rubble.

Inasmuch as many of the scenarios raise

problems-in-common, completion of the scenarios

was generally limited to dealing with a hazard in

the first scenario in which it was presented. A

fault analysis of each scenario resulted in

identification of postulated hazards that were

evaluated by data collected through laboratory

testing. Methods of mitigating hazards and

monitoring compliance with regulations were then

proposed and problems requiring solutions

identified. A brief summary of scenario analyses

is presented below.

Fault Analyses

Fault analysis (also called fault tree

analysis) is a technique that provides an analysis

of the causes of accidents or potential

accidents. The approach, terminology, and symbols

presented by Rankin and Tolley (1978), were used

in this study (see Appendix A for description of

symbols). In treating fault analysis for oil

shale mining, handling, and processing, examples

were taken from the created scenarios, implying

that all events are likely to occur; consequently,

probabilities of occurrence were not considered.

The fault trees in Appendix B represent analyses

of each of the scenarios. Postulated hazards have

been previously identified in Table 1 .

Data Necessary to Complete Scenarios

The laboratory tests were intended to answer

the questions postulated by the scenarios. As was

noted in the reports of laboratory results, many
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gaps in the data still exist. In order to fill

these gaps and complete the scenarios some of the

following data are needed:

The combustibility, intensity of combustion

and the fire spread rate in oil shale rubble as a

function of grade and size distribution;

The effect of an oil shale dust blanket on,

or mixed with, rubble in propagating or

restricting combustion;

The effect of gas combustion retorting

continuing, with the air supply interrupted or

reversed, and a determination of combustion and

retort products as a function of temperature and

time;

The mitigating effect of rubble as it

relates to the propagation of an explosion which

originates in the rubble;

The auto-ignition temperature, limits of

flammability, and the minimum ignition energy of

retort gases, vapors, and mists as a function of

temperature and pressure;

The effect of surface area, void spaces,

chemical composition, and moisture on the

liability of oil shale to spontaneously combust;

The need for, and effectiveness of, in situ

retort pressure tests;

The effect of heat and combustion on the

integrity and permeability of oil shale;

The dust load in oil shale mine openings of

varying sizes relative to opening size, age of

dust and proximity to active mine headings;

The grade of oil shale dust relative to the

solid oil shale from which it is derived;

The explosivity of oil shale dust in large

scale tests to validate the effect of particle

size, grade and dust concentration on test

parameters .

Hazard Mitigation and Monitoring Compliance

Rubble and Solid Shale Fires. One pan fire

test with oil shale rubble and diesel fuel was

conducted; however, the results failed to fully

answer any of the postulated hazards. In general,

to reduce and possibly eliminate the potential for

rubble fires, certain rules should be followed and

include :

Use of non-flammable hydraulic fluids only.

After using heat, fire, or spark inducing

equipment near unprotected oil shale, check area

carefully for incipient combustion.

Fire control equipment, both stationary and

mobile, and combustion sensing devices should be

stationed throughout the mine in strategic

locations .

Fire control doors and stoppings should be

placed so as to control combustion, should it

start .

Oil Shale Dust Combustion and/or Explosion.

Dust layer testing was minimal and an

unconventional hot plate test demonstrated that

hot oil shale dust layers of about 125 l/t grade

present a potential hazard if an ignition source

is present. Additional testing is required to

quantify dust layer hazards.

By exceeding pressure guidelines, as

established by Dorsett et al (1960), it was

possible to generate a dust explosion (125 l/t oil

shale dust) in the laboratory. Normal testing

found the explosivity index of oil shale dust

grades up to 146 l/t to be less than 0.0001

(compared to 1.0 for Pittsburgh seam coal, Table

2). Large scale testing in the Bruceton

experimental mine by Richmond and Miller (1977)

showed that a minimum dust load of 0.098 gm/cm2

(15 x 18 x 21-m room), producing an airborne dust

concentration of 0.3 gm/1 (average grade of dust

was 125 l/t), was necessary to propagate a methane

explosion. However, the conclusions from the dust

loading study conducted in the Colony mine suggest

the dust load required to propagate a methane

explosion is about one-tenth the value indicated

by the Bruceton tests.

Table 2

Comparison of Explosivity Indices

Gilsonite

Lignite

Lycopodium

Cellulose Acetate

Pittsburgh Seam Coal

Carbon Black

Coke

Graphite

Oil Shale (30 gpt)

>10

1.8 ->10

6.72

2.61

1.0

<c0.1

<5c0.1

0.1

~0.0001
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The dust explosion hazard in oil shale mining

is dependent on the presence of methane or retort

gases and vapors and the quantity and grade of

available dust. In all other raw shale handling

and processing operations such as crushing, there

could be heavy localized concentrations of dust

that might be subjected to heat and fire from

numerous sources. If it is established that shale

dust is explosive or combustible above specific

concentrations and grades, prevention and

mitigation would consist of, first, reducing the

concentrations and second, eliminating the sources

of ignition and detonation from potentially

hazardous areas.

If regulations for dust loading were found

necessary, the dust load and grade relative to the

adjacent excavated volume and the minimum safe

airborne concentration must be determined. The

dust loading would be determined by collecting

dust from several areas with a small portable

vacuum sweeper. If the weight per surface unit

exceeds the pre-determined maximum for the

adjacent room dimensions, a Fischer assay would

also be required. If the weight and grade of the

dust samples, and specified number of check

samples, exceed the allowable limits for that

particular location, remedial action would be

required.

Spontaneous Combustion. Laboratory tests

indicate a spontaneous combustion index for oil

shale from 2 to 10, depending on richness and

particle size. Using this same index, Pittsburgh

seam coal is 10 and Western coal is 20 to 30.

Although the relative degree of combustibility of

oil shale versus Pittsburgh coal is uncertain, it

is "less
likely" than coal. State-of-the-art

techniques for preventing and mitigating

spontaneous combustion hazards in bituminous coal

storage piles are applicable to oil shale. These

techniques include properly designed and

constructed storage piles, cooling the heated coal

with water and/or mixing it with cooler materials

in the storage pile before being fed to the

plant. The problem of spontaneous combustion of

oil shale in closed bins and hoppers has much less

hazard potential than in storage stockpiles.

Gas, Vapor, and Oil Mist Combustion or

Explosion. Tests on retort oil, gases, and vapors

were limited to establishing the upper and lower

explosive limits of high and low Btu retort

gases. The lower limit of retort gas

concentration in air was about 5%, the upper limit

about 25 to 30$, with the most dangerous mixture

at 15% having a minimum ignition energy of 70

milliamps. This is compared to the most dangerous

methane/air mixture of about 5% with a 100

milliamp minimum ignition energy. The composition

of retort gases, retort vapors, and the products

of combustion of oil shale all include lethal

substances .

Gases and vapors from retorting, conducted

either underground or on surface, that are

released from a retort circuit present the same

general type of hazard as methane. Prevention of

hazards means prevention of retort leaks.

Mitigation could be accomplished by:

Considering the joint/fracture permeability

of retort surfaces in the design of pillars

between retorts;

Install gas monitoring and alarm systems in

mine workings;

Sweep retorts with low Btu gases and

measure gas concentrations prior to ignition;

Monitor retort pressure;

Provide fail-safe flow controls in retort

gas inlet and exhaust conduits;

Provide fail-safe flow controls in mine air

levels and ventilation openings.

The temperature, pressure, and analysis of the

gas must be continuously monitored and recorded.

An inspector would have information about the

upper and lower explosive limits of the gas

stream(s) for comparison purposes. He can also

obtain samples directly from the gas stream for

confirmation of the recorded results.

Spent Shale Combustion and Ignition. The

laboratory program provided sufficient data and

information on spent shale to establish that it

has less liability as a hazard than lean oil shale

dust.

Discussion of Oil Shale Derived Hazards

Solid and Broken Oil Shale. A large suite of

data have been developed concerning the combustion
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mechanism from in situ and other experiments;

however, the fire spread rate and intensity of

combustion of broken oil shale in stockpiles and

underground muck piles and their effect on mine

surfaces is not clearly established. The

unplanned fires at Occidental's experimental in

situ facility at Logan Wash and the Bureau of

Mines Horse Draw shaft did measureably affect the

mine surfaces.

Broken and crushed oil shale will

spontaneously ignite given the critical

combination of richness, chemical composition,

particle size distribution, surface area, void

space, moisture and air.

Shale Oil Vapors and Gases. Although shale

oil, vapors and gases are both explosive and

combustible, the hazard prevention and mitigation

technology now being used in petroleum refining is

applicable in dealing with these hazards in the

gas and liquid phases. There is, however, only

uncertain information about the auto- ignition

temperature of these retort products with respect

to a retort gas, vapor/air explosion.

Spent Shale. Spent shale from indirectly

heated retorts processing oil shale with a grade

of 125 l/t leave about 4J organic carbon on the

spent shale. The reaction of this small amount of

carbon in a large mass of fines is considered not

of material consequence from the safety aspect,

although a low level of reponse to the spontaneous

combustion tests did occur.

Raw Shale Dust. The oil shale industry has

long been concerned about the potential hazards

associated with the explosivity of oil shale

dusts. The primary stimulus for these

investigations has, for many years, been an

important concern of the Bureau of Mines and all

oil shale developers.

Large scale oil shale dust explosion tests

conducted by Richmond and Miller (1977), have

established that medium grade oil shale dust in

sufficient concentrations will propagate

explosions initiated by methane. Tests conducted

within the confines of RI 5624 test procedures

(Dorsett et al, 1960) did not produce explosions.

However when the dust concentrations were

modified by increasing reservoir pressure,

evidence of explosions was observed. Although the

differing results discussed previously probably

relate more to procedure and scale, it has

nevertheless been clearly demonstrated that oil

shale dust is explosive in large scale tests.

As a result of the test work done by the

Bureau on oil shale dust, several measurements

were made (Richmond and Miller, 1977) of the dust

concentration and grade components of the critical

mass. It was determined that the concentration

for the lower explosive limit of 125 l/t oil shale

dust must be 0.3 gm/1. To achieve that

concentration in a room 15 x 18 x 21-m, the

average dust layer density on six surfaces would

have to be about 0.098 gm/cm2. Faced with this

evidence, it is clearly important that the

components of the critical mass necessary for a

dust explosion in an oil shale mine be further

identified. The most obvious components of the

critical mass necessary for explosions of oil

shale mine dust are dust layer density, average

grade, particle size distribution, the assay grade

of the most critical particle sizes, and a strong

detonator, such as methane or retort gases and

vapors .

DUST LOADING STUDY

After work had started on the laboratory

studies it became evident that the amount of oil

shale dust available in a mine to take part in an

explosion should be established. A contract

modification was approved to gather this data for

incorporation into the final report. A program to

collect basic information about the character and

density of the dust load was undertaken in the

Colony oil shale mine. As a preliminary to this

program 23 more-or-less random samples were

collected; three from areas 18 m high, and the

rest from areas on the upper bench level that are

nominally 9 m high. The procedure for taking

these samples was to outline the dimensions of

vertical strips from roof to floor, then collect

all of the dust in the strip with a high

performance vacuum equipped with a brush head.

Using the known area of each sample, the dust

layer density of the minus 40 mesh (420

micrometers) fraction was determined for all of

the samples. The particle size distribution and

assay by particle size were determined for two of

these samples. These preliminary data indicated
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Table 3

Summary of Mine Dust Load Data

Series

No.

222

No.

Samples

23

Wt*

-40
mesh*

54.0

Dust Load

(gm/cm2)

0.0053

122 12 57.7 0.0073

Oil Yield**

(l/t)

96.8

Description

Random Vertical Strips

Roof to Floor

Random Vertical Strips

Roof to Floor

Random Vertical Strips

Main Haulageway
Main Roof

Mine rib,
30'

x
50'

Mine Pillar 60'
x

25*

Mine floor

Horizontal Band Sample:

(Total area sampled, 0.6 m wide at vertical center of ribs and pillars, was 1,500 m2)

*
-420 micrometers ** Head Sample

123

124

5

5

70.9

87.7

0.0172

0.0024

53.4

74.3

125 5 30.3 0.0200

126 5 38.8 0.0072

127 4 42.4 0.0550 66.8

128 19 49.9 0.0087

an average dust load of 0.0053 gm/cm2 as

compared to 0.098 gm/cm2
calculated by Richmond

and Miller (1977) as the dust load on openings of

the size of those sampled that would propagate an

explosion .

The results of the preliminary investigation

compared to the postulated dust load necessary to

propagate an explosion, were considered to be of

sufficient importance to justify a contract

modification for more extensive measurements of

the dust load in the Colony oil shale mine. The

program authorized by the contract modification

included 12 additional random samples to complete

the vertical strip sampling program initiated in

the preliminary program. The sample locations

were intended to test the differentiation in dust

load and particle size relative to the mining

sequence, mine height, and changes in ventilation

patterns. However, the analyses of the 35 samples

were not helpful to this particular

determination. The data summary from all of the

samples collected in the Colony mine relating to

the analyses of the mine dust load are found in

Table 3. Figures 1 and 2 are Colony mine maps

showing the sample location points.

The vertical strip samples that were assayed

averaged 96.8 l/t, with a range from 84.7 to 107.7

l/t. The average grade of the mined shale was

about 150 l/t. The average dust load of the 35

samples is 0.0060 gm/cm2

f
with loads ranging

from 0.0014 to 0.0298 gm/cm2.

The rough texture of the vertical surfaces in

an oil shale mine is a major factor in determining

the dust load. The variations in dust load relate

more to variations in surface texture than to

local concentrations in dust loading for other

reasons. The principal factor in texture is the

slope of the major surfaces. No attempt was made

to select sample points by surface texture. The

summary dust loading results, Table 3, illustrate

quite well the consistency of the results obtained

by combining large numbers of samples as opposed

to fewer and more location specific samples.

The void volume of the Colony mine is approxi

mately 546,500 m3, covering about four hect

ares. The total surface area of the horizontal

and vertical surfaces is about 111,500 m2, an

area too great to sample in detail. A detailed

description of the sampling program follows:

Dust loading on the rib of room one. This

is a main haulageway through which more than

450,000 mt of shale were hauled. These five

samples (Series 123), as expected, had a compara

tively high dust load (0.0172 gm/cm2) and,

because the floor had been frequently graded and

filled, had an assay of only 53.4 l/t. Only 30*

of the dust collected was coarser than -40 mesh

(420 micrometers), indicating that road dust and

the great distance from the face reduced the pro

portion of coarse fractions.

Dust load on the mine roof. Samples

(Series 124) covering a total area of 337 m2

were collected from five locations on the mine

roof and had an average load of 0.0024 gm/cm2,

with an assay of 74.3 l/t. The mine roof is flat
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Figure 1 Sample Locations for Preliminary Dust Loading Program, Colony Mine: Series 122 and 222

Figure 2 Sample Locations for Dust Loading Program, Colony Mine: Series 123 Through 128
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and quite smooth and has relatively few places

where dust will adhere.

Dust load on the mine floor. This part of

the program (Series 127) is an indicator only of

the dust load on a mine floor. Most haulageways

will be covered with crushed shale and kept graded

and moist. Other floor areas will often be wet

and the dust load will be from sparse to heavy.

The four samples, taken from the floor range in

dust load from 0.3498 to 0.0576 gm/cm2. The

composite assay of the four samples is 66.8 l/t.

Dust load on a rib 9 m high. One 140 m2

area of a mine rib near a heading was sampled

(Series 125) in five horizontal strips to check

the size distribution and dust load near the most

recently blasted area in the mine. It has been

postulated that the heaviest concentrations of

dust are to be found near actual faces, and that

coarse and heavy dust loads away from the face are

continually disturbed by air concussions from

blasting, concentrating the coarser dust fractions

and redistributing the finer dust fractions away

from blasting operations. This theory has some

support from these data which report a dust load

of 0.0200 gm/cm2.

Dust load on a rib 18 m high. One 23 m2

area of a pillar was sampled (Series 126) in five

horizontal strips to check the dust load in one

large area. The result, 0.0072 gm/cm2, is well

within the range of the average of the 35 random

samples (Series 122, 222) and the strip samples

(Series 128), which were 0.0060 and 0.0087

gm/cm2> respectively.

Horizontal band samples (Series 128). As

stated earlier, none of the sample locations were

selected or eliminated because of surface tex

ture. Horizontal band samples, collected at the

raid-points of ribs and pillars over a large area

of the mine, have the same relative range and

average values as vertical strips over much of the

same area. It is believed that these samples are

quite representative of the dust loading on the

vertical surfaces in the Colony mine. The band

sample represents 588 m2
0f surface, the random

samples represent 642 m2

of surface.

using nominal surface areas and volume. The

average dust load is calculated to be 24.11

gm/m2 for the mine roof, 600.55
gm/m2 for the

mine floor, and 90.02 gm/m2 for the ribs. The

combined potential airborne dust in the Colony

mine at the loadings measured on the mine surfaces

would be 0.0485 gm/1. The average grade of dust

is 83.5 l/t. At this grade the volatile combust

ibles are 0.0040 gm/1 compared to 0.6053 gm/1 of

volatile combustibles derived from the dust explo

sion studies at Bruceton. This comparison is not

applicable because 83.5 l/t oil shale dust at any

concentration does not have sufficient volatiles

to propagate a dust explosion. However, assuming

a Colony dust grade of 125 l/t, at the same dust

loading the volatiles would be 0.0059 gm/1 com

pared to 0.4092 gm/i derived from the Bruceton

tests. These data from the one mine sampled so

far, indicate that the potential for explosions of

oil shale dust in a mine may be very low.

Despite the extremely encouraging results,

these samples are representative of only one room

and pillar mine with large openings. To validate

these data, a similar sampling program is now

underway in the Paraho mine at Anvil Points and a

proposal is pending for sampling the Occidental

mine at Logan Wash. The opportunity at the

Occidental mine is especially important. Because

of their on-going mining activity it will be

possible to establish the gradient of the dust

load at, near, and away from an active face in

comparatively small openings as opposed to measur

ing only the static conditions in large opening,

inactive mines. It is also anticipated that valu

able information about the grade of the dust rela

tive to the grade of the shale being mined will be

obtained and, because mining has only recently

been suspended at Anvil Points, in the Paraho

mine.

These data will be an important supplement to

the data so far obtained about the assay of mine

dust relative to mine heads and about the rate of

reduction of the grade of dust with time. These

data will also be useful predictors of the dust

grade in relation to a known head assay.

The preceeding data and information can be

used to rank the potential dust hazard in the

Colony mine by estimating the total amount of air

borne dust that could be generated in the mine

CONCLUSIONS

The following conclusions can be drawn from

the studies and experiments conducted under this

contract.
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More than 2,730,000 mt of oil shale have

been mined from four room and pillar mines in the

past 34 years without an accident attributable to

the explosive hazards of oil shale dust.

There have been accidents during experi

ments and demonstrations that are attributable to

the fire and explosion hazards of mining, crush

ing, handling and processing oil shale.

Fire of mine muck piles and of the mine

structure, may be a greater hazard in mining than

dust explosions. Evidence of this is attributed

to unplanned fires in the Occidental Logan Wash

research facility and the Bureau's Horse Draw

experimental facility. During these fires, exces

sive thermal spalling of oil shale caused closing

of airways and contributed to the intensity of

rubble fires.

There is not enough dust in the one large

mine sampled, relative to the volume of the adja

cent mine openings, to propagate an explosion of

methane .

Oil shale has an overall explosive index of

0.0001 compared with an index of 1.0 for Pitts

burgh seam coal, indicating a lesser tendency of

oil shale to explode.

Using a hot plate with a thin oil shale

dust layer, of 146 l/t grade, and a pilot flame as

an ignition source, the dust layer ignited at

260oc. it is concluded that oil shale dust

layers can ignite at temperatures found in mining,

handling, and retorting operations if an ignition

source is present.

Fischer assay oil yields correlate reason

ably well with minimum explosive concentration,

minimum ignition energy, minimum ignition tempera

ture, spontaneous combustion index and dust layer

smoke point. In all cases, higher Fischer assay

oil yields indicate increased tendencies for igni

tion and explosivity.

Preliminary studies indicate that the grade

of oil shale dusts deteriorates with time. The

rate will vary with factors such as temperature

and (no data is available on humidity effects)

particle size (surface area).
.

In a single test, fuel-soaked, three-inch

oil shale rubble burned poorly and combustion did

not spread into untreated oil shale rubble. From

this one observation, it appears that oil shale

rubble burns with difficulty and combustion does

not propagate under the test conditions.

o

c*

o

A

0

0

APPENDIX A

FAULT ANALYSIS SYMBOLS

(from Rankin and Tolley, 1978)

an output event that should be

developed or analyzed further to

determine how it occurs.

Example: fire, dust explosion.

an independent event and does not

depend on other components in the

system.

Example: gas leak, part failure.

a normal event expected to occur during

a system operation.

Example: retort, hopper, feed line.

an undeveloped event due to a lack of

information or significance.

Example: human error, cutting

operations.

a transfer symbol that directs the

reader to another part of the fault

tree. Its purpose is to prevent

repeating a sequence of events common

to different areas of the fault tree.

an AND logic gate representing a

condition in which all events below the

gate (input) must be present for the

event above the gate (output) to occur.

an OR logic representing a condition in

which any of the events below the gate

(input) will lead to the event above

the gate (output) .
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Figure A.1 Example Fault Tree

APPENDIX B

SCENARIO FAULT TREES

V^WLCSION/

5

f MINI 1

^VENTILATION^

Figure B.2 Propagation of a Methane Explosion by
Raw Shale Dust

LOSSOF LIFE.
PROPERTY

6
1 1

OUST

UVLOSION MM

A

Figure B.I Comoustion of Broken and Solid Oil

Shale in a Mine

Figure B.3 Combustion and/or Explosion of Raw Oil

Shale Dust Below a Crusher
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Figure B.6 Fire and Explosion in a Hot Gas

Recirculation Retort

Figure B.4 Fire and/or Explosion From a Hot

Exhaust Manifold

Figure B.7 Explosion of Spent Shale Dust in a

Surface Retort

Figure B.5 Spontaneous Combustion of Raw Shale
rigure B.8 Gas Combustion Retort Fire and

Explosion
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Figure B.9 Explosion of Hot, Rich Gases from a

Spent In Situ Retort

Figure B.11 Methane Explosion, In Situ Retorting
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METHANE ENCOUNTERED AT THE BUREAU OF MINES OIL SHALE SHAFT

Robert P. Vinson, Kenneth C. Cox and Fred N. Kissell

U. S. Bureau of Mines

4800 Forbes Avenue

Pittsburgh, Pennsylvania 15213

[NTRODUCTION

In studies published in 1975 (2) and 1977 (3) ,

the Bureau of Mines called attention to the possibility

that deep oil shale mines would be gassy. The presence

of methane gas in mines creates an additional hazard as

well as impacting the economics of mining. In November

1978, a methane ignition occurred in the Bureau of Mines

oil shale research shaft in Colorado, which was sub

sequently classified as gassy by the Mine Safety and

Health Administration. In December 1978, a second

ignition was followed by a fire that necessitated flood

ing of the shaft.

The present paper briefly reviews the circum

stances surrounding these incidents and their impli

cation for methane gas hazards in other oil shale de

posits.

BACKGROUND

Most hardrock miners consider methane gas as

characteristic only at coal mines, but
experience shows

that methane can occur in a wide variety of mines. In

the United States, methane gas has been detected in

many noncoal mines, including salt mines in Louisiana

and New York, limestone mines in Pennsylvania, and

uranium and gilsonite mines in Utah. The key feature

is the presence of carbonaceous material in the stratum

being mined or in adjacent strata. Methane explosions

have been responsible for many deaths in noncoal mines,

and the belief that flammable gas was not present or

could not accumulate in sufficient concentrations to be

dangerous has been a major contributing factor.

The Bureau of Mines forecast that oil shale mines

would be gassy was based on four considerations.

1. Drillers working at
exploration holes in oil

shale strata have observed emission of flammable gas.

2. Trona mines are gassy; due to gas originating

in adjacent shales.

3. Gas has been released from fresh oil shale

drill cores analyzed by the "Direct Method".

4. In the laboratory, the kerogen in oil shale

absorbs methane in relatively large amounts (3) .

The quantity of gas in the shale was not esti

mated to be high, but equivalent to the deep coal

mines in the Illinois basin, which are much less

gassy than Appalachian coal mines located at similar

depths .

Bureau of Mines Oil Shale Research Facility

Since this facility, located in Northwest Colo

rado, is described in detail elsewhere, only aspects

relevant to the occurrence of methane will be con

sidered here. The shaft was deep, extending 2,352 ft

(716.9 m) , and located far from an outcrop precisely

conditions under which methane could be expected.

The shaft was bored 10 ft (3.0 m) in diameter from

the surface, and reverse circulation mud was used to

flush cuttings. Following drilling, the shaft was

cased with a steel liner that was floated in and

then grouted. This method of shaft sinking handled

any potential aquifer problems; however, at no time

was there an opportunity for methane gas in the

strata to bleed off.

Plans were to drive experimental drifts from the

shaft at five levels , collect bulk samples , and con

duct other research relevant to the extraction of oil

shale. With a few minor exceptions, the entire inter

vals averaged more than 25 gal/ton (0.104 liter/kg)

in oil yield. The shaft was ventilated by blowing

3
about 25,000 cfm (11.8 m/s) of air down a 30 inch

(0.76 m) ventilation pipe.

An exploratory hole was first drilled through the

casing at level No. 2 at 1675 ft (510.5 m) . When

this 1/4 inch (6.4-mm) diameter hole pierced the casing,

it emitted a stream of water under high pressure. This

339



hole was plugged and another hole 1-3/4 inch

(44.5-mm) in diameter was drilled through the casing

and 7 ft (2.1 m) into the strata. While drilling

this hole, methane concentrations of more than 1 pet

were occasionally measured in the center of the shaft,

3
despite the 25,000 cfm (11.8 m/s) airflow. Methane

in the return air ranged from 0.2 to 0.5 pet methane,

with all of the gas coming from this hole. Methane

measurements made at the working site were highly vari

able, possibly because the gas was not yet well mixed

into the airstream. This hole emitted both gas and

water and had a shut-in pressure of 650 psi (45.7

kg/cm ) .

Subsequently, more exploration holes were drilled

on this and other levels. For safety, a stuffing box

and gas drainage pipe were incorporated into the

drilling routine. The design was similar to that used

when drilling in coal mines (1) . The depth of the

holes ranged from 50 to 75 ft (15 to 22 m) . Methane

emitted from almost every hole. Some holes emitted

mostly water, others mostly gas, and still others,

water followed by gas. Shut-in pressures continued to

be high, ranging from 150 to 500 psi (10.5 to 35.2 kg/

cm . Most holes bled down in an hour or less, but

some required several days, possibly owing to cracks

and voids in the grout.

Level No. 5 at 2,080 ft (634 m) was opened first.

The plan was to cut a 2 ft by 2 ft (0.6 m by 0.6 m)

window in the side of the casing and then enlarge it.

This was accomplished by first drilling 18 drainage

holes at the planned window location or within 1 foot

of it. After allowing the holes to bleed for a week

end, the window was cut out with a torch. Several

1/4 inch (6.4-mm) diameter holes were then drilled

through the casing about 4 ft (1.2 m) above the 2 ft

by 2 ft (0.6-m by 0.6-m) window. The miners detected

no methane and proceeded to enlarge these holes to 3

inches (76 mm) in diameter with a cutting torch. While

enlarging one of the holes the cutting torch ignited

methane flowing from the hole. Shortly afterward, the

methane emission subsided and the flame burned out.

The ignition was reported to Mine Safety & Health

Administration, U. S. Department of Labor (MSHA), and

the shaft was classified as gassy. The window was

subsequently enlarged without incident.

Plans were to excavate a 10 ft by 10 ft (3 m by

3 m) drift mining horizontally from the window for

a distance of 100 ft (30.5 m) . An air-powered fan

3 3
forced 12,000 to 15,000 cfm (5.7m /s to 7.1 m /s) to

the face of the drift. Initially, as the excavation

proceeded, methane was not detectable at the face of

the drift. However, as the drift advanced beyond 25 ft

(7.6 m) ,
the methane emission began to rise. In

particular, some of the 6-1/2 ft (2-m) deep blast holes

periodically emitted methane. Gas flows of 9 to 33 cfm

(0.004 to 0.17 m /s) were measured from holes drilled

on the left rib. Occasionally, mining was stopped when

methane in the return air reached 1 pet as measured by

a continuous methane monitor. Since blowing venti

lation in the drift provided 12,000 to 15,000 cfm (5.7

3 3
m/s to 7.1 m/s) of air it follows that at such times,

the total methane liberated was 120 to 150 cfm (0.07 to

0.07 m3/s).

As the drift was advanced, a variety of drilling

and blasting patterns were tried to find the best com

bination. The rock was harder than anticipated, and

some tar lenses were encountered. It is believed that

some of the blasts caused methane to explode. In one

instance, the muck pile was thrown from the face 65 ft

(20 m ) back to slusher, damaging the slusher.

The gas flow continued as the drift advanced with

most of the gas emerging from the holes on the left

rib. For example, at 70 ft (21 m) of drift advance,

40 holes were drilled, each 6-1/2 ft (2 m) in depth.

Six hours after drilling, two holes on the left rib

3
produced 29 to 33 cfm (0.014 and 0.016 m /s whereas
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there was no noticeable: flow from the 38 other holes.

On December 6, a blast was fired at 4:30 a.m.

Half an hour later, the miners discovered a fire in the

muck pile. After unsuccessfully trying to stomp it out,

they retreated to the surface. During the rest of the

day and on the next day, six separate explosions

occurred, due to either explosives left in the area or

to methane accumulations. The fire was extinguished

by flooding.

The decision was made to abandon the drift and

move up, opening a new drift on level No. 2. The water

level in the shaft was raised 200 ft (61 m) above the

back of the abandoned drift, and a steel bulkhead floor

was welded in place 30 ft (9 m) above the water level.

Methane was bubbling up through the water and precautions

were necessary to avoid igniting it at the surface of the

water .

CONCLUSIONS

The method of shaft sinking used did not allow gas

to bleed off. This made cutting through the casing to

reach the oil shale very difficult. However, emissions

in the dift were also high, indicating that the gas

problem would have existed no matter how the shaft was

sunk.

Everything observed indicates high gas pressures

and extremely low rock permeability. Ground movement

accompanying eixcavation of the drift may have opened

cracks, which served as gas conduits to the drift but

ground movement was not necessary for methane emission.

It is probable that blasting triggered methane explosions.

The irregular nature of the emission, a result of the low

permeability, made frequent checks for gas necessary.

The methane undoubtedly originates in the oil shale

itself. The laboratory studies had indicated that methane

absorbs readily in the kerogen, and in quantities which

can account for the observed in-mine emissions. Other

sources of gas, such as gas dissolved in water and

migration from nearby gas reservoirs have been suggested,

but the solubility of methane in water is too low and

the permeability of oil shale too low for either of

these to be plausable.

It is difficult to believe that other oil shale

mines opened under similar conditions will escape a

major gas problem. The irregular nature of the emission

makes gas detection difficult. Safe blasting in a

gassy oil shale mine is a problem area that has not been

addressed.
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EVALUATION OP RETORT PERFORMANCE FROM GAS DATA

John H. Raley
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ABSTRACT

Improved methods for diagnosis and control are

especially valuable for in situ retorts because of

limited emplaced instrumentation. The possibilities

for using off-gas data to monitor performance will

be illustrated by results from combustion retorting

in pilot, simulated in situ retorts. The size and

variation of the ethene/ethane, or propene/propane,

ALKENE/ALKANE MOLAR RATIOS

The use of ethene/ethane weight ratios as a

Retorting Index (RI) :

1000
RI = T( F) =

0.8868-0.4007 log (ethene/ethane)

has been suggested by Jacobson, Decora, and Cook

(1976). Their results, covering a variety of

conditions in both laboratory and pilot retorts,

ratio in the off-gas during retorting give a measure indicate dependencies of RI (hence, ethene/ethane)

of the smoothness of the operation. These ratios on heating rate, residence time, and copresence of

also indicate the loss in oil yield resulting from oxygen. We are inclined to the view that

cracking and oxidation. Off-gas hydrogen content ethene/ethane (and, as noted below, propene/propane)

measures the extent of steam reactions with char and ratios indicate the severity of conditions to which

carbon monoxide. Intra-retort gas data are useful shale oil especially, and perhaps shale kerogen

also for detecting conditions conducive to oil loss

and for portraying the progress of the retorting

operation.

INTRODUCTION

The ability to diagnose, evaluate, and control

operating oil shale retorts is essential for

optimizing retort performance. In addition to

also, is exposed during the retorting process. For

powdered shale pyrolyzed under a self-generated

atmosphere (hence, also for organic matter within

large shale particles), Campbell, Koskinas,

Gallegos, and Gregg (1979) have established a direct

relationship between these two molar alkene/alkane

ratios and the logarithm of the heating race. In

similar experiments with both powder and 17-cm

signals from temperature, pressure, and flow sensors diameter blocks, oil loss from coking is inversely

emplaced within the retort, the fluid products related to the logarithm of the heating rate

produced during the operation may be employed to (Campbell, Koskinas, Stout, and Coburn, 1978).

monitor the process. This capability is especially Thus, as the heating rate is raised from 0.1 to

valuable for in situ retorts. Gaseous products that about 3 C/min, the rise in these ratios is related

are identified with certain chemical processes may linearly to the decrease in oil loss from coking,

be particularly useful. Measurements on the off-gas this loss vanishing at about 3 C/min. A similar

from the retort may be the most useful, as they are

easily obtained and can reflect both local and

overall retort conditions existing shortly before

the time of measurement. We report here our recent

attempts to assess the utility of retort gas data

for evaluation of retort performance. The emphasis

is placed mainly on off-gas measurements, but

intra-retort data are used also to assist in

understanding the retorting process.

relationship between oil loss and 1-alkene/alkane

molar ratios for the C -C components in shale

oil was reported by Coburn, Bozak, Clarkson, and

Campbell (1978) . Our interest has focused primarily

on the behavior of the C_ and C molar ratios,

and their potential utility, from experiments

carried out in the Lawrence Livermore Laboratory

(LLL) pilot retorts. As reported previously

(Sandholtz and Ackerman, 1977; Raley, Sandholtz, and
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Ackerman, 1978) , both the 125-kg and 6000-kg retorts

are operated to simulate a downflow, vertical,

modified in situ combustion retort.

125-kg Retort (0.3 m diameter. 1.5 m length)

One of the first observations was a correlation

between the constancy (or variation) of the two

ratios in the off-gas with the smoothness (or

roughness) of the retorting operation. Figures 1

and 2 compare the off-gas molar ratios with the peak

gas temperatures, as measured by a programmed,

moving thermocouple that traversed the shale bed

along the axial center line (Sandholtz and Ackerman,

1977), during Experiments S-13 and S-15. As noted

in Table 1, these two experiments differed

essentially only in the particle size and void

fraction of the shale bed. The nearly uniform size

shale in S-13 (Figure 1) produced much smoother

plots of both peak temperature and alkene/alkane

ratios than did the wider size-range, lower voidage

shale bed in S-15 (Figure 2) . Similar comparison of

Experiments S-16 and S-14 shows the same

relationship. The high initial ratios result from

start-up conditions when a shallow top layer of

small particles, heated electrically, is exposed to

undiluted air to initiate combustion.

6000-kg Retort (0.9 m diameter, 6.1 m length)

The shale charge containing both crushed

material and blocks in a bed with 25% voidage, and

the operating conditions for Experiment L-l are

given in Table 2. Figure 3 illustrates the

roughness and complexity of this retorting operation

as evidenced by multiple, simultaneous temperature

peaks at different bed depths. Recently, these

complexities have been analyzed in detail by

Galloway (1979). The erratic behavior of the

off-gas alkene/alkane ratios is shown in Figure 4.

To be noted also is the size of these ratios

compared to their magnitudes in experiments

employing no blocks and higher voidage (Figures 1

and 2) . Intra-retort gas samples showed much higher

ratios, up to 30 for ethene/ethane, near blocks.

These coincided with intense local heating as

detected both by thermocouples and by the presence

of fused shale.

Experiment L-2 provides data on the cracking of

oil produced from blocks immersed in matrices of

crushed shale. Cracking is defined here as

conversion of oil to C,-C. hydrocarbons; oil is
1 4

defined as all fluid compounds containing more than

four carbon atoms. Figure 5a depicts the

arrangement of six blocks (17 thermocouples each) of

three different sizes placed in two different shale

matrices in the 6000-kg retort. Further description

of the experiment is given in Table 3. The

positions of the block thermocouples and those

located nearby in the surrounding matrices are shown

in Figure 5b. The gas sampling positions for each

block are shown in Figures 5c and 5a. For all

blocks, the bedding planes were parallel
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Figure 1: Off-gas alkene/alkane ratios and retort

peak temperature during combustion retorting, Expt.

S-13 (Table 1). Shale particle size, -2.5 + 1.3 cm;

gas feed, equimolar steam-air; o ethene/ethane,

D propene/propane, peak temperature.
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Figure 2: Off-gas alkene/alkane ratios and retort

peak temperature during combustion retorting, Expt.

S-15 (Table 1). Shale particle size, -2.5 + 0.001

cm; gas feed, equimolar steam-air; o ethene/ethane,

D propene/propane, peak temperature.
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Table 1

COMBUSTION RETORTING125-KG PILOT RETORT

Anvil Points Shale

Experiment S-13 S-16 S-14 S-15 S-12

Shale size (cm) -2.5 + 1.3 -0.34 + 0.059 -7.6 + 0.001 -2.5 + 0.001 -7.6 + 0.001

Shale grade

litre/Mg 100 94 100 84 100

gal/ton 24 23 24 20 24

Void fraction 0.49 0.43 0.34 0.37 0.38

Gas Feed Steam-Air Steam-Air Steam-Air Steam-Air N2-Air

v%02 10.6 10.6 10.6 10.6 8.9

3/
2

m /m min 0.7 0.7 0.7 0.7 1.1

Organic C conver ted

to
c1-c4

hydrocarbons, % 4.8

Oil yield, % assay by

2.8 4.8 5.0 4.1

Fischer 96 99 88 86 93

a
Organic C 99.4 97.2 90.8 83.3 91.0

Oil loss to C,-C.
1 4b

hydrocarbons, % 0.9 -2.3 0.3 1.2 -0.6

Off-gas ratios

Ethene/ethane 0.29 0.29 0.30 0.33 0.31

Propene/propane 0.77 0.73 0.77 0.80 0.83

Organic C converted to carbon in oil in the experiment as a percentage of the

organic C converted to carbon in oil in the assay;
mass- and carbon-balanced assay

at LLL by the method of Stout, Koskinas, and Santor (1976, 1978).

(C in Cx-C4
hydrocarbons

i^il
C in C.-C. hydrocarbonsN

Organic C in raw shale / Expt \Organic C in raw shale / Assay

C in oil

lOrganic C in raw shale J Assay

cBased on the average v% of each component during the complete experiment.

x 100

68 hr after ignition

200 400

Distance from top of retort, cm

600

Figure 3: Axial centerline temperature profiles,

6,000-kg retort, Expt. L-l.
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Figure 4: Off-gas alkene/alkane ratios during Expt.

L-l (Table 2). Shale particle size, -7.6 + 0.001-cm

and 30-cm blocks; gas feed, air + N9;

ethene/ethane, 0 propene/propane , | ethene/ethane
range in S-15.

to the retort diameter. Figure 6 shows the

correspondence between peaks in the off-gas

ethene/ethane ratio and the periods of oil

production from the blocks (dashed lines) as defined

by the first of the 17 thermocouples to reach

Table 2

COMBUSTION RETORTING 6000-KG PILOT RETORT

EXPERIMENT L-l

Anvil Points Shale

r
Gas

Crushed shale matrix

Size (cm)

Grade (litre/Mg)

w% of charge

Blocks

Average size, equivalent sphere (cm)

Grade (litre/Mg)
a

w% of charge

Void fraction

Gas feed

v%02

m /m min

Organic C converted to

C.-C. hydrocarbons

Oil yield, % Fischer assay

Oil loss to C -C hydrocarbons,
%C

Off-Gas ratios

Ethene/ethane

Propene/propane

-7.6 + 0.001

100

61

30

120

39

0.25

N2-Air

9

1.2

7.1

72

3.1

0.76

1.11

^ased on block density.

^Organic C content of blocks calculated from the

relationship:

Organic C = (0.1057) (litre/Mg) , for

> 100 litre/Mg, obtained from organic C and

Fischer assay of several crushed blocks.

^See footnote b Table 1; Ci"C4 hydrocarbon

production from assay was estimated from LLL

assays of shales of similar organic C content.

^Based on total moles of each component in off-gas

for entire experiment.
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_
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H

H
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[-2.5+1.3]

Matrix

[-5.1 +0.24]

Liquid recovery

J Gas

chromatograph

TOP VIEW

(c)

Off-Gas

(a)

Figure 5: Experiment L-2. Parts a and c: Gas

sampling probes located at top of each block, in

matrix (M , M ) , and adjacent to block (S) .

Dimensions in cm corresponding to screen size of

matrix material and block diameters are given in

brackets. Part b: Thermocouples associated with

each block. Thermocouple legend: Block

surface (), interior (x) , matrix shale (o) .
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Table 3

COMBUSTION RETORTING 6000-KG RETORT

EXPERIMENT L-2

Anvil Points Shale

3 2
Gas Feed: Equimolar Steam-Air, 0.7 m /m min

Section of retort (Fig. 5) Upper Half Lower Half

Crushed shale matrix

Size (cm)

Grade (litre/Mg)

Wt (kg)

Void fraction

Block number

Diameter (cm)

Grade (litre/Mg)
a

Wt (kg)

Block organic C converted to

C -C hydrocarbons, %

Block oil loss to

Q

C.-C, hydrocarbons

b
Block ethene/ethane

-2.5 + 1.3

98

-5.1 +

9!

0.24

2405 2572

0.43 0. 37

1 2 3 4 5 6

15 30 23 23 30 15

143 133 146 133 138 147

8.5 44.1 25.0 24.7 43.3 7.5

16.9 22.6 17.8

14.8 22.6 16.0

0.88 1.46 0.73

Totals for experiment

Organic C converted to C.-C hydrocarbons, %

Oil yield, % of assay by

Fischer

Organic C

Oil loss to C -C hydrocarbons, %

Off-Gas ratios

Ethene/ethane

Propene/propane

6.0

90

88.7

1.4

0.32

0.81

aBased on block density.

^Block production of each component = total production during block retorting

less production from matrix during block retorting (see text) .

cSee footnote b) , Table 1, calculation made for each block and for total shale

charge.

dBased on total quantity of each component in off-gas for entire experiment.

o o 1
325 C and the last to attain 500 C. The peak

areas also scaled with block size. These

observations are consistent with the premise that

'We are indebted to Robert L. Wong for confirming

these oil production periods by detailed

calculations based on the kinetics of oil

formation and the thermal properties of the

shale.

the elevated ethene/ethane ratios in the off-gas are

directly associated with block-generated oil. This

premise is strengthened by the appearance of much

higher ratios in the intra-retort gas sampled at the

block top edges (position S, Figure 5c) during the

respective periods of elevated ratios in the off-gas.

The C -C hydrocarbons content of the

off-gas also shows peaks coincident with the
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Figure 6: Expt. L-2. Relation between off-gas

ethene/ethane ratio and retorting of blocks. Dashed

lines: Time interval of oil generation from blocks.

ethene/ethane peaks during block retorting. This is

illustrated in Figure 7. At the heating rates in

this experiment, block-generated oil encounters

progressively higher temperatures as it flows to the

block surface and escapes to the matrix

environment. This is illustrated in Figure 8 for

oil produced at the center of the block midplane

(Figure 5b) . Using block 1 in Figure 8 as an

example, the first oil produced from the block

o

center (C) at 325 C encounters an average midplane

o

surface temperature (A) of 570 , then an average

o

matrix temperature (B) of 760 . The last oil

o

produced from the block center at 500 encounters

higher surface and matrix temperatures. In general,

the temperature levels encountered by block oil are

sufficiently high to suggest that some thermal

cracking may occur even in short residence times.

As it escapes to the matrix environment,
block-

generated oil also may encounter oxygen that has not

been completely consumed because of diminished

matrix fuel. In Figure 9 the arrows indicate the

time of appearance of oxygen Kl v%, excluding the

steam content) at the top of the individual blocks

("oxygen breakthrough"). The arrows marked S refer

to oxygen detection at position S, 1.3 cm from the

block top edge (Figure 5c) . Those marked M and

M indicate oxygen breakthrough in the matrix

15-23 cm from this edge, depending on block size.

In all four cases where measurements were taken at

S, oxygen was present at the block top edge during

at least part of the block oil-generating period.

Oxygen breakthrough in the matrix occurred either

before or at the beginning of this period. Thus,

oxygen penetrating into the oil atmosphere near the

blocks also may cause oil cracking either by

producing high local temperatures or via oxidative

cracking, i.e., coupled cracking and oxidation

reactions. Such coupled pathways occur during the

initial and oxygen-limited stages in the vapor phase

oxidation of hydrocarbons (Knox, 1968, and

references cited therein). High (up to 4.6)

ethene/ethane ratios were observed at position S

especially when the corresponding oxygen

concentration, excluding steam content, was above

20 40 60

Time, hours

Figure 7: Expt. L-2. Top: Off-gas C -C

hydrocarbons concentration (exluding steam

content) .
Bottom: Off-gas ethene/ethane ratio.
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Block no. 1 2 3 4 5 6

Diameter, cm 15 30 23 23 30 15

Figure 8: Expt. L-2. Temperatures encountered by

oil formed at center of block midplane, C; average

midplane surface temperature. A; average matrix

temperature 1.4 cm from block midplane, B.
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where

20 40 60 80

Time after startup, hours

ti db q

Figure 9: Expt. L-2. Relation between off-gas

ethene/ethane ratio and oxygen appearance at tops of

blocks; appearance at 1.3 cm from block top edge, S,

and in matrix at same bed depth, M , M .

1 v%. Robillard, Siggia, and Uden (1979) reported

higher C -C alkene/alkane ratios and increased

production of light hydrocarbons from powdered shale

when up to 5 v% oxygen was included in the helium

sweep gas.

As noted in Tables 1, 2, and 3, C,-C.
1 4

hydrocarbon production is expressed in two ways: (1)

percent of raw shale organic carbon converted to

C.-C. hydrocarbons and (2) percent of carbon in

the oil that is lost via cracking of the oil to

C.-C. hydrocarbons. The mass-
and

carbon-

balanced assay procedure used at LLL (Stout,

Koskinas, and Santor, 1976, 1978) permits

calculation of (2) for Tables 1 and 3 and provides a

basis for estimating these quantities for Table 2

2
(Run L-l) . The same quantities have been

calculated for blocks 1, 2, and 3 in Experiment L-2

(Table 3) by the following procedure:

(A) During any incremental time period of

(t?-t ) hours when the block is generating oil,

the number of moles M of a given component that

is produced by the block is calculated from:

MB
= JiVW

:1
+

C2
- "0

I 2 2>

Cl'

d
B

= off-gas N_ flow rate = input

N flow rate (moles/h) .

= off-gas N_ content (v%) .

= off-gas content of the

component (v%) at t.rt2.

= off-gas content of the component

(v%) when only the matrix is

generating oil
= the mean of the

v% values shortly before and

after the block retorting.

= retort diameter.

= block diameter.

The last term in the equation accounts for

the lower contribution from matrix shale during the

block retorting because part of the matrix shale has

3
been replaced by the block.

(B) The incremental values of M for each

component are summed over the total time of block

retorting, translated to mass of carbon and combined

to yield the total mass of carbon in C.-C

products emanating from the block. This total

carbon is then expressed as a percentage of the

block organic carbon. For blocks 1, 2, and 3, the

number of time increments ranged from nine to

eighteen.

(C) In order to obtain the oil loss via

cracking, the fraction, f , of block organic
e

carbon converted to C
,-C,

hydrocarbons in the
1 4

experiment is compared to this fraction, f , in

the LLL assay of the block shale. For the latter we

used the mean assay results of five cores cut from a

4
slab of Anvil Points shale . The grades of these

cores (127-141 litre/Mg; mean, 136 litre/Mg) were

close to those of the blocks (Table 3). The

fractional oil loss from cracking is then taken as:

f - f
e a

where F is the fraction of the block organic

carbon converted to oil carbon in the assay. The

values of f and F used for the blocks in
a a

Experiment L-2 are 0.0608 and 0.7335, respectively.

2The negative values in Table 1 for oil lost by

cracking may indicate oxidation of the
Cj-C4

products. Alternatively, they may be from

slightly less oil cracking in the experiment than

in the assay, the latter having no added sweep gas.

Hfe are indebted to R. L. Braun and R. G. Mallon

for suggesting this correction factor.

4These very useful assay results were kindly
supplied by R. G. Mallon.
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ratio and C..-C. hydrocarbon production.

DExpts. S-12 through S-16; 0 Expt. L-2, total;

Expt. L-2, blocks 1, 2, 3; <& Expt. L-l.

Results From Both Retorts

The values of f and F for the
a

experiments listed in Tables 1 and 2 and for the

combined charge in L-2 (lower part of Table 3) were

obtained in analogous fashion. Figure 10 shows a

plot of (100 f ) versus the off-gas ethene/ethane
e

5
ratio for the various experiments. Except for

the dark circles, both quantities apply to an entire

experiment. The rectangular point includes all the

S experiments of Table 1, the diamond point refers

to the whole of L-2, and the dark circles represent

the top three blocks in the L-2 charge. Experiment

L-l (striped point) shows a much smaller percentage

of shale organic carbon appearing as light

hydrocarbons in the off-gas than does the curve for

the other experiments. Presumably this indicates

substantial oxidation of the light hydrocarbons (and

also oil) occasioned by the nonuniformity of flow

through the highly heterogeneous shale bed in L-l

0.4 0.5

Ethene/ethane

Figure 11: Relation between off-gas ethene/ethane

ratio and oil yield loss; all experiments.

r 10

6

0.8 0.9 1.0

Propene/propane

Figure 12: Relation between off-gas propene/propane

ratio and oil yield loss; all experiments.

these ratios increase to 0.41 and 0.88,

(Galloway and Sandholtz, 1979; Raley, Sandholtz, and respectively. This indicates that the ratios may

Ackerman, 1978) .

Figures 11 and 12 give plots of oil yield loss

versus overall ethene/ethane or propene/propane

off-gas ratios, again covering all the experiments.

The point for Experiment L-l is in the upper right

corner. Both plots show minimal oil yield loss at

ratio values below about 0.29 (ethene/ethane) or

0.72 (propene/propane), but 20% oil yield loss as

5The curve in Figure 10 should not be interpreted

as expressing the true relationship between fe
and ethene/ethane. It is simply a smooth curve

through the included points.

have considerable value for monitoring retort

operations, especially those in situ. The plots

also show the relatively minor contribution of

cracking to oil loss at elevated ratio values. Of

the two remaining oil loss paths, coking and

oxidation, we believe the latter to be much more

important with the particle sizes and heating rates

used in these experiments. The utility of off-gas

alkene/alkane ratios as an indicator of oil yield

must be tested more extensively with respect to

shale source, particle size, size distribution,
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grade, voidage, and feed gas parameters. We hope to

obtain such data in our continuing pilot retort

experiments. We also plan to assess the

possibilities of using off-gas hydrocarbon data in

additional ways for evaluating retort performance.

HYDROGEN

Steam dilution of the air feed to a combustion

retort is advantageous in several ways.

Mathematical model work at LLL (Braun, 1979; Braun

and Chin, 1977) demonstrates that steam dilution

reduces maximum temperature, energy storage within

the retort, and oil yield loss. It also raises the

heating value of the off-gas. Results from pilot

retort experiments give support to the model

predictions. Basic to some of the advantages of

using steam is the production of hydrogen from

steam-char and steam-CO reactions. Hence, the H

content of the off-gas yields information on the

extent of these reactions. Figure 13 shows the

off-gas'H contents of two experiments in the

125-kg retort charged with the same shale, one

employing steam, the other nitrogen as the air

diluent. The total H production with steam is

several-fold greater than that with nitrogen. Note

also that the H content of the off-gas more than

doubled very shortly after steam was first added and

continued a general rise throughout the experiment,

thus showing that the steam reactions were

increasing in importance.

OXYGEN

During each pilot retort experiment the oxygen

content of the off-gas is measured continuously in

order to monitor ignition, detect air bypassing the

shale bed, and signal the approaching completion of

10 15 20

Time after ignition, hours

Figure 13: Relation of off-gas hydrogen content to

presence of steam in feed gas.
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3 2
S-18, equimolar steam-air feed gas, 0.7 m /M

min; S-19, 3:1 molar steam-air feed gas, 1.4

3.2
m /m min.

retorting. Intra-retort oxygen measurements taken

at various bed depths are used to detect overlap of

combustion and retorting zones (Raley, Sandholtz,

and Ackerman, 1978) . Such measurements also

indicate the axial distance occupied by the

oxidation zone. Figure 14 compares the time

dependence of oxygen content (dry basis) for two

experiments in the 125-kg retort. The sampling

point was about 40% of the distance down the bed.

Experiment S-19, with the higher rate of feed gas of

lower oxygen content, showed a much slower growth of

oxygen concentration at the sampling point than

Experiment S-18. Correspondingly, in S-19, the

oxidation zone occupied more than twice the bed

depth of that zone in S-18. These differences also

are consistent with the lower temperature of the

front of the oxidation zone in S-19. The

differences persisted as the oxidation zones moved

down the beds and were reflected in oxygen

breakthrough behavior near the completion of the

experiments.
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CHARACTERIZATION, FRACTURING AND TRUE IN SITU RETORTING

IN THE ANTRIM SHALE OF MICHIGAN
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Midland, Michigan 48640

ABSTRACT

In cooperation with the Department of

Energy, The Dow Chemical Company is engaged

in a multi-faceted program to test the

feasibility of extracting energy from

the Antrim shale of Michigan. This paper

provides a progress report on three phases

of that work.

With the help of scientists and

engineers at five Michigan universities,

a data base is being compiled which will

allow assessment of the Antrim resource.

Results of these geochemical, geophysical,

lithological and mineralogical studies are

presented and discussed.

At Dow's field site, the three in

situ fracturing experiments are nearing

completion. A brief review of these ex

periments along with a preliminary assess

ment of the results is given. Strategies

for the true in situ retorting trial

scheduled for August, 1979, are being for

mulated. The experience gained in pre

vious trials coupled with the predictions

of several mathematical models will be

used to guide the effort. These experi

ences and predictions are described.

INTRODUCTION

As early as 1955, planners for The

Dow Chemical Company expressed a concern

over the long-term availability of natu

rally occurring hydrocarbons for fuel and

for chemical feedstocks. Many alternative

sources were examined, including the re

covery of oil and gas from shale .

Extensive laboratory work was con

ducted on raw shale from the Antrim

strata. The shale was characterized, the

uniformity of the oil content established,

the nature of the inorganic composition

identified and the release of organic matter

from the rock investigated.

In addition to the laboratory bench

work, numerous surface retorting experiments

were performed to provide information on

retorting problems and reactions expected

to be encountered under in situ conditions.

Four separate sets of in situ field experi

ments were conducted.

(1) Tests in Otsego County, Michigan,

to evaluate production of natural

gas from the Antrim strata.

(2) Tests in the Paxton quarry at

Alpena, Michigan, directed toward

the recovery of oil from the

Antrim strata.

(3) Tests in wells within the Midland

plant to investigate the recovery

not only of gas and oil but also

of minerals from the Antrim shale.

(4) Tests at the Peck site designed

to evaluate the recovery of oil

and gas from an explosively

fractured zone in the shale .

These tests convinced the company of

the merits of initiating a large program

aimed at characterizing the Antrim shale

and evaluating various explosive fracturing

and in situ extraction techniques. In

September, 1976, an agreement was reached

with the Department of Energy (then ERDA)

on a four-year, $14 million research pro

gram to test the feasibility of in situ

recovery of energy from the Michigan Antrim

shale. A review of early work under this

contract was presented at this meeting last

year.
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THE ANTRIM SHALE RESOURCE

Geology

The Antrim shale of Michigan is part

of the Devonian shales of the eastern and

midwestern United States. The Antrim is a

black bituminous shale deposited some 260

million years ago in a shallow marine sea

which covered much of the east central

portion of the continent during late

Devonian and early Mississippian time.

Due to the bowl-shaped nature of the

Michigan Basin, the depth of the Antrim

varies considerably with location. The

Antrim outcrops in Antrim, Charlevoix

and Alpena counties in northern Michigan

and dips to a depth of more than 900 m

at the center of the basin. In Midland

County, site of much of the original Dow

work, the shale is 790 m below the surface.

Mineral Content

Mineralogically, the Antrim shale

differs significantly from the Green River

shales of the west. The Antrim is a true

shale composed mainly of the clay minerals

quartz, illite, and kaolinite (Table 1) .

Table 1. Mineral Composition (%) of

Antrim Shale

Dow/DOE Well #102

Depth

(Meters) Quartz Illite Kaolinite Calcite

365-368

368-371

376-377

377-380

380-383

383-386

386-389

389-392

392-396

396-399

399-400

402-405

405-408

408-411

411-414

416-420

420-422

422-424

429-431

59

60

70

74

81

74

70

77

80

72

78

79

88

77

67

71

64

38

70

27

30

20

21

16

24

27

21

14

20

20

18

10

16

21

18

23

19

22

13

10

10

5

3

1

3

2

6

8

2

3

2

7

12

11

13

11

8

32

The absence of carbonate containing

materials such as calcite and dolomite which

comprise much of the mineral matter found in

western shales has more significance than

just a physical difference. Carbonates

decompose endothermically under retorting

conditions, acting as a large energy sink.

Energy expended in carbonate decomposition

is not available to drive the pyrolysis

reactions .

Chemical Characteristics

The Antrim shale differs from the

western shales not only in mineral composi

tion, but also in its chemical makeup and

behavior. The most obvious difference is

in the oil content as determined by Fischer

Assay. Western shales assay in the 82 to

124 1/tonne range, while Antrim shales

show oil yields of 33 to 41 1/tonne.

Several factors combine to account for

this difference. Data from Michigan

Technological University (MTU) indicate

kerogen in Antrim shale is different from

that in western shale (Table 2) . The dif

ference in atomic hydrogen and carbon (H/C)

ratios are quite striking.

Table 2. Composition of Kerogen Concentrate

% Atomic

Kerogen % Ash H/C

Antrim Kerogen

Concentrate 84.9

Colorado Kerogen

Concentrate 71.6

15.1

28.4

1.03

1.58

A comparison of the oxidation rate of

the Antrim shale kerogen with the oxidation

rate of Colorado shale kerogen (Figure 1)

indicates a slightly greater rate for the

Antrim. This probably results from a

larger number of easily oxidized condensed

aromatic rings, although the higher ash

content of the Colorado shale concentrate

may contribute to the difference. A com

parison of the oxidation products (Table 3)

shows the major difference to be the

amount of nonvolatile-nonoxalic acids

produced. The Antrim produced rela

tively large amounts of these acids.
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Figure 1. Oxidation Rates of Antrim and Colorado Kerogens

Researchers at MTU interpret the occur

rence of these acids as indicating the

presence of benzenoid structures. The

lower H/C ratios for the Antrim kerogen

tends to substantiate the conclusion that

the Antrim kerogen has large amounts of

aromatic carbon compared to western shale.

than oil. Western shale gives large

amounts of oil with lesser amounts of char

and gas. The stoichiometric coefficients

for the reactions are given below:

Western shale

Kerogen 1

(1)

Antrim shale

Kerogen

(2)

0.205 char + 0.725 oil +

0.07 gas

0.587 char + 0.1780 oil +

0.2350 gas

Antrim shales and western shales are

different and can be expected to behave

differently during in situ retorting.

The net effect of these differences must

be determined by experimentation. Several

experiments designed to measure the effects

of various fracturing techniques and

retorting strategies have been and are

underway at Dow's Sanilac County, Michigan,

experimental site.

Table 3. Distribution of Carbon in

Oxidation Products

% Total

Carbon

Appearing as:

Antrim

Kerogen

Concentrate

Colorado

Kerogen

Concentrate

co2
56.4 63

Volatile

Acids 2.1 2

Oxalic

Acids 16.8 33

Nonvolatile-

nonoxalic

Acids 21.9 1

Unoxidized

Carbon 2.8 1

Oxidation

Time 88 hr 100 hr

gKMnO. red.

20g Carbon 18

When subjected to pyrolysis condi

tions, Antrim shale kerogen behaves quite

differently than western shale. The de

composition of Antrim shale kerogen pro

duces mostly char with more gas produced

IN SITU FRACTURE AND FRACTURE ASSESSMENT

Field experiments designed to evaluate

the effectiveness of three fracturing tech

niques are nearing completion at our experi

mental field site. The experiments are:

hydrofracturing followed by explosive frac

turing, chemical underream, and explosive

underream. Each of these experiments is

being conducted on a separate 3 . 9 ha plot

(Figure 2) .

HYDRAULIC FRACTURING

Objective

The objective of the hydraulic frac

turing experiment was to initiate and

extend horizontal fractures from Wells #102

and 101 by notching followed by hydraulic

fracturing and propping of the notched

zones to allow the injection and detona

tion of liquid explosives, thereby im

proving fracture permeability.
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First Attempt

The first attempt to create horizontal

fractures after establishing five notched

zones, 3.05 m apart, in each well was con

cluded when vertical fractures were in

duced while setting the packers to isolate

the notched zone prior to hydrofracturing.

The well defined vertical fractures, the

notched zones and positions of the packers

can be seen in Figure 3 . The natural

tendency to produce vertical fractures

at this depth was detailed by Peil and

(3)
Humphrey . This development lead to

the redesign of the experiment.

Redesign of Experiment

The experiment was redesigned to take

advantage of the tendency toward vertical

fractures and to use borehole explosives

rather than the, still to be proven, in

fracture explosive system. Wells #101

and 102 were hydrofractured and propped.

Vertical fractures departed the wells at

N63E and N45E (Figure 4). Wells #103,

104, 105 and 106 were located and drilled

between Wells #102 and 101.

The wells were located at distances

which would cause overlap of fractures

extending from adjacent borehole shots.

The wells were hydrofractured and propped

prior to explosive fracture. The design

allowed the fractures to act as free faces.

The free faces reflect the compressive

pulses causing tensile stressing; rocks

fail in tension much more easily than in

compression.

Wells #101, 102, 104 and 106 were

loaded and shot with a borehole slurry

explosive system while Wells #103 and

105 were loaded with an uncoupled shot

consisting of 80% gelatin dynamite.

Results

Communication During Hydrofrac and

Propping

Offset well pressures were re

corded during hydrofracturing and

propping. An example of the pressure

changes and response time is illus

trated in Figure 5 . Pressures as

high as 28.12
kg/cm2

and 21.09
kg/cm2

on Wells #102 and 103 were recorded

during hydrofracturing and propping

of Well #105.

Post-Hydrofrac and Propping Permea

bility

The results of post-hydrofrac/

liquid permeability data taken on

Wells #101, 102, 104 and 106 are

summarized in Table 4. Permeability

increased with an increased injection

rate from Trial 1 to Trial 4. Injec

tion rates from 79.5 l/min to 953 l/min

were used for the trials.
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Table 4. Permeability Tests, 100 Series

Permeability, Millidarcies

J Permeability After Hydraulic Fracturing

Well

Number Trial 1 Trial 2 Trial 3 Trial 4

101 39 54 88

102 2.7 4.5 7.2

104 26 29 51 79

106 9.2 6.3 10.7

Communication During Permeability

Testing

'///////\ Permeability After Explosives 200 r-

Data gathered on offset wells

while evaluating the permeability of

a particular well were taken to

further define the communication

pattern. While injecting into

Well #104 at 636 l/min, offset Well

#105 was responding at 69 l/min.

Similar tests on three other wells

in the pattern indicate that all

wells are in some degree of communi

cation.

Gas Analysis During Explosive

Detonation

Gases from offset wells were

sampled following explosive events.

Gas analysis data after explosive

detonation were compared to that prior

to detonation. Significant changes

were seen in several of the wells.

The data indicated that Wells #102,

103, 104, 105 and possibly 106 were

in communication during the explo

sive event.

Post Explosive Permeability

The graph shown in Figure 6

indicates little change in liquid

permeability was noted in Wells #102

and 106 when compared to data from pre-

explosive testing, while the permea

bility almost doubled in Wells #101

and 104. The results in Wells #102

and 106 were not unexpected; Well

#102 had not been cleaned out due to

casing damage and the main charge in

Well #106 failed to detonate. The

successful explosive shots in Wells

#104 and 106 considerably enhanced

the post-hydrofrac liquid permeability,

Figure 6. Comparison of Permeability, 100 Series, Before and After Explosives

Preliminary Results of Air Injection

Results of a recent air injection

test into Well #105 show that the

2
44.99 kg/cm of pressure is required

to inject air into Well #105. This is

2
well below the 57.65 kg/cm and 61.86

2
kg/cm required to maintain similar

flow in Wells #3 and 4 on the north

site. Over 77% of the air injected

in the test was recovered, 82% came

from Well #104 and 18% from Well

#106.

Further Evaluation

The observations made during hydrofrac

turing and in permeability testing indicate

that a complex but extensive fracture system

exists in the 100 series wells. Borehole

explosives improved communications signifi

cantly over that existing before explosive

fracturing. Many additional fracture

assessment techniques, including drilling

and coring of four additional wells, will

be used in the next several months to locate

and further evaluate the extent of frac

turing. Figure 7 gives the planned location

of the fracture assessment wells.
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CHEMICAL UNDERREAM

The purpose of this experiment was to

attempt to create a void under the shale

to allow rubblization by explosives.

Acid soluble limestone stringers,

ranging in thickness from .31 m to 4.88 m,

occur in a transition zone between the

Antrim shale and Traverse limestone.

Trial 1

Based on the geologic description,

Gamma ray neutron well log information, as

well as laboratory solubility, porosity,

and permeability tests, a 3.7 m section

extending from 433.8 m to 437.5 m was

chosen for the acid underream experiment

(Figure 8) . The jetting of the acid with

the ABRASIJET*

perforating service, con

tinually exposing new surface area to

allow maximum reaction with the acid, was

expected to be effective. Calculations for

this small scale test indicated that

18925 1 of 28% hydrochloric acid (HC11

3
should dissolve 2.97 m , 8.16 tonne of

limestone. A pump rate of 635 l/min at a

2
pump pressure of 175.8 kg/cm was used.

The rotating jet seen in Figure 9 was

traversed over the 3.7 m section through

a unique surface hook-up. Results with

this combination of acid soaking and jet

ting indicated that no major cavity was

created. Action of the jet, rather than

the acid, appeared to be the major con

tributing factor to the borehole expan

sion of 5.08 cm. Approximately 20% of

the calculated volume was obtained.

POROSITY INDEX %

Figure 8.
Well 201

Antrim Shale

^ lLl~ 1423"

(433.73m)

CaCOj + 2HCI -? CaCI, +C0,t + H,0

1498'

T.O. (458.59m)

Figure 9. Chemical Underream With ABRASIJET

?Trademark of The Dow Chemical Company
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Trial 2

A second experiment attempted to

utilize a solution mining technique which

involved locating and drilling four wells

30.48 m from the central well. A plan

view of the well locations can be seen in

Figure 10.

Figure 10. Chemical Underream, Explosive Rubblization

The procedure first called for de

signing laboratory experiments to define

the most soluble zone under simulated

field conditions. The selected zone would

be notched and hydrofractured to establish

communications with the offset wells. Acid

would be circulated through the horizontal

fracture from the central well to the

offset wells until the reaction was com

pleted (Figure 11) .

SHALE

LIMESTONE

Figure 11. Chemical Underream

Liquid explosives would then be

pumped into the underreamed cavity and

detonated to fracture the shale layers

above .

Laboratory solubility, porosity, and

permeability data and "mini
well"

testing

defined the zone with the highest proba

bility of success. Photographs of the

mini well tests seen in Figures 12 and 13

define the variability of the section. A

Figure 12

Figure 13

1.5 m section was selected and isolated

for notching and hydrofracturing. Lack

of positive communication with the offset

wells prompted a decision to shutdown

prior to introducing acid into the well.

Analysis of Results

The notching was successfully accom

plished by the well proven ABRASIJET per

forating service technique. The special
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Dowell designed "balanced
fluid"

cup packer

provided the zone of isolation without

fracturing the formation. Hydraulic injec

tion into the formation was done very

slowly and according to plan, thus allowing

every opportunity for creation of hori

zontal fractures. Instrumentation for

detecting the arrival of acid or tracer

fluids (fluorescence and lithium fluoride)

were located at each offset well and moni

tored. With all of this, we concluded

that the induced fracture was either

vertical or steeply dipping. This con

clusion was based on the lack of communi

cation with the offset wells during hydro

fracturing as well as the analysis of

pump pressure during hydrofracturing,

fracture gradient and the instantaneous

shut-in pressure.

EXPLOSIVE UNDERREAM

The third task involves the creation

of a cavity in the shale by successively

shooting and cleaning progressively

larger boreholes. Figure 14 describes

this concept graphically.

396 m
1300'
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395m~-Z~-S~~
'
_

1305'
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Figure 15. Well Dow/DOE 301 Cavity Shot No. 1, 1350 Lbs

Stratoblast C, 7/12/78

of slurry explosive. This shot increased

the borehole to an average diameter of

60 cm. At this diameter, we can no longer

efficiently clean the well bore.

Two new wells were located, drilled

and cored 4.6 m either side of Well #301.

These wells will be loaded with explosives

and shot in hopes of creating tensile

spalling in the expanded cavity of Well

#301, as well as creating a joint pattern

with the fractures extending from Well

#301. This is graphically depicted in

Figure 16 . Preliminary results before

proceeding with explosive shots in Wells

#306 and 307 are encouraging.

Figure 14. Explosive Underream

Wells #302, 303, 304 and 305 were

drilled 18.3 m from Well #301, located

in the center of the five spot pattern.

Three successful shots have been

detonated in Well #301. The first 612 kg

shot expanded the 20 cm borehole 171%.

The caliper log shown in Figure 15 pro

files the results. The second attempt

failed due to the quality of the explo

sives while the third 172 kg clean-out

shot of gelatin dynamite expanded an

18.9 m section to 240% of the original

pre-shot volume. The fourth shot loaded

into the expanded cavity contained 1619 kg

Figure 16. Explosive Rubblization

Results

Core analysis of Well #306 indicates

a high concentration of explosively

induced fractures were located

opposite the expanded cavity of

Well #301.
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Core analysis of Well #307 did not

exhibit the high concentration of

explosively induced fractures.

Communication between Wells #306 and

301 was confirmed during flow logging.

Injection into Well #306 at 158.9

2
l/min and 26.36 kg/cm produced 76

l/min through Well #301.

Flow logging results in Well #307 did

not repeat Well #306. Injecting into

Well #307 at 119 l/m and 19.33
kg/cm2

increased pressure on Well #306 from

2
0 to 9.49 kg/cm . The pressure on

2
Well #303 increased from 5.27 kg/cm

to 14.8 kg/cm2.

Gyroscopic surveys of the bottom

locations of the three boreholes

support the above findings. The

distance to Well #307 (bottom) from

the explosive shot location in Well

#301 (bottom) was 63.3% greater than

the distance from Well #301 (bottom)

to Well #306 (bottom) . Hence the

greatest fracturing should be and

was in Well #306 (bottom) whose

distance from the repeated bore

hole shots was 4.6 m, the original

design distance. The results thus

far are encouraging and are further

evidence that borehole shooting

can enhance fracturing and overall

permeability .

Further evaluation will follow the

scheduled borehole shots in Wells #306 and

307.

TRUE IN SITU RETORTING

The true in situ retorting trial, using

the wells having the best characteristics

in the three fracturing experiments, is to

begin in August, 1979. The actual site

will be chosen in July, based on the

results of the assessment now in progress.

Three previous trials were conducted

in wells located in the north part of the

Dow research site near Peck. The experience

gained in these trials is being combined

with the predictions of several mathe

matical models to devise new strategies

for the August trial. These experiences,

model predictions, and strategies are

described below.

Exploratory Field Trial Experience

Ignition of the shale was achieved

using an electric heater, an experimental

propane burner, and charcoal. The electric

heater had a rating of 52 kilowatt, and was

used in the first trial in an empty well.

The shale was ignited, as indicated by

increased carbon dioxide concentration in

the product gas (Figure 17) , but combustion

was not sustained after mechanical and

electrical failure of the heater after

11 days. A 73 kilowatt propane burner

was used in wells loaded with charcoal in

the second and third trials. The addition

of charcoal was a test of the concept that

additional heat distributed along the well

bore in the oil shale zone could cause a

larger area to be ignited and thereby

increase the quality of effluent gas. Such

a beneficial result did not occur. The

use of charcoal makes interpretation of

early data difficult because the amount

of charcoal burned is unknown. The use

of the charcoal did make continuous opera

tion of the propane burner less critical,

and saved the burn from early termination

in the second trial. The propane burner

was operated nine hours in the second trial

and twelve hours in the third trial.

The deficiencies identified in these

ignition methods resulted in a successful

search for a better system which will be

described later.

Cyclic gas flows were tested in the

third trial. A "Huff and
Puff"

procedure

of flowing in and out of the same well

resulted in a 65% increase in the energy
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ins im

production rate. The data obtained indi

cate that the degree of improvement is

dependent on the cycle frequency.

Carbon dioxide concentrations in the

produced gases increased rapidly in the

first few days of each trial, then declined

after a maximum about the tenth day. A

sustained low carbon dioxide concentration

of less than three mole percent after

these peaks indicated that efficient com

bustion (high consumption of oxygen) was

not maintained.

An encouraging result in the third

trial was the production of 48,139 standard

3
m gas with an average energy content of

3
1.98 MJ/m . This energy content is 4.9

times the energy in the fuel used for

ignition.

Mathematical Model Predictions

Model development and testing work has

been done under a contract with Wayne State

University (WSU) . The principal investi

gators have been Dr. Daniel A. Crowl and

Dr. Robert A. Piccirelli.

Three types of models have been tested

at WSU. A model of pyrolysis in a single

particle of oil shale has been developed at

WSU. Models for rubbled beds and models

for retorting in cracked beds have been

developed by other institutions and adapted

by WSU for the Michigan Antrim shale.

The WSU single particle model predicts

that product decomposition effects (coking)

during transport out of the shale are impor

tant. The coking mechanism used in this

model differs from the mechanisms in the

available bed models. The predictions imply

that the available oil and gas products

in situ will be less than predicted by the

existing bed models; more product will be

converted to char.

The rubbled bed models, developed by

Laramie Energy Technology Center and by

Lawrence Livermore Laboratory, were used

at an earlier stage as an approximation

of a cracked bed and as a possible indica

tion of a limiting case for true in situ

retorting, i.e., a highly fractured bed.

Similarities were noted in several experi

mental data sets used in the model testing

which suggest that the superficial gas

velocity for retorting has a normal range

of 4200 to 8500 std. m3/m2.s. In addi

tion, the minimum ignition heat input

2
required xs typically 3500 W/m .

The cracked bed model developed by

Sandia Laboratories has been modified by

WSU for Antrim shale properties, and pre

dictions made. The model predicts that

pyrolysis proceeds faster and deeper into

the Antrim shale under the same operating

conditions than occurs in Colorado shale.

The low concentration of carbonates in

the Antrim shale is the main reason for

this difference in predicted results.

Modifications of this model to include

the WSU single particle product decom

position mechanism are being made. This

modified model will then be used to in

vestigate the effects of flow rate, oxygen

concentration, pressure, and ignition

conditions, e.g., temperature, time, and

concentration .

WSU plans to construct a combined

pyrolys is/combustion bed model using the

WSU single particle model and knowledge

gained from the operation of the rubbled

bed and cracked bed models. This model

would be written specifically for the

Antrim shale for use during the August

extraction trial.

Postulated Process Strategies

These strategies are being formulated

as increased information becomes available
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from analysis of previous field trials and

model predictions. Some possible choices

can be outlined at this time for considera

tion.

Ignition conditions are considered to

be critical for successful extraction. A

sufficiently large mass of shale, with

available fractures for needed air flow,

must be heated enough to produce a sig

nificant, sustained combustion. The

estimated heat input in the August burn

will be ten times the burner input in pre

vious trials. Charcoal will not be used.

The ignition gas temperature will be con

trolled to about
530

C. The heat input

will continue about 10 days. These con

ditions will be achieved by use of a

methane burner which has been successfully

used in hundreds of commercial thermal

recovery operations in oil fields. This

burner, tested on our site, has a reliable,

surface renewable ignition system which

eliminates a problem encountered with the

experimental propane burner. The ignition

services will be contracted from TOR

Developments, Inc.

Three main operational strategies

are being considered:

Separated Front Pyrolysis/Combustion

Gasification

Combined Pyrolysis/Combustion/Gasif i-

cation

Separated Front Pyrolysis/Combustion

(SFPC) is the conventional in situ oil

shale extraction strategy. Gas and oil

flow from a moving pyrolysis front to a

collection location; the heat for pyrolysis

is supplied by a following combustion front

where oxygen reacts with hot char. Separa

tion of these fronts would be produced by

using a hot inert gas ignition strategy.

This strategy is used in modified in situ

retorting and in surface retorts, but may

not be the optimum strategy in true in

situ retorting of Antrim shale. Antrim

shale produces less gas and oil and more

char during pyrolysis than the western

shales do, so that more of the potential

energy remains in the shale after pyrolysis.

Also, in a fractured bed with low porosity

(magnitude of 1%) , much of the product may

encounter a combustion front as it moves

towards a crack.

The gasification strategy is postula

ted to adapt to the special conditions of

a fractured Antrim shale bed. The gas and

oil products of pyrolysis would be burned

in situ to generate a hot char bed which

would be gasified with steam (generated

in situ) and air. Operating conditions

would be conducive to gasification.

Further modeling work and small scale

experiments are planned to test the via

bility of this strategy before the August

1979 trial.

Combined Pyrolysis/Combustion/Gasi

fication (CPCG) is a strategy which seeks

to increase the energy extraction by

employing SFPC and Gasification. Sepa

rated pyrolysis, combustion, and gasi

fication fronts would be established in

staged operations.

Some data supporting the possible

success of this strategy has been obtained

in horizontal modified in situ trials. A

strategy such as this would allow us to

take advantage of the tendency of Antrim

to produce char while still collecting

pyrolysys products .

Variations of operating conditions

would be part of the trial in any of these

main operation strategies. The most in

teresting variables are injection pres

sure, producing well pressures, air flux,

oxidizing gas compositions, and cyclic

operations. Increasing the injection

pressure should aid steps which are

diffusion controlled. Variation of pro

ducing well pressures may control the

direction of the fronts. The optimum air

flow most likely should vary with time to

maintain a constant air flux at the com

bustion front. Extremes of air flux at

the front must be avoided to prevent "burn
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out"

or "blow off", or oxygen breakthrough

to the production wells. Reduction of

oxygen concentration in the injected gas

may be beneficial in controlling oxygen

breakthrough. Cyclic operations have

resulted in enhanced production in earlier

trials and in oil field operations; the

validity of these earlier trial results

will be tested in the absence of charcoal

in the well.

The specific operating choices for

these strategies will be made during the

remaining time before the August 1979

trial.

SUMMARY

Much progress has been made in under

standing the nature of the Antrim shale of

Michigan. These findings indicate several

differences between the Antrim and western

shales. The chemical underream and the

hydrofracture/explosive fracture experi

ments were completed. The major part of

the explosive underream experiments are

complete. Initial indications are that

the hydrofracturing and explosive under

ream techniques can be used to increase

in situ permeability. Plans for the in

situ extraction trial scheduled for

August are being formulated. For the

first time models incorporating inputs

specific to Antrim shale are functioning.

Inputs from these models, insight gained

from our previous extraction attempts and

the experiences of others are being used

in developing these strategies.
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REFINING SHALE OIL IN CONJUNCTION WITH CRUDE

OIL IN A TYPICAL ROCKY MOUNTAIN REFINERY

6. E. Ogden and R. D. Ridley
Occidental Oil Shale, Inc.

5000 Stockdale Highway

Bakersfield, CA 93309

ABSTRACT

Petroleum supply analyses indicate that the

Rocky Mountain area will require product volumes

above what can be provided from local crude pro

duction and existing refining capacity by the

mid-19801

s. This situation signals a possible

early market in that area for shale oil in

appropriately modified refineries. This paper

presents an appraisal of the economically sensitive

refining parameters attendant to processing in-situ

shale oil in conjunction with crude oil in a

typical Rocky Mountain refinery. Modes of opera

tion examined include substituting Occidental

in-situ shale oil for Wyoming sweet crude at a

level of 30% of total input. For comparison, a

case is developed off the same reference for sub

stituting heavy Wyoming sour crude for the sweet

crude. The data presented is largely extracted

from an economic study performed by Pace Company

Consultants and Engineers in Houston. New facili

ties are cos ted and product shifts are presented

for a mid-1980 refining operation. The economic

analysis is interpreted to show that the additional

refining cost for substituting in-situ shale oil

as compared to sour crude oil is in the range of

$.25 - 1.00/Bbl of shale oil including a reasonable

rate of return on new investment.

INTRODUCTION

As a potential early producer of shale oil,

Occidental Oil Shale Inc. has undertaken studies

directed at assessing the marketability of modified

in-situ shale oil. In 1978, the subject of

refining this oil was investigated in some depth

as a task of Occidental's cooperative agreement

with DOE on shale oil development. The economic

conclusions of our refining analysis that shale

oil will add only $.25-$1.00/Bbl. to refining cost

compared to a local competing crude oil may

seem somewhat surprising in light of other pub

lished figures of several dollars per barrel. To

lead up to that conclusion, this paper highlights

the factors which led us to examining shale oil

refining in the Rocky Mountain area, describes

the processing configuration selected and dis

cusses the economically sensitive refining

assumptions that require further investigation.

DISCUSSION

Though it appears to be a simple conclusion

that shale oil produced in Western Colorado will

find a natural market as feedstock to Rocky

Mountain refineries, one actually has to back

into that result. In general, the local re

finers are equipped to process mainly light,

sweet crude. Most of the plants, are reforming/

cracking refineries with no capability to

upgrade the bottom of the barrel except to

asphalt. As a group, the California refiners

are far and away the best equipped to integrate

shale oil into the feedstock pool. There, the

refineries are larger, have coking facilities,

hydrogen plants, high pressure hydro crackers,

high pressure naphtha pretreaters and commonly

process crudes that contain 0.5-0.7 wt %

nitrogen.

In addition to the relatively unsuited

equipment to process shale oil in PADD IV

(includes Colorado, Wyoming, Utah, Montana and

Idaho), the area is today a significant crude

oil exporter. Historically, Utah, Wyoming,

Montana and Colorado crude oil production has

been far in excess of local refining demands

(nearly double the demand at some points in

time) . This surplus has been moved mainly to

the Great Lakes area over large pipelines.

These two factors appear very negative to

finding a home for shale oil in local refineries

and it is certainly representative of the case

today as anyone who has tried to market develop

ment quantities of shale oil has discovered.

However, it is extremely important to recognize

the probable logistic patterns at the time that

shale oil will be produced in quantity, the

mid-1980'
s.

Crude oil production declines and product
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demand increases between now and then are fore

cast to change the area from a net exporter of

petroleum to an importer. Table 1 shows, in

summary, the 1975-85 supply/ demand balance for

PADD IV and the traditional markets served in

adjacent states. Note that in the 10 year period

this area will change from a net exporter of 187

MBD (29,730 m3/d) to a net importer of 157 MBD

(24,960 m3/d).

While in 1975 exports from the region amounted

to 34% of the total market; in 1985, 22% will be

imports. Incidentally, these figures assume new

discoveries of 164 MBD (26,073 m3/d) of crude

oil in the Overthrust Belt and continuation of

Canadian crude at the 45 MBD (7,154 m3/d)

level.

Therefore, while there is little incentive

for a refiner to go out of his way to run shale

oil today, by 1985, that refiner may be more

receptive to a new source of supply.

Another point about the logistic shift is the type

of crude being exported from PADD IV today. Since

the Rocky Mountain refineries are primarily

oriented to sweet crude, the heavy sour crudes

have been exported to the more appropriately

equipped refineries in the Great Lakes region. As

sweet crude becomes more scarce, the local refiners

will be faced with the expensive option of modify

ing their refineries to process the heavy sour

crude.

The conclusions of our supply analysis are

that it is likely that Rocky Mountain refiners

will face tight crude supply in the
mid-80'

s and

the competitive input to shale oil is likely to be

the very heavy Wyoming sour crude oil that is

exported from the region. This analysis relies

heavily on a study of PADD IV supply/ demand

factors in 1985 conducted by Bonner & Moore as an

item of work accomplished under Oxy's cooperative

agreement with DOE.

Some comments about shale oil and refining in

general are now in order. First, it should be

apparent to anyone that follows the industry that

it is extremely difficult, both economically

and environmentally to site a new, grassroots

refinery in the U.S. The numerous attempts in

recent years have met with only limited success.

Since the 1969-72 period when several grassroots

refineries 100 MBD (15,900 m3/d) and larger were

streamed, only one large refinery has been com

pleted and only one more is under construction.

On the other hand, crude processing capa

city has been increased substantially at existing

plants. Economic and environmental reasons

create a strong incentive to enlarge existing

plants rather than stake out a new facility.

The shale oil production curve will also

likely build up over several years. It is un

likely we will go from a no production level to

a substantial industry in the short period of

time required to economically utilize a large

refinery designed specifically for shale oil.

Therefore, we view the early refining markets as

those where plants will be modified to process

some amount of shale oil in conjunction with

conventional crude oil. These conclusions may

not be valid for the year 2000 when hopefully

shale oil production will be measured in

millions of barrels per day, but they are very

probable for the evaluation of the build-up of

production in the 1985-90 period.

The stage is now set for a shale oil refin

ing analysis in the Rocky Mountain area. Occi

dental's approach to this problem must be termed

a preliminary one. In fact, one of the major

internal objectives for this study was to iden

tify the technical areas that are economically

sensitive in relation to processing shale oil in

a Rocky Mountain refinery. With this definition

we can then emphasize pilot plant and engineer

ing efforts to acquire the necessary data to

improve the confidence level of the economics of

shale oil refining.

The other major objective of the study was

to develop an approximation of the relative

value of modified in-situ shale oil compared to

the likely competing input to Rocky Mountain

refineries. To accomplish this analysis, the

Pace Company Consultants & Engineers of Houston

was engaged to study a typical Rocky Mountain

refinery using their extensive linear program

modelling capability.

A particular refinery was not selected but

rather a
"typical"

refinery was simulated based

upon an examination of the processing capabili

ties of the PADD IV refiners. Table 2 shows the

make-up of the base refinery. As noted the

refinery is approximately 30 (4,770 m3/d) MBD
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Table 1

Supply/Demand Trend

PADD IV & Markets in Adjacent States

1975 1985

MB/D MB/D

45 40

(299) (10)

Crude Imports

Crude Exports

Product Imports 66 127

Product Exports

Net Import/ (Export) (187) 157

Memo:

1975/85 Product

Demand Growth 165

1975/85 Production

Decline 177

Total Product Demand 553 718

Annual Demand Growth 2.7%

Table 2

Typical Rocky Mountain

Refinery

Capacity

Barrels/Stream Day (M^/Stream Day)

Crude Distillation 32,600 (5,183)

Vacuum Distillation 11,700 (1,860)

Gas Processing 5,000 ( 795)

Catalytic Reforming 6,000 ( 959)

Alkylation 1,800 ( 286)

Catalytic Cracking 10,800 (1,717)
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in capacity with secondary processing limited to

catalytic cracking, reforming and alkylation

units. The refinery was assumed to have an input

slate consisting of 2/3 light, sweet crude and 1/3

Wyoming sour. The base refinery product slate was

selected at slightly over 50% gasoline with

50% of the gasoline pool being unleaded. While it

is expected that 1985 demands will be closer to

75% unleaded, it was felt that the higher percen

tage would cause distortions based on the type of

capacity in place today.

The methodology used for the comparison was

to back out sweet crude from the base refinery

(30% of input) and in one case replace the sweet

crude with
23

API Wyoming Asphaltic sour crude

and in the second case, replace the sweet crude

with modified in-situ shale oil. The refinery was

to be reconfigured to hold the product slate

essentially constant for each of the two substitute

inputs. Typical 1978 product prices were used to

drive the LP model and inputs were at fixed volume

with no pricing. Then, after developing the

two cases, an economic comparison between shale

oil and the asphaltic sour crude could be accom

plished.

Table 3 shows a comparison of some of the key

input properties of the asphaltic sour crude and

the shale oil. Of course, the large negative for

shale oil is the high nitrogen content. Also,

this study is conducted at a relatively high

gasoline demand on the refining facilities and

that penalized the shale oil which has a low yield

of gasoline boiling range material. To meet the

gasoline demand, additional cracking facilities

must be included in the modifications. In general,

U.S. product demand increases over the next decade

are projected to be weighted toward diesel boiling

range material which will favor shale oil as an

input. This factor was not considered in the

economics .

On the favorable side, shale oil has very

little residual boiling material compared to over

38% in the sour crude. Also, shale oil is rela

tively low sulfur compared to the 2.7% present in

the local crude.

These properties of the input crudes provide

much of the insight into how the base refinery

must be modified to maintain the light product

yields. The heavy sour crude case would have tb

have a unit to upgrade the residual fraction and

a delayed coker was selected for this step. The

high sulfur level of the sour crude dictated

that hydrodesulfurization capacity also be

installed.

For the shale oil, the key problem is the

nitrogen. To remove the nitrogen, a high

pressure catalytic hydrotreating step was used

on the whole shale oil. The Chevron work accom

plished last year (Sullivan and others 1978)

concluded that this processing step was feasible

and that state-of-the-art equipment was avail

able to accomplish it. Since the modified in

situ shale oil is lighter and contains more

hydrogen and less nitrogen than the subject

shale oil Chevron used in reaching that con

clusion, we felt that it was sound to extra

polate that conclusion to the modified in-situ

shale oil. However, because of remaining

questions on stability of products from this

processing step, secondary hydrotreating of

naphtha and middle distillate fractions was

presumed.

There is no question that the shale oil

hydrotreating step is influential in determining

the relative economics between shale oil and any

conventional crude. We attempted in this study

to do some optimization of the hydrotreating

step. The results of that effort were incon

clusive but notable. First, the hydrotreating

yields used were based upon the Chevron work

(Sullivan and others 1978) with some modifica

tion based upon the shale oil property differ

ences. Actually, the linear program model was

given the opportunity to select from two differ

ent levels of hydrotreating severity, 87%

denitrogenation and 97.5% denitrogenation.

Analysis of the results showed the lower treat

ing severity was favored greatly (over $1/Bbl)

over the high severity operation. The differ

ence was in part due to the higher hydrogen

consumption at the high severity. The large

difference between the two modes of operation,

of course, suggests that the 87% denitrogenation

may not be optimum and more economic configura

tion may exist at say 75% denitrogenation.

The other modifications to the base

refinery are shown on Table 4. As would be

expected, since both substitute inputs are con-
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Table 3

Feedstock Comparison

Wyoming

Asphaltic Crude

API Gravity 23.0

Naphtha, Vol % 14.8

Vacuum Residual, Vol % 38.8

Wt. % Sulfur 2.7

Wt. % N2 0.1 - 0.2 (D

Modified InSitu

Shale Oil

25.0

4.7

5.5

0.6

1.3

W Estimated from cuts

Table 4

Refinery Modifications

Modifications

Crude Distillation

Vacuum Distillation

Gas Processing

Catalytic Reforming

Alkylation

Catalytic Cracking

Incremental Capacity

Barrels/Stream Day

Asphaltic Sour

Crude

3,250

950

4,000

In-Situ

Shale

Oil

1,300

5,700

New Units

Shale Oil Hydrotreater

H2 Plant - MMSCF/D

Delayed Coker

Naphtha/Distillate Hydrotreater

3,300

4,000

9,780

12.2

3,800
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siderably heavier than the light sweet crude

being replaced, the catalytic cracking capacity

must be expanded to keep the product slate in

tact* For the purpose of this study, it was

assumed that catalytic cracking capacity could

be expanded for a capital cost of $800/daily

barrel of input. No attempt was made to differ

entiate the cost of expansion relative to the

properties of the incremental feedstock. This

assumption produced a very conservative refining

value for shale oil since in the shale oil case,

the incremental catalytic cracking feedstock has

been severely hydrotreated, and contains no sulfur

or metals. Pace agreed that there would be some

benefit accrued on the cracking operation from the

severely treated feedstock but that it would

require enlarging the scope of work substantially

to determine the amount the expansion capital

reduction with any degree of accuracy. Since this

study was a preliminary effort, we chose to cover

this point with an economic sensitivity that will

be described later.

Since the product slate from the two compari

son cases was held essentially constant, the major

economic differences show up in the cost of the

capital modifications and to a lesser extent in

the refining operating costs. Table 5 shows the

capital cost summary for the two cases. As noted,

the shale oil case requires investment of $52.1

million dollars (1978 basis) while the crude oil

option can be accomplished for less than half,

$24.1 million dollars.

The difference in the capital costs for the

two feedstocks can be attributed to the high

pressure hydrotreater required for the shale oil.

The $26.7 million estimate for this unit represents

an investment of $2730/daily barrel of feed.

The cost of this processing unit is the one

most economically sensitive piece of input data

and no definitive engineering was accomplished to

make a proper cost estimate. Cost estimates of

high severity hydrotreaters noted in the literature

vary over a wide range and for the sake of con

servation, Pace chose to use a value in the upper

range of those reported. The Chevron work

previously referred to estimated the cost of the

whole shale oil hydrotreater to be $1400-1700/daily

barrel for the battery limits unit. Informally,

outside engineering
assesments suggest that

$1500-2000/daily barrel should be adequate for a

unit of this type. The $2730/daily barrel figure

in this estimate should certainly be construed as

one which would cover any conceivable contingency.

Table 6 shows the economic comparison between

the two cases, sour crude oil and shale oil.

Costs and revenues are depicted in units of

millions of dollars per year.

As noted, the increased manufacturing costs

for shale oil are offset by the improved product

revenues. The major factor in the product revenue

difference is the low value of the very high

sulfur coke produced in the crude oil case.

The capital recovery portion of the comparison

was calculated to approximate a 10% DCF rate of

return on incremental investment.

The cumulative effect of these factors amount

to $1.31/bbl of shale oil substituted as input.

Earlier it was pointed out that this was a

conservative look at the economics. Pace provided

an economic appraisal of some of the very sensitive

assumptions to show the magnitude of the potential

improvement. This sensitivity analysis not only

serves as an index to the value of shale oil but

also vividly points out the areas where special

study is required.

Table 7 shows the dollar value of the sensiti

vity cases. First, if it is assumed that the cost

assessment for the hydrotreater used by Pace is

considerably high, the shale oil refining value is

improved markedly. In the example, hydrotreater

cost was lowered by $1000/daily barrel and a

$.78/bbl improvement was indicated.

Next, the severity optimization attempt,

while not conclusive, indicated more favorable

economics may be achievable at a lower treating

level. The second sensitivity reflects the effect

of a 200 scf/bbl reduction in hydrogen consumption.

This reduction would improve the shale oil econo

mics by $.28/bbl.

The last sensitivity shows the impact of

being able to expand the catalytic cracking unit

for a nominal cost due to the improved feedstock

generated by the severe hydrotreatment. While the

$.47/bbl improvement shown is the maximum which

could be attained, some portion of that amount

should be realizable.

The cumulative effect of the sensitivities is

$1.53 which more than offsets the $1.31 additional
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Table 5

Shale Oil Hydrotreater

Hydrogen Plant

Catalytic Cracker

Delayed Coker

Naphtha/Distillate Hydrotreater

Other Process

Capital Cost

of

Modifications

Asphaltic Sour

Crude

$MM

In-Situ

Shale

Oil

$MM

26.7

6.2

3.4 5.6

9.0 -

3.8 2.6

4.8 3.4

Total On-Site 21.0 44.5

Offsites 3.1 7.6

Total Plant 24.1 52.1

Table 6

Economic Comparison

Sour Crude

Versus

Shale Oil

Asphaltic Sour

Crude

$MM/Yr.

In-Situ

Shale

Oil

$MM/Yr.

Difference

$MM/Yr.

Revenue 175.9 178.5 2.6

Costs

Secondary Feedstock

Manufacturing
Capital Recovery

Sub-Total

3.1

16.8

4.8

26.5

2.7

18.7

10.4

33.6 7.1

Difference in

Refining Value 4.5

Difference Expressed

as $/Bbl Shale Oil = $1.31 /Bbl
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Table 7

Shale Oil Refining Value

Economic Sensitivities

Base Difference in Refining Value, $/Bbl

Lower Capital Cost for Shale

Oil Hydrotreater

$1,730 vs $2,730 / Barrel

Lower H2 Consumption for Shale Oil

1,250 vs 1,450 SCF/Bbl

No Additional FCC Investment Needed

for Shale Oil Cases due to Severe

Hydrotreating

Cumulative Effect of Sensitivities

$/Bbl

Shale Oil

1.31

(0.78)

(0.28)

(0.47)

(1.53)

cost. It is probable that not all of these

benefits could be obtained but some portion of

additional benefit is clearly indicated. Our

interpretation of these results is that the

additional refining cost for shale oil as com

pared to Wyoming Asphaltic sour crude will fall

in the range of $0.25-$1.00/bbl of shale oil

including a reasonable rate of return on new

facilities.

In addition to the crude oil substitution

comparison to shale oil, Pace concurrently

studied another mode for the typical Rocky

Mountain refinery. In the second analysis, the

refinery was expanded by 30% first on North

Slope crude oil and then on modified in-situ

shale oil. For this mode of operation, an

additional refining cost on the conservative

assumptions was found to be $2.02/bbl above

North Slope crude. Since the North Slope crude

is significantly better in quality that the

Wyoming Asphaltic sour crude, it is felt that

both analyses reflect a consistent value for the

shale oil.

The major disadvantage of shale oil refin

ing appears to be the relatively high capital

investment requirement. In the context of the

supply pattern of the
mid-1980'

s, however, this

detriment may not be a serious impediment. If a

refiner takes the alternate of investing for

heavy sour crude, he will be faced with the risk

of being unable to obtain that raw material over

the project life of the capital investment,

usually denoted as 16 years. Since competition

for dwindling conventional oil supplies will

become intense in the next two decades, invest

ing for sour crude may only be a 3-5 year stop

gap measure and at the end of that period, the

refiner will again have to modify to utilize an

alternate feedstock.

On the other hand, shale oil is apt to be a

continually growing supply source over the next

two decades. The refining economics for shale

oil indicate that for a relatively small quality

differential ($0.25 -

1.00/bbl) over sour crude,

it will be a competitive source of refining

input. For the Rocky Mountain area refiners, it

appears that further engineering efforts are

required to accurately assess hydrotreating

costs versus severity and catalytic cracking

pilot studies are needed to estimate the eco

nomic impact of integrating shale oil into the

crude oil processing sequence.
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MATERIAL BALANCE CALCULATIONS FOR TRUE IN-SITU OIL SHALE RETORTING*

Paul J. Hommert

Sandia Laboratories

Albuquerque, NM 87185

ABSTRACT

In an effort to further understand the charac

teristics of true in situ oil shale retorting, a com

prehensive material balance procedure has been devel

oped for this application. In addition to the normal

elemental balances, laboratory data for the stoichio

metry of oil coking and kerogen decomposition are

used. This additional information allows estimates

to be made as to the extent of the product loss

mechanisms of oil coking and oil combustion. Assump

tions are necessary in order to close the balance;

thus sensitivity of the results to these assumptions

is examined. The procedure has been applied to both

the Site 9 and, on a preliminary basis, Site 12 oil

shale retorts conducted by the Laramie Energy Tech

nology Center. Results indicate that oil combustion

and oil coking are significant loss mechanisms, i.e.,

on the order of 40-60% of oil retorted.

INTRODUCTION

Field tests in the in-situ recovery of fossil

fuels by thermal techniques present difficult problems

in both control of the process and evaluation of test

performance. Since the tests are in-situ, tempera

ture measurements are discrete and often sparse and

remote techniques while useful are still in the

development stage. Thus, it is important that the

maximum information be extracted from analysis of

the product gas stream. Product gas analysis is

usually available to the experimenter at the surface

and, in combination with flow data, represents the

only presently available means to obtain a continuous

estimate of the amount of material affected by the

process. In addition to a material balance it would

be of interest to use the product gas analysis as a

measure of the process efficiency, in order that

changes in operating conditions could be keyed to

nearly continuously measured parameters which are

functions of the gas analysis.

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

Energy (DOE) under contract DE-AC04-76DP00789.

There have been relatively few true or modi

fied in-situ oil shale retorts (for which the

data is available in the open literature) with

sufficient product gas analysis to allow for de

tailed material balance calculations. Calcula

tions were performed for the Rock Springs Site 9

experiment (Long, et^al_. , 1977) but these relied

on a number of restrictive assumptions including

the use of a single hydrocarbon resource CH2> no

explicit oxygen balance and a maximum amount of

oil retorted per unit amount of shale. Also at

the time of these calculations new laboratory

data cn kerogen decomposition and oil coking

were not available.

In preparation for the Site 12 experiment

at Rock Springs, it was felt that the material

balance problem should be re-examined for a num

ber of reasons. This test is heavily instru

mented with both thermocouples and remote elec

trical techniques (Bartel , 1979). Thermal data

combined with material balance calculations have

the potential to provide an accurate map of

the affected shale zone. Such a map is of inter

est for evaluating the test but is also necessary

to provide a basis for comparison with the re

mote electrical techniques. The test is planned

to have a variety of operating conditions, i.e.,

different total gas injection rates with various

steam/air ratios. Thus, a real time evaluation

of the efficiency of a particular operating

condition from the gas analysis would be useful.

PROBLEM BACKGROUND

Essentially, for an in-situ thermal recovery

process material balance calculations attempt

to determine the amount of affected liquid and

solid species, of which there is no direct mea

sure, from the directly measured gaseous species.

For oil shale, the species of interest are shale,

carbonates, char, oil and water. One wishes to
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determine the amount of these individual species in

volved in the retorting process, solely from the

measured gas analysis. In a straightforward manner,

the gas analysis provides three solution constraints,

i.e., the elemental balances of carbon, oxygen, and

hydrogen. A fourth constraint can be obtained by

considering nitrogen as a tracer for the amount of

oxygen that enters the reaction zone. One sees, how

ever, that the system is still indeterminate since

there are at least five important solid and liquid

species and a sixth unknown i.e., the total gas pro

duced per unit amount of shale. The system can be

closed by any of a number of assumptions, for example,

assuming a fixed relationship between shale retorted

and char formed or between carbonates decomposed and

shale retorted. Assumptions such as these are rather

restrictive in that one is forced to assume some

thing that one would ideally like to determine. To

reduce the effect of the assumptions, work described

herein attempts to develop a general framework for

the material balance problem. The framework allows

the use of perhaps less restrictive assumptions and

additional information from laboratory data. In

addition, estimates are made of the product loss

mechanisms of oil coking and oil combustion.

MATERIAL BALANCE PROCEDURES

The general approach taken to the material bal

ance problem is to maintain the identity of the indi

vidual gas species when setting up the material bal

ance equations. This is similar to the approach taken

by Cena (1978) for work done on in-situ coal gasifi

cation. Maintaining the identity of these species

is a necessity if stoichiometric information about

kerogen decomposition and oil coking is to be used.

Specifically, consider the shale in place solely

as a source of carbon, hydrogen and oxygen; therefore,

deal only with the portion of the shale that will pro

duce these elements in the product gas. This leads

to a fictitious species we shall call Dry Mineral Free

(DMF) shale. This species can be represented as

CH 0. The actual values of a and $ depend on the
a 3

chemical formula for the kerogen and on the three

fractions:

b, = kg carbonate/kg wet-shale

b?
= kg C02/kg carbonate

b_ = kg kerogen/kg wet-shale.

For example, if we assume typical values such as

b, = 0.41, b0
= 0.46 and b- = 0.1b and a chemical

formula for kerogen of CH] 540Q
(Rothman,

1977)t, then DMF shale has the formula CH09gl00>616
with 0.36 kg DMF shale/kg wet-shale. The elements

of this DMF shale molecule, through the retort pro

cess, are involved in a multitude of chemical

reactions leading to the process products. The in

dividual details of these reactions are invisible

to the experimenter on the surface. However, two

basic reactions, the stoichiometry of which are

known, must occur. These are kerogen decomposi

tion and oil coking. For kerogen decomposition

one can write a stoichiometric expression from

Rothman, (1977)t

CH1.390.053"^0-725CH1.56
+
0-016CH4

+ 0.018 C02
+ 0.014 C, 2 7 5

+ 0.20 + 0.05H2** (1)

In equation 1, C3 J\-,
5
is a lumped higher hydro

carbon gas. It consists primarily of the C, Cg
and C. hydrocarbon species. For dealing with the

field data, where very little gas C. and higher

is detected, the species C2H., C2Hg, C-Hg, and

CJ-L are lumped into a single C3 2H7 5
molecule

based on a least squares fit that minimizes error

in the carbon and hydrogen balances. For oil

coking a stoichiometric expression can be written

as (Campbell e_t_al_. , 1977)

(2)CH
1.56

0.83 CHQ 2
+ 0.17 CH4

+ 0.36 H2

One of the problems in using equations 1 and

2 is that they represent char with no different

chemical formulas. Also the hydrogen content of

the char f rmed from kerogen decomposition is a

function of the temperature conditions under

which it was formed. Thus, there is almost cer

tainly a variety of char compositions present

in-situ; however, for the purposes of material

balance calculations, a single species must be

assumed. As a base case value the char is assum

ed to have the composition CHQ ,. The effects

of the char hydrogen-content on the material

?Reduced hydrogen in this formula reflects

losses to HS and NH_.

**Nitrogen and sulfur have been removed from this

expression.

tPreliminary analysis, more detailed results

to be published.
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balance results will be examined in the sensitivity

study section of the paper.

With the assumption of a single char species,

equations 1 and 2 can be combined into the overall

kerogen modification reaction

CH1.390.053~* -725(l -

x) CH] 5g
+ (0.2 + 0.602x)

CHQ ]
+ (0.026 + 0.29x) Hg

+ (0.123X + 0.016) CH4
+ 0.018 C02

+ '014 C3.2H7.5
(3)

In equation 3, x is the fraction of oil from the

initial kerogen decomposition that is subsequently

coked.

Equation 3 can be expanded to consider the

modification of DMF shale by kerogen decomposition

and oil coking. This can be written as

CHia06 Y C02(s) + (1-y){0.725(1-x) CH] ^ 56

+ (0.2 + 0.602x) CHQ ]
+ (0.026 + 0.29x) H2

+ (0.123X + 0.016) CH4
+ 0.018 C02

+ 0.014 C H,
r}

(4)
'3.2"7.5

where y
= 0.273 b1b2/(0.273 b^

+ 0.8346 b3) . (5)

Physically, y is the moles of C02 within carbonates

per mole of DMF shale. The primary additional reac

tions that occur during the retort can be grouped as

follows:

C0(s) ^C02(g) from carbonate decomposition (6)

CHQ ,
+ H20 +

02 *-H2
+ CO +

C02 char reduction

and oxidation (7)

C +
C02* 2 CO char/C02

reaction (8)

H2
+ CO + Hydrocarbons +

02
^C0 +

C02
+ H20

gas phase oxidation (9)

CO + H20 H2
+

C02
shift reaction. (10)

This should be considered only a partial list as many

additional reactions occur. However, for the sake of

material balance calculations, the only impor

tant assumption necessary about additional reac

tions is that there are no significant sources

of methane and the higher hydrocarbons outside of

kerogen decomposition and oil coking. This im

plies that oil cracking is not a major source of

CH., C2 and C3. The effect of errors in equation

4 for the hydrocarbon stoichiometry will be ex

amined in the sensitivity studies.

If it is assumed that equation 4 describes

the species present in the retort, a single

overall chemical equation can be written as

OU) + Heat + a-^> a2C02(s) +

a3CHQ 1

+

a4CH] 5g
+ a5C0 + a6C02lg) +

a?CH4

+

a8H2
+

a9C3.2H7.5
+ a10H2- (ID

Equation 11 contains 10 unknown stoichiometric

factors which define the retort chemistry. The

amount of coking determined by x in equation 4

can also be considered an eleventh unknown. In

equation 11, the H0 is only that portion of water

which takes part in reactions 4 through 10. Addi

tional water that passes inertly through the

system does not take part in the balances.

The information available to determine the

10 or 11 unknowns in equation 11 include the

three elemental balances on carbon, oxygen and

hydrogen, the four ratios of the individual gas

species, in the dry product gas, to each other and

the nitrogen tracer for the amount of oxygen that

enters the reaction zone. This last piece of

information for air injection gives the equation

agCry
- 3.717a6C023

al
=

3.717CCCJ
(12)

where CfLU, C02D , and CCO^ refer to specie con

centrations in the dry product gas. Thus, there

are eight obvious relationships between the

stoichiometric factors in equation 11. There is

a need for two additional relationships. A

third equation becomes necessary if the coking

fraction, x, is also to be determined.

As mentioned earlier, a variety of assump

tions can be made. By maintaining the identity
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of the individual gas species, however, the informa

tion in equation 4 can be incorporated into the cal

culations with the following two assumptions. First,

assume a fixed fraction z, of the coke is consumed

by either oxidation or reduction reactions. This

gives the relation

TABLE 1. Base Case Gas Composition

a3
= (0.2 + 0.602x)(l -

z^d
-

Y) (13)

Modeling results for large blocks (Tyner and Hommert,

1979) over a range of conditions, indicate z, to be

on the order of 0.25. For a packed bed reactor, z,

would be larger on the order of 0.9. Second, it is

reasonable to assume that oil and the higher hydro

carbons (i.e., CH3>2H7 5) oxidize at the same molar

rates. This gives the relationship

ag
= (0.014)(1 - F )(1 -

y) 04)

where F is the fraction of oil combusted given as

Fc
= 1 -

a4/ :(0. 725)(1 -

y)0
- x)D. 05)

The balance equations can be closed by assuming a

value for x. If it is desired to estimate x then

the assumption that methane oxidizes at some fraction,

z2, of the rate at which the higher hydrocarbons

oxidize can be used to give the relationship

-a?
+ 0.123x(l -

y)0
-

z2) + 0.016(1 -

Y)0
-

z2)

+ a4(z20.124x + 0.016z2)/(0. 725)(1 -

x)
= 0. (16)

Two calculational procedures, distinguished by

whether z, and
z2

are to be specified or z, and x

are to be specified, will be examined.

SENSITIVITY STUDIES

In dealing with material balance calculations

it is important to recognize that there are a large

number of potential sources of error. For the

approaches discussed in this paper one must first

examine the effects of the assumption parameters z-, ,

z2, and x.

To examine the uncertainty these parameters

might introduce, a base case gas composition, listed

in Table 1, was used. This gas composition is re

presentative of what might be encountered in a true

in-situ retort.

Gas Species Mole Percent in Dry Gas

Ar 0.70

2 1.30

N2 66.20

co2 20.00

CO 3.00

H2 6.00

CH4 2.00

C2H6

C2H4

0.40

0.10

C3H6
C3H8

0.05

0.25

Table 2 summarizes the results for this gas

composition. The key balance results, shown in

Table 2, are taken to be the kilograms of shale

retorted and the kilograms of oil recoverable

both normalized to the kilograms of produced

nitrogen. Oil recoverable is considered to be

oil from kerogen decomposition minus the portion

that is subsequently coked and combusted. It

should be mentioned that estimates of oil coking

and combustion can only be made from a material

balance procedure that utilizes, as do the methods

described herein, stoichiometric information per

taining to the gaseous hydrocarbon production.

Also given in Table II are the ranges for the

assumption parameters z, , z2, and x and the re

sulting maximum percentage change in the balance

results as a result of varying these parameters.

For the discussions in this section the approach

where it is attempted to determine the coking

fraction will be denoted as Method 1 and where

the coking fraction is assumed as Method 2.

Table 2 indicates the minimal effect variations

in the assumption parameters have on the balance

results. Because of this insensitivity, as part

of the calculational procedure it was decided

to routinely use a range of parameter values,

with the final result representing an average

over the selected range. Table 2 also indicates

that the two calculational procedures give nearly

identical results. It is clear that assumptions

needed to close the balances are not significant

sources of error.
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Table 2. Summary Balance Results for

Base Case Gas Composition*

kg-Shale retorted

Method 1

3.170
kg- Produced

Method 2

3.204

kg-Oil Recoverable

kg-Np Produced

0.207 0.217

Range on Assumption

Parameters

zl 0.10 - 0.50 0.10 - 0.50

Z2 0.40 - 0.90 -

X - 0.05 - 0.25

Maximum % Change in

Balance Results

kg Shale Retorted + 5.9 +6.4 to -8.1

kg Oil Recoverable +3.7 to -2.6 +10.4 to -10.5

kg N2 Produced

Fraction of Oil Lost

to Coking Plus

Combustion 0.367 0.346

?These results calculated using b, = 0.41, b2
= 0.46,

b3
= 0.15

The more important sensitivities to be examined

are those relating to the stoichiometry of kerogen

decomposition and oil coking since these data are

used directly in the calculations. As mentioned

earlier, the hydrogen content in the char is a func

tion of the temperature history under which the char

was formed. For the retorting of large regions of

competent shale one can expect a wide variation in

location temperature history and consequently char

composition. Thus, variations in char composition

must be considered as a source of error. Figure 1

examines the sensitivity of the balance results to

the assumed hydrogen content in the char. The figure

indicates a very low sensitivity for shale retorted

to the char hydrogen-content. The estimate of oil

recoverable is even less sensitive and is not plot

ted. This lack of sensitivity can be explained by

noting that small changes in the stoichiometric

factors for H2 and H20 can absorb the effect of

changes in char hydrogen-content without greatly

affecting the other stoichiometric factors.

1.0

HYDROGEN CONTENT IN CHAR CHX

Figure 1. Effect of Hydrogen Content in Char

on Balance Results.

The use of equation 14 essentially keys the

estimated kerogen decomposition to both the

amount of C3 2H7 5
in the produced gas and to the

moles of C3 2H7 5
produced per mole of kerogen

decomposed. The latter, of course, being infor

mation from laboratory data. Thus, one would

expect results to be very sensitive to changes

in either the C3 fl-.
5
from the gas analysis

or the amount expected from kerogen decomposi

tion. Indeed, figures 2 through 5 indicate

this to be true. Figures 2 and 3 show the effect

of changes in the moles of C, fl\-,
5
produced

per mole of kerogen decomposed. While it is not

likely that this number for the laboratory ex

periment is in much error, there must certainly

be some error in applying it to a field situa

tion where there are differences in shale com

position and retort geometry from the labora

tory. The effect is most significant on the

estimate of oil recoverable because of the direct

relationship imposed by equation 14. Once

again, a balance procedure that did not rely

on a relationship such as equation 14 could not

possibly estimate oil recoverable. Figures

4 and 5 examine the effect of errors in the gas

analysis for C3 2H7
5> Since C2H:, CJlg, C3Hg

and C3Hg occur in small quantities in the pro

duced gas some error in their measurement is
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likely. The figures indicate that for reasonable

error on the order of + 25% one can expect the esti

mate for shale retorted to vary +_ 15% and for oil

recoverable + 25%. Given the context of a field

experiment these numbers are not unreasonable.

In summary, the sensitivity studies indicate

that the methods described herein are primarily

sensitive to factors affecting the lumped higher

hydrocarbon specie. The greatest error would re

sult if the moles of C3 2H7 5
produced per mole

kerogen decomposed were significantly lower than the

value assumed. Only a controlled laboratory test

with a large block of competent shale could provide

information as to whether this is likely to occur.

The studies also indicate that attempting to extract

an estimate of the coking fraction from the gas

analysis (Method 1) increases the sensitivity to

C3 2H7 5
related errors. One might expect that

attempting to extract more information from a given

set of data will result in a greater sensitivity

to errors. This is true in this case because of the

additional coupling introduced when equations 14 and

16 are used simultaneously.

RESULTS

The true test of any material balance procedure

is in its usefulness in dealing with actual labora

tory or field data. The work described herein was

motivated by the desire to provide an on-line

analysis capability for Site 12. At the time of

this writing the main burn at Site 12 had not begun.

In lieu of the data from this test, three other

sets of gas data were analyzed. First, the labora

tory packed bed retort S-ll conducted by Lawrence

Livermore Laboratories (Raley, et a]_. , 1978). This

retort used air injection. Second, a portion of

the data from the Site 9 retort conducted by the

Laramie Energy Technology Center (Long, et a 1 . ,

1977). This test is similar to Site 12 in that it

involved retorting in horizontal fractures within

the shale. Third, the gas data from a preliminary

ignition attempt at Site 12 designated Site 12A.

Table 3 summarizes the actual gas data used for

the analyses.

Method 2 was used to analyze each gas composi

tion. For the packed bed case it is known that char

consumption is high and coking is low, thus the range

for z, was taken as 0.85 to 0.95 and for x as 0.01

Table 3. Dry Gas Composition Data Mole Percent

LLL Site 9 Site 12A

2 0.6 3.70 16.13

N2
59.7 64.70 77.02

co2 32.4 14.12 4.39

CO 3.1 5.08 0.19

CH4
1.0 1.89 0.31

H2 1.9 6.14 0.79

C3.2H7.5 0.75 0.40 0.05

to 0.09. For the two sets of field data the

range for z, was taken as 0.1 to 0.5 and for x

as 0.10 to 0.30. Table 4 summarizes the calcu

lations.

Table 4. Material Balance Results For

Actual Test Gas Composition

LLL Site 9 Site 12A

S-ll

3.68 2.33 0.36

kg shale retorted

kg N2 produced

kg oil recoverable

kg N2 produced

~

0.30 0.12 0.014

fraction of oil lost

to coking and com

bustion 0.12 0.48 0.65

Table 4 indicates, as one would expect, that

the packed bed reactor is much more efficient in

both utilization of the injected gas and reduc

tion of oil loss mechanisms. This results be

cause the packed bed gives more efficient heat

transfer between the
gas-

and the shale and main

tains separation between retorting and combustion

fronts reducing oil combustion. The field ex

periments on the other hand suffer from an overlap

in retorting and combustion zones increasing oil

combustion; and slow heating rates away from the

fracture increasing coking losses. The difference

between Site 9 and Site 12A although they repre

sent the same geometry is due to the lower oxygen

utilization at Site 12A. Also the Site 12A data
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is all for an ignition phase where there is no

separation of the retorting and combustion fronts.

The estimated 12 % oil loss for the packed bed com

pares well with the measured loss, in this case, of

7 %.

SUMMARY

The material balance procedures discussed in

this paper when applied to test data give consistent

results and indicate the trends one would expect

from other analyses. It would appear then, at least

on the basis of this preliminary analysis, that esti

mates of oil recoverable can be obtained from the

gas analysis. The sensitivity of the results to

certain key parameters means that the estimates of

oil coking and combustion should be considered more

relative, indicating the difference between various

geometries and/or operating conditions, rather than

absolute.

An additional aspect of material balances that

has not been discussed is the effect of gas losses.

For certain field experiments this can be the single

largest uncertainty since the nature of the lost gas

is undefined. Is it as produced or injected in

composition? This can only be estimated given the

context of the individual experiment.

Finally, the procedures outlined in this paper

will receive further testing with the continuation

of the Site 12 experiment. The calculations will

be performed real time in the field using a mini

computer.
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USE OF ELECTRICAL GEOPHYSICAL TECHNIQUES TO MAP

AND MONITOR IN SITU OIL SHALE RECOVERY PROCESSES*

L. C. Bartel

Sandia Laboratories

Albuquerque, NM 87185

ABSTRACT

The electrical conducting property of the in

situ coal gasification and oil shale retort reaction

zones forms the basis for using electrical geophysi

cal prospecting techniques to map and monitor these

in situ processes. The electrical geophysical tech

niques include: "mise-a-la-masse", Schlumberger,

and a borehole electrical survey. The field measure

ments are supported by extensive model calculation

and data reduction efforts. The in situ coal gasifi

cation reaction boundaries have been successfully

delineated using the
"mise-a-la-masse"

technique and

a ridge regression data inversion algorithm. The

electrically determined boundaries at various tines

during the process are in very good agreement with

boundaries determined from thermal data. These

electrical techniques are presently being used to

monitor the in situ oil shale retort reaction zone.

This retorting experiment is being conducted by the

Laramie Energy Technology Center at a site near Rock

Springs, Wyoming. Monitoring system design, pretest

data, and model calculation results for monitoring

the retort will be reported in this paper.

INTRODUCTION

An in situ oil shale retort experiment is being

conducted by the Laramie Energy Technology Center

(LETC) at a site near Rock Springs, Wyoming. This

retort site has been designated Site-12. The retort

experiment at Site-12 is being conducted in the top

12.2 m of the Tipton member of the Green River oil

shale formation at a depth of approximately 61 m.

As part of this experiment, Sandia Laboratories

is developing and evaluating two broad classes of in

strumentation techniques as they apply to oil shale

retorting: (1) to provide subsurface diagnostic

information as an aid toward understanding the pro

cess; and (2) to develop commercially practical tech

niques to remotely monitor the subsurface retort.

The diagnostic information is primarily provided by

thermocouples emplaced in the reaction zone. The

remote observation techniques under investigation in

volve modifications of electrical geophysical pro

specting techniques. The electrical remote monitoring

techniques are the subject of this paper.

A remote monitoring technique, where sensors

are economically placed in surface arrays or in

a few wells with wide spread coverage, will pro

vide a real time map or picture of the process.

Control of an in situ retort process on a com

mercial scale will be analogous to that for a

surface plant with one noteable exception: the

reactor size and configuration vary as a function

of time. The remote monitoring technique will

provide this additional information necessary

for process control .

The electrical conducting properties of the

in situ coal gasification and oil shale retort

reaction zones forms the basis for using electri

cal geophysical prospecting techniques to map

1 2
and monitor these in situ processes.

'

The

electrical techniques under investigation are a

modified Schlumberger (MS) technique, a direct

excitation electrical potential (DEEP) technique,
3 4

and a borehole survey technique.
'

For the MS

technique, current is injected into the earth

through current electrodes placed on either side

of the area of interest and the current pattern

is distorted by the conducting reaction zone.

This distortion of the current pattern by the

process leads to electrical potential changes at

the surface of the earth that are indicative of

the process. The DEEP technique, essentially a

"mise-a-la-masse"

technique, utilizes one pro

cess well as one current electrode and an out

lying well as the other current electrode. The

hot, conducting reaction zone in contact with

the process well electrode becomes part of the

current electrode. As the retorting region

grows and changes, the current electrode shape

changes and the electrical potentials measured at

the surface reflect this changing shape. The

borehole survey technique has electrodes fielded

in boreholes to perform vertical electrical geo

physical prospecting surveys to give vertical

resolution to the process.
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MODIFIED SCHLUMBERGER (MS) TECHNIQUE
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Figure 1. Schematic illustration of the initial current lines for the modified Schlumberger technique

prior to linkage and gasification. Technique illustrated for in situ coal gasification

reaction zone monitoring.
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Figure 2 Schematic illustration of the effects of the reaction zone on the current lines for the mnriifW

Schlumberger technique. Technique illustrated for in situ coal gasification reaction zone

monitoring.
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INITIAL CURRENT DISTRIBUTION

-CD-

EFFECT OF REACTION ZONE

REACTION ZONE

INITIAL CURRENT

AND EQUIPOTENTIAL DISTRIBUTIONS

Figure 3. Schematic illustration of the current lines Figure 4.

and equi potential contours for the DEEP

technique prior to linkage and gasification

reaction zone monitoring. Current lines

and equipotential contours are mutually

perpendicular.

The MS and DEEP techniques are schematically

illustrated in Figs. 1 - 4 for the in situ gasifica

tion of coal. (The discussions here will be for the

in situ gasification of coal; however, the discussion

applies to the in situ retorting of oil shale). The

current electrodes for the MS technique are on either

side of the process, and the current electrodes for

the DEEP technique are a process well and an outlying

well. The potentials are measured by a fixed sur

face array of electrodes which is the same array for

both techniques. Prior to linkage and gasification,

the current lines for the MS technique are shown in

Fig. 1, and for the DEEP technique the current lines

radiate from the process well and the equipotential

contours are concentric about the process well as

illustrated in Fig. 3. (Lines of equipotential are

perpendicular to current lines.) During the linkage

and gasification process, the hot conducting coal

distorts the MS current lines as shown in Fig. 2,

and the hot conducting coal in contact with the pro

cess well becomes part of the current electrode for Figure 5.

the DEEP technique. Thus, for the DEEP technique,

the geometry of the current source varies with the

shape, extent, and movement of the reaction zone.

With a conducting reaction zone the current lines

EFFECT OF REACTION ZONE ON

CURRENT AND EQUIPOTENTIAL DISTRIBUTIONS

Schematic illustration of the effects

of the reaction zone on the current

lines and equipotential contours for

the DEEP technique. Current lines and

equipotential contours are mutually

perpendicular

WXY2

o

fllj
COMMON

MS

MS CURRENT ELECTRODE

AT 152.4 M RADIUS

FROM WELL-WXYZ

DEEP ELECTRODE

AT SITE 6

^300 M

Surface potential electrodes and

current electrodes layout for the

electrical experiments, Rock Springs,
Site-12 test
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Figure 6. Block diagram of electri

and equipotential contours become distorted and for

the DEEP technique may appear as shown in Fig. 4.

To measure the surface electrical potentials,

the potential probe array consists of 81 electrodes

on a 5 m x 5 m nominal spacing as shown in Fig. 5.

The majority of the electrodes are 0.15 x 0.15 m

stainless steel plates 0.006 m thick buried to a

depth of 1.22 m. The remaining electrodes are the

steel surface casings of instrumentation wells or

steel casings of process wells where they coincide

with the 5 x 5 m grid. All potential measurements

are made with respect to a common probe as indicated.

Figure 6 is a block diagram of the electrical

data acquisition subsystem. The main features of

this system are: the computer control of the ex

periment, data acquisition, data storage and re

trieval, and a field plotting capability. For each

setting of the group switch, the computer operates

the current pulser and scans the 72 channels of data.

The first 64 channels are measurements of potentials

of the probes; the last 8 channels are: current,

battery voltage, and potentials of the process wells.

Measurement of all the surface potentials requires

three group switch setting*. (There are some vacant

data channels on the third group switch setting.)

The current pulser is controlled by the com

puter with information provided by the experimenter

through a
pulse- timing table. Variables to be de

fined in the table include: number of pulses (up to

ten), MS or DEEP-W or DEEP-4 current drives, length

of time before taking the self potentials, length of

time before sampling the positive and negative

pulses, and length of time between positive and

cal data acquisition subsystem.

negative pulses. The positive and negative current

pulses are of equal length. (DEEP-W and DEEP-4 refer

to injecting current into Wells W, X, Y, and Z

simultaneously and 4, respectively).

A schematic of the current pulse, along with the

resulting potential, are illustrated in Fig. 7. The

25 millisecond sampling rate was chosen to average

the effects of 60 Hz noise. Self potentials and

current induced potentials are measured for each

group switch setting. Ten samples in 250 milliseconds

are taken and averaged for the measurement of the

self potentials. These self potentials are stored

and used to zero the equipment for potential measure

ments due to a current pulse. Twenty samples in

500 milliseconds are taken for the current and the

resulting potential measurements. (The current

and potential measurements are made over the last

half second of the positive and negative pulses).

For each of the 20 samples of current and potential,

the potential (positive value minus negative value)

is divided by the current (positive value minus

negative value) to give a reduced potential and then

these 20 values of reduced potential are
averaged'

and stored.

It is convenient to display the data in the

form of equipotential contour plots. Examples of

pretest data are shown in Fig. 8 for the MS, DEEP-W

and DEEP-4 current configurations.

The display of data in the form of equipotential

contours gives a qualitative picture of the process.

To delineate the boundaries of the reaction zone it

will be necessary to take the electrical potential

data and fit model parameters which delineate the
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Figure 7. Schematic of current pulse and the result

ing potential pulse.

the process. A ridge regression data inversion

algorithm has been developed and applied to elec

trical potential data during the Hanna IV in situ

coal gasification experiment being conducted by

LETC (with instrumentation by Sandia Laboratories)
* 2

at a site near Hanna, Wyoming. The results of the

in situ coal gasification reaction zone delineation

for several days during the experiment are shown

in Fig. 9; a DEEP technique was used for these

boundaries of affected coal determined from thermal

5 6
data,

'

with thermocouples in the coal seam, and

using model predictions for the reaction zone shape.

The dashed lines are the boundaries determined using

the electrical technique with the data inversion

algorithm. During the later stages of this part

of the experiment, the agreement is excellent. A

similar approach will be used to delineate the in

situ oil shale retort reaction zone.

In addition to the surface techniques, borehole

electrodes are installed so that vertical electrical

surveys can be taken to give some vertical resolu

tion to the process. At Site-12 sixteen electrodes

were fielded in various instrument wells on generally

a 2 m spacing. The bottom most electrode is at a

..ODIFIED M:HLUMbERr,ER

2 hv/a Contour Inukval

Figure 8. Pretest equipotential contours for
the MS and DEEP current configurations

with 2 millivolts/amp contour interval
for the Rock Springs Site-12 in situ

oil shale retort.
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Figure 9. In situ coal gasification process boundaries for selected days during the Hanna IV test based on

analysis of DEEP electrical data and thermal data.

depth of 70 m. The upper most electrode deviates

from the 2 m spacing and is the surface casing of

the instrument well. A current or potential elec

trode switch (COPES) can be programmed to select

two current electrodes, an electrical common elec

trode, and the remaining electrodes as potential

measuring electrodes. The mini -computer in the

data acquisition system, Fig. 6, controls the COPES,

controls a constant current power supply, and

makes measurements of the electrical potential and

current. The current pulses are defined similar

to that shown in Fig. 7.

The pretest data using the borehole system has

not been validated at the present time. To

illustrate expected results, model calculation

results will be given. These calculations are

discussed in the next section.

MODEL CALCULATIONS

A Green's function integral equation tech-

7 8
nique has been developed

'

to calculate the

electrical potentials and apparent resistivities

resulting from three-dimensional structures.

The technique is outlined in this paper. The

so-called half-space Green's function is used

to take into account the earth's surface and

is given by

G(x.x') = |- [g+(x,x') + g_(x,x')] (1)

where

,x2 .-\2

3+(x,x')
= [(x -

x') + (y -

y')

2
-V2

+ Cz + z')2]
(2)
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G(x,x') satisfies the equation

V2G(7,7") =

-6(x-x')6(y-y') [fi(z-z') + 6U+z')]. (3)

Using Green's theorem, the potential throughout the

earth half-space is given by

?G) = *0G) + J dS' G(x,x*) ^p- , (4)
0

S eo

Illustrative results of model calculations

for borehole electrical measurements are shown

in Figs. 10 and 11. Equations (7) and (8) were

used to calculate the electrical potentials,

and the apparent resistivity p is calculated

3
a

using

Pa
= BAdyi , (9)

where <J> is the potential resulting from a source,

the surface integral is over all surfaces of resis

tivity contrasts (excluding the earth's surface),

and a is the induced surface charge density on these

surfaces. The integral equation for this charge

density is

e_

where

2K. f# [?P3J^ (51

in

-

P
out

pin pout
(6)

The normal derivative of G is an outward normal, the

surface integral leaves out the point x =
x', and

"in"

and
"out"

refer to inside and outside the surfaces of

resistivity contrast, respectively.

For the computer solutions to the integral equa

tion, the surfaces of resistivity contrast are divided

into finite elements where the normal derivative of

the Green's function is integrated over these ele

ments to improve the accuracy of the calculation.

The resulting equations for the charge density at

point i and the potential at point k become

c. = 2K,

and

where <>.

r3ni j
ksj 3ni 1j j)

C7)

+Y.i
r0

Z^r~
<G(i,j)>i a.

k j?k *j J J
(8)

-L

Si dSi <d>v and S. is the

surface area of the i-th element. The solution for

the charge density o, along with any constraint con

ditions, is obtained by solving a set of linear

algebraic equations.

where B is a factor which depends upon the lo

cations of the current and potential electrodes,

A<|> is the potential difference between the two

potential measuring electrodes, and I is the

current flow between the two current electrodes.

The results shown in Figs. 10 and 11 are

for a current bipole (electrodes 8 m apart] as

shown and potential measuring dipole (electrodes

separated by 2 m) . A conducting region of

resistivity .1 ohm-m is assumed buried in a

half-space of resistivity 100 ohm-m. The con

ducting reaction zone region has two different

shapes as indicated for Figs. 10 and 11. The

results are shown for the conducting region

two different distances away from the borehole

electrodes, 3 and 6 m away. From these model

calculations, it appears that conducting regions

of significant size can be detected and monitored.

Apparent Resi STI ITY
(OHF- )

0 50 100 150

50
-

T

CURRENT BIPOLE

1

40 J

K 50

\
0.1 OHM-M

X

60

HOST MEDIUM

100 OHM-M (/
10 X 5 X 2 m

70
-

80 _ Bipole-Dipole Survey 3m AWAY

6m away

Figure 10. Model calculation results for a bore

hole bipole-dipole survey with a 10 m

deep (perpendicular to paper), 5 m

wide, and 2 m thick conducting region

buried in a uniform half-space. Solid

line is for the borehole survey 6 m

away and the dashed line 3 m away from

the leading edge of conducting region.
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Figure 11. Model calculation results for a borehole

bipole-dipole survey with a 5 m deep
(perpendicular to paper), 5 m wide, and

8 m thick conducting region buried in a

uniform half-space. Solid line is for

the borehole survey 6 m away and the

dashed line 3 m away from the leading
edge of the conducting region.

CONCLUSIONS

The DEEP technique, along with a data inversion

algorithm, have been used successfully to delineate

the boundaries of the in situ coal gasification

2
reaction zone. It is anticipated that these tech

niques applied to the in situ oil shale retort will

yield similar, favorable results. To data at Site-

12 a significant amount of oil shale has not been

retorted to be able to delineate the region from

the earth's surface. From the model calculations

of the borehole surveys it appears that it will be

possible to obtain vertical resolution and an esti

mate of the boundaries of the retort zone. Electri

cal geophysical prospecting techniques will give

valuable information about in situ processes such as

coal gasification and oil shale retorting.
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ABSTRACT

Chattanooga oil shale which covers much of the

east-central United States contains a second energy

resource: uranium in concentrations up to 150 ppm.

Uranium is not uniformly distributed through either

the kerogen or inorganic matrix of the shale, how

ever, examination by electron mi croprobe shows the

occurrence of uraninite, multiple oxides, and uran-

iferous apatite in small grains, 5 to 20 ym in size.

Dissolution of raw ground shale by dilute sulfuric

acid in slurry reactors shows 60 to 80 percent recov

ery of uranium and solution rates as high as 1.5X10

(kg U)/(m grain surface area X sec) at room temperature.

INTRODUCTION

Devonian oil shales, covering much of east-

central United States, have been subjects of many

studies regarding its energy content. Oil and uran

ium, for example, are available in concentrations up

to 63 cm /kg (15 gal/ton) and 150 ppm, respectively

in the Chattanooga shales. This paper focuses on

the removal of uranium by acid dissolution from oil

shale samples obtained in central Tennessee and Ken

tucky. The shale's microstructure is also revealed

as a prelude to the presentation of preliminary

uranium mineral dissolution rate data.

Experimental Procedure

Chattanooga oil shales samples were obtained

from various outcrop locations in DeKalb County,

Tennessee and Russell County, Kentucky. Tennessee

State Highway 56 (Silver Point quadrangle) and Ken

tucky State Highway 379 (Creel sboro quadrangle) were

rich in accessible outcrop locations. To ascertain

oil and uranium richness, the shale samples were

assayed with the modified Fischer retort as describ

ed by Stanfield and Frost (1949) and neutron acti

vation analysis, respectively. Representative

assay results, appearing on Table 1, show the oil

and uranium contents.

Table 1.

Assays of Chattanooga Oil Shale Samples

Sample Fischer Assay Oil Yield Uranium

No. Location (cm /kg) (gal/ton) (ppm)

2 DeKalb Co 63 15.1 70

3 DeKalb Co 57 13.6 100

8 Russell Co 55 13.1 19

To study the surface microstructure of these

oil shales, an Applied Research Laboratories elec

tron mi croprobe and scanning electron microscope

were used. The electron microprobe revealed uranium-

bearing grains on highly polished shale surfaces.

The ability to identify and establish their relative

surface area is important in the subsequent analysis

of slurry reactor rate data.

3
Acid dissolution runs were made in a 500 cm

glass reactor agitated at 150 rad/s with a 4 cm long

impeller. Provisions for monitoring time, reaction

temperature, oxidation-reduction potential, and agi

tation speed were included in the reactor design.

Prior to a dissolution experiment, air was bub

bled through a fritted glass disk into dilute sul

furic acid solutions, to equilibrate with ambient

atmosphere. At time, t, equal to zero, 50 g of

screened shale particles were placed in the acid

solution to react. After certain time periods,

3
small (5 cm ) samples of solution were removed by

vacuum filtration through a fritted glass disk.

Solvent samples were then placed in snythetic quartz

tubing for analysis of uranium by neutron activation.

(R)
A Monosortr '

surface area analyzer built by
Quan-

tachrome Corporation was used to determine the sur

face area of finely divided shale. Surface area

measurements determined by nitrogen adsorption has

its theoretical basis with the B.E.T. equation.

Results and Discussion

Shale mineralogy and surface microstructure
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basis with the B.E.T. equation.

Results and Discussion

Shale mineralogy and surface microstructure

Chattanooga shale is divided into two layers,

the Gassaway and the Dowel 1 town members. Mutschler

et:al. (1976) give average uranium contents for the

Gassaway and Dowel 1 town members of 57 and 23 ppm,

respectively. Their respective standard deviations

are 9 and 15 for a studied area of 90,000
km2

in

central Tennessee and adjacent areas. High Fischer

assay oil yields for samples collected in DeKalb and

Russell Counties indicate that they are from the

Gassaway member.

The composition of Chattanooga shale varies

from layer to layer. A representative analysis by

Bates and Strahl (1957) of the Gassaway member fol

lows:

Clay minerals, muscovite 31%

Quartz 22

Organic matter 16-22

Pyrite, marcasite 11

Feldspar 9

Chlorite 2

Iron oxides 2

Other: tourmaline, zircon, apatite 1

The mineral association of uranium in the shale was

investigated by Judzis and Judzis (1978) in prelim

inary work using electron microprobe analysis. The

majority of the uranium appears as finely dissemin

ated uraninite ((U^i.x'^^+x^ Uranium oxide

grains up to 20 ym in size have been observed,

though hydrated forms of the mineral cannot be elim

inated. In smaller concentrations and lesser fre

quency, uraniferous apatite and multiple oxides of

titanium (bearing uranium) have been found.

The fine grained structure of Chattanooga shale

is shown in Figure 1 (Judzis and Judzis, 1978).

This photograph taken at a magnification of 1000X,

shows small grains of siliceous, carbonate, and ox

ide compounds. The larger dark particles are pyrite.

For a shale containing 70 ppm uranium, only 0.002

percent of the shale's surface has exposed uranium,

taking into consideration the specific gravity of

uraninite. Scans of various shale samples with the

electron microprobe verify this. Indeed, uranium

occurs in isolated grains, not merely distributed

uniformly within the organic matter as adsorbed

U02++

ions (Frederickson, 1948).

Figure 1. Polished Chattanooga Shale Surface

Surface area

The study of heterogeneous reactions necessi

tates that rates be expressed in terms of unit area

rather than unit volume or weight as for homogeneous

reactions. The area corresponding to the amount of

nitrogen adsorbed in a one molecular layer (Brunauer-

Emmett-Teller method) may not be the exact surface

area of ground shale particles, yet the results are

reproducible with standard procedures. Figure 2

summarizes surface area measurements for screened

DeKalb County shale particles.

Surface area is inversely proportional to the

particle diameter. Repeated surface area measure-

2
ments give a standard deviation of 0.2 m /g. Sur-

2
face areas of 0.64 to 3.23 m /g for the shale

particles studied are low compared to some catalysts

and the activated carbons, whose areas often exceed

2
1000 m /g, yet are still over 100 times that of im

permeable spheres of the same size range.

Dissolution rates of uranium-bearing grains

Variables affecting chemical kinetics and mass

transfer have frequently been ignored. Ewing et al .

(1949), for example, studied acid leaching of raw

and roasted shales. They reported on the effects of

pulp density, temperature, acid concentration, and

other variables on the percent recovery of uranium

from ground shales. Dissolution rates of shale

uranium grains, however, have remained unknown.

Assuming most shale uranium appears in an oxide

form, hexavalent uranium dissolves as the U0,

cation in the presence of sulfuric acid:

+2

391



CHATTANOOGA SHALE AREA

4 --

E

E 3

a

a
u

<

u

D

b

3

2 --

1 --

pulverized

200 400 600

Particle Size, /<m

FIGURE 2.

U03
+

2H+

=

U02
+2

+ H20

Tetravalent uranium requires oxidation prior to dis

solution. In the presence of pyrite, the mechanism

of solution appear to be:

2FeS2
+
7/202

+ H20 =

Fe2(S04)3
+

H2S04

U02
+
Fe2(S04)3

=

U02S04
+
2FeS04

4FeS04
+

2H2S04
+

02
=

2Fe2 (S04)3 + 2H20

A preliminary screening of important variables was

conducted with batch dissolution runs in a slurry

reactor. With short duration dissolution runs of 3

to 180 minutes, the effects of uranium assay, parti

cle size classification, sulfuric acid concentration,

and reaction temperature were considered.

TABLE 2. Dissolution Rates of Chattanooga Oil Shale Uranium

Dissolution rates of shale uranium, appearing

in Table 2, were calculated knowing the surface area

of ground shale, uranium assay, and the increase in

uranium concentration in the solution during the

first minute of reaction. The surface area of the

uranium grains were obtained from shale surface area

measurements, assuming that a known fraction of the

shale has exposed uranium. By way of comparison,

Laxen (1965) reported a dissolution rate of

-6 ?
3.3X10 kg U/s-m for Witwatersrand uraninite, a

3
South African ore in a 1 kg/m sulfuric acid solu

tion at
15

C. For his work, agitation rates above

42 rad/s had no effect on the dissolution rate.

Dissolution Rates, kgU/sm grain

Sulfuric Acid

Concentration,

kg/m3

DeKalb

27C

County

71C

Russell

27C

County

71C

4.9

25.5

49.0

3.00 X
IO'6

3.33

5.67

5.50 X
IO'6

15.33

1.00 X
IO'6

1.67

2.17 X
10"f

3.17
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Activation energies of 1.2 X
IO4

and 1.5 X
IO4

J/mol were estimated for the DeKalb and Russell Coun

ty shale samples, respectively in the 4.9
kg/m3

sul

furic acid solution. Normally, activation energies

below 2.1 X 10 J/mol indicate dissolution rates are

controlled by a diffusion process.

Consider the reaction of liquid with a porous

solid of unchanging size. A spherical particle will

first see a reaction near the outer surface, followed

by diffusion through the pores to the unreacted

"core". Levenspiel (1972) develops in terms of

complete conversion time, t, an expression relating

reaction time, t, with fractional shale uranium con

version, Xy. For complete conversion of shale uran

ium, the unreacted core diameter equals zero, and

x
=
puR2/6bDeC

where, p
= density uranium grain

R = particle radius

b = moles fluid reactant per mole solid

reactant

D = effective diffusion coefficient

C = fluid reactant concentration at surface.

Expressed in terms of fractional conversion, the

ratio of t/x becomes:

? = t/t = 1 - 3(1 -

Xu)2/3

+ 2(1 - Xy) where

(1 - X ) = (volume unreacted U grains/total volume U

grains)

Figure 3 summarizes the results of a 24 hour

dissolution run with coarsely ground DeKalb County

shale. The reaction time constant, t, is 2 X 10 s,

and the diffusion coefficient is estimated to be

-9 2
2 X 10 cm /s, reasonable for the liquid phase

present. A dissolution run with finely ground shale

particles (75 to 150 ym in diameter) at the same re

actor conditions led to a diffusion coefficient of

1.3 X
10"7

cm2/s.

Data on Table 2 indicates that uranium dissolu

tion rates for Russell County shale are lower than

for samples from DeKalb County. Unless the uranium

mineral surface areas are calculated in error, uran

ium assay alone cannot explain the difference. Fis

cher assay oil yields for the shale samples do not

3
differ greatly, 55 and 57 cm oil/kg shale. Organic

contents are thus similar, assuming the carbon to

Diffusion Controlling Dissolution

O

4 --

3 -

2 -

1 --

27C

4.9 kg/m*

H2S04

+ +

8 16

+

24

TIME, hr

FIGURE 3.
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hydrogen ratio varies little from county to county.

Grandstaff (1976) has, however, suggested that

organic molecules bond with and block surface oxida

tion sites. Kerogen in shale is made of organic

macromolecules, and its effect on uranium dissolution

mechanisms is unknown.

Laxen (1965) noted large differences in dissol

ution rates for South African uranium ores. He

suggested one cause to be thorium. With increasing

Th02 content, uranothorianite has been found to be

less soluble than uraninite in acidic solutions.

A complete solid solution series exists between U0o

and Th02. Chattanooga shale samples from DeKalb

and Russell Counties have thorium concentrations of

3 and 9 ppm, respectively though thorium's location

within the shale, matrix has not been identified

with the electron microprobe.

Refractory (tetravalent) uranium requires the

maintenance of proper oxidizing conditions during

dissolution in a slurry reactor with an oxidation-

reduction potential (emf) at least in the range of

-400 to -500 mV (Merritt, 1971). The oxidation-

reduction potential in the shale slurry reactor was

monitored with platinum and saturated calomel elec

trodes. In the presence of pyritic shales, most of

the iron is present in the ferric state in the emf

range of -400 to -500 mV. Potentiometric titrations

on uranium leach liquors containing iron by Toohey

and Kaufman (1954) showed the oxidation of iron from

Fe to Fe is complete at a potential of
-0.61*

0.04 V. Batch slurry dissolution runs with DeKalb

and Russell County shales had oxidation-reduction

potentials averaging -630 and -275 mV, respectively.

High ratios of ferric to ferrous iron, therefore,

decreased the dissolution of refractory uranium in

TABLE 3. Shale Uranium

(DeKalb Co. Shale - 75 to

U Assay = 70 ppm

Slurry Temperature = 27C

4..9 kg/nr H2S04

Time, s Conversion (Xu)

0 0

120 0.10

300 0.12

900 0.14

3600 0.20

10800 0.43

Russell County shale.

The effects of major reactor variables have

been examined with short duration dissolution runs.

High acid concentrations and high temperatures

insure higher reaction rates. With pore diffusion

influencing dissolution, particle size itself

affects the recovery potential of shale uranium.

Inaccessibility of uranium minerals when surface

area per unit weight is small prevents large con

versions, Kerogen is inert to dilute acids and

will not increase in porosity through time.

Dissolution runs with shale particles 75 to

150 ym in size show that uranium recoveries up

to 60 to 80 percent are possible in dilute sulfuric

acid. Table 3 shows the results of two selected

dissolution runs wit DeKalb County shale. Extended

runs past 10,800 seconds will increase recovery,

though at much lower solution rates.

CONCLUSIONS

Shale mineralogy

1. Uranium-bearing minerals exist in the

Gassaway member of Chattanooga shale.

Finely disseminated uraninite,
uran-

iferous apatite, and multiple oxides

of titanium have been observed

2< Shales containing 100 ppm uranium do

not expose more than 0.003 percent

of its surface area with uranium-bearing

grains.

Surface area

3. The surface area of finely ground

shale particles varies inversely

with the diameter.

Recovery (Conversions)

150 ym particle sizes)

U Assay = 100 ppm

Slurry Temperature = 71C

49
kg/m"3

H2S04

Time, s

0

60

120

180

Conversion (Xu)

0

0.56

0.60

0.70
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4. Porosity and surface irregularity is suffic

ient to expose surface areas over 100 times

that of assumed impermeable spheres.

Dissolution rates of uranium-bearing grains

5. Uranium dissolution rates of 3 to 15 X
10"6

2
kg U/s*m grain have been observed for

Chattanooga oil shale particles in sulfuric

acid.

6. The dissolution of refractory uranium

grains requires oxidation through the

ferric-ferrous mechanism.

7. The application of an unreacted core model

with unchanging particle sizes and low

activation energies (1.2 - 1.5 X
IO4

J/mol)

suggests that diffusion through pores or

irregular surfaces controls the dissolution

rates of shale uranium.

8. Diffusion coefficients, D , of 2 X 10

-7 2
e

and 1 X 10 cm/s have been estimated for

slurry reactions at 71C, typical values

for the liquid phase.

Recovery of shale uranium

9. Preliminary dissolution runs indicate that

over 70 percent of shale's uranium may be

recovered. Dissolution rates proceed,

controlled by a diffusion process, until

all exposed uranium grains have reacted.

Grinding finer particles increases the

percentage of uranium which becomes exposed.
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