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FOREWORD

The papers presented at the 11th Oil Shale Symposium reflect the promises and concerns

of the present with respect to the commercial development of oil shale. It is both signifi

cant and of great concern that there is little to report in the area of development policy.

The Federal Government has been wrestling with an overall energy policy for the past five

years and, as of this moment, has not produced a policy statement of merit. Until federal

and state policies are implemented, there can be no significant commercial development of

oil shale.

There are many very worthwhile and thought-provoking papers in these proceedings. As

always, the success and value of these symposia are due to the efforts of the authors of the

papers and the willingness of the organizations for whom they work to share their experiences

with others. All of us owe them a strong vote of thanks.

In addition, Dick Poulson and I wish to thank the session chairmen and paper reviewers.

Especially, we wish to express our appreciation to John B. Reubens for his assistance in

editing the material.

James H. Gary
Vice President for Academic Affairs

and Dean of Faculty
Colorado School of Mines
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EPA OIL SHALE RESEARCH/REGULATORY PROGRAM

T. L. Thoem

Office of Research and Energy
EPA Region VIII

1860 Lincoln Street

Denver, CO 80203

E. F. Harris

Chief, Extraction Technology Branch

EPA, REHD, IERL-CI

5555 Ridge Avenue

Cincinnati, OH 45268

INTRODUCTION

The Environmental Protection Agency

(EPA) and its predecessor's components have

been involved in oil shale regulation and

research for about 10 years. During the

1970'

s, enabling legislation related to

environmental concerns -

air, water, solid

waste, noise, and toxic substances -

expanded

EPA regulatory jurisdiction and created an

increased need for research programs. EPA

is often asked the question: "How large an

oil shale industry can Colorado, Utah, and

Wyoming
support?"

Is air quality a limiting

constraint? Is water quality or water

availability? Are socio-economic considera

tions? Economics? If you think I am going

to answer those questions in this paper, I

am afraid I will have to disappoint you.

Rather, I will describe the EPA regulatory

and research activities and the philosophy

which bear upon the question. This paper

could perhaps be described as: Everything

about EPA you never wanted to know but that

you are forced to live with!

RESEARCH PROGRAM

EPA's increased emphasis on oil shale

research began in the years 1974-75 with

three concurrent developments: 1) Organiza

tion of the EPA Office of Energy Minerals

and Industry (OEMI) ; 2) Effects of the Arab

Oil Embargo and launching of the Federal

Prototype Oil Shale Leasing Program; and

3) Implementation of a
congressionally-

mandated $100 million per year Interagency

Energy/Environment Program. OEMI provides a

focus for EPA's own Energy/Environment

efforts and coordinates a comprehensive,

seventeen-agency Energy/Environment pro

gram. The latter program's goals include

environmental protection during every

phase of accelerated development and use of

energy supplies with emphasis on domestic

resources; and, secondly, development of

cost-effective, pollution control tech

nologies.

In 1974, in order to insure internal

coordination within EPA on oil shale

research activities and needs, an
intra-

agency Oil Shale Work Group was formed

consisting of those R D staff members of

EPA who were working on an oil shale

research project. I represent the Regional

Office in order to provide researchers with

information on development activities,

maintain: liaison with developers, deter

mine regional regulatory needs and serve as

tour guide on our annual field trips.

Tables 1 and 2 show research program areas

and composition of the work group. Tables

3 and 4 present a breakdown of FY 77 fund

ing for oil shale programs, showing that

EPA is involved in a 3.1 million dollar

research program, with about 60 percent

directly administered by EPA.

Let us consider some of the results of

EPA research programs to date. Our oldest

continuous program involves revegetation of

processed shale and the evaluation of how

the method used to dispose of processed

shale affects water quality. Salt movement

and leachability of USBM, TOSCO, and

Paraho processed shales are being investi

gated at Anvil Points and a Piceance Creek



Table 1, EPA oil shale research program

areas.

Table 4. FY 77 oil shale funding summary

(in thousands) .

Extraction and handling

Processing

Energy-
related processes and effects

Integrated assessment

Table 2. EPA oil shale work group.

OEMI

IERL

EMSL

EMSL

HERL

ERL

ERL

ERL

IERL

ERL

Region VIII

Washington, D.C.

Cincinnati, Ohio

Las Vegas, Nevada

RTP

RTP

Duluth, Minn.

Athens, Georgia

Ada, Oklahoma

RTP

Gulf Breeze

Denver, Colorado

Table 3. FY 77 oil shale funding summary,

EPA (in thousands).

Extraction and handling

Processing

Processes and effects

Integrated assessment

Total

$250.9

638.0

787.2

100.0

$1,776.1

site. Table 5 illustrates the type of data

which have been and continue to be acquired

via this research project. Conclusions and

recommendations reached from this program

are:

1. North-
aspect treatments have a better

success rate than south-
aspect treat

ments.

2. In TOSCO shale with 15 cm of soil

cover, salts moved back into the

leach zone via capillary action.

Coarse textured USBM shale and TOSCO

shale with 30 cm of soil cover did

not experience this resalinization.

3. Surface runoff is greater for fine-

textured than coarse- textured shales.

Surface runoff from snowmelt was

greater than from summer rainstorms.

Sediment yield was low.

EPA/ Interagency

Extraction and handling

Processing

Processes and effects

Integrated assessment

Total

$100.0

0.0

864.6

596.0

$1,360.6

Table 5. EPA revegetation research data

availability.

Vegetation type and cover

Profile moisture

Salinity

Surface runoff and sediment

yield

Surface temperatures

4. Intensive management, including
leaching, nitrogen and phosphorus

fertilization, mulching and irriga

tion, and professional attention,

is needed to ensure successful

rapid and long-term stabilization

of processed shale.

A second study, dealing with extrac

tion and handling, conducted by
IERL-

Cincinnati, has quantified fugitive dust

emissions from mining and handling of oil

shale. A report is in publication.

In the processing area, under contract

managed by IERL-Cincinnati, TRW and DRI

have produced 21 reports on various sub

jects for EPA publication (table 6). This

effort has put the potential environmental

impacts of an oil shale industry in per

spective, has presented state-of-the-art

information on process and pollution con

trol technology; and has compiled data from

field source sampling of the Paraho pro

cess at Anvil Points. Two separate sampling

efforts were conducted.

EMSL-Las Vegas is managing a project

aimed at designing and building the best

possible ground-water monitoring network.

As a first step, a compendium of reports on

processes and process effluents has been



Table 6. TRW/DRI reports.

Environmental assessments

Process technology

Control technology

Air

Water

Solid waste

Oil shale trace elements

Oil shale resources

completed. Tables 7 and 8 present examples

of the type of data accumulated. A second

document addresses factors to be considered

in the design of a ground-water monitoring

network, including the type of information

presented in table 9. Efforts to date have

been completed in the Uintah Basin and will

soon begin in the northern portion of the

Piceance Basin.

The ERL-Athens oil shale effort is

aimed at a characterization of retort efflu

ent waters. Organic and inorganic composi

tions of potential water discharges have

been characterized. Tables 10 and 11 pre

sent examples of the type of data collected

under this program for selected elements,

semivolatile and volatile organics in retort

waters. Leachate from raw discarded oil

shale has been analyzed.

The ERL-Duluth program is providing

baseline information on the aquatic environ

ment 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

constituents of petroleum hydrocarbons that

may accumulate in the marine food chain and

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. Finally, oil shale

development is one of the resources subject

to a Technology Assessment, Western Energy

Table 7. Analytical results from two

samples in situ retort water,

Concentration (ppm)
Parameter Sample 1 Sample 2

COD 20,000 12,500

BOD 5,500 250

NH3-N 4,790 -

Organic-N (dissolved) 1,510 -

Phosphorous 0.26 19.0

N03-N 38 -

TOC 3,182 19,000

Chloride 1,560

Iodide 0.003 1.3

Bromide 0.46 0.01

Sulfate (S) 59 930

Phenols 169 2.2

CaCO 16,000 4,200

Sulfide (S) 16.1 15.4

K 3.5 -

Na 312 -

Mg 48.4 16.4

Ca 14.9 4.63

Fe 3.3 3.75

Zm 1.6 2.8

Cu 5.6 0.94

Silica (Si) - 78.3

Table 8 Total soluble materials in retort

water.

Inorganics

67-75

(Zwr)

CglONS

(Zwr)
t 1
fflg 8000 ppm

Anions

40-55

(Zwr)

HCO3 20.000 pfm

CO3 5.000 ppm

Cl"

4.000 ppm

So[j 1.000 ppm

NQ5

r

ISO*
Metals

Pb. Zn. Cu. U. Cr. Fe.
1*. fe. ETC.

Organics

s$>

Acidic
organics

10-15

(Zwr)

Short-chain carboxylic acids

Long-chain carboxylic acids

Phenols

Neutral
organics

(Z_wr)

Substituted benzenes

n-alkanes

Basic
organics

Nitrogen base organics

(quinoline. pyridines, mauemides.
succinimides. etc.)

Organic-sulfur compounds
(thiophenes. sulfides, disulfides.



Table 9. Ground water monitoring network.

Potential pollutants

Hydrogeologic framework

Ground water use

Existing ground water quality

Infiltration potential

Mobility and attenuation in the

saturated and unsaturated zone

Prioritization of pollutants and

sources

Table 10. Inorganic elements, oil shale

retort waters (ppm) .

Antimony
Arsenic

Barium

Beryllium

Boron

Cadmium

Chromium

Copper

Fluorine

Lead

Mercury
Molybdenum

Nickel

Selenium

Vanadium

Zinc

Table 11. Volatile organic components, oil

shale retort waters (ppb) .

In Situ Raw Shale

Retort Water Leachate

0.240.16 10

0.0250.005 152

0.0090.001 18010

0.001 0.30

1.50.5 5318

0.001 0.80.1

0.00110.001 12535

0.0450.025 48114

82 Major

0.0350.005 19H6

0.0009 -

0.30 613

- 1510

0.0030 HO

0.0150.005 135145

0.02 35132

In Situ

Retort #1

In Situ

Retort #2

Benzene

Toluene

O-Xylene

14.517

300H00

711

133.913

6.711.1

5.612.8

Phenol

Ethyl-benzene

Naphthalene

210.5

1112

75 + 32

2.H0.1

29H8

Resource Development, sponsored by OEMI.

Environmental residuals; effects; technical,

political, and legal constraints are all

being considered in the development of policy

alternatives.

The Interagency Pass -Through Program

and projects managed by Region VIII are also

providing information needed to assess poten

tial impacts of development of oil shale.

EPA's research and development labs manage

specific pass- through projects. Region

VIII 's researchers are performing:

1. Upper air meteorological data

collection at C-b and UaUb.

2. Ambient air quality data collection

at Rangely, Rifle, Meeker, and

Grand Junction.

3. An assessment of how representative

the upper air data collected on the

Federal lease tracts are.

4. An assessment of potential air

emissions from surface retorts.

Region VIII also coordinates surface

and ground-water quality data collection

programs being performed in the oil shale

area by the USGS, using EPA pass- through

funds. Table 12 provides a summary of the

entire EPA oil shale research program.

Future EPA research activities include

continuation of most current programs with

new starts in the areas of: 1) demonstra

tion of air and water pollution control

technology; 2) correlation between mineral

ogy and predicted ground water quality;

3) environmental residuals from shale oil

product utilization; 4) air quality model

ing of an oil shale industry; and 5) visi

bility measurements if appropriate details

can be worked out with potential oil shale

developers.

REGULATORY ACTIVITIES

The comprehensive research program

provides a data base on which EPA can rely

when fulfilling its regulatory responsibili

ties. EPA is responsible for various regu

latory activities that affect construction

and operation of oil shale facilities.

These regulatory activities serve to pro

tect the environment while allowing develop

ment and reasonable growth of an oil shale

industry. Enabling legislation and imple

menting 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 Conser

vation and Recovery Act of 1976 (P.L. 94-

580) ; the Toxic Substances Control Act of



Table 12. Current program status summary.

Title

EXTRACTION tW) Hftif| intt

SS!EL5SI&S5R Rolling Adverse Effects of

Ecosystems
^'^NGE/ and IElated Freshwater

ivter Quality Hydrology Affected by Oil Shale
evelopment

Fugitive Dust from Oil Shale Extract

VEGETATIVEoSTABILIZATION OF (TOSCO and USBM)
Spent Oil Shale

Vegetative Stabilization of Paraho Spent Oil Shale

EBQCESM

Environmental Impact of Oil Shale Development

Sampling and Analysis of the Paraho Surface Retort

Program Support in Environmental Assessment and
Control Technology Development for Advanced
Fossil Fuels

BCRGY-RELATED PROCESSES AND EFFCTS-Fm.mica Ffffpts

Toxic Effects on the Aquatic Biota from Coal and
Oil Shale Development

Performing
Sponsor Organization Duration

EPA Pass-

mr10

USUA 4 YEARS

IERL-CIN Colorado State
University

12 MONTHS

IERL-CIN TRW 12 Months

IERL-CIN Colorado State
University

]2 months

IERL-CIN Colorado State
University

12 months

IERL-CIN TRW/DRI 24 months

IERL-CIN TRW/DRI 1976-continu-

ING

OEMI Cameron Engineers 2 years

ERL-Duluth ERL-Duluth 3 years

ENERGY-RELATED PROCESSES AID FFECTS - Fwirowentai Transport Stiffs

The Mineralogy of Overburden as Related to GroundwaterURDEN AS RELATED TO bRQM

ip Mining of Coal/ In SnChemical Changes in Strip Mining of Coal/ In Situ Coal
Gasification, and Oil Shale Development

Kerr-ERL Kerr-ERL

FNFRGY-RELA7ED PROCESSES AND EFFECTS - Measurement and Monitors

Oil Shale Area Meteorological Data Analysis

Air Quality and Surface Wind Monitoring in Colorado

Upper Air Meteorological Data Collection

Monitoring the Impact of Western Coal Strip Mining
and Oil Shale Extraction on Groundwater Quality

Energy-Related Water Monitoring Data Integration

Water Quality and Geochemistry of Shallow Aquifers

of Piceance Creek, Colorado

Water Quality Monitoring on Mute River, Parachute
Creek and Logan Wash in Oil Shale Areas in

Western Colorado

Collection of Geochemical
Creek Structural Basin of

ivta in the Piceance

ft)tentiometric surface of shallow aquifers in

Piceance Creek Structural Basin

4 YEARS

Region VIII QJM Limnetics

Region VIII Colorado Depart
ment of Health

2 YEARS

Region VIII Aeromet 5 YEARS

EMSL-LV General Electric 5 YEARS

EMSL-LV EMSL-LV 5 YEARS

EPA pass- USGS 5 YEARS

EPA pass- USGS 5 YEARS

EPA pass- USGS 2 YEARS

EPA pass-

through to

USGS

USGS 3 YEARS



Title

Instrumentation and Methods tor Characterizing
Aqueous Effluents from Oil Shale

Identification of Components of Energy-Related
Wastes and Effluents

Quality Assurance and Instrumentation in Air and

Energy-Related Western/Southwestern Regional Air
Monitoring

Quality Assurance Program

BRGY-RELATED PROCESSES AND EFFECTS - Hfaith Fffftts

Establishment of a Chemical Repository for Alternate
Energy Source Material for Toxicity Testing

Air, Water, and Multi-Route and Health Effects
from Pollutants Associated with Energy Development

Air, Water, and Multi-Route Exposures and Their
Effects: Pollutants Associated with Energy
Development

Effect of Alternate Energy Source Material on Whole
Animal Carcinogenesis by Percutaneous Application
of Extracts and Fractions to Mice

Morphological Variants in Damaged Sperm

Detection of Early Changes in Lung Cell Cytology by

Flow Systems Analysis Techniques

Mortality,, Morbidity, and Industrial Hygibme
Study of Oil Shale Workers

Determination of the Influence of Mineral Cofactors
in Conjunction with Carcinogens from Energy-Related
Materials

In Vivo Screening for Gene Mutation in Mouse Germ and

Somatic Cells

Performing
Sponsor Organization Duration

Determination of the Effects of Material from
^ternate Energy Sources on Upper Respiratory
ract Clearance Mechanisms

IX.
Al-

Trj

Quantitative Mutagenesis Testing in Mammalian
Cellular Systems

Development of Cytochemical Markers for Cell
Transformation and Carcinogenesis

Somatic Cell Genetics

Analysis of the Effects of Energy-Related Materials

to Karotype Stability in Mammalian Cells

EPA pass- Oak Ridge i^tional
1976-continu-

~)ugh to Laboratory ing

ERL-Athens Gulf South 3 years

Research Institute

EPA pass- NBS
iROUGH TO

4 YEARS

EMSL-LV EMSLzLV 5 years

EHSL-RTP EMSL-RTP j YEARS

EPA PASS-

THROUGH TO

DOE

Oak Ridge National
Laboratory

3 years

HERL-RTP HERL-RTP 12 MONTHS

ERL-Gulf
Breeze

ERL-Gulf Breeze 12 months

EPA PASS-

THROUGH TO

Oak Ridge National
Laboratory

2 years

EPA PASS-

THROUGH TO

DOE

Lawrence Livermore
laboratory

5 years

EPA PASS-

THROUGH TO

Los Alamos
Scientific
Laboratory

197o-continu-

ING

NIOSH NIOSH 2 YEARS

HERL-RTP Northrop
Services

32 MONTHS

EPA PASS-

THROUGH TO

Oak Ridge National
Laboratory

1976-continu-

ING

HERL-RTP Ball State
University

42 MONTHS

EPA PASS-

THROUGH TO

Lawrence Livermore
Laboratory

5 YEARS

EPA PASS-

THROUGH TO

Lawrence Livermore
Laboratory

5 YEARS

EPA PASS-

THROUGH TO

Los Alamos
Scientific
Laboratory

2 YEARS

EPA PASS-

THROUGH TO

Los Alamos
Scientific
Laboratory

1976-continu-

ING



Title
Performing

Sponsor Organization Duration

Development of Permanent Epithelial Cell Lines

Development of An In Vitro Assay for Co-carcinogenesis
of Coal/Oil Shale Derivatives

InTEGRATFT) flSSESSHBfl

Integrated Asses:
of

egrated Asses
Coal and Oil

: Socio-Economic Consequences
Development

Technology Assessment of Western Energy Resource
Development

EPA pass-

to

EPA pass-

joughto

EPA pass-

3HTO

OEMI

Los Alamos
Scientific
Laboratory

Oak Ridge National
Laboratory

UCLA School of
Medicine

EPA pass- USDA

or-

' ra

University of
Oklahoma

197&-CONTINU-

ING

1976-continu-

ING

1976-continu-

ING

39 MONTHS

mrim

1976 (P.L. 94-469); and, to a lesser extent,

the Noise Control Act of 1972 (P.L. 92-574)

and the Federal Insecticide, Fungicide, and

Rodenticide Act of 1975 (P.L. 94-140) estab

lish the regulatory framework through which

EPA operates (table 13) . Of course, the

National Environmental Policy Act of 1969

(P.L. 91-190) is also a significant piece of

environmental legislation. Since other

entities, such as the respective state

agencies and the area oil shale office also

have regulatory jurisdiction in similar

media, EPA-Region VIII has established a

close working relationship with these

organizations.

Under the Clean Air Act, oil shale

developers must 1) employ best available

control technology (BACT) ; 2) insure that

national ambient air quality standards

(NAAQS) are not violated; 3) not cause pre

vention of significant deterioration (PSD)

ambient air quality increments to be vio

lated; 4) not significantly degrade visibil

ity in Class I areas; and 5) obtain one year

of baseline data before applying for a PSD

permit to construct and operate. Region

VIII has issued PSD permits for two develop

ers and has received applications/requests

for applicability determinations from three

other developers. BACT was defined in the

form of allowable emissions limits for sul

fur dioxide and particulate matter for the

two permitted facilities. Effective March

1, 1978, BACT limits for nitrogen oxides,

carbon monoxide and hydrocarbons must also

be specified in all permits. Tables 14 and

15 present the emission limits for C-a and

C-b. Source monitoring, ambient monitor

ing, record keeping and reporting require

ments are also part of the PSD permit.

The Clean Water Act contains require

ments in sections 301 and 404 for potential

permits for an oil shale developer. A

national pollutant discharge elimination

system (NPDES) permit must be obtained

under requirements of section 402 if water

is discharged to a navigable stream.

Effluent limitations have been defined in

general terms as shown in table 16. Spe

cific effluent guidelines have not been

promulgated for oil shale facilities.

Table 17 gives NPDES limits on C-a's drill

ing and pump test activities. A Section

404 permit must be issued by the Army

Corps of Engineers and concurred with 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 injec

tion or reinjection of any fluids. Permits

will probably be required for in-situ

operations and for mine dewatering reinjec

tion. The state of Colorado requires



Table 13. EPA regulatory activities.

Clean Air Act Amendments of 1977 PL 95-95

Clean Water Act Amendments of

1977 PL 95-217

Safe Drinking Water Act of 1974 PL 93-523

Resource Conservation and

Recovery Act of 1976 PL 94-580

Toxic Substances Control Act of

1976 PL 94-469

Noise Control Act of 1972 PL 92-574

Federal Insecticide, Fungicide,
and Rodenticide Act of 1975 PL 94-140

Table 14. C-a PSD permit limits.

Pounds per hour

Particulate SO?

Thermal
Oxidizer/scrubber*

11.0 167.1

Steam boiler 0.7 16.6

Mine vent 1.6

Vehicular movement 5.4

ROM handling 9.1

Requirement of 90.0% overall gaseous sulfur recovery

and no greater than 250 ppm S02 on an average daily

basis.

reinjection permits under existing regula

tions. Monitoring and mitigation measures

to prevent endangering of ground-water

systems will be required under these UIC

regulations .

The resource conservation and recovery

act (RCRA) will govern the disposal of solid

wastes generated by an oil shale facility.

Included in this category will probably be

processed shale, spent catalysts, process

sludge, and sewage wastes. Criteria for the

identification of hazardous wastes are to be

promulgated by EPA within the next two

months. Performance standards defining safe

disposal practices for hazardous wastes will

also be promulgated. Processed shale is the

subject of a special mining waste study that

will be completed this year. Regulations

will be promulgated six months after its

completion. Permits requiring safe disposal

Table 15. C-b PSD permit limits.

Pounds per hour

Particulate 02

Mine vent 16.0 7.0

In-situ gas*

7.4 17.4

Steam boiler 16.3 3.6

Mine Shaft Transfer 1.7

Shale Conveyor 7.7

ROM ore handling 29.2

Requirement of 99. 0Z overall gaseous sulfur recovery and

no greater than 15 ppm H2S on an average daily basis.

Table 16. Effluent limitations.

July 1, 1977 Best Practicable Technology

July 1, 1984 Best Available Technology for

toxic pollutants

Best Conventional Technology

for pollutants such as BOD,

TSS, pH, fecal col 1 form, and

THERMAL

Best Available Technology for

all other identified pollutants

Three years

after promulgation

of specific effluent

limitation but not

later than july 1,

1987

of hazardous wastes will have to be obtained

from EPA or a state by an oil shale devel

oper.

Testing of effects, record keeping,

reporting, and conditions for the manufac

ture and handling of toxic substances will

be defined for oil shale developers under

the provisions of the Toxic Substances

Control Act of 1976. An inventory of all



Table 17,

TSS<D

TUS<1>

F(2)

B
(2)

C-a NPDES limits.

30 mg/l 30 day average

45 ms/l 7 day average

3000 mg/l daily maximum

3.0 mg/l daily maximum

5.0 mg/l daily maximum

between 6.0 and 9.0

Oil and grease^ 10 mg/l, no visual sheen

(1)
daily monitoring

weekly monitoring

commercially-produced chemical compounds is

now being compiled. Manufacturers of new

chemical substances must notify EPA 90 days

before their manufacture and must also

describe the proposed use, the amount pro

duced, any by-products, disposal practices,

and any test data related to potential health

and environmental effects caused by the

chemical's use. The manufacturer may be

required by EPA to perform testing of a

chemical's effects, such as epidemiological,

carcinogenic, mutagenic, environmental, etc.

EPA control of a chemical's use may take one

of three forms: manufacture with no restric

tions; a ban; manufacture with conditions

placed on the handling and use of the chem

ical. EPA has promulgated regulations re

garding one substance-PCB's. Production of

PCB's is prohibited after January 1979.

The final piece of environmental legis

lation that the EPA administers is NEPA.

EPA reviews environmental impact statements

(EIS) and, in limited cases, writes EIS's

when a project involves a major federal

action. EPA's role as a reviewer is to

comment on the environmental aspects of the

project.

CONCLUSION

Some oil shale developers have tended

to become frustrated by the lack of defini

tion of clear, concise environmental

requirements which they must meet. This

situation has arisen in part because of

relatively recent environmental
legislation

passed by Congress and because of the

cyclic "go-no
go"

posture of the oil shale

industry. In order to provide regulatory

guidance to the industry, EPA is working

on a position paper that will provide guid

ance on long-term requirements for the

industry. This document should be com

pleted by late 1978 or early 1979.

Because of the nation's need for domes

tic petroleum sources and because of the

need for environmental and technology

answers regarding oil shale development,

EPA supports a limited development of oil

shale. Judgments may then be made as to

the size oil shale industry that may be

developed. Regarding prototype develop

ment, EPA's philosophy is do it but do it

environmentally right.



HEALTH STUDIES OF OIL SHALE WORKERS

Joseph Costello

Division of Respiratory Disease Studies

NIOSH

944 Chestnut Ridge Road

Morgantown, WV 26505

INTRODUCTION

The present difficulties associated with

increased purchasing of imported crude oil

coupled with environmental concerns related

to the use of coal makes it necessary to look

at alternative sources of energy. Shale oil

is one possible energy alternative. The

study of the human carcinogenic potential of

this fuel has become important as the degree

of oil shale activity on the Colorado Plateau

increases. Up to now, the number of people

who have been exposed to shale oil in occupa

tions related to pilot scale retorting and

laboratory work has been limited. Designs

for facilities capable of handling up to

160,000 tons per day of oil shale are being

developed. Some of them involve underground

(in situ) heating of shale. Plants are

expected to be operating near capacity by

1985 or 1990; four such operations are now

either in production or being contemplated.

Undoubtedly, if the currently planned facili

ties prove feasible, an increase in the num

ber of retorting facilities may be expected.

It is important, therefore, to try and deter

mine, in advance, the health effects, if any,

of occupational
exposure to shale oil produc

tion.

REVIEW OF LITERATURE

A review of the literature
indicates

potential health problems for shale oil

workers in the form of respiratory and skin

diseases. Studies made in Scotland and the

Soviet Union have demonstrated an association

of shale oil
with human skin cancer. Further

more, emphysema, bronchitis,
pneumonia, and

other respiratory illnesses have occurred

more frequently among shale oil workers than

in control groups. Historically, Weaver

(1971) reports that skin cancers caused by

shale and mineral oils rank second in num

ber only to those caused by coal tar. He

suggested that this carcinogenicity of shale

oil fractions tends to be related to the

3,4-benzypyrene content, but he also recog

nized the presence of other types of
cancer-

producing chemicals.

Scott (1922, 1923) found a high preva

lence of skin cancer in the paraffin

workers of the Scottish shale oil industry.

The carcinogenic problem became apparent

soon after the establishment of the Scottish

shale oil industry which produced oil for

lighting, lubricating oils and kerosene

(paraffin) . Hueper (1957) ,
in his study of

environmental factors, found that the major

ity of human tumors were skin cancers caused

by products of thermal treatment of mineral

fuels. The shale oil industry accounted for

1907 cases out of a total of 8400 cases

surveyed. With the exception of coal tar

and coal tar pitch, substantially less num

bers of cancer cases were noted from other

products associated with thermal treatment

of mineral fuels.

In the Soviet Union, Loogna and Hering

(1972) reported that workers exposed to

shale oil experienced occupational derma

toses such as dermatitis, eczema, follicu

litis, and verruca. In addition, they

reported that shale oils are sensitizers.

Bogovski (1961) indicated that no cases of

occupational tumors have been found (as of
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1961) in the Estonian shale industry, but

that this may be a result of a relatively

young industry.

In the area of respiratory diseases,

Feoktistov (1972) found that the leading

diseases in temporarily disabled shale oil

workers at the Estonian
"Kava-2"

mine were

influenza and catarrh of the upper respira

tory organs. These two diseases accounted

for 85 percent of all diseases in these

workers. Luts (1972) found that the great

est morbidity from grippe, acute catarrh of

the upper respiratory tract, angina, bron

chitis, and pneumonia occurred in workers in

the mechanized oil shale mines. Lowest mor

bidity occurred in the above-ground pits,

Maripuu (1972) showed an average chronic

bronchitis rate in Estonian shale oil workers

of 16.3 percent.

More recently, Purde and Rahu (1975)

reported morbidity rates for stomach cancer

in Estonia of 60.2 per 100,000 in males and

44.7 per 100,000 in females. They state

that the highest stomach cancer morbidity is

in the more developed industrial areas of

northern Estonia, notably in the oil shale

processing districts of the republic. They

believed that this is caused by higher air

pollution in this area.

THE FIRST U.S.P.H.S. MORBIDITY STUDY

In 1952, Dr. Donald Birmingham of the

Division of Occupational Health, U.S. Public

Health Service, initiated a medical study of

workers at the Anvil Points oil shale demon

stration plant of the Bureau of Mines near

Rifle, Colorado. This study was principally

concerned with dermatological problems that

might be caused by the oil shale operations.

During the three-year period, 1952-1954, 266

different men were examined.

The following types of skin lesions were

considered to be of prime importance to shale

oil workers because of their relation to

shale oil exposure to sunlight: telangiec

tasia, flat warts, seborrheic and senile

karatoses, and pigmentation. Dr. Birmingham

found that 64 percent of the workers had

telangiectasia, 42 percent had flat warts,

8 percent had seborrheic keratoses, 8 per

cent had senile keratoses, and 1 percent

had pigmentation. Particular attention was

paid to age, severity
of exposure to shale

oil, complexion of worker's skin, and length

of residence in the Colorado plateau. The

reason for considering these factors was

that a higher than normal prevalence of skin

cancer has been reported for residents in

this area because of the high elevation.

Contact with shale oil was not found

to have an effect insofar as causing skin

lesions is concerned. The percentage of

workers having lesions among those with no

contact, light contact, and severe contact

with shale oil was 75 percent, 83 percent,

and 79 percent, respectively. For the first

ten years, there was a gradual increase in

skin lesions as length of residence on the

Colorado plateau increased; after this it

leveled off at approximately 85 percent.

There was a statistically significant dif

ference in the proportions of persons of

dark and light complexion having skin les

ions. Eighty-four percent of persons with

light complexion had either telangiectasia

or flat warts, while 71 percent of persons

with dark complexion were similarly

affected.

Because of the small numbers of work

ers involved in the study, Dr. Birmingham

concluded (1955) that it was impossible to

unequivocally assess the distinct effects

and interactions between age, length of

residence in the Colorado plateau, complex

ion of the worker's skin, and the severity

of exposure to shale oil. He did conclude

that contact with shale oil was not a sig

nificant factor in the production of the

skin lesions, as demonstrated by the derma

tological examinations.

THE PRESENT NIOSH MORTALITY AND MORBIDITY

STUDY

The objective of the present study is

to determine the health effects, if any, of

occupational exposure to shale oil. In

particular, study objectives are designed

to answer questions relating to specific
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health risks of people employed in a poten

tially large scale oil shale industry within

the United States. These risks involve

skin dermatoses and respiratory problems.

The study is divided into a morbidity

phase and a mortality phase. The morbidity

phase is designed to determine if there is

increased prevalence of diseases relating to

the skin or to the respiratory system com

pared with a control group from the same area.

The mortality study will attempt to determine

if shale oil workers are subjected to

increased risk of early death compared to an

appropriate standard group.

At the start of the present study, the

universe from which the sample was drawn was

estimated to be about 800 persons. However,

after a very aggressive campaign to locate

workers, we now have a master list of 1198

people who worked at Anvil Points during the

study period
-

a much larger universe than

originally thought.

The original sample was composed of

three different employee groups: (a) 294

employees of the U.S. Bureau of Mines who

worked at the Anvil Points oil shale retort

from 1948 to 1956; (b) 135 employees who

worked at the Anvil Points retort facility

from 1966 to 1969 for the joint venture of

the Colorado School of Mines Research

Institute and COLONY, a
six-

company consor

tium. (This group contains all the men who

worked at the facility during the three-year

period.); (c) fifteen men who worked from

1956 to 1959 at the Union Oil retort facility

in Grand Valley. All are included in the

sample.

We are still in the process of develop

ing our final sample. This will be a com

bination of the original sample with those

additional workers found in our "worker

location"
campaign whose jobs and length of

service indicate possible exposure.

The first phase of this study is an
in-

house mortality study which is currently well

along. We are in the process of determining

the vital status of the entire list of 1,198

people. This group is being divided into

living, deceased, and unknown. Members of

the living group will be used in the mor

bidity study.

Several agencies and services are used

to help determine a person's vital
status.

For the present study, these
included: U.S.

Postal Service, Internal Revenue Service,

Social Security Administration, Civil

Service Commission, State Motor Vehicle

Bureaus, State Vital Statistics Bureaus,

Geneological Society of the Church of Jesus

Christ of Latter Day Saints, and a private

case location service. Local newspapers

have published news stories that have

helped in locating people.

The following methods were used to

determine vital status: first, a 3 x 5-in.

card listing a cohort member's name and

last known address was sent to the Post

master in the town of last address for

correction. The Postmaster returned the

card to us, indicating whether or not the

address is correct, the person is unknown,

or the person is deceased. Secondly, the

Social Security number for each cohort

member was sent to the Internal Revenue

Service and the Social Security Administra

tion for checking. The Internal Revenue

Service gave us the last year that the per

son paid income tax; the Social Security

Administration indicated the last quarter

which the person paid into Social Security

and whether or not a death benefit claim

had been paid. After this was done, a

field trip was made to the Rifle, Colorado,

area to check with people who might be

familiar with some of the members of the

cohort. A visit of several days was made

to the Anvil Points oil shale demonstration

plant to check our lists with long time

employees. In addition, visits were made

to local Registrars of Vital Statistics for

leads on deceased persons and to local

Postmasters for additional information.

Local telephone directories were consulted

for addresses of persons for whom we had no

address. At a later date, a trip was made

to check the records of the geneologic

society of the Mormon church for leads.
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One of the problems that we had with

the mortality study was a large group of

Bureau of Mines employees for whom there

were no addresses, but for whom birth dates

were available. This problem was attacked

by having the Colorado State Motor Vehicle

Bureau check their driver's license records

by name and birthdate. A second approach,

currently underway, was to ask the Civil

Service Commission for permission to search

the government archives at St. Louis,

Missouri, for leads.

The present status of the mortality

study is that we have identified 1,198 people

(men and women) who have worked at Anvil

Points during the study period of 1946-1958.

Not all of these people are suitable for

study because of short employment duration

and/or type of job lacking exposure. Included

in this total are 87 women. We have 194

death certificates in hand that have been

coded for cause of death. We have an addi

tional 50 people that have at least one indi

cation of death. Four hundred seventeen

(417) are known living for whom we have cur

rent addresses.

The data collection phase of the morbid

ity study of oil shale workers is being done

as an outside contract by the Utah Biomedical

Test Laboratory of Salt Lake City, Utah.

Identification of the cohort and final

analysis of the data will be done in-house.

Sputum cytology analysis is being performed

by Dr. Geno Saccamono of Grand Junction,

Colorado. Three hundred twenty (320) oil

shale workers and 320 controls will be exam

ined. Priority for examination will be given

to those oil shale workers in production or

engineering- type jobs.

A control sample of 320 coal miners will

be chosen from a group of 1,000 workers in

two mines in eastern Utah and one mine in

western Colorado. These control workers will

be matched with the study group on the basis

of age, race, smoking habits, and length of

time living and working at altitudes in

excess of 4,300 feet.

The morbidity study will consist of a

personal and medical questionnaire, covering

both respiratory
diseases and dermatologi

cal diseases, and a dermatological examina

tion performed on each cohort member by a

qualified dermatologist. Sputum samples

will be taken to analyze for all changes

indicative of lung cancer and urine samples

will be analyzed. In cases where possible

skin malignancies are found, a biopsy will

be done. If any adverse results are found,

the person involved will be notified and

advised to see his family physician. Exam

inations will generally be done in regional

centers. In a few cases where workers live

out of the area, examinations will be done

in their houses. Utah Biomedical Test

Laboratory is scheduled to finish this work

by the end of October, 1978.

Because most of the data collected

will be of an enumerative nature and most

of the
"prevalence"

data will not be of a

normal distribution, nonparametric tech

niques of data analysis will most probably

be used. Methods employing normal tests

will be used whenever necessary and feas

ible. Analysis will be done on the entire

study group and matched controls. Because

matched controls are to be used, confound

ing variables such as age, number of years

spent on the Colorado Plateau, smoking

habits, other industrial exposure, etc.,

should be factored out of the analysis.

However, to verify this and to examine the

data for other artifacts, the control and

study groups will be stratified by some or

all of the variables mentioned above for

further analysis. Also, the study group

will be stratified by exposure and com

pared to controls. Analysis will determine

if differences in morbidity patterns are

more pronounced among the longer-
exposed

group. Other dichotomies like this will

also be examined. In addition, an analysis

of the study group alone will be done com

paring those with longer duration of work

with shale oil to those with a shorter

duration. Also, stratifying the groups

according to type of jobs held and duration

within the plant will be done, assuming the

other variables can be factored out without

rendering the sample size inadequate.
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NIOSH 'S ENVIRONMENTAL COMPONENT IN OIL SHALE

In the last few years, our Environmental

Investigations Branch has been active in joint

work with the Environmental Protection Agency

and the Institute of Experimental and Clinical

Medicine, Ministry of Health of the Estonian

SSR. The Chief of the Environmental Inves

tigations Branch and others visited the

Institute of Experimental and Clinical

Medicine at Tallinn, Estonia. A joint oil

shale workshop was set up in Denver for May

18-20, 1977, and three Soviet scientists

came and participated in the Joint Workshop

on Health Effects of Oil Shale Development.

The Environmental Investigations Branch pro

vided support to this workshop in helping in

arrangements and in providing a person to

help escort the Soviet visitors on a trip to

the Paraho operation at Anvil Points,

Colorado, and to the Laramie Energy Research

Center.

A second trip to Estonia is planned in

order to visit some of its oil shale facili

ties. This trip is now scheduled for May.

It is hoped that a second workshop will be

held in Estonia in the future.
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ABSTRACT

Health risks of shale operations are

documented in the literature. Benign and

malignant skin conditions were reported in

Scottish workers who processed shale and in

English cotton mule spinners who used shale

oils in the nineteenth and early twentieth

centuries. More recently carcinogenic frac

tions of oil shale materials have been iden

tified.

The American Petroleum Institute is

sponsoring an extensive research program to

evaluate the health risks of oil shale

materials and operations. Comprehensive

toxicological studies are underway while

industrial hygiene and epidemiological

investigations are being planned. The

objectives, development and status of this

research program are reviewed.

INTRODUCTION

The American Petroleum Institute (API)

is a trade association representing 350

companies in the petroleum industry. For

more than ten years, health-related research

has been conducted by the API on a wide

variety of generic products and in the areas

of occupational and environmental health and

industrial hygiene. The cost benefits of

this program to the industry are obvious:

duplication of studies is avoided; there is

better use of limited scientific resources;

and the petroleum companies can focus their

research on proprietary materials or other

occupational health projects. The principal

objective of the research program is to pre

vent disease and maintain health by

characterizing the health risk, if any, of

the materials which are tested. Employees,

customers, consumers, and the general pub

lic all benefit.

Medicine and Biologic Science Division, API

In the API organization, the Medicine

and Biologic Science Division is respon

sible for initiating, planning, monitoring,

and auditing these research projects.

There is a pooling of talent including

physicians, industrial hygiene engineers,

toxicologists
,
analytical chemists, and

scientists in other disciplines. The abil

ity to call on the collective judgment of

these scientists with many years of train

ing and experience in the industry to

establish research priorities and manage

projects benefits all parties and strength

ens the research effort.

Task Force Established

Because many member companies in the

API were interested in shale technology,

the Medicine and Biologic Science Division

established a multidisciplined task force

in 1974 to determine the health-related

research needs in the shale industry. The

pertinent literature was reviewed and the

historical highlights are of importance in

understanding the occupational health con

cerns and needs for research in the industry

today.

Literature Reviewed

The hazards of mining operations are

well documented. In 1713, Bernadino

Ramazzini, father of occupational medicine,

said: "So many and so inexplicable are the
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mixtures of metals in the bowels of the

earth that it is almost impossible to deter

mine precisely what injurious element is

present in this or that
mine."

Coal
workers'

pneumonoconiosis and silicosis are examples

of risks that still are encountered in

underground mining.

In 1775, Percival Pott in England

recorded the first occupational cancers in

chimney sweeps. Many English sweeps devel

oped scrotal cancers. English sweeps seldom

bathed, while German sweeps who washed daily

and Scottish sweeps who used cleaning brooms

did not develop such cancers.

In 1876, Joseph Bell reported two cases

of paraffin epithelioma of the scrotum in

laborers in a shale oil works in Scotland.

In a paper published in 1923, Alexander

Scott reviewed reports of skin and scrotal

cancers in Scottish shale oil workers. In

his capacity as medical examiner for

Scottish Oils Limited, he performed periodic

examinations on 200 workers in the paraffin

departments. He found a variety of benign

skin lesions, such as comedones, warts,

papules, folliculitis and pustules, occur

ring in approximately fifty percent of these

men. Nineteen cases of skin cancer were

reported over a 22-year period. During the

same period, 46 skin cancers were seen in a

group of 5,000 workers in the industry,

including retortmen, oil refiners, stillmen

and laborers. Skin cancers of paraffin

workers usually arose from warts or papules

on the hands and forearms while scrotal can

cers were more common in the larger work

force.

The final scene in this Scottish tragedy

was played by the mule spinners in the cotton

textile industry in Britain. Mule
spinners'

cancer was seen with increasing frequency

from the mid-nineteenth to the mid-twentieth

century. From 1911 to 1938, more than 500

deaths from scrotal cancer were reported in

cotton mulespinners. Mule Spinning Special

Regulations, adopted in 1953, required that

process oils used in the industry be of

animal or vegetable origin or drastically

refined mineral oils. The incidence of can

cer was dramatically reduced.

Other human studies of Estonian
oil

shale workers confirmed the potential

toxicity of oil shale materials,
particu

larly skin and lung conditions, but
cases

of occupational cancer were not reported

(Bogovsky and Janes 1975). Studies in the

1950 's revealed a high incidence of benign

skin lesions in workers at the Oil Shale

Demonstration Plant of the Bureau of Mines

near Rifle, Colorado (Schwartz and others

1957) .

Published data on the toxicity of oil

shale materials in animals have emphasized

the carcinogenic potential. Leitch (1922)

first demonstrated the carcinogenicity of

Scottish shale oil in mice. Warts and skin

cancers were produced by all of the frac

tions tested; experimental results appeared

to confirm the clinical observations of

workers. In 1943, Berenblum also produced

tumors in animals exposed to shale oil.

Smith and others (1951) reported that whole

shale and fractions above 700F did not

show carcinogenicity in mice, but the

middle fraction, 550-700F, and the com

bined fractions showed mild carcinogenicity.

Heuper (1957) produced skin cancers in mice

exposed to shale oil by skin painting and

by subcutaneous injection.

Animal studies of the toxic properties

of Estonian shale process materials were

conducted by the Estonian Institute of

Experimental and Clinical Medicine. Inha

lation studies in rats of mixed dust

encountered in the oil shale industry did

not produce a significant fibrosis. Intra

tracheal introduction of shale oil coke in

rats produced a moderate proliferation of

interstitial tissue during eight months of

exposure. Shale oils were reported to

exert a gonadotropic action in rat experi

ments. Carcinogenicity studies in mice

showed a strong carcinogenic action of the

high temperature (chamber oven) oil.

Intermediate fractions produced moderate

carcinogenic activity. Water-soluble

phenols from shale oils were shown to have

a promoting action on benz-a-pyrene car

cinogenesis in mice (Bogovsky and Janes

1975).
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Table 1. API shale toxicity testing program.

MATERIAL LOCATION PROCESS

Raw Shale Anvil Points

Raw Shale Ca Tract

Raw Shale

Shale Oil

Uhite River

Parachute Creek Tosco

Shale Oil Anvil Points Paraho(D)

Shale Oil Anvil Points
Paraho(D)'

Shale Oil Parachute Creek Union B

Spent Shale Parachute Creek Tosco

Spent Shale Anvil Points Paraho(D)

Spent Shale Anvil Points Union B

Spent Shale Parachute Creek Union SGR

(1) Direct-fired (2) Indirect-fired

in monkeys and terminal gross and microscopic

pathology. Exposure began in April 1977 and,

since the study is incomplete, status report

cannot be made now.

Genetic Mutations - The genetic proper

ties of one raw shale, three shale oils, and

one spent shale were evaluated in a battery

of tests consisting of gene mutation tests

in bacteria (Ames test) , a test for mitotic

gene conversion in yeasts, gene mutation

tests in culture mammalian cells and in vivo

chromosome analysis in rat bone-marrow

cells. This series of tests provides a sen

sitive screen for the detection of sub

stances which produce mutagenic alterations.

Positive tests are an indication that the

test substance has mutagenic activity and

may indicate carcinogenic potential.

Negative tests suggest that the test sub

stance lacks genetic activity, but are not
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Atwood (1974) reported the results of a

lifetime skin painting study in mice. Raw

shale oil produced by the Tosco II process

and hydrotreated shale oil were tested along

with several petroleum products. It was

tentatively concluded that the carcinogenic

potential of whole shale oil was similar to

that of many petroleum products and that up

graded shale oil was substantially less car

cinogenic.

Shale Oil Processes Hazards Incomplete -

The literature review revealed that knowledge

of the health risks associated with the new

shale processes and their variety of inter

mediates and products was incomplete. The

API task force designed toxicological proto

cols to fill the gaps and define the toxic

properties of selected materials. A three

year program was recommended and funded in

late 197 5. In December 197 5, a seminar was

held in Chicago with representatives of the

oil shale industry to discuss the health

implications of oil shale operations and both

medical and technical papers were presented.

Meetings were also held with representatives

of ERDA to review the research program.

Benchmark Toxicological Standards Established

In 1976, the analytical committee of the

Medicine and Biologic Science Division

reviewed the available analytical data on

shale materials and concluded that bench

mark toxicological studies should involve

the testing of more than one sample of raw

shale, retort oil, and spent shale. This

recommendation was based on the technical

literature and data submitted by several

member companies which indicated significant

differences in the composition of materials

that might influence their toxicity, includ

ing carcinogenicity.

Studies have shown that the composition

of raw shale and its organic matter vary

with the depth of burial. Concentrations of

minerals and trace elements in raw shales

also differ considerably. In addition to

raw material variability, the type of retort

process was found to have significant effect

on the nature of recovered oil and spent

shale. Consequently, eleven
materials ,

representative of various
geographical

locations and retorting processes,
were

selected for extensive toxicological eval

uation. Table 1 lists these materials,

their geographic sites of origin, the pro

cess and the recommended toxicity studies.

This extensive program was designed to

assess the nature of the exposure, as

related to the workplace, and to evaluate

the suspected health risks associated with

these operations.

Health Risks from Eleven Shale Materials

Short-term studies were done on all

eleven materials. Standard protocols were

followed to determine the oral LD50 in rats,

skin and eye irritation in rabbits, skin

absorption in rabbits, and skin sensitiza

tion in guinea pigs. These studies are

complete; the results are being reviewed by

the task force and will soon be available.

Skin Cancer - Carcinogenic potential

of all eleven shale materials is being

evaluated by applications of each material

to the skin of 50 mice twice weekly for 18

months or, until gross diagnosis of a car

cinoma, followed by lifetime observation.

This study, begun in July 1977, followed a

pilot study to determine dosage and method

of material application. Although the study

is incomplete, a preliminary report was made

in February 1978 to the Environmental Pro

tection Agency, under Section 8(e) of the

Toxic Substances Control Act, advising that

benign and malignant tumors have developed

on the skin of mice repeatedly painted with

the raw shale oils.

Inhalation Dangers - A chronic inhala

tion study was designed to determine the

toxicity of shale materials by exposing

experimental animals under appropriate

laboratory conditions. Groups of rats and

monkeys, equally divided as to sex, are

being exposed to a low and a high concentra

tion of raw shale and a spent shale dust

for 6 hours per day, 5 days per week, for

two years. Response criteria will include

observations of body weight, hematologic

and biochemical variables, pulmonary function
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sufficient for an unequivocal determination

of genetic safety since these tests are

relatively new and currently being evaluated.

These mutagenic studies on the shale materials

are complete and are being reviewed by the

task force.

The shale materials tested for muta

genicity are also being investigated for

teratogenicity by exposing pregnant female

rats to graded airborne concentrations of

the test materials on days 6 through 15 of

gestation. On day 20 of gestation, the rats

are sacrificed and the uterine contents

examined for the number of live and dead

fetuses and implantation and resorption

sites. A status report cannot be made

since these studies are incomplete.

Analytical Program Objective

The objective of the analytical program

is to characterize all samples of raw and

spent shale and shale oils selected for the

study. Samples will be analyzed in suf

ficient detail to document differences in

composition due to the sources of the raw

material or the nature of the retorting

process. Shale analyses will include the

determination of the major mineral species,

Fischer Assay, particle size distribution and

a determination of the concentration of ben

zene extractables, trace metals, and

selected radionuclides. Analyses of retort

oils will include measurements of critical

physical properties; determination of gross

hydrocarbon composition; and analyses for

selected trace elements and individual poly-

nuclear aromatic hydrocarbons. These studies

have been completed recently and are being

reviewed by the Analytical Committee.

The information from these toxicological

and analytical studies is considered essen

tial in establishing safe exposure levels and

in determining appropriate medical and

industrial hygiene surveillance procedures.

It will also be helpful in developing train

ing programs for workers.

Proposed Occupational Health Studies

A protocol has been prepared by the

Los Alamos Research Laboratory and industry

scientists for occupational health studies

to be conducted at the Paraho oil shale

site under joint API and Department of

Energy (DOE) sponsorship. The proposed

occupational health studies will include

occupational medical studies and field

industrial hygiene surveys.

Medical studies will include medical

examinations of workers to determine their

current health status and to establish a

data base for a long-term prospective epi

demiological study. Participation will be

voluntary. Past and present medical

records will be reviewed; a comprehensive

medical examination with particular atten

tion to the skin and lungs will be performed.

Sputum cytology, cytogenetic studies, a

urine Ames test, and other special studies

are being considered. Surveillance will be

continued on a regular basis and follow-up

procedures will be designed to follow poten

tial hazards and effects, as determined by

the initial findings.

The industrial hygiene survey will

identify and quantify the types of materials

and stresses to which workers are poten

tially exposed at the Paraho plant and

integrate these findings with toxicologic

and other occupational health data. The

study will include all operations: mining,

crushing, retorting, spent shale disposal,

product handling, and transportation, as

well as maintenance, routine and unique

operations. Air concentrations of dusts

and chemicals will be measured, including

physical and analytical evaluations. Noise,

heat, and other physical factors will also

be studied. Results of these findings will

be used to design effective engineering

control measures that may be extrapolated

to commercial scale plants.
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SUMMARY

Since the first description of an

occupational cancer from exposure to shale

oil in 1876, evidence has been accumulating

that shale-derived materials may be toxic

and, in particular, carcinogenic. Analytical

studies report the presence of polynuclear

aromatic hydrocarbons; a significant number

are known to be carcinogenic. Laboratory

reports of animal and human toxicity confirm

potential health risks. While occupational

risks associated with the new shale processes

are recognized, they are not completely

understood. Data from the toxicological

studies of shale process materials now being

conducted by the API and other investigators

around the world are important in establish

ing safe exposure levels and cost-effective

engineering controls. In the meantime, it

is necessary to employ conservative measures

to eliminate or reduce health risks. An

awareness of these risks, coupled with our

present capabilities in preventive medicine

and in engineering design, should assure a

safe and healthful workplace in the research

projects of today and the commercial opera

tions of the future.
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ABSTRACT

Since the initiation of Project

INDEPENDENCE, the Navy has been active in

the production of shale oil crude by surface

retorting, as well as the refining of crude

shale oil into product fuels for military

use. Information on the health effects of

these product fuels is needed in order to

determine the adequacy of engineering con

trols limiting exposures of personnel using

fuels, and for the formulation of safe work

procedures in naval shipboard and shore

facilities. Naval activities to identify

health effects associated with selected

shale oil fuels, in comparison with their

petroleum- derived analogs, and to character

ize fuel exposures of personnel, are

described.
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INTRODUCTION

A review of world-recoverable fossil

fuels, in comparison to U.S. recoverable

reserves and consumption patterns, suggests

that the U.S. is facing an energy crisis

(Tetra 1975; U.S. Navy-ENRRDO 1976a),

similar to that of 16th century Britain

(Nef 1977) ,
when coal became a widespread

substitute for a depleted fuel source--the

forests. Fortunately the U.S. possesses

substantial coal and oil shale deposits

(Applied Systems 1975b) which may supple

ment reserves of petroleum as sources of

liquid fuel products.

The Navy's principal interest in fuels

derived from nonpetroleum fossil fuel

sources, or synthetic fuels, is to deter

mine their compatibility with naval equip

ment and engines, and their suitability as

naval fuels (USN 1976a) . Past Navy involve

ment with synthetic fuels has included the

use of coal-derived fuels in the USS

JOHNSTON in 1972, and the production and

refining of 10,000 barrels of Paraho crude

shale oil in 1974 (USN 1976a; Applied

Systems 1975b). While product fuels

obtained from the earlier refining of crude

shale oil did not meet all military and
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Federal specification requirements-
-due to

fuel instability, and the presence of wax,

gum, and particulate matter, the project did

demonstrate the feasibility of obtaining use

ful fuels from crude shale oil (USN 1976a;

Applied Systems 1976, 1975a).

Current interest in synthetic fuels

remains focused on crude shale oil from sur

face retorting, and the Navy is participating

in an interagency effort to produce and

refine larger quantities of crude shale oil

into Military Specification fuels for sub

sequent test and evaluation (USN 1976b). It

is anticipated that the use of these larger

quantities of crude and an improved refining

process will produce acceptable fuel

products in at least six fuel fractions:

JET-A, JP-4, JP-5, JP-8, diesel fuel, marine

(DFM), and a residual fuel (USN 1976b;

Roberts 1977) .

In order to assess the suitability of

shale-derived JP-5, Diesel Fuel Marine (DFM),

and residual fuel to be used by the Navy, it

is important that both the toxicity of the

fuels and typical fuel exposures which may

occur during its naval distribution and use

be characterized. Comparative data on the

toxicity and hazards of the synthetic and

petroleum fuels are also desirable to assess

the suitability of an alternative fuel, and

the adequacy of existing engineering con

trols and work procedures. Unfortunately,

little data has been available on the dermal,

ocular, or inhalation toxicity of the dis

tillate fuels used by the Navy; thus preclud

ing a comparative evaluation of the fuels.

The lack of such data has prompted many cur

rent research activities in this area, as

well as recommendations for research by the

National Institute of Occupational Safety and

Health (NIOSH 1977).

Fuels resulting from the current shale

oil production and refining program may

include full-scale, shipboard demonstration

tests. The early availability of data on the

comparative toxicity and shipboard hazards

of naval fuels is desirable, and has led to

the initial evaluation of selected fuel

materials as a comparative baseline for future

investigations with shale-derived
product

fuels. The following summary
will

provide

an overview of current research in these

areas, which is particularly
responsive to

questions related to biological effects

following low-level, long-duration expos

ures .

MATERIALS

JP-5

JP-5 is a high flash point aviation

fuel with a specified distillation tempera

ture of 205C (10% point) to 290C (end-

point) (MilSpec 1965a) . Specifications

permit up to 2 5 percent aromatic hydro

carbons and 5 percent olefins. Phenols or

amines are added to inhibit oxidation. The

fuel is a complex,
kerosene- type mixture

that can contain higher boiling components

than specified by Military Specification

(Naval Biosciences 1978) .

Diesel Fuel Marine

Diesel Fuel Marine (DFM) is also a

distillate fuel, with a specified boiling

range lower than 385C (MilSpec 1965b).

The content of aromatics and olefins is

not specified, but is limited by the

requirement that the fuel be clear and

bright in appearance.

The following paragraphs will describe

investigations employing these materials up

to the present time:

METHODS

Personnel exposures to these fuels are

being characterized by thorough industrial

hygiene evaluation of ships expected to be

characteristic of the Navy in the 1980 's

and beyond. A principal objective of the

study is to quantify both atmospheric con

taminants and fuel exposures associated

with fuel use. Both personal (breathing
zone) and general area samples for total

and respirable particulate, combustion

products, and hydrocarbon vapors are being
collected and analyzed by a variety of

methods, which include adsorption of hydro

carbons with subsequent analysis by gas
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chromatography-
-mass spectroscopy. Jobs and

occupations involving fuels are also being

identified, along with exposure durations

and an assessment of the potential for inter

mittent or prolonged skin contact with the

fuels.

Until 1976 when Knave and co-workers

(Knave 1976) reported signs of polyneuropathy

in Swedish aircraft workers chronically

exposed to jet fuel vapors, the vapors of

aliphatic hydrocarbons were generally

reported to produce few harmful effects,

even for prolonged exposures. Coincidentally,

a phased, behavioral toxicological evalua

tion of these materials (fig. 1) had already

been initiated on naval fuels. Phase 1 is a

general behavioral screen, in which spontan

eous home-
cage activity, food and water con

sumption, weight, and behavioral profiles of

individual rats are observed after acute

dosing. This phase of investigation serves

to identify the range of doses that can pro

duce gross toxic effects, as compared to

those that produce no detectable behavioral

signs of toxicity. In Phase 2, a battery

of tests is used to define the specific

type of behavior affected, and consists of

specific tests for changes in visual func

tion, peripheral sensitivity, aggression,

and motor integration. Subsequent itera

tion of the screening procedures involves

more detailed evaluation of affected

behaviors, and definition of dose and time

effect relationships.

Before the behavioral experiments, a

series of inhalation investigations was

initiated to assess the inherent toxicity

of military grade JP-5. Table 1 shows the

experimental design of the first study,

initiated in December 1974. A high-

concentration of JP-5 vapor (643 mg/m3) was

selected to maximize the likelihood of

observing effects due to the exposure.

Fuel vapors were generated by bubbling air

through the JP-5 and into a two cubic meter

Rochester- type inhalation chamber. The

PRIMATES THRESHOLD

RODENTS SUPRATHRESHOLD

Figure 1. Stratified neurobehavioral toxicology,
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Table 1. JP-5 continuous exposure.

Laboratory :

Test Material :

Concentration:

Duration:

Animal Compliment :

Clinical Tests:

Histopathology :

NMRI

Military Specification JP-5

643 mg/m3 total hydrocarbons (vapor)

120 days (23 hours/day)

Rat

Guinea Pig

15

15

Body Weight, Hematocrit, Hemoglobin, WBC

Lung, Liver, Heart, Kidney, Spleen

JP-5 used for vaporization was changed every

12 hours, and the chamber concentration was

sampled every 15 minutes and monitored as

total hydrocarbons.

More recently, an experiment designed

to extend this earlier work on JP-5 and to

provide data to serve as a basis for compari

son with oil shale-derived JP-5 has been

initiated at the Naval Medical Research

Institute (NMRI), Toxicology Detachment, at

Wright-Patterson Air Force Base, utilizing

Thomas -Domes at the USAF Aerospace Medical

Research Laboratory/Toxic Hazards Research

Unit. JP-5 vapors were generated for this

study by passing JP-5 through a column

heated to 120F; exposure concentrations

were established for 750
mg/m3

and 180
mg/m3

(table 2). Two-thirds of the male and

female rats are presently being held for,

approximately, their normal lifetime.
At

that time, 42 tissues will be submitted for

histopathologic evaluation of the 90-day

continuous exposure to petroleum JP-5.

Three inhalation exposure experiments

with DFM have been conducted in the last

five years, with essentially the same

objectives and designs as the previously

discussed JP-5 studies. The first experi

ment utilized a two cubic meter Rochester

chamber (table 3) with a total chamber

hydrocarbon vapor concentration of 14
mg/m3

chosen to assess inhalation exposures to

low levels of
petroleum- derived DFM.

Twenty- four of the exposed and control rats

were held for approximately two years for

histopathologic evaluation.

A second inhalation experiment was

conducted with a vapor and aerosol. The

chamber concentration was maintained at 167

mg/m3

total hydrocarbons for a duration of

120 days in an attempt to obtain an effect

which could serve as a benchmark for fur

ther observations (table 4) . As in the

Table 2. JP-5 continuous exposure.

Laboratory :

Test Material:

Concentrations :

Duration:

Animal Compliment:

Clinical Tests:

Histopathology;

NMRI/AMRL/THRU

Military Specification JP-5

750 mg/m3

and 180 mg/m3 total hydrocarbons

(vaporizing below 120F)

90 days

(at each concentration)

Rats 75 male and 75 female

(50 of each being held for 2 years)
Mice 150 female

Dogs 3 male and 3 female

Body Weight, Hematocrit, Hemoglobin, RBC, WBC,
RBC Indices, Sodium, Potassium, Calcium, Serum

Proteins, Glucose, Alkaline Phosphatase, SGOT,
SGPT, Bilirubin, Creatinine, BUN

90 days

2 years

42 tissues

42 tissues
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Table 3. DFM continuous exposure

Laboratory :

Test Material:

Concentration:

Duration:

Animal Compliment

Clinical Tests:

Histopathology :

NMRI

Military Specification DFM

14 mg/m3 total hydrocarbons ( vapor
^

90 days (23 hours/day)

Rats 42 (24 held for 2 years)

Guinea Pigs 42

Body Weight, Hematocrit, Hemoglobin, WBC

90 days - Lung, Liver, Heart, Kidney, Spleen

2 years - 42 tissues

Table 4. DFM continuous exposure,

Laboratory :

Test Material:

Concentration :

Duration:

Animal Compliment

Clinical Tests:

Histopathology :

NMRI

Military Specification DFM

167 mg/m3 total hydrocarbons (aerosol & vapor)

120 days (23 hours/day)

Rats

Guinea Pigs

48 (24 held for 2 years)

24

Body Weight, Hematocrit, Hemoglobin, WBC

120 days - Lung, Liver, Heart, Kidney, Spleen

2 years - 42 tissues

previous experiment, 24 rats were held for

approximately two years in order to assess

the long-term effects of 120-day continuous

inhalation exposure to petroleum DFM.

A third experiment, with essentially

the same designs and objectives as the more

recent JP-5 experiment, has been initiated

at the NMRI Toxicology Detachment as a base

line for comparative evaluation of
shale-

derived DFM (table 5) . The concentration of

300
mg/m3

represents the highest vapor con

centration that can be produced without

creating an aerosol.

RESULTS

The following are preliminary findings

of the previously discussed studies:

As regards the characterization of

existing fuel exposures of personnel, small

quantities of organic vapors, respirable

particulates including oil mist, and small

quantities of polycyclic .aromatic hydro

carbons have been detected. The study is

approximately 60 percent complete, and

shipboard investigations are expected to be

completed by October 1, 1978.
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Table 5. DFM continuous exposure.

Laboratory:

Test Material:

Concentrations :

Duration:

Animal Compliment

Clinical Tests

Histopathology

NMRI/AMRL/THRU

Military Specification DFM

300 mg/m3

and 50 mg/m3 total hydrocarbons

(vaporizing below 120F)

90 days

(at each concentration)

Rats 75 male and 75 female

(50 of each being held for 2 years)

Mice 150 female

Dogs 3 male and 3 female

Body Weight, Hematocrit, Hemoglobin, RBC, WBC,

RBC Indices, Sodium, Potassium, Calcium, Serum

Proteins, Glucose, Alkaline Phosphatase, SGOT,

SGPT, Bilirubin, Creatinine, BUN

90 days

2 years

42 tissues

42 tissues

With respect to the animal toxicology

of selected fuels, rats have been orally

dosed with JP-5 at doses ranging from five

to 48 ml/kg, and with DFM at doses ranging

from three to 48 ml/kg, in conjunction with

behavioral experiments. These exposures

were accomplished in eight studies, employ

ing 200 rats, of a petroleum-derived JP-5

and shale-derived JP-5 from two different

sources, and of a petroleum-derived DFM. In

general, both petroleum fuels were observed

to display a low order of toxicity in these

investigations.

No deaths occurred within 14 days of a

single oral dose of JP-5 of 48 ml/kg, which

is equivalent to 5 percent of the animal's

body weight. The
LD50/14*

obtained during

this study for petroleum-derived DFM was 43

ml/kg, which is approximately 4.5 percent of

the animal's body weight. Despite more pro

nounced signs of gross toxicity in animals

dosed with DFM, there are more indications

*Lethal dose

of neurobehavioral effects in the animals

dosed with the petroleum-derived JP-5.

As illustrated in the comparison of

spontaneous home-cage activity (fig. 2),

animals dosed with JP-5 exhibited very sig

nificant increases in activity on the day

after exposure, followed by a significant

depression in activity after the fourth

day of dosing; no significant effect was

observed for animals similarly dosed with

DFM. Additionally, the JP-5 animals have

been observed to be much more aggressive

after dosing than DFM-dosed animals. Sev

eral cases of self-mutilation have also

been observed in JP-5-dosed animals exposed

at levels ranging from eight to 30 ml/kg.

No similar self-mutilation has been observed

following acute oral exposures to DFM.

These observations, together with obser

vations of heightened sensitivity to touch

in the JP-5-dosed animals, suggest that

JP-5 is the more behaviorally active of

the two materials, following oral admin

istration.
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Figure 2. Mean (SEm) spontaneous activity for Sprague-Dawley rats orally dosed with either

petroleum-derived DFM or JP-5.

In addition to the comparison of

petroleum- derived DFM with JP-5, Table 6

shows a preliminary comparison of a
petroleum-

derived JP-5 with two different shale-

derived JP-5's. The JP-5 fuel derived from

shale and refined by the Gary-Western pro

cess (Shale A) was significantly more toxic

than other JP-5 fuels which were studied.

The LD^g/-^ for the Gary-Western JP-5 was

approximately 26 ml/kg, whereas the other

shale- derived product did not produce any

deaths within 14 days. We are aware that

differences exist in the chemical character

istics of these materials; however, it is

not known with certainty which causative

factor(s) produced differences in the

observed toxicity. Table 7 illustrates some

of the chemical and physical properties of

Table 6. Acute JP-5 toxicity for orally

dosed Sprague-Dawley rats.

DOSE GROUP

(nl/kq)

48

38

30

24

DEATHS (14 DAYS)

% OF BODY NO. OF SHALE

WEIGHT SUBJECTS PETROLEUM A B

6 0

6 0

5 0

2 0

JP-5 materials available to the Navy. The

observed differences in toxicity may be the

result of the high nitrogen content present

within the Gary-Western fuel (Shale A)

(table 8) ,
or other characteristics as yet

unidentified. Further, behavioral observa

tions are presently being collected follow

ing inhalation exposures of rats in the

Phase 2 level of experimentation, previously

described. Of particular interest are the

evaluation of motor integration, sensory

sensitivity, and changes in aggressiveness.

The next level of JP-5 evaluation will be

electroneurographic studies on trained

rhesus monkeys, specifically designed to

check for the occurrence of peripheral nerve

damage and polyneuropathy.

Turning to earlier investigations with

inhalation exposures of rats and guinea

pigs, the results of initial JP-5 inhala

tion exposures can be seen in tables 9 and

10, respectively. The hematological results

are represented as a percent of control

values for each time period. Both the hema

tologic and histopathologic examinations

were unremarkable for both species, and no

deaths were attributable to the JP-5

exposure.
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Table 7. Jet fuel properties

AROMATICS (VOL. %)

OLEFINS (VOL. %)

TOTAL SULFUR (WT . %)

MERCAPTAN SULFUR (WT. %)

TOTAL NITROGEN (mg/l)

TOTAL ACID (mg KOH/g)

SP. GRAV. (60/60)

DISTILLATION

IBP

5/10

20/30

40/50

60/70

80/90

95/EPT

ADDITIVES

Icing Inhibitor (Vol. %)
Anti-oxidant (mg/l)
Metal Deactivator (mg/l)
Corrosion Inhibitor (mg/l)

SHALE A SHALE B PETROLEUM JP-5 SPEC.

26.0 12.9 18.4 25.0

2.3 1.1 0.8 5.0

0.05 0.032 0.05 0.4

<0.0002
- - 0.0001

1,045 3.9 0.4 -

0.047 - 0.004 0.015

0.806 0.796 0.813 0 .788-0.845

340 354 348

366/376 375/388 376/384 -/400 ma:

390/402 401/412 391/400 -

414/426 422/431 410/418 -

438/452 442/455 427/437 -

468/490 470/489 448/466 -

510/540 504/514 480/490 -/555 ma;

0.004 0.11 0.10-0.15
- - -

up to 24.0 allowed

- - -

up to 5 . 8 allowed

- - -

restricted

Table 8. Nitrogen compounds identified by GC-MS analysis in Paraho process oil jet fuel

TOTAL NUMBER OF CARBONS IN SIDE CHAINS

8 10

PYRIDINES ++ ++++ ++++ +++ ++ ++

QUINOLINES ++ ++ ++ ++

TETRAHYDROQUINOLINES

PYRROLES +? +?

INDOLES +? +? +? +?

+? Trace Amounts
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Table 9. JP-5 continuous exposure. Table 10. JP-5 continuous exposure,

Laboratory: NMRI Concentration: 643 mg/m3

Histopathology : Unremarkable

120 DAY RAT RESULTS (AS % OF CONTROL)

Laboratory: NMRI Concentration: 643
mg/m3

Histopathology: Unremarkable

120 DAY GUINEA PIG RESULTS (AS % OF CONTROL)

30 Day 60 Day 90 Day 120 Day 30 Day 60 Day 90 Day 120 Day

Hematocrit 102 101 97 98
Hematocrit 92 97 96 92

Hemoglobin 89 97 96 96
Hemoglobin 94 97 97 92

WBC 122 105 107 110

WBC 122 126 120 118

Body Weight 93 89 88 93

Body Weight 120 101 101 85

The results of more recent JP-5 inhala

tion exposure, for a duration of 90 days,

are depicted in table 11. The higher chamber

concentration of 750
mg/m3

represented the

highest vapor concentration that could be

generated without creating an aerosol.

Initially an attempt was made to generate

JP-5 vapor concentrations that would pro

duce 10 ppm of benzene in one chamber, and

1 ppm in the other. However, the amount of

benzene present within JP-5 is insufficient

to sustain a chamber concentration of 10

Table 11. JP-5 continuous exposure.

Laboratory: NMRI /AMRL/THRU

RESULTS TO DATE

1. Mice lost weight after 30 days.

2. Male rat, both concentrations, depressed weight gain.

3. No consistent effects with organ/body weight ratios.

4. Hematology decreases but not below normal for rat.

5. Globulin increase, male and female rats, high concentration,

6. Dog, alkaline phosphatase t but not above normal for dog.

7. No dog RBC fragility (seen in USAF JP-4 study).

Histopathology

Oncogenesis:

Not yet available.

Results in 2 years.
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ppm benzene without introducing an aerosol

into the inhalation chamber.

Tables 12 and 13 depict the results of

low-
level, continuous exposure of rats and

guinea pigs to DFM for a period of 90 days.

The last experiment for which data are

available is the 120-day continuous inhala

tion exposures of rats and guinea pigs to

DFM. As shown in tables 14 and 15, there

was little, if any, effect observed from

these exposures, suggesting a low order of

toxicity for this fuel. These data are

incomplete, however, as tissues are being

reviewed by veterinary pathologists at this

time.

DISCUSSION

Few data have been available to assess

the inherent toxicity of product fuels

derived from petroleum, with the exception

of earlier investigations related to the

chronic toxicity of JP-4 jet fuel.
Based

upon data from these JP-4 investigations,

it was suggested that workmen should not be

occupationally exposed, i.e., intermit

tently for eight hours a day, five days per

week, to more than 2.5 mg/l of JP-4 vapors.

Anticipating that the Navy would utilize

oil shale-derived fuels before their wide

spread commercialization, serious questions

arose about chronic health effects possibly

related to low-
level, long-term exposures

of personnel to higher boiling point distil

late fuels, particularly those derived from

shale (U. Cincinnati 1975; Hueper 1953).

These previously described studies, along

with other coordination activities, were

initiated to assure the availability of ade

quate health criteria information on product

fuels of principal interest to the Navy

Table 12. DFM continuous exposure,

Laboratory : NMRI Concentration: 14 mg/m3

Histopathology: 90 days - unremarkable

2 years -

pending

90 DAY RAT RESULTS (AS % OF CONTROL)

Hematocrit

Hemoglobin

WBC

Body Weight

30 Day 60 Day 90 Day

108

102

78

121

95

101

114

102

90

89

75

104

Table 13. DFM continuous exposure.

Laboratory: NMRI Concentration: 14 mg/m3

Histopathology: Unremarkable

90 DAY GUINEA PIG RESULTS (AS % OF CONTROL)

Hematocrit

Hemoglobin

WBC

Body Weight

30 Day 60 Day 90 Day

99

102

142

118

98

100

275

93

92

43

Table 14. DFM continuous exposure.

Laboratory : NMRI Concentration: 167
mg/m3

Histopathology: 120 days - unremarkable

2 years -

pending

120 DAY RAT RESULTS (AS % OF CONTROL)

Table 15. DFM continuous exposure.

Laboratory: NMRI Concentration: 167
mg/m3

Histopathology: Unremarkable

120 DAY GUINEA PIG RESULTS (AS % OF CONTROL)

30 Day 60 Day 90 Day
30 Day 60 Day 90 Day 120 Day

120 Day

Hematocrit 108 96 96 97

Hematocrit 99 94 93 100

Hemoglobin 114 99 93 95

Hemoglobin

WBC

96

131

93

120

96

111

97

98

WBC

Body Weight

86

79

91

89

104

91

85

92

Body Weight 88 90 91 89
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(Nef 1977; Doptis 1976; USAF 1974; NAS/NRL

1975) . As regards other chronic effects

associated with selected distillate fuels,

both petroleum- derived JP-5 and DFM, as well

as a shale oil-derived JP-5 are tentatively

selected for inclusion in the National

Cancer Institute Bioassay Program (USN 1976a;

Nat. Cancer 1976) .

It is anticipated that the current

efforts of the Navy and other agencies will

provide substantial information on the

toxicity of many oil shale materials, a com

parative data base on petroleum materials as

well, and timely availability of animal

toxicity information to assure the safe use

and handling of shale oil product fuels.
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TOXIC TRACE ELEMENTS AND OIL SHALE
PRODUCTION*

Willard R. Chappell
The Environmental Trace Substances Program

Ekeley Chemistry M 335

University of Colorado

Boulder, CO 80309

ABSTRACT

An interdisciplinary, tri-university

research program on the potential release of

toxic trace elements by shale oil production

involving faculty from the University of

Colorado, the Colorado School of Mines, and

Colorado State University has the objective

of determining if shale oil production will

lead to the emission of significant amounts

of toxic trace elements such as As, B, F, Mo,

and Se into the environment. An intensive

field sampling of surficial material, leach

ates, revegetation plots, and retort material,

as well as laboratory studies, is being per

formed in order to determine the leachability

of raw and processed shales and the ultimate

fate of trace elements that were mobilized by

retorting oil shale. The results of the

first two years of study will be presented.

Results to date indicate that As and Se are

not of great concern in aqueous effluents

and plants, while, on the other hand, F, B,

and Mo are of concern and require further

study.

INTRODUCTION

The purpose of this talk is to briefly

describe a multi-institutional, interdis

ciplinary research program on trace elements

in oil shale. This program was initially

funded by the Colorado Energy Research

Institute with a small grant, awarded in

*This work has been supported by contract

#EY- 76- 02-4017 from the Department of Energy
and a grant from the Colorado Energy Research

Institute.

1974, allowing us to begin work at a modest

level. Substantial research did not begin

until June of 1976 when we were awarded our

present grant by D.O.E.

This project is a part of the Environ

mental Trace Substances Research Program

(ETSRP) at the University of Colorado.

This program has several projects funded

by D.O.E., E.P.A., N.O.A.A., U.S.A.F., and

others. I direct the oil shale project.

Investigators

The project involves faculty from four

campuses and three institutions: the

Colorado School of Mines, the University of

Colorado, and Colorado State University.

In addition to myself, the other faculty

and senior staff are:

Dr. Ronald Klusman

Department of Chemistry and Geochemistry
Colorado School of Mines

Dr. Thomas Wildeman

Department of Chemistry and Geochemistry
Colorado School of Mines

Dr. Willard Lindsay
Department of Agronomy
Colorado State University

Dr. Harold Walton

Department of Chemistry
University of Colorado

Dr. Robert Meglen

Environmental Trace Substances Research

Program

University of Colorado

Dr. Robert Sievers

Department of Chemistry
University of Colorado at Boulder

Dr. Rodman Smythe

Department of Physics and Astrophysics

University of Colorado at Boulder

Inquiries
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All inquiries about the project should be

directed to

Ms. Terry Tedeschi

Administrative Assistant

ETSRP

Ekeley Chemistry M335

University of Colorado

Boulder, Colorado 80309

(303) 492-7588

In addition to these investigators,

Professor Julius Nagy of Colorado State

University is directing a closely related

project concerning the impact of toxic trace

elements on wildlife. This program is spon

sored by the Office of Biological Services,

U.S. Fish and Wildlife.

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 environ

mental levels of trace contaminants

in the region.

Understanding the effects of such con

tamination.

Development of possible control

strategies.

Clearly, it is impossible to study in

detail all possible trace elements. At the

beginning of the program, we chose five prior

ity elements on the basis of their occurrence

in oil shale, the likelihood that they would

be mobilized by the process, and the likeli

hood that they could cause deleterious

effects. These elements are: arsenic,

boron, fluorine, molybdenum, and selenium.

While all of these, except arsenic, are

essential either to plants or animals or both,

they can all be toxic to plants and/or animals

at sufficiently high levels. Some of the

possible effects of excessive amounts of

these elements are listed below:

F - Plant damage, dental lesions and

calcification in humans and live

stock; detrimental to some aquatic

life.

As - Toxic and carcinogenic to humans,

toxic to plants and most animals.

B - Toxic to plants.

Se -

Highly toxic to livestock, less

toxic to man. Not particularly

toxic to plants.

Mo -

Highly toxic to livestock, may

cause increased uric acid levels

and gout-like disease in man.

Not toxic to plants.

At the same time that we are doing in-depth

studies of these elements, we are evaluat

ing the potential for problems arising from

other elements.

In order to give an idea of the magni

tude of the work we are discussing, table 1

gives the concentration ranges and/or aver

age concentration for several trace elements

in oil shale, black marine shales, all

shales, and all soils.

This is not meant to imply that oil

shale should be compared with all shales or

soil. It is simply to give some idea of

the concentrations we are concerned with.

Of course, these concentrations are

very small in an absolute sense. But, as

with other environmental aspects, the tre

mendous quantities of oil shale that will

Table 1. Trace elements in raw oil shale,

black shales, shales, and soil.

Oil**

Black*

Shale Shale

(range) (range)

B 30 - 300 30 - 190

F 700 - 2100

Cu 33 - 114 25 - 400

Zn 49 - 112 500 - 2300

As 25 - 75 25

Se 1-3

Mo 7-40 22 - 290

Cd 0.6 - 1.2

Hg 0.07-2.9 0.04-1.5

Pb 19 - 58 23 - 6100

(all concentrations in parts per million)

+(from Connor 1975 and Fleischer 1972)

**(from Desbrough 1974)

Shale+ Soil+

(Average) (Average)

100 10

740 200

45 20

95 50

13 5

0.6 0.01

2.6 3

0.3 0.5

0.4

20 10
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have to be processed loom as a very major

factor. Table 2 gives estimated quantities

of As, B, F, Mo, and Se that would be in the

shale that would be processed per year by a

one-million barrel per day industry and com

pares these to industrial consumption for the

U.S. You can see that these are very sig

nificant amounts indeed. If even a rela

tively small release occurs, there could be

significant consequences.

DESCRIPTION OF RESEARCH PROGRAM

Understanding the release, transport,

fates, and effects of trace contaminants

released into the environment by the extrac

tion and use of oil from shale requires a com

prehensive and integrated approach. The

pathways of these contaminants are extremely

complex and involve considerations such as:

1. What levels are present in the nat

ural,
"undisturbed"

environment? In

order to understand the changes

brought about by man we must first

know what the environment was like

before man's activities began. This

underscores the importance of doing
this work before substantial develop
ment takes place.

2. What levels of the chemicals are

present in the resource, i.e., oil

shale, that will constitute the feed

stock of the process?

3. How are the various substances of

concern partitioned by the processing

of the oil shale? The transport

modes, fates, effects, and eventual

control measures are determined to a

large extent by the way in which the

substance flows through the process,

i.e., does it go with the spent shale,

the aqueous effluent, the gaseous

effluent, or the product? What is

the mass flow through the retort pro

cess?

4. Having determined the mode and

amounts in which the toxic substances

leave the retort, the next question

is whether the material will be

released into the environment, there

fore posing a hazard. It makes little

difference that large amounts of a

heavy metal are deposited with the

spent shale if it is in a form which

is highly insoluble and not biologic

ally available. On the other hand,

it could be that the process will

mobilize an element which is initially
present as an insoluble compound. In

that case, toxic elements which are

not present in unusual concentrations

in the retorted shale could present a

hazard.

Spent Shale Industr:

20,000 22,000

10,000 100,000

1,000,000 600,000

1,000 500

20,000 70,000

Table 2. Estimated amounts of
selected

elements processed by a
one-million

barrel/day
industry.*

Tons/year

Industrial Consumption

As

Mo

F

Se

B

*Using Prien's figure of 480 million tons per year of

shale to produce 1 million barrels/day shale oil

(Prien, 1974) .

**1968 figures

+1970 figure

5. Finally, given that a toxic sub

stance escapes and enters into the

general environment, there are

several complex questions that must

be addressed in order to determine

the transport, fate, and ultimate

effects of the substance.

Initial Phase of the Program

The initial phase of this work has con

centrated on the first four considerations

above. The basic program elements 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 spent shale and

disturbed overburden (Runnells) .

4. The uptake of trace elements by
plants from spent shale and dis

turbed overburden (Lindsay) .

5. The chemical analysis of raw shale,

spent shale, shale oil, plant, and

other environmental samples

(Meglen, Walton, Sievers, Smythe) .

Before giving a more detailed descrip

tion of these programs, I would like to note

that when this program was first formulated,

the oil shale industry was concentrating on

above-ground retorting methods. As you

know, the picture has changed many times in

the past few years. Nevertheless, while our

studies have concentrated more on above-

ground retorting than on in situ retorting,

we believe they are very relevant for a

number of reasons:
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The likelihood of above-ground retorts

to process the shale removed for modi

fied Jin situ retorting.

The possibility of environmental prob

lems due to the release of toxic trace

elements in raw shale stored or disposed

of on the surface.

The likelihood of the Paraho process

going first to a modular phase and then

into a commercial phase.

The likelihood of at least one other sur

face retort, perhaps Superior, going
forward to commercial size.

The apparent similarities in the chemis

try of Paraho processed shale and in

situ processed shale.

Program Elements

We have attempted to design a program

which will give a comprehensive understanding

of the cycling of trace elements in an oil

shale industry. Figure 1 illustrates the

interrelationships between the different

program elements.

The rationale for the program elements

and a brief description of the research is

given below. Those who wish more detailed

information should contact the individual

researchers.

Trace Element Reconnaissance in the Oil Shale

Region (R. Klusman, Colorado School of Mines)

Rationale. - One of the most difficult

problems encountered in the investigation of

environmental contamination is in establish

ing:

1. Whether the environment has actually
been altered from its previous state,

2. Whether these changes were brought

about by human activity or by natural

weathering processes.

These difficulties serve to highlight

the importance of baseline data. Clearly,

only baseline or
"before"

studies can pro

vide the information necessary to establish

whether a change has occurred. The second

question concerning the cause of the change

is more difficult, but not unrelated, for a

baseline study can establish geological pat

terns, and, perhaps, rates of certain natural

processes that would be useful in addressing

this problem. Moreover, if suitable control

areas can be located by the baseline study,

these areas, which are presumably "undis

turbed", would help distinguish natural from

man- induced changes.

In designing and performing these

studies, it is important that there be an

integration of the data into a form which

makes the data useful in deciding on mon

itoring techniques and site selection. All

too often, environmental inventories con

sist of a random, unconnected listing of

vegetation types, soil types, animal

species, etc. In order that the informa

tion can later be of use in answering the

questions we have raised, there has to be

an integration of the data into a form which

allows an overall, regional perspective.

The Environmental Geochemistry Group

at Imperial College in London, England

(Thornton 1977), and the U.S.G.S. (Miesch

1976) ,
have shown the usefulness of geo

chemical reconnaissance in providing such a

perspective of trace element distribution

on a regional scale. These methods involve

the use of Analysis of Variance (ANOVA)

techniques and other approaches to give

trace element maps which can be tremen

dously valuable.

Research Approach. - Dr. Klusman has

been collecting surficial material (soils,

rocks, sediment, water, and plants) in the

Piceance Basin for the past three years.

The sampling has taken place on a regional

scale and on a smaller scale in the region

of tracts C-a and C-b. An initial regional

reconnaissance, using a nested hierarchical

technique, defined the appropriate inter

vals for subsequent grid sampling. The

Analysis of Variance Method shows that

trace elements differ in the scale at which

the largest variance occurs. Figures 2 and

3 show the maps for molybdenum in soil and

Big Sage in the vicinity of Tract C-a.

Zinc, on the other hand, has its greatest

variance on a much larger scale and there

fore can only be successfully mapped for the

entire Piceance Basin. Mercury has a nat

ural variance that is smaller than the

analytical variation implying that it can

not be successfully mapped at this time.

For those trace elements that have been suc

cessfully mapped, the principal factors gov

erning the distribution are lithology and

climate.
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COUNTERMEASURES

Figure 1. Interrelationship of research projects

Chemical Characterization (T. Wildeman,

Colorado School of Mines)

Rationale. - The purpose of the study

just described is to establish a baseline for

trace element distributions in the region and

to monitor changes in the regional distribu

tion that could have effects on wildlife,

agriculture, or human health. Chemical

characterization studies are for the purpose

of examining in detail the potential indus

trial sources of such changes as they relate

to the oil shale industry.

In recent years, researchers have be

come increasingly interested in fossil fuel

burning as a possible mechanism for mobiliz

ing trace elements which are always present

in fossil fuels at varying concentrations.

Recent work has shown that certain elements

such as arsenic, cadmium, lead, and selenium

have a preferential concentration in the

smallest particles emitted from coal-fired

power plants. Since conventional particu

late control devices are least effective

for the smallest particles and since these

small particles are the most likely to enter

the lung, this redistribution of trace ele

ment concentration is of great importance.

Moreover, there is also evidence that the

chemical form and bioavailability of the

trace elements in coal are changed by burn

ing; because such changes can affect the

toxicity, solubility, and plant uptake of

trace elements, such changes are important,

independent of any redistribution in terms

of
"total"

amounts.
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Figure 2. Mo (ppm) in all surface soils. Figure 3. Mo (ppm) in Big Sage.

Although retort processes are not the

same as burning coal in the power plant, they

will handle solids at a rate which in many

cases exceeds that of an average coal- fired

power plant (for example, one particular 180

MW plant in Colorado has a total intake per

day of about 2,000 tons of coal, compared to

about 73,000 tons of shale to be processed

per day by a 50,000 barrel per day oil shale

retort). Thus, the average oil shale plant

will be processing per day at least as large

a mass of trace elements as a very large

power plant.

Research Approach. - Dr. Wildeman has

been conducting a study of the input and out

put streams of various retorts. This work

has involved an extensive study of the

Fischer Assay as a model retort. The Fischer

Assay study showed that, at least for this

retort, which is very similar to the TOSCO II

retort, most elements were found to reside in

the solid or liquid phases. However, it

appears that significant quantities of zinc

and fluorine could be in the gaseous phase.

Perhaps the most significant work in

this part of the program was the sampling of

the Paraho retort that took place during the

last year. In an attempt to obtain repre

sentative samples as well as a measurement

of variations, Dr. Wildeman used the

sampling design shown in figure 4. Over

250 samples of solids and liquids were

collected. These include: raw and

retorted shale, crusher and baghouse fines,

product oil and water, blower and recycle

condensates, process water, and evaporation

pond waters. Unfortunately, the data are

too incomplete to give any report here.

But, we expect the results to be highly

significant, particularly since the sampling

period included days of both normal and

abnormal operation.

Another phase of Dr. Wildeman1
s studies

involved the preparation of
"standard"

raw

and processed shale samples that could be

used as analytical checks and stock for

other experiments. Dr. Wildeman has been

working with other groups in an extensive

interlaboratory comparison of these "stand

ards."
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Figure 4. Time nested Paraho sampling design,

The Release, Transport, and Fate of Some

Potential Pollutants in Oil Shale (D.

Runnells, University of Colorado)

Rationale. - It is well known that many

factors determine the environmental avail

ability of trace elements in addition to

total elemental concentrations. Thus, it

may be that for a given element the concen

tration in raw and spent shale is well above

average crustal or soil abundance but that

it is in a form which is insoluble and

unavailable for plant uptake. As a result,

this element would be locked safely in the

shale. On the other hand, we might find

that, because of chemical changes during the

retort process, an element which occurred in

the raw shale in a low total concentration

is very soluble and/or very easily taken up

by plants even though the total concentration

is well below average crustal abundance.

Thus, it is not enough to determine what is

in the raw shale and follow it through the

process; those elements considered or found

to be mobilized must be followed further to

understand their ultimate fate and effects.

The purpose of Dr.
Runnells'

work,

therefore, is to determine whether sig

nificant quantities of toxic trace ele

ments can be leached from processed and raw

shale and eventually contaminate either

surface or ground waters.

Research Approach. - Dr. Runnells and

his students have been performing both

laboratory and field studies. The labora

tory studies include:

1. Slurry experiments: deionized

water is added to raw and processed

shale and the mixtures placed on a

shaker table. Samples are taken

at 0.25, 1, 2, 3, 5, 10, 17, 31,
and 41 days for analysis.

2. Column experiments: In these

experiments deionized water perco

lates through columns packed with

raw or processed shale. The water

is collected at the bottom and

analyzed for trace element content.

3. Lysimeter studies: Leachate is

being collected from large lysim

eters that were set up by Dr. Berg
of Colorado State University. This

leachate is then analyzed for trace

element content.
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4. Soil studies: Leachate is percolated

through samples of soil collected

from the region in order to determine
the capacity and efficiency of the

native soils for removing trace ele

ments from aqueous leachate.

Many results are now available from this

work. At an early stage the slurry experi

ments indicated that very small amounts of

selenium and arsenic go into solution. This

has been confirmed by the column experiments

and the lysimeter data. The lysimeter data

agrees very well with the results of the

slurry and column experiments. Table 3

gives a summary of the lysimeter data. It

can be seen that F, B, Mo, and S are rela

tively high while As and Se are very low.

The slurry experiments also show that F is

somewhat more soluble in raw shale than in

retorted shale while Mo and B are less sol

uble in raw than retorted shale. Generally,
shale retorted by the TOSCO II process

releases more F, B, and Mo than that retorted

by the Paraho process. This difference

ranges from a factor of 1.5 for F to a factor

of about 6 for molybdenum.

Table 3. Analysis of early leachates from
lysimeters containing Paraho spent

shale (mg/l) .

ELEMENT AVERAGE RANGE

F 8.8 4.1-13,6

B 1.9 1.4-3.2

Mo 4.1 2.5-8.3

As 0.08 0.04-0.15

0.11 0.06-0.17
S*

14,400 8,700-24,600

Total S as S0/J

The column experiments show some very

interesting results: While conductivity,

boron and molybdenum in the leachate

decrease rapidly after a few pore volumes,

fluoride remains at a relatively constant

level over many pore volumes.

Se

The Availability of Trace Elements to Plants

Grown on Spent Shale and Disturbed Soils

(W. Lindsay, Colorado State University)

Rationale. - The work by Dr. Runnells,

just described, addresses the question of

potential environmental contamination and

focuses on the contamination of surface

waters, groundwaters, soils, and stream

sediments. Another natural material which

can be affected is plant life. Over the

past few decades, plant and soil scientists

have become aware of the complicated inter

action of plants with various trace ele

ments. They have identified a number of

elements such as Zn, Fe, and Mo which are

plant micronutrients, and other elements,

such as B, which are toxic to plants in

trace amounts; in addition, they have

identified still other elements such as Mo

and Se which are toxic to animals which eat

the plants if present at high enough levels.

There is often little relation between

the total amount of an element in the soil

and in plants growing on the soil, although

there are a few indicator plants for some

elements (such as Se) which give a rough

picture of the soil levels. A number of

soil parameters can affect the availability

of trace elements in soil for plant uptake,

these include pH, organic matter content,

drainage characteristics, microclimate, etc.

In recent years, there has been consider

able success in identifying many of these

factors and developing soil tests which

measure the availability of some trace ele

ments in soils. Thus, it is not enough to

know how much Se is in spent shale or the

disturbed soils in the region; one needs to

know how much of the Se is available to

plants.

Research Approach. - Dr. Lindsay and

his students have conducted both greenhouse

and field investigations. Plants were col

lected from two revegetation sites, one at

5,700 feet (1,710 m)
and'

the other at 7,300

feet (2,650 m) , established by Dr. Berg in
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1973. The plants collected were western

wheatgrass and Four-wing saltbush. A green

house study was begun to determine whether

arsenic returned to processed shale piles

after removal from the oil could accumulate

in plants. To study the behavior of arsenic

in processed shales, three arsenic compounds

(iron arsenide, arsenic sulfide, and calcium

arsenate) were added at various concentra

tions.

The results show that there is very

little uptake of arsenic and selenium by

plants. This seems to be true even in the

greenhouse experiment, but these results are

not complete as yet. On the other hand,

both boron and molybdenum can, in some cir

cumstances, be taken up in significant

quantities. The amounts of these trace ele

ments that are taken up have been shown to

depend on the retort process, depth of soil

cover, altitude, aspect (north or
south-

facing slope), and irrigation method.

Table 4 shows that there is a consider

able uptake of boron by plants growing on

processed shale or processed shale covered

by soil. This uptake is much greater for the

TOSCO shale than for the USBM shale. We

have not determined whether boron toxicity

exists on some of the plots, but it is con

ceivable that these high boron levels are not

conducive to optimal growth.

Table 5 shows that at the high alti

tude site, molybdenum in Four-wing
saltbush

can be as high as 2 5 ppm in plants growing

on USBM processed shale covered with zero

to twelve inches of soil. Elevated molyb

denum concentrations are known to cause a

copper deficiency in cattle and sheep.

These levels, when combined with the near

normal (5-6 ppm) copper levels in the

plants, are of concern for livestock

(Underwood 1977) .

Four-wing saltbush is an important

deer browse in the fall. What little data

exist for molybdenum toxicity to deer (Ward

1977) indicates that deer are much less

susceptible than cattle. Therefore, it is

possible that deer could browse these

plants with no ill effects, but more study

is needed before a definite statement is

possible.

Analytical Chemistry

Rationale. - The analytical chemistry

facility is central to all of the work

involved here. This facility is under the

direction of Dr. Robert Meglen, Chief

Analytical Chemist. The laboratory has six

years of experience with similar programs

and, over that period, has performed tens

of thousands of analyses.

While some analyses are performed by

the individual investigators where this is

Table 4. Boron in western
wheatgrass.*

(in parts per million)

High Elevation

Site

North Aspect

South Aspect

Control 12 Inch Soil Cover 6 Inch Soil Cover No Soil Cover

TOSCO USBM TOSCO USBM TOSCO

12 62 21 75 26 130

11 56 17 76 22 120

USBM

25

32

Low Elevation

Site

North Aspect

South Aspect

Soil Cover

12 Inch 24 Inch

12 100 19 150 28 190 34

14 120 16 150 33 140 57

*Plants collected in 1977,
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High Elevation

Site

North Aspect

South Aspect

Table 5. Molybdenum in Four-wing
saltbush.*

(in parts per million)

Control 12 Inch Soil Cover 6 Inch Soil Cover

11

16

TOSCO

4.7

4.1

USBM

25

21

No Soil Cover

TOSCO USBM TOSCO

4.8 22 5.8

5.3 25 6.1

USBM

23

22

Low Elevation Soil Cover

Site 12 Inch 24 Inch

North Aspect 2.5 3.0 3.5 2.8 6.5 4.1 4.8

South Aspect 3.4 2.7 3.5 2.3 3.9 2.0 4.1

Plants collected in 1977

deemed to be cost-effective, the analytical

chemistry laboratory has the responsibility

for developing techniques and performing the

bulk of the analyses. Much of the work

since June 1, 1977, has consisted of working

out problems of dealing with raw and spent

shale and other samples, and processing

samples.

Research Approach. - Dr. Meglen and his

colleagues are concentrating on the develop

ment of methods that are inexpensive, fast,

and do not require instrumentation that is

unavailable to most laboratories (e.g.,

neutron activation analysis) . Among the

results of the past year, was the develop

ment of a new technique for the analysis of

fluorine.

SUMMARY

The preceding discussion gave only some

of the results. A rather detailed progress

report will soon be available. The principal

results of the past year's work were:

1. The baseline geochemical survey shows

that regional trends do exist for

several elements and these trends

are due primarily to geologic and

climatic factors.

2. Laboratory study of the Fischer assay

as a model retort shows that Zn and

F may be released in significant

amounts by volatilization.

3. Studies of leachates from columns

of processed shale in the labora

tory and lysimeters in the field

show that As and Se are of little

concern in the aqueous effluent.

4. Leachate studies also show that

significant levels of B, F, and Mo

exist in the leachates and that,
while B and Mo are flushed rather

rapidly out of the processed shale,

concentrations of F in the leach

ates will remain high for long
periods of time. Very high con

centrations have also been found.

5. Leaching studies show that the type

of process is an important parameter

in determining the quantities of

contaminants in the leachate.

These studies also show that sig

nificant amounts of F and B and, to

a lesser extent, Mo can be leached

from crushed, fresh shale.

6. Analyses of plants collected from

revegetation sites show that very
high levels of B can be taken up by
plants growing on processed shale.

Significant amounts of Mo are also

taken up.

7. Plant analyses also reveal that As

and Se are not taken up in signifi

cant amounts and that adding As to

the processed shale which is

removed from the oil will not sig

nificantly increase As concentra

tion in plants.

8. More than 4,000 analyses were per

formed on a wide range of samples.

Significant progress was made in

methods development. In particular,
a new F method was developed which

satisfies our criteria of being
fast, inexpensive, and not requir

ing elaborate equipment.
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These results are significant in that:

Since geochemical maps can be drawn,
it will be possible to monitor any
significant changes due to shale oil

production.

Except for the possibility of gaseous

emission, it appears that As and Se

are not pollutants of concern; in

some instances, monitoring for these

pollutants can be significantly
decreased.

F, Mo, and B can be released in very
significant amounts. The boron could

have an adverse impact on reclamation

efforts. The unusual behavior of F,
in not being readily flushed out, may
require different control strategies

than the other pollutants. The high

levels of Mo in some plants require

further study to determine the poten

tial effect.

The large quantities of fresh shale

that may be stored or disposed of on

the surface may become a significant

source of water pollution unless

properly managed.

The high concentrations of S may have

significant effects, especially if it

occurs as a reduced species such as

thiosulfate. Such species have been

shown to inhibit seed germination and,

upon oxidation, can produce sulfuric

acid. The production of sulfuric

acid could have direct impacts on

various organisms as well as mobiliz

ing other heavy metals.

Our experience with analyses shows

that there are many problems. Many
"standard"

or
"routine"

methods give

erroneous results. As a result, we

believe that many results that have

appeared in various reports may be

incorrect. We recommend frequent

interlaboratory comparisons and

rigorous quality control.

In conclusion, there is much work to be

done in further defining the extent of trace

element release, transport, and effects.

However, some important results have emerged

that will help in focusing future research

efforts.
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POTENTIAL TOXIC EFFECTS ON AQUATIC BIOTA FROM OIL SHALE DEVELOPMENT
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ABSTRACT

Research designed to assess potential

impacts of effluents resulting from oil shale

development on the aquatic biota has been in

progress for two years. Primary objectives

are: (1) to establish the extent to which

these effluents can contaminate the aquatic

system; (2) to characterize the chemical con

stituents entering the aquatic system; (3) to

identify the principal toxicants present in

the effluents with emphasis on the aquatic

biota; and (4) to determine the transforma

tion and transport behaviors of the toxic

entities. Results of studies carried out on

retorted oil shale leachates are discussed.

INTRODUCTION

The overall objective of this investiga

tion has been to provide predictive informa

tion about the effects of pollutants derived

from oil shale processing on surface waters

and the aquatic biota.

The research plan embodies three areas

of investigation: (1) chemical characteriza

tion of effluents and byproducts associated

with the above energy development area;

(2) field surveys and analyses of aquatic

organisms in streams which are, or may be,

impacted by these effluents; and (3) labora

tory bioassays of known and potential toxi

cants associated with these effluents.

The major sub-objectives of this inves

tigation are:

a. To establish data bases of biological

and chemical information for evaluat

ing the effects on water resources

and ecosystems of potential toxi

cants from oil shale development.

b. To characterize the chemical com

ponents of products and byproducts

for the purpose of identifying
toxicants and potentially toxic

substances which may reach aquatic

ecosystems .

c. To determine the acute and chronic

toxicity, including bioaccumulation,
to aquatic organisms of chemicals

and contaminants resulting from oil

shale development.

d. To determine routes of transport of

toxicants and potentially toxic

substances between their sources

and aquatic systems; mechanical

parameters which define these

routes and control rates and amounts

of transfer; and the chemical/

biological changes which occur.

e. To synthesize information, result

ing from this and other studies, so

that recommendations may be made to

minimize the possible impacts on

aquatic resources and ecosystems.

To date, the investigation has placed

emphasis on the chemical and toxicological

characterization of effluents derived from

oil shale processing. Although attention

could rationally be focused on process water

derived from the retort, or leachates which

result when retorted oil shale is exposed

to water, only the latter have been inves

tigated to date. The results of these

studies, discussed below, should be re

garded as preliminary in nature and repre

sentative of only the retorted oil shale

studied.

RESULTS AND DISCUSSION

It appears that the presently preferred

oil shale processing configurations are the

in situ and modified in situ methods. In

such instances, the majority of the retorted

oil shale (ROS) will remain underground
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where ground waters, if present, can have

direct access to it. If these ground waters

gain access to the surface, they may carry

the constituents leached from the ROS to

surface waters. Thus, chemical and biolog

ical characterization has concentrated on

leachates obtained from the large lysimeters

located at Anvil Point, Colorado, which are

filled with ROS from the Paraho operation

(Berg 1977) . Relatively large quantities of

effluent water were collected from these dur

ing the summer and fall of 1977.

Chemical Characteristics

Chemical analyses of 150 leachate

samples, collected over a period of approxi

mately two months, have shown that the chem

ical characteristics of the leachates

remained reasonably constant even though

fairly large volumes of water passed through

the lysimeters. Levels of more common

chemical characteristics are summarized in

table 1. Evaluation of these data indicates

that the principal contributions to the dis

solved solids concentrations originate from

the dissolution of sodium and potassium salts

with lesser contributions from calcium and

magnesium salts. In order of relative con

centration, the primary soluble ions present

appear to be thiosulfate, sulfate, chloride,

nitrate, and fluoride. The alkalinity of

the irrigation water is also increased by

dissolution of carbonates and bicarbonates

but this is not striking. Perhaps the most

unique characteristic of these leachates is

the presence of high thiosulfate concentra

tions. Since thiosulfate disproportionates
,

as the aqueous medium becomes more acid, to

form sulfate, the actual concentrations of

sulfate and thiosulfate may be influenced by

the pH of the system as well as relative

concentrations of the parent salts. In any

case, the presence of thiosulfate accounts

for the high chemical oxygen demand of the

leachates. Moreover, because thiosulfate

forms stable, soluble complexes with several

heavy metals, it may influence the solubili

ties of these metals.

Table 1. General water quality
levels for

common constituents in retorted oil

shale leachates.

Parameter Ohserved
Range'

pH 10-11.2

Specific Conductance (ymhos) 11,000-18,000

Hardness (as CaC03) 400-1,200

Alkalinity (as CaC03) 200-400

Dissolved Solids 10,000-30,000

Calcium 60-550

Magnesium 10-300

Sodium 600-7,000

Potassium 100-1,000

Chloride 40-150

Fluoride 2-20

Nitrate 5-50

Sulfate 1,000-18,000

Thiosulfate 1,000-20,000

*Ranges observed for >100 samples from eight

different ROS lysimeters each representing a

different slope/packing configuration and each

sprinkler irrigated. All concentrations in mg/l

unless otherwise noted.

The leachate samples collected have

also been analyzed for trace elements.

Approximate mean values and ranges observed

are summarized in table 2. Concentrations

of several elements are notably high when

compared with levels characteristic of

natural surface waters for As, B, Li, Mo,

Ni, Se, and Sn. The possible significance

of these higher concentrations, in terms of

possible effects on plants and animals,

should be considered.

The aqueous leachates have also been

examined on a preliminary basis for the

presence of soluble organics. Ultraviolet-

visible and infrared absorption spectro

photometry measurements, coupled with

liquid chromatographic analyses, have shown

that several types of organics are present.
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Table 2. Trace element levels in retorted

oil shale leachates.

Element

Approximate

Mean, ug/1 Range, yg/1

Aluminum 800 70-2,500

Arsenic 80 70-150

Beryllium <10 <10-48

Boron 1,000 350-2,300

Cadmi urn <25 <25-80

Chromium <25 <25-80

Copper <25 <25-180

Iron <20 <20-9,000

Lead <100 <100

Lithium 10,000 50-20,000

Manganese 200 <50-800

Mercury 0.5 0.1-1

Molybdenum 100 <50-600

Nickel 120 <25-200

Selenium 110 100-150

Silicon 9,000 1,000-20,000

Strontium 5,000 1,000-20,000

Tin 100 30-4,500

Zinc 20 <5-l,400

Gas chromatographic analyses of the aqueous

leachates, benzene extracts of these, and of

air- evaporated leachates taken up in benzene,

gave no indication of detectable amounts of

organic compounds which could be chromato

graphed at temperatures up to 400 C on a 1.5%

Dexil-300 column. Liquid chromatographic

behaviors of the water-soluble compounds were

generally indicative of conjugated and/or

aromatic compounds. It was further shown

that the concentration of total fluorescible

material in these leachates was typically

equivalent to approximately 1-10 mg/l. Pres

ent efforts are devoted to the identification

of the primary organic compounds (or com

pound types) present.

Biological Characteristics

General evaluation of ROS leachates,

in terms of biological effects, has been

based on acute (96-hour), static bioassays

carried out at the Fisheries Bioassay

Laboratory, Montana State University. Two

species were used: Daphnia nulicaria

(water flea) and Pimephales promelas (fat

head minnow) were used; the first, repre

senting a
"typical"

invertebrate, the

second, fish. These tests have provided

estimates of the volumes of ROS leachates

that cause 50 percent mortality when added

to the test waters. These will be referred

to as the Least Dilution- 50 (LD50 in ml/1)

values herein.

Static tests, run on eight different

ROS leachates for 96 hours, indicated LD50

values, ranging from approximately 4 to 8

ml/1, for both Daphnia and fathead minnows.

However, it was noted that dissolved oxygen

levels in the test systems dropped to less

than one part per million in nearly all

instances for which leachate was added at

levels exceeding ^2 ml/1. While several

contaminants present in the leachates may

have contributed directly to the mortality

observed, the reduction in dissolved

oxygen was considered the most probable

cause. This reduction was largely due to

redox reactions, involving the rather large

concentrations of thiosulfate present.

Subsequently, 30-day static bioassays

(partial chronic) were run on fathead

minnows in which the test tanks were con

tinuously aerated to maintain dissolved

oxygen levels. Under these circumstances,

LD50 values increased to the 250-500 ml/1

range. Thus, when depletion of dissolved

oxygen was circumvented, toxic response was

also reduced in magnitude in terms of both

concentration and time.

These observations suggest two general

conclusions: (1) the presence of thiosul

fate has a deleterious effect, manifested

primarily by a reduction in dissolved

oxygen which can cause a toxic response in
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invertebrates and fish, and (2) when deple

tion of dissolved oxygen is circumvented,

other leachate constituents appear to operate

individually or in combination to induce

mortality. In the latter instance, much

higher leachate concentrations and longer

exposure times are required to cause death.

These results are limited in nature and are

regarded by the authors as strictly prelim

inary. Further studies are in progress to

define (if possible) the causative agents and

the general universality of the cause and

effect relationship for ROS from various

processes .

SUMMARY

The above results indicate that several

types of constituents may be leached from

ROS. Some of those which may degrade surface

and ground waters and have deleterious effects

on aquatic biota may be inferred from the

data obtained to date. These are thiosulfate,

As, B, Mo, Ni, Se, and Sn. The limited bio

assay results tend to support this contention

in general terms. In this context, now, it

appears that allowing ROS leachates to gain

direct access to surface waters would be ill-

advised. However, ultimate conclusions

regarding the potential effects of ROS leach

ates on natural waters and resident aquatic

biota must also be based on the answers to

other questions including the following:

1. What leachate constituents affect

the biota?

2. What are the environmental lifetimes,
degradation products, and environ

mental parameters influencing life

times or degradation pathways?

3. Can the causative constituents gain

access to surface waters?

The continuing thrust of this investiga

tion is to address these questions.

CREDIT: This investigation has been sup

ported by the U.S. Environmental Protection

Agency, Environmental Research Laboratory
-

Duluth, under Grant No. R-803950-03.
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ABSTRACT

Present and planned in situ development

activities of the Michigan Antrim (Devonian)

shale are examined for possible impacts on

air, water, and land resources. Current

environmental monitoring and baseline col

lection efforts for various drilling, frac

turing, and combustion programs associated

with this project are discussed. Local

hydrogeological characteristics are used to

analyze the effects of disposal materials

and wastewaters on surface and groundwater

supplies. Other environmental parameters

examined include subsidence, air quality,

and surface disturbances.

Anticipated results from the Antrim

environmental monitoring program are summar

ized as are statements of specific research

needs .

INTRODUCTION

Since March 1977, the Environmental

Research Institute of Michigan has been col

lecting baseline environmental data and

monitoring current activities at the in situ

Antrim shale gasification project site in

southeastern Michigan, sponsored by the

state's Department of Energy. This project

is a four-year experimental effort, con

ducted by Dow Chemical Company, as a contin

uation of their previous work with the Antrim

shale.

The Antrim shale deposit covers the

entire lower peninsula of Michigan in a layer

60 to 120 meters thick, lying below the sur

face at depths up to a maximum of 1,000

meters at the center of the Michigan Basin

geologic structure. Outcropping occurs

near Alpena, Michigan. At the present

shale test site, the shale lies 400+ meters

below surface.

The goal of the experiment is to eval

uate in situ production of energy values

(mainly low Btu gas) by partial combustion

of the organic matter in the Devonian

Antrim shale. Current experimental activ

ity includes two parts: evaluation of

various ways to fracture the shale in

preparation for burning; and, evaluation of

ways to initiate and maintain combustion

that will provide the desired energy

products .

This paper will: 1. describe the

environmental setting of the study site;

2. briefly discuss the experimental activi

ties; and 3. document the current and

planned environmental monitoring efforts

for air, water, and land resources.

ENVIRONMENTAL SETTING OF THE MICHIGAN SHALE

SITE

The study site for the Antrim Shale

experimental activities is an 80-acre (32

ha) parcel in eastern Michigan's Sanilac

County in what is referred to as the
"thumb"

of Michigan. Current land use in this area

is over 80-percent active or inactive

agriculture; the remaining area largely con

sisting of scattered woodlots. Fields in

this area have traditionally been used to

raise field crops or as pasture lands for

dairy herds. The site itself is a former

dairy farm whose current vegetation cover

consists of woody and herbaceous old field
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vegetation. This area is economically poor

with a predominantly rural population. Popu

lation density is low with only 35 residences

within two kilometers of the study site. No

significant urban populations are within 30

kilometers. The shale site is in the Seymour

Creek watershed of the Black River Basin,

which has a total drainage area of 1,820 sq

kilometers (fig. 1).

Marshall

Formation

Coldwater |S

Shale

Sunbury

Shale

Berea

Sandstone

Bedford

Shale

Figure 1. Bedrock geology.

Antrim shale is one strata of extensive

sedimentary material deposited during the

Paleozoic era. At the study site, 70 meters

of glacial drift were deposited on these

sedimentary layers during the Pleistocene.

Bedrock formations which subcrop the drift

in this area include, from youngest to old

est: Marshall sandstone, Coldwater and

Sunbury shales, Berea sandstone, Beford and

Antrim shales.

Marshall formation subcrops are found

only in the extreme western portions of the

Black River basin. Because this sandstone

is very porous, wells yield large amounts of

water. Coldwater shale is a relatively

thick layer and subcrops a large portion of

the basin, including the site area. This

shale has very low permeability as well as

on

s

an inability to store water. Wells com

pleted in the Coldwater formation yield

less than 10 gpm, and the water is often

highly
mineralized. The Sunbury, Berea,

and Beford formations are thin as compared

to the Coldwater shale. Of these units,

ly the Berea sandstone is capable of

toring and yielding
water which will gen

erally be brine. The Antrim shale is the

oldest subcropping formation; it generally

produces little water and whatever is pro

duced is always mineralized.
At the site,

only drift
wells produce fresh water. Bed

rock strata all contain highly mineralized

water or brine.

In the southeastern portion of the

Black River basin, including the site,

glacial lake beds are predominantly clay

and generally not good sources of water.

In this area, wells completed in the drift

yield less than 10 gpm. The site bears

evidence of being formed by
glacial- lake

bed deposits. It has little relief and is

poorly drained. The site itself has sev

eral marshy depressions, one with a stand

ing body of water. Soils in this area have

developed from the glacial deposits through

weathering, oxidation, and leaching.

Because of the variation in parent materials

and changes in these materials, a complex

of soil types exists. Surface soils are

chiefly silt loams and sand loams and are

often well sorted and structured. State

well-logs and water wells in and around the

shale site show the upper alluvial structure

consists of alternate clay and loam layers.

Infiltration rates are generally less than

5 centimeters per hour so that heavy rain

fall produces significant storm runoff.

The topography of the Seymour Creek

watershed basin is very flat with average

slopes of less than two meters per kilometer.

Because drainage is very poor, numerous

channels and ditches have been added to

enhance draining and prevent ponding in the

fields. Many of these ditches are inter

mittent and free-flowing during the period

of spring runoff and often in late fall

season. Flows in the Black River are quite
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variable. The United States Geologic Survey

(USGS) gauging station at Fargo, which

receives water from about
two- thirds of the

basin, has a typical annual minimum discharge

of 10 cfs, an annual maximum discharge of

5,000 cfs and an average of 200 cfs. Because

clay is the dominant soil in the Black River

drainage basin, infiltration is very low and

stream flow has great variability. Depth to

the water table can fluctuate by more than

five meters from wet saturated to dry periods

when surface ground water sources are

depleted. Annual average precipitation in

this area is 76 cm of which 19 cm are ob

served as runoff and 51 cm are lost as evap

oration; only 6 cm infiltrates the clay

soils to recharge groundwater supplies.

No broad water quality monitoring pro

gram has been undertaken in the Black River

basin. However, some water quality data are

available from the USGS and the Michigan

Department of Natural Resources. It may be

inferred from the data that surface waters

are hard, with calcium concentrations as high

as 100 mg/l and magnesium concentrations of

about 25 mg/l. These waters can also be high

in sulfate (100-150 ppm) and chlorides
(30-

100 ppm) . Total dissolved solids vary widely

in the surface waters but are usually in ex

cess of 400 ppm (Knutilla 1969) . Wells com

pleted in the drift in the vicinity of the

site are also quite hard, having calcium

concentrations from 40 to 80 ppm, magnesium

from 25 to 30 ppm; sodium and chlorides

occurrence, however, is low: less than 10

ppm. In the southern portion of the Black

River basin, deeper wells may yield water

with chlorides in excess of that recommended

for drinking. Many wells completed in bed

rock are very mineralized, high in sodium

and chloride, and having total dissolved

solids in excess of 1000 ppm.

Water used to supply drilling operations

and general needs at the site has been ob

tained from two sources; a one-hectare pond

located on the site and a supply well (24 m

deep) completed in the drift. Records of

water use and disposal are being maintained.

Since water resources in this area are sub

stantial, they can easily meet the require

ments for shale development without infring

ing on present domestic and agricultural

needs.

At present very little
information is

available on possible environmental contam

inants from in situ gasification. Some

preliminary results have been obtained from

surface retort tests of the Antrim shale

conducted by the Laramie Energy Research

Center (Martel and Harak 1977) .

Concentration of sulfur in Antrim

shale is notably higher than in typical

Colorado shales according to results from

retort effluent analysis.

Retort waters from both shales were

also analyzed for trace elements. Table 1

compares concentrations of several trace

elements in the retort effluent with levels

in the raw shale and with national interim

drinking water standards. Raw shale data

were obtained from two sources but com

parisons of the trace element concentrations

may be useful (Fergus 1977, for Antrim,

Shendrikar and Faudel 1978, for Colorado) .

Arsenic and selenium, identified by Klusman

and Ringrose (1977) as potential problems

in mining western shale, do not appear to

be a problem for the Antrim shale. Mangan

ese, on the other hand, was found in much

higher levels in the retort water from the

Antrim than from the Colorado shale and

also at a concentration almost six times

that accepted for domestic water supplies.

Boron, fluoride, and mercury, also identi

fied as potential problems in Colorado, may

not have the same significance for the

Michigan Antrim shale. This preliminary

examination of trace element contaminants

from retorting the Michigan Antrim shale

indicates little potential for environ

mental problems from the gasification pro

cess. Many of the above parameters will be

examined during the Michigan experiment in

attempts to confirm this supposition.

EXPERIMENTAL ACTIVITIES

Currently, the Antrim shale gasifica

tion program is in several stages of
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Table 1. Comparison of trace element composition.

Element

Arsenic

Barium

Baron

Cadmium

Chromium

Florlde

Manganese

Mercury

Nickel

Selenium

Zink

Colorado Antrim Colorado shale
Michigan shale Water Supply

Sefrpm) Stole (ppmL Retort Water (ppm), Retort Water (ppm),
Standard (ppm)5

~~

1
...

Z
= 0.011 0.05

61.7

74.0

1.35

43.3

1017

213.7

23.4

12.2

64.2

15.3

488

13.8

91.6

101.0

1.80

69.3

5.90

0.012

5.2

0.011

31.0

0.042

0.100

1.10

0.010

0.260

1. Colony Mine. Piceance Creek Basin

2. Drill Core Analysis, Sanilac County, Michigan

3. Anvil Points, Rifle, Colorado

4. Huron Cement Co., Alpena, Michigan

5. National Interim Primary DrinkingWater Regulations

6. Michigan Standard For Agricultural Use

0.011

0.012

2.0

0.020

7.6

0.280

0.0002

0.005

0.001

6.90

0.05

1.0

0.750(
0.01

0.05

2.0

0.05

0.002

(0.01)

0.01

5.0

development. The well pattern on the north

ern (or front)
forty-

acre (16 ha) portion of

the site, developed in earlier Dow shale

experiments, has been revitalized. Several

attempts have been made to initiate in situ

combustion in these wells. A substantial,

self-sustaining combustion has not yet been

achieved. There are no plans to use the gas

produced in this stage of development.

Gases obtained will be passed through a gas/

liquid separator and a demister to collect

solid and liquid wastes. Gas will be flared

on site in a ten-meter flare system. Brine

from dewatering has been stored in a rubber-

lined pit. On the southern
forty-

acre (16

ha) portion, plans call for drilling 37 new

wells, fracturing of three well patterns by

different methods and then attempting to

initiate combustion in the pattern exhibit

ing the best fracturing. Open pits have

been used for disposal of drilling muds.

Drilling brines, used during the winter

months, have been contained in surface stor

age tanks.

Three techniques will be used to frac

ture the shale: hydrofracing, explosive

fracturing, and acid under-
reaming. All

will be followed by various types of explo

sive fracturing. In situ gasification

entails raising the fractured shale to a

sufficiently high temperature to achieve a

self-sustaining burn. Once this is

achieved, injection rate is regulated to

control the burn rate, and by-product gas

is recovered from surrounding wells. Since

there is a substantial overburden of bed

rock and glacial deposits above the Antrim

shale, separating combination products

from potable aquifers, chances of environ

mental contamination from migration of in

situ gasification are expected to be min

imal. Therefore, examination of environ

mental impacts from gasification will be

concentrated on those associated with site

development and disposal of materials
brought to the surface.

Principal concerns and potential im

pacts resulting from the in situ gasifica

tion program are summarized in table 2.
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Table 2. Potential environmental problems from in situ processing and energy
extraction of

Michigan Antrim shale.

Activity

Site Preparation

Well Drilling

Fracturing and

Acid Underreaming

Dewatering

In Situ Combustion

and Product Recovery

Site Restoration and

Reuse

Concerns

Increase surface runoff due

to grading, generation of

dust and noise, removal of

upper soil horizons

Leachate from drilling mud

pits, brine leakage

surface disturbance

Spillage, vertical cracks,

explosive fracturing of

overlying strata.

Subsidence

Disposal, leakage from

holding ponds

Air emissions, disposal

of retort and backflood

waters, deep groundwater

contamination, subsidence

Soil residuals, long-term

pollution of local aquifers

by slow migration of solutes

Potential Impacts

Increased sedimentation

to surface waters.

Nuisance conditions

Loss of soil productivity

Reduce quality of local

ground water supplies.

vegetation loss

Leaks from resource zone,

change in local drainage

pattern

Reduce quality of local

ground water

Impacts on local air and

groundwater quality, change

of local drainage patterns

Contaminants prevent

agricultural use

unsuitable groundwater

for domestic water supplies

While current activities are expected

to have limited impacts on the environment,

monitoring and analysis of their magnitude

may allow a more complete assessment of an

operational in situ gasification program.

MONITORING PROGRAM

To assess negative impacts from site

development and combustion activities, a

monitoring program has been initiated which

includes the collection of baseline data on

air, water, and land resources. Additional

data will be collected throughout the period

of site development, well drilling, fractur

ing and combustion trials for comparison

with baseline data. Adverse effects should

be indicated by changes in one or more

environmental parameters that can be related

to the presence of released materials, sub

sidence or other site activities. The fol

lowing sections document in greater detail

current monitoring activities.

Air

Air quality measurements are being

conducted to determine baseline concentra

tions of air pollutants in the vicinity of

the in situ oil shale test site and to iso

late impacts of site activities. Pollutants

measured include: carbon monoxide, oxides

of nitrogen, sulfur dioxide, hydrocarbons

and particulates.

The air quality impact of the experi

mental in situ test facilities is signifi

cantly different than the impact of an

operational program. The flare stack is

one of the major features of this test site

and would not be present in an operational

oil shale project. Therefore, emissions

from the flare stack are only applicable to
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determine the impact of the experimental pro

cess; not an operational one.

Ambient air monitoring equipment was

installed in a Coachman trailer equipped with

a portable electrical generator. Instrumen

tation included: a Hi-Vol particle sampler;

a gas chromatograph for measuring methane,

carbon monoxide, and total hydrocarbons; a

dual-
channel chemiluminescent analyzer for

measuring NO and N0X; and a flame photometric

detector for measuring S02 The trailer was

located at the edge of the test site,

approximately two hundred and fifty meters

downwind from the flare stack. Ambient air

sampling has been performed from July 1977

to April 1978 except for a period in

December and January.

The prevailing winds during the time

period of testing were from the southwest.

Wind speed and direction were continuously

recorded as were the concentrations of gas

eous samples. Twenty- four hour particle

samples were normally collected every other

day on pre-weighed filters that were subse

quently desiccated and weighed to determine

particle concentrations. Results were then

correlated with site activities, wind speeds

and directions, and ambient air quality

standards to determine the air quality impact

of test site activities.

Background concentrations of air contam

inants at the in situ oil shale test site

(table 3) are in the following ranges:

Table 3. Air quality baseline monitoring.

Particulates, 10-100 mg/m

Methane, 1.0-4.0 ppm

S02> 0-10ppb

NOx, 5-10ppb

CO, 0.3-O.8ppm Non-Methane Hydrocarbons, 0.0-0.2 ppm

These concentrations are well below ambient

air quality standards.

Soil samples, upwind and downwind from

the combustion stack, were collected before

current combustion tests. Additional

samples will be obtained after conclusion

of a successful combustion test. These

samples will be analyzed for the elements in

table 4 to complement the data collected by

the air quality van and to examine heavy

particulate fallout near the stack and gas

eous materials at the area of expected

maximum ground concentration.

Table 4. Water quality parameters.

Total Carbon, TC Barium

Total Organic Carbon, TOC Strontium

Carbonate/Bicarbonate Bromide

Phenolics Arsenic

Potassium

Sodium

Calcium

Magnesium

Chloride Sulfate

Suspended Solids Aluminum

pH
Silicon

Iron

Lead

Mercury

Water

Zinc

Copper

Nickel

Manganese

Chromium

Vanadium

Boron

Beryllium

Lithium

The water monitoring program will

gather water quality data on surface and

ground water from the site and surrounding

area. Samples are being analyzed for sev

eral parameters on each sample and selec

tively for trace elements (table 4) . Sur

face disposal materials such as brines,

drilling muds, retort condensate and back-

flood water, will be examined for trace

elements. Baseline measurements will

establish levels in soils, stream sediments,

surface and ground waters .

The hydrologic system will be monitored

to improve understanding of surface drain

age patterns and flows. Smaller flows, near

the site area, are seasonal and fluctuate

greatly with the passing of storms. Flows

in smaller channels are being monitored

with small weirs fitted with hydrographic

recorders. Flumes may also be installed to

examine small flows from the site. Precip

itation data is being gathered by a record

ing gauge at the shale site.

Groundwater monitoring has involved

the collection of samples from area domes

tic wells and study site water supply wells.

It is anticipated that the drilling mud

pits will be monitored by installing sev

eral shallow wells both up and down gradient

from the pits. Results will be interpreted

and analyzed for concentration and movement

of constituents laterally and vertically
from the disposal site. A rubber- lined

Pit, holding brine, is also being monitored

via a shallow well. Bedrock ground water,
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located above the retort zone, will not be

monitored before combustion is established.

Once combustion is established, product con

densate, residue oils, and spent shale back

waters will be analyzed for organic chemical

constituents and trace elements. If sig

nificant contaminants are found, it may be

necessary to drill observation wells into

formations located above the combustion zone

to monitor any upward migrating groundwater.

Land

A concern related to most in situ ex

tractive activities is surface subsidence.

The possibility of subsidence resulting from

the current Antrim shale activities is

believed to be very unlikely because of the

limited materials involved, the depth at

which activities occur, and the integrity of

the strata above the Antrim shale. In order

to detect any elevation change, however,

forty- three subsidence monuments were

installed during the past year and an addi

tional eleven monuments will be installed

in the next. Most of these monuments were

placed on three radial lines from the three

centers of site activity; several were

installed beyond the limits of any possible

subsidence. The monuments consist of a

three meter long, ten centimeter inside

diameter plastic pipe and a three and
one-

half meter long, two centimeter inside diam

eter steel pipe. An auger is used to dig a

hole for the plastic pipe and the steel pipe

is then placed inside the plastic pipe and

driven into the ground until both pipes

extend approximately fifteen centimeters

above the ground surface. The space between

the pipes is filled with foam chips. The

outer plastic pipe should protect the inner

pipe from movements due to frost heave.

Baseline vertical elevations of the metal

pipes were collected, using a laser theodol

ite. Additional elevations will be obtained

at least annually during the experiment and

possibly beyond the experiment to identify

delayed surface subsidence.

The principal observable impact during

the first year of activity was ground surface

disturbances. These disturbances have

resulted from increased traffic on the

property, road construction and drilling

activities
-

particularly disposal of

drilling muds. These activities have

caused compaction of the soil; removal of

much (in some cases all) of the
"A" horizon

of the soil; removal of vegetative cover,

thus increasing the amount of surface

water runoff; soil contamination from the

drilling muds, brine used in winter drill

ing; acid and soda ash from the acid
under-

reaming; and miscellaneous spills of gas

and oil. These impacts are common to many

construction activities
-

particularly

other drilling operations
- and may only be

unique to the Dow activity because of the

density of the experimental wells.

Color infrared and normal color aerial

photographs were taken before current

experimental activities. This record of

site conditions can be compared to sub

sequent photography to determine location

and magnitude of surface disturbances or

changes in land cover resulting from the

site activity.

A survey of vegetation, conducted dur

ing the past year, consisted of a qualita

tive assessment of types on the Dow prop

erty. This assessment was conducted in two

stages: (1) an analysis of recent aerial

photography for primary cover types, and

(2) a field examination of the site.

Primary- type ground cover on the property

is old field vegetation; others are scat

tered rock islands, fencerows, and several

wetlands. A list was made of the most

common plants in each of these cover types.

A more detailed vegetative analysis, using

sample plots, will be conducted this spring.

The aim of the vegetative survey is to

document the extent of removal or damage

from pollutants and also to examine rate of

recovery of vegetative cover after the

experimental activity is concluded.
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DISCUSSION

Baseline monitoring of potential impacts

on air, water, and land resources from the

Antrim shale gasification experiment will be

continued throughout the development phase.

During most of that time, activities will

involve drilling, hydrofracing, and permea

bility tests. Combustion trials on the

south forty acres (16 ha) are not scheduled

until July 1979. With combustion attempts

on the north forty acres (16 ha) scheduled

to stop soon, there is little chance of exam

ining specific components from combustion

until late 1979 or early 1980.

This past year's main accomplishment

has been establishing baseline information

against which future data can be compared.

The validity of such baseline data has been

compromised, in some cases, by various

activities that took place on-site before

the current effort began. These activities

include well drilling, fracturing, brine

leakage and surface disturbances. In some

cases, these activities have affected the

environment at the site to the extent that

impacts of the current operations will not

be evident or quantifiable from the current

monitoring effort. In such instances, only

conjectural or, at best, qualitative assess

ments of the affects of the site activities

may be possible.

Among the greatest concerns for poten

tial impact are the long term effects of

the extensive surface disruptions, especially

mud pits, associated with drilling operations.

These disruptions may seriously impair use

of the land after the shale energy beneath

it is extracted and could have major impli

cations affecting the use of the shale

resource in areas like Michigan. Procedures

to reduce or eliminate the need for extensive

surface disruption should be considered.

Perhaps the potential impact of greatest

uncertainty is created by the vertical frac

tures developed by hydrofracing. If such

fractures extend into the shale caprock,

they may increase permeability. Gas pressure

generated during in situ gasification may

then cause displacement of void water in the

caprock. Plans are being formulated to

analyze this possibility, although it is

presently considered remote. While the

need to address this issue is recognized,

a method is sought which will avoid the

necessity of drilling a number of observa

tion wells .

Another area of uncertainty and con

cern is the possibility that there are

occupational hazards and toxic substances

associated with oil shale development for

which standards have not been established.

Practical guidelines are needed on concen

tration levels observed in raw materials

and on combustion products which can be

tolerated in various environments.
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MERCURY EMISSIONS FROM A SIMULATED IN SITU OIL SHALE RETORT

J. P. Fox, R. D. McLaughlin

Lawrence Berkeley Lab.

End of Hearst, Bldg. 70, Room 143

Berkeley, CA 94720

C. Bartke, J. J. Duvall, K. K. Mason, R. E. Poulson

Laramie Energy Research Center

P.O. Box 3395, University Station

Laramie, WY 82071

INTRODUCTION

Mercury emissions from fossil-fuel

processes have received considerable atten

tion in the past several years. They have

been studied by Bertine and others (1971) ;

Diehl and others (1972); Billings and others

(1973) ; Forney and others (1975) ; Kaakinen

and others (1975); Klein and others (1975);

Fox and others (1977) ; and Fruchter and

others (1977). This emphasis has been

placed on mercury primarily due to its vola

tility. Studies of coal combustion by Bill

ings and others (1973) and Klein and others

(1975) indicate that more than 90 percent of

the mercury present in coal is emitted to the

atmosphere in the flue gas. Similar studies

are in progress for most synthetic fuel

processes .

Preliminary investigations of simulated

in situ oil shale retorts indicate that mer

cury will be present in the process streams;

control measures should take this into ac

count. Fox and others (1977) estimated gas

eous mercury emissions by difference from

mass balance data for two simulated in-situ

retorts: Laramie Energy Research Center's

(LERC) controlled-state retort and Lawrence

Livermore Laboratory's 125-kg retort. Fruch

ter and others (1977) made a single measure

ment of mercury in the gas stream from LERC's

9.1-metric ton (10-ton) retort. No long-term,

direct gas measurements were available to

corroborate these results.

The purpose of the present study was to

measure gaseous mercury emissions, as a

function of time, during simulated in

situ oil shale retorting by making direct

measurements of mercury in the gas stream

over an extended period, and to measure

the distribution of mercury among spent

oil shale, shale oil, and retort water.

These measurements were made at LERC on

the controlled-state retort (Duvall and

Jensen, 1975) with a Zeeman atomic absorp

tion spectrometer (Hadeishi and others,

1975) . Retort inputs and outputs were

collected and mercury mass balances com

pleted to substantiate the gas measure

ment results.

It is important to realize that the

measurements reported in this paper were

made on process streams from a small-scale

simulated retort in the absence of any en

vironmental control technology. This is

a necessary first step in determining con

trol technology requirements. In practice,

output streams would not be directly re

leased to the environment; they would be

treated to remove any objectionable sub

stances before disposal.

EXPERIMENTAL PROCEDURES

The distribution of mercury to spent

shale, shale oil, retort water and gas

exiting the retort during simulated in

situ oil shale retorting was studied in

16 runs of LERC's controlled-state retort.

Samples of raw shale, spent shale, shale

oil, retort water, and offgas were col

lected and analyzed for total mercury.
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CROSS-SECTION

OF CONTROLLED-STATE RETORT

CONTROLLED-STATE
I RETORT

POWER SUPPLY

DORIC

TRENDICATOR

K-type

thermo

couple

-?
STRIP

CHART
RECORDER

F^^ Vent

Teflon

pump

GAS a OIL

RECEIVER

IMPINGER TRAIN

tx Teflon valve

0 Wet test meter

Teflon or Pyrex tubing, -|
in. I.D.

Electrical wiring

Figure 1. Experimental setup for gas measurements during runs 69 and 70.

Gases were continuously monitored during one

run, using instrumental methods, and inter

mittently monitored during two runs with
im-

pingers.

Retort Facility Description

The controlled-state retort and its op

eration have been described by Duvall and

Jensen (1975) and Bartke and Duvall (1977).

A schematic of this retort is shown in cross
-

section on figure 1. It is a bench-scale,

simulated in situ retorting facility with a

capacity of approximately 20 kg, consisting

of a 3.96 m (13 ft) long, 7.62 cm (3 in) ID

vertical stainless steel tube. Thermo

couples are placed in a 2.54 cm (1 in)
OD tube axially centered through the

outer 7.62-cm (3-in) tube. The smaller

tube is surrounded by a contiguous series

of 24 pairs of 15.2 cm (6 in) long elec

tric heaters, controlled by 24 variable

transformers. The product collection

system consists of a glass receiver main

tained at ambient conditions and two

knock-out traps in series, maintained at
0 C and -78C, respectively. The receiv
er collects most of the oil and retort
water and the traps collect volatile
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Table 1. Retort operating conditions for LERC's controlled-state retort

Run Shale Run Shale grade Run duration, Shale size Oil yield, % Heating rate Isothermal Maximum Sweep Cas flovs

type type liters/tonnes hr range, mm Fischer assay "C/min advance rate, temperature, gas rate,

(volume basis) m/day C Std

liters /sec -m

CS-35

CS-56

CS-S7

CS-59

CS-60

CS-61

CS-62

CS-63

CS-64

CS-65

CS-66

Colorado

Colorado

Colorado

Colorado

Colorado

Colorado

Utah

Antrim

Colorado

Moroccan

Colorado

CS-67 Colorado C

CS-68 Colorado C

CS-69 Colorado C

CS-70 Colorado C

CS-71 Utah C

140

123

123

126

40

248

79

128

62

112.9 (days)

62

20.5

34

62

62

62

62

62

62

62

3-13

3-13

3-13

3-13

3-13

3-13

3-13

3-13

3-13

3-13

3-13

3-13

101

71

98

111

46

92

95

77

94

1.11

0.02

1.11

11.11

1.11

1.11

1.11

1.11

1.11

1.11

1.11

1.11

1.83

0.04

1.83

7.32

1.83

1.83

1.83

1.83

1.83

1.83

1.83

1.83

119 62 3-13 97 1.11 1.83

118 78 3-13 98 1.11 1.83

134 62 3-13 96 1.11 1.83

137 62 3-13 91 1.11 1.83

540

540

540

565

540

540

540

540

S40

540

S40

540

540

2.04

0.04

2.04

20.4

2.04

2.04

2.04

2.04

2.04

2.04

75% N2
+ 25% steam 2.45

75% N2
+ 25% steam 2.45

2.04

760 56%N2 + 30%

steam,+l4%02 2.45

540 75% N2
+25% steam 2.45

540 75% N2
+25% steam 2.45

C = completed run;
1= interrupted run.

organic vapors. The retort is fitted at the

top to allow a gas to flow through the shale

bed during operation.

Pertinent retort operating conditions

for the 16 runs used in this study are sum

marized in table 1. Run numbers are shown in

the first column and will be used throughout

this paper. Fifteen of the runs were "com

pleted"

runs and one was an
"interrupted"

run. In a completed run, all 24 heater ele

ments are successively turned on at 2-hr

intervals, the temperature gradually in

creased to 540C and maintained at that tem

perature for eight hours. In the interrupt

ed run, 60, heating was stopped at the 14th

heating element 2.13 m (7 ft) from the top

of the retort and the retort vessel rapidly

cooled with water to stop reactions. After

cooling, the retort tube was cut into 24

sections corresponding to the heater elements

and the spent shale from each zone recovered.

Eleven of the runs used nitrogen as

the carrier gas. In these experiments,

the principal oil conversion mechanism is

pyrolysis; combustion does not occur.

Seven of the runs used steam and nitrogen

as the sweep gases and one of these em

ployed oxygen; in these runs, both com

bustion and pyrolysis occur. Four types

of shale, Colorado, Utah, Antrim and

Moroccan, and a range of shale grades were

investigated. Shale size range, heating

rates, isothermal advance rates, and tem

perature profiles were nearly uniform in

all runs with the exception of 56 and 59

which spanned the extremes in heating

rates. Run 56 used a very low heating

rate and run 59 employed a very rapid

heating rate.

The controlled-state retort is dif

ferent from a field-scale retort in sev

eral ways. Maximum temperature reached
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in this retort, 760C, is low, compared to

those reached in field retorts where temper

atures may reach 1200C. Isothermal ad

vance rates and oil residence time in the

reaction zone are low. Significant differ

ences exist between the product collection

system used in the controlled-state retort

and field retorts. For these reasons, the

results of this study must be verified by

repeating similar measurements in the field

setting.

So1 id
, Liquid and Oi 1 Samples

Samples of raw oil shale, spent oil

shale, retort water, and shale oil were col

lected from the 16 runs. Spent shale was

collected from the top and bottom 15.2 cm

(6 in) of the retort and from the middle

section for most runs. For the interrupted

run, 60, samples from each of 24 segments of

the retort were collected. The raw and

spent shales were ground to less than 3 mm

(1/8 in) in an alumina-face shatter box and

then to less than 0.15 mm (100 mesh) with

a majority passing 0.074 mm (200 mesh) in

an alumina-jaw pulverizer. Oil and water

were collected from the receiver and trap

at the end of each run. The nonemulsif ied

water in the receiver was removed with a

syringe (retort water). A 5- to 25-ml

aliquot was vacuum-filtered through a Milli

pore 0.45-um filter to collect particulates

from the aqueous phase (particulate fraction)

The receiver contents, less the amount of

water removed by syringe, were combined with

condensates from the two knock-out traps and

a sample collected (wet oil). The oil/water

emulsion, on leaving the retort and before

combining with the receiver contents, was

sampled approximately every four hours dur

ing runs 69, 70, and 71. Oil and water were

separated by centrifugation and each frac

tion separately analyzed. Retort water

samples were not acidified (Fox and others

1978) and were stored in air-tight,
acid-

washed, polyethylene
bottles. All samples

were refrigerated at 4C. Samples were

analyzed at 6-mo intervals, and no loss in

mercury was noted.

Gas Measurements

Product gases were analyzed for

total mercury (gaseous plus particulate)

in runs 69 and 70. An on-line monitor

and impingers were used during run 69.

Impingers only were used during run 70

as the on-line monitor's furnace cracked

during run 70. This may have been due

to H2S corrosion of the stainless steel

tube.

Figure 1 shows the experimental

setup for gas measurements. Direct meas

urements of mercury in the gas exiting

from the retort were continuously made

during run 69 with a Zeeman atomic ab

sorption spectrometer (ZAA) (Hadeishi

1972; Hadeishi and McLaughlin 1975).

The technique used the Zeeman effect to

correct for background interferences and

was previously demonstrated as a contin

uous monitor for ambient air (Hadeishi

and others 1975) . Organics in the gas

stream do not interfere with mercury

measurements.

Exit gas flow rates and gas temp

eratures ranged from 0.1 to 2.0 l/min

and 12 to 27C. Total gas flow from

the receiver, which was under slight

positive pressure, was passed through

a 0.91 m (36 in) long, 0.95 cm (3/8 in)

ID teflon line directly into the furnace

of the ZAA detector where it was com

busted and measured. There were no

components between the receiver and the

detector and all lines in contact with

the gas were teflon except the furnace

inlet tube which was a 10.2 cm (4 in)

long, 1.37 cm (1/2 in) ID stainless steel

tube. The mercury signal was recorded

by a strip chart recorder. A typical

recorder output is shown in figure 2.

The baseline represents the recorder

output when there is no gas flow into

the detector. When gas is allowed to

flow into the detector, the recorder pen

moves some distance from the baseline.
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Detector

off i

Calibration''

signal

Baseline

Figure 2. Typical strip chart recording from continuous gas monitoring with a Zeeman

atomic absorption spectrometer.

The distance moved is proportional to the

concentration of mercury atoms in the gas

stream.

Gas flow rates, ambient and gas tempera

tures, and atmospheric pressure were recorded

during the run. The gas flow rate was meas

ured with a wet test meter and stop-watch in

an equivalent line parallel to the sampling

line to avoid contamination and adsorption.

During temperature and pressure measurements,

the gas flow to the detector was diverted to

the parallel line by setting appropriate

valves. Gas temperatures were measured with

a K-type thermocouple in the receiver and

with a calibrated thermometer in the parallel

line at a distance equal to the receiver-to-

detector distance.

The system was calibrated during the

run by injecting known quantities of mercury

into the gas line with a syringe pump. Ap

proximately 5 ml of mercury were placed in a

125-ml septum-covered flask maintained at

ambient temperature. A 30-cc sample of

the vapor was withdrawn with a 50 -cc syr

inge and uniformly injected over 60 sec

into the sampling line at a glass T while

the product gas flowed in the line. An

upstream injection point was used to cor

rect for effects that might result if

mercury were adsorbed on the walls. Since

the calibration vapor and product gas

passed through equivalent tube surface

areas, adsorption would be identical.

Calibration was repeated every 30 min

during most of the period when mercury

was detected. A typical calibration is

shown in figure 2.

The procedure used during the run

was subsequently checked using a more

elaborate technique. Initial calibration

assumed that the mercury in the septum-

covered flask was at equilibrium and
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uniformly distributed within the flask. This

was checked by generating a well-mixed equi

librium mercury vapor, using a procedure sim

ilar to Nelson's (1970). No difference be

tween the two procedures was found. In fut

ure work, permeation tubes will be investi

gated for use in calibration.

Iodine monochloride (IC1) impinger

trains were used to collect mercury from the

gas stream during runs 69 and 70. Several

different impinger train configurations which

included IC1 (Linch and others, 1968), con

centrated acid, H202, and NaOH were used to

trap the mercury and/or remove H2S and par

ticulates. Analytical-grade reagents were

used for the impinger solutions, and reagent

blanks determined. The connecting lines in

the impinger system were teflon except be

tween individual impingers during run 70 when

Pyrex glass was used. A teflon pump and wet

test meter were downstream of the impingers.

The impingers were maintained at 0C with an

ice bath. Sampling times ranged from 1 to 5

hours. During sampling, dark brown, gummy

deposits formed on the walls of the impingers.

Empty impingers and connecting lines were

washed with methyl iso-butyl ketone (MIBK)

which effectively removed the deposits; the

wash was separately collected in air-tight,

acid-washed, polyethylene bottles. On dis

assembly, each impinger solution was also

separately collected for analysis. Samples

were analyzed at 6-month intervals and no

loss in mercury was noted.

Laboratory air was monitored for the

presence of mercury before initiation of re

torting and throughout the experimental work

during run 69. A syringe was used to collect

20 to 100 cc samples of air which were in

jected directly into the mercury monitor for

analysis. After mercury was first detected,

20 to 100 cc samples of air and gas exiting

from the retort were alternatively collected

and analyzed for comparative purposes. No

mercury was detected in the laboratory air

at any point during the experiment. This

corresponds to a background level of mercury

in the air of less than 10 ppb. Likewise,

no mercury was detected in the gas exiting

from the retort during the first
hours of

retorting. This indicates that the mer

cury content of the input gases was also

less than 10 ppb.

Analyses

The collected samples were analyzed

for mercury, inorganic and organic car

bon, and total sulfur, nitrogen, and

hydrogen. Mercury measurements were made

on all samples using Zeeman atomic absorp

tion spectroscopy (Hadeishi and McLaugh

lin 1975) except some retort water partic

ulates. Those particulate samples with

mercury concentrations greater than 20

ppb were analyzed by x-ray fluorescence

spectroscopy (Giaque and others 1977) .

For the ZAA analyses, three to ten

replicates of each sample were analyzed.

Reported errors are the standard error

for N replicates: (E//N") . Samples were

analyzed by inserting a measured quantity

into a 750C furnace in a Pt boat mounted

on a Pt-tipped probe. No sample pretreat

ment was used. Initial experiments indi

cated that poor recoveries were obtained

on spiked samples of retort waters and

impinger solutions; spiked samples of

oils and solids gave good (greater than

95 percent) recoveries. Therefore, all

water samples were analyzed by standard

additions using mercury standards in a

0.1 NHNO, matrix. Oil samples were an

alyzed using organic mercury standards

prepared from commercially available
110-

ppm synthetic organic mercury diluted

with Singer sewing machine oil. Consid

erable difficulty was obtained analyzing

some of the oils directly due to total

light blockage by smoke. This problem

resulted in a detection limit of 60-80

ppb for some of the oils. Digestion or

ashing to decompose the organics is re

quired to eliminate the smoke and is

under investigation.

NBS reference standards were anal

yzed with the samples and an inter-
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laboratory calibration using samples of raw

and spent shale, shale oil, and retort water

was used to verify data accuracy. Select

samples of all materials were analyzed at
6-

month intervals by three analysts and good

agreement obtained. No evidence of mercury

loss on storage was noted.

Total carbon, total hydrogen, and total

nitrogen were determined on a Carlo Erba,

Model 1104, elemental analyzer, gas chroma

tograph. A sample of about 2 mg was com

busted in 10 ml of pure oxygen and swept

through a Pora-Pak Q column. Elemental

nitrogen, carbon dioxide, and water were

detected and the peaks integrated. Calcula

tions were made with factors determined from

NBS standards.

Inorganic carbon was determined by re

acting a sample of about 100 mg with 20 per

cent perchloric acid and evolving C02. The

C02 was swept into a coulometric titrator.

Organic carbon was calculated by subtracting

inorganic carbon from total carbon.

Total sulfur was determined by

burning a sample of about 100 to 200

mg in an oxygen atmosphere. The S02
formed was titrated automatically with

KI0-. Factors used in this determina

tion were calculated, using standards.

RESULTS AND DISCUSSIONS

Gas Measurements

Results of gas measurements made

during runs 69 and 70 are summarized in

figure 3 and table 2. These data, com

bined with the mercury distribution in

spent shale from the interrupted run

shown in figure 4, indicate that mercury

release from a batch-type oil shale re

tort is controlled by the successive

volatilization and removal of mercury

from the gas phase as the reaction front

progresses down the shale bed. Mercury

volatilized from shale at temperatures

3.4

3.0

-s 2.6

^ 2.2

1 1.8

E 14

^ LO

0.6

0.2

I ' i ' i ' i ' i ' i ' i 1 i
'

I I ' I I ' I I ' I ' I '

Time when impingers on line

12 3
1 U I 4 1 1 U 1 . 1 i* I i I i 1 . 1 * 1

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76

Hours from start of run

Figure 3. Time distribution of total mercury in the offgas from run 69 of the controlled-

state retort.
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Table 2. Summary of impinger data for con

trolled-state retort runs 69 and 70

Run Mass of mercury

recovered, ug

CS -
69-

Experiment 1

IC1 (1) < 2

IC1 (2) < 2

Experiment 2

6.3 N NaOH (1) < 9

ICl (2) < 2

IC1 (3) < 2

Washes < 8

Experiment 3

10* H202 (1) < 7

ICl (2) < 2

ICl (3) < 2

1:1:1 HN03:H2S04:H20 (4) < 2

6.3 N NaOH (5) < 7

Washes < 8

Experiment 4a

MIBK wash of empty impinger (1) < 2

ICl (2) 11.8

ICl (3) 4.8

1:1:1 HN03:H2S04:H20 (4) 9.5

MIBK wash of connecting lines 4.1

MIBK wash of (2) and (3) 88.8

MIBK wash of (4) 0.7

CS - 70b

Experiment 1

ICl (1) < 2

ICl (2) < 2

1:1:1 HN03:H2S04:H20 (3) 2.2

1:1:1 HN03:H2S04:H20 (4) 2.2

MIBK wash of (1) and (2) 24.6

MIBK wash of (3) and (4) 1.7

Total volume of gas passed through impingers was 233 liters

in 2.7 hr. Impingers started 55.8 hrs after start of run.

Total volume of gas passed through impingers was 127 liters

in 3.75 hr. Impingers started 53 hr after start of run.

Note:

Numbers in parenthesis identify the order of the impingers. Ftor

example, ICl (1) was the first impinger, and ICl (2) the second

impinger in a two impinger train.

in excess of around 340C is removed in the

cooler regions of the shale bed that are wet

with oil. Additional experimental work is

required to clarify this mechanism.

Continuous Zeeman Atomic Absorption

Measurements

Figure 3 presents results of the contin

uous ZAA gas 'measurements . This figure shows

variation in mercury emission rates (ug/min)

in the gas stream as a function of time. The

plotted points correspond to times when cali

brations were performed. The monitor was run

continuously during the run except for brief

periods when other experiments were on-line.

4 6 8 IO

Feet from top of retort

12

Figure 4 Distribution of mercury, organic

carbon, inorganic carbon, total

hydrogen, nitrogen, and sulfur

throughout the shale bed of an

interrupted run of the controlled-

state retort, run 60.

The times when impinger trains were run

are indicated by the four shaded areas

at the bottom of the graph. The numerals

1 through 4 correspond to four separate

impinger experiments. These experiments

are summarized in table 2.
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This time-distribution of mercury in

gas exiting from the retort shows that no

mercury was detected in the gas stream dur

ing the first 66 percent of the run by either

the ZAA detector or the impingers. Lower

limits of detection for these two methods

are, respectively, 0.2
ug/m3

and 10 yg/m3.

Mercury was detected 51 hours after the run

started. At this time, the temperature in

the bottom 15.2 cm (6 in) of the retort was

300 C; 61 cm (2 ft) above the bottom of the

retort, the temperature was 470C. A sharp

peak, followed by a rapid decline and four

smaller peaks at 59.0, 63.2, 65.5, and 68.5

hrs were noted. The mass of mercury in each

of these five peaks, based on the area under

the curve in figure 3 is, respectively, 857,

73.8, 19.8, 23.1, and 78.1 ug. The mass of

mercury in the second and fifth peaks is ap

proximately equal to the mass of mercury in

one of the 15.2 cm (6-in) zones (61 ug)

while the mass of mercury in the third and

fourth peaks is about 35 percent of that

present in a 15.2 cm (6-in) zone.

This type of distribution may be ex

plained by considering the operation of the

retort. Recall that the retort consists of

a series of 24 heaters, each measuring

15.2-cm (6-in). These are successively

turned on and off to simulate the movement

of a flame front down a packed shale bed.

Combustion and pyrolysis products in the

controlled-state retort rapidly move out of

the heated zone and travel ahead of the re

action front.

Mercury, present in the raw oil shale

in the top of the retort, is initially re

leased when the appropriate temperature is

reached. This mercury travels some distance

down the retort and either condenses when it

encounters a sufficiently cool region or is

selectively removed from the gas stream by

chemical reactions. The process continues

until the reaction front is close to the

bottom of the shale bed. At this point,

most of the mercury released from sections

above the reaction front is revolatilized

when the temperature reaches about 310C

and is swept out of the retort. This

corresponds to the first peak on figure

3.

Subsequently, mercury present in

the unretorted shale in the bottom two

sections, plus any remaining mercury from

sections above the reaction front, is re

leased. This corresponds to the second

through fifth peaks on figure 3. The

mass of mercury associated with the sec

ond and fifth peaks suggests that these

correspond to the release of mercury

present in the oil shale in the bottom

two 15.2 cm (6-in) zones of the retort.

The origin of the third and fourth peaks

is not clear. It is hypothesized that

they are due to the release of mercury

from sections above the reaction front

which was subsequently removed from the

gas phase, similar to the first, larger

peak. The different release times sug

gest that three different forms of mer

cury may be present in the bottom zones

of the retort and that each is released

at a different temperature due to dif

ferences in volatility. The resultant

mercury level trace is reminiscent of a

chromatogram suggesting the possibility

of partitioning of the mercury between

mobile and stationary phases.

This type of mechanism is supported

by the data for the interrupted run

shown in figure 4. Retorting was stopped

2.13 m (7 ft) from the top of the retort

by rapidly cooling the retort with water.

Shale, in the first 2.13 m (7 ft), was

completely retorted; in the next 61 cm

(2 ft) , partially retorted and wet with

oil; and, in the bottom 91 cm (3 ft),

unheated amd wet with oil. Samples from

15.2 cm (6-in) sections, corresponding

to the 24 heating elements, were collect

ed and analyzed. The concentration of

mercury, organic and inorganic carbon,

total nitrogen, hydrogen, and sulfur in

each of these 24 sections is plotted in

figure 4. Major element analyses are

included to clarify the condition of the
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shale at the termination of retorting.

Figure 4 shows that mercury is concen

trated in the 61 cm (2-ft) segment of par

tially retorted shale, wet with oil, and

2.13 m (7 ft) from the top of the retort.

The temperature at the top of this zone was

540C and at the bottom, 75C, when retort

ing was stopped. Maximum mercury concentra

tion in the partially-heated zone occurred in

the section that had a final temperature of

90 C. Approximately 40 percent of the mer

cury originally present in the oil shale is

located in this 61 cm (2-ft) zone.

By contrast, less than 5 percent of the

organic carbon and total hydrogen, sulfur,

and nitrogen is concentrated in this same 61

cm (2-ft) zone. However, the fact that this

zone coincides with the section where organic

carbon and total hydrogen and nitrogen reach

maxima may be significant. These three param

eters peak at a final shale-bed temperature

of 255C. Duvall and Jensen (1975) showed

that the amount of bitumen, heavy gas oil,

and residue per gram of shale reach maxima

in zones with temperatures that range from

200 to 500C.

The enrichment of bitumen and these

distillate fractions in this zone may influ

ence the passage of mercury through the zone.

Substances present in the heavy ends may

catalyze the formation of less volatile mer

cury species or may form organometallic com

pounds with gaseous mercury. Any mercury

accumulated in the 75 to 540C zone through

these types of mechanisms may be subsequently

volatilized since the mercury content of the

product oil is low (<52 ppb) and since the

peak mercury concentration in the water as

sociated with the oil-water emulsion (figure

5) and gas exiting from the retort (figure

3) do not coincide.

Sulfur distribution along the shale bed

in run 60, shown at the top of figure 4,

indicates that there is no relationship be

tween sulfur and mercury. This is unexpected

since mercuric sulfide could form under the

conditions within the retort. This suggests

that the removal of mercury from the gas

phase may be related to the formation of

organometallic mercury
compounds.

Impinger Measurements

Results of impinger measurements are

shown in table 2. This table presents

the mass of mercury collected in each

impinger, or wash, for four separate ex

periments during run 69 and for one ex

periment during run 70. Mercury was

found in experiment 4 of run 69 and dur

ing run 70.

The impinger sequence used in exper

iment 4 of run 69 was: (1) empty gas

washing bottle to collect particulates;

(2) 10 ml ICl; (3) 10 ml ICl; and (4)

10 ml 1:1:1 HN03:H2S04
:H20. Connecting

lines, from receiver to last impinger

(and each impinger) were rinsed with

MIBK and the wash collected for analysis.

The MIBK wash was used to remove a brown,

gummy deposit that adhered to the ICl

impinger walls. Concentrated HNO.., 6N

NaOH and distilled water, evaluated for

deposit removal, were found to be in

effective. This deposit was present in

all impinger experiments irrespective of

whether mercury was found. Its compo

sition is unknown. It apparently acted

as a scavenger for mercury.

Impinger data collected during run

69 agree with the ZAA results. No mer

cury was detected in the impingers be

fore experiment 4. Mercury levels dur

ing the 2. 7 -hour period of experiment 4

when both impingers and the ZAA detect

or were on line, are 0.74 yg/min (im

pingers) and 0.71 ug/min (ZAA). The

4 percent difference between these

values is considered to be excellent.

In this experiment, the ICl imping
ers and their washes collected 88 per

cent of the mercury. Fifteen percent of

this was in solution; the balance was

found in the MIBK wash. The acid im

pinger collected 9 percent of the total

mercury; the remaining 3 percent was

found in the connecting lines.
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Table 3. Concentration of mercury in raw oil shale, spent oil shale, shale oil and retort

water from runs 35, 56, 57, and 59-71.

Run

Raw oil

shale,

ppb

Spent oil shale, ppb Shale

oil,

ppb

Retort water, ug/1 iter
Refiltered

particulates

wg/liter
Top Middle Bottom Total Particulate

CS-35 78 6
N.S.1a

29 2
N.S.a

<60 4 1
N.S.a

M.S.*

CS-56 78 6 n.s:
a

42 3
N.S.a

<60 12 1
N.S.a

N.S.a

CS-57 78 6
N.S.'a

8 2
N.S.a

70 5 11 1
N.S.a N.S.a

CS-S9 63 6
N.S.;a

<20
N.S.a

<80 34 4
N.S.a

N.S.a

CS-60 163 * 13 205
16b

205
16b

205 t
I6b

<52 29 3 29
4C N.S.a

CS-61 81 4 N.S.
a

1811 79
N.S.a

56
3d N.S.a

49
4C N.S.a

CS-62 73 5 N.S.
a

121 15
N.S.a

<79 49 5 52
4C N.S.a

CS-63 138 t 7 63 7 69 37 261 55 <61 30 5 55
2C N.S.a

CS-64 215 13 37 6 6935 920 207 9 48 2 196 3 15
lc N.S.a

CS-65 101 11 11 1 25 * 3 288 59 59 1 320 25 67 *
2C N.S.a

CS-66 93 6 14 1 15 * 1 28 4 <82 152 * 13 33
2C

136 3

CS-67 308 33 43 2 13 * 2 385 21 59 * 4 95 9 5.1 * 0.2
N.S.a

CS-68 80 6 24 * 2 11 1 238 10 46 2 150 14 16 1 6.2 1.5

CS-69 86 7 <2 IS t 2 3.0 0.9 54 11 103 * 9 79
2C

14 * 3

CS-70 62 2 1.5 0.2 9.5 1.5 34 2 29 10 98 * 5 73
2C N.S.a

CS-71 70 1 47 4 3 44 * 3 58 2 135 * 20 50 2 1.9 0.3 7.9 1.2

w.S.: no sample.

Interrupted run, 23 samples analyzed; average of the 23 is 205 16 ppb.

Measured by X-ray fluorescence.

T)il dewatered with pentane.

Note: Reported errors are one sample standard deviation, i.e,
I//J7

, except for the x-ray flourescence measurements

which are the larger of one standard deviation for

counting statistics or 2% of the reported value.

No continuous ZAA data were obtained

for run 70 due to the operational problem

mentioned previously. However, a single im

pinger measurement was made near the end of

the run. The impinger sequence consisted of

two ICl impingers (10 ml each) followed by

two 1:1:1 HN03:H2S04:H20 impingers (10 ml

each). This yielded a mercury emission rate

of 0.14 yg/min which is equivalent to the

rates obtained at the end of run 69. The

ICl impingers and their washes collected

94 percent of the total mercury and 100

percent of this was found in the MIBK

wash. The balance of the mercury (6%)

was found in the acid impingers. Of

this, 28 percent was found in the MIBK

wash.

Mercury Distribution

The concentration of mercury in raw
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Figure 5. Time variation in mercury concentration in retort water from runs 69 and 70

oil shale, spent shale, shale oil and retort

water is summarized in table 3 and figure 5.

These data and those presented by Fox and

others (1977) indicate that there is no

clear relationship between mercury levels

in in situ oil shale products and retort

operating conditions with the exception of

the oils (Fox and others, 1977). Some

trends, however, seem to be related to

the composition of the raw oil shale.

Raw Oil Shales

Mercury concentration in the raw oil

shale in the 16 samples analyzed ranged

from 63 to 308 ppb and averaged 115 ppb.

This is on the low side of ranges
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reported by most other investigators. Donnell

and Shaw (1977) reported that the concentra

tion of mercury in the Mahogany zone aver

ages 370 ppb and ranges from less than 100

to 970 ppb, while Poulson and others (1977)

found that mercury from the Mahogany zone

ranges from 310 to 1400 ppb and, from the

saline zone, from 190 to 1400 ppb. Desbor

ough, Pitman and Huffman (1976) determined

mercury concentrations in samples from core

in the Piceance Creek Basin, Colorado, and

the Uinta Basin, Utah, to range from 70 to

2900 ppb. The Colorado samples analyzed in

this study were from the Anvil Points mine

and the Parachute Creek area; Utah samples

were from the vicinity of the Utah lease

tracts.

Spent Oil Shales

Greater variation was found in mercury

concentrations in spent oil shales than in

raw oil shales. These levels ranged from

less than 2 ppb to 6935 ppb. This large

variation is related to the condensation of

mercury on the shale and not the concentra

tion of mercury originally present in the

oil shale. Table 3 includes analyses for

top, middle and bottom spent shales for runs

63 through 71. The top and bottom spent

shales were taken from the top and bottom

15.2 cm (6 in) of the shale bed; the remain

der is the middle spent shale. In all of

these runs except 69, mercury concentration

in the bottom spent shale is considerably

higher than in the top and middle spent

shales. Retorting is typically not 100 per

cent complete in the bottom 15.2 cm (6 in)

due to end effects. Therefore, some of the

condensed mercury from above may remain on

the spent shale.

High concentrations of mercury were

found in the middle sections of runs 61, 62,

and 64. It is believed that this is also

related to the condensation phenomenon.

Condensed mercury that is not revolatilized

could result in nonuniform mercury levels in

the spent shales. This might occur if the

heater elements were not functioning properly

or if flow channeling or blockage were

to occur. In the latter case, gases

produced could move backwards in the re

tort. Mercury would then condense behind

the reaction front in a cool zone that

had subsequently been heated. Thus, there

would be no subsequent opportunity for

volatilization. This would cause a non

uniform distribution of mercury in the

spent shale and result in sampling diffi

culties.

Shale Oils

Concentration of mercury in the

shale oil ranged from 29 to 132 ppb and

averaged 62 ppb for the nine samples

analyzed. Only upper limits were obtain

ed for the other seven samples due to

light blockage by smoke during ZAA anal

ysis. These levels are low compared to

mercury values in shale oils from other

simulated in situ retorts. Poulson and

others (1977) report a range of 110 to

720 ppb for eight oils produced in

LERC's 9.1-metric ton (10-ton) and
136-

metric ton (150-ton) simulated in situ

oil shale retorts. Fox and others (1977)

and Fruchter and others (1977) report a

range of 100 to 350 ppb for three oils

from LLL's 125-kg (276-lb) simulated in

situ retort. The likely explanation for

the low mercury levels in the controlled-

state retort is the lower maximum temper

ature reached in this facility. Both

LERC retorts often experience maximum

temperatures in excess of 1000C. In

contrast, all of the runs studied here,

except 69 (760C) ,
employed a maximum

retorting temperature of 540C. *

There is no obvious relationship

between mercury levels in oils from the

various runs, shale composition, or re

tort operating conditions, except temp

erature. The trend noted previously by

Fox and others (1977), i.e., that the

weight of mercury per unit weight of oil

increases as a function of maximum re

tort temperatures, is supported by the

67



data presented here.

Retort Water

Mercury concentration in unfiltered re

tort waters ranges from 4 to 320 ppb. These

levels are comparable to those reported by

Poulson and others (1977) , Fox and others

(1977), and Fruchter and others (1977), for

mercury levels in waters from retorts oper

ated at higher temperatures. These other

works report mercury ranges of from less than

10 to 100 ppb.

The retort water data presented in table

3 and elsewhere indicate that there is no

discernible relationship between mercury level

in the waters and retort operating conditions

or shale type.

During runs 69, 70, and 71, 5 ml samples

of the oil-water emulsion were taken every

four hours, starting with the first appear

ance of the emulsion and terminating with

its last appearance. Water was removed by

centrifugation and analyzed for mercury. The

oils were not analyzed due to smoke inter

ference. The result of these analyses for

runs 69 and 70 is shown in figure 5. Data

for run 71 are not presented, as the mercury

in all but two samples was below the detec

tion limit.

Data for runs 69 and 70 indicate that

mercury levels in the retort water vary as a

function of time from the start of the ex

periment and reach a maximum about 40 hours

into the run. The data for both runs display

this trend. The concentration of mercury in

the final retort water for run 70 (98 ppb)

is higher than the peak (73 ppb) . This sug

gests that samples were not withdrawn during

the time that the peak occurred. These ex

periments are presently being repeated,

using a higher sampling frequency, to better

define the peak. In both of these runs, mer

cury levels were less than 20 ppb in samples

of water collected during the first 8 to 12

hours after first appearance of the oil-water

emulsion and during the final 4 to 8 hours.

The exact mechanisms responsible for

this type of distribution are unknown. Com

paring figure 3 with figure 5, it is

seen that the peak mercury
concentration

in run 69 occurs about 11 hrs before mer

cury is observed in the gas exiting
from

the retort. This implies that two dif

ferent mechanisms control the distribu

tion of mercury to the oil -water emulsion

and this gas. The type of distribution

obtained for retort water could be ex

plained if two phases were moving down

the bed at different rates. One might be

condensed or organically bound mercury;

the second, pyrolysis products (bitumen

and oil). Interactions between the two,

such as leaching, may control the concen

tration of mercury in the retort waters.

Additional experimental work is required

to better define this mechanism.

Retort water samples for runs 60

through 71 except 61 were filtered

through 0.45 ym pore size Millipore Type

HA filter paper and the particulates col

lected and analyzed. Filtered samples

for runs 66, 68, 69, and 71 were main

tained at room temperature for two weeks

and refiltered. The resulting data, sum

marized in the last two columns of table

3, indicate that up to 100 percent of the

mercury in retort waters may be associated

with particulates.

Many investigators have noted that

considerable turbidity develops in samples

stored at temperatures greater than 4C

after several days. Farrier and others

(1977) found that this turbidity is com

posed primarily of stressed rod-shaped

bacterial cells. These bacteria may act

as adsorption sites or assimilate ele

ments, such as mercury, that are dissolv

ed in the retort waters.

The data in table 3 indicate that

most (> 60-100%) of the mercury in the

unfiltered waters from runs 60, 62, 63, 69,
and 70 is associated with particulates.

In the remaining runs, 5-20 percent of

the total mercury content of the water

is associated with the particulates.

The spread in particulate data could be
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due to differences in treatment of the sam

ples. It is possible that some samples with

high mercury particulate concentrations were

not refrigerated immediately on collection.

Alternatively, some of the waters may con

tain constituents that would inhibit bacter

ial growth; others, constituents that would

promote it.

Turbidity appeared in filtered samples

after two weeks and was removed by
refilter-

ing. Mercury was found in the resulting

particulates. This amounted to all of the

available mercury in run 66 and 4-16 percent

in the other three runs. The turbid water

at the bottom of the container was examined

with an optical microscope and rod-shaped

bacteria were identified. This suggests

that dissolved mercury is either adsorbed on

the bacteria or biologically removed by the

bacteria.

Particulates from runs 60-71 were exam

ined, using a scanning electron microscope

equipped with an x-ray fluorescence system

(EDAX) . These investigations indicated that

the mercury is not localized in specific

particles and is uniformly distributed in

a common matrix which could be a layer of

bacteria.

The bacteria phenomenon is significant

for two reasons. First, if samples are not

stored immediately upon collection at 4 C,

bacterial growth will alter the amount of

mercury in solution. Alternatively, if the

samples are not carefully agitated on anal

ysis, an erroneously low result may be ob

tained. This is indicated by the data in

table 4. Filtered water from run 67 was left

at ambient conditions for four months and

analyzed by withdrawing a sample 2 cm from

the liquid surface, 2 mm from the container

bottom, and 2 cm from the surface immediately

after shaking. These data indicate that a

large discrepancy in mercury levels in the

water can be obtained. There is a factor of

12 difference between the mercury concentra

tion, depending on where and how the sample

is taken. It is recommended that agitation

be achieved continuously during sample
with-

Table 4. The effect of bacterial growth on

the homogeneity of retort water for

run 67.

Sample

Mercury Concentration

Ppb

Sample taken 2 cm from

liquid surface (no shaking) 34+6

Sample taken 2 mm from

container bottom (no shaking) 416 + 15

Sample taken 2 cm from

liquid surface after shaking 121 + 15

drawal rather than shaking and withdraw

ing. This may be done with a vortex mix

er, magnetic stirrer or equivalent.

Mass Balances

Mercury mass balances were used to

estimate the amount of mercury released

from the shale bed during retorting and

to corroborate the continuous gas moni

toring measurements for run 69. Table 5

presents product balances for each run;

Table 5. Mass balance data for LERC con

trolled-state retort runs (mg
of material) .

Raw oil Input gas Spent Product Oil Retort Percent

Run shale (02+H2O) shale gas (wet) water recovery

CS-35 17,748 - 14,376 996 2142 244.0 101

CS-56 17,369 - 13,841 804 1540 241.3 95

CS-57 17,259 - 13,903 823 2294 67.9 99

CS-59 18,603 - 15,670 1542 1595 52.9 101

CS-60 17,140 - 15,306 310 907 37.1 97

CS-61 18,624 - 16,161 418 1587 99.7 98

CS-62 16,865 - 13,989 766 2163 74.1 101

CS-63 16,511 - 14,918 1306 535 495.1 105

CS-64 14,009 - 10,074 1206 3377 92.9 105

CS-65 15,820 - 13,109 633 1125 927.3 100

CS-66 16,395 618 13,114 1530 2151 338.2 101

CS-67 13,948 580 9,400 1794 3413 393.3 103

CS-68 16,252 - 13,376 656 1959 158.5 99

CS-69 16,954 976 11,380 4942 2233 351.5 105

CS-70 17,377 600 13,654 1513 2358 401.6 100

CS-71 16,927 651 13,513 1313 2384 334.5 100
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Table 6. Mercury mass balances for LERC con

trolled-state retort.

Run

Raw oil

shale,

v&

Spent oil

shale,

as

Oil

(wet),

Hi-

Retort

water,

Mi

Relative

imbalance
,

t

CS-35

CS-56

CS-57

CS-59

CS-60

CS-61

CS-62

CS-63

CS-64

CS-65

CS-66

CS-67

CS-68

CS-69C

CS-70C

CS-71

1380

1350

1350

1170

2790

1510

1230

2280

3010

1600

1520

4300

1300

1460

1080

1180

420

580

< 110

< 320

3140

(b)

CM

1140

(b)

460

200

270

280

210

140

610

< 90

160

< 130

< 50

90

< 170

< 30

160

66

< 180

200

90

120

69

+ 67

i+50

>+61

S-14

18

300

50

37

24

35

38

+48

>+72

+88

+70

+75

+77

Note: The symbol > means that the actual value is slightly larger than

the absolute magnitude of the recorded value.

aRelative imbalance =
[""ass of Hg in inputs - mass of Hg in

products]
L mass of Hg in inputs J

^to value reported due to suspected spent shale heterogeneity.

Excludes the mass of Hg measured in the offgas.

the last column shows the percent product re

covery which averaged 103 + 3 percent for the

16 runs. Table 6 summarizes mercury mass

balances computed from concentration data in

table 3 and product mass balances in table 5.

Table 7. Mass balance and mercury distribution

during run 69 of the controlled-state

retort.

Mass of

mercury

(yg)

Percent

distribution

INPUTS

Raw oil shale

OUTPUTS

Spent oil shale

Wet shale oil

Retort water

Offgases

Total outputs

RELATIVE IMBALANCE

1460

210

120

35

1050

1415

31

15

8

2

75

100

In these computations, 4 percent of
the

total spent shale is associated with the

top spent shale and 4 percent with
the

bottom spent shale.

Mercury mass balances in table 6

summarize the mass of mercury in each in

put and output stream except gas exiting

from the retort. The relative imbalance

ratio in the last column is used as a

measure of the amount of mercury lost in

the offgas (Fox and others 1977). Rela

tive imbalance ratios are not presented

for runs 61, 62, and 64 as the mass of

mercury in the spent shale exceeded that

in the raw shale. The precise cause for

this imbalance is unknown. It is hypoth

esized that it is due to sampling problems

resulting from the condensation of mercury

behind the reaction front. If flow block

age occurs, volatilized mercury could be

swept behind the reaction front where it

could condense in cool regions that would

not subsequently be heated. The imbalance

was not due to analytical problems, as

some of these samples were also analyzed

by x-ray fluorescence as a cross-check

and good agreement obtained.

The data in table 6 indicate that

most of the mercury originally present in

the raw shale is lost in gas exiting from

the retort. This was confirmed by the

continuous gas measurements for run 69.

The balance of the mercury is distributed

among spent shale, oil, and water, in that

order.

A complete mass balance for mercury

for run 69 is summarized in table 7. This

table presents the mass of mercury in each

input and output stream including the off

gas. The mass of mercury in the gas exit

ing from the retort was determined from

the area under the curve in figure 3.

The distribution of mercury to spent shale,

shale oil, retort water, and offgases is

shown in the second column of table 7.

Relative imbalance ratio for this run was

3 percent. The good closure of this mass

balance corroborates the observation made
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for other runs (to be subsequently discussed)

that up to 88 percent of the mercury origi

nally present in raw oil shale is removed

from the retort with the gases exiting from

the retort.

The data in table 6 indicate that for

the Colorado shales, 19 percent of the mer

cury originally present in the raw oil shale

remains in the spent shale; 7 percent is

distributed to the oil; 1 percent to the

water, and the balance is lost. There are

not sufficient data for the other three types

of shale studied
-

Utah, Antrim and Moroccan

- to make similar generalizations. However,

it is clear that for the four samples anal

yzed, the distribution of mercury differs

from that in the Colorado shales. For Antrim

shale, run 63, 50 percent of the mercury re

mained with the spent shale; 2 percent was

distributed to the retort water; less than

1 percent to the oil, and about 47 percent

was lost. For Moroccan shale, run 65, 29

percent of the mercury remained with the

spent shale; 19 percent was distributed to

the retort water; 4 percent to the oil, and

48 percent was lost.

Only 20 percent of the mercury origin

ally present in the raw shale was volatil

ized during run 71. This is very low com

pared with results presented here and else

where (Fox and others 1977; Fruchter and

others 1977; Donnell and Shaw 1977). It is

likely that this is due to heterogeneity of

the spent shale.

No mercury was lost from the interrupt

ed run, 60, within the limits of experimental

error. The relative imbalance of 14 percent

is probably largely due to sampling problems

and similar to that computed for run 69. The

fact that no mercury was lost during the run

strengthens the volatilization and condensa

tion mechanism proposed previously.

Mass balance data agree well with simi

lar balances presented elsewhere. Fruchter

and others (1977) found that 86 percent of

the mercury present in raw oil shale is dis

tributed to gas exiting from the retort; 6

percent to the oil; 7 percent to the spent

shale, and 0.9 percent to the retort water

in a run of LLL's 125-kg retort. Donnell

and Shaw (1977) showed that during the

standard Fischer Assay, 57.7 percent of

the mercury was distributed to gas exiting

from the retort; 24.9 percent was distrib

uted to the oil; 5.5 percent to the water

and 1.9 percent to the spent shale.

ENVIRONMENTAL IMPLICATIONS

Measurements made in this study were

performed on a single simulated retort,

with no environmental controls, to provide

preliminary data for evaluating environ

mental impacts and for assessing control

technology requirements. This work has

not been confirmed in the field.

A comparison of emissions determined

in this study with emission standards for

other industries, indicates that control

technology may be required to reduce mer

cury in the gas and water effluents from

a commercial oil shale plant. However,

additional work is required to determine

the fate of mercury after release from

the shale bed in a large-scale field re

tort. The form of mercury and its fate

in the stack plume remain to be investi

gated. Condensation in gas lines or the

stack would reduce emissions to the atmos

phere.

Mercury emissions from a 50,000

barrel per day (bpd) in situ oil shale

plant, processing 100 1/metric ton (24

gpt) shale, with an average mercury con

tent of 380 ppm (Donnell and Shaw 1977),

would release about 20,000 gm (-v45 lbs)

of mercury per day if the plant is locat

ed in the Piceance Creek Basin and 70

percent of the mercury in the raw shale

is volatilized.

These emissions are compared with

those from other industries in table 8.

This table indicates that mercury emis

sions from the hypothetical in situ oil

shale facility are greater than those

from coal-fired power plants and chlor-

alkali plants and within the range of
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Table 8. Comparison of uncontrolled mercury
emissions from various industries
with a hypothetical in situ oil

shale plant.

Uncontrolled

mercury

emissions

gm/day Reference

COAL-FIRED POWER PLANTS

750-HW electric generating station

290-MW electric generating station

(3.2 x
IO9

gm/day)

PRIMARY MERCURY PRODUCTION

Rotary furnace (9.1 x 10 gm/day)

CHLOR-ALKALI PRODUCTION

End-box ventilation system

(9.1 x 107gm/day)

Cell-room ventilation system

(9.1 x 107gm/day)

IN-SITU OIL SHALE PLANT

50,000 bpd plant

(7.9 x 1010gm shale/day)

2,500 Billings and others,

1973

140 Klein and others,

1975

8,200-26,800 EPA, 1973

900-6,800 EPA, 1973

230-2,300 EPA, 1973

20,000 This paper

>8

emissions reported for primary mercury pro

duction plants. The reason that mercury

emissions from the in situ oil shale plant

are comparatively higher than for the other

industries is because a relatively large mass

of oil shale must be processed to produce the

end product, or, mercury concentration in the

starting material is high.

In another comparison, the EPA (EPA

1975) has reported that a total of 7.2 x
10*

grams of mercury are released in the United

States from all mercury emitting industries.

About 27, 17 and 19 percent of this is from,

respectively, paint consumption, incinera

tors, and pulverized coal -fired power plant

boilers. In contrast, a one-million bpd oil

shale industry would produce about 1.46 x

o

10 grams of mercury per year. This is ap

proximately equivalent to the annual emis

sion of mercury from any one of the above

three existing sources of mercury.

Table 9 compares standards and guide

lines for gaseous and aqueous mercury emis

sions with mercury emissions measured or

estimated in this study. This comparison

serves to indicate which streams from an in

situ oil shale plant must be controlled and

to what extent. Generally, the concentra

tion of mercury in gases exiting from the

Table 9. Comparison of mercury
standards

and regulations to corresponding

values for simulated in situ oil

shale offgas.

STANDARD OR

RECOMMENDED

VALUE

ESTIMATED VALlft
"

FOR AN UNCONTROLLED
50,000 BPD OIL

SHALE PLANT

Z

m

<

o

<

TLV for Work-room
Aira

Alkyl Ug

Total Hg except alkyl Hg

Lower Short-term

Limit Exposure

1 ppb 3 ppb

5 ppb ISO ppb

Oil Shale Offgas

Total Hg

Methyl Hg

<1(W-
10O0(c)ppb

0.1
ppb<b)

Ambient Air

Total Hg 20
ppb(d)

Emission
Standards6

Ore processing & chlor-

alkali plants

Sludge drying & inceneration

plants

2300 gm/day

3200 gm/day

In-Situ Oil Shale Plant Emissions

Uncontrolled 20,000 gm'day

OS

H

$

Water Quality Criteria and Standards

Domestic water
supplies*

Freshwater aquatic
life"

Livestock watering

In-Situ Oil Shale Plant

Untreated retort water

Main water mass

Concentration in

Main Water Mass

2 ppb

0.2 ppb

10 ppb

4 - 320 ppb

1 - 140
ppb<g)

Threshhold Limit Values for Chemical Substances in Work-Room Air, 1976.

Based on a single measurement at LERC's 10-ton retort (Fruchter and others, 1977).

TTiis is the maximum concentration measured in the gas exiting from the bottom
of the retort in run 69. The magnitude of this value depends on the amount of

sweep gas that dilutes the gases produced from pyrolysis and combustion of the
oil shale.

"Computed for a 1 sq. km area and a 150-m stack height. Assumes complete mixing
within this volume and that 70Z of the Hg in 24 gpt shale with an average Hg
content of 0.38 ppm is volatilized.

eCFR 40, 1977

fFederal Register, December 24, 1975

^Calculated assuming 1 liter of water per liter of oil is produced and this is
discharged directly into a local stream with a flow of 4.2 cfs.

"Water Quality Criteria, 1973

retort exceeds work-room air threshold

limit values (TLV) (Threshold Limit

Values for Chemical Substances in Work-

Room Air 1976) and emission standards

for other industries (CFR 40, 1977). Al

though there are no existing regulations

for mercury emissions from oil shale fa

cilities, standards set for other indus

tries serve as a guide to assess the sig

nificance of measured mercury levels in

shale gases and waters.

The TLV's for mercury in work-room

air, adopted by the American Conference

of Governmental Industrial Hygienists

(1976), are 6 and 153 ppb total mercury,

including alkyl mercury, for long-
and

short-term exposure, respectively. In

contrast, the concentration of mercury
found in gas exiting from the retort in
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this study ranged from 30 to 1000 ppb. These

concentrations correspond to levels measured

in the total gas exiting from the retort.

The magnitude of these values depends on the

volume of sweep gas used, the volume of py

rolysis and combustion gases produced and the

emission rate of mercury. Mercury concentra

tions could be higher or lower than the values

reported in this table, depending on the vol

ume of input gas used. The range reported

in table 9 suggests that a health hazard

could exist for underground workers at an

in situ plant or for workers in the vicinity

of a simulated in situ retort if gas leakage

occurred. Mercury monitors should be main

tained in work areas.

There are no mercury emission standards

for facilities burning fossil fuels. The

only existing standards are for mercury ore

processing and chlor-alkali plants and facil

ities that dry and incinerate sludges from

waste treatment plants. Emission standards

for these plants are 2300 and 3200 gm/day,

respectively. The 20,000 gm/day from the

hypothetical oil shale plant is over four

times the allowable mercury emission for mer

cury ore-processing plants and sludge dispo

sal facilities and suggests that mercury may

have to be removed from the gas exiting from

the retort before release. The fact that un

controlled mercury emission levels from pri

mary production plants and from the hypothet

ical in situ oil shale plant are of the same

order of magnitude suggests that about 90

percent of the mercury may have to be re

moved from the gases of such a plant.

The effect of these emissions on ambient

air quality can be estimated by using a sim

ple box model. Air quality modeling, includ

ing air-borne transport mechanisms, and us

ing field mercury emission rates and local

meteorological conditions is required to

better define these estimates. If 20,000

gm/day of mercury were to be released from a

150~m stack and was uniformly distributed

over a 1 ha area, the resulting ambient con

centration, assuming a background ambient

level of 1 ppb, would be about 20 ppb. This

exceeds the lower-limit total mercury TLV

for work-room air by about a factor of 3,

supporting the above conclusions that mer

cury may have to be removed from retort

exit gas streams.

Existing control technology for gas

eous and particulate mercury emissions,

used in other industries, may be used to

reduce mercury emissions from oil shale

plants. Techniques conventionally used

to remove mercury from related gas streams

include cooling, mist elimination, scrub

bing with hypochlorite, depleted brine or

hot concentrated sulfuric acid, and the

use of activated carbon (EPA 1973; Sittig

1976) . These existing control technolog

ies need to be evaluated for application

to oil shale gases.

The nonuniform distribution of mer

cury in the gas stream reported in figure

3 will affect control technology alterna

tives and compliance activities. If mer

cury release is concentrated over a short

time period as suggested by this work, it

will be easier to remove, and control de

vices can be operated intermittently in

stead of continuously. Compliance moni

toring will be complicated, however, by

the nonuniform emission of mercury. Ex

tensive monitoring will be required to

identify when mercury release starts and

when it terminates. Although it may ul

timately be possible to predict when this

will occur from retort operating condi

tions, it is not possible now.

Concentration of mercury in retort

water would exceed recommended water qual

ity criteria for receiving waters if the

waters were discharged locally. Mercury,

as well as many other constituents, would

have to be removed. Treatment and dis

charge, however, may not be necessary if

these waters are reused on site. If

treatment is required, the particulate

removal phenomenon noted previously would

enhance mercury removal, especially if

biological treatment is used.

The volatilization and condensation
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mechanism that apparently controls mercury

release would result in mercury condensation

on large areas of the shale bed if gas chan

neling and nonuniform heating occur. Much of

this mercury would not be revolatilized and

may be readily leached by groundwaters invad

ing the retort. This needs to be studied.

SUMMARY

This work is in agreement with the find

ings of others that a large fraction of the

mercury present in raw oil shale is released

from the retort during oil shale retorting.

In simulated in situ retorting, lesser

amounts of mercury are distributed to the

spent shale, shale oil, and water than to

the gas exiting from the retort.

Mercury release is controlled by suc

cessive volatilization and removal of mer

cury as the reaction front progresses down

the shale bed. Oil-wet shale, enriched in

heavy ends, may selectively remove the mer

cury from the gaseous phase.

If nonuniform gas flow occurs in com

mercial retorts, mercury may be condensed in

cool regions of the shale bed behind the re

action front where it may subsequently be

leached out by groundwaters. In a 50,000 bpd

or larger commercial operation, it is likely

that mercury will have to be removed from the

gas stream to meet air quality standards or

emission standards. Existing control tech

nologies under consideration for oil shale

plants need to be evaluated to determine

their mercury removal efficiency. Mercury

levels in retort waters would exceed water

quality standards and criteria for discharge

to local streams and mercury would have to

be removed from these waters before discharge.

Additional work is required to determine

the fate and form of the mercury in a stack

plume and the effect of the oil-wet zone on

the removal of mercury from the gas phase.

Mercury may condense on aerosol particles

during cooling which will affect downwind

deposition and inhalation patterns. Oil, at

the bottom of a field retort, may reduce or

eliminate mercury emissions to the atmos

phere.

Spent shales may be heterogeneous due

to mercury condensation behind the reaction

front. Care must be taken in sampling them.

Retort waters should be treated to arrest

bacterial growth and attendant reduction in

dissolved mercury concentration.

The method used here to continuously

measure mercury in the gas stream needs to

be refined and transferred to those charged

with monitoring. Required improvements in

clude better calibration procedures, design

of a heated probe, material selection to

minimize corrosion, and redesign to facil

itate parts replacement in the field for

long-term use.
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INTRODUCTION

For the past several years, under con

tract to the U.S. Environmental Protection

Agency (Industrial Environmental Research

Laboratory) in Cincinnati, TRW and Denver

Research Institute have studied various

aspects of shale oil development. These

studies have included emissions testing and

laboratory analysis, environmental assess

ment, and evaluation of existing environ

mental control technologies. This paper

presents a summary of findings obtained for

specific environmental control needs of oil

shale operations.

The following discussion is limited to

evaluation of technologies for control of:

gases exiting from the retort; mining,

crushing and material-handling particulate

emissions; and process wastewaters, contain

ing ammonia and sulfur. Many processes are

available or under development for the ex

traction of oil from shale. Rather than use

specific technologies, general extraction

technology types (including above ground, and

modified in situ retorts) are used for emis

sion characterization.

CONTROL OF SULFUR EMISSION IN GASES EXITING

FROM THE RETORT

Depending upon the process employed,

oil shale retorting yields either large quan-

tities of low-Btu (900 kcal/m ) or lesser

amounts of high-Btu (7000 kcal/m3) gas. The

main constituents to be removed, before the

gas can be used as fuel, include hydrogen

sulfide (H2S) and ammonia (NH3) . The major

ity (991) of the ammonia and a small amount

of hydrogen sulfide (a few I) are separated

out in the condensate from the product cool

ing unit following the retort. The remain

ing H2S must be removed by a separate con

trol process. The presence of other sulfur

compounds (besides H2S, such as carbonyl

sulfide and carbon disulfide) ,
which have

not been confirmed, would greatly increase

the difficulty of controlling this stream.

A variety of processes for concentra

tion and removal of H2S from gas streams

have been used in the petroleum, chemical,

and natural gas industries, and new pro

cesses (some specifically designed for

application to synthetic fuels processes)

are under development. The enriched stream

can be fed to a downstream process (such as

Claus or Stretford) for recovery of the

sulfur. Tail gas from these sulfur recov

ery processes sometimes requires further

treatment before it is environmentally

acceptable for release to the atmosphere.

Choice of which H2S removal, sulfur recov

ery and tail gas treatment process is to be

used for a particular retort gas will

depend upon: the concentration of H2S in

the retort off-gases, concentration of H2S

in the removal process gas stream, local

environmental regulations, and the presence

of constituents that would contaminate or

interfere with a process operation.

Processes for the removal of H2S from

the retort-

exiting gases include: the var

ious amines (e.g., MEA, DEA, etc.); physical

solvents (e.g., selexol) ; carbonates (e.g.,
Benf ield) ; mixed solvents (e.g., sulfinol) ,

and redox (e.g., Stretford). Each of these
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offers both advantages and disadvantages.

In order to evaluate the potential of each

of these process types in oil shale develop

ment,
retort-

exiting gas compositions were

examined. Table 1 presents the composition

of typical gases for both a low and a high

Btu gas (Jones, 1976 and Cotter et al . , May

1977).

offer the advantage of combined H2S removal

and sulfur recovery in one step. The

economics of a Stretford redox process

applied to a low-Btu retort gas are shown

in Table 2 (Cotter and others 1977).

Disadvantages of the Stretford include:

solution degradation when certain contamin

ants are present (HCN causes thiocyanate

Table 1. Composition of retort exiting gases

RETORT OFF GAS COMPOSITION

LOW-BTU GAS HIGH-BTU GAS

CONSTITUENT VOL.% VOL.%

H2S 0.2 2.4

co2 17.9 10.6

CH4 1.9 22.5

V 3.3 15.8

CO 1.6 1.9

H2 3.6 17.4 i

N2.02. &Ar 53.6 0.3

NH3 0.2 0.9

t^O 17.6 28.1

Table 2. Estimated annual Stretford unit

operating costs (Basis 168,000 m3/hr

of low-Btu gas) .

The removal of C02 from retort-exiting

gases will not be required for the gas to be

used on-site. The cost of CO2 removal

would far exceed the benefit derived from

the higher heating value of the gas. Many

of the H2S removal processes are not selec

tive towards H2S and remove CO2 as well.

CO2 removal would also produce a more dilute

H2S stream than a selective removal process,

thereby increasing sulfur recovery costs.

For the low-Btu gas case, H2S concentration

in the off-
gas from acid gas treatment would

be 1.1 percent versus 0.2 percent in untreated

gas.

Amine solvents are generally not selec

tive between H2S and C02. Physical solvents

are more selective; however, they are most

effective and economical when high partial

pressures of H2S are encountered. Carbon

ates, likewise, are partially selective

toward H2S but, like physical solvents,

require moderate to high pressures for

economical operation. Mixed solvents offer

little H2S selectivity. Redox processes

CAPITAL INVESTMENT COST $6,300,000

OPERATING COST

CAPITAL CHARGE (15%) 942,000

LABOR 90,400

SUPERVISION 30,100

PAYROLL BENEFITS 30,100

MAINTENANCE 188,400

ELECTRICITY 240,100

FUEL 7,800

CATALYSTS AND CHEMICAL 198,900

OVERHEAD 154,500

$1,882,300

formation without pretreatment) ; larger

absorbers are required where high CO2 con

centrations are present; and inability to

remove COS and CS2 when present. Sulfur

compounds such as these can be treated by

processes such as the Beavon process. All

sulfur compounds are converted to H2S in

the Beavon process and then removed in a

conventional Stretford unit.

PARTICULATE EMISSION CONTROL FROM MINING,
CRUSHING, AND MATERIAL HANDLING

Particulate emissions from mining,

crushing, and material handling operations

are roughly proportional to the amount of

material handled and the size of feed

required. It is estimated, therefore, that

open pit mines and processes using fine

shale feed would involve the largest par

ticulate emissions. For instance, open pit

mining has large particulate emissions due

to both mining of the overburden, as well

as the shale, and the open nature of the

mining operations. Modified in situ mining,
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with its rubblizing operation, is less well

understood from a particulate emissions

standpoint. However, large amounts of par

ticulates may be released during the rubbliz

ing operations. It is unknown how much of

these particulates will reach the above-

ground environment.

Only those operations which lend them

selves to being enclosed (e.g., crushing),

are considered. The quantities of particu

lates from the various crushing and handling

operations required for surface retorting

that must be removed are presented in table

3. Table 4 presents annual operating cost

comparisons for baghouses vs. wet scrubbers

when designed to satisfy the design require

ments indicated in table 3. Settling tanks

and recirculation loops have been made an

integral part of the wet-scrubber alterna

tive; their costs have been included in the

comparison.

An investigation of appropriate fabrics

determined that dacron is a suitable material

for all baghouse collection systems except

the retorted shale discharge and moisturizer

exhaust of an above-ground retort. The

retorted shale discharge would be hotter

than the dacron limit of 121 C; the gas

would contain SO2, ammonia and hydrocarbons.

Teflon may be an appropriate material for

the discharge application. The moisturizer

exhaust would not be an acceptable baghouse

application, since the stream would be satur

ated with water vapor.
Electrostatic pre

cipitators have not been evaluated in detail

due to the need for further data on the

resistance characteristics of both raw and

spent shale.

SULFUR AND AMMONIA REMOVAL FROM PROCESS

WASTEWATERS

Process waters containing hydrogen

sulfide and ammonia originate from: the

pyrolysis of kerogen, the release of free

and inorganically bound water from raw

shale and the combustion of organic mater

ial in shale. Many other components will

also be present in these waters (e.g.,

carbonates, bicarbonates , solids, etc.)

(Cotter and others 1977). However, only

control technologies for sulfur and ammonia

removal will be discussed here.

Process waters will contain high con

centrations of ammonia (14, 000-17,000 mg/l)

and lesser amounts of the dissolved H2S

(0-400 mg/l) (Cotter and others 1977).

These contaminants may be readily removed

by application of steam stripping
-

a method

widely used in industry for control of these

components. The common stripping approach

is the counter- flow method in which the sour

water moves downward through a tray or

packed tower while an ascending flow of

stripping steam removes NH3 and H2S from

the wastewater. The exit gases will need

treatment to recover ammonia and sulfur

Table 3. Summary of estimated dust mass rates Table 4. Estimated twenty-year cost com

parison.

SUMMARY OF ESTIMATED DUST MASS RATES

(16,000 CUBIC METERS PER DAY PRODUCTION RATE)

ESTIMATED TWENTY YEAR COST COMPARISON.

BAGHOUSE AND WET SCRUBBERS

DESIGN COLLECTION

EMISSION STREAM INLET. KG/HR OUTLET. KG/HR EFFICIENCY. % BAGHOUSE WET SCRUBBER/SETTLING TANKS

EMISSION STREAM $M $M

RAW SHALE BLDG. 292 -9 99.7

RAW SHALE BLDG. 932 93s

SECONDARY CRUSHING 1.870 6-6 99.7

SECONDARY CRUSHING S2S 5ig

SURGE BINS 921 2"8 99.7

SURGE BINS 474 (05

TERTIARY CRUSHING 8,415 *** 99.7

TERTIARY CRUSHING 1597 .5 2J31

RETORT FEED M15 ai 99.7

RAW SHALE FEED 3108 3n

RETORT DISCHARGE 10.682 22.9 99.7

RETORTED SHALE DISCHARGE 3108
3J0e

MOISTURIZERS
*1'1

TOTAL 9744.5
11w
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before discharge to the atmosphere. The

addition of mineral acid is sometimes prac

ticed to enhance the removal of fixed ammonia

from wastewaters. Table 5 presents an esti

mate of capital costs and utility require

ments for a stripping tower, to handle

typical process water streams (Bonham and

Atkins 1975) . Water, acceptable for ponding

and/or evaporation, may be produced after

steam stripping. An effluent with less than

50 ppm NH^ and 10 ppm H2S should be achiev

able.

Table 5. Capital costs and utility consump
tion for stripping and ammonia recovery.

CAPITAL COSTS AND UTILITY CONSUMPTION FOR

STRIPPING AND AMONIA RECOVERY (ANNUAL COSTS. BASIS:

2536 l/min, CONTAINING 4800 mg/l, NH3; 350 mg/l, H2S)

STRIPPING

TOWER CHEVRON

CAPITAL COST (MILLIONS) 0.91 2.44

ELECTRICAL REQUIREMENTS (KW) 142.00 406.00

STEAM: MEDIUM PRESSURE (10 MPa) (KG/HR)

LOW PRESSURE (3.4 MPa) (KG/HR)

COOLINGWATER (l/min)

VALUE OF AMONIA RECOVERED

(@ $330/tonne)

19,080.00

53.400.00

Treatment processes, such as the Chevron

or Phosam wastewater treatment, may also be

applicable where recovery of the ammonia is

important. In this process, the sour water

is first sent to the sour water stripper

where steam is heated under pressure and

contacted with the wastewater. The overhead

vapor contains H2S essentially free from NH3.

This stream can be combined with other gas

streams and treated in the Stretford unit for

sulfur recovery. The bottom liquid, con

taining ammonia and some H2S, is withdrawn

and sent to the ammonia stripper.

In the ammonia stripper, the vapor

stream is partially condensed yielding an

ammonia- enriched vapor. A portion of the

condensate is returned to the H2S stripper.

The enriched vapor is once again partially

condensed to form a vapor essentially free

of H2S.

The H2S-free ammonia stream is sent

through a scrubber, condensed and dried,

resulting in a final anhydrous liquid am

monia. Estimated costs and utility require

ments for Chevron ammonia recovery are

shown in table 5 (Bonham and Atkins 1975).

As can be seen in table 5, much of the

higher operating cost of the Chevron pro

cess, compared to conventional steam strip

ping, may be offset by sales of the

recovered ammonia.

AREAS REQUIRING FURTHER STUDY

Further study is required in both the

process effluents and emissions character

izations and in demonstrating control tech

nologies before detailed studies of control

technology effectiveness and costs can be

made.

Demonstrations are needed to provide

assurance of control technology effective

ness and reliability as well as investigat

ing low cost alternatives. Fine particulate

control devices have been identified as an

especially critical need. Processes for

the removal of organic constituents from

both in situ and above-ground retort water

need to be evaluated.

A number of tentative conclusions

reached in the TRW-DRI studies have neces

sarily been based on information reported

by process developers as well as field

measurements conducted during the course of

the investigation. Much more definitive

process information is needed to support

further environmental studies. Further

studies on emissions from mining, crushing,

and material handling (both size distribu

tions and quantities) need to be undertaken.

Sulfur species present in retort-exiting

gases, as well as other components, need

better definition. Treatability studies

of process waters will also need investiga

tion if accurate definition of environ

mental problems and solutions is to be

accomplished.
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ABSTRACT

The U.S. Department of Energy is engaged

in broad, multi-disciplinary research to

address the environmental concerns associated

with in situ oil shale processing. A sig

nificant portion of this research effort has

been directed at the characterization, trans

port, gisohydrological interactions, biolog

ical effects, containment, treatment, and

utilization of waters, heavily laden with

organic and inorganic solutes, which are pro

duced during the in situ process. This

paper discusses the sources and quantities

of produced retort waters and provides a

summary overview of
water-

related environ

mental research, conducted principally

through the Laramie Energy Research Center

(LERC) since 1974, in conjunction with sim

ulated and field in situ processing experi

ments.

INTRODUCTION

The Green River Formation, underlying

some 16,500 square miles (42,700 square

kilometers) of Wyoming, Colorado and Utah,

represents the largest deposit of oil shale

in the world with a potential resource of two

trillion barrels of shale oil.

Potential methods for recovering oil

from shale can be grouped into the following

categories:

(1) Conventional "mining
--

open pit or

room and pillar mining, followed by
aboveground retorting.

(2) In situ recovery
-- hydraulic or

explosive fracturing, followed by
in-place retorting and fluid drive

via hot liquid injection, hot gas

injection, or direct combustion of

part of the organic matter in the

shale.

(3) Modified in situ recovery
-- con

ventionally mining a fraction of

the shale, followed by caving to

distribute the created void into

the remaining shale, thus creating

permeability and porosity for in

situ retorting.

Surface processing technology, cen

tered around conventional mining and
above-

ground retorting of the richer,
thick-

seamed deposits of the Green River Forma

tion would allow for recovery of some thirty

percent (600 billion barrels; 9.54 x
IO*-*

liters) of the resource. Since the early

1960's, the Laramie Energy Research Center

(LERC) has been seeking an economically

feasible method for in situ processing of

the oil shale resource, including low-grade,

thin-seamed, or deep deposits. In situ

processing, including its hybrid forms, has

the potential for more than doubling the

recoverable resource. Table 1 summarizes

four categories of oil shale resource

amenable to in situ developments.

Environmental concerns being addressed

in the course of developing oil shale pro

cessing technologies include: control of

product and waste discharges; water

resource and geohydrologic effects; eco

logical effects; health and safety effects;

and socioeconomic impacts (Powderly and

others 1976) . Although all processing

technologies have some concerns in common,

the in situ recovery process offers certain

environmental and economic advantages over

mining and aboveground retorting, as indi

cated in table 2. The most significant

environmental and technological problem

associated with the in situ process relates
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Table 1. Oil shale types amenable to in situ processing,

OIL SHALE

RESOURCE
DEPTH THICKNESS OIL CONTENT POROSITY LOCATION LAND STATUS

DEEP Deeply buried (up to

2000 ft; 610 m)

up to several

hundred feet

grade 15 to 25 gal/ton

(62 to 104 1/metric

ton)

generally

impermeable; may

contain dawsonite

and nahcolite

typical of lower zone

in Piceance Creek

Basin

almost entirely

Federally owned

lands

SHALLOW

Under 200 Ft.

(61m)

of overburden

up to

250 ft. (366 m)

grade 15 to 25 gal/ton

(62 to 104 1/metric

ton)

generally

impermeable

typical of

Utah and Upper Zone

Piceance Creek Basin

Federal, State and

privately owned

lands

DEEP

LEACHED

Deeply buried

(1200 ft; 366 m)

up to

1000 ft. (305 m)

grade 15 to 25 gal/ton

(62 to 104 1/metric

ton)

overlying aquifer;

permeable and

water free in

some areas

typical of

leached zone in

Piceance Creek Basin

almost entirely

Federally owned

lands

THIN BEDS

Variable depths

100 to over 3000 ft.

(30.5 to over 914 m)

up to 50 ft.

(15 m)

grade 15 to 25 gal/ton

(62 to 104 1/metric

ton)

generally

impermeable;

interspersed

with barren rock

typical of

Wyoming basins and

some Utah deposits

Federal, State and

privately owned lands

to water
- both the impact on water resources

and the control and utilization of coproduced

waters.

Much environmental research is in

progress in the Department of Energy (DOE)

in support of in situ technology development

programs. A large portion of this effort is

directed at the water problem because of its

importance in the semi-arid, western develop

ment regions and because of the number of

uncertainties yet to be resolved on this

subject. This paper presents a selective

overview of past and ongoing research, con

ducted through DOE/LERC, specifically addres

sing the environmental and technological

aspects of aqueous effluent production

attendant upon in situ oil shale processing.

Other environmental research efforts will

only be mentioned where they relate to water.

WATERS ASSOCIATED WITH IN SITU PROCESSING

Terminology

Water which is produced in conjunction

with in situ oil shale processing is derived

from three primary sources. These are:

water produced as a byproduct of the combus

tion of organic matter in oil shale; water

produced by dehydration of the oil shale

minerals; and native ground water associated

with oil shale strata. In addition, any

water which is intentionally injected into

the oil shale formation (e.g., steam) will

also be recovered to some extent.

Waters associated with oil shale pro

cessing have been given a variety of differ

ent names depending on their source, loca

tion, and processing history. The initial

aqueous effluent, recovered with the oil and

removable by decantation, has been referred

to as retort water, coproduced water, pro

cess water, and waste water. The term

"bound water"

has been used in reference to

water derived from dehydration of the min

eral matrix (Ossio and others 1978), as

well as water transported with the oil in

the emulsion phase (Jackson and others 1975).

Waters retained in the retorted zone are

referred to as holdup water (Loucks 1977),
or backflood water (Jackson and others

1975), depending on the time elapsed after

retorting.

It is possible that future prolifera

tion of research on aqueous effluents

derived from in situ oil shale processing
will be accompanied by an equal prolifera

tion of terminology. Such a situation

should be avoided. Independent of the ter

minology used, authors should take care to
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Table 2. Environmental advantages of in situ technologies

APPLICABLE

TO LARGER

RESOURCE BASE

LITTLE OR

NO MINING

REQUIRED

WASTE

REDUCED

ECONOMIC

ASPECTS

UNDERUTILIZED

AREAS BECOME

PRODUCTIVE

LABOR &

CAPITAL COSTS

REDUCED

LOWER COSTS

FOR REFILL

OR DISPOSAL

SURFACE

ENVIRONMENT

INTENSIVE LOCAL

EXTRACTION

UNNECESSARY

NO STRIPPING;
SURFACE IMPACTS

MINIMIZED

IMPACT CONFINED

TO EXTRACTION

AREA ONLY

HUMAN

ENVIRONMENT

GROWTH DISPERSED;

BOOM TOWNS

LESS LIKELY

HEALTH &

SAFETY HAZARDS

REDUCED

AESTHETICS

RECREATION

CONFLICTS MINIMIZED

specifically describe the source of the sub

ject water.

In this paper, the term "retort
water"

refers to that water coproduced with shale

oil. Retort water, emulsified with oil, will

be referred to as emulsified retort water.

It will be clear from reference to the origin

of the retort water whether it consists only

of water from combustion and dehydration

(e.g., Fischer assay or simulated in situ

retorting of dry shale) or, in addition, also

consist of recovered native ground water or

injected water (e.g., a field in situ pro

cessing experiment). Waters accumulating in

retorted zones, due to seepage of native

ground waters and intermingling with unre-

covered retort water, oil, and retorted shale,

will be referred to as backflood water.

Quantity

The quantity of retort water produced

during in situ oil shale processing depends

upon several factors, including: mineral

content of the oil shale; volume of ground

water present or seeping into the retorting

zone; communication of the retort zone with

nearby aquifers; duration and areal extent

of the burn; amount of organic resource com

busted to sustain the process; amount of

injected waters, if any; and amount of retort

water lost to the formation and, thus, not

recovered.

An indication of the minimum amount of

water potentially produced by the in situ

process can be gained from examination of

Fischer assay and simulated in situ retort

ing results where factors pertaining to

subsurface waters, injected waters, and

unrecoverable waters are absent. Water

produced during Fischer assay represents

principally water of dehydration since this

procedure does not involve combustion.

Some water may be derived from thermally

induced chemical decomposition of the oil

produced in the process of Fischer assay,

but this is a relatively minor pathway.

The range of water-to-oil weight percent

ratios for 423 Fischer assays on various

oil shales obtained throughout Colorado and

Utah was 0.11-0.15 with relatively few out

liers (Smith 1978). Fischer assay of 22

samples of oil shale from the Tipton member

of the Green River Formation in Wyoming

gave an average water-to-oil weight percent

ratio of 0.26 with a range of 0.11-0.43

(Smith 1978) . Water produced in the USBM

gas-combustion retorting process is within

these ranges (Matzick and others 1966) .

Retort water produced during simulated in

situ retorting of oil shale will include
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water of dehydration and combustion. A water-

to-oil volume ratio of 0.85 I 0.31 was ob

tained as an average of ten retorting experi

ments on Colorado shale, using differing

operational parameters, on the LERC 150- ton

(136 metric ton) simulated in situ retort

(Harak and others 1974) .

The water-to-oil production ratio ob

tained during various field in situ oil shale

processing experiments is extremely variable,

as indicated in table 3. Such variability is

indicative of the significant influence that

each of the factors enumerated above has on

the final amount of retort water produced at

the surface. There is a definite need to

develop a capability for prediction of water

production on a site-specific basis in order

to provide information pertinent to the

handling, treatment, containment, disposal,

and use of retort waters produced under

widely varying conditions throughout the

Green River Formation.

It is apparent from the foregoing that

retort water will be a major byproduct of an

in situ oil shale processing industry. In

view of the limited amount and variability

of the data gathered to date (see table 3) ,

it is premature to estimate what an average

production quantity might be. Assuming an

equal volume of water and oil, this, in it

self, would amount to nearly
5,000

acre-

feet per year for every 100,000 barrels of

shale oil per day (6 million mVyr for

every 1.6 x
10?

Jl/day) .

Retort Wide Uses

In view of the increasing demands on

the limited water resources of the semi-

arid west, water produced during in situ oil

shale processing should be considered as a

commodity. Treatment and control research

should focus on the potential for on-site

and
off-

site use of retort water with waste

disposal considered only as an interim

alternative. Potential for uses of retort

water include: shale compaction (associated

with surface processing) ; fugitive dust con

trol; safety/fire use; water or steam rein

jection; site steam use; boiler feed water;

heat exchange and cooling water; land

application (e.g., irrigation, revegetation,

or even weed control) ; surface discharge to

augment stream flow; and solute recovery

for commercial uses.

DISCUSSION OF RESEARCH AND RESULTS

Monitoring

Field processing experiments, conducted

by LERC, are accompanied by a monitoring

program which covers the pre-

operational,

Table 3. Survey of water-to-oil production ratios for field in situ processing experiments,

PROCESSING SITE

ROCK SPRINGS SITE 4

R0CKSPRINGSSITE7

R0CKSPRINGSSITE93

OCCIDENTAL
#5b

GE0KINETICS#11

WATER/OIL

RATIO (V/V)

0.40

0.66

22.2

11.5

0.68

aGround water intrusion during retorting.

bWith steam injection.

TOTAL WATER,
GAL (LITERS)

3164(11,977)

264 (999)

75,000 (284,000)

5,480,000 (20,744,000)

6,500 (24,600)

DURATION,
DAYS

42

10

120

197

37

REFERENCE

Burwell and others 1973

Burwell and others 1973

Long and others 1977

Louches 1977

Lekas 1977
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operational and post-operational phases of

the experiment. This monitoring program

gathers data significant to air, land, and

water quality effects of the process and is

useful for Environmental Impact Assessments

(EIA 1977) , maintaining compliance with regu

lations and standards, sample acquisition,

and determination of emission and effluent

control requirements. The monitoring program

is tailored to meet the scope and size of

the planned experiment and consists of the

activities itemized in table 4. Those mon

itoring activities relating to water quality

have been further detailed in this table.

Past and present field processing experiments

that are subject to a monitoring program are

itemized in table 5. The location of these

field activities is illustrated in figure 1.

Although the 150- and 10- ton (136 and 9.1

metric) simulated in situ retorts and the

20 kg controlled-state retort are not sub

ject to full monitoring, they provide

specific opportunity for controlled monitor

ing, sample acquisition, and sample charac

terization and are, therefore, included in

these illustrations.

Aqueous samples collected in the course

of monitoring field activities (table 4)

are subjected to analytical characteriza

tions as indicated in table 6. Analytical

data are stored in a computer system for

later retrieval and analysis. Water qual

ity data pertaining to subsurface,
back-

flood, and production well monitoring are

most significant to geohydrology evaluation

and will be discussed. The overall environ-

Table 4. Summary of LERC environmental monitoring program elements with breakdown of water

related activities.

MONITORING FREQUENCY

MONITORING AREA

PREOPERATIONAL OPERATIONAL POST-OPERATIONAL

Meteorology continuous continuous continuous

Air Quality intermittent intermittent intermittent

Gas Process Stream --

continuous intermittent

Thermal Emissions baseline intermittent intermittent

Land Disturbance baseline intermittent intermittent

Oil Products --

daily*
-

Ecological Baseline as required - as required

Water Quality

Hydrology

Surface
quarterly* quarterly* quarterly*

Subsurface quarterly daily quarterly

Backflood - - bimonthly

Produced Water

Production Wellhead -- daily to monthly
intermittent*

Oil/Water Settling Tank
- intermittent -

Evaporation Pond
-

-

intermittent

Storage Sample -
- intermittent

*When flowing
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Table 5. Summary of process and environmental

monitoring activities for D0E/LERC

technology development experiments.

EXPERIMENTAL

SITE DESIGNATION
PROCESS ACTIVITY

WATER QUALITY

MONITORING ACTIVITY

ROCK SPRINGS

Site 12

(Sandia 1977-78)

Fractured in 1977.

To he retorted in 1978

(proposed).

Baseline monitoring.

Operational monitoring

(planned).

Post-operational

monitoring (planned).

Site 9 Retorted in 1976. Baseline (preoperational)

(Long and others 1977) monitoring.

Post-operational

monitoring.

Backfiood study (planned).

Site 6A

(Sandia 1976-77)

Fractured & grouted

in 1976.

Baseline monitoring.

Site 6

(Sterner and others 1975)

Ignited in 1971. Post -operational

monitoring.

Backfiood study.

Site 4

(Burwell and others 1973)

Retorted in 1969.

Reopening in progress.

Post-operational

monitoring.

Backfiood study.

GREEN RIVER

Site 2

(Thomas and others 1972)

Fractured in 1971.

Retorting proposed.

Post-operational

monitoring.

NORTHERN GREEN RIVER BASIN

15 wells over 400

sq. mi. area

(Smith and Trudell

1968)

Resource Evaluation.

Potential in situ

experiments.

Baseline monitoring.

WHITE MOUNTAIN

Southeast Face

Green's Canyon Area

(LERC 1976)

Proposed modified

horizontal in situ

experimental sites.

Baseline monitoring.

LARAMIE

North Site

(Dockter and Harak

1976)

150 ton simulated

in situ retort.

10 ton simulated

in situ retort.

Retort water analysis.

Retort water analysis.

Laboratory
(Ouvall and Jensen

1975)

20 kg controlled

state retort.

Retort water analysis.

mental monitoring program has been develop

ing and expanding along with the progression

of field site opportunities. This program

is still in a state of evaluation with

improvements and modifications being insti

tuted as new data and requirements are eval

uated. The most extensive effort to date was

conducted during the 1976 Rock Springs site 9

experiment; discussion
in the following sec

tions will, therefore,
concentrate on results

obtained during that experiment.

Characterization

Characterization data pertaining to

retort water and other aqueous samples col

lected in conjunction with most of the

experiments listed in table 5 have been pre-

Table 6. Summary of analytical
determina

tions for water samples
obtained

during the LERC
environmental

monitoring program.

ALL SAMPLES FROM EVERY SOURCE:

Sodium Boron

Potassium Iron

Magnesium Manganese

Calcium Fluoride

Sulfate Phenol

Bicarbonate Kjeldahl Nitrogen

Carbonate Total Dissolved Solids

Fluoride Total Organic Carbon

Silicate Chemical Oxygen Demand

pH

SELECTED SAMPLES FROM EVERY SOURCE:

Elemental analysis by spark source mass

spectroscopy

Trace metal analysis for As, B, Be, Ca, Co, Cr,

Cu, F, Fe, Hg, Li, Mo, Ni, Pb, Sb, Se, Th, U,

V, Zn

SELECTED SAMPLES

FROM SELECTED SOURCES:

Volatile and Freon extractable organic

components analysis

Biological oxygen demand

Bacteriology

Dissolved organic carbon fractionation

Organic characterization

viously reported (Jackson and others 1975;

Poulson and others 1977) . Some analytical

results for water samples obtained during

the operational phase of the 1976 Rock

Springs site 9 experiment have been included

in an evaluation of that experiment (Long

and others 1977) .

A large volume (12,450 gal; 47,128

liter) , homogeneous collection of total

produced retort water was acquired during

the last quarter of the site 9 experiment

and given the designation "Omega- 9 retort

water."

Such a collection was required to

make a sample sufficiently available for

use in water consumption experiments, such

as are encountered in treatment and effects

research. The Omega-9 collection was
fil-
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NOTHERN GREEN RIVER BASIN

WHITE MOUNTAIN OR GREENS

CANYON PROPOSED MODIFIED

HORIZONTAL IN SITU SITE

LARAMIE ENERGY RESEARCH CENTER

GREEN RIVER SITE #2

ROCK SPRINGS

EXPERIMENTAL

SITES

Figure 1. Geographic location of DOE/LERC in situ processing technology experiments

tered to exclude particles above a nominal

0.4 ym size and has been kept in controlled

cold storage. These conditions have been

found effective in inhibiting microorganism

proliferation and subsequent chemical alter

ation of the water. Details of the acquisi

tion, processing and storage of the Omega-9

reserve have been published (Farrier and

others 1977) . A high performance, liquid

chromatographic system, designed to finger

print dissolved organic solutes in retort

waters, has been developed, using Omega-9

water (Felix and others 1977) . This work also

illustrates the substantial alterations in

organic solute content caused by microbial

growth in retort water that is not stored un

der refrigeration.

The composition of Omega-9 retort wa

ter represents an approximate average of

the changing compositions observed during

the course of the site 9 experiment as

based on selected water quality parameters

monitored throughout the experiment. Al

though this reserve may, therefore, be

fairly representative of retort water pro

duced during site 9 operations, it cannot

be considered as typical of in situ derived

retort water, in general, inasmuch as it

consists of appreciable quantities of in

trusive ground water (see table 3) . Never

theless, the volume of this reserve allows

for relatively large sample use by a number
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of investigators and, thus, provides an

opportunity for interdisciplinary evalua

tion of a single sample type.

In view of its widespread use, a com

prehensive analytical approach was taken in

characterization of the Omega-9 retort water.

Identical samples were submitted to 12

laboratories for elemental and/or water qual

ity analysis. This survey included the

application of multiple analytical techniques

(up to 6) for each determination. A summary

of the results of this comprehensive survey

is provided in table 7 (Fox, Farrier, and

Poulson 1978). This table shows the total

number of measurements reported for each ele

ment or parameter from all laboratories by

all techniques.

These data often resulted in unaccept-

ably wide variations in results and, there

fore, a statistical clustering technique was

applied to provide a basis for discarding

outlying values and thus derive a "best

value."

The coefficient of variation column

reflects on the precision obtained for the

derived best values; the accuracy of these

values remains to be determined. The number

of measurements, laboratories, and tech

niques which eventually contributed to this

best value are included. Best value is

reported as a range where the results were

so diverse as to provide a coefficient of

variation in excess of 100 percent even after

application of the clustering technique.

Where only upper limits were obtained, the

smallest of such were used. Best values,

based on a single measurement, are included

in parentheses. A detailed evaluation of

this comprehensive analytical survey is in

progress (Fox and others 1978) .

The body of retort water analytical data,

available at LERC and gathered over the past

few years from the various sources indicated

in table 5, illustrates emphatically the var

iability of solute content among samples. It

is not surprising that wide variations occur

depending on shale type, method of processing,

processing parameters, dilution with ground

waters, etc. However, significant variations

also occur from barrel to barrel during
10-

and 150- ton (9.1 and 136 metric ton) sim

ulated in situ runs and day by day during

field in situ experiments. This points to

the heterogeneity achievable in the retort

reaction. The data in table 7 only con

tribute to the total body of water quality

data available for retort waters. The wide

variability in composition of retort water

solutes should be borne in mind when eval

uating the significance of results obtained

from specific samples.

Recent research on sulfur speciation

in retort waters shows that the principal

sulfur species is thiosulfate (Lindstedt

and Bennett 1977; Stuber and Leenheer 1978).

A general trend for sulfur occurrence in

decreasing amounts, according to the order:

thiosulfate, sulfate, thiocyanate, tetra

thionate, and sulfite, was observed for

retort waters obtained from the 150-ton

(136 metric ton) retort, the Omega-9

reserve, and Geokinetics operations (Stuber

and others 1978) . Sulfide was notably

absent in all these samples.

The volatile and semi-volatile organic

solutes in Omega-9 retort water and 150-ton

(136 metric ton) simulated in situ retort

waters have been quantitatively determined

under different storage conditions

(Pellizzari 1977) . A dissolved organic

carbon fractionation analysis has also been

obtained with the Omega-9 sample and com

pared with retort water obtained from a
150-

ton (136 metric ton) simulated in situ pro

cessing of Utah shale (Stuber and Leenheer

1978; Huffman and Farrier 1978).

The validity of "standard methods,"

when applied to elemental and water quality

analysis of retort water, has been a con

cern at LERC for several years (Jackson and

others 1975; Poulson and others 1977). The

wide variations in analytical results

obtained from the interlaboratory, multi-

method survey of Omega-9 retort water

(table 7) reflects the often-
observed

inadequacy of current available techniques

to provide accurate, precise and, thus use

ful, analytical data for similar type

samples. Full use and interpretation of
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Table 7. Characterization of Omega-9 retort water (after Fox, Farrier, and Poulson 1978)

Total Included in Best Value
Best Value Coetl.No.ot No.ot No.ot No.ot

Element Measur-

ments
Msmts Labs Tech's (mg/l) ol Var.

ELEMENTAL

ANALYSES

Aluminum 6 6 6 6 ^0.03 19.1

Antimony 7 7 6 4 2.3 ' 1.0 44%

Arsenic II It 6 5 1.0 0.2 21%

Barium 7 S 4 3 0.71 0.33 47%

Beryllium 2 1 1 1 vO.006

Bismuth 3 1 1 1 <0.01

Boron 6 6 6 5 27 7 26%

Bromine 7 5 4 3 2.3 - 0.4 17%

Cadmium 6 2 2 2 0.0016 0.0008 53%

Calcium 13 11 9 S 12 4 36%

Carium 2 1 1 <0.026

Cesium 4 1 1 (0.0021 ' 0.0003)
CMorina 10 4 4 764 92 12%

Chromium 6 3 3 0.02 ? 0.01 43%

Cobalt 8 5 5 0.025 t 0.016 63%

Copper 10 7 4 0.09 0.05 50%

Dysprosium 3 1 1 <0.006

Europium 3 1 1 <0.0013

Fluorina 7 6 6 62 t 9 15%

Gallium 5 1 1 (0.004 ? 0.000)
Garmanium 4 1 1 (0.013 0.004)
Gold 3 1 1 <0.005

Hafnium 3 2 2 0.015 0.003 23%

Indium 3 1 1 <0.01

Iodine 2 1 1 (0.59 0.30)
Iridium 3 1 1 <0.00006

Iron 10 9 6 1.2 0.3 25%

Lanthanum 5 2 2 0.006 - 0.033

Laad 5 1 1 (0.0045 0.0007)
Lithium 2 2 2 0.18 - 0.8

Lutecium 3 1 1 <0.006

Magnesium 9 8 7 4 20 6 32%

Manganese 8 4 4 0.09 t 0.04 39%

Mercury 7 2 2 0X103 - 0.021

Molybdenum 7 5 5 4 0.57 0.16 28%

Total Included in Best Value
Best Value

(mg/l)

Coetf.

of Var.Element
No.ot

ments

No.ol

Msmts

No.ot

Labs

No.ot

Tech's

ELEMENTAL

ANALYSES

Neotlymium 3 1 1 1 <0 009

Nickel 8 4 3 4 0.06 * 0.02 38%

Niobium 2 1 1 (0.002 ? 0.000)

Osmium 2 1 1 <0.06

Palladium 2 1 1 <0.05

Phosphorus 5 4 4 3.2 i 2.6 83%

Platinum 2 1 1 <0.08

Potassium 8 6 6 46 ? 10 21%

Praseodymium 2 1 1 (0.0021 ? 0.0014)

Rhodium 2 1 1 <0.015

Rubidium 6 4 2 3 0.16 t 0.04 25%

Ruthenium 2 1 1 <0.042

Samarium 4 1 1 <0.07

Scandium 6 3 3 0.0012 t 0.0002 20%

Selenium 11 11 9 3 0.20 0.12 60%

Silicon 7 6 5 4 8 6 72%

Silver 6 3 2 3 0.003 t 0.001 39%

Sodium 12 11 10 4 4265 272 6.4%

Strontium 6 4 4 4 1.12 0.36 33%

Sulfur 4 3 3 3 1980 865 44%

Tantalum 3 1 1 (0.045 0.025)

Tellurium 2 1 1 (0.001)

Terbium 2 1 1 <0.0009

Thallium 3 1 1 <0.006

Thorium 4 1 1 (0.0037 0.0003)

Tin 4 4 4 4 0.001 - 10

Titanium 7 4 4 4 0.03 - 2

Tungsten 4 2 2 2 0.009 0.001 16%

Uranium 7 5 4 3 0.58 0.05 8.2%

Vanadium 6 2 2 2 0.12 0.01 12%

Ytterbium 4 1 1 1 <0.002

Yttrium 4 1 1 1 (0.001 0.000)

Zinc 11 9 5 4 0.31 0.04 13%

Zirconium 5 4 2 2 0.73 0.25 35%

Total

Number of

Included in Best Value

Best Value
Coefficient

of Variation
Element Number of Number of Number of

Measurements Measurements Labs Techniques (mg/l)

MMTER QUALITYPARAMETERS

Alkalinity (as CaCO,) 3 3 1 16,100 t 500 3.1%
Biochemical Oxygen Demand, 5 day 1 1 1 (740)

Carbon. Bicarbonate 0 0 0 (15.940)

,
Carbonate 0 0 0 (500)

,
Inorganic 3 3 2 3340 390 12%

.Organic 3 3 2 1030 105 10%
Chemical Oxygen Demand 4 4 1 9100 ? 6000 66%

Conductivity (umhos/cm) 3 3 1 20.400 3840 19%

Cyanide 2 2 2 0.42 -0.90

Hardness. Total (as CaCO,) 1 1 1 (110)
Nitrogen. Ammonia (as NH,) 4 4 3 3830 435 11%

,
Ammonium (as NH;) 6 5 3 3470 830 24%

.
Kjeldahl (as N) 4 4 2 3420 t 420 12%

.
Nitrate (as NO;) 1 1 1 (0.17)

.
Organic (as N) 2 2 2 148 -630

Oil and Grease 1 1 1 (580)
PH 8 8 1 8.65 t 0.21 2.4%

Phenols 4 4 1 64 -34 53%

Phosphorus, Orthophosphate (as PO;) 3 3 3 0.08 - 24.6

Solids. Fixed (550 C) 2 2 1 13.430 t 415 3.1%

.
Total (103- 105 C) 3 3 1 14.210 i 120 0.85%

.
Total Dissolved 4 4 1 14.210 i 223 1.6%

Sulfur, Sulfate 5 5 3 1910 i 130 6.9%

.Sulfide 1 1 1 (0.0)

.
Sulfite 0 0 0 <20

,
Tetrathionate las S, 0.) 1 1 1 (280)
.Thiosulfate(as S..0,) 2 2 2 2740 t 730 27%

.
Thiocyanate (as SCN ) 1 1 1 1 (136)
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water quality data for samples collected dur

ing the past four years in conjunction with

the Rock Springs area and other monitoring

programs has been hampered due to this

analytical problem. Criteria are being

developed to establish what data are useful;

nevertheless, the analytical problem itself

requires immediate attention. The absence

of adequate standards, the known inadequacy

of some analytical methods, the low levels of

many constituents of interest, and the com

plex nature of retort waters each contributes

to the overall problem.

Evaluation of the applicability of

"standard methods"

to retort water analysis

at LERC laboratories continues. The recently

formed ASTM Subcommittee D-19.33 on "Water

Associated with Alternative Fuels
Production"

should augment this effort and bring national

attention and solutions to specific analyt

ical problems.

Geohydrology and Transport

Solute Interactions

Research on organic solute transport

and surface and subsurface material inter

actions of retort water constituents is in

progress. The following is a synopsis of

recent results.

Dissolved organic carbon (DOC) analysis

on post-operational samples obtained from

several Rock Springs site 9 production wells

indicates that extensive dilution of in situ

retort water by ground water has occurred,

and that the hydrophobic base fraction, sus

pected of being the most toxic fraction of

organics in retort water, had not been

removed by adsorption on the processed shale

in the retorted zone 6 months post-burn

(Stuber and Leenheer 1978) . This finding is

in accord with laboratory sorption data on

TOSCO- II processed shale (Stuber and

Leenheer 1978) . Sulfur species and ammonia

concentrations and the DOC fractionation data

are continuing to be monitored at both pat

tern and observation wells and may prove to

be useful indicators of solute migration,

sorption, and degradation.

Omega-9 retort water has been found to

effectively strip natural organic
and

sesquioxide coatings from soil particles

(Rock Springs site 9 soil samples) and to

induce disaggregation and dispersion of

soil colloids (Leenheer 1977). These

observations may be significant in con

sideration of treatment requirements neces

sary for land application of retort water.

They also point up the need for more

research to determine retort water's poten

tial for soil leaching, causing mobiliza

tion and translocation of soil minerals and

trace elements.

Rock Springs Site 9

Periodic water monitoring has been in

effect at 8 production wells and 11 periph

eral observation wells at site 9 for nearly

four years. This period encompasses the

pre-operational, operational, and
post-

operational phases of that in situ retort

ing experiment. The bulk of analytical

data has been computer-
stored for later

retrieval and data analysis. Initial

attempts to evaluate the data in terms of

general water quality conditions and

changes associated with the retorting

experiment indicated that much of the data

was suspect. Specific problems included:

frequent discrepancies in cation-
anion

balance; questionable total dissolved

solids (TDS) values; large, unaccountable

variations in analytical parameters during

presumed steady state conditions (i.e.,

baseline monitoring) ; and a general lack of

analytical precision. Such irregularities

tended to obscure trends. As previously

mentioned, these problems emphasize the

need to re-evaluate the applicability of

standard water quality methods to waters

associated with fossil fuel processing as

well as native ground waters.

With suitable analytical methods lack

ing at this time, criteria have been

imposed for acceptability of gathered data.

This has resulted in discarding about 30

percent of the data base, but has enhanced

discernment of temporal changes in sub-
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surface water and retort water quality (Smith

and Weand 1977) .

Native ground water, associated with

site 9, is of general low quality, character

ized by high TDS values (up to 48.6 kg/1;

high pH (up to 11.0); and high sodium con

tent (up to 19.716 kg/1 and usually account

ing for >90 percent of the total cationic

species) . Most trace element concentrations

in the ground water are below detection

limits, but there are some exceptions, illus

trated by the following (element with

approximate range) : boron (0 - 50 mg/l) ;

arsenic (3 - 170 mg/l); selenium (1 - 10

mg/l); and mercury (<0.2 - 1 mg/l). The

above data show TDS values for this ground

water exceed maximum allowable amounts for

water for irrigation purposes. Water ob

tained from one of the observation wells was

consistently different than general water

data and reminiscent of trona water. Some

of the variations seen in the baseline water

quality data might be explained if, indeed,

an isolated trona (a sodium bicarbonate

mineral) water pocket was penetrated and

variable communications with other wells

established.

Operational and post-operation water

quality data is still being evaluated. It

is premature to discuss the results defini

tively; nevertheless, a review of the data

suggests a change in surrounding water qual

ity, radiating from the burn zone, as indi

cated by elevated sulfate, Kjeldahl nitrogen,

and TOC levels and a sharp decrease in pH at

several observation wells.

Rock Springs Sites 4 and 6

Backfiood water quality data was col

lected post-operational to the Rock Springs

site 6 experiment. Despite successful igni

tion and extended retorting, no oil was

recovered from this experiment. Neverthe

less, site 6 has provided an opportunity for

post-operational monitoring of backfiood

waters in a retorted zone.

Pre-operational water samples at this

site showed sodium to be the predominant

cation; carbonate and sulfate were generally

the dominant anions. In the post-operational

aspect, it appears that carbonate waters

occupied the production area of the pattern,

while sulfate waters dominate the left and

upper areas outside the pattern and chlor

ide waters dominate the lower and righthand

areas outside the pattern. Many of the

waters analyzed do not show any predominant

ion. The significance of these observa

tions has not yet been determined.

It does appear that some trends noted

at site 9 were also operative for the back-

flood water at site 6, i.e., TDS levels in

observation wells showed definite increase

with time (only
post- experiment data are

available), whereas, a decrease seems to

occur in the production wells (Virgona and

others 1978) .

Communication between sites 6 and 12

was observed during the pre- fracture test

ing of site 12 by Sandia Laboratories (LERC

1977) . Liquids were forced from the remain

ing wells at site 6 upon detonation at site

12. Samples taken at site 6, shortly after

communication was observed, were colored

and contained black fines. Frequency of

monitoring at site 6 has now been increased

from quarterly to monthly. Continued mon

itoring at site 6 may now also afford the

opportunity of gathering data pertaining

to inter-
site communication.

In order to better understand the

underground mechanisms and characteristics

of backfiood water, a study is being imple

mented not only at site 6 but also at site

4 which was retorted in 1969. This exten

sive backfiood study will include determina

tion and modeling of spent retort hydrology

and water quality analysis of standard and

trace components. Future planned Rock

Springs experiments will provide opportuni

ties for more data acquisition and testing

of hydrologic models developed in this study.

Other Sites

The acquisition of geohydrologic data

is fundamental to the environmental monitor

ing programs in effect for government/

industry cooperative projects (Talley Energy

Systems, Inc., Equity Oil Company, Geo

kinetics, Inc., and Occidental Oil Company).
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Data to be gathered in conjunction with these

true and hybrid in situ oil shale processing

operations will support development of geo

hydrologic models for predicting subsurface

transport and water quality impact resulting

from in situ retorting.

Treatment and Control. - Current meas

ures for control of retort waters, produced

under field situations, are limited to dis

posal in an evaporation pond. With increas

ing activities and larger scale operations in

the form of government/ industry cooperative

projects, viable treatment and utilization

measures will be required in the near future.

LERC, as well as others, has been

actively pursuing multidisciplinary approaches

to potential retort water treatment alterna

tives, as indicated by several recent reviews

(Fox 1977; Sung and others 1977; Linstedt

and others 1976; Mercer 1976).

Retort waters may be generally character

ized as being of high pH (8 -

9.5) and con

taining high levels of dissolved organic

(primarily polar) and inorganic (e.g., HCO3 ,

C03=, F", Mg++, Na+, S04=, and NH4+) con

stituents. The multiplicity of potential

uses and the rather unique compositional

characteristics of retort waters limit the

applicability of existing water treatment

methodologies to the treatment needs. The

breadth of ongoing treatment research

spanning primary, secondary, and tertiary

treatment by physical, chemital, and biolog

ical means is illustrated in table 8. The

following is a brief summary of recent pro

gress in these areas.

Oil/water separation has primarily been

accomplished on a laboratory scale by skim

ming or filtering. On a larger scale, emul

sified retort water may be separable by

thermal changes, sonic energy, emulsion

breakers, air flotation, or gravity separa

tion.

Successful ammonia removal has been

attained with or without lime addition, and

with ionic resins. These techniques also

simultaneously remove the carbonate and bi

carbonate as carbon dioxide. Stripping,

using air at 200F, has attained 99.5 percent

Table 8. Water treatment research
methods

applied to in situ produced

retort waters.

PHYSICAL METHODS

CHEMICAL METHODS

gravity separation

air flotation

sedimentation

filtration

evaporation

centrifugation

stripping

ultrafiltration

reverse osmosis

electrodialysis

electrolysis

thermal sludge

activated carbon

non-ionic resins

ion exchange

demulsification

coagulation

solvent extraction

ozonolysis

halogenolysis

permanganate oxidation

photodegradation

anaerobic treatment

aerobic treatment

bioflocculation

mutant development

ammonia removal and also strips light organ

ics from retort water (Hines 1977) . Weak

acid, ion exchange resins have removed up

to 98 percent of the ammonia (Harding and

others 1977). The zeolite, clinoptilolite,

has been used on waste waters to effect

nearly quantitative ammonia removal (Mercer

and others 1970) . All the resins are

fouled to some degree by organics in retort

water; resin regeneration is not entirely

effective. Lime addition to pH 11 has

removed 75 percent of the ammonia (Linstedt

and Bennett 1977; Manahan and others 1978).

Because of the highly buffered nature of

the water, large amounts of lime are

required, resulting in considerable sludge

formation. The lime may be calcined with

the C02 gas which is produced. Lime also

lowers chemical oxygen demand by 13 percent

(Linstedt and Bennett 1977) .

BIOLOGICAL METHODS
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Additional removal of total organic car

bon and biological oxygen demand has been

accomplished through biological treatment.

Anaerobic treatment has been highly effective

with up to 80 percent BOD5 and TOC removal

(Ossio and others 1978) . The anaerobic

treatment produces methane and might be of

use, in some cases, in spite of the long

detention times required. Pretreatment for

removal of suspended solids, oil, grease,

and ammonia; addition of carbon dioxide to

adjust the pH to 7, and nutrient addition

are required. With pretreatment, BOD5 is

reduced by 90 percent and TOC by 8 2 percent.

After anaerobic treatment, aerobic digestion

can be used to further reduce the BOD5, up

to 88 percent, and TOC by 78 percent (Yen

and Findley 1977). In general, aerobic

treatment will not accept the high BOD and

TOC loads initially found in retort waters,

which necessitates pretreatment in this case.

Tertiary treatment for removal of

inorganics and organics is currently not well

established. Ultrafiltration, reverse

osmosis, electrodialysis, activated carbon,

non- ionic resins, and chemical treatment are

still being evaluated as possible methods of

reducing the organics and inorganics to

acceptable levels.

Although this summary indicates progress

in retort water treatment research, investiga

tors should be aware that there is no single

"representative"
retort water. In view of

the known variability of retort waters, future

research should seek to establish the versa

tility of developed methods.

Biological Effects

Although in situ retort-produced waters

will certainly be subject to control meas

ures, possible mechanisms for bioenvironmental

contact would be accidental, episodic expos

ure resulting from failure of a containment

or transfer process, or unavoidable exposure

arising, for example, by admixture and migra

tion of unrecoverable subsurface retort water

with ground waters. Backfilling of retorted

zones and subsequent contamination of ground

waters may be considered as another unavoid

able exposure mechanism. Intentional,

accidental, or unavoidable admixture of

these aqueous effluents with surface ter

rain or with surface or ground waters

could result in widespread exposure of

every component of the regional biosphere,

including microbial, aquatic, plant and

animal systems to them and, directly or

indirectly, man as well. It is, therefore,

essential that an assessment of potential

biological effects resulting from exposure

to released aqueous effluents be included

as a fundamental part of environmental

investigations .

The availability of the Omega-9 col

lection of retort water produced during the

Rock Springs site 9 in situ processing

experiment (Farrier and others 1977) afforded

an opportunity for LERC to initiate some

range finding research on the biological

effects of this retort water early in 1977.

The specific objectives at this stage of

the investigations are:

(1) To define the overall magnitude of

the effect of exposure of repre

sentative target organisms to

retort water.

(2) To delineate the
"active"

frac

tions of retort water.

(3) To establish useful and appropri

ate procedures for additional

screening of retort waters, frac

tions and treated waters.

(4) To establish directions and require

ments for more intensive follow-up
studies.

Current research activities focusing

on these objectives are illustrated within

the boxed areas of figure 2. This research

is limited to the biological effects of in

situ produced water and constitutes only a

portion of the full range of efforts or

requirements needed to evaluate the biolog
ical and ecological effects of a potential

oil shale industry (see EDP 1977; ERP 1978).

Nevertheless, this effort seeks to utilize

the opportunities made available by site-

specific field experiments to gather bio

logical effects data of direct use in defin

ing problem areas for future research more

pertinent to regional impacts. The research

also addresses concerns about field opera

tions raised in Environmental Impact
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ACQUISITION. STORAGE,
STABILITY

RETORT WATER

CHARACTERIZATION

FRACTIONATION

AQUATIC SYSTEMS

ACUTE TOXICITY

REPRODUCTION

SURVIVAL

BEHAVIOR

PHYSIOLOGY

BIOACCUMULATION

MICROCOSMS

KINETICS

PHYTOTOXICITY

SEED GERMINATION

UPTAKE

SURVIVAL

MICROORGANISMS

MICROBIOLOGY OF

WATERS

EFFECTS ON

SOIL MICROBES

SOIL MICROBES

EFFECTS ON

WATER

TOXICOLOGY

SELECTED

BIOCHEMISTRY

EXTRAPOLATION TO

HUMAN HEALTH

DELINEATION OF ACTIVE SOLUTE FRACTIONS

DEFINITION OF ADDITIONAL RESEARCH NEEDS

INTEGRATION WITH TRANSPORT AND FATE STUDIES. FOR BIOAVAILABILITY AND RISK ANALYSIS

INPUT TOWASTEWATER TREATMENT, CONTROL. AND UTILIZATION

TESTING OF UPGRADED WASTE WATERS

INPUT TO MONITORING REQUIREMENTS

Figure 2. Summary of research activities pertaining to biological effects of in situ pro

duced retort waters.

Assessments (EIA 1977) . In the course of

this work, toxicity and effects results are

reviewed with respect to the need for incor

porating control or treatment measures for

surface produced retort waters. Beyond this

lies the desirable alternative, also being

tested in this effort, for use of suitably

treated excess waters for irrigation or water

recycle into the environment.

At this writing, most of the projects

focusing on the general biological effects

of in situ retort water have been in progress

for only a year. Results are not widely pub

lished outside of contract progress reports.

A highlight of some of the activities will,

therefore, be presented with reference credit

given only to published work. It whould be

borne in mind that the retort water used in

these studies came from the large scale,

homogeneous collection of Omega-9 retort

water. This use of a common substrate by

investigators in different biological dis

ciplines allows a first step in the direction

of evaluating individual organism responses

with respect to any commonality among

classes of organisms. Although the Omega-9

water may be fairly representative of the

effluents produced during the Rock Springs

site 9 operations, it cannot be called

typical of in situ-derived aqueous efflu

ents in general. The results reported

below pertain only to Omega-9 water and

should be viewed as indicative, but not con

strued as representative, of retort water

effects. The generality of these indica

tions awaits testing of additional water

samples.

Aquatic Systems

Acute, 96-hour, flow-through toxicity

studies have been conducted with 11 - 18 cm

trout. The 95 percent confidence interval

for the TL50 of Omega-9 water was 0.379 to

0.391 percent (Anderson and others 1978).

Embryo-larval bioassay of eyed, rainbow

trout eggs in dilutions of Omega-9 water

show that concentrations below 0.08 percent

do not affect hatchability and subsequent

fry growth or survival. A negative
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correlation is found between concentration

of Omega-9 water and these three factors up

to about 0.25 percent. At 0.54 percent, no

eggs survived. There is some indication that

glutamate-pyruvate transaminase and alkaline

phosphatase enzyme levels in fish tissues

vary predictably in fish exposed to Omega-9

water. Work is in progress on the applica

bility of this to the development of simple

assay procedures for detection of sublethal

concentrations of retort water in aquatic

systems.

Experiments testing the avoidance

response of rainbow trout and speckled dace

to dilutions of Omega-9 water are in progress.

Data, so far available, indicate that retort

water produces excitement in the fish,

indicating that they are aware of the sub

stance but, at the same time, they are unable

to successfully avoid toxic concentrations.

Plants

Research is in progress to develop rapid

diagnostic screening procedures for deter

mining the phytotoxic response of plants

exposed to aqueous substrates. Such proced

ures will be useful in determining phytotox-

icity of various waters and water constit

uents associated with in situ processing and

in cost-effective selection of tolerant

species for vegetation, revegetation and

rehabilitation of disturbed areas. Two

methods currently being researched are seed

germination and hydroponic growth response.

Both are being conducted with domesticated/

cultivated species and grass species native

to or successfully introduced to the oil

shale bearing areas of western Wyoming. Pre

liminary results indicate that, in general,

moderate concentrations of Omega-9 water (5-

20%) are required to effect a pronounced

inhibition of seed germination. On the other

hand, very low concentrations of Omega-9

water (less than II) elicit a four-fold

increase in the germination rate of the wild

grass, A. riparium, a finding which may have

application in the reseeding and restoration

of field retorting sites. The response of

transplants and seedlings grown in a hydro

ponic system is quantitated through measure

ment of plant growth parameters such as

leaf area, diffusive resistance, color,

stomatal aperture, plant height, and root

and shoot mass. Recent results show that

0.1 and 5 percent solutions of Omega-9 water

adversely affect growth response as meas

ured by these parameters, but there is con

siderable variability between species,

especially at lower concentration levels.

This project is designed to progress

from defined laboratory studies to on-site,

controlled field investigations integrated

with soil and soil microorganism studies.

Microorganisms

The objectives of the current project

dealing with microorganisms are:

(1) to evaluate the influence of
Omega-

9 water on soil microorganisms

(bacteria, fungi, actinomycetes),

(2) to evaluate the influence of
Omega-

9 water on parameters of soil bio

logical activity (carbon dioxide

evolution, dehydrogenase activity,

nitrogenase activity, pH, and

organic matter content) ,

(3) to determine the specific effects

that soil microorganisms have on

altering the constituents of in

situ produced aqueous effluents

during the course of soil migra

tion of such effluents. A field

site, adjacent to LERC's Rock

Springs facility, encompassing two

major soil types and their dis

tinctive vegetation, has been

selected for this study.

Research is in progress to identify and

characterize those microorganisms found to

proliferate and contribute to chemical in

stability in retort water samples when they

are stored at other than near 4C (Farrier

and others 1977) .

Animals

Concern for the safety of field per

sonnel and laboratory investigators handling

Omega-9 retort water prompted an evaluation

of the potential effects of topical exposure

to this water. Toxicology studies included

primary eye and skin irritation in rabbits,

acute dermal toxicity in rabbits, and

guinea pig, skin sensitization assay. The

results of these studies were very defini

tive; no positive results were observed.

This leads to the conclusion that Omega-9
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water does not present a health hazard with

occasional exposure via the dermal route, nor

does it cause irritation in the eye (Hepler

1978) . Normal laboratory hygiene is recom

mended as an appropriate precautionary

measure when handling Omega-9 and similar

retort waters.

Potential hazard of respiratory exposure

to mists of Omega-9 water have not been

defined. Severe toxic effects, such as

hemorrhagic gastritis and lesions in the

kidney and liver have, however, been observed

with acute oral dosing of Omega-9. The acute

oral LD50 in rats and rabbits is 33
+ 1.2

ml/kg and 37.5 t 1.4 ml/kg, respectively. A

defensive vomiting reflex precluded deter

minations of the oral LDgg in dogs, but a

maximum tolerated dose of 20 ml/kg was ob

tained during a two-week, daily dosing study.

A surprising observation was made that

rats in general and selected rabbits will

imbibe Omega-9 water when made available ad

libitum. Consumption is less than with

normal drinking water, but, per day, is in

excess of the single dose LD50 amount (50

ml/day for rats and 100-200 ml/day for

rabbits) . Six of six rats and two of four

rabbits survived this regime for 4 weeks, but

exhibited gastrointestinal tract, kidney and

liver lesions upon necropsy. During acute

oral LD50 studies, it has been observed that

rats have survived for at least 15 weeks with

Omega-9 water as their sole water source.

The acute LD50 for rats administered

Omega-9 water by the interperitoneal route is

22.2 ml/kg. Acute interperitoneal studies

with rabbits and dogs and a 90-day,
sub-

acute

oral toxicity study in rats are in progress.

When finished, all of the preceding studies

will provide a complete baseline standard

laboratory animal toxicity evaluation of

Omega-9 water. Selected toxicity studies

will then be used to define the toxicity of

various water fractions.

The effects of Omega-9 retort water on

the metabolism of various substrates and its

effects on the enzymatic activity and con

centration of liver microsomal cytochrome

P450 were studied both in vitro and in vivo

in rats. There, studies conclusively
show

that Omega-9 retort water induces (acceler

ates) liver enzymatic metabolism activity.

Furthermore, the induction effect (observed

for the P450 microsomal enzyme system)

parallels that elicited by many drugs and

insecticides (of which phenobarbital is the

prototype) as opposed to a second type of

inducing agents consisting primarily of

polynuclear aromatic hydrocarbons. A sig

nificant finding was that while enzymatic

activity was increased, there was no

evidence of an increase in protein syn

thesis (Nelson and others 1978) .

Fractionation

The complexity of retort waters in

terms of numbers and varieties of dissolved

solutes precludes specific compound screen

ing in biological effects studies. More

over, such an approach would mask poten

tially significant synergistic or antagonis

tic effects and would not reflect potential

bioavailability of the solutes. A frac

tionation scheme was developed which has

the potential for increasing refinements in

subfractionation in the order of inorganic/

organic, hydrophobic/hydrophilic, and acid/

base/neutral organic character (Huffman and

Farrier 1978) . This is principally an

adsorption- type chromatographic fractiona

tion of retort water based on elution;

first, through an XAD-8 macroreticular

resin, followed by activated carbon. The

final eluate contains only some 6 percent of

the original total organic carbon (TOC) and

consists essentially of the inorganic sol

utes. About 50 percent of the original TOC

is retained by the XAD-8 resin and defined

as hydrophobic organics. The balance is

retained by the activated carbon and defined

as hydrophilic organics. Nearly quantita

tive recoveries of organic materials

adsorbed on the XAD-8 resin can be obtained

in acid, base, and neutral fractions by
selective desorption. Desorption from

activated carbon proceeds with about 60 per

cent recovery, using chloroform, to yield

a single fraction at the present time. This

fractionation scheme has been scaled up to



reproducibly process 18 liters of retort

water per batch providing gram amounts of

fractions for biological effects studies and

other environmental research purposes.

The fractionation scheme adopted has

certain advantages to alternate fractiona

tion methods based on
liquid- liquid extrac

tion procedures (Rubin and others 1976a,

1976b). First, the hydrophobic/hydrophilic

classification anticipates alterations to

solute composition likely to occur as a

result of soil surface interactions during

the course of migration to target organisms.

This scheme is also consistent with first

order considerations of membrane transport

and thus absorption of hydrophobic materials

into target organisms (Jollow and Brodie

1972) . The scheme also affords a true tier

fractionation with progression into increas

ingly specific fractions as required. Since

the fractionation scheme uses industrial

wastewater treatment sorbents and techniques,

the methods for the removal of fractions

found to be toxic in subsequent biological

studies became inherently apparent.

SUMMARY

In situ methods of oil shale processing

have the potential for recovering twice as

much shale oil as is available from current

processing technologies (mining and above-

ground processing) . Some environmental

advantages of the in situ processing method

have been pointed out. On the other hand,

attendant upon the in situ process is

copious production of excess heavily-laden

water. Just how much and what type of water

is produced; what its surface and subsurface

release will entail in terms of disposition

and effects; what control measures may be

applied; and to what beneficial use it can

be put are questions of acute environmental

concern. This paper has presented a summary

overview highlighting the multifaceted

research program being conducted by the U.S.

Department of Energy at the Laramie Energy

Research Center to address these concerns.

Much of the environmental research discussed

is site-specific in nature because this pro

gram has sought to take timely advantage of

the realistic environmental research oppor

tunities afforded by field processing

experiments. Much additional research in

both environmental and process areas is

required, but the goal of an environmentally

acceptable in situ oil shale processing

industry is in sight.
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HIGH TEMPERATURE REACTIONS OF OIL SHALE MINERALS AND

THEIR BENEFIT TO OIL SHALE PROCESSING IN PLACE

J. Ward Smith, W. A. Robb, and N. B. Young
Laramie Energy Research Center

P.O. Box 3395, University Station

Laramie, WY 82071

ABSTRACT

Limited temperatures reached by Green

River Formation oil shale during surface

retorting restrict accompanying mineral reac

tions to decompositions whose products may

have aqueous and gaseous mobility. The sub

stantially higher temperatures reached during

combustion processes in place initiate solid-

state mineral reactions. Three solid-state

reactions are examined: (1) gas-solid com

bination retaining sulfur in the shale; (2)

solid-
solid formation of new minerals; and

(3) gas-solid recarbonation. To evaluate

the unknown sol
id-

solid reactions the Laramie

Energy Research Center conducted tests on

two samples representing possible resources

for in situ combustion, heating them to tem

peratures up to 1200C. New minerals appear

ing in samples during these experiments were

identified by X-ray diffraction. Evaluation

of all these solid state reactions indicate

that they work to minimize possible environ

mental consequences of in situ oil-shale

development.

INTRODUCTION

Three different, solid-state mineral

reactions, occurring during combustion retort

ing of Green River Formation oil shale in

place, tend to lessen potential environmental

effects from these processes. The three

reactions are (1) a gas-solid reaction,

retaining sulfur on the spent shale; (2)

solid-solid reactions, limiting solubility

and pH of the spent rock; and (3) gas-solid

recarbonation, limiting solubility and pH

effects. Each of these reactions is examined

and the nature of its effect evaluated.

BACKGROUND INFORMATION

Two types of information are required

as background to describing the solid-state

reactions under discussion. They are:

(1) the nature, the thermal behavior and

the mineral composition of the shale being

processed, and (2) characteristics of the

in-place combustion process.

Green River Formation oil shale is a

very fine-grained solid with little poros

ity or permeability. It consists of organic

matter disseminated in a mineral matrix.

Organic matter occupies a variable but

appreciable volume fraction of the rock

(Smith 1976). For example, organic matter

composes about 21 percent by volume of
oil-

shale rock yielding 15 gallons per ton (gpt)

and 30 percent by volume of rock yielding

25 gpt. When this organic matter is heated

to an appropriate temperature (,v/450C) ,

about 90 percent of this organic volume

leaves the oil-shale rock as oil vapor,
non-

condensible gases, and water (Smith and

Young 1975). The 10 percent of organic

volume remaining is carbon, coked on the

mineral matrix.

This residual carbon provides fuel for

energy production in combustion processes.

Oxygen for combustion reaches this carbon

coke by diffusion into the spent oil shale

(Dockter 1976) through the tiny voids left

by the volatilizing organic matter. This

process is greatly assisted by thermal

mechanisms that tend to open up oil shale

and to redistribute void space largely
independent of loading (Smith and Johnson

1976).
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Oil shales, leaner than about 30 gpt by

Fischer assay, maintain their structure and

leave a relatively strong mineral residue

when their organic matter is volatilized

(Tisot 1967) . Dolomite is the cementing

agent. Shales richer than about 40 gpt lose

much of their strength when their organic

matter is decomposed.

Rich shales in a rubblized section do

not collapse under overburden load before

retorting. Consequently, rich shales in a

vertical modified in situ retort will not

deform and impede gas flow. This statement

contrasts sharply with the conclusion reached

erroneously by Tisot and Sohns (1971) from a

well-conducted experiment. When oil shales

are broken up for in situ processes, all of

the loads in the rubblized section are point

loads. If the organic matter begins to fail

in a rich shale, the area of these points

rapidly becomes larger. This easily compen

sates for any loss of strength by failure of

organic matter. The experiments misinter

preted by Tisot and Sohns (1971) were con

ducted under constant load (pounds per square

inch; Pa) . This constant load condition is

not maintained in a column of broken shale.

The mineral composition of Green River

Formation oil shale also varies stratigraph-

ically (Robb and Smith 1974, 1976; Smith and

others 1972; Dana and Smith 1972). However,

mineral components tend to be zoned so that

average compositions for particular zones

can be estimated. An estimate of the average

mineral composition of Mahogany zone oil

shales is given in table 1 (Smith 1969) .

Matrix mineral grains are extremely small,

more than 99 percent being smaller than 1

micron (Tisot and Murphy 1965) . Minerals

that are major
oil-

shale components in other

sections of the Formation considered for in

situ development by combustion processes

include the following:

Magnesian siderite (Mg,Fe)C03
(ferroan)

Dawsonite NaAl(0H)2C03
Nordstrandite A1(0H)3
Nahcolite NaHC03
Montmorillonite ^(Al3Mg) Sig02o (OH) 4

Table 1. Average mineral composition of

Mahogany zone shale, Colorado and Utah.

Composition

Mineral Chemical Formula wt. percent

Dolomite (Mg,Fe)Ca(C03)2
32

Calcite CaCO 16

Quartz Si02
15

Illite KAl2(AlSi3)010(0H)2
19

Albite NaAlSi-Og
10

K feldspar
KAlSi30g

6

Pyrite FeS,1
1/

1

Analcime NaAlSi20 *H20 1

1/

TOTAL 100

See Johnson et al, 1975, for discussion of

actual composition

In situ combustion processes for pro

duction of oil from Green River Formation

oil shale consist essentially of igniting

the top or end of a subsurface retort; then

causing the fire to progress through the

retort. Preparation of the retort chamber

requires breaking oil shale enough to per

mit forcing (or drawing) air through it:

If gas flow is uniform across the retort,

the four stable reaction zones shown in

figure 1 are established after ignition

(McCarthy and others 1976) . Oil shale in

the warming zone downstream into the fire

is gradually heated by the flow of hot

gases. When the temperature reaches 400C,

decomposition and volatilization of the

organic matter begins, in the retorting

zone. This leaves carbon coke behind.

Oxygen in the flowing gas begins to reach

into the retorting zone, burning part of

the hydrocarbon vapors. Behind the retort

ing zone, carbon coke is being oxidized.

Here, the retort reaches maximum tempera

ture. After fuel consumption is completed,

the burned shale slowly begins to cool.

The temperature curve shown beside the

retort zone diagram in figure 1 has three

known points. The first is the initial for

mation temperature, and the second is the

temperature of organic decomposition
(400

to 450C) . The third is the maximum limit,
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Figure 1. Reaction zones and temperature pro

file of an in-place combustion retort.

approximately 1200 C. At this temperature,

the spent shale fuses, stopping additional

heat production and beginning the cooling-

down process. This creates an upper limit to

temperature reached by the residue. The

temperature profile in figure 1 moves through

the retort chamber at a rate controlled by

gas flow rate and oxygen content of the in

coming gas .

Maximum temperatures (up to 1200C) ,

indicated in figure 1 for subsurface retorts,

are much in excess of the
700

to 750C met

in surface combustion retorts (Minster and

others 1976; Harak and others 1974; Matzick

and others 1966). This difference, partic

ularly important to the solid-to-solid min

eral reactions discussed in this paper,

arises because subsurface retorts lose essen

tially no heat to their surroundings, while

surface retorts experience large heat losses

through their skins. Heat lost to the

atmosphere, reported by Dockter and Harak

(1976) for the LERC 150-ton (136 metric ton)

retort, is sufficient to heat spent shale

from the
700

surface retorting temperature

to the
1100

to
1200

range if that heat is

retained.

SULFUR RETENTION

The primary compound extracted by

hydrochloric acid from spent shale of in

situ combustion retorts is calcium sulfate.

However, sulfate minerals are almost com

pletely absent in the raw shale. Pyrite

(FeS2) and organically bound sulfur are the

predominant naturally occurring sulfur

forms in Green River Formation oil shale

(Smith and others 1964) .

The first of three solid-state reac

tions creates the sulfate content of in

situ spent shale. During the retorting

phase of the process diagrammed in figure

1, hydrocarbons and hydrogen resulting from

decomposition of organic matter attack

pyrite and organic sulfur. Hydrogen sul

fide is produced. While part of this

escapes, much of it attacks the carbonates,

particularly calcite, and is absorbed

(Schulman 1976) . In an experiment analogous

to the oxygen- free conditions in the retort

ing zone, Smith (1962) found that 75 percent

of the raw shale sulfur was retained on the

spent shale, primarily as sulfides.
Non-

condensible gases carried off 17 percent of

the available sulfur as H2S, while only 8

percent remained in the oil vapors. The

raw shale path ahead of the retorting zone

will tend to catch H2S from the gas stream,

passing H2S in bulk near the end of the pro

cess. When oxygen becomes available as the

combustion zone progresses through the

retort, the residual sulfur is oxidized.

That held by calcium immediately becomes

calcium sulfate. That, escaping into the

gas stream as S02, is captured by calcite

(Schulman 1976), producing calcium sulfate:

(CaC03+S02 + l/2 02-^CaS04+C02) .

102



Calcium sulfate (anhydrite) is stable and

thermally inert. It does not decompose and,

at retort pressures, will interact with

aluminum silicates only above fusion tempera

ture (Goldsmith and Newton 1977) . Water

solubility of anhydrite is limited. Capture

and retention of sulfur by the shale matrix

minimizes sulfur emission problems of in situ

combustion processes.

MINERAL SYNTHESIS

Synthesis of minerals by solid-state

reactions in oil-shale residue creates an

entirely new aspect in the character of the

rock residues left in an in-place combustion

retort. Mineral decompositions are virtually

the only reactions occurring at the lower

temperatures of surface retorts. In air-

free,
heat- transfer procedures, like the

TOSCO- I I retort, the spent shale reaches

about 500C, while surface combustion retorts

reach about 700C. At these maximum tem

peratures, most of the minerals in table 1

are inert. Analcime dehydration and pyrite

decomposition affect only 2 percent of the

minerals. Some C02 loss from the (Mg,Fe)

part of the dolomite also occurs, but the

resulting cation oxides are inactive and

almost insoluble. Except for the sulfur,

the products of mineral decompositions at

these temperatures are inert, and calcite,

quartz, the feldspars, illite, and most of

the dolomite are still intact. But, in com

bustion retorts in-place, the spent shale

reaches much higher temperatures. Under

these conditions, the carbonates, including

calcite, decompose completely. This decom

position produces lime (CaO) from both cal

cite and dolomite:

CO,

Calcite CaCO- ->CaO+CO,

800C

CO

Dolomite (Mg,Fe)Ca(C03)2 6Q0C >(Mg,Fe)0+CaC03+C02
CO

CaC03 8WC >Ca(HC2
Calcium oxide is potentially a dangerous

material to have left in spent shale from

the in-place combustion processes. However,

calcium oxide itself initiates the synthesis

reactions which remove the problem.

Natural burns, started by lightning

strikes on oil-shale outcrops, provided the

first indication of mineral synthesis dur

ing oil-shale oxidation. Smith (1972)

described natural burns in the Manogany

zone outcrops in Parachute Creek Canyon,

pointing out that the final mineralization

was apparently diopside [CaMg(Si205) ] or

other pyroxenes. He used appearance of

pyroxenes as an indicator of temperatures

reached in subsurface oil-shale retorts.

The solid-state mineral synthesis

phenomenon was evaluated experimentally on

Green River Formation oil shale. Two com

posite samples, one representing the

Mahogany zone and the other, the saline

mineral zone in Colorado were heated under

controlled conditions. Mineral changes

were evaluated by X-ray diffraction.

Experimental Sample Source and Preparation

The first sample tested represents the

25 gpt average section of the Mahogany zone

at Wheeler No. 1 Corehole, drilled by

Pacific Oil Company in sec. 12, T 5 S,

R 98 W, Garfield County, Colorado. A com

posite of 105 samples precisely represent

ing 111 feet (34 m) of the Mahogany zone

was prepared (Smith 1961) and crushed to

pass a 100-mesh screen. Mineral components

of this sample are very similar to the

average Mahogany zone composition given in

table 1. Oxide analysis on ash from this

sample is given in table 2. The Mahogany

zone and its mineralogically similar over

lying oil shales offer an attractive target

for in situ combustion processes (McCarthy

et al. 1976; Smith and others 1978).

The second sample tested was selected

to represent a section of the saline min

eral zone in Colorado. A composite sample

representing a 9-foot section (2.7 m) , low

in nahcolite, was prepared by crushing a

continuous quarter core. The sample repre

sents the section, at depths from 2661 to

2670 feet (799-802 m) ,
in core taken from

U.S. Bureau of Mines-AEC Colorado Corehole

No. 3 drilled in sec. 14, T 1 N, R 98 W,

Rio Blanco County, Colorado. The sample
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Table 2. Oxide analysis of ash from Mahogany
zone sample.

Component Content, Weight percent ash

Si09 44.08

Fe23
4.62

A1203
10.63

CaO 22.50

MgO 10.08

so3
2.16

Na20 1.90

K20 2.42

Undetermined 1.61

contained about 11 percent by weight of daw

sonite and about 0.6 percent by weight
nord-

strandite (Sample No. 91, Young and others

1975) . Complete oxide analysis was not

available but carbonate analysis on this

sample showed 0.5 percent by weight of nah

colite; 12.5 percent dolomite, and 5.1 per

cent Mg-siderite (Young and others 1975).

Heating Procedure

Specimens of each of the two samples

were heated to temperatures ranging from

300
to 1100C at

100

intervals for time

spans ranging from 1/2 hour to 24 hours under

atmospheres of C02, air and nitrogen.

Because most of the detected reactions are

duplicated, only the results on 24-hour

heating in C02 will be presented in detail.

Differences appearing in the other time and

gas treatments will be summarized.

Heating the specimens in a C02 atmos

phere, which raises the temperature of car

bonate decomposition reactions, was conducted

by weighing a sample into a nickel boat, then

placing the boat in a Vycor combustion tube.

The tube was thoroughly flushed with C02 and

placed in a tube furnace controlled at the

specified temperature. A C02 flow of approx

imately 500 cc/min was maintained over the

sample during heating. At the end of the

heating period, the tube containing the sam

ple was removed from the furnace. The flow

of C07 was continued as the sample cooled.

The specimen was weighed, and percent by

weight of ash was calculated.

Mineral Determination

X-ray diffraction was used to examine

the mineral changes which occurred in the

heated samples. The original oil shale and

the heated samples were packed for X-ray

diffraction analysis as received, except

for those heated to 1100C. The 1100C

samples sintered somewhat and were ground

in a mortar until broken up.

Each sample was packed into three

holders. The first was run from
5

to
58

20 for identification and peak heights of

minerals. The second and third were run

from
24

to
34

20 for peak heights of min

erals. Height of primary peak of each min

eral was measured above background. Average

peak heights from the three determinations

were normalized to raw shale basis by mul

tiplying by the weight fraction of ash.

Most primary peaks of minerals in raw shale

and those formed by heat are in the 24 to

34

20 range.

Experimental Results

X-ray diffraction primary peak loca

tion and peak heights determined for miner

als in the two raw shale samples are given

in table 3. Mineral peak heights are dif

ficult to quantify absolutely, but they

Table 3. Minerals in Mahogany zone and

Saline zone oil-shale samples by X-ray
diffraction.

Mineral

Component

Primary Peak

26 Mahogany

Peak

Zone

Height

Saline Zone

Quartz 26.6 64 142

Dolomite 31.0 95 40

Na Feldspar 28.0 24 19

K Feldspar 27.6 20 32

Analcime 26.0 18 0

Calcite 29.4 23 0

Dawsonite 15.6 0 83

Mg-Siderite 32.0-32,,6 0 28

Pyrite 33.0 _ 6

104



furnish an excellent relative measure of

mineral amounts in oil shale. Although we

do not know the precise amount of quartz in

either sample, we do know from table 3 that

the saline zone contains 2.2 times as much

quartz as the Mahogany zone sample. No sound,

relative quantity relationship exists between

minerals, however.

Patterns of decomposition and alteration

by thermal treatment were developed for the

native minerals in each of the samples. Pro

files, with temperature of each mineral's

peak height after 24 hour exposure to a

specified temperature under CO2, are plotted

in figures 2, 3, and 4. The peak heights

measured were corrected to the raw shale

basis to ease comparison.

Figure 2 shows the decomposition of

dolomite and calcite in the Mahogany zone

sample, and dolomite and
Mg- siderite in the

saline zone sample. Periclase is the mineral

name for MgO with a primary diffraction peak

at
42.9

20. It appears as a detectable

mineral, as dolomite undergoes partial

decomposition. Dolomite crystals are, in

effect, composed of a layer of CaC03 and a

layer of MgCOj. In a CO2 atmosphere, the

MgCO^ layer decomposes completely before the

CaC03 layer begins to decompose. This leaves

behind crystalline calcite, detectable by

X-ray diffraction. Figure 2 shows this as an

abrupt calcite increase for the Mahogany

zone sample and as the appearance of calcite

in the saline zone sample at 600 C. Both

calcite and periclase (MgO) disappeared before

maximum temperature was reached. Lime (CaO),

calcite 's solid decomposition product, was

detected only in residue from the Mahogany

zone sample heated in nitrogen at a tempera

ture of 900C. The primary diffraction peak

for lime appears at
37.4

20. The sample

heated one-half hour (1800 sec) showed the

largest peak. It shrank successively with

longer heating periods and was not detectable

in the 24-hour sample nor with one-half hour

(1800 sec) heating at 1000C. The disappear

ances of both MgO (periclase) and CaO (lime)

occur without weight loss.

MAHOGANY ZONE
PEAK HEIGHT

600 800

TEMPERATURE. "C

SALINE ZONE
PEAK HEIGHT

80 r

AOO 600 800

TEMPERATURE. C

Figure 2. Change with temperature of X-ray
diffraction peak heights for oil-shale

carbonate minerals and their decomposi

tion products.

Figure 3 plots the remarkable decrease

of quartz in both samples and its eventual

disappearance from the Mahogany zone sam

ples. Quartz is thermally stable at the

temperatures covered by this experiment

except for a reversible crystal inversion

at 573C. But, it disappeared completely

from the oil-
shale mineral mixture at

1100C.

Figure 4 displays the thermal behavior

of the low albite and the K- feldspar in the

two oil- shale samples. In the raw shales,

these feldspars are pure crystals with no

admixture of the other cation. Nor do they

contain any calcium. By themselves, these

feldspars are thermally inert, except for

reversible crystal inversions in the

105



MAHOGANYZONE

PEAK HEIGHT

TEMPERATURE. 'C

MAHOGANYZONE

Na FELDSPAR

TEMPERATURE. "C

PEAK HEIGHT
SALINE ZONE

SALINE ZONE

PEAK HEIGHT

TEMPERATURE. C

TEMPERATURE. C

Figure 3. Change with temperature of X-ray
diffraction peak height for oil-shale

quartz.

temperature range covered here. However,

when these feldspars are heated to 900C,

only one feldspar exists. The two separate

feldspars react together, creating a new

feldspar crystal whose primary X-ray diffrac

tion peak is intermediate between the peak

angle locations of the two original minerals,

Development of this new primary peak is

readily distinguishable on X-ray diffraction

records. Increase in peak height of the

feldspars shown in figure 4 for the saline

zone sample is probably a product of this

thermal synthesis. Relative amount of com

bined feldspar decreases sharply at 1100C.

One Mahogany zone mineral not plotted

is analcime (table 3) . It loses its water

of crystallization at relatively low tem

peratures (Johnson and others 1975) ,
collap-

Figure 4. Change with temperature of X-ray
diffraction peak heights for oil-shale

feldspars .

sing its lattice slightly to shift its pri

mary diffraction peak (Smith 1972) a dis

tinguishable distance. Above temperatures

of 700 C, this shifted analcime peak is

gone. Saline zone minerals not accounted

for are dawsonite and nordstrandite. Both

minerals disappear by 400C. Dawsonite

decomposes to yield sodium carbonate and an

alumina form, while nordstrandite in oil

shale dehydrates to yield the same alumina

form (Smith and Young 1975).

Where do these indestructible minerals

and their undecomposable decomposition

products disappear to? They are thermally
synthesized into other minerals by solid-

state reactions. The tested samples only

began to sinter at 1000C and required at

least 1200C to fuse. When cooled rapidly,
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the fused samples produced pale green glass

with no X-ray diffraction peaks. At tempera

tures below fusion, the minerals moved to

react as solids. They produced the igneous

and metamorphic minerals, augite and melilite

(Deer. and others 1962a, 1962b).

Augite (Ca,Mg,Fe+2,Fe+3,Ti,Al)2

[(Si,Al)206]

Melilite (Ca,Na,K) 2[Mg,Fe+2,Fe+3,Al,Si) 3O7]

Each of these represents a mineral family

whose specific members might be identified in

individual samples. Figure 5 shows the tem

perature pattern of the primary augite peak

at
29.7-29.8

20 and the primary melilite

peak at
31.1-31.6

20. X-ray diffraction

patterns, generated for both augite and melil

ite in the heated samples, carried enough

detail to make identification definite.

MAHOGANY ZONE

PEAK HEIGHT

60 1-

TEMPERATURE. C

SALINE ZONE
PEAK HEIGHT

600

TEMPERATURE. C

Figure 5. Change with temperature of X-ray
diffraction peak height for augite and

melilite synthesized thermally from oil-

shale minerals.

In the Mahogany zone sample, peaks for both

minerals were increasing from 900 to

1100C; while in the saline zone sample,

they appear to be decreasing at high tem

peratures, perhaps because of the
glass-

forming character of the free sodium car

bonate arising from dawsonite. Both augite

and melilite were initially detected in the

saline zone sample heated to
600

in nitro

gen. Under nitrogen atmosphere, they per

sisted across the rest of the temperature

range.

The other metamorphic mineral detected

and positively identified in specimens from

in-place combustion experiments is monticel-

lite, a member of the olivine group. Its

chemical formula is CaMgtSiO^, and the

location of its primary diffraction peak is

24.6

20. It was not identified in the two

tested samples. However, several unidenti

fied diffraction peaks did appear in samples

heated to
600

or more, whose occurrences

are plotted in figure 6. They represent

crystalline materials formed thermally from

components of the shale mineral matrix by

solid-state reactions. In these experi

ments, their patterns were not well enough

developed for positive identification.

Mineral Synthesis Discussion

The thermally induced, solid-state

reactions in the oil-shale mineral matrix

resemble the geologic process known as

contact metamorphosis. Each of the posi

tively identified minerals: augite, a

pyroxene; melilite, a sheet-silicate group

name as well as a mineral; and monticellite,

an olivine, are described by Deer and

others (1962a, 1962b) as likely products of

thermally metamorphosed, impure siliceous

dolomites and limestones. Many authors,

perhaps beginning with Bowen (1940) , have

attempted to systematize this progressive

metamorphism with a series of reactions

that give specific products with tempera

tures. However, we have been unable to

identify
Bowen'

s first -formed mineral,

wollastonite (CaSi03) ,
in our reaction

products. These progressive metamorphosis

107
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^J.'T^A---- A
A* ^^
Y32.61

27.2'
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Figure 6. X-ray diffraction peak heights detected at specific temperatures and atmospheres

for unknown metamorphic minerals thermally synthesized from oil-shale minerals.

systems, valid at the naturally slow, high

pressure, and near equilibrium conditions

present in geologic processes, are not read

ily applicable to metamorphosis taking place

in an extremely dirty dolomite at 1 atmos

phere total pressure and heating rates of

perhaps 500C per day.

The reactions occurring in oil-
shale

ash are more analogous to solid-state reac

tions well-known in the ceramics industry.

J. Arvid Hedvall, a tremendously effective

researcher who published for over 40 years

on solid-state reactions, observed a

phenomenon which has since been called the

Hedvall effect (Hedvall 1949). In essence,

he says that solid-solid reactions are

encouraged by thermally-
induced, polymorphic

mineral changes and by crystal lattice dis

continuities and distortions, occurring

naturally or during decomposition. These

conditions certainly obtain during the com

bustion phase of in situ retorting.

Calcium oxide appears to be the pri

mary agent initiating solid-state reactions

in oil shale. Hedvall (1941) demonstrated

that powdered clays take up lime as low as

500 C and that feldspars react most rapidly

with CaO in the regions of their crystal

inversions. Much of his work revolved

around the solid-state activity of CaO. In

the Green River oil shales, calcium oxide

production from carbonate decomposition
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appears to coincide with the appearance of

augite. Quartz's disappearance coincides

with calcite decomposition in the Mahogany

zone sample (figure 3). In the saline zone

sample, this evaluation is confused by the

additional attack on quartz by sodium car

bonate arising from dawsonite. As higher

temperatures are reached, mobility of all the

mineral components increases; they all tend

to participate in combining reactions. Hed

vall and Anderson (1941) even managed to

react titanium dioxide with calcium oxide.

In addition, Hedvall (1942) demonstrated

that N2, 02 and SO2 actually activate the

solid state reactions, carrying the solid-

state reactions with them as they penetrate

the crystal structure.

Solid-state synthesis reactions appear

to be fast in spite of their requiring mobil

ity of solids. The products show little or

no increase in peak height across a 24-hour

span at one temperature. This speed is con

sistent with the apparent exothermic nature

of the reactions. In oil-shale rock in place,

the reactions should be faster because min

eral components are closer together than in

the 100-mesh powder samples tested. In in

situ combustion retorts, the time of high

temperature exposure will be substantially

longer than 24 hours. In a smoothly operat

ing, combustion retort in place, all syn

thesis reactions, even slow ones, will go to

completion. The sintering observed in the

powered samples at 1100C will progress

farther with longer exposure.

Environmental Significance

Solid-state mineral synthesis minimizes

extractability of potentially detrimental

materials from residues after in situ combus

tion. Water will eventually enter all sub

surface retorts. However, calcium oxide, the

heating product with the highest possibility

for generating objectionable effects, enthus

iastically removes itself from sensitivity to

water by combining with silica and alumina.

Hedvall, whose experiments were largely con

ducted before the era of X-ray powder dif

fraction, used loss of calcium solubility to

evaluate the extent of his reactions. Aug

ite, melilite, and monticellite are insol

uble in water. They share this trait with

most of their igneous and metamorphic

relatives (Deer and others 1962a, 1962b) .

The unidentified products from our powder

tests (figure 6) were also insoluble.

Minor element components, remaining

in the residue from in situ combustion

(Poulson and others 1977), will also be

unavailable to water extraction. The min

erals, augite and melilite, are thoroughly

substituted, with cation replacements in

all the crystal positions. Trace metals,

not volatilized during retorting and com

bustion, will be incorporated into the

insoluble synthesized minerals.

Residue from in situ combustion re

tains considerable compressive strength

because of the sintering accompanying min

eral synthesis. In addition, the residue

undergoes little volume shrinkage at the

grade levels being used for in situ com

bustion. These facts, taken in conjunc

tion with the bin-and-silo-type edge sup

port occurring in rubblized and rough-edged

oil-shale retorts, make it clear that

retort residues will be very nearly at the

same level as the shale before ignition.

This effect minimizes possible overburden

subsidence.

RECARBONATION

If all else fails, and calcium oxide

manages to hide and survive, there are

still ways to control it without producing

a strong base. Calcium oxide will reabsorb

carbon dioxide as the retort temperature

drops. Calcite is generated by the recar

bonation reaction:

CaO + C02 * CaC03

Thermal analysis study (Rowland and Lewis

1951) indicates that slow reabsorption near

the breakdown temperature produced a nearly

quantitative reaction. Repeated cycles,

such as those used in industry (Dobner and

others 1977) decrease absorption, but this

would not be needed in an in situ combustion

retort. If water is injected into a hot
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retort containing C02, the following reactions

will occur when the water cools the residue:

H20+C02 + H2CO3

H2C03 *

HC03-+H+

HC03-+CaO -

CaC03+0H"

H++0H"

- H20

In this case, the calcium carbonate crystal

formed will be aragonite. A reaction with

lime, resulting in base production, can

occur if ground water, bearing bicarbonate

ion, reaches the cool retort. The resulting

reaction, equivalent to the third equation

above, would produce base with aragonite for

mation.

CONCLUSIONS

The three solid-state reactions occur

ring in oil shales at the high temperatures

reached during in-place combustion processes

work to minimize possible undesirable environ

mental consequences of such
oil-

shale develop

ment in the Green River Formation. The gas-

solid reaction, retaining sulfur as anhydrite

in the oil-shale residue, minimizes emission

of either H2S or SO2 during processing. The

anhydrite produced in the shale has limited

solubility in water and is thermally stable

to ash fusion temperatures.

High-
temperature, solid-to-solid mineral

synthesis reactions create igneous and/or

metamorphic minerals from oil-shale minerals

and their decomposition products. These min

erals are insoluble and chemically inert,

hydrolyzing to produce a slightly basic water

extract with almost no base capacity. Non

volatile minor elements occurring in the oil-

shale minerals are included in the solid-

state mineral synthesis, limiting their sub

sequent solubility. Sintering, accompanying

solid-state reactions, enhances residual com

pressive strength of the spent shale.

Because the average shale grade available for

in situ combustion development limits bulk-

volume loss during processing, a retort

bulked full before processing will, after

retorting, still be virtually full of residue

capable of supporting overburden. Sub

sidence problems are minimized.

Recarbonation of lime provides a pro

cess control step capable of preventing

development of strong-base
destruction of

silicates from CaO in the residue. A re

tort shut in after completion of combustion

will tend to supply C02
for recarbonation

as it cools. Water injection during proces

sing does not interfere with recarbonation.
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FROM ENVIRONMENTAL BASELINE STUDIES TO MONITORING, RESEARCH, AND DESIGN

A. M. Ruskin

Claremont Engineering Company
P.O. Box 597

414 Yale Avenue

Claremont, CA 93309

INTRODUCTION

Thirteen environmental baseline studies

were performed at the Occidental Oil Shale,

Inc., Logan Wash site in 1974 and 1975.

These studies were planned to obtain infor

mation (1) to guide the development of a

modified in situ oil shale project along

environmentally acceptable lines, (2) to

provide a basis for detecting any environ

mental changes that might occur from oil

shale activities, and (3) to develop data

for permit applications (Ruskin and Phillips

1975) . In addition, the studies identified

research needed to better define constraints

or opportunities for an oil shale facility.

This paper describes the studies, resulting

activities and shows how results are being

used today.

THE OCCIDENTAL OIL SHALE, INC. LOGAN WASH

PROJECT

Occidental Oil Shale, Inc. is develop

ing a modified in situ process for producing

oil from shale on a 4,325 acre (1,770 ha)

parcel in western Colorado. The site is in

Garfield County, 51 miles (80.5 km) by road

northeast of Grand Junction (fig. 1) . It

lies north of the Colorado River and U.S.

Highways 6 and 24, northeast of the town of

DeBeque and southwest of the town of Grand

Valley.

The mine and other activities are

located at the head of Logan Wash. The prop

erty consists of outcrop bounded, more or

less, all the way around by gulches up to

2000 feet (600 m) deep. It includes part of

Spruce Ridge on the north side of Logan Wash,

north of Mount Logan, and includes Mount

Callahan.

The Occidental process consists of

mining an amount of shale from within the

retort configuration, rubblizing the

remaining shale to bulk fill the retort,

and retorting the rubble in place. An

overburden of several hundred feet remains

above the rubble.

The amount of material mined is only

that necessary to provide mine access and

the desired bulk porosity in the rubble.

The mined raw shale is the same as natural

talus and is placed in selected canyons to

resemble talus.

There are only a few mine adits, with

benches, over the entire 4325-acre (1,770

ha) property. While each adit can be as

large as 24 feet square (51.8 m6) ,
it is

insignificantly small compared to outcrop

heights of 2000 feet (600 m) . Surface

installations, e.g. for oil storage and

loading, steam generation, and an exhaust

stack and test area, occupy a total of

about 30 acres (12 ha) .

BASELINE STUDIES

Baseline studies encompass thirteen

areas, listed below. As described later,

these studies often led to subsequent

investigations that form part of the base

line information bank, but which were not

part of the initial baseline program.
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Meteorology

Wind speed, direction and temperature,

and delta temperature data have been taken

continuously since February 1975 on a 100 ft

(30 m) tower at the top of the property, i.e.

on the plateau. Rawinsonde temperature and

wind data were taken every six days for a

year to obtain upper air data above the

plateau. Relative humidity and precipitation

data have also been taken, at the air quality

monitoring site. Data collection has been in

accord with a program approved by the Air

Pollution Control Division, Colorado Depart

ment of Health (H.E. Cramer Co., Inc. 1976a

and 1976b).

Ambient Air Quality

Ambient concentrations of SO2, N0X,

hydrocarbons, CO, particulates, and H2S

were measured at a point where a plume from

a large-scale operation, if there were one,

would be expected to have maximum impact.

Pollutants were sampled for 24 hours on a

six-

day schedule for one year beginning in

February 1975, in accord with a program

approved by the Air Pollution Control

Division, Colorado Department of Health

(H.E. Cramer Co., Inc. 1977a).
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Surface Water Hydrology

Streams carrying runoff from the prop

erty have been studied in terms of flow and

water quality. Water quality parameters to

be studied were selected in consultation with

the Water Quality Control Division, Colorado

Department of Health. Precipitation and

evaporation have also been measured. One

purpose of these measurements is to charac

terize surface runoff conditions. Another

purpose is, together with ground water hydrol

ogy data, to develop an overall water balance

for the area so that the effects of mine

activities can be predicted (Birman and

others 1977).

Ground Water Hydrology

Transmissibilities and storage constants

were measured via slug and well recovery

tests at several locations on the property.

Water quality and water level were also

measured seasonally at the same test holes.

The purpose of these tests was to develop

insight into the movement of ground water in

the vicinity of the retorts and over the

property generally (Birman and others 1977) .

Archaeology

The Logan Wash site was surveyed for

evidence of archaeological materials and to

determine whether proposed developments

might affect significant archaeological

investigations. In view of the limited usage

proposed and the total unsuitability for pre

historic occupation of most of the property,

nineteen
sub-

areas within and adjacent to

the property, rather than the entire prop

erty, were surveyed (Thomas 1974) .

Paleontology

Possible sites for dumping raw shale

and two similar sites nearby were surveyed

to determine if the proposed dumping would

affect significant paleontological investiga

tions (Guthrie 1974) .

Flora

Plant density and cover were measured

in plots and herbarium vouchers were col

lected at every quarter section of the

property and at some adjacent locations.

Soil samples were also taken for taxonomic

analysis. Both fall and summer surveys

were used because different species bloom

at different times and the flowers are

sometimes needed to identify the species.

The purpose of these studies was to begin

identifying the vegetative environment

(which varies naturally from year to year)

and to determine if there are any rare or

endangered species present (West, Irvine,

and Loope 1976) .

Fauna

Four seasonal surveys were made to

determine the major vertebrate species

using habitats and water sources on and

near the project site. Species composition

and relative abundance were determined by

visual survey, trapping, and counts of

tracts, pellet groups, beds, skeletons, and

shed antlers, depending on species and

season (Wirtz 1974, 1975a,b,c, d) .

Engineering Geology and Soil Engineering

Various possible road and pipeline

alignments and power plant sites, etc. were

studied to determine if any hazards exist

due to geological features. The study

included field reconnaissance, background

research, and a detailed study of photo

graphs, existing reports, and maps (Leigh-

ton and Associates 1976) .

Noise

Noise from major underground mine

blasting was monitored and compared with

current background noise levels in the

environs of the Logan Wash project site.

The latter were measured seasonally at dif

ferent times of the day and week. The pur

pose of this study was to determine the
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extent to which blasting noise is a signifi

cant contributor to the noise level in near

by populated areas, e.g. Grand Valley

(Petersen 1975b; Focke 1976).

Seismometry

Ground motion arising from a major

underground blast was monitored in Grand

Valley, the nearest town, and compared with

ground motion arising from railroad and high

way traffic in the immediate vicinity. The

purpose was to determine if blasting adds

significantly to existing vibrations in this

populated area (Petersen 1975a).

Subsidence and Uplift

Precise level surveys were made of the

surface above the retort area, before retort

ing, in order to determine any subsidence or

uplift that might subsequently occur

(Studebaker 1977) .

Socioeconomic Impacts

Employee and community data, for the

period
mid- 1972 through 1975, were gathered

to determine growth of employee and commun

ity populations, community incomes, housing,

and community services. Community growth

rates and capacity limitations were deter

mined along 19 dimensions. Employees and

their families were characterized according

to residence, job, job location, age,

marital status, and ages of dependents.

These data, together with
population-to-

employment ratios, were used to determine

Occidental- derived growth impacts on the

communities. This information also provides

a basis for projecting further impacts if

the project work force is expanded (Lindsey

1976; Ruskin 1977).

These studies were defined basically by

people who would use the results. Design

personnel and permit granting agencies were

interviewed for their needs before the stud

ies were planned. Specialists who would do

the field work and analyses were then con

sulted intensively in preparing detailed

scopes of work. Every attempt was made to

obtain the greatest possible return of useful

data and to conserve funds that might be

better used after the first round of base

line investigations.

These specialists made preliminary

reconnaissance field trips before preparing

detailed scopes. They identified
site-

specific factors that required special

attention. They also identified factors

that did not need to be studied because

the terrain or other features precluded

these factors from being affected by the

proposed development. Both theoretical and

practical considerations were taken into

account in defining the efforts needed to

meet the objectives of the baseline study

program.

As studies were performed, preliminary

findings were transmitted to investigators

in related fields and to the ultimate users

of the results. Also, new inputs were

received from the design personnel and

permit-granting agencies as they arose.

This practice enabled concurrent and sub

sequent field studies to be revised and

improved and other efforts, e.g. plant

design, to be adjusted in light of the find

ings.

Before moving to a description of how

the baseline studies have been used in

planning subsequent efforts, it should be

noted that the format for the study reports

was prescribed to highlight findings, con

clusions, and recommendations, as they per

tain to the specific project and site.

The purpose of the prescription was to make

it easy for non-specialist decision-makers

to understand the significance of any sal

ient findings and to see as clearly as pos

sible the alternative approaches they might

take to any potential problems. Another

result of having all the baseline studies

in a consistent format is that it facili

tated preparing a comprehensive environ

mental assessment (Ruskin 1976) .
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USES OF THE BASELINE STUDIES

Baseline study results are presented in

the reports cited in the previous section

after the study descriptions. It is not

the purpose of this paper to reproduce their

findings. Rather, this section is devoted to

four uses of the studies that go beyond mere

descriptions of the environment.

Identification of Needed Research

First, the studies identified four

instances that required additional research

to resolve. Two of the instances concerned

plants and two concerned animals.

The first plant example involved the

rediscovery of Festuca dasyclada. a grass

thought to be extinct (West and Irvine 1976) .

Not only was the grass discovered during the

baseline investigation, but subsequent

research characterized the environment in

which it grows. Armed with this information,

the investigators identified several other

possible sites for the species in Garfield

County. Examination of these sites showed

the plant to be alive and well and relatively

abundant .

The second plant example concerns

Douglas fir and aspen trees on the property

that were found to be suffering some maladies.

Further investigation by a forest entomologist

and a forest pathologist showed that the

Douglas fir was infested by an insect and

that the aspen suffered from canker fungi,

aggravated by an insect infestation and

rodent feeding (Helburg and Leatherman 1976) .

The infestation in the Douglas fir has died

out and the aspen condition is widespread in

Colorado. Conclusion: neither condition

was the result of Occidental activities.

The first animal example of needed

research concerns the discovery of prairie

and peregrine falcons flying over a canyon

where Occidental contemplated some mine sup

port activities. A detailed examination was

made during the following breeding season to

determine if the falcons nested within the

canyon or nearby (Redmond and Wirtz 1976) .

Conclusive evidence was found that the fal

cons were not nesting in areas at or near the

proposed activities.

Baseline investigations also indicated

that the local deer herd needed to be stud

ied to determine if an apparent imbalance

in the buck-to-doe ratio did, in fact,

exist and, if fawn productivity was as low

as it first seemed (Wirtz 1974). If either

of these apparent anomalies was real, fur

ther work would be needed to ascertain the

cause. Subsequent studies have shown both

the buck-to-doe ratio and fawn productivity

to be within normal ranges (Wirtz 1976 and

1978).

Definition of Development Constraints

A second use of the baseline results

has been to identify constraints and help

define limits for certain activities. Only

the flora and fauna studies showed any

potentially serious hurdles. As described

above, however, subsequent research proved

that none of these issues is in fact a

barrier to careful development of the

Occidental process on the site.

Three studies did indicate the need

for care in siting various facilities. The

meteorology study indicated that the ex

haust stack needs to be on the plateau,

i.e. on the top of the property (perhaps an

obvious result) (H.E. Cramer Co., Inc.

1976c; 1977b). And, the engineering geol

ogy and animal studies indicated that cer

tain road alignments are preferable to

others (Leighton and Associates 1976;

Wirtz 1975d).

Identification of Development Opportunities

A third use of the baseline results

has been to identify some
non-

obvious but

economical ways to minimize environmental

impacts on the project. One example is the

opportunity to control the intrusion of

mine water into a spent retort by properly

locating the air level above the retort.

Because of the geohydrology of the area

(Birman and others 1977) , a properly-

located air level can serve as a water col

lection gallery after retorting is concluded.

By having the mine drifts slope downhill
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from the gallery to the outcrop, water that

infiltrates into the gallery can escape to

the outcrop and circumvent the retort al

together. "Proper location", here, means at

an elevation such that the sill pillar

between the air level and the retort itself

contains tight or impermeable strata.

Another example is the opportunity to

optimize the design of an exhaust stack in

terms of location, height, construction

costs, and pressure drop. Detailed meteoro

logical data, together with exhaust informa

tion, have made it possible to design the

stack for a nearby "second highest
point,"

instead of a more obvious but more distant

and, therefore, more costly "highest
point"

(H.E. Cramer Co., Inc. 1978b).

A third example is the possibility of

controlling dust and evaporating limited

amounts of waste water at the same time by

spraying with waste water. Evaporation data

taken as part of the hydrology study indi

cated that the amount of water that could be

evaporated from the area where dust control

is needed is commensurate with the amount of

water to be disposed (Birman and others

1977). Thus, baseline data identified an

opportunity to meet two objectives with one

action.

Definition of Monitoring Programs

A fourth use of baseline studies has

been to identify suitable ways of monitoring

any impacts the project may have on the

environment. The plant and animal baseline

studies, for example, were used to select
so-

called
"affected"

or
"test"

areas, and cor

responding control areas (West and Irvine

1977; Wirtz 1978). The test areas are com

munities and habitats near current operations

The control areas are similar settings, a

considerable distance from the operations.

We can now compare vegetation in each test

area with vegetation in the corresponding

control areas and, thus, determine if the

test area is indeed affected. Similarly for

animal populations in test and control areas.

So far, no problems concerning plants or

animals have been observed.

Both air quality and hydrology monitor

ing programs have been scoped on the basis

of corresponding baseline results. Base

line air programs showed that an uncompli

cated approach to air quality monitoring

would provide satisfactory measurements

(H.E. Cramer Co., Inc. 1978a).

The baseline hydrology program showed

that two of the five major drainages would

not be affected by current operations and

need not be monitored (Schick and Birman

1978) . The baseline work also showed,

however, that the alluvial levels in the

remaining drainages should be monitored in

order to assess subsurface runoff, which

turns out to be a not insignificant part of

total runoff.

CONCLUSION

Environmental work at Logan Wash has

changed, in the last four years, from

exploratory reconnaissance to baseline

inventories to monitoring programs. Along

the way, the information has been used to

plan very specific, detailed investiga

tions; to define development constraints

and identify opportunities; and to prepare

permit applications and an environmental

impact assessment. The environmental pro

gram has not been static, but rather has

been increased in some areas and decreased

in others, in keeping with the need for

environmental information by the rest of

the project. The aim throughout has been

to develop information that can serve as

the basis for orderly and environmentally

acceptable development of the Occidental

process.
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CONVERTING GREEN RIVER SHALE OIL TO TRANSPORTATION
FUELS*

R. F. Sullivan and B. E. Stangeland

Chevron Research Company
P.O. Box 1627

Richmond, California 94802

ABSTRACT

Shale oils contain significant quanti

ties of nitrogen, oxygen, and heavy metals.

Removing these contaminants is a major con

sideration in the catalytic conversion of

shale oil to transportation fuels. Hydro-

treating can remove substantially all of

these elements, while coking only removes

most of the heavy metals. Pilot plant data

for three processing schemes were generated

during the course of this study:
hydro-

treating followed by hydrocracking;
hydro-

treating followed by fluid catalytic crack

ing; and delayed coking, followed by
hydro-

treating. Yields and product inspections

are presented for these three cases.

INTRODUCTION

Significant oil shale deposits occur in

at least eight of the United States and 23

foreign countries (Gary 1977). However, the

largest deposit and, therefore, the shale oil

of the greatest current interest is that con-

*This paper was prepared as an account of

work performed by Chevron Research Company,
sponsored by the United States Government

(DOE Contract EF-76-C-01-2315) . Neither

Chevron, nor the United States, nor the

United States DOE, nor any of their employ

ees, nor any of their contractors, sub

contractors, or their employees makes any

warranty, express or implied, or assumes any

legal liability or responsibility for the

accuracy, completeness, or usefulness of any

information, apparatus, product, or process

disclosed, or represents that its use would

not infringe privately owned rights. By
acceptance of this article, the publisher

and/or recipient acknowledges royalty-free

license in and to any copyright covering

this paper.

tained in the Green River formation of

Colorado, Utah, and Wyoming. Because of

the vast reserves of hydrocarbon contained

in this formation and the national need to

develop alternative fuel sources, it is

extremely likely that a significant shale

oil industry will be developed during the

next decade from Green River oil shales.

It will be necessary for the energy indus

try to convert this shale oil to acceptable

fuels, either in existing refineries (if

necessary, after addition to or modifica

tion of the facilities to handle any

special processing problems) or in grass

roots refineries, specially designed for

processing shale oil, using modern proces

sing technology.

It is the purpose of the present study

to look at the major processing steps

necessary to convert shale oil to salable

transportation fuels, using advanced com

mercial state-of-the-art refining processes

and to determine which of several possible

refining schemes are technically and

economically feasible.

Green River shale oil is sufficiently

different from most petroleum crudes that

processing this shale oil presents some

unusual problems. Shale oil is particularly

high in nitrogen content; the shale oil used

in this study contains 2.2 percent nitrogen

compared to 0.3 percent or less for most

petroleum crudes. In addition, this shale

oil contains 28 ppm of soluble arsenic and

70 ppm of iron that are not removed by fil

tration. The oxygen content of over 1 per

cent is high, compared to most crudes,
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although some California crudes contain as

much oxygen. The sulfur content of about

0.6 percent is somewhat lower than typical

Middle Eastern crudes.

Impurities such as sulfur, oxygen, nitro

gen, and metals are typically removed from

petroleum crudes by hydrogen processing;

therefore, the most promising techniques for

upgrading shale oils to acceptable fuels

involve some form of hydrogen processing.

Most commonly, it is suggested that the crude

shale oil be distilled and that the various

fractions be processed separately (Gary 1977).

However, some workers have hydroprocessed the

whole shale oil before distillation (LERC

1977; Shaw, Kalfadelis and Jahnig 1975).

The advantage of the second approach is that

the high boiling residue is upgraded,

together with the more easily hydrotreated

distillate fractions, and no low value

residuum remains. We have used this second

approach in two of our proposed refining

schemes .

PILOT PLANT PROGRAM

Pilot plant data for three processing

routes were generated during the course of

this study: hydrotreating to remove

nitrogen and other impurities followed by

hydrocracking; hydrotreating, followed by

fluid catalytic cracking; and delayed cok

ing, followed by hydrotreating.

Figure 1 is a simplified flow scheme

which summarizes the processing steps that

were pilot tested in the experimental pro

gram. Figures 2-4 show the three proposed

refining schemes resulting from the tests.

(Note that, in order to simplify the

figures, temperatures are expressed only in

degrees Fahrenheit. In the tables, both

English and metric units are given whenever

possible.)

Table 1. Properties of dewatered Paraho

shale oil and shale oil coker

distillate.

Pretreatment of Raw Shale Oil

The raw Colorado shale oil used in this

study was provided by DOE's Laramie Energy

Research Center. It was prepared in the

Paraho tests in a surface retort operated in

the so-called indirectly heated mode. As

received, it was an emulsion, containing 6

percent water and about 0.5 percent fine par

ticles in the shale oil. Heating this mix

ture to 75C broke the emulsion; most of the

water and fines settled out upon standing at

75C for six hours. The dewatered shale oil

was filtered through a 15-micron filter.

Filtration, however, did not take out apprec

iable amounts of additional fines and the

oil was processed without further pretreat

ment.

Inspections of the dewatered whole shale

oil are given in the first column of table 1.

Properties are characteristic of typical

surface-retorted Colorado shale oils

(Albright 1977; Cottingham 1976; Bartick and

others 1975).

Shale Oil
Dewatered Coker

Description Shale Oil Distillate

Inspections

Specific Gravity, 15C/15C 0.933 0.862

Gravity, "API 20.2 32.7

Aniline Point, C (F) 39 (102)
Sulfur, Wt t 0.66 0.61

Total Nitrogen, Wt * 2.18 1.75

Oxygen, Wt * 1.16 0.94

Arsenic, ppm 28 6.3

Pour Point, C (F) 32 (90) -4 (25)
Carbon, Wt * 84.30 85.00

Hydrogen, Wt % 11.29 12.36

Hydrogen/Carbon Atom Ratio 1.60 1.73

Ash, Wt t (ASTM D 486) 0.03 0.00

Iron,
ppm* 70 0.4

Sediment (Plus Trace Water) , Vol t 0.1

Average Molecular Weight 326 228

Viscosity, cSt

50C (122F) 25.45 2.13

99C (210F) 5. 54

pH 9.2 9.0

Hot Heptane Asphaltenes (Including 0.17

Any Fines) , Wt *

Ramsbottom Carbon, Wt 1

TBP Distillation, %

Start

1.85 0.17

"C F UC UF

84 183 11 51

10 234 453 148 298

50 391 736 268 514

70 450 842 307 584

95 567 1053 357 675

*This iron is not removed by filtration through a 0.45-micron
filter.
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Raw Shale

Oil

Dewater

H20,
Ash

First-Stage

Hydrotreater

300-500F Mid-Distillate

Hydrotreater

350 (or 300)-

j 650(or625)F Mid-Distillate

Hydrotreater

w

625-850F

/*

'

625F'

Hydrocracker

*L Fuel

650F+

Fluid Catalytic

Cracker

Coker
First-Stage

Hydrotreater

,5

^ Fuel

Naphtha to be Converted to High Octane Gasoline by
Catalytic Reforming (Performance Predicted by Correlations)

Figure 1. Pilot plant tests for processing shale oil.

Naphtha'

jet

Diesel

Naphtha'

Jet

Mogas

Cycle Oils

Naphtha*

Diesel

WHOLE OIL HYDROTREATING

Hydrotreating is done in fixed-bed,

downflow pilot plants. They are equipped

with high and low pressure product separators,

recycle hydrogen facilities, product distil

lation columns, and extensive control and

monitoring instruments. Catalyst is sul-

fided in situ. These units generally give

good recovery of products (within 21) and

provide a measure of hydrogen consumption.

ICR 106, a Chevron proprietary catalyst

containing nickel
-tungsten-silica-

alumina,

was selected as the most promising of several

catalysts tested in a catalyst screening

program. The catalyst screening test was

followed by a 2000-hour pilot plant run to

determine nitrogen removal kinetics.

Results were obtained at liquid hourly

space velocities (LHSV) of 0.2, 0.3, and

0.6 volumes of feed per volume of catalyst

per hour at a hydrogen pressure of about

12.7 MPa (1850 psia). First-order kinetics

with an activation energy of 35 kcal/g
mole gave a reasonable fit to results.

Product nitrogen ranged from 2800 ppm down

to 1.3 ppm. At 500-1000 ppm nitrogen

levels, the hydrogen consumption was around

2000 SCF/bbl. Properties of the whole
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<
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Recycle

Hydrocracking

H,

1

Two-Stage

Reforming
ZZT~

c

GO
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O

Motor

Gasoline

180

300F

-X

Bottoms

Recycle1. HDT = Hydrotreating.

2.
C4"

is butanes and lighter. Used for H2 plant

feed, gasoline blending, and refinery fuel.

3. Foul gas and water treated to recover NH3 and sulfur.
4. Some naphtha from first-stage HDT also used for H2 plant feed.

E

<

y

C5-C

Diesel

Fuel

300-535F Kerosene
"*"

Jet Fuel

Figure 2. Schematic flow diagram, Case 1

hydrocracking.
Refining of Paraho shale oil by hydrotreating-

liquid product at various nitrogen levels are

shown in table 2.

In a previous paper (Sullivan and

Stangeland 1977) ,
we presented preliminary

results of a 3500-hour pilot plant test in

which whole Paraho shale oil was hydropro

cessed to 500 ppm product nitrogen over ICR

106 at 0.6 LHSV. The pressure was varied

during the run, and it was shown that, at
13-

14 MPa hydrogen pressure (^-2000 psia) , the

catalyst deactivation rate was very low; and,

clearly, a commercial length run could be

expected at these conditions. (The run was

shut down when the feed supply was exhausted.)

Alumina of a moderate surface area was

used as a guard bed to remove arsenic and

iron upstream of the catalyst. The guard

bed successfully protected the hydrotreating

catalyst from these potential catalyst

poisons. Traces of zinc and selenium were

also removed from the shale oil by the

guard bed.

The product from the whole oil hydro

treater is a high-quality synthetic crude.

Tables 3-6, inclusive, give typical yield

periods and show the properties of the

various fractions.

Evaluation of the results of these

runs by our Process Engineering Department

indicated that it is economically advan

tageous to hydrotreat to about 500-1500 ppm

nitrogen in whole liquid product, then

distill, and, as necessary, process the

various product fractions. Selection of

the severity of the first-stage hydrotreater

will depend on the downstream processing

scheme and the desired product slate.
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<
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"
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mFCC

430-625F

Notes:

625F+

Refinery Fuel

1.
C4~

is butanes and lighter. Used for H2 plant feed, gasoline

blending, and refinery fuel.

2. Foul gas and water treated to recover NH3 and sulfur.
3. HDT = Hydrotreating; FCC = Fluid Catalytic Cracking.

Figure 3. Schematic flow diagram, Case 2: Refining of Paraho shale oil by hydrotreating/FCC,

Middle Distillate Hydrotreater

A middle distillate hydrotreater is

required to convert the mid-boiling fraction

from the hydrotreated shale oil to salable

diesel fuel or jet fuel, if the whole liquid

product from the shale oil hydrotreater con

tains around 500 ppm nitrogen or more.

Diesel and jet fuels having this much nitro

gen will typically have high gum levels and

will not pass stability specifications.

Pilot plant studies were made on a
175-

345C (350-650F) middle distillate fraction

containing 540 ppm nitrogen which failed to

pass the diesel thermal stability specifica

tion. It was hydrofinished over ICR 106

catalyst at 7.6 MPa hydrogen pressure (1100

psia hydrogen) and 2.0 LHSV. At a catalyst

temperature of 343C (645F) ,
the product

contained 350 ppm nitrogen and passed the

thermal stability test. Hydrogen consump

tion was less than 0.75 kmol/m3 (100 SCF/

bbl). Pour point was about -18C (0F).

Other acceptable results were obtained at

lower product nitrogen levels. Yields and

product inspection are shown in tables 7

and 8.

More severe hydrotreating is required

to produce stable jet fuel due to the more

stringent stability specifications. Table

9 shows the results of hydrotreating a
175-

260C (350-500F) fraction of hydrotreated

shale oil containing 310 ppm nitrogen down

to a product level of 2 ppm nitrogen. Con

ditions were 7.6 MPa (1100 psia) hydrogen

pressure, 2 LHSV, and 387C (729F) . Hydro

gen consumption is about 150 SCF/bbl. The
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CVs

Whole

Dewatered

Shale Oil Delayed

Coking

First-Stage

HDT

1
Coke

t
H2

Pc+
650T

To Refinery
Fuel

Notes:

1.
C4"

is butanes and lighter. Used for hydrogen plant feed,

gasoline blending, refinery fuel, and liquified petroleum gas (LPG).

2. Foul gas and water treated to recover NH3 and sulfur.

3. HDTs Hydrotreating.

Figure 4. Schematic flow diagram, Case 3

hydrotreating.

Refining of Paraho shale oil by
coking-

product is stable with a gum content of 2

ppm (typical specification is less than 5

ppm). The freezing point is -41C (-42 F)

which passes the Jet A specification of -40 C.

Other experiments show that a 175-245 C

(350-475F) fraction also has an acceptable

freeze point of -47C (-53F).

Extinction Recycle Hydrocracking

A major benefit of including a hydro-

cracker in a refinery processing shale oil is

the ability to make large quantities of high

quality jet fuel together with the ability

to maximize other products if product demand

shifts away from jet fuel.

Extinction recycle hydrocracking pilot

plant tests were made in a single stage with

a 330-455C (625-850F) gas oil fraction from

the hydrotreated shale oil as feed and ICR

106 as the catalyst. Feed properties are

given in column 1 of table 10. The pro

cessing conditions, yields, and product

inspections are shown in tables 11, 12, and

13. The feed is somewhat harder to process

than an Arabian gas oil of the same boiling

range, possibly because of a relatively

high asphaltene content.

At a recycle cut point of 280C (535F),

the main product is a stable,
nitrogen-

free,

low freezing point, high smoke point kero

sene jet fuel. Inspections of the naphtha

product indicate that it should be a good

feed to the second stage of a catalytic

reformer.
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Table 2. Changes in properties of hydrotreated whole shale oil with amount of
nitrogen

removal at 1850 psia hydrogen pressure.

Nitrogen in Whole Liquid

Feed Hydrotreated Product

21,800 2800 1325 505 30 1.3

Product, ppm

Average Catalyst Tempera - 394 (742) 396 (744) 408 (767) 408 (766) 408 (767)
ture, C (F)1

LHSV - 0.6 0. 6 0.6 0.3 0.2

Whole Liquid Product
Inspections^

Specific Gravity, 15C/ 0.933 0.853 0. 854 0.844 0.836 0.826

15C

Gravity, "API 20.2 34.4 34. 1 36.2 37.7 39.8

Aniline Point, C (F) 79 (174) 82 (179) 81 (178) 84 (183) 84 (183)
Sulfur, ppm 6,600 145 33 45 42(?)
Hot Heptane Asphaltenes, 1,700 108 56 77 35

ppm

Ramsbottom Carbon, Wt % 1.85 0.08 0.06 0.02

Molecular Weight (Avg.) 326 289 291 269

Pour Point, C (F) 32 (90) 27 (80) 29 (85) 27 (80)

Group Type, LV %

Paraffins 33.8 32.7 35.2 36.2

Naphthenes 36.7 46.5 48.2 52.7

Aromatics

TBP Distillation, %

Start

29.5 20.8 16.5 11.1

UC F UC op C WF "C UF "C WF VC UF

84 183 57 134 63 146 38 100 57 134 82 179

10 234 453 189 373 194 382 176 349 172 342 141 286

50 391 736 337 638 336 636 318 604 304 580 285 545

70 450 842 406 762 403 758 384 724 366 690 340 644

95 567 1053 514 958 511 951 503 938 486 906 457 855

2AII of these products were not obtained with catalyst aged to the same extent.

In all cases, the arsenic was reduced from 28 ppm in the feed to less than 10 parts per billion

in the product.

FLUID CATALYTIC CRACKER

Preliminary results from the catalytic

cracking of hydrotreated shale oil were

given in a previous paper (Sullivan and

Stangeland 1977). It was shown that the

345C+ (650F+) fraction of hydrotreated

shale oil is an excellent feed to a catalytic

cracking unit and that the product proper

ties and catalyst performance are similar to

that observed in the catalytic cracking of

Arabian gas oils. Tables 14 and 15 of the

present paper give additional results,

obtained using a larger pilot plant with con

tinuous catalyst circulation and a feed con

taining 1300 ppm nitrogen, somewhat more

nitrogen than the feeds previously tested.

The catalyst was withdrawn from an operating

commercial fluid catalytic cracking unit.

It is a zeolite catalyst, CBZ-1, produced by

Davison Chemical Division of W.R. Grace

and Company and is moderately active and

moderately contaminated with metals. The

new results confirm previous conclusions,

showing that the higher nitrogen feed can

be processed. Results are somewhat more

favorable with regard to coke make and gas

make for the hydrotreated shale oil than

for comparable nitrogen level petroleum gas

oils, perhaps as a result of the large

amount of hydrogen required to upgrade the

shale oil.

COKING-HYDROTREATING

Coking has been proposed as a first

processing step in the conversion of raw

shale oil into distillate fuels. It has

the advantage of removing any shale solids

suspended in the raw shale oil with the
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Table 3. Typical yields, hydrotreating of

whole shale oil with ICR 106 cata

lyst.

Table 4. Properties of whole liquid prod

uct hydrotreating of whole shale

oil with ICR 106 catalyst.

Conditions: Total Pressure

LHSV

Recycle Gas Rate

16.5 MPa (23S0 psig)

0.6 Vol Feed/Vol Cat./Hr

S5.6 kmol/m3 (7400 SCF/B)

Whole Liquid Product Nitrogen, ppm

Average Catalyst Temperature,
C (eF)

H, Mean Pressure, MPa (psia)

No Loss Product Yields

625

407 (765)

12.3 (1789)

771

418 (785)

11.4 (1653)

Wt * LV \ Wt I LV I

Methane 0.45 0.63

Ethane 0.61 0.79

Propane

Isobutane

0.54

0.11 0.18

0.85

0.20 0.33

n-Butane 0.29 0.46 0.58 0.93

C5-82C (Cs-180oF)
82-150C (180-300F)

1.31 1.85 1.87 2.66

5.75 7.22 6.44 8.08

150-288C (300-5S0F) 33.09 37.56 33.98 38.37

290-345C (5S0-6S0F) 17.65 19.29 18.55 20.20

34SC+ (650F+) 38.56 41.00 34.54 36.78

Total Cs+ 96.4 107.0 95.4 106.1

Chemical Hydrogen Consumption,
kmol/m3

(SCF7B)

13.9 (1849) 1-4.2 (1894)

coke. Further, the coker distillate is more

easily hydrotreated than the raw shale oil.

Paraho shale oil was coked in a batch

destructive distillation to provide coker

distillate for hydrotreating pilot plant

studies. Coker distillate yield was 77.9

percent LV C5+ liquid. The coke yield was

18.3 percent by weight of the feed. The

remainder of the product was C4 gas. Prop

erties of the resulting coker distillate are

shown in table 1.

The coker distillate was hydrotreated

with ICR 106 catalyst. Test conditions were

as follows: 10.3 MPa hydrogen partial pres

sure (1500 psia), 1.0 LHSV, 58
kmol/m3

recycle gas rate (7700 SCF/bbl) , and average

catalyst temperatures ranging from 381 to

389C (715-733F).

Tables 16 and 17 show yields and typical

product properties.

Somewhat surprisingly, the 175C+

(350 F+) fraction passed the diesel thermal

stability test up to nitrogen levels of

around 2000 ppm. It is unusual for stocks

Whole Product Nitrogen, ppm 625 771

Average Catalyst Temperature, 407 418

C (F) (765) (785)

Whole Liquid Product

Properties

Specific Gravity, 15C/15C 0.842 0.838

Gravity, "API 36.5 37.3

Aniline Point, C (F) 76 (169) 74 (166)

Sulfur, ppm 20 10

Nitrogen, ppm 625 771

Molecular Weight 274 271

Pour Point, C (F) 24 (75) 21 (70)
Ramsbottom Carbon, % 0.09 0.09

Hot Heptane Asphaltenes, 26 36

ppm

Group Type, LV %

Paraffins 33.4 34.3

Naphthenes 35.9 32.7

Aromatics 30.7 32.9

Viscosity, cSt

38C (100F) 4.31 3.80

99C (210F)

TBP Distillation, %

Start

1.70 1.45

-c UF C UF

13 56 19 66

10 154 310 152 306

SO 302 575 296 565

70 364 687 353 668

95 463 865 464 868

with this much nitrogen to pass this test.

A nitrogen level of 500 ppm or lower is a

more practical target nitrogen. It also

appears desirable to include a middle dis

tillate hydrotreater in the design of a

coking refinery. This will ensure the

ability to produce stable diesel throughout

the entire range of processing conditions

and should provide the flexibility of

being able to produce some jet fuel as well

as diesel fuel. The naphtha produced by

hydrotreating the coker distillate is a

suitable feed for catalytic reforming.
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Table 5. Hydrotreating of whole shale oil

with ICR 106.
Table 6. Hydrotreating of whole shale oil

with ICR 106 at 0.6 LHSV.

Whole Liquid Product Nitrogen, ppm

Average Catalyst Temperature, C (F)

625

407

(765)

771

418

(785)

Product Properties

Cs-82C (Cs-180F) Product

Specific Gravity, 15C/15<,C

Gravity, "API

0.657

83.9

0.657

83.9

Group Type, LV *

Paraffins

Naphthenes

Aromatics

90.5

8.6

0.9

88.6

10.8

0.6

82-lS0C (180-300F) Product

Specific Gravity, 15<,C/150C

Gravity, "API

Aniline Point, C (F)
Octane Number, F-l Clear

Nitrogen, ppm

0.742

59.1

53.1

2.7

0.743

59.0

54 (130)
48.7

10.0

Group Type, LV t

Paraffins

Naphthenes

Aromatics

TBP Distillation, t

Start

10

50

70

95

55.2

37.6

7.3

"C "F "C "F

27

87

124

137

151

81

188

255

278

304

27

89

123

135

150

80

192

254

275

302

Table 7. Diesel hydrofinishing--typical yield,

Conditions: Average Catalyst Temperature
Total Pressure

Mean H2 Partial Pressure
Recycle Gas Rate

LHSV

377C (710F)
8.3 MPa (1200 psig)

7.6 MPa (11Q0 psia)

36.3 kmol/m3

(4830 SCF/B)
2.0 Vol/Vol/Hr

No Loss Product Yields

C4-

C5-260C (Cs-500F)
260C+ (S00F+)
Total C5+

Chemical H2 Consumption, kmol/m3

(SCF/B)

Wt 1 Vol *

0.17

43.64

56.42

100.1

<0.7S

44.57

55.82

100.4

(<100)

SHALE OIL REFINERY

Based on the pilot plant results, we

are able to propose three feasible and dis

tinctly different processing routes for shale

oil. These routes have been incorporated

into proposed new grass roots refineries

shown schematically in simplified flow dia

grams in figures 2-4, inclusive. In each

case, refinery fuel is supplied internally,

using clean, hydrotreated refinery products

(such as C. gas and, in one case, the

850F+ hydrotreated product). Also, C4 gas

is used for hydrogen manufacture. (In the

Whole Liquid Product Nitrogen, ppm

Average Catalyst Temperature, CC (F)

625

407

(765)

771

418

(785)

Product Properties

1S0-290C (300-5S0F) Product

Specific Gravity, 15C/15C

Gravity, "API

Aniline Point, C (F)

Nitrogen, ppm

0.821

40.8

400

0.826

39.9

60 (140)
585

Group Type, LV *

Paraffins

Naphthenes

Aromatics

31.5

40.5

28.0

Pour Point, C (F)

Smoke Point, mm

Freeze Point, C (F)

TBP Distillation, *

Start

10

50

70

95

-40

(-40)
20

-38

(-36)

17

-36

(-32)

UC "F "C UF

136

172

234

256

286

276

341

453

493

546

132

174

234

256

283

270

345

454

493

542

290-345C (550-6S0F) Product

Specific Gravity, 15C/15C

Gravity, API

Aniline Point, C (F)
Nitrogen, ppm

Pour Point, C (F)
Molecular Weight

0.853

34.4

625

-4 (+25)

0.856

33.8

73 (163)
910

242

345<>C+ (650F+) Product

Specific Gravity, C/C

Gravity, "API

Aniline Point, "C (F)
Nitrogen, ppm

Molecular Weight

0.877

29.9

845

364

0.876

30.1

95 (203)
1055

356

Table 8. Hydrofinishing a diesel fraction

from hydrotreated shale oil in

spections of feed and liquid

product.

Average Catalyst Temperature, C (F)

Specific Gravity, 15C/15C
Gravity, "API

Aniline Point, C (F)
Sulfur, ppm

Nitrogen, ppm

Pour Point, C (F)
Viscosity, cSt at 38C (100F)
Accelerated Thermal Stability Test

TBP Distillation, \

teed Product

0.838

37.4

65 (149)
40

540

-18 (0)
2.82

Fail

343 377

(650) (710)
0.836 0.835

37.6 37.9

66 (151) 66 (151)
40 20

350 161

-21 (-5) -18 (0)
2.70

Pass Pass

"C "F l"C "F UC "F

Start

10

50

70

95

164

200

271

304

341

327

392

519

580

645

158

19S

265

298

341

317

383

509

569

646

161

197

268

303

346

321

387

514

577

65S

hydrocracking case, some naphtha is also

used for hydrogen manufacture.) The pro

posed refineries include facilities to meet

present environmental regulations and antici

pated near-term additional environmental and

energy regulations. This includes the use

128



Table 9. Hydrofinishing a jet fraction from

hydrotreated shale oil with ICR 106

catalyst.

Conditions: Average Catalyst Temperature

Total Pressure, MPa

Hydrogen Partial Pressure

LHSV

Recycle Gas Rate

387C (729F)
8.3 MPa (1200 psig)

7.6 MPa (1100 psia)

2.0 Vol Feed/Vol

Cat . /Hr
.

37.6 kmol/m3

(5000 SCF/B)

H2 Consumption, SCF/B

Feed Product

150

Inspections of Liquid Product

0.819 0.816Specific Gravity, 1SC/150C

Gravity, "API 41.2 42.0

Aniline Point, C (F) 57 (135) 59 (139)
Nitrogen, ppm 290 1.9

Pour Point, C (F) -43 -40

(-45) (-40)
Freeze Point, C (F) -38 -41

(-37) (-42)
Smoke Point, mm 19 21

Existent Gum, mg/ICO ml High 2

Group Type, LV 1

Paraffins 33.6 34.8

Naphthenes 40.0 43.7

Aromatics

TBP Distillation, t

Start

26.4 21.5

UC "F -c "F

140 284 122 251

10 186 367 177 351

50 229 444 221 430

70 242 468 239 462

95 261 502 264 508

Table 10 Inspections of hydrotreated shale

oil fractions (feeds for hydro-

cracker and FCC pilot plants) .

Boiling Range Descriptions 33u-445uC .

^s-sso^)1
345UC+,

(6S0F+r
Feed to Feed to

Hydrocracker FCC

Inspections

Specific Gravity, 1SC/15C 0.871 0.885

Gravity, "API 30.9 28.4

Aniline Point, C (F) 90 (194) 98 (209)

Sulfur, ppm 84 10

Nitrogen, ppm 535 1300

Oxygen, ppm 60 60

Molecular Weight (Avg.) 318 384

Pour Point, C (F) +30 (+85) +40 (+105)
Ramsbottom Carbon, X 0.05 0.17

Hot Heptane Asphaltenes, ppm 336 309

Group Type, LV \

Paraffins 41.1 25.6

Naphthenes 33.8 46.4

Aromatics

TBP Distillation, *

Start

25.1 28.0

-c "F UC F

244 471 316 601

10 334 633 366 691

50 389 733 430 806

70 416 780 463 865

95 453 847 551 1024

Carbon, Wt 1 87.82 86.14

Hydrogen, Wt % 13.94 12.80

Hydrogen/Carbon Atom Ratio 1.89 1.77

Viscosity, cSt

10.29 5.70at 50C (122F)
at 99C (210F) 3.39 2.59

of coal as a boiler fuel (with stack gas

scrubbing) and recovery of sulfur and am

monia from the waste water and gaseous

products.

Case 1, shown in figure 2, is a refin

ery in which the whole shale oil is hydro-

treated and then distilled. The naphtha

is reformed, the middle distillate is fur

ther hydrotreated, and a vacuum gas oil

fraction is hydrocracked. This refinery

scheme offers the most flexibility and is

the preferred scheme, if jet fuel is an

important product.

Case 2, shown in figure 3, also uses

whole oil hydrotreating as the first

catalytic step. This is followed by fluid

catalytic cracking as the major conversion

process. Again, the naphtha from the
first-

stage hydrotreater is catalytically re

formed; and the middle distillate is fur

ther hydrotreated. This processing route

is probably the choice for high volumes of

high octane motor gasoline as a major

product.

Case 3, shown in figure 4, involves

delayed coking followed by hydrotreating.

This refinery is the least costly but the

least energy efficient in the production

of transportation fuels. It is particularly

attractive if the production of diesel fuel

is to be maximized.

Estimated net yields of light products

for the three cases are shown below. These

yields represent the total amount of trans

portation fuel remaining after subtracting

the onplot fuel and hydrogen plant feed

which are internally supplied. Yields for

the coking case are lower than the others

Distilled from hydrotreated shale oil with 405 ppm nitrogen.

Distilled from hydrotreated shale oil with 850 ppm nitrogen.

Major Conversion Process

Product Type, LV 1

of Dewatered Raw

Shale Oil Feed

Hydro

cracking

Fluid

Catalytic

Cracking Coking

Propane-Butane (LPG) 0 0 2

Motor Gasoline 17 38 17

Kerosene Jet Fuel 20 0 0

Diesel Fuel 54 57 59

Total Transporta

tion Fuel

91 95 78
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Table 11. Hydrocracking of 330-455C (625-850F) hydrotreated shale oil with ICR 106

catalyst.

Conditions : Total Pressure

H2 Partial Pressure
Recycle Gas Rate

LHSV

16.3 MPa (2350 psig)

14.7 MPa (2130 psia)

58.6 kmol/m3 (7800 SCF/B)
1.0 Vol Feed/Vol Cat./Hr

Average Catalyst Temperature, C (F) 418 (785) 421 (790)

Per Pass Conversion, LV %

No Loss Product Yields

Methane

53.5 52.0

Wt 1 LV % Wt * LV %

0.31 0.30

Ethane 0.47 0.44

Propane 2.01 1.98

Isobutane 2.39 3.70 2.44 3.78

n-Butane 1.81 2.70 1.75 2.61

C5-82C (C5-180F) 10.09 13.38 10.25 13.60

82-150C (180-300F) 22.65 26.79 22.11 26.11

150-280C (300-535F) 62.36 68.77 62.75 69.05

Total C5+ 95.1 109.0 95.1 108.8

Chemical Hydrogen Consumption, 9.3 (1236) 9.0 (1192)
kmol/m3 (SCF/B)

These cases were selected to obtain a maximum

amount of total transportation fuel rather

than a specific product slate. Yields and

conditions were kept as close to actual pilot

plant data base as was practical. In each

case, product yields could be varied, depend

ing upon demand. For example, in the hydro

cracking case, it is estimated the quantity

of kerosene jet fuel could be increased to

perhaps 50-60 percent of the total product if

(1) the middle distillate boiling above the

jet range were also hydrocracked and (2) the

lower boiling middle distillate were more

severely hydrotreated to produce salable jet

fuel. If military jet fuel such as JP-4 is

a target product, as well as kerosene jet

fuel, it would include much of the naphtha,

giving an even higher yield of jet fuel.

Additional pilot plant work would be required

to define these cases more clearly.

More detailed yields for the above

three cases will be presented in a future

paper (Sullivan and others 1978).

Costs of processing shale oil are

being developed and will be reported in

detail in a DOE report (Sullivan and

others 1978) and summarized in a paper to

be presented in May 1978 (Sullivan and

others 1978).

CONCLUSIONS

It is concluded, based on pilot plant

results, that refining shale oil is feas

ible using advanced commercial
state-of-the-

art hydroprocessing technology. Sufficient

pilot plant work was done to demonstrate

the feasibility of three refining schemes:

(1) hydrotreating of the whole shale oil

followed by hydrocracking as the major con

version process, (2) hydrotreating of the
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Table 12. Naphtha product properties from

hydrocracking of 330-455C (625-

850F) hydrotreated shale oil with

ICR 106 catalyst.

Average Catalyst Temperature, C (F) 418

(785)

421

(790)

Product Inspections

Cc-82C (Cs-180F) Product

Specific Gravity, 15C/15C

Gravity, API

0.6S7

84.0

0.657

84.0

Group Type, LV X

Paraffins 88.9

Naphthenes

Aromatics

10.8

0.2

Olefins 0.1

Octane Number

F-l Clear 73.8 75.0

F-2 Clear 71.6 71.6

82-150C (180-300F) Product

Specific Gravity, 1SC/1SC

Gravity, "API

Aniline Point, C (F)

0.737

60.6

60 (140)

0.738

60.3

60 (140)

Group Type, LV t

Paraffins 52.3 52.9

Naphthenes

Aromatics

45.5

2.2

43.8

3.2

Octane Number

F-l Clear 50.2 50.9

F-2 Clear

TBP Distillation, *

Start

51.2

"C F "C "F

61 142 57 135

10 92 197 89 192

50 121 250 122 251

70 131 268 135 275

95 149 300 155 311

Table 13 Jet product properties from hydro

cracking of 330-455C (625-850F)
hydrotreated shale oil with ICR 106

catalyst.

Average Catalyst Temperature, C (F) 418

(785)

421

(790)

Inspections

Whole Liquid Product

Nitrogen, ppm 0.47 0.18

150-280C (300-535^) Product

Specific Gravity, 15C/15C

Gravity, "API

Aniline Point, C ("F)

0.790

47.6

167

0.792

47.2

167

Group Type, LV 1

Paraffins 54.4 53.8

Naphthenes

Aromatics

41.1

4.5

39.5

7.0

Smoke Point, mm 34 31

Freeze Point, C (F)
Pour Point, bC (F)

-63 -70

Below

TBP Distillation, X

-85

"C UF "C F

Start 127 261 130 266

10 164 327 161 321

50 217 422 217 423

70 244 471 245 473

95 279 534 282 539

Table 14. Catalytic cracking of 345C+

(650F+) hydrotreated shale

oil with equilibrium CBZ-1 cat

alyst operating conditions and

product yields.

Operating Conditions

T~

Temperature, C (F) 500 (930) 525 (975)

WHSV, Wt Feed/Wt Cat./Hr 7. 85 7.71

Cat. /Oil Weight Ratio 6. 71 7.10

Severity (Cat. /Oil * 0. 36 0.92

WHSV)

Conversion

Wt % LV 1 Wt t LV *

69.2 70.5 77.0 78.6

Product Yields

Coke 3.61 4.87
C2"

Gas 2.32 3.94

Total C3*s 5.45 9.31 7.32 12.52

Total C4's 9.00 13.59 11.04 16.64

Light Gasoline, Cs-120C 27.30 35.01 29.77 38.19

(C5-250F)
Heavy Gasoline, 120- 21.57 23.62 20.04 21.56

220CC (250-430F)
Light Cycle Oil, 220- 12.77 12.43 10.83 10.30

330C (430-62SF)
Heavy Cycle Oil, 330C+ 17.98 17.09 12.20 11.09

(62SF+)
C3+ Liquid Product 94.1 111.0 91.2 110.3 1

whole shale oil followed by fluid catalytic

cracking as the major conversion process,

and (3) coking of shale oil followed by

hydrotreating of the coker distillate. In

each case, salable transportation fuels are

the end products. Choice of the refining

scheme in any particular application will

probably depend on the product slate and

flexibility desired.

The key step in the first two refining

schemes is hydrotreating of the whole oil.

A 3500-hour pilot plant run clearly demon

strated that a commercial length run could

be expected. A guard bed can successfully

remove most of the iron and arsenic upstream

from the hydroprocessing catalyst bed.

The product from the whole oil hydro

treater is a clean, high quality, synthetic

crude that resembles a typical petroleum

distillate. This hydrotreated shale oil

can be converted to transportation fuels

such as high octane gasoline, diesel, and

jet fuel in conventional refining facili

ties .

Hydrotreated shale oil has an advan

tage as a refinery feed. In contrast to

most petroleum oils, it contains essen

tially no residuum. Properties of the

hydrotreated oil are similar to those of

distillate fractions from Middle Eastern
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Table 15. Catalytic cracking of hydrotreated shale oil; gasoline and cycle oil properties

Conversion, LV %

Boiling Range

70. 50 78. 60

C5-120C 120-220UC C5-120UC 120-220UC

Product Properties
(C5-250F) (250-430F) (C5-250F) (250-430F)

Gasolines

Specific Gravity, 15C/15C 0.808 0.823

Gravity, API 43.6 40.5

Aniline Point, C (F) 45 (113) 20 (68) 42 (107) 6 (43)
Bromine No., g/100 g 67.8 31 72.5 25.9

Sulfur, ppm 10 40 10

Nitrogen, ppm 26 163 16 127

Group Type, LV %

Paraffins + Naphthenes 43 35 52 27

Olefins 51 21 42 19

Aromatics 6 44 6 54

Octane Numbers

F-l Clear 89.2 84.1 90.9 90.0

F-2 Clear 79.5 77.2 79.7 80.9

220-330C 330UC+ 220-330uC 330UC+

Cycle Oils
(430-625F) (625F+) (430-625F) (625F+)

Specific Gravity, 150C/15C 0.909 0.931 0.930 0.973

Gravity, API 24.1 20.5 20.6 13.9

Aniline Point, C (F) 17 (62) 4 (39)
Bromine No., g/100 g 14 20.3

Sulfur, ppm 140 170 220 340

Nitrogen, ppm 380 1400 450 1600

Viscosity at 38C (100F), 2.72 21.8 16.2

cSt

Pour Point, C (F) -32 (-25) 29 (85) -34 (-30) 24 (75)
Ramsbottom Carbon 1.17 3.08

Diesel Index 15.0 8.0

Table 16. Hydrotreating of shale oil coker

distillate with ICR 106 catalyst.

Conditions: Total Pressure

Mean H2 Partial Pressure
LHSV

Recycle Gas Rate

11.8 MPa (1695 psig)

10.3 MPa (1500 psia)

1.0 Vol/Vol/Hr

58 kmol/m3 (7700 SCF/B)

Liquid Product Nitrogen, ppm

Average Catalyst Temperature, "C (F)

No Loss Product Yields

Methane

Ethane

Propane

Isobutane

n-Butane

Cs-82C (Cs-180F)
82-175C (180-350oF)
17S'C* (350F+)
Total C5+

Chemical Hydrogen Consumption,
kmol/m3 (SCF/B)

535

381 (718)

60

389 (733)

Wt t LV t Wt 1 LV t

0.18

0.48

0.37

0.13

0.34

2.0

15.8

79.0

0.19

O.SO

2.5

18.2

82.6

0.23

0.67

0.56

0.10

0.27

1.8

16.3

78.4

0.15

0.39

2.3

18.8

82.2

96.8 103.4 96.6 103.3

9.00 (1197) 9.37 (1247)

petroleum crudes. An exception is the sul

fur content which is much lower for the

hydrotreated shale oil than for most crudes.

The proposed refinery, using hydro

cracking as the major conversion step,

offers the most flexibility and is the pre

ferred processing scheme if jet fuel is to

be a major product. A high smoke point,

low freeze point, stable jet fuel is pro

duced by hydrocracking. It was shown, how

ever, that hydrotreated shale oil is some

what more difficult to process by hydro

cracking than a Middle Eastern gas oil of

the same boiling range.

The 345C+ (650F+) fraction of
hydro-

treated shale oil is an excellent feed for

the fluid bed catalytic cracking unit; fluid

catalytic cracking may be the preferred con

version process if high octane gasoline is
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Table 17. Inspections of product from hydrotreating of shale oil coker distillate

Liquid Whole Product Nitrogen, ppm 535 60

Average Catalyst Temperature, C (F)

Boiling Range

381 (718) 389 (733)
82-175C 175UC+ 82-175C 175UC+

Product Inspections

Specific Gravity, 15C/15C

(180-350F) (350F+J (180-350F) (350F+)

0.748 0.824 0.749 0.822

Gravity, API 57.7 40.2 57.5 40.6

Aniline Point, C (PF) 56 (133) 71 (160) 56 (133) 72 (161)
Sulfur, ppm 33 1.5 24 0.2

Total Nitrogen, ppm

Pour Point, C
(*F)*

99 630 26 68

-1 (+30) -4 (+25)
Freeze Point, C

(F)*
-1 (+30) -1 (+30)

Molecular Weight 219

Octane No., F-l Clear 41.3 40.9

Group Type, LV %

Paraffins 60.7 39.6 59.2 41.6

Naphthenes 30.0 42.3 30.9 44.4

Aromatics

TBP Distillation, %

Start

9.3 18.1 9.8 14.0

VC UF WC UF "C p WC F

64 148 161 322 63 146 157 315
10 93 200 193 380 99 210 189 372

50 133 271 264 507 135 275 261 501

70 148 299 299 571 150 302 298 568

95 167 333 357 674 168 335 367 693

Accelerated Thermal Stability Test Pass Pass

Viscosity, cSt

38C (100UF) 2.60 2.93

99C (210F) 1.10 1.09

as follows

TBP Boiling Range, UC~TTT
175-260UC I350-500UF)
175-290C (350-550F)
175-315C (350-600F)
175-345C (350-650F)

Pour Point, UC (UF)
57 (-70)
-40 (-40)
-29 (-20)
-15 (+5)

Freeze Point, UC (UF)
39 (-$9)
-29 (-20)
-27 (-16)
-14 (+6)

the major product. Product yields and prop

erties are similar to those obtained from

hydrofined Arabian gas oil. Coke yields are

low due to the high hydrogen content of the

hydrotreated shale oil.

In either of the first two refinery

plans, diesel fuel can be produced in large

quantities by hydrofinishing a diesel frac

tion of the hydrotreated shale oil.

If the shale oil is coked prior to

hydroprocessing, as in the third refining

scheme, the coker distillate can be hydro-

treated directly to diesel fuel and a naphtha

feed for a catalytic reformer. Less hydrogen

is required in a coking refinery than if the

whole oil is hydrotreated; however, a 17-22

percent more raw shale oil is required to

produce an equivalent volume of transpor

tation fuels. The quantity of coke pro

duced can be varied by changing the sever

ity of coking.

Current work is a feasibility study

rather than a process optimization study.

The three refining schemes by no means

exhaust the possible combinations of pro

cesses available in existing technology for

a shale oil refinery. A possible scheme

that is frequently suggested (but was not

included in the study) is distillation of

the crude shale oil before any downstream

processing. It is expected that the light

distillate fractions would be easier to
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hydrotreat than whole shale oil and that the

highest boiling fraction would be more dif

ficult to hydrotreat than the full boiling

range stock. In a small-to-medium sized

refinery processing 100,000 BPCD or less,

upgrading the whole shale oil in the first-

stage hydrotreater offers the advantage of

being less complex and, therefore, most

likely less costly than one in which the

fractions are hydroprocessed separately. In

a very large refinery, the added flexibility

resulting from hydrotreating the various

fractions separately could offer advantages

to outweigh the disadvantage of increased

complexity. Further study would be required

to evaluate this case.
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ABSTRACT

Results of an investigation, sponsored

by the U.S. Bureau of Mines, to determine the

physical and thermal properties of oil shale

at elevated temperatures are summarized. The

objective of the work is to provide the

required background information for effective

mine design and subsidence prediction for an

in situ oil shale retorting operation.

Reported tests were performed under var

ious conditions of: temperature, confining

pressure, and kerogen content. Tests were

conducted on samples taken parallel to the

bedding as well as samples taken perpendicu

lar to the bedding. The temperature range

tested was from 20C to 500C, confining pres

sures up to 1,500 psi were applied, and kero

gen content varied from 10 to 30 gallons per

ton.

Properties determined were: uniaxial

and triaxial compressive strength; Young's

modulus and Poisson's ratio; Brazilian ten

sile strength; density; thermal conductivity

and thermal diffusivity; and thermal expan

sion. Electrical and acoustical properties

measurements are also made concurrently with

the thermal properties measurements.

Results have shown the physical proper

ties of oil shale to be very sensitive to

temperature, with ten-fold decreases in

strength observed. Thermal properties were

not as sensitive, but determined to be

temperature-dependent. Thermal electrical

and acoustic properties all showed anomalous

behavior when the sample was heated through

the retorting temperatures.

Conclusion: the high sensitivity of

oil shale to temperature will have major

implications for the design of in situ

retorting facilities.

INTRODUCTION

Recent efforts by several organiza

tions to begin the development of commercial

in situ oil shale retorting operations

emphasizes the urgent need for valid design

and environmental evaluation criteria to be

applied to the unique mining situation.

Toward that end, the Colorado School of

Mines, the Colorado School of Mines Research

Institute, and Colorado State University,

sponsored by the U.S. Bureau of Mines, are

conducting a research program to determine

the physical and thermal properties of oil

shale at elevated temperatures. The develop

ment of a mathematical model of an oil shale

pillar, using the thermal and physical prop

erties determined, will be included as part

of that study.

SAMPLING AND CHARACTERIZATION

Before testing could proceed, it was

essential to determine the source and min

eral characteristics of the raw shale to be

used for the mechanical and thermal proper

ties tests. As described earlier, shale

grades of 10 to 30 gallons per ton were

required, with the further restriction that

the oil shale investigated not contain sig

nificant amounts of nahcolite or dawsonite.
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Sample Acquisition

Eight samples were obtained from Logan

Wash near DeBeque, Colorado, and five samples

were obtained from Anvil Points near Rifle,

Colorado. Approximate oil yields were esti

mated in the field by determining the approx

imate specific gravity of pieces broken from

the samples and comparing these to the oil-

yield/specific gravity tables of Hendrickson

(1974) . More precise oil yields were sub

sequently determined by modified Fischer

Assay at the Colorado School of Mines

Research Institute (CSMRI).

X-Ray Diffraction

Following oil-yield determinations,

eight samples, with oil yields in the range

of interest, were selected for additional

testing. Each sample was submitted to quali

tative X-ray diffraction analysis on CSMRI 's

diffractometer to determine gross mineralogy

and to check for presence of nahcolite and

dawsonite.

Results of the diffractometer runs are

summarized in table 1. All samples contained

major quantities of dolomite and quartz.

With the exception of sample 13, calcite

was also a major phase. Analcime was a

major phase in samples 1 and 13 and ortho

clase was a major phase in sample 8.

Major-phase composition is typical of Green

River oil shale, although analcime and

orthoclase were somewhat higher than normal.

No evidence of either dawsonite or

nahcolite was found in any of the diffrac

tion patterns. To check on the possibility

that both species may have been partially

destroyed during Fischer-Assay sample

preparation, a rigorous wet-chemical

analysis was conducted. Maximum calculated

nahcolite concentration was less than 0.6

percent by weight. Analcime concentrations

agreed with the diffraction results and pre

cluded the presence of dawsonite.

Site Selection Sample Preparation

Both Anvil Points and Logan Wash could

provide samples, with classic oil shale

mineralogy, without significant concentra

tions of nahcolite or dawsonite, and with

Table 1. Results of X-ray diffraction analysis of selected samples

SAMPLE SOURCE

FISCHER OIL

YIELD, qal/ton MAJOR PHASES MINOR PHASES TRACE PHASES

6 Occidental 9.5 Quartz, dolomite

calcite

Alstonite,
orthoclase

Analcime, halloysite,
montmorillonite

8 Occidental 33.1 Quartz, dolomite,

calcite, orthoclase

Analcime,
alstonite

Montmorillonite,
halloysite

12 Anvil Points 12.9 Quartz, dolomite

calcite

Orthoclase,
analcime

Alstonite,
montmorillonite

13 Anvil Points 18.2 Quartz, dolomite,

analcime

Orthoclase,
alstonite

Calcite, montmorillonite,
halloysite

1 Anvil Points 27.3 Quartz, dolomite

calcite, analcime

Orthoclase,
alstonite

Montmorillonite,
halloysite

COMPOSITION KEY NAME

Quartz

Dolomite

Calcite

Orthoclase

Analcime

Alstonite

Halloysite

Montmorillonite

CHEMICAL FORMULA

Si02
CaMq (C03)2

CaC03

KAlSi30g

NaAlSi20g 2H20

BaCa (C03)2

Al2Si205 (0H)4
(Na, Ca)Q 33

(Al, Mg)2 Si401Q nH20
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oil yields spanning the range of interest.

Logan Wash was selected because it is the

location of an active in situ retorting opera

tion.

Approximately 30 tons of oil shale in

large blocks were obtained from Logan Wash.

Oil yields were estimated from the color of

the blocks. Care was taken to avoid select

ing blocks containing significant cracks.

A massive coring program was then undertaken

at CSM to provide the large number of samples

required for each grade. Even with care in

selecting blocks, core recovery has been low

due to fractures in the oil shale. Approxi

mately 600 cores and 2,000 Brazilian samples

have been prepared to date.

PHYSICAL PROPERTIES TESTS

It is the purpose of the physical prop

erties tests to determine those properties

essential to the structural design of an in

situ retorting system. By the very nature

of the system, this requires that the physical

behavior of the oil shale be determined for

the full range of temperatures and kerogen

contents likely to be encountered in the area

of the retort. Earlier studies (Allred 1964;

Bae 1969; Campbell 1970; etc.) have helped

to identify those factors which affect the

behavior of oil shale in an underground

retorting system. Those considered as most

significant are: temperature, kerogen con

tent, time at temperature, mineral content,

orientation to the bedding planes, and con

fining pressure. Within this range of vari

ables, the design engineer is interested in

the: compressive and tensile strengths,

elastic moduli, and thermal properties at

all levels of conditions likely to be encoun

tered in the field.

An upper bound temperature of 500C was

selected as it approximated the likely

retorting temperature of an in situ retort.

To provide a sufficient number of points to

determine a temperature change relationship,

the range of temperature from 20C to 500C

was divided into five temperature stages:

20, 140, 260, 380, and 500C.

Since the application of in situ

retorting is envisaged for the lower grade

beds less suitable for underground or open

pit mining, the range of kerogen content

was set at from 10 to 30 gallons per ton.

Mineral content was not to be a controlled

variable. However, samples were character

ized with respect to mineral content.

Again, for statistical purposes, kerogen

content was divided into five levels: 10,

15, 20, 25 and 30 gallons per ton.

Since at any given temperature some

kerogen may be driven off, it becomes

important to consider the time a sample was

at that temperature. A series of prelimin

ary tests were undertaken to define the

time-at- temperature effect.

Three confining pressures were used,

3.4, 6.9, and 10.3 MPa. An upper bound of

10.3 MPa was selected as it is unlikely

higher confining pressures will be gener

ated in currently envisioned retorting

systems.

The full series of tests will be per

formed for orientations perpendicular and

parallel to the bedding.

Results

Heating Atmosphere Effects on Strength

It is well known that the presence of

even small amounts of oxygen during heating

can significantly affect the thermal

behavior of oil shale. Its effect on final

strength, however, has not been determined.

As part of this study, a large number of

Brazilian tensile strength and uniaxial

compressive strength tests were performed

under both nitrogen-flushed and
oxygen-

available atmospheres. Absolutely no effect

could be observed on indirect tensile

strength for the full range of kerogen

contents and temperatures. Initially, an

approximately 25-percent increase in com

pressive strength was observed for the

samples heated in air over those heated in

nitrogen. However, in further tests,

where all samples were encased in a vented

aluminum case and restrained so as to pre

vent axial exfoliation, strengths were not

significantly different.
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Heating-Time Effects

The time required for thermal equilibrium

to occur in the test samples was determined

from estimated thermal properties to be

approximately 2 hours. A large number of

Brazilian samples were then tested at heat

ing times ranging from 2 hours to 88 hours.

No consistent effect of heating time was

evident in the results. A subsequent section

on indirect tensile strength shows some of

the test results for various heating times.

As a result of these preliminary tests, and

to assure future tests would represent an

equilibrium situation, all samples are heated

for at least 16 hours prior to testing.

Compressive Strength

Over 600 uniaxial and triaxial compres

sive strength tests will be performed as part

of the current program. Not all testing is

complete, but qualitative trends are evident

from the results to date. Temperature was

definitely the most significant variable

affecting compressive strength, with ten-fold

variations in strength occurring over the

temperature range tested. This effect is

evident in figure 1, where uniaxial compres

sive strength is plotted against temperature

for a grade of 25 gpt. The greatest portion

of the strength is lost in heating to only

loo r
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-
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Temperature C

400 500

Figure 1. Compressive strength vs tempera

ture, 25 gpt samples unconfined.

140C, with nearly all the loss occurring

by 260C. Note the apparent increase in

strength at 500C. This was observed for

nearly all samples grading 20 gpt or higher.

There appears to be a consistent rela

tionship between grade of shale and com

pressive strength. At room temperature,

strength increases approximately 10 percent

for each 5 gpt decrease in kerogen content.

Higher temperatures result in increased

sensitivity to grade. Intra-sample varia

tions in grade were seen to control the

location of failure at elevated tempera

tures.

The application of confining pressure

to the compression samples appears to be

fairly effective in increasing sample

strength. At room temperature, an increase

of 500 psi in confining pressure results in

an approximate 17 percent increase in

strength. Initial results from triaxial

tests at elevated temperatures indicate

increases in strength of up to 30 percent

for a 500-psi increase in confining pres

sure. As the uniaxial strengths become

very low at higher temperatures, a greater

proportionate effect of confining pressure

is expected.

Brazilian Tensile Strength

Brazilian tensile strength tests showed

a similar sensitivity to variations in tem

perature and kerogen content as did the

compression testing. However, even with

five repetitions of each test condition,

large standard deviations were observed.

When analyzing the effect of grade, it was

often observed that tensile strength did

not monotonically decrease with increasing

grade. This was probably due to mineralogy

effects, as certain ranges of kerogen con

tents would come from certain sample blocks.

It is planned to expand and further repli

cate the Brazilian tensile test matrix to

overcome inherent scatter.

Figures 2, 3, and 4 show the effect of

temperature on indirect tensile strength

for three different sample locations. Both

groups 1 and 8 had Fischer Assays of approxi

mately 12 gpt while group 9 was at 25 gpt.
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Figure 2. Tensile strength vs temperature for

12 gpt samples from the same varve level.
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Figure 3. Tensile strength vs temperature

for 12.5 gpt samples from the same

varve level.
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Figure 4. Tensile strength vs temperature

for 25 gpt samples from the same varve

structure.

For the tests represented here, the samples

within each group were from the same varve

structure, thus considerably reducing scatter

in the results. This is valuable for showing

pure temperature effects, but the validity of

deducing general relationships for a partic

ular grade from one location is questionable.

Therefore, the vast majority of tests have

been run on samples grouped by grade but

random in source location.
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Figure 5. Comparison of tensile strength-

temperature relationship for two grades

of oil shale.

The behavior of samples in groups 1 and

8, which have the same Fischer Assay, is

very similar, except for strength at room

temperature (each point represents 5 tests) .

The higher grade, sample group 9, is seen to

have a much more rapid initial loss of

strength with increasing temperature.

Plotting the three sample groups together

(fig. 5), illustrates the strong effect of

grade on the strength-temperature relation-
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ship. Again, an apparent increase in strength

is seen for the 25 gpt sample when heated to

500 C; an effect similar to that, observed

during the compression tests. This return of

strength at 500C results in the tensile

strengths being nearly equal at that tempera

ture for the two grades of shale. This may

indicate a nearly grade -independent residual

strength at high temperature.

As mentioned earlier, and as is evident

in the figures, there was no apparent effect

of heating time on resultant tensile strength.

Elastic Constants

At room temperature, elastic constants

correlated well with the kerogen content of

the samples. Average Poisson's ratio remained

relatively constant for all grades at about

0.22. Average Young's modulus for grades of

15, 20, 25, and 30 gallons per ton were

13928, 12894, 9170, and 6964 MPa, respec

tively.

Although the effects of temperature on

the elastic constants were dramatic, the

characterization of these effects is very

difficult due to the inter-sample structural

variability of oil shale. The grade assigned

a particular sample of oil shale is actually

an average grade over many
intra-

sample

layers of often widely varying kerogen con

tent. At room temperature, a reasonably

valid average stiffness can be obtained.

However, when heating begins, the layers of

various kerogen contents react quite differ

ently. The manner in which the sample

responds to load will then depend on range

and relative distribution of grades within

the sample. An otherwise lean sample, with

a band of rich material, could display exces

sive deformation due to collapse of the more

temperature-sensitive rich zone. Similarly,

radial deformation will be highly sensitive

to probe placement and consequently result in

highly variable Poisson's ratio. Recorded

values of Poisson's ratio ranged from 0.06

to over 1.0. Visible rings of highly de

formed material were evident in many failed

samples.

To somewhat mitigate these problems, a

series of tests were run on samples from the

same varve levels. The results (fig- 6),

dramatically show the effect of tempera

ture on the behavior of oil shale. Again,

it is observed that the highest reduction

in strength and Young's modulus occurs when

the oil shale is heated to the relatively

low temperature of 140C. Both the strength

and modulus of the samples heated to 260C

and 380C are probably too small to provide

any significant vertical support to an in

situ retorting system pillar. Also evident

from figure 6 is the rapid increase in

Poisson's ratio with increasing temperature.

The radial deformation for sample 9M - 8 at

380C shows an anomalously low rate initial

ly, which was probably due to poor probe

seating.

It is evident that there is a serious

loss of strength in oil shale, even at tem

peratures well below retorting temperature.

It becomes critical to know the temperature

distribution around a retort, and to con

sider its effect on pillar strength and

deformability.

Time-Dependent Deformation

Time-dependent deformation, or creep,

was not a subject for investigation under

the original program. Its occurrence and

effects were unavoidable, however, and had

to be considered. Particularly at elevated

temperatures, creep rates were so high that

the determined modulus was seriously

affected by the loading rate. Occasionally,

samples would deform over 50 mm before fail

ure. To illustrate the degree and rate of

this creep, figure 7 shows a special test

run at 140C on a 25 gpt sample. At several

increments, loading was stopped and main

tained constant for 1 minute; then resumed.

The horizontal displacement at constant

load represents the amount of creep occur

ring in one minute at that load. Note the

rapid increase in creep rate for each incre

mental increase in load. From these very

preliminary analyses, it is apparent that

creep can significantly affect pillar

behavior, and, consequently, surface sub

sidence over an in situ retorting operation.
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Figure 6. Deformation behavior of 25 gpt oil shale at various temperatures.

THERMAL PROPERTIES TESTS

Heat transfer into pillars or barrier

walls which confine the rubblized shale in an

in situ retort could have serious repercus

sions on the surface environment and on the

safety of mine personnel. The outer regions

of support pillars will be retorted along

with the adjacent rubblized shale, and re

torted portions of pillars will contribute

little to support overlying material. If the

retorted zone penetrates too far into the

pillars, total compressive strength may be

insufficient; the pillars may collapse with

consequent surface subsidence and destruc

tive ground motion.

Studies to evaluate the thermal pro

files around an in situ retort require a

knowledge of the thermal properties of oil

shale over a wide range of temperatures and

kerogen contents. The purpose of the thermal

properties tests described in this paper is

to provide the required thermal character

istics of oil shale.

. 30
-

2 4 6

Axial Deformation, mm

Figure 7. Time-dependent deformation at vari

ous axial loads for a 25-gpt sample

heated to 140C.
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Equipment and Testing Procedure

The technique used for thermal conduc

tivity determinations is referred to as the

comparative method and is described else

where (DuBow and others 1976) . The apparatus

consists of an upper and lower heater. A

test stack, consisting of the test sample

with discs of known thermal properties in

series on both ends, is inserted between

heaters. A thermal gradient is imposed

across the test stack by setting the two

heaters at a desired difference in tempera

ture. With the aid of guard heaters, a

steady-state heat flow will occur across the

test stack. By knowing the temperature drop

across the reference discs, heat flow through

the stack can be calculated. Then, knowing

the heat flow through the stack, and the

temperature drop across the sample, the con

ductivity of the sample can be calculated.

Temperature of the upper and lower heaters

can be increased incrementally to allow con

ductivity determination over the full range

of desired temperatures. Also, monitoring

the change in length of the test stack

allows one to calculate thermal expansion of

the sample.

The ability to measure electrical resis

tivity and dynamic wave velocities were also

incorporated in the test set-up.

Results

Thermal conductivity was found to vary

significantly with grade, but was consider

ably less sensitive to temperature than were

the physical properties. Figure 8 presents

the thermal conductivities for five different

grades of oil shale. As can be seen, thermal

conductivity decreases with increasing grade.

Conductivity rapidly drops off as retorting

temperature is approached, but these values

are questionable due to the non-steady state

reactions occurring in the samples.

Figure 9 compares thermal conductivity

perpendicular and parallel to the varves.

As expected, thermal conductivity is higher

parallel to the varves than perpendicular to

the varves, even though the parallel sample

is of slightly higher grade.

2.0r-

1.0

100 200 300

Temperature, C

400 500

Figure 8. Thermal conductivity vs tempera

ture for several grades of oil shale.

2.0

1.0

25.5 gpt parallel

23.9-

gpt perpendicular

100 200 300

Temperature, C

400 500

Figure 9. Thermal conductivity perpendicu

lar and parallel to the varve structure

as a function of temperature.

Oil shale, as it is heated, can exert

a considerable expansive force. Figure 10

shows the change in axial load pressure as

a 10.4 gpt sample is heated to 500C. Note

that the second heating generated consider

ably more pressure at a given temperature.

As mentioned, ultrasonic data were also

taken during several of the tests. Travel

times appear to be very sensitive to changes

occurring in the sample as it is heated.
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Figure 10. Expansive pressure vs temperature

for a 10.4 gpt sample, first and second

heatings.

As can be seen in figure 11, the first

indication of activity is seen at around

100C, with a major change at 260C (prob

ably breakdown of organics) ; considerable

activity is observed at retorting tempera

tures, and, finally, a return to nearly pre

heating levels as the kerogen is finally

driven off.

MATHEMATICAL MODELING

An important activity in the current

investigation has been the development of a

mathematical model to simulate behavior of

oil shale pillars and barrier walls during

in situ retorting operations. The final

model will have the capability of predicting

thermal patterns and stress distributions so

that oil yield and pillar strength can be

estimated. Finite element models are cur

rently being run, using the preliminary

results of the physical and thermal proper

ties tests. Also undertaken was the finite-

difference analysis of an oil shale pillar

subjected to external heating (Sladek 1977).

The results, although for a simplified case,

do provide some very valuable qualitative

indications of pillar response to various

system variables. The preliminary model

consisted of a disc from a right circular

cylinder, subjected to uniform external
heat-

200 300

Temperature, C

Figure 11. Travel times and velocity ratio

for longitudinal and shear waves through

a 21.6 gpt sample as a function of tem

perature.

ing. The three parameters studied were

thermal conductivity (K) ,
convection coef

ficient (H) ,
and ambient temperature (Ta) .

Figure 12 depicts the results of three

runs which were made to evaluate the effects

of thermal-conductivity variation on heat

flow into the hypothetical pillar. In the

base case, thermal properties were used as

calculated from the equations of Tihen and

others (1968). In the other two runs,

variations of plus and minus twenty-five

percent in thermal conductivity were inves

tigated. As can be seen, the rate of tem

perature penetration into the pillar is

quite sensitive to thermal conductivity.

The variations in conductivity with grade,

discussed earlier, would indicate a critical

importance of thermal conductivity in the

modeling of an oil shale pillar.

Figure 13 shows the effects of varying

the convection coefficient on heat flow.

The results shown are significant in that

they indicate that a very large change in H

has a relatively small effect on propagation

of the thermal wave through the pillar.

The model was run with three different

ambient temperatures surrounding the pillar

to simulate various temperatures likely to

be encountered in the gas stream and rubble

of an active in situ retort. Results are
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Figure 12. Effect of varying thermal conductivity on heat flow in the model pillar.

illustrated in figure 14. An ambient tem

perature of 260C is probably a good value

for the gas stream during the pre-heat period.

A Ta of 400C is a good value for the retort

ing period, and a Ta of 540C is a good aver

age value for the gas -stream temperature dur

ing passage of the combustion front. It is

evident from the figure that Ta has a large

effect on heat flow.

It is apparent that the thermal history

of a retort will have a controlling effect on

the temperature profiles surrounding the

retort. A good estimate of retort tempera

tures, burn rates, and residual effects will

be required for accurate model application.

SUMMARY AND CONCLUSIONS

By obtaining samples from Logan Wash,

typical Green River oil shale is repre

sented. In addition, tests will be run on

oil shale from a location where in situ

retorting is actually being carried out,

allowing for possible direct correlation in

the future. No nahcolite or dawsonite was

present in significant quantities, and a

representative distribution of mineralogies

was obtained due to the nature of sample

collection.

The atmosphere in which the samples

were heated had no discernible effect on

indirect tensile strength, and only affected

compressive strength when the sample was

unconfined. Heating time was also found to

have little or no effect after the time

required for thermal equilibrium in the

sample.

Compressive strength was found to be

highly sensitive to temperature, with ten

fold variations in strength observed. At

room temperature, strength increases approxi

mately 10 percent for each 5 gpt decrease in

kerogen content. Higher temperatures

resulted in increased sensitivity to grade.

Confining pressure was found to significantly

increase strength, particularly at higher

temperatures.

Brazilian tensile strength tests showed

similar sensitivity to variations in tempera

ture and grade as did the compression tests.

Scatter is typically large for the tensile

tests. Several grades of oil shale showed

a similar residual strength at 500C.

At room temperature, elastic constants

correlated well with kerogen content.

Higher temperatures had a dramatic but

irregular effect on elastic constants due
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to the intra-sample structural variability

of oil shale. It was evident that there

was a serious loss of strength in oil shale,

even at temperatures well below retorting

temperature. Also evidenced, during com

pression testing of oil shale, was a high

degree of time-dependent deformation, which

may be of critical importance to the struc

tural behavior of an in situ retorting

operation.

Thermal conductivity was found to be

dependent on grade, but not highly dependent

on temperature, except while the shale is

actively retorting. The thermal expansion

of the oil shale during heating can exert

considerable expansive force.

Ultrasonic data were also taken on the

thermal samples during heating. Anomalies

in ultrasonic travel times correlated well

with observed physical and chemical changes

in oil shale during heating.

Physical and thermal properties obtained

are being incorporated into a mathematical

pillar model. Preliminary results of a sim

plified thermal analysis indicate that tem

perature profiles surrounding an in situ

retort will be highly dependent on thermal

conductivities and driving temperature, as

represented by the thermal history of the

retort. Convection coefficient was observed

to have no great influence on heat flow in

the pillar walls. Fortunately, it appears

that with the conductivities obtained, tem

perature isotherms likely to cause structural

degradation will not penetrate very far into

the pillar.

Overall, it is concluded that tempera

ture effects must be considered for in-situ-

retort system design and subsidence evalua

tion, and that temperature effects can be

and are being characterized.

Campbell, W. G., and others, 1970, Evaluation

of oil shale fracturing experiments near

Rock Springs, Wyoming: US BuMines RI

7397, 21 p.

Carpenter, H. C, 1975, Fracturing oil shale

for in situ retorting experiments: Meet

ing of the AIChE, Los Angeles, CA.

DuBow, J., Nottenburg, R. , and Collins, G.,
1976, Thermal and electrical conductivi

ties of oil shale: ACI Fall Meeting.

Sladek, T., 1977, Interim report to the

Colorado School of Mines, U.S.

BuMines Contract HO262031.

Tihen, S. S., Carpenter, H. C, and Sohns,
H. , 1968, Thermal conductivity and

thermal diffusivity of Green River oil

shale: Proc. 7th Conf. NBS Spec.

Publ. No. 302, p. 529-535.

REFERENCES

Allred, V. D. , 1964, Some characteristic

properties of Colorado oil shale which

may influence in-situ processing: Colo.

Sch. Mines Quart., v. 59 (3), p. 47-76.

Bae, J. H., 1969, Some effects of pressure

on oil shale retorting: S.P.E. Journal,

v. 9 (3), p. 287-292.

146



EXTRACTION OF HYDROCARBONS FROM ANTRIM OIL SHALE

J . P . Humphrey
Oil Shale Research Project

734 Building
Dow Chemical U.S.A.

Midland, MI 48640

ABSTRACT

The Dow Chemical Company has performed

a variety of in situ experiments on the

Antrim oil shale which underlies Michigan.

These experiments have ranged from in situ

combustion in a quarry to attempted extrac

tion at a depth of 2,600 feet (780 m) .

Currently, Dow is continuing its

efforts to obtain hydrocarbons from this re

source on a four-year contract (Contract

No. EX-76-C-01-2346) in cooperation with

the Department of Energy. A site, prepared

through explosive fracturing, is being test

ed. Extensive permeability tests have been

performed and attempts have been made at

initiating partial combustion within the

formation.

Extensive laboratory experiments have

been coupled with Dow's efforts to recover

hydrocarbons in situ. These tests have been

carried out under a variety of different at

mospheres, pressures, and temperatures and

in various types of apparatus. In general,

results show that hydrocarbons can be ex

tracted in many ways and the products pro

duced and yields obtained will vary accord

ingly.

INTRODUCTION

As early as 1955, research planners for

The Dow Chemical Company expressed concern

over long-term availability of naturally

occurring hydrocarbons for fuels and feed

stock in certain parts of the country. Many

alternative sources were examined; among

these was the recovery of oil and gas from

oil shale. A block of oil shale was event

ually purchased in Colorado for future

exploitation, and an extensive research

program was also initiated to examine

the potential of the vast (Devonian) oil

shale deposits of the eastern and
mid-

western United States.

No Dow development of the Colorado

shale tract ever occurred and it has

since been sold. Research efforts on

Devonian shales resulted in four major

field experiments and many, many differr

ent laboratory measurements. While

these laboratory and field results may

not be truly indicative of what might

occur while attempting extraction on a

large, commercial, above-ground or
below-

ground (in situ) process, they do give

some insight into the physical and chem

ical behavior of these oil shales. The

reader is left to compare these results,

for the most part, with similar measure

ments made on western (Green River) oil

shales that have been so extensively re

ported in the literature.

GEOLOGY

Devonian shales of the east and

mid-west cover an extremely vast area

(fig. 1). These shales are known by

various names in different parts of the

country. Chattanooga, New Albany, Wood

ford, Ohio and Antrim (in Michigan) are

just a few of the better known ones.

Dow Chemical performed preliminary, re

source assessments on these shales in

several states but eventually attention

was focused on the Michigan Antrim. The

Antrim offered the advantage of being
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Figure 1. Devonian and Mississippian oil

shale deposits in the east-central

United States.

located around Dow's founding location in

Michigan and is approximately one-half mile

(0.8 km) below our Midland plant site.

The Antrim is a blrck, bituminous shale

deposited some 260 million years ago in

a shallow marine sea which covered much

of the east central part of the continent

during late Devonian and early
Mississi-

pian time. In Michigan, the black shale

interval includes the black Sunbury and

the Antrim, with an intervening sand and

gray shale wedge of Berea-Bedford in the

eastern part of the lower peninsula (fig.

2). In the western part, there is a

facies change from black shale to the

gray-green shales of the Ellsworth which

interfinger with the black shales in the

central part of the State. The Ellsworth

thickens to the west.

The Michigan Basin, in which the

Antrim was deposited, was a large negative

area, sinking throughout early Paleozoic

time. The Antrim outcrops at the surface

in Antrim, Charlevoix, and Alpena Counties,

Michigan, and in Lambton County, Ontario.

At Midland, it is 2600 feet (780 m) below

the surface, dipping yet deeper to the

center of the basin, northwest of Midland.

Mineralogical studies have shown the

Antrim to be a very fine-grained, lami-

MASON CO MIDLAND CO SANILAC CO

TRAVERSE LM.

Figure 2. West to east schematic cross section showing general facies relationships
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nated shale, composed dominantly of the
clay-

mineral illite and quartz with minor amounts

of organic matter, pyrite and carbonate. The

clay-mineral mica or illite occurs as thin

platelets, 1 to 12 microns in thickness, and

about 5 to 35 microns in major diameter. .

Quartz and feldspar, mainly microline and

sodic plagioclase, occur as grains, 5 to 30

microns in size. The organic matter occurs

as a finely dispersed, amorphous brown binder

and as the disc-shaped, spore-like fossil,

Tasmanites. Pyrite ranges from large con

cretionary masses to very finely disseminated

crystals, the bulk of which range in size

from less than 0.5 microns to 15 microns.

Dolomite and calcite are in roughly equal

proportions and occur as minute, irregular

grains. Traces of chlorite, tourmaline and

zircon have been identified.

Elemental analyses of composite samples

made up from well cores are shown in table 1:

carbon, sulfur and hydrogen analyses are

shown in table 2.

Table 1. Analysis of composite from raw Antrim

shale cores.

Wet Chemical Analysis

% Ignition Loss 900C 12.05 12.13

% Si0o 57.14 57.23

12.29 12.46

% Ti02 0.40 0.40

% Fe203 5.45 5.35

% CaO 3.13 3.11

% MgO 1.70 1.64

% MnO 0.04 0.04

% K20 4.37 4.32

% Na20 0.32 0.33

% Total S 2.07 2.02

% U 0.0019 0.0022

% Th 0.010 0.011

Emission Spectroscopy

% Cu 0.03 0.06

% Ni 0.01 0.02

% V 0.06 0.08

% Rb 0.02 0.03

% A1203

Table 2. Analyses of "standard
blend"

of

chemical well Antrim shale.

Special East West

Laboratory Services (574) Main(294) Main (143)

%-C (total) 6.42

% C (carbonate) 0.67

% C (combustible) 5.75

% H 1.03

% S (total) 1.93

% S (sulfide) 0.002

6.40 6.55

0.70 0.70

5.70 5.85

0.92 0.98

2.14 2.06

0.02 0.009

NATURAL GAS OCCURRENCE

Of all the potential values in the

black shales of the central United States,

natural gas has been the most important.

Natural gas is produced in commercial

quantities from fractured reservoirs in

Ohio and Kentucky and has been logged in

the Antrim section throughout Michigan.

A small Antrim gas field is in operation

in Otsego County and produced 117,470,000

cubic feet (39.1 million m ) in 1973.

Dow's early work was directed at

natural gas production from the Antrim.

One well, drilled and sand fractured in

Otsego County, Michigan, gauged between

seven and ten million cubic feet

3
(266,700 m ) per day. An impressive vol

ume for a shale gas well. Later treat

ments reduced this to less than four mil

lion. Other wells were drilled in other

areas, but none produced commercial quant

ities of natural gas.

In any case, these shales do contain

significant quantities of gas trapped in

the pore structure and gas will evolve

from fresh core material naturally. The

analysis, shown in table 3, is of gas be

ing evolved from a core at two different

times and gas found evolving from the

same well at the wellhead. Some of the

unsaturates reported may only be a result

of the analytical procedure. Also, there
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Table 3. Core and wellhead gas analysis,

(percent by weight).

COMPONENT CORE GAS* WELLHEAD GAS

Time 1 Time 2

Carbon Dioxide - - 0.1

Helium 0.02 0.03 -

Hydrogen 0.54 0.56 -

Nitrogen 8.82 5.51 8.74

Methane 70.27 75.50 70.65

Ethylene 1.53 - -

Ethane 9.79 12.20 13.13

Propane 5.68 4.75 5.29

Butene 0.26 0.04 -

Butane 1.81 0.95 1.69

Pentene 0.28 0.08 -

Pentane 0.67 0.23 0.45

Hexene 0.13 0.02 -

Hexane 0.17 0.05 0.05

Mass 68 0.03 - -

Mass 82 - 0.02 -

*Four volumes of gas evolved per volume of shale

is some possibility of air contamination, so

the results should be taken only as an ex

ample. During these de-gassing experiments,

it was found that about four volumes of gas

are given up per volume of shale. With suf

ficient fracturing, either natural or in

duced, gas can be recovered.

The porosity of raw Antrim shale is on

the order of five percent with 70 to 90 per

cent of the pores being smaller than 100

Angstroms. To open up this pore volume, or

create sufficient surface area for natural

flow of gas, will require massive fractur

ing. On the other hand, retorting under a

variety of atmospheres increases porosity to

about 20 percent and increases permeability

significantly, depending upon the amount of

thermal fracturing. At least this occurs in

the laboratory.

SHALE RETORTING UNDER HYDROGEN

Direct hydrogenation of Antrim shale

was performed to determine if aromatic hydro

carbons could be formed from shale under the

proper conditions. Results showed that

raw Antrim shale, retorted
under hydrogen

pressure [starting H2
pressure about 700

psig (4.9 MPa), operating pressure about

1500 psig (10.5 MPa)] in a pressurized

bomb for about 5 hours, at a temperature

of about 450C, yielded primarily aro

matic and condensed aromatic (both alky

lated and unalkylated) hydrocarbons;

whereas, retorting at lower temperatures

produced largely aliphatic products. Low

er total hydrocarbon yields and a lower

degree of gasification also occurred at

the lower temperatures. Later, it was

shown that shale oil could be aromatized

in the presence of spent
(hydrogen-

retorted) Antrim shale. Still later, it

was found that paraffin wax, crude petrol

eum, bright stock, and even polyethylene

could be aromatized and that the presence

of shale was not required. It was con

cluded that aromatization of nonaromatic

stocks was caused by their prolonged ex

posure to high temperature.

Several experiments were run, using

different atmospheres, to test the hypoth

esis that the atmosphere is one prime

variable. These results are shown in

table 4.

Hydrocarbon and sulfur (H?S) yields

from hydrogen retorting were, respective

ly, 5.50 and 1.83 percent. Retortings

under argon pressure or with no added gas

gave hydrocarbon yields less than half as

great as those obtained from hydrogen re

tortings. Retortings under steam pressure

were only slightly, if at all, better.

These observations were made for both

shale and marlstone.

Yields from a shale, retorting under

CO pressure, approached those from a hy

drogen retorting because H- was formed by

the reaction of the CO with water in the

shale. High yields of sulfur, as H2S,

accompanied the high hydrocarbon yields.

The marlstone, although yielding at best

more than twice as much hydrocarbon as

the shale, gave less than one-sixth as
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Table 4. Comparison of various atmospheres.

Yields (% of Charge)

Antrim Shale:

Colorado Marlstone:

Atmosphere

Hydrocarbon

Liquor

Hydrocarbon

Gas

Liquor

+ Gas

5.50

S

H2 2.83 2.67 1.83

Ar 0.89 1.78 2.67

Ar 0.43 1.26 1.69 0.69

-

0.81 1.16 1.96 1.23

H20 0.95 2.27 3.22

H20 0.925 2.01 2.94 1.13

CH4 0.92 - - 0.83

CO 1.60 2.57 4.17 1.15

H2 6.80 5.85 12.65 0.28

Ar 2.69 3.29 5.95 0.06

- 2.5 3.41 5.9 0.14

H,0 2.29 3.43 5.72 0.06

much sulfur. Carbon and sulfur contents of

the raw and spent shales are shown in table

5.

Table 5. Comparison of hydrogen vs. inert

gas retorting.

Combustible

Carbon

8.70%

Total

Sulfur

Sulfide

Sulfur

H. - Retorted Shale 3.03%

Shale Retorted

Without Gas

Shale analyses showed only 35 percent

of the shale's original combustible carbon

remaining in the hydrogen-retorted shale,

whereas, 75 percent of the original com

bustible carbon remained in the shale after

the
"gasless"

retorting. Hydrogen retorting

also removed 38 percent of the shale's sul

fur content as volatile products. Yields

from hydrogen retortings of Alpena Antrim

shale, at various temperatures, are shown

in table 6.

Although many time-temperature cond

itions were not investigated, several

conclusions were, nevertheless, readily

apparent from the results. Retorting was

very incomplete even after 6 hours at

375C, but temperatures of 400C and

above showed much higher rates. The

weight ratio of gaseous to liquid hydro

carbons rose sharply and continuously

from 0.25 at 400C to 6.8 at 570C. High

est hydrocarbon yields were obtained at

450

and 475C; the yield from a 2-hour

run at 475C being 6.19 percent. A re

duction, not attributable to a reduction

in reaction time, occurred at 500C. In

all runs in this set and the preceding

one, the reactor was heated rapidly to

the desired temperature by immersion in

a hot lead bath. Rapid heating, at high

er temperatures, may have caused excess

ive losses in the form of nonvolatile

hydrocarbons or coke.
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Table 6. Yields from hydrogen retorting.

Yields (% of Charge)

Temperature Time

6 Hours

Hydrocarbon

Liquor

Hydrocarbon

Gas

Liquor

+ Gas

2.17

S

375C 1.67 0.50 1.27

400 4 Hours 3.52 0.87 4.39 1.41

450 4 Hours 2.83 2.67 5.50 1.83

475 2 Hours 2.49 3.70 6.19 1.13

500 2 Hours 1.30 3.15 4.45 0.96

525 1 . 5 Hours 1.11 3.14 4.25 1.07

550 1 Hour 0.65 3.03 3.68

570 45 Minutes 0.47 3.19 3.66 1.04

Gas -chromatographic examination of the

liquid products from these and other runs

showed that aromaticity increased with lower

H2 pressure, greater contact time, higher

temperature, or lower ratio of charge to re

actor volume. In the liquid products from

runs made above 500C, no aliphatics were

seen. Above 550C compounds, such as ben

zene, naphthalene and phenanthrene predomi

nated, with little alkyl substitution. In

the gaseous products, methane increased, at

the expense of higher hydrocarbons, as re

torting temperature was increased.

A shale sample was retorted at 350C in

an atmosphere corresponding (on a basis of

the materials initially added) to 40 percent

H2, 25 percent C02, and 35 percent H20. A

two-hour exposure, at a total pressure of

1500-2000 psig (10.5-/4 MPa), was used.

After this retorting, the same shale sample

was retorted in a fresh atmosphere of the

same composition. The process was repeated

at progressively higher temperatures until

additional retorting failed to produce ad

ditional oil. The aim of this study was to

simulate the effects of a gradual heating of

a region in the Antrim formation which would

be brought about by the advance of a
"front"

of hot gases having the stated composition.

Five separate samples of shale were treat

ed in this manner, and the following con

clusions were reached:

(1) Approximately 5 percent of the

weight of this shale can be re

covered as oil and hydrocarbon

gas under these conditions.

(2) Retorting at 350C liberates more

than half as much H-S, but less

than one-fourth as much oil, as

can be liberated by retorting at
450

or 475C.

(3) A shale which has been exhausted

of oil-forming materials by hy
drogen retorting may still yield

hydrocarbon gases when
hydrogen-

retorted at a still higher temp
erature.

In these runs, a significant, although

minor, fraction of the total oil yield was

produced at 350C by the first retorting;

much less appeared at the 375C retorting,

although yield rose again at 400C.

A series of pairs of steam retorting

were also made on samples of this shale.

In each pair of retortings, a charge was

first retorted at 375C for 4 hours, then

retorted again for 2 hours at 450C, both

retortings taking place in the presence

of added water. Average hydrocarbon and

sulfur yields were, respectively, 2.07

and 0.67 percent of the shale's weight.
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Highest hydrocarbon yield from a

sample of this shale was 4.2 percent, and

was obtained by a pair of hydrogen retort

ings; one at 350C, followed by one at

500C. Retorting pairs at
450

and 500C;

at
360

and 475C; and at
335

and 525C,

all gave hydrocarbon yields in the vicinity

of 4 percent.

Low- temperature oxidation studies were

also made on raw shale in an attempt to de

termine minimum temperatures at which
self-

sustaining oxidation would begin. At an

initial 0- pressure of 1500 psig (10.5 MPa),

a self-sustaining oxidation began at 107 C.

When initial 02 pressure was 500 psig

(3.5 MPa), oxidation began at 125 or 130C.

An aqueous product from this run contained

several percent each of acetic acid and

methanol.

Shale oil, obtained from air retorting

during one field experiment, was also hydro

genated in the presence of various com

mercial Co-Mo catalysts, much as petroleum

fractions are. Recovery of oil exceeded 80

percent by weight. Hydrogenated oil was

lighter in color, more transparent, less

viscous, and less dense than crude oil.

Hydrogenation was shown to reduce the crude

shale oil's 4.79 percent sulfur content by

one to two orders of magnitude, and its 0.68

percent nitrogen content by a factor of 2 to

5. The oil's crackability (ethylene yield

and relative freedom from coke formation)

was markedly improved.

RETORTING UNDER AIR, NITROGEN, STEAM AND

CARBON DIOXIDE

Previously described retorting results

were produced in closed bomb experiments.

In addition, retorting has been carried out

under flowing conditions, using small cubes

of shale, in the apparatus shown in figure

3. These experiments were limited to atmos

pheric pressure, but were very enlightening

as to the evolution of products with time,

under a variety of atmospheres. The results

produced are very detailed and will be re

ported in a later paper. Only the general

conclusions will be given here.

Product gas heating values are used

for comparison; absolute values, however,

have no meaning since the diluent flow

was essentially arbitrary.

Cubes, pyrolized under nitrogen,

showed peak heating value (including ni

trogen) was increased from 120 Btu/scf

at 500C to 600 Btu/scf (21kj/m3) at
700-

750C. This reflects both reduced gas

yields and lower heating rates at lower

temperatures. Peak hydrocarbon evolution

(figure 4) occurred after 13-15 minutes

at 500C. This was reduced to 7 minutes

(420 sec) at 600C and 4 minutes (240

sec) at 700C. Block heating times are

an important lag at high temperatures.

Pyrolysis was generally complete after

10 to 20 minutes (600-1200 sec). Prod

ucts were obtained primarily as
conden-

sables (oils) at low temperatures, and

as volatiles (gases) at high tempera

tures. About 45 to 65 percent of the

carbon remained in the block after

pyrolysis under nitrogen.

The ability of Antril oil shale to

leave large carbon residues was
previous-

shown when retorting under various inert

atmospheres. It is also interesting to

note that large carbon residues are also

left behind during Fischer Assay as it

is an inert retorting of the shale. Fig

ure 5 shows the assay of a core taken

from Dow's Midland, Michigan, plant.

Residual carbon left after retorting,

correlates fairly well with oil content.

These large residues are the reason that

Fischer Assay is not a good method for

measuring hydrocarbon yield; much of

this carbon can be used during retort

ing under both oxidizing and reducing

conditions.

Also shown in figure 5 is the poor

point of oil recovered from the assay.

The low pour points are fairly typical

of oils recovered from these Devonian

shales. Similar oils have also been

examined from other retorting proced

ures and, in general, show a low pour
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CORE ANALYSIS

Fischer Assay Retorted Shale Oil Pour Point

2600-1
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Flow:

1
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Figure 6. Comparison of peak offgas heating
values under air and nitrogen.

Figure 5. Nitrogen and sulfur distributions

in raw Utah shale oils.

point. This makes the oil very easy to

handle during further refining.

In experiments using air, oxygen levels

were low during peak hydrocarbon evolution.

At low temperatures (500 -

550C) ,
hydro

carbon evolution and heating value were in

creased compared to runs under nitrogen

(figure 6). At high temperatures (700 -

750 C) ,
the heating value dropped from

600 to 450 Btu/scf (21kj/m3-15. 8kj/m3)

compared to runs under nitrogen. Only

about one-fourth to one-third of the

residual carbon in the block was burned

out in one hour. Later experiments

showed that up to 10 hours would be re

quired to exhaust 90 percent of the

carbon at 600C. Mass transfer of oxy

gen into the shale is rate limiting dur

ing combustion. Finally, in experiments

using carbon dioxide and steam (figure
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Figure 7. Comparison of carbon oxidation under nitrogen and nitrogen/steam.

7) , some utilization of carbon residuals was

observed, but rates were slow compared to

oxidation; possibly limited either kinet

ically, thermodynamically or by diffusion.

SUMMARY

The black Devonian shales of the cen

tral United States are a vast resource from

which hydrocarbons can be extracted by re

torting with air, oxygen, steam, hydrogen

carbon monoxide or under inert gas atmos

pheres. The poorest carbon utilization

occurs under true pyrolysis conditions be

cause these shales, as evidenced from re

sults on the Michigan Antrim, tend to

coke, leaving behind much of the available

carbon.

By varying retorting conditions, time,

temperature and atmosphere, the products

produced can be varied from aliphatic to

aromatic and from dominantly gases to oils.

Oils, produced under most conditions, are

very light and show a very low pour point

for a shale-derived oil.
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UNION OIL COMPANY'S LONG RIDGE EXPERIMENTAL SHALE OIL PROJECT

G. B. Snyder and J. R. Pownall

Union Oil Company of California

P.O. Box 7600

Los Angeles, CA 90051

INTRODUCTION

Union Oil Company has been a pioneer in

the research of shale oil production. In

1920, we started geological field work and

began acquiring properties in the Parachute

Creek area of Garfield County, Colorado.

The nearly 20,000 acres (8,094 ha) of

oil shale lands Union owns in fee contain

3
some 2 billion barrels (0.32 billion m ) of

recoverable oil in the high-yield Mahogany

Zone. These reserves are large enough to

produce 150,000 barrels (23, 843 m3) of shale

oil per day for at least 25 years. In addi

tion, there are approximately 2 billion more

barrels of reserves in contiguous lower qual

ity zones.

Fully aware of the potential energy value

of these holdings, Union's research scien

tists have conducted a wide variety of labora

tory and field studies for more than 30 years.

They have consistently sought technically,

environmentally and economically feasible

methods of extracting usable oils from shale.

Union Oil began development of upflow

retorting technology in the 1940 's. A two-

ton-per-day (1.8 metric ton/d) pilot unit

operation demonstrated feasibility of the

concept. This was followed by a
50-ton-per-

day (45 metric ton/d) project. In the late

1950's, using Union's Retort
"A"

process

(described later) ,
a demonstration plant was

constructed and operated at rates of up to

1,200 tons per day (1,088 metric tons/d) on

our property in the Parachute Creek area of

Garfield County in western Colorado.

Concurrent with the retorting program

in the 1950 's, Union did extensive research

and development on shale oil refining,

successfully converting over 13,000 barrels

(2,067 m3) of shale oil into gasoline and

other products .

This mining and retorting project,

carried out from 1955 to 1958, demonstrated

the technical feasibility of our upflow

retort process. Because of the low world

price of crude oil at that time, however,

shale oil production was not economically

feasible.

CURRENT DEVELOPMENTS

In the early
1970'

s, we again initi

ated a major shale retorting and shale oil

refining program, developing a new process

called Retort
"B"

. The program was reac

tivated, based on new concepts from our

continuing research; increasing costs of

finding incremental petroleum reserves; the

rapid rise in the world price of crude oil,

following the 1973 oil embargo; and our

nation's declining supply of conventional

crude oil.

Based on these new developments, in

March 1978, Union announced plans to con

struct, with its own funds, a $100-million

experimental oil shale project, if Congress

creates the necessary investment and regu

latory climate for an oil shale industry.

The $3 per barrel tax credit now pro

posed in the Senate energy bill is an

example of the type of federal encourage

ment needed if the oil shale industry is to

invest the large sums of money necessary to

build experimental plants that would estab

lish the technical, economic and environ

mental feasibility of this and other pro

posed pioneer projects. The tax credit has
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certain advantages over most other proposals

in that it would be easy to administer, place

a premium on successful projects and any

benefits would accrue only upon completion

of a plant, based on actual production.

EXPERIMENTAL RETORT PROGRAM

Union's experimental shale plant would

be located on its wholly-owned 20,000-acre

(8,094 ha) block of oil shale lands north of

Grand Valley, Colorado. The plant will be

situated on the north face of the East Fork

Canyon of Parachute Creek on a 5-acre (2 ha)

bench site located 1,000 feet (305 meters)

above the valley.

A mine portal will open onto the bench

and provide access to a conventional under

ground room-and-pillar mine on Union's Long

Ridge shale lands. Mine production will be

trucked to an underground, two-stage,

crushing-screening plant where retort feed of

minus 2 inch to plus 1/8 inch (-50.8 mm to

+3.175 mm) size range is prepared.

The retort and its auxiliaries, as shown

in figure 1, will be located on the bench site

just outside the mine entrance.

The project would be based on construc

tion of a single Union B-type retort capable

of processing 10,000 tons per day (9,071

metric tons/d) of 41 gallons per ton (6.54

m /t) oil shale and extracting approximately

9,000 barrels per day (1,438 m3/d) of raw

shale oil.

Union plans to sell the shale oil for

direct use as boiler fuel in electrical

generating plants.

The retorted shale will be moved to the

East Fork valley floor deposit area where it

will be spread, compacted, contoured, and

clothed with native plants to blend into the

surrounding landscape. An impervious clay

membrane will be provided to ensure that no

pile drainage flows into underground aquifers

or into surface waters.

Union has carried out extensive studies

on revegetation of Retort
"B"

retorted shale

at our Research Center at Brea, California,

and in Parachute Creek. Figure 2 shows a

group of test plots being prepared for re

vegetation in Parachute Creek. Figure 3

shows the successful revegetation of Retort

"B"
retorted shale.

Water required in the experimental

project's operations will be taken from

wells on Union's property and will be

recycled to minimize water requirements.

Project design includes detailed plans to

prevent contamination of local streams and

underground aquifers. There will be no

waste water discharge from the plant.

The large experimental project is the

next logical step in the development of

Union's oil shale process, and Union is con

fident that it will accomplish the follow

ing objectives:

Establish the operating limits of a

full-size retorting module.

Develop process improvements which

can only be accomplished in a large

experimental facility.

Secure economic data needed for any

future commercial development.

Develop techniques to secure the

best attainable control of environ

mental impacts.

We are processing rich 41-gpt (6.54

m /t) oil shale to give our initial project

the best economic advantage at the start.

The Union retort with its positive shale

feed system is capable of processing rich

oil shale despite shale's severe agglomerat

ing tendencies. As process improvements

and better economics are realized, we plan

to mine thicker seams of Mahogany shale with

lower gallon-per-ton averages. Ultimately,

we expect to mine a 60-foot (18 m) seam of

Mahogany shale with Fischer assay of 34 gpt

(5.43 m3/t) .

Union is applying for the necessary

permits at this time in order that actual

construction can begin as quickly as pos

sible after federal assistance is enacted.

If all necessary permits are secured

on a timely basis, construction will begin

early in 1979, with the plant operational in

1981. The plant would then operate for a

period of time while extensive experimental

programs are conducted and evaluated.

After determining the economic and

environmental feasibility of the project,
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Figure 1. Artist's sketch, showing Union Oil's planned experimental 10,000 ton-per-day oil

shale project. Raw shale moves from the underground mine onto a bench site and

into the retort where oil is extracted. Shale oil flows to storage and retorted

shale moves to the enclosed chute and to the bottom of the valley (lower right)

for spreading and vegetation. A drainage pond (lower left) captures runoff water

for use in the retorting process. The East Fork of Parachute Creek (lower right)

will be protected from recycled water and other contaminants.
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Figure 2. Test plots prepared for revegeta

tion in Parachute Creek valley.

Union then can determine future steps neces

sary for commercial development of its oil

shale resources.

Retorting Technology Design Background

(10,000-ton-per-day (9,071 metric ton/d)
experimental retort) .

Retort
"A"

Retort
"A"

(fig. 4), was developed and

used in Union's demonstration plant in the

1950's. In this process, shale is pumped

upward through an expanding cone and heated

by a once-through stream of flue gas. Heat

is supplied by burning the carbonaceous

deposit on the retorted shale in the upper

part of the retort. The hot flue gases heat

the raw shale to temperatures necessary for

Figure 3.

shale

J* PROCESS SHALi: 4

Revegetation of Retort B retorted

retorting. As the gases cool, the oil con

denses and is withdrawn from the cold dis

engaging section of the retort as a liquid.

Noncondensable gases are sent to further

processing for heavy ends and hydrogen sul

fide removal.

We carried the Retort
"A"

concept

through 2-ton-per-day (1.8 metric ton/d) and

50-ton-per-day (45 metric ton/d) pilot

operations and then through the demonstra

tion plant in Colorado that processed up to

1,200 tons per day (1,088 metric tons/d) of

shale, producing as much as 800 barrels (127

m3) of shale oil daily. Figure 5 shows the

demonstration plant at our Colorado site.

The retort had a 5-1/2 foot (1.68 m) diam

eter feed piston and an upper cone diameter

of 17 feet (5.18 m) . The process was easy

to operate and reliable because agglomera

tion of retorted shale, due to plastic flow

or to refluxing and coking of liquid product,

could not cause solid flow stoppage.
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Figure 4. Union Oil Company's Retort A.

Because it used once-through air flow,

peak temperature in the burning zone reached

2,000-2,200F (1,093-1, 204C) and resulted in

low liquid yields of about 75 percent of

Fischer assay. Heating value of the product

gas was only 120 Btu/scf (106 kJ/mol)

because of dilution with nitrogen from the

air, carbon dioxide from combustion and de

composition of mineral carbonates.

Retort
"B"

Building on our earlier experience with

upflow retorting and continually seeking to

improve yields and quality, a concept called

Retort
"B"

was developed.

Retort
"B" (fig. 6) is an indirect

retorting process, using recycle gas heated

in a fired heater to 950-1, 000F (510-538C)

to provide the energy for retorting. This

process produces high liquid yields, essen

tially Fischer assay values, and a high Btu

gas product, about 800 Btu/scf (706 kJ/mol) .

Product quality from the low temperature, low

residence time and oxygen-free retorting is

excellent.

Retort
"B"

yields for processing
36-

gpt (150 dm3/t) Colorado shale are given in

table 1. These yields were developed in

our pilot unit operations at Brea,

California. The pilot unit is a continuous

moving bed retort with a nominal capacity

of 3 tons per day (2.7 metric tons/d) .

Retort
"B"

product oil properties are

given in table 2. Upflow retorting, com

bined with an oxygen-free retort recycle

gas, gives a product oil with a moderately

low pour point and a low Conradson carbon

residue. This oil can be sold as boiler

fuel or can be hydrogenated directly to pro

duce a high quality synthetic crude. Sul

fur, nitrogen and oxygen values are typical

of Colorado shale oils. Arsenic is present

as a major trace element in Colorado shale

oil. In this regard, as a fuel, crude

shale oil is closer to coal than petroleum.
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Figure 5. Retort A, 1950 's demonstration plant

Gas produced during the retorting pro

cess has a gross heating value of 980 Btu/

scf (865 kJ/mol) . Its composition is given

in table 3. After removal of acid gases and

C., plus hydrocarbons, the gas heating value

is about 800 Btu/scf (706 kJ/mol) . Heating

value of the dry gas can be raised above

1,000 Btu/scf (883 kJ/mol) by methanation.

Commercial Size Retort

Retort "B", when designed for commercial

use, would use the same concept tested in our

pilot operation, but of a much larger size.

As shown in figure 7, crushed and

screened oil shale from the feed bin flows

through two feed chutes to a two-piston sol

ids pump. Shale oil product acts as an

hydraulic seal to maintain retort pressure

and prevent escape of product gas from the

shale feed chutes.

The solids pump is mounted on a movable

carriage, completely enclosed within the

feeder housing and immersed in product

shale oil. The pump consists of two,
10-

foot (3 m) diameter piston and cylinder

assemblies which alternately feed shale to

the retort. While one cylinder is filling

with shale during a piston downstroke, the

other piston is charging shale to the

retort during a piston upstroke. When this

operation is completed, the pump carriage

is moved horizontally until the full cylin

der comes under the center line of the

retort. This cylinder charges its shale

into the retort while the other fills with
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Figure 6. Union Oil Company's Retort B.

Table 1. Retort
"B"

yields

36 Gal/Ton Shale

(150.2 dm3^ shale)

Retort make gas (dry basis) , SCF/ton

k mol/t

Rundown oil, gal/ton

dm3/t

% Fischer assay

c4 - plus oil, gal/ton

dm3/
% Fischer assay

Retorted shale, lb/ton

kg/t

Table 2. Retort
"B"

oil properties.

Gravity, API 22.2

Density Kg/m 6.921

ASTM, D-1160 Distillation "F C

IBP 150 65.6

750 10 390 198.9

0,.988 30 620 326.7

35,.1
50 770 410.0

146,.5 70 875 468.3

97,.5 90 1010 543.3

37,,1
Max. 1095 590.6

154.

103,

,8

,0

Sulfur, wt. %

Nitrogen, wt. %

0.8

1.8

1660

830

Oxygen , wt . %

Fischer water, wt

Pour point

Arsenic, ppm

. %

0.9

0.2

60F

17

15.6

Conradson carbon residue, wt. % 2.1

Heating value, gross M Btu/gal 142

gross mj/m 39,578
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Table 3. Retort
"B"

make gas properties

(Dry Basis)

Component

H2

Cl

C2

C3

c4

c5

Cg
- Plus

CO

co2

H2S

Total

Mol %

25

24

10

8

5

2

1

5

16

4

100

Heating value, gross Btu/SCF 980

gross kj/mol 865

shale from the other feed chute. The carriage

is then moved back into its original position

and the cycle repeated. One complete cycle

of the solids pump requires about three min

utes. Seal plates outboard of each cylinder

close off the idle feed chute to prevent

discharge of shale into the feeder housing.

The carriage and solids pump are
hydraulic-

ally operated and rest on wheels that run on

tracks during horizontal travel.

Experience with pumping oil shale

showed us that the cost of the equipment

required is justified by the very consider

able process advantages of downward liquid/

gas flow and positive upward flow of solids

within a shale retort. Union has complete

confidence in the reliability of the concept,

based upon months of actual operation of the

5-1/2 foot (1.68 m) diameter piston feeder

in the demonstration plant. We are con

vinced that the solids pump will be a

dependable, low operating cost, component

of the oil shale complex.

The shale is retorted as it rises

through the retort cone by the
counter-

current flow of hot recycle gas. The retort

cone contains no internals. As the retorted

shale rises above the upper cone lip, it

forms a freestanding pile, the slope of

which is governed by the angle of repose of

the solids. A rake rotates just above the

surface of the freestanding pile. Its pur

pose is to break up any agglomerates that

may form and assist their movement down the

surface of the pile.

The space above the upper cone is

enclosed by a dome. The retorted shale

slides down chutes and through the cone

wall to the retorted shale outlets.

Hot recycle gas is introduced into the

space between the freestanding retorted

shale pile and the dome. It flows downward

into the rising shale to provide the heat

required for the retorting process. The

oil shale kerogen decomposes into liquid

and gaseous organic products which escape

from the shale particles. The liquid

product trickles down through the cool in

coming shale and the balance, in the form

of a mist, is carried from the retort by

the cold gases.

Gas and liquid are separated from the

shale in the lower slotted wall section of

the retort cone. In the disengaging sec

tion surrounding the lower cone, the liquid

level is controlled by withdrawing the oil

product. Recycle and make gas are removed

from the space above the liquid level.

Shale particles which fall through the

slots into the disengaging section are

recycled by screw conveyors into the feed

chutes. Very fine shale particles, collect

ing at the bottom of the feeder case, are

pumped back to the retort in an oil slurry

by way of the disengaging section.
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Figure 7. Retort B, showing solids pump
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Retorted shale is conveyed in chutes to

one of two retorted shale cooling vessels. A

water seal is maintained in these vessels

through which the downward moving bed of

retorted shale is discharged from the retort.

The 950F (510C) bed of retorted shale first

contacts superheated steam above the water

level which strips off any remaining hydro

carbons in the shale before it enters the

water. Generated steam is condensed and the

oil removed before it is returned to the

cooling vessel. A drag chain carries the

retorted shale up through a sealing leg to

disposal. The retorted shale is about 200F

(93C) and surface dry as it enters the dis

posal area.

Upflow retorting with indirect heating

of a circulating gas stream has several

important advantages which can be summarized

as follows:

1. Oil liberated from the shale is

forced downward rapidly toward

cooler shale by the gas flow.

This quenches polymerization reac

tions which form heavy oil that is

difficult to refine.

2. Gravity assists drainage of oil

away from the retorting zone and

avoids refluxing and coking of

the product oil.

3. Retorting takes place near the top
of the retort where pressure

between the shale particles is

minimal. Agglomeration and pres

sure drop buildup can be avoided

and rich shales processed.

4. The high heat capacity of the gas

and high gas/solids heat transfer

rates, combined with a positive

solid flow, permit operation at

exceptionally high mass velocities.

Figure 8 is a process flow diagram of

the retorting plant. All the equipment in

the diagram is included in our pilot unit.

Gases from the disengaging section are

scrubbed and cooled in a Venturi scrubber.

Agglomerated mist, plus light ends and water

produced by cooling, are sent to an oil/

water separator. The oil is recycled to the

retort at the oil shale feed chutes and the

water is sent to the water seal after strip

ping to remove ammonia. The scrubbed gas is

divided into a make stream and a recycle

stream. The recycle stream is compressed and

heated prior to injection into the top of

the retort.

The make gas stream would go to sulfur

recovery after which it will be used as

fuel for the recycle heater and to generate

steam for the large drivers. There is

sufficient make gas to supply all the energy

for the plant, except for a small amount of

presently available power which will be used

for small drivers and lighting.

CONTINUING RESEARCH

While Union's Research Department has

continued to improve the efficiency and

economics of Retort "B", they also have

been searching for further breakthroughs in

shale processing technology.

Currently, pilot plant experiments are

being conducted on a new retorting concept

called SGR-3, which stands for steam gas

recirculation. These experiments are

designed to capture and use the energy

remaining in the retorted shale. In this

system, two additional process vessels

called combustors are used to replace the

shale cooling vessels in the Retort
"B"

system. Gasification and combustion of

coke on retorted shale are accomplished

in a single step, using co-current flow of

air and solids with flue gas recycle for

temperature control. The retort is iso

lated from the combustors with steam seals,

avoiding flue gas contamination of product

gas. Heat is recovered from the flue gas

to run the process and generate steam for

power. This SGR process would not require

high Btu gas for its energy supply, as in

the case of Retort "B", but could make it

available as a marketable product. In our

judgment, high Btu gas will continue to be

a premium product of rapidly increasing

value. In the foreseeable future, economics

will favor the SGR-3 improvement of Union's

"B"

retorting technology.
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UNION UPFLOW RETORT 10.000 TONS/DAY CAPACITY

HOT HECIC.E 015
/ \

RAW SHALE IN

RETORTED SHALE OUT

Figure 8. Process flow diagram of retorting plant, using
"B"

process

REFINING OF SHALE OIL

The 9,000 barrel-per-day (1,431 m3/d)

output of our proposed experimental project

would not justify construction of facilities

to treat the raw shale oil so that it could

be sold as refinery feedstock. Union, how

ever, has carried out laboratory, bench-scale,

pilot plant and full-scale refinery work on

the upgrading and refining of crude shale oil.

We feel confident that this technology is

now proven and would plan to install the

necessary upgrading units at such time as we

move into a full-scale commercial develop

ment.
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PROGRESS IN OCCIDENTAL'S SHALE OIL ACTIVITIES*

R. D. Ridley
Vice President

Occidental Oil Shale, Inc.

Bakersfield, CA

Without a doubt, in situ processing, as

first presented in 1974 and subsequently

dubbed "modified in situ
processing,"

has

moved into the forefront of both development

and commercialization activities. My objec

tive is to trace this development from its

inception in the late 1960's and then

describe Occidental's plans for commercial

operations on Tract C-b.

Rather than provide a chronological

history of process development, I would like

to describe the developments as they occurred

against a background of other shale oil

activities. Shale oil development work has

been underway since the late 1920s (BuMines) ;

reactivated, 1944. Eleven years ago,

Occidental began looking into this exciting

resource. The year was 1967; west Texas

sweet crude oil was posted at $3.30/Bbl;

Persian Gulf crude was $0.90/Bbl FOB Ras

Tanura; and the U.S. was importing 1.1 mil

lion B/D of foreign crude oil.

In oil shale, most activity was centered

on room-and-pillar mining and surface retort

ing. TOSCO was most active, Union Oil and

the Bureau of Mines had long since shut down

their surface retorts, and a consortium of

six oil companies and the Colorado School of

Mines was preparing to shut down the Anvil

Points facility they had operated for several

years under lease from the U.S. Bureau of

Mines. Paraho was seven years away from

starting its oil shale program at Anvil

Points.

*Ed note: Matter suited to oral presentation

modified or omitted.

Some interesting efforts in in situ

processing had also been attempted. Sin

clair had long since abandoned its Operation

Haystack, a
"true"

in situ concept, involv

ing fracturing between wells and under

ground combustion. Equity was testing the

use of hot natural gas and was later to

test the use of superheated steam in oil

shale zones having some pre-existing poros

ity. The Bureau of Mines was experimenting

with fracturing and retorting near-surface

oil shale deposits outside of Rock Springs,

Wyoming. Shell Oil Co., was three years

away from inaugurating its solution mining/

in situ test work near Piceance Creek. One

nuclear project had been abandoned, and

Western Oil Shale was two years away from

announcing Project Utah, its proposed

nuclear rubblization for in situ retorting.

These in situ efforts had one thing in

common: unsatisfactory yields --at least

not sufficiently attractive to continue

warranting private financing. Each pri

vately funded effort was ultimately shut

down .

It was at this time and in this envir

onment that Occidental personnel first con

ceived of and subsequently undertook devel

opment of its in situ process. We had

evaluated the then present processes and

rejected each one for the following reasons:

(1) While in situ processing concep

tually held significant advantages

in both operating and capital costs,
spent shale disposal, water require
ments, and the like, no process had

been successfully developed. More

fundamental, there appeared to be

no reasonable solution to the prob

lem of creating the required per

meability and porosity.
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(2) While surface processing was being
well-

engineered and was at a rela

tively advanced state of develop
ment, each approach was, mechanic

ally, highly complex, required

tremendous materials handling
operations, had possible environ

mental problems in spent shale dis

posal, and, as a result, was highly
capital intensive. We simply did

not believe these processes would

prove economically viable, in par

ticular to Oxy, which could not

afford massive capital investments

for individual high risk projects.

(3) The nuclear approach had serious

technical drawbacks, and was prob

ably neither environmentally nor

politically acceptable.

The Occidental process has been described

many times; there is no need to repeat the

basic description. Highlights of process

changes, as they have evolved, will be pre

sented in a review of our test program.

Suffice to say that we could see in our pro

cess
-

at that time -

a major breakthrough

in process economics; important advantages

in environmental areas; shale oil resource

recovery and use; and minimization of water

requirements .

Like all processing ideas, the transi

tion from concept to demonstration is a

critical step. And, in this case, the tran

sition was particularly challenging as both

mining and chemical processing operations

would be attempted that were vastly different

from the state of the art.

From a mining viewpoint, we would be

attempting to control fragmentation or par

ticle size in a situation where the swell

factor or mined void was severely limited,

relative to normal mining practice. Further,

the void volume had to be distributed evenly,

a task never considered in mining operations.

From a chemical processing viewpoint,

the sheer size of the retort or reactor, the

range in particle sizes, the low void volume,

and extremely low linear velocities, all pre

sented challenges beyond those inherent in

normal processing operations. It is one

thing to measure and control what is going

on inside a typical refinery fixed-bed, pro

cessing unit that might be 12 to 14 ft (3.6-

4.2 m) in diameter and 120 to 140 ft (36-

42m) tall; it is quite a different operation

when the reactor has 1/2 acre or more of

cross-sectional area and is 200 to 300 ft

(59.9-90 m) tall. One can readily measure

what is occurring in the refinery reactor;

this is not so in in situ retorts. A com

bination of limited measurements, sophis

ticated chemical engineering analysis and

interpretation would be required.

Thus, while the process concept was,

and is, basically simple, transition to the

demonstration phase was a formidable task.

Yet, there was a much more mundane task

that had to be undertaken first. This was

the matter of land acquisition. We deter

mined early that the most critical aspect

of this process development would be a field

demonstration of both the rubblization and

in situ retorting steps. We had immediately

recognized that no amount of laboratory

work or computer analysis would answer

basic process questions; they would have

to be tested in the field.

Land acquisition efforts began in

1968 and continued until June 1972, when

agreement was reached on the Logan Wash

test site. The list of companies with

whom we negotiated is confidential, but

includes major land holders in Colorado.

The most promising of these negotiations

reached an impasse in mid- 1969. From that

point, Occidental investigated other land

opportunities in Colorado, Utah, and

Wyoming
--

including core drilling in the

Washakie Basin in Wyoming in 1969. We

asked the Department of Interior to move

speedily on the prototype lease sale and

participated in that program by core drill

ing a short distance from the present C-a

Tract and by bidding on two of the lease

sites.

This should serve to emphasize the

bottlenecks that exist for a new developer.

Had any land been available in 1968, in

stead of 1972, we would be four years

closer to commercial operations. In fact,

had sufficient acreage of high grade oil

shale been available, we might well have a

commercial shale oil industry today. The

delay has been plainly and simply bureau

cratic, for the federal government holds 80
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percent of the oil shale resource. As it was,

we signed a lease/option agreement on approx

imately 2000 net oil shale acres (800 ha)

with a 76-meter (250-ft) thick oil shale sec

tion, averaging 17 gallons per ton, in June

1972.

Site access work began in July after

receipt of a BLM Special Land Use Permit,

the first of over 100 permits obtained to

date for this development project! Mining

commenced in early September.

Between 1968 and 1972 there was little

real accomplishment in oil shale development.

Of particular interest to us, however, was a

test program carried out at Laramie, Wyoming,

by the U.S. Bureau of Mines. As part of a

program to evaluate the nuclear rubblization

in situ retorting concept, the Bureau con

structed and operated a 136-metric ton (150

short ton) capacity, batch oil shale retort.

Mined oil shale, having a conventionally

blasted particle size distribution, was

loaded into this vessel and retorted, using

gas combustion technology. The tests, which

started late in 1969 and continued for sev

eral years under this specific test objec

tive, demonstrated for the first time that a

randomly-
sized rubble zone could be retorted

satisfactorily. Large oil shale boulders

were included in individual runs and, upon

analysis after retorting, these boulders were

found to have been completely retorted.

Since they represented well below 10 percent

of the total oil shale feed, no real informa

tion was obtained in these early runs relat

ing to shale oil recovery. Nevertheless,

these results provided Oxy with further

encouragement: if the oil shale could be

well rubblized, according to our concept, we

would be able to obtain acceptable retorting

yields.

Occidental's field test program started

with mining and retorting three in situ

retorts, each approximately 93 sq meters

(1000 sq ft) in cross-sectional area, and

varying in height from 22 meters to 35

meters (72 to 114 ft). These were small in

comparison to the envisioned commercial

retorts, yet they were large enough to test

basic concepts and to permit scale-up to

full size at a later date. They were also

large by any normal process development

standard. For example, the smallest retort

contained approximately 3600 metric tons

(4000 tons) of oil shale. These three in

situ tests utilized two basic rubblizing

concepts; one concept was to provide the

mined void volume in a vertical column;

the other, to provide it as horizontal

rooms, or slices, out of the ultimate retort

cross-section.

The first mine opened, known as the

experimental mine, consisted of a single

adit 2-1/2 x 2-1/2 meters (8 ft x 8 ft) and

approximately 425 meters (1400 ft) long,

with individual, horizontal cross-cuts to

each of the three retorts. Retort IE was

prepared in the winter of 1972. The void

volume was mined in the form of a small

room at the base of the room and a vertical

center raise having a circular cross-section.

Blast holes were vertical and paralleled

this center raise. Once blasted, the

retort was bulkheaded and piping connec

tions were completed. Start-up tests

included extensive tracer studies. Start

up was attempted in May 1973. Various

problems associated with ignition, tempera

ture, and pressure measurements and con

trol, sealing of the retorts, and other

mechanical problems delayed actual retort

ing until July. Once these start-up dif

ficulties were overcome, Retort IE operated

satisfactorily and produced over 1200

barrels of oil, representing a high recovery

in relation to theoretical volume for this

first experiment.

Retort 2E, prepared in 1973 and

retorted in 1974, used the same basic

rubbling design as IE but with several sig

nificant changes. These changes were: a

reduced void volume, a change in the blast

pattern, and an increase in retort height

by 6 meters (20 ft) . Various other non-

critical improvements were made on the

basis of Retort IE experience. Retort 2E

provided additional experience in fragmen

tation and retorting. The 6 meters (20 ft)
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of additional retort height consisted of oil

shale considerably lower in grade than that

normally processed in surface retorts.

Retort 2E operated with a greater pressure

drop and lower flow rate and produced 1400

barrels of shale oil.

While Retort 2E was being prepared,

road construction started for a new mining

operation, approximately 2/3 of a mile (756

m) away. This mine was designed with two

purposes: (1) to test at least one
full-

size, in situ retort, and (2) to provide a

large scale development mine that could be

converted to commercial operation without

opening new adits and installing new perman

ent facilities. In essence, this mine rep

resented the first commercial mine design

for an in situ operation. Our present C-b

design incorporates many features of this

original design.

Retort 3E, the final retort in the

experimental mine, used the second type of

rubbling technique with two sub- levels above

the retort floor. These sub- levels or

"horizontal
slices"

were mined from a short

vertical raise outside the retort. Blast

holes were perpendicular to the free faces.

Retort 3E was about 12 meters (40 ft)

greater in height than Retort IE and, again,

the added height was in low grade oil shale.

Because of the different fragmentation sys

tem, this retort had significantly different

operating characteristics than the prior

retorts. Its operation was improved over the

previous retorts, due to its design and,

obviously, because many of the problems

uncovered during development and processing

of the earlier retorts had been solved.

Retort 3E produced 1600 barrels of shale oil,

bringing total production to over 4000

barrels .

Retort 4, the first large scale retort

in the
"commercial"

mine, was originally

designed as a scale-up of 50 times, using

the Retort IE design. This design was sub

sequently improved by substituting two ver

tical slots for the center raise concept of

the first retorts. Essentially, these slots

extended from the floor of the retort to a

mined-out room at the top of the retort.

Blast holes were drilled from this upper

level.

The scale-up to Retort 4 was needed to

evaluate factors that might not be critical

with smaller retorts, as well as to demon

strate the process on a near commercial

scale. Specific areas requiring scale-up

were: geologic and rock mechanic factors,

enlargement of the blasting pattern, and

retort flow control over a 1300 sq meter

(14,000 sq ft) cross-sectional area. While

the blasting pattern effects could be

treated theoretically as they related to

tons of rock broken, theory could not pro

ject, with any accuracy, particle size dis

tributions or the effect of the limited

void volume. Likewise, the effect of geo

logic variables could only be determined by

these large scale tests. Theory could sug

gest qualitative effects but not quantita

tive. And, based on these scale-up tests,

we can now say that these effects are

highly important and must be understood for

proper retort design.

The size of Retort 4, described pre

viously, was 82 meters (270 ft) in overall

height (about the same as a
25-

story build

ing) ,
and 36 m by 36 m (120 ft by 120 ft)

in cross-section. Geologically, it included

oil shale from above the Mahogany zone,

averaging about 15 gallons per ton; the

Mahogany zone itself; the barren
"B"

groove,

and some
10- to 15-gallon per ton oil shale

below the
"B"

groove.

In this area, the Mahogany zone con

tains a 26-meter (85-ft) section of 25 gal

lon per ton oil shale. Within that is a

15-meter (50-ft) section, averaging 30 gal

lon per ton and, within that, a 10-meter

(32-ft) section of 35 gallon per ton. From

this, it can readily be seen that retorting

covered the full range of oil shale grades

that might be encountered on any site.

Pressure drop measurements were carefully

made as the retorting moved down through

the various oil shale grades.
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Oil production from Retort 4 was approx

imately 30,000 barrels, somewhat less than

expected from the ore in place. Reasons were

varied, but mostly related to geologic con

ditions aggravated by mining techniques that

prevented adequate rubblization of a specific

section of the ore body. On balance, Retort

4 was considered very successful and gave

valuable fragmentation and retorting exper

ience. In addition, a new approach to retort

ing was used for part of the run. All pre

vious retorts had used an air/recycle system.

Retort 4 also used this system at the start;

for the balance, a steam/air system was

successfully tested. We now believe that

this system has sufficient advantages in

shale oil yield and effluent gas quality to

warrant its use over the air/recycle system.

We expect to use the steam/air system in our

commercial operation on Tract C-b.

In September 1977, Occidental entered

into an agreement with ERDA (now DOE) for

joint funding of engineering development and

a technical feasibility demonstration of

Oxy's vertical, modified in situ process.

This contract extends through 1978, with

Phase I retroactive to November 1, 1976. It

includes testing of two advance retort

designs, Retorts 5 and 6. Phase II will

cover ancillary facility development on

Tract C-b.

Retort 5 stretched the vertical slot

system to its extreme by reducing overall

void volume to 17.4 percent. At the same

time, the geologic conditions that compli

cated the Retort 4 blast were overcome by

several design changes. This design incor

porated a single slot in place of the dual

slot of Retort 4, and also a 12-meter (40-ft)

barrier, or sill pillar, directly above the

section to be rubblized. In practice, the

vertical slot was pulled only to within 12

meters (40 ft) of the air inlet level. Blast

holes drilled through this sill pillar were

not loaded at the top 12 meters (40 ft) ,

leaving the pillar unfragmented during rub

blization. The blast holes then served as a

distributor plate for the retorting gas.

Retort 5 also incorporated a significantly

enlarged blasting pattern, and an altered

blasting system. During retorting, it

became evident from tracer studies that a

good distribution of the void volume did

not obtain overall; this was further con

firmed when channeling occurred. Correc

tive measures were only partially success

ful; oil yield was low. Sufficient shale

oil, however, was obtained for a limited

refinery test in Chevron's Salt Lake City

refinery. Encouraging results were pre

sented by Chevron at the Toronto API meet

ing.

Preparations for Retort 6 are well

under way, with retorting planned to start

this summer. Retort 6 is a scale-up of the

Retort 3E design using two intermediate

mining levels between the top and floor

levels. It uses the sill pillar concept

of Retort 5, has a 23 percent design void

volume, and will have a greater dispersion

of the explosive throughout the oil shale

mass before rubblization.

In any review paper, it is difficult

to discuss technical accomplishments in any

detail. It is possible, however, to list

major developments and/or areas which have

been and are under investigation. We have

broken these areas of work into six cate

gories, shown in a series of figures. Each

one could well be the subject of an individ

ual technical paper (figs. 1-6).

One indication of the technology,

developed on this project, is the extent of

the patented data. As a result of the past

five and one-half years of actual field

testing, 25 U.S. patents have been issued,

five more will issue shortly; 60 applica

tions are on file and more than a third of

these have received favorable action. Over

50 new applications are in process of being

prepared. Also, as a direct result of

Occidental's test program, Ashland Oil and

Occidental entered into a partnership

agreement which will lead to commercial

operation of the C-b Tract. Ashland has

transferred a 75 percent interest in this

rich oil shale reserve to Occidental in

return for the right to use the Oxy process
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to develop this tract. We are moving ahead

rapidly toward this reality. Shaft sinking

operations are under way. These are large

shafts, and it will be nearly three years

before much underground development work may

commence. According to the plan, when the

shafts are completed, work will begin on an

ancillary test facility to demonstrate the

process on a full scale, and, at the same

time, begin development mining that will

lead to commercial operations in late 1983

or early 1984.

Figure 1. Fragmentation variables.

(1) Explosive parameters, comparison of

explosives and detonation systems.

(2) Effects of geology on fragmentation.

(3) Explosive patterns: Spacing, hole size,

timing, etc.

(Both small-
and large-scale.)

(4) Mined void volume geometry.

(5) Retort orientation with respect to

geologic conditions.

(6) Effect of retort size.

Figure 2. Fragmentation evaluation.

(1) Visual inspections.

(2) Drilling within the rubble.

(3) Flow tests and pressure tests.

(4) Tracer tests.

(5) Correlation to theoretical

predictions .

(6) Mining after retorting.

(7) Retorting measurements.

(8) Remote measurements.

Figure 3. Fragmentation event factors.

(1) Evaluation and measurement of close-in

seismic effects.

(2) Measurement of seismic effects at dis

tances up to 20 miles away.

(3) Measurement and control of air blasts.

(4) Protection of sensitive equipment and

nearby facilities.

(5) Protection of bulkheads on existing

adjacent operating retorts.

(6) Noise measurements.

(7) Reentry.

(8) Bulking full.

(9) Scale-up from small operations.

(10) Use of ammonium nitrate fuel-oil (ANFO)
explosive in wet holes.

(11) Up-hole loading systems.

(12) Protection of surrounding pillars and

exposed backs (roof) .

(13) Hydrologic effects.

Figure 4. Gas containment factors.

(1) Prevention of pillar cracking, opening

of joints, etc., during rubbling.

(2) Bulkhead designs.

(3) Sealing of bulkheads to the oil shale

formation.

(4) Sealing formation leaks.

(5) Pressure balances.

(6) Effect of local geologic features.

(7) Maintenance of all pillars and walls

used for seals during the retorting.

(8) Evaluation of thermal cracking poten

tial and prevention of leaks resulting

from thermal cracking.

(9) Maintenance of boundary pillar integrity

during mining and prior to rubbling.
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Figure 5. Retorting measurements and control.

(1) Conventional temperature, pressure, and

flow-measuring devices and variations of

the same.

(2) Use of indirect measuring systems to

locate flame front and other pertinent

retorting conditions.

(3) Drilling within rubbled retorts and mak

ing
in-

rubble process measurements.

(4) Development of a mathematical model to

project in-rubble conditions to diagnose

external measurements and analysis and

to correlate with actual in-rubble

measurements.

(5) Material balances around retorts for

accurate oil, water, and gas yield data.

(6) Variations in retort gas compositions.

(7) Effect of oil shale grade variations.

(8) Correction of nonideal flow occurrences

and other undesired retort operations.

(9) Retorting of surrounding pillars.

Figure 6. Downstream evaluations.

(1) Oil and water separation.

(2) Oil clean up, aerosol measurement

and elimination.

(3) Power generation from offgas.

(4) Other gas disposal systems.

(5) Corrosion.

(6) Oil handling.
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CONCEPTUAL DESIGN OF COMBINED IN SITU AND SURFACE RETORTING OF OIL SHALE

K. L. Berry

Manager, Technical Services

Rio Blanco Oil Shale Company

9725 E. Hampden Ave., Denver, CO 80231

INTRODUCTION

The Rio Blanco Oil Shale Project was

formed in 1974 after Standard Oil (Indiana)

and Gulf Oil Corporation were the successful

bidders on the first 5,100 acre (2,040 ha)

federal prototype oil shale lease. This

lease is located in Colorado and is known as

Tract C-a. In the first three and one-half

years after acquiring this lease, we have

spent about $160 million, mostly for lease

payments, environmental baseline measure

ments and engineering studies and plans. We

submitted a revised detailed development plan

in May, 1977, which described a 40-year plan

for developing the oil shale resource on

Tract C-a. This includes a 10-year modular

development phase and a 30-year commercial

phase. Conceptual designs of modified in

situ retorting, combined with surface retort

ing of shale actually mined and brought to

the surface, is the subject of today's paper.

MODIFIED IN SITU DEVELOPMENT PLAN

We received approval of the modified in

situ development plan from the Department of

the Interior in September, 1977. In October

of 1977, we received authorization from Gulf

and Standard to proceed with a 4-year modular

development program, costing $93 million.

During this 4-year period, we plan to burn

five underground retorts of increasing size,

beginning with a 140 ft. high (42 m) retort

in 1979 and ending with two retorts of 400

ft. height (120 m) in 1981. If this develop

ment work is successful, we will then make

the decision to proceed with commercial de

velopment of at least 50,000 barrels

(7,990 m3) a day capacity and requiring

about five years to build. Total time,

from purchase of the lease to commercial

production in 1987, thus would be about

13 years; total expenditures will be

more than $1 billion.

Advantages and Disadvantages

Before making the decision to submit

a plan calling for modified in situ de

velopment, we looked at the advantages

and disadvantages of this method, com

pared with the surface retort (table 1).

Table 1. Modified In Situ Oil Shale

Retorting Process

Advantages

Less mining and rock transport

Less environmental disturbance

Less water required

Less front-end investment

More economical

Disadvantages

Large gas circulation

Low BTU gas utilization

Less resource recovery
Subsidence

The advantages include less mining

and rock transport. In the case of modi

fied in situ, we believe about 20 percent

of the rock is all that needs to be mined

and brought to the surface. The remain

ing rock will be rubblized in place and

then retorted without ever leaving the

ground. Consequently, there is less en

vironmental disturbance insofar as sur

face disposal of processed shale is con

cerned. The process requires less water

-

our calculations indicate about one-

half as much, compared with surface
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retorting. Finally, we foresee a lower in

vestment requirement resulting in a more

economical process.

The disadvantages include large gas cir

culation rates required per barrel of oil

produced and the subsequent need to find a

method to use all of the low BTU gas pro

duced. The process will recover less re

source compared to the open-pit mining meth

od. Finally, there may be some subsidence

of the surface, depending on spacing of

underground retorts.

Major Problems of Method

The modified in situ oil shale retorting

process requires the marriage, for the first

time, of mining and processing activities

underground. We are currently working on

the mining and processing designs so that

they are compatible (table 2) .

Table 2. Modified In Situ Oil Shale Re

torting Process

Major Problems

Mining methods and optimization

Rubble size and distribution

Retort stability

Flame front control

Gas recovery and utilization

Water disposal

Site restoration

The major mining problem is the development

of methods to produce a rubble size, small

enough and well distributed enough to enable

retorting to be most efficient. Secondly,

retort pillars and spent shale must be

strong enough to provide retort stability.

In the processing area, the problems include

development of flame front control to prevent

the big retorts from becoming channelized,

thus resulting in less recovery of oil. Re

covery and use of the low BTU gas produced

will be a major processing problem. Methods

to dispose of sour water and leachate which

may be coming from the retorts will be a

major area of research. Finally, at the con

clusion of all operations, it will be neces

sary to restore the site.

Operations

Figure 1 is a schematic view of a
modi-

AIR & STEAM

150C (300F)

SHALE COMBUSTION

750-970C
(1400-1800F

SHALE RETORTING

370-480C

(700-900F!

SHALE COOLING

150-750C

|300-1400F)

SHALE PREHEATING

480-750C

900-1400F)

OIL CONDENSING

70-370C

|160-700F)

OIL & GAS

70C

|160F)

Figure 1. MIS retort schematic.

fied in situ retort which has been about

half -burned. The upper part of the rubble

zone has already been burned and is in the

process of being cooled by incoming air

and steam. The combustion zone represents

the point where residual carbon on spent

shale is being burned by the incoming

oxygen. Immediately below this is a shale

preheating zone. Below that is the re

torting zone where the oil shale is being

retorted in the temperature range between

about
370

and 480C. The bottom zone of

the retort represents the area where the

gas is being cooled and oil is condensed.

Oil and gas then pass out of the bottom of

the retort at about 70 C, which is the

water dew point.
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Figure 2. MDP simplified flow diagram,

Figure 2 is a simplified flow diagram

of operations during the modular development

phase. After heating the top layer with hot

inert gas, a mixture of air and steam under

pressure will be supplied to the underground

retort to move the combustion and retorting

zones through the retort, as just described.

Oil and low BTU gas flow out of the bottom of

the retort to an underground oil/water sepa

rator. The low BTU gas flows to the surface

through a knockout drum to a booster blower

which then supplies the gas to a conventional

incinerator. Sulphur dioxide will be removed

from flue gas by an alkali scrubber designed

to remove 90 percent of the sulphur from the

flue gas before it is emitted to the atmos

phere. A side stream of low BTU gas will

be studied in a pilot plant preparatory

to designing the Commercial Phase gas

utilization equipment. Going back to

the underground separator, sour water

from the retort is pumped to the surface

to a sour water tank where it is stored

before incineration after the MIS retort

has been shut down. Some of the sour

water will be sent through a pilot plant

to develop a process for conserving this

water during the Commercial Phase. We

expect to produce during the modular de

velopment phase about 150,000 barrels

(23,970 m3) of shale oil. The five re

torts will be burned intermittently.
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DEVELOPMENT

STAGE

Figure 3. Sequence of development: commercial modified in situ retorts

The down time between each retort burn will

allow time for study of the results and re

vision of equipment and operating procedures

between burns.

COMMERCIAL RETORTING

Figure 3 shows the sequence of develop

ment of a line of commercial retorts, each

150 ft. x 300 ft. (45 x 90 m) in cross-

section, by 700 ft. (210 m) in height. We

plan to use a modification of sublevel cav

ing as a means to rubblize the 700 ft. (210

m) high retorts. A series of sublevels,

about 100 ft. (30 m) apart, will be used to

achieve uniform rubblization. Sublevel

drifts are seen in the development stage

on the extreme left side of figure 5. The

next retort shows the achievement of rub

blization in the top level, followed by

various stages of development in succeed

ing lower levels. About half of the

shale to be removed will come from the

drifts and slots required for development

of each level. The other half will be re

moved by drawing each of the levels to

loosen up the shale and provide more uni

form distribution of the void space. The

next retort (middle, figure 5) has been
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Figure 4. Commercial phase, processing facility,

fully rubblized and will be kept under pres

sure to prevent gases from leaking from the

burning retort to the mine workings. The

next one is about half way burned. Finally,

the last retort (lower right, figure 5) has

been fully retorted and is now filled with

spent shale.

Commercial Processing Facility

Figure 4 is a simplified block flow

diagram of the Commercial Phase processing

facility. The low BTU gas will be purified

before it is used to generate electric power.

The purification and power generation blocks

will be described later. The oil will be

fractionated into light and heavy streams be

fore being recombined with products from the

surface retorting here shown as Tosco retorts

Pour point depressants will be added to the

combined oil as necessary in order to make

a pipeline quality oil product.

Gas Purification

Figure 5 depicts the gas purification

block on the previous flow diagram. Again,

it is a simplified diagram. The low BTU

gas is first sent through a multi-stage

compressor to compress the gas to about

150 lbs. per sq. inch (1.05 MPa). Con

densed light oil and water are sent to

the oil recovery section. After extract

ing fuel for the Tosco retorts, the main

body of the low BTU gas, now under 150

lbs. per sq. inch pressure (1.05 MPa),

flows through a Stretford unit for re

moval of sulphur. Purified fuel gas is

supplied to conventional gas turbines to

generate electric power.
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Figure 5. Flow diagram, MIS gas purification plant

Low BTU Gas Turbine. - Figure 6 shows

the low BTU gas turbine which will need to

be developed during the modular development

phase. Purified fuel gas will flow to a

specially designed combustion chamber. This

chamber will have to be designed to adequate

ly burn the low flame-speed gas expected to

be produced from the modified in situ retorts

The combustor is hooked to a conventional

high BTU gas turbine which generates electric

power. The reason that a high BTU gas tur

bine can be used in this process has to do

with the amount of air required for burning

the low BTU gas. Normally, excess air is

supplied to the combustor of a high BTU gas

turbine in order to control the temperature

so as not to overheat the turbine blades.

In the case of low BTU gas, only about half

of the air normally required will burn

the low BTU gas. No excess air will be

needed to temper the flame and the same

volume of gas flows into the power tur

bine. The other half of the air will be

sent through an air expander to generate

additional electric power before supply

ing compressed air to the modified in

situ retorts.

USE OF RESOURCE

Figure 7 shows that the 30-year

plan described in our detailed develop

ment plan will exhaust about one-half

the resource on Tract C-a at a production

rate of 76,000 barrels (948.8 m3) per day.

The Tosco retorts, together with the gas

compression and gas turbine equipment,
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Figure 6. Low BTU gas turbine

will be located along a ridge pillar not

subject to potential subsidence. The spent

shale disposal area for the Tosco retorts is

located in the southeast portion of the lease,

We are currently working on a research pro

gram to form slurries of spent shale with

cement-like qualities which would be reinject

ed into the burned out retorts. The object

would be to prevent invasion of underground

aquifer waters and also to reduce subsidence

of the area. In this case, the processed

shale disposal area would be reduced in size

and, perhaps, not even be needed.

Raw shale, removed during the modular

development phase, will be disposed of in a

mine stock pile which will be revegetated.

We do not plan to do any surface retorting

during the modular development phase.

A second raw shale disposal area, called

the crushed ore stock pile, results from

mine development taking place while the

surface retorts are being constructed.

ENERGY BALANCES

Table 3 is a comparison of the net

energy ratios for making gasoline from

petroleum, oil shale and coal. Data

shown in this figure (except for the in

situ retorting) came from the Colorado

Energy Research Institute Report entitled:

"Net Energy Analysis"; An Energy Balance

Study of Fossil Fuel Resources, April

1976. We used the same methods to cal

culate net energy ratios from modified
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Table 3. Net Energy Ratio (Gasoline

as Final Product)

R99W

MILES

Figure 7. MIS general layout.

in situ retorting with and without surface

retorting. Modified in situ retorting has a

slightly higher net energy ratio than when

combined with surface retorting. However, it

is misleading to be guided entirely by the

external net energy ratio which is all that

is shown here. Process ratio and the re

source yield ratios both would favor the

combined in situ and surface retorting. Of

course, the most important factor to be

used in guiding the decision to proceed with

commercial operations is projected economics,

Our studies indicate that the combination of

surface retorting with modified in situ will

improve the economics but we must wait for

results from our 4-year program before we

can make the decision to proceed with com

mercial development.

Petroleum 9.6

Oil Shale:

Open pit

Room and pillar

Modified in situ

MIS + surface retorts

6

6

8

6

.1

.3

5

8

Coal:

Surface mining
Underground mining

6

6.

4

5
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PRODUCTION OF UTAH SHALE OILS BY THE PARAHO DH AND UNION
"B"

RETORTING PROCESSES

Paul F. Lovell

Sunoco Energy Development Co.

12700 Park Central Place, Suite 1500

Dallas, TX 75251

ABSTRACT

Uinta Basin oil shale from the Hells

Hole Canyon outcrop in eastern Utah has been

retorted by both the Paraho direct-heated

(DH) and Union
"B"

processes for the White

River Shale Project. Despite wide variation

in the shale grades respectively retorted and

the known retort differences, the raw shale

oil products appeared to be quite similar

both physically and chemically. Comparisons

with existing data on Piceance Basin Colorado

shale oil from these two processes are also

quite similar. The one unexpected difference

was the
30

F (-1C) pour point for the Utah

"B"
oil. There are potential economic advan

tages in pipeline handling if this anomaly is

a naturally-occurring phenomenon.

INTRODUCTION

The White River Shale Project (WRSP) was

formed in June, 1974, by Phillips Petroleum

Company, Sunoco Energy Development Co., and

Sohio Petroleum Company. The purpose of the

project was to develop jointly the oil shale

resource on federal lease Tracts U-a and U-b

in northeastern Utah. Tract U-a is jointly

owned by Phillips and Sunoco Energy Develop

ment, while Sohio holds title to U-b. This

combined resource has an estimated 1.06

3
billion barrels (168 g m ) of oil in place,

averaging 28 gallons per ton (117 1/metric

ton) (WRSP 1976).

To abide by the lease terms, WRSP pre

pared and issued a detailed development plan

(DDP) in June, 1976. This DDP included the

various phases of development needed to reach

commercial production and, ultimately, aban

donment of the leases. To this end, WRSP

has continued technological evaluation of

the various retorting processes. In Feb

ruary, 1976, the WRSP mined several hun

dred tons of Uinta Basin, Utah, oil shale

from an outcrop formation on patented

lands about 3 miles (4.8 km) east of the

U-a and U-b federal leases in the 26-square

mile (6734 ha) area known as Hells Hole

Canyon (fig. 1) .

This work reports comprehensive, an

alytical data on the shale oils produced

from this Utah shale by the Paraho DH and

WYOMING

Figure 1. Location of Hells Hole Canyon.
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Union
"B"

retorting processes. Emphasis is

placed on the physical and chemical descrip

tion of the two oils; no attempt is made at

process comparisons.

MINING

There were two primary concerns in

planning the mining of these bulk samples:

the first centered upon the desire to obtain

reasonably unweathered samples, but it was

unknown as to what depth weathering had an

effect; the second was to be sure of the

stratigraphic interval of the samples so that

they would correlate with the equivalent po

sition on the tracts.

The Mahogany marker was located and

traced to the sample location, thus satisfy

ing the stratigraphic problem. An arbitrary

depth of 10 ft. (3 m) into the face was cho

sen to offset possible weathering effects.

Mining began with some grading out of

the access road down the canyon, a road pre

viously used only by sheepherders in the area.

As much dirt and loose rock as possible was

dozed from above the outcrop to reduce con

tamination of the samples.

Using a wagon drill and steel, a pattern

of nominal
2"

(50 mm) holes was drilled. The

holes were loaded with ANFO, and the face was

shot. This first round removed the 10 ft.

(3 m) of weathered material. This was dozed

across the road and used to build a pad for

loading the trucks with the final samples.

Additional drilling and blasting produced

the two final samples, which were loaded on

small trucks for haulage out of the canyon,

then transferred to highway trucks for final

shipment.

The ore body was not pre-assayed at

Hells Hole Canyon. Therefore, the grades of

the samples were unknown until they were re

ceived and Fischer assayed by the respective

toll processors.

Approximately 100 tons (90 metric tons)

of raw oil shale were delivered to each re

tort facility. The sample taken from above

the Mahogany marker, which eventually assay

ed an average of 19 gpt (79 1/metric ton)

went to Anvil Points, Colorado, for Paraho

processing; and the shale taken from be

low the Mahogany marker, which later as

sayed an average 32 gpt (133 1/metric ton) ,

was sent to Brea, California, for Union

"B"
processing.

The mine area was subsequently cleaned

up; final grading removed most traces of

activity.

RETORTING

Paraho Direct Heated (DH)

Approximately 100 tons (90 metric

tons) of 19 gpt (79 1/metric ton) Utah

shale, sized
1/2"

x
2"

(13 mm x 50 mm),

were processed in the 2 1/2 ft. (75 cm)

I.D. pilot plant, using the Paraho DH

mode at a nominal rate of 1 ton/hr (0.9

metric ton/60 sec). In the DH mode, the

retorting heat is supplied by combustion,

directly in the retort, of residual car

bon by oxygen in the gas-air mixture.

Retort temperatures are controlled by ad

justing the composition of the streams fed

to each set of burner bars and adjusting

the composition of the recycle gas return.

Figure 2 gives a simple illustration of

the process (Jones 1977) .

Oil yield for the Utah shale was 92.8

percent by volume of Fischer Assay, very

similar to what has been reported for the

Paraho DH mode on Colorado shale (Sladek

1975) . The net yield of product gas was

about 8000 SCF/T (227 m3/T) of 66
Btu/Ft3

(2.5 Mj/m ) gross heating value material.

Comparable gas yields have been reported

by Jones (1977) on 28 gpt (117 1/metric

ton) Colorado shale. The overall weight

balance was 98.6 percent. Some properties

of the raw and retorted shale as produced

are shown in table 1.

Union
"B"

The 100-ton (90-metric) sample of 32

gpt (133 1/metric ton) Utah shale was re

duced to a consist of
1/4"

x
1"

(6.5 mm x

25.4 mm) and retorted in the Union
"B"

mode in their nominal 6 T/D (5.4 metric
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Figure 2. Paraho oil shale kiln,

Table 1. Utah shale properties
- Paraho DH

Retort.

Raw Shale Spent Shale

Fischer Assay

Oil, gal/ton 18.61 0.69

Oil, Wt.% 7.11 0.26

Water, gal /ton 5.85

Water, Wt.% 2.44 0.23

Mineral C02, Wt.% 19.83 13.39

Organic C, Wt.% 1.93

Elemental Analysis

C, Wt.% 15.28 5.58

H 1.46 0.11

N 0.44 0.15

S 0.35 0.31

tons/D) pilot retort. Raw shale rate for

these runs was around 3 T/D (2.7 metric

tons/D) . The Union
"B"

process is an in

direct heated mode where retorting heat is

supplied by externally heated, recycle gas

as opposed to direct combustion of shale

inside the retort vessel. Another unique

concept of the Union process is the upflow

of raw shale using a reciprocating "rock

pump"

rather than gravity downfeed of the

raw shale. A simplified, conceptual dia

gram of the Union
"B"

process is illus

trated in figure 3 (Atwood 1977).

OIL &

DUST SLURRY

PUMPED TO

FEED CHUTE
PRODUCT OIL

DUAL ROCK PUMPS

Figure 3. Union
"B"

retort.

Oil yield was about 97 percent by

volume of Fischer Assay (^101 percent by

volume on a C.+ basis) for the Union
"B"

processing. These yields are similar to

results on Union's Colorado shale, report

ed by Hopkins and others (1976) and Duir

and others (1977) . Retort product gas

yield was about 725 SCF/T (20 m3/T) .
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This material had a calorific value of about

900
Btu/Ft3

(33.5 Mj/m3) . The material bal

ance for the Utah shale runs averaged 99+

percent by weight. Properties of the raw and

spent, dry Utah shale processed by Union are

given in table 2.

Table 2. Utah shale properties - Union
"B"

retort.

Raw Shale Spent Shale

Fischer
Assay*

Oil, gal /ton 32.20

Oil, Wt.% 12.21 0.0

Water, gal /ton 2.90 2.1

Water, Wt.% 1.23 0.86

Mineral C02, Wt.% 18.96 21.93

Organic C, Wt.% 13.68 2.83

Elemental Analysis

C, Wt.% 18.85 8.81

H,
"

2.05 0.35

N,
"

0.46 0.31

s,
"

0.53 0.41

?Based on 105C dry shale

ANALYTICAL RESULTS

Practically all previously reported data

from these two processes have been on Colo

rado Piceance Basin shales. Since WRSP has

the Utah leases, this effort was an initial

attempt to obtain data on Utah oil shale and

see if Utah shale oils were any different.

Table 3 presents comprehensive analytical

examinations of both Paraho DH and Union "B"-

produced whole, raw Utah and Colorado shale

oils. Despite the wide variation in shale

grades [19 gpt (79 1/metric ton) vs. 32 gpt

(133 1/metric ton)] for the Utah rock and the

known differences between both retorting pro

cesses, all the raw shale oil products ap

peared to be quite similar both physically

and chemically. Tables 4 and 5 present some

fractional analyses of the two Utah

shale oils which are helpful in under

standing the concentration of types of

compounds as a function of the boiling

range.

Generally, it can be stated that

shale oils have a narrower boiling range

than most conventional crude oils. The

same is the case with the Utah oils, as

shown graphically in figure 4. The shale

oils contain less naphtha boiling material

[<400F (204C)], less residua [>1050F+

(565C+)], and more middle distillate

range material than typical crudes. A

distillation curve for Kuwait crude oil

is included in figure 4 for illustrative

purposes.

Other significant properties con

sidered were nitrogen, sulfur, arsenic

and chemical structure. As known, the

1200 -i

25 50 75

VOLUME % DISTILLED

Figure 4. Distillation range for Utah

shale oils.

IOO
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Table 3. Physical and chemical properties of Green River formation shale oils.

Properties

1

Union
"B"

Colo.

Union
"B"

Utah

Paraho DH

Utah

Paraho DH

Colo.

Gravity API 21.2 20.2 19.6 21.4

Carbon wt % 85.3 84.27 84.21 84.5

Hydrogen
H

11.15 11.68 11.82 11.2

Oxygen
"

1.12 1.23 1.89 1.6

Sulfur
n

0.61 0.55 0.50 0.64

Nitrogen Total
n

1.77 1.93 2.09 1.96

Nitrogen Basic
n

1.04 1.26 1.19 1.27

Ash
"

0.03 0.3 0.05 0.08

Conradson Carbon
"

ND 4.3 3.1
1.4R

Pour Pt. F 60 30 75 72

C 15 -1 24 22

Viscosity @ 100F est 33.5 35.3 60.9 38.0

Viscosity @ 210F
n

4.88 4.83 5.95 5.3

Arsenic W ppm
522

49 19 28

Chloride
ii

5 15 6 2

Chemical Structure

by ASTM D-2007

Paraffins wt % 9 9 7 11

Naphthenes
"

8 10 10 7

Olefins
n

7 7 5 6

Aromatics
1

48 45 44 46

Polar Aromatics
H

24 24 29 26

Pentane Insols.
ii

4 5 5 4

Distillation

ASTM D-1160

IBP 145 152 220 145

10 397 345 503 442

30 660 633 690 660

50 797 799 827 794

70 903 919 952 912

90 1037 1078 - 1050

EP 1100 1100 1100 1100

% Rec. 97 92 87 94 \

R = Ramsbottom Carbon

All analytical data determined by Sun on "as
received"

oils directly from the

respective retorts; no further processing done or implied.

As content of Union
"B"

Colorado shale oil is reduced to about 20 ppm during
solids removal.
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Table 5. Chemical properties of Utah shale oils.

UNION
"B"

PARAHO DH

IBP IBP
Fraction

-375F -425F -500F -650F -840F -1050F 1050F+ -375F -425F -500F -650F -850F -1050F losjm

Property

Carbon, Wt.% 84.54 83.20 83.82 84.31 84.81 85.20 84.21 83.89 83.88 84.34 83.29 84.12 84.40 84.41
Hydrogen 13.07 12.78 12.41 12.75 11.51 11.24 10.37 12.98 12.25 12.41 11.83 11.43 11.16 10.13
Oxygen 1.33 1.99 1.88 1.38 1.27 1.07 1.28 1.67 2.20 2.05 1.92 1.52 1.43 2.06
Nitrogen, Total 0.23 0.85 1.34 1.39 2.04 2.15 3.25 0.94 0.94 1.06 1.74 1.99 2.35 2.73
Nitrogen, Basic 0.56** 1.06** 0.97 1.10 1.17 1.33 1.52 1.03** 1.20** 0.99 1.14 1.14 1.25 1.58
Sulfur 0.62 0.54 0.71 0.76 0.52 0.46 0.42 0.37 0.46 0.51 0.47 0.48 0.37 0.30

H/C, Atomic Ratio

PN0A by Mass Spec:

1.86 1.84 1.78 1.81 1.63 1.58 1.48 1.86 1.75 1.77 1.70 1.63

*
Estimated Wt.% by PN0A-MS not ASTM D-2007 ** Problems with the test 650F+

1.59 1.44

Paraffins, Vol.* 24.6 21.0 19.5 19.8

Naphthenes 7.4 4.8 6.2 6.2

Aliphatic Monoolefins 31.0 33.1 31.0 24.2

Cyclic Monoolefins 13.7 11.1 14.9 11.0

Alkyl benzenes 22.0 20.8 26.1 28.4

Alkylindans + Tetralins 1.3 8.3 2.2 8.5

Alkyl naphthalenes 0.0 0.9 0.1 1.9

Structure by ASTM D-2007:

Paraffins, Wt.%
22.9* 19.3* 15.3 18.5 9.4 3.0 1 18.0* 17.9* 15.9 14.8 9.5 3.3

'

)
Naphthenes

7.5* 4.9* 12.7 16.1 12.8 8.7 ) 2.6 6.2* 6.2* 11.4 10.0 16.4 11.2 V 2.1

Monoolefins 43.5* 42.5* 10.4 2.2 2.3 3.5 J 44.3* 33.4* 11.2 6.4 1.6 2.7 J
Aromatics 26.1* 33.3* 52.5 41.2 52.9 52.8 31.7 31.5* 42.5* 49.3 50.4 49.7 50.2 26.8
Polar Aromatics 8.7 21.3 21.8 32.0 38.7 11.9 17.7 22.3 31.8 52.3

Pentane Insolubles 0.4 0.7 0.8 0.0 27.0 0.3 0.7 0.5 0.8 18.8

Total Acid Number Mg/GM 4.0 7.9 6.5 2.8 3.1 4.3 4.7 3.3

Total Base Number Mg/GM 15.8 24.2 26.0 37.1 24.7 30.0 31.0 37.4

Arsenic, ppm 3 11 84 45***
12 6 6 14 16 19 27

high nitrogen content of raw shale oil is a

distinctive and significant characteristic.

So, too, with Utah shale oil. Figure 5 il

lustrates the distribution of nitrogen and

sulfur versus boiling range. For simplicity,

the data are presented as bands to bracket

individual data points. Nitrogen content

increases with increasing boiling range,

from about 1.0 percent by weight in the

naphtha fraction, to around 2.5 percent by

weight in the heavy residua. This charac

teristic is also typical for petroleum crude

oil. Conversely, for sulfur in the raw

shale oil, the naphtha boiling material has

the highest sulfur concentration of about

0.7 percent by weight with a rather flat de

cline to about 0.3 percent by weight in the

1050F+ (565C+) bottoms.

Metals concentrations in Utah shale

oils are low, relative to petroleum crude.

The most significant trace element, however,

in the Utah shale oils is arsenic, which

is about 1000 times greater than in con

ventional crude oil. This is also the

case for Piceance Basin shale oils.

Table 6 presents the significant trace

elements found in the Utah shale oils.

Table 6. Trace metals in Utah shale oils,

Element Concentration, W ppm

Uniion
"B"

Paraho DH

Arsenic 49 19

Iron 56 140

Nickel <2 20

Copper <2 <2

Vanadium <20 <20
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Table 7. Qualitative MS characterization

of the polar fractions of Utah

shale oils.

3.0-1
z
UJ

o
o
rr

b 2.0 H
z

i!
o
I- 1.0

30 60 90

30 60

VOLUME % DISTILLED

90

Figure 5. Nitrogen and sulfur distributions

in raw Utah shale oils.

The chemical structure of the Utah shale

oils again shows significant differences rel

ative to conventional crude oil. Figure 6

shows the paraffin and olefin contents to be

higher in the lower boiling fractions. Naph

thene content tends to be fairly constant,

while aromatics increase with boiling range.

The high percentage of polar aromatics in the

higher boiling range fractions indicates the

presence of heteroatoms of nitrogen, oxygen,

and sulfur in the ring structure of the high

er molecular weight aromatics. Table 7 gives

a qualitative breakdown of the polar com

pounds found in the two Utah shale oils.

The only major difference in the two

oils was in their respective pour points,

30F (-1C) for Union
"B"

and 75F (24C)

for Paraho DH. Known differences between

the pour points of the oils produced by these

processes from Colorado shale have been re

ported by Atwood (1977). The 30F (-1C)
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pour point for the Union
"B"

shale oil

was lower than expected.

Pipeline transport of raw shale oils

is highly desirable. If it can be done,

this method would lower costs and, conse

quently, increase sales. Although pour

point is not the only factor determining

whether oils can be pumped, it is an im

portant variable. A naturally occurring,

lower pour point oil would have certain

economic advantages compared to oils re

quiring the addition of available chemi

cal pour depressants. Therefore, this

observed low pour point of 30F (-1C)
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Figure 6. Graphical representation of raw Utah shale oil chemical structure,

for the Union
"B"

Utah oil is certainly an

interesting and serendipitous phenomenon.
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COMBINED MODIFIED IN SITU/ABOVEGROUND OIL SHALE

PROCESSING DEVELOPMENT NEEDS

H. E. McCarthy, G. B. French, W. F,

Science Applications, Inc.

9485 W. Colfax

Denver, CO 80215

Hubka

ABSTRACT

An analysis of the sensitivity of com

mercial-scale oil shale economics to develop

ment risk factors has been completed. The

study was performed using published data for

the modified in situ, mining and surface re

torting, and combined modified in situ/sur

face retorting processes. The results of

this analysis show the need for development

efforts in rock fragmentation and mining

equipment, together with the need for com

mercial-scale demonstration modules for both

modified in situ and above-ground processing.

Numerical data leading to these results, and

rationale for the projected development needs,

are presented. It is concluded that develop

ment and commercialization efforts may be

done concurrently, and must be, if an acceler

ated commercialization schedule is to be

realized.

INTRODUCTION

Substantial information has been pub

lished describing the technology of obtaining

oil from shale. The open literature details

the basic approaches: modified in situ (MIS);

mining and surface processing (MSP) ; combined

modified in situ/ surface processing (CMIS/SP) ,

as well as operational alternatives within

each approach: mine design, in situ retort

configuration, choice of surface retort, ....

Data are also available on the economics

associated with specific unit operations

(mining, retorting, ...) and, to a lesser

extent, on overall system economics. Virtu

ally no data have been presented that would

permit a spectrum of processes and opera

tional alternatives to be comparatively

evaluated on a common basis.

The purpose of this study was to de

velop system economics data for commercial-

scale modules; objectives were as follows:

(1) obtaining comparative economic

performance data for a spectrum

of system possibilities;

(2) developing the sensitivities of

economics to the uncertainties

in technology; and

(3) deriving development program pri

orities which would eliminate key

technological risks that threaten

commercial development at pres

ent.

The study was accomplished as fol

lows: First, published technology assess

ments were reviewed to delineate recovery

process options and unit operation alter

natives, and to obtain performance data

bases. This review defined system candi

dates that showed promise for accelerated

commercialization, given technical RD and

economic assistance; revealed specific

RD needs; principal unknowns; and great

est uncertainties.

Next, a comprehensive analysis of

system economics was performed. Pub

lished cost data bases were obtained and

evaluated (and completed where necessary) ;

major assumptions as to development sce

nario were synthesized. These inputs were

used to perform baseline calculations and

sensitivity testing. Discounted cash flow

return on investment (DCFROI) analysis

was used as the basic measure of effect-
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iveness of a given system. Sensitivities

tested related to both technical and public

policy issues. The results of this step were

a refined and narrowed set of system candi

dates, including quantified key leverage

issues, and specification of preferred op

tions for accelerated development analysis.

The third and final step was to analyze

commercialization and RD programs to assess

an accelerated development objective. Devel

opmental scenarios were identified and major

assumptions were established; developmental

scheduling was synthesized and subjected to

critical path analysis. This work led to

conclusions regarding the preferred process

for accelerated development, the master de

velopment plan and schedules, and government/

industry participations.

SUMMARY OF RESULTS

Technology Assessment

The MSP approach to oil shale has been

well-discussed in the literature. Cameron

Engineers (1976) has documented mining op

tions and data bases for deep underground

mines in the Mahogany zone. TOSCO (Whitcombe

1977; Lenhart 1968), PARAHO (U.S. Bur. Mines),

and the USBM (Katell and Wellman 1974; 1971)

have presented operating and cost data for

surface retorts. The state of the industry

in surface retorting technology is such that

long-term reliability on a commercial-scale

retort is the most substantial risk area.

The state of the industry in the development

of 50-100 kTPD*
mines is such that consider

able risk is associated with mining equipment

cost, reliability, manpower intensity, speed,

and availability.

Taken together, the above risk areas

impact economic viability, resource utiliza

tion, manpower requirements, and project con

tinuity.

A substantial volume of material has

been published pertaining to MIS oil shale

processing concerning the effect, the econom

ics, and overall concept. Occidental Petro

leum Corporation (Oxy) has published many

* k denotes thousands.

articles on its work to date. Included

are McCarthy and others (1976); McCarthy

(1977); French (1976); and others. In ad

dition, Oxy has been granted over 20 pro

cess patents in this area. Another MIS

system is under development by Lawrence

Livermore Laboratory, and is referred to as

the RISE process (Lewis 1977).

In addition to the use of MIS, sub

stantial effort has recently been devoted

to the idea of a combined modified in

situ/surface retorting (CMIS/SP) concept.

Again, more than one concept has been pre

sented. Grossman (1977) has presented a

paper on the economics of CMIS/SP, based

upon the Fenix and Scisson model of a com

bined module. McCarthy (1977) presented

a paper on the effect upon resource recov

ery of the CMIS/SP process. Table 1 shows

resource recovery data he presented, com

paring percent recovery for different core

holes in different locations in the

Piceance Basin. Exact locations are given

in McCarthy (1977) .

As shown, core hole A, near the

southern exposed edge of the basin, yields

a 48 percent recovery for the CMIS/SP,

with 39 percent recovery for MIS retorting

and an added 19 percent recovery for sur

face processing. For a core hole located

on Colorado
"b"

tract, recoveries are

higher for the mineable upper Mahogany and

R5 334-foot (100.2 m) section, with 53

percent recovery for the combined, 43 per

cent for modified in situ, and 15 percent

for the surface process. In the center

of the basin, where the thicker, richer

shale lies, the recovery goes up accord

ingly. The ratio of resource recovery

from a combined system versus a surface

processing system is shown to be in the

range of 2.1:1 to 4.1:1. Evaluation of

the combined system shows about a 25 per

cent increase in resource recovery over a

MIS-only concept. Thus, one of the big

advantages of CMIS/SP is increased re

source recovery. Assuming that only 25

gpt (110 1/metric ton), or higher, oil

194



Table 1. Comparison of recovery from different processes

CORE HOLE

MINEABLE

HEIGHT

SECTION

Bbl/ACRE

RECOVERY

Bbl/ACRE

RATIO

MIS/SP COM/SP COM/MIS

Core Hole A

USBM RI-5321

Surface Process

Modified In Situ

Combination

Colo.
b"

Hole

Surface Process

Modified In Situ

Combination

Sulfur Creek #10

USBM #7051

Surface Process

Modified In Situ

Combination

220

334

327,318

1,140

60,672 19

128,434 39

158,060 48

612,980

91,794 15

263,812 43

323,664 53

2,193,723

293,040 13

948,000 43

1,214,000 55

2.12 2.61 1.23

2.87

3.23

3.53

4.14

1.23

1.28

MIS - Modified In Situ

SP - Surface Process

COM - Combination

shale can be economically retorted in sur

face processes, the combined systems have a

higher resource recovery than open pit mining

(Sun Co. 1976). This result is primarily

because of the ability of MIS to economically

retort shales having 15 gpt (66 1/metric ton)

or higher oil shale content.

However, there is another significant
-

potentially best -

reason for going to a

CMIS/SP system: a thick, high grade (over

32 gpt; 140.8 1/metric ton) bed, rubblized

in low void volume conditions within
large-

scale retorts, may, in fact, not work. This

problem originates in the fact that large

deformations can occur in rich oil shale

when subjected to heat before retorting.

These large deformations are termed "cold

flow". Cold flow, if it occurs, is likely

to cause plugging of large size retorts.

Oxy has not reported the occurrence of

problems of this kind in their test retorts,

but these have been located in the more var

iable grade basin-edge shales. Furthermore,

it is unlikely that such a problem would

exist in small-scale retorts, because

there would be virtually no pressure trans

mitted through the rubble to the high

grade seam. In addition, all tests have

been run in the relatively lean edge of

the basin material. It is true that in

this area there is a rich seam. However,

it is fairly thin and in this circumstance

the problem may not exist. Lawrence

Livermore Laboratory (Rothman 1977) has

shown a reduction in permanent porosity

from 43 to 8 percent under 300 psi (2.1

MPa) pressure in a simulation of this

potential problem. For this reason, it

is felt that mining within high grade

material to provide surface retort feed

would offer significant advantages, both

economically and technically, for in situ

processing of oil shale. However, it is

fair to say there is a lot of work to be

done in this area.
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ECONOMICS

In order to understand potential devel

opment needs more clearly, one should first

look at the technological and economic policy

areas where the most significant economic

impact can be made. In order to do that, it

is necessary to develop an engineering esti

mate of recovery system capital and operating

costs. The open literature offers data from

which these different costs can be generated.

For mining cost, refer to Cameron (1976); for

costs on the TOSCO-
process, refer to Whitcombe

(1977); Lenhart (1968); for PARAHO cost, U.S.

Bureau of Mines (1975) . These references

served as the basis for our estimates for the

capital costs for aboveground processing and

the mining costs for MIS. The MIS costs,

however, were taken from Ashland and Occiden

tal (1977); TRW (1974) .

As can be seen in Table 2, capital cost

per daily barrel ranges from $12,000 to

$13,000 for surface processing down to

$7,000 for the MIS and $8,600 for the com

bined system. Operating costs are about

$4.40/barrel* for the surface and MIS pro

cesses, with about $3.80/barrel for the com

bined system. The basic trade seems to be

capital cost for operating cost. As will be

shown, this is not a particularly good trade.

However, in view of resource recovery and

technical advantages, the CMIS/SP is judged

the better process to go with.

In order to develop a comparative pic

ture of process economics, capital and
oper-

Table 2.

Plant Capital Cost Operating Costs

Process

TOSCO 50,000 13,260 4.44

Paraho 50,000 12,000 4.33

Occidental

Modified In Situ 57,000 7,015 4.40

Combined

TOSCO/Modified In Situ 83,000 8,615 3.80

ating costs for each system were used in

a DCFROI economic analysis computer pro

gram to determine the effect of different

variables. These results are summarized

in figures 1 through 5.

First, in figure 1, we show the ef

fect of variation in bonus bid payments.

The base case which we use throughout

assumes a $50 million bonus bid. As shown

in figure 1, the DCFROI versus the sales

price in dollars/barrel relates to about

20 percent DCFROI for $15/barrel for the

base case. It is our contention that the

technology has not yet been developed to

the point where the risk involved in a 20

percent DCFROI would be worth the pursuit

of a project of this magnitude.

Base Case:

$50 M Bonus Bid

$100 M Bonus Bid

$200 M Bonus Bid

CM*
denotes millions)

12.50

Sales Price FOB Plant Site ($/bbl)

*1 barrel =
.1598

Figure 1. Economics of combined modified

in situ/ surface processing:

effect of bonus bid.

In figure 2, we show why this tech

nology development is so critical. In

this figure, the effect of oil yield on

the MIS process alone is presented. Oxy
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/

. 90% yield

-Modified In Situ Contribution

(Base case)
Base Case (79% yield)

, Surface Retort (TOSOO/PASAHO)

Contribution (Base case)
. 60% yield

.40%yield

12.50 15.00

Sales Price FOB Plant Site (S/bbl)

scale retorts? In Oxy's Retort 5, only a

20 percent yield was reportedly achieved

(1977); this yield would represent an

unacceptable value as far as commerciali

zation is concerned.

In order to improve the yield, and

to assure repeatability, it seems essen

tial that the basic phenomena of rock

breakage, blasting patterns, and related

process variables be more fully under

stood and that validated predictive models

be developed. These observations lead to

the conclusion that an extensive rock

fragmentation research program is abso

lutely essential to furthering either the

MIS or the combined system.

Figure 3 shows the effect on the

economics of both capital cost and oper

ating cost. As shown in this example, an

increase in capital cost causes a signifi

cant decrease of the DCFROI. For example,

Figure 2. Economics of combined modified in

situ/surface processing: effect

of yield on the modified in situ

portion of the system.

has reported (1977) a yield in excess of 60

percent for the MIS on a small-scale retort.

However, if the yield were unexpectedly lower

in a commercial-sized scale-up, say 40 per

cent rather than 60, the 40 percent yield

would not present an acceptable DCFROI. How

ever, if we look at a 60 percent yield on

the combined system, the economics are quite

similar to the above-ground processing.

If one uses a 79 percent yield (the

base case)
- computed yield based on the data

given in the Detailed Development Plan of

Ashland and Oxy (1977) - then a significant

increase in DCFROI is experienced. If a

yield of 90 percent is achieved
-

as reported

by Lawrence Livermore Laboratory for test

programs in their pilot unit retorts - the

DCFROI increases substantially more. There

fore, the major technical uncertainty to be

resolved for the combined system and for the

MIS system is: whether or not yields of 60

percent and greater are possible in large-

S
15-

Base Case

+25% Operating Costs

+50% Operating Costs

+25% Capital Cost

+50% Capital Cost

0

10.00 12.50

Sales Price FOB Plant Site ($/bbl)

15.00

Figure 3, Economics of combined modified

in situ/surface processing:

effect of capital and operation

costs; 10 percent interest on

government loan portion.
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at $15/barrel, the DCFROI goes from 20 per

cent down to 17 percent with a 25 percent

capital cost increase; with a 50 percent in

crease in capital cost, the DCFROI goes down

to about 15 percent. Therefore, it is nec

essary to tie down capital cost for the com

bined system. Table 2 shows that capital

cost intensity for the above-ground proces

sing part is higher than that for the MIS.

Therefore, this increasing capital cost de

mands that a full-scale or sufficiently

large-scale surface retort module be demon

strated so that the cost can be projected

effectively. At the same time, it is equally

important that full-scale modules of the MIS

be tested. This matter will be more complete

ly dealt with later.

In the same manner as capital cost, op

erating costs have a depressing effect upon

DCFROI, although not as significant as cap

ital cost. For example, a 50 percent in

crease in operating costs only lowers the

DCFROI from 20 percent to 17% percent at

$15/barrel. This result shows why lowering

operating cost and raising the capital cost

will cause a net depressing effect upon

DCFROI. Referring back to figure 2, we note

that MIS processing, evaluated by using the

numbers published in Ashland and Occidental

(1977); TRW (1974), gives a decrease of about

1 to 1% points in DCFROI for the combined

system. Since operating costs are basically

controlled by mining costs, this can be low

ered by optimizing the mine plan, and by

developing mining equipment, required for

greatest efficiency and effectiveness for

these types of mine plans. It is our conclu

sion, therefore, that a mining equipment de

velopment program is required.

Figure 4 shows the effect upon the

DCFROI of delays in development schedule.

One-year and three-year delays with 10 per

cent annual inflation have been evaluated

and, at $15/barrel, the DCFROI drops from

20 to 13 percent with the three-year delay.

Therefore, it is necessary not only to do

the research programs, but to do them in a

timely manner so that commercialization can

.Base Case

. 1 Year Delay with
10% Inflation

- 3 Year Delay with
10% Inflation

12.50

Sales Price FOB Plant Site ($/bbl)

15.00

Figure 4. Economics of combined modified

in situ/surface processing:

effect of time delay.

proceed expeditiously. This same effect

would result from time-consuming environ

mental or regulatory delays.

In figure 5, we have explored the

significant incentives which the federal

government could provide to help spur de

velopment of the CMIS/SP oil shale concept.

We have analyzed the effect of a govern

ment loan, using 25 and 50 percent
debt-

equity ratios, with a 10 percent interest

rate on the loan, and including $1, $2,

and $3/barrel tax credits. These calcula

tions do not look at a total corporate tax

structure, nor do they consider the overall

benefit to a corporation from these tax

credits, as the tax credits were assumed

for this project only. In our model, as

the tax credit goes up, no further benefit

occurs once all the tax paid has been

eliminated by the credit. So for a cor

poration, the benefits shown here are very

conservative. The credit per barrel is
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30

50% Debt Financing

$3/bbl Tax Credit

$2/bbl Tax Credit

- - 25% Debt Financing

SVbbl Tax Credit

Base Case

0

10.00 12.50

Sales Price FOB Plant Site ($/bbl)

15.00

Figure 5. Economics of combined modified in

situ/surface processing: effect

of government incentives.

probably in the correct range. The $3/barrel

is conservative. We would expect the DCFROI

at $15/barrel with $3/barrel tax credit to

be 25 percent or better for the combined

system assuming the program is moving ahead

according to plan.

DEVELOPMENT NEEDS

As explained above, development needs

can be categorized as follows:

1. Rock fragmentation

2. Mining equipment development

3. Full-scale module development for

both the modified in situ portion

and the surface retort portion.

These development needs can be estimated by

gross numbers, as will be discussed below.

Figure 6 shows a schedule for develop

ment program needs. We have concluded that

commercialization can and must be initiated

at the same time as the research program is

being developed. A two-year rock fragmenta

tion program, estimated to cost somewhere

between $5 and $6 million, is required.

The parallel program for mining equipment

development is to develop continuous min

ers, multihead drill jumbos, material

handling systems, specialized blasting

systems, and other items specialized for

this kind of mining. This is anticipated

to take about 5 years and cost in the

neighborhood of $30 million. In order to

test the rock fragmentation program,
small-

scale retorts would be developed (not nec

essarily retorted) ; this will take about

a year and a half and cost another $5 mil

lion. Large-scale retorts would be built

singly at first; then, as clusters. This

is estimated to take about 2-1/2 years

for the single retort, with an additional

1-3/4 years for the clusters. It is an

ticipated that this program would cost in

the neighborhood of $100 million. Co-de

velopment of a surface retort module,

which we estimate to cost in the neighbor

hood of $100 million, is shown as program

item Number 6. This line shows that the

engineering and construction is a 1%-year

program with a three-year retort operation.

It is believed that a three-year retort

operation is the minimum time required to

develop maintenance and reliability data

for such a system. Since the combined

system would not be available for operation

until the fifth year, it is believed that

operation of the surface retort should not

start until the fifth year, with engineer

ing starting after a year and a half into

the rock fragmentation and mining equipment

development program.

As shown in line 7, engineering and

environmental support studies will be re

quired for the entire program (these are

estimated to cost about $30 million).

Thus, it is estimated that a $300 to $400-

million program is needed, over a time

period of no less than 7 years, before

commercialization of oil shale by com

bined modified in situ surface processing

can become a reality.
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DESCRIPTION Yearl Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8

1.0 Rock Fragmentation

2.0 Mine Equipment

Development

3.0 Small Scale Retorts

4.0 Large Scale Retort

(Single)

5.0 Large Scale Retorts

(Clusters)

6.0 Surface Retort Module

7.0 Engineering & Environ

mental Support Studies

Engineering Construction
1 zs

Operation

Harry E. IcCarthy

Figure 6. Schedule: development program needs.

Within this 7-year program, it is pos

sible that by starting at the end of the

third year, the mining being done for the

full-scale modules and full-scale retorts

could be done in a commercial mode; that is,

this mining could constitute the beginning of

a commercial system. It is also possible to

start commercialization construction in about

year three. The design, therefore, could be

started at the end of year one. It would

seem to be possible, therefore, to do the

engineering for a commercial facility in

parallel with development work at the end of

year three, and to start committing for

deliveries of equipment with the idea in

mind that, at the end of year 5% when a

single, large-scale retort has been com

pleted successfully, and when some opera

tional experience for a single retort

module is completed, a decision could be

made to go full-scale while completing

the first modules. Thus, the first mod

ules could be part of the commercializa

tion plan. It would then be possible to

have a commercial plant up and running by

the end of year eight. The size of this

commercial plant could be anything from

50,000 barrels/day to 300,000 barrels/day
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(7,990-47,940 nT/d) .

It is our belief that a large-scale

200,000 (31,960 m3) to 300,000 barrels/day

system is required to spur development work

to the point at which a 2-million barrel/day

(319,600 m /d) facility could be available

in the last part of this century. To achieve

these goals, we see an urgency to begin the

described development program for the com

bined system and to move ahead diligently

with commercialization. To do this, it is

evident that federal government incentives,

as shown in figure 5, or something similar,

are going to be required. For industry to

take on the risks of commercial-scale devel

opment, before all the development work is

complete, would not seem to be in the cards,

even with a DCFROI as high as 25 percent.

CONCLUSION

The foregoing results have clarified

certain of the economic issues associated

with commercialization of the three oil shale

recovery processes, and have shown the rela

tively favored position of combined, modified

in situ/ surface processing. Sensitivities

have been obtained which show the effects

upon economics of key technical risk areas

and of federal government economic policy.

The authors recommend the following:

(1) a development program consisting of

rock fragmentation, mining equipment,

and full-scale operational demonstra

tion of both surface and in situ

retorts;

(2) the development of a federal economic

incentive package that would result

in stimulation of the oil shale in

dustry by providing adequate safe

guard against risk; and,

(3) a parallel development - commercial

ization program to achieve produc

tion of 50,000 to 300,000 bbl/day

(7,990-47,940 m3/d) within eight

years.
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INTRODUCTION

Prospects for developing the oil shale

resources of the west have moved through

peaks of great optimism and valleys of deep

pessimism over the past decade. While the

nation's need for new energy resources is

greater than ever, the physical, economic

and environmental barriers facing the oil

shale industry are enormous. Still the

sheer size of the available resource base in

oil shale, together with the decline in the

world's reserves of crude oil and natural gas

since 1975, lead to the conclusion that shale

will become an economic source of U.S. energy

in the next century.

As long as relatively low-cost (even at

$14. 00/bbl. *) crude oil is available from the

Middle East, oil from shale will be at a com

petitive disadvantage. But these low-cost

crude oil reserves are finite in a physical

sense. Ultimately, the cost of crude oil

must rise to parity, and then above the cost

of shale oil. This economic fact leads to

interesting predictions: Future uses of oil

will be progressively limited to high value

products such as petrochemicals and indus

trial applications. When this point is reached,

perhaps when our great grandchildren are run

ning the country, OPEC membership will be re

duced to one or two countries, including the

United States, with its vast resources of oil

shale and coal. At that time, Saudi Arabia

is likely to be a played-out, desert country,

living on interest and dividends from its

foreign investments. In the meantime, one

should expect only token and experimental oil

production from oil shale reserves.

Since the overwhelming majority of

high-grade oil shale resources are lo

cated on federal lands in Colorado, Utah

and Wyoming, a public policy issue of in

creasing importance will be posed for

federal agencies having management re

sponsibility over these lands. The funda

mental policy issue will be to determine

the optimal strategy for leasing oil shale.

We believe the objective of an optimal

oil shale leasing policy should be to max

imize the present value of the resources

involved. In its simplest terms, this

means maximizing the difference between

the flow of expected revenues and the flow

of expected costs (including environmental

costs) for each lease through time, with

each element of future (year i) revenue

and cost discounted to the present year,

according to the familiar equation:

P.Q. - C
ixi l

PV =

(1 +
r)1

* 1 bbl =
.1598

m3

where, r, is a discount rate chosen to

represent the relative risk and uncertain

ty associated with shale oil development.

Application of this economic rule assures

maximum efficiency in the utilization of

scarce resources.

In the sections which follow, we

shall test four major types of oil shale

leasing systems (and their sub-categories)

against the economic efficiency criterion

expressed above. Our objective will be to

determine the effect of each leasing

system upon the net economic rent collected
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by society (through the federal government,

as lessor) and upon ultimate production of

energy from the underlying resource base.

We assume that any leasing system adopted

will involve a competitive auction format;

the basic differences among the systems will

be in the variable chosen for bidding. The

systems to be considered are:

(1) Bonus bidding
(2) Royalty bidding
(3) Profit share bidding
(4) Bidding on the work program

There is a limited history of shale oil

leasing in the west, but because of the long

er and more detailed record of performance of

various leasing systems for crude oil and

natural gas, our analysis will draw on that

experience. We believe this experience is

directly relevant to the question of an op

timal strategy for leasing oil shale resourc

es.

BONUS BIDDING

Bonus bidding is the procedure used by

the federal government in most of its com

petitive mineral leasing programs. Under the

bonus bid system, the firm (or joint bidding

group) offering the highest cash bonus to

the government
--

providing the bid is ac

cepted
--

wins the right to develop and pro

duce the specified resource on the tract.

Under the normal terms of such leases, firms

pay a specified rent until production has

commenced and, thereafter, pay a royalty on

production. Generally, federal outer conti

nental shelf (OCS) oil and gas leases include

a rent of $3.00/acre ($7.50/ha) and a royalty

equal to one-sixth of the value of production.

Leases also contain other stipulations which

range from requirements on production tech

niques to conditions under which the lease

must be relinquished to the government.

Bonus bidding can be in the form of

sealed bids or oral bidding. In the former

case, all bids are final and losing firms do

not have an opportunity to react by submit

ting another bid after the sealed bids are

opened. Oral bidding affords firms an op

portunity to react to the bids of others by

submitting successively higher bids, act

ing on the knowledge gained as the sale

proceeds.

Where there are few potential bidders,

oral bidding facilitates collusion. Under

a collusive arrangement, firms might agree

among themselves concerning the formula

for bidding on each tract. Oral bidding

would permit the parties to police their

agreement. Under sealed bidding conditions,

however, there is always an element of

doubt. No one can know whether unexpected

bidders will appear or how much they will

bid. This element of doubt vitiates the

effectiveness of collusive agreements,

and increases the likelihood that the

government will collect the fair market

value of the resource.

Under sealed, competitive bonus bid

ding, firms consider numerous factors in

determining their bids. They must esti

mate the resource producible from the

lease, the expected future price of out

puts, the costs of extraction, the royal

ty costs, and the time path of extraction

that will maximize the present value of

the resource. The greatest element of

uncertainty involves the size of the re

source which may be discovered. Firms

employ various probability models in dis

counting for this uncertainty. Firms

rarely, if ever, submit a bonus bid ex

actly equal to the present value of the

lease, because that value cannot be known

at the time of bidding. They expect, in

stead, that they will earn a normal rate

of return on their aggregate investment

in leases, with a few highly profitable

leases compensating for many unproductive

leases. Excessive profits on leases can

not be maintained under a competitive

bonus bidding system. Firms not winning

leases have an incentive to increase their

bids if they observe winning bidders earn

ing a greater than normal rate of return.

This ensures that, over all leases, the

public will receive fair market value for

its resources.
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The bonus bid system creates a strong

incentive for efficient development of any

underlying resource. Because the bonus pay

ment is a sunk cost (ignoring the tax advan

tage of lease abandonment as opposed to de

velopment, where the bonus cost must be cap

italized) the firm will ignore the bonus

payment in deciding upon a development strat

egy. All savings in cost or improvements in

total extraction will accrue to the firm,

except for any royalty payments on increased

production.

The primary disadvantage of the bonus

bid form of leasing is "front end
loading."

The winning bonus bid, which may be in excess

of $200 million for a single tract, must be

paid at the time of the lease sale, far in

advance of any revenue which may be generated

from the lease. This "front end
loading"

of

costs may impair development plans for the

lease, if winning bidders find borrowing

sources are limited. And, small firms may

be excluded from competing for leases be

cause of their lesser ability to generate

bonus funds, although this problem can be re

duced by means of joint bidding.

A schedule of delayed bonus payments

could be used to reduce the front end load

ing problem, as in the 1974 oil shale leases.

But delayed bonus payments can lead to irre

sponsible behavior on the part of winning

bidders who may choose to declare bankruptcy

rather than to fulfill their bonus obliga

tions, assuming no productive discoveries

are made.

Because bonus bidding has always been

combined with a royalty requirement, the pre

mature abandonment (and other problems)

created by royalty requirements will occur,

although to a lesser extent than under royal

ty bidding (as described in the next section) .

A final disadvantage of the bonus bid

ding system is that there is no consistent

relationship, on a lease-by-lease basis, be

tween bonus paid and the value of the re

sources discovered. Large bonuses are oc

casionally paid for dry holes (the Destin

Dome). Conversely, extremely productive

leases may be acquired at modest cost,

creating politically embarrassing situa

tions (Prudhoe Bay) .

In theory, bonus bidding is the most

economically efficient method for leasing

resource properties, assuming
competitive

bidding, because it transfers the fair

market value of the resource to the re

source owners (the public) and provides

incentives for efficiency in operation by

the firms winning leases. The question

must nevertheless be raised, how has the

system operated in practice?

The most detailed history of bonus

bidding is contained in the record of

federal OCS oil and gas leasing which

has primarily employed sealed bonus bid

ding with a fixed (one-sixth) royalty.

Under competitive bidding pressures, one

would expect the industry to earn a nor

mal rate of return on these leases. Be

cause there is an excellent record of

production and costs for these leases,

it is possible to estimate the internal

rate of return that the industry has

earned on its OCS investments. The U.S.

Geological Survey has accurate records

for past bonus, rent and royalty payments

(and, therefore, production) as well as

the drilling record (number and depth of

wells) for all OCS tracts. Reasonably

accurate industry data may be obtained

for exploration, drilling, development

and production costs. By combining these

data with estimates of future production,

costs and prices, the internal rate of

return earned by the industry on its OCS

oil and gas leases may be estimated.

We have completed this analysis for

the 839 Federal OCS oil and gas tracts

leased in the Gulf of Mexico between 1954

and 1962. Our calculations show that the

before-tax internal rate of return on these

839 leases is 9.5 percent. This is a very

low rate of return compared to the average

for all U.S. manufacturing firms over the

1954-1975 period, which earned a
before-

tax rate of return of 19.2% (FTC 1976).
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Our results indicate that under the

bonus bidding system, firms paid relatively

too much for the leases issued in the 1954-

1962 period. Under bonus bidding, the fed

eral government has collected more than the

fair value of the economic rent in these re

sources. Competition has been extremely

effective in the OCS lease market.

Under competitive conditions, one would

not expect this low rate of return to con

tinue. There is evidence that firms realize

that they have been bidding too much for OCS

leases. For example, the before-tax internal

rate of return on the 184 leases issued in

1954 through 1955 was 5.2. percent while the

return on the 401 leases issued in 1962 was

10.7 percent. It should be expected that

this trend will continue for later lease

sales .

We noted earlier the fears that the bo

nus bidding system, involving large front-

end costs, might inhibit entry by smaller

firms into markets for publicly-owned re

sources. The internal rates of return re

vealed in our study indicate that there were

a sufficient number of firms bidding for OCS

leases to drive the bids to competitive lev

els. And with respect to entry, analysis of

firms winning leases indicates that twenty

firms participated in winning bids in the

first OCS sale in 1954. The number of firms

participating in winning bids had doubled by

1966 and doubled again by 1972. Through

1976, 137 separate firms had participated in

winning bids for OCS oil and gas leases. It

appears that bonus bidding, at least when

joint ventures are permitted, poses no major

barrier to entry for new firms.

In conclusion, the bonus bidding system

of leasing federal resource lands appears to

be a satisfactory system both at a theoret

ical level and in the way it has been imple

mented in the actual leasing of oil and gas

properties. Operation of this system could

be improved, however, if the Interior Secre

tary would exercise his existing authority

to reduce the required royalty payment toward

zero as a lease approaches exhaustion. This

authority has never been exercised.

ROYALTY BIDDING

Three major disadvantages of the

bonus bidding system of leasing have been

discussed in the previous section: the

impact on exploration and production of

large, front -end bonus payments by firms

far in advance of revenue generation, the

possible exclusion of small producers from

the lease market, and the lack of a con

sistent relationship between bonus costs

and actual production. A possible solu

tion to these problems is presented by

royalty bidding in which bidders offer

the government competing royalty shares in

any ultimate production which is developed.

The elimination or reduction of bonus

costs leaves more capital available for

direct investment by winning bidders and

broadens participation in bidding by

smaller firms. If large and productive

reserves are ultimately developed, the

government shares in these discoveries in

a more significant manner. Conversely, if

no economically producible resources are

discovered, there is no "gambler's pen

alty"

imposed on the winning firm, as would

have been the case under bonus bidding.

The fundamental defect of the royalty

bidding system is that it creates a large,

additional marginal cost to the firm in

the form of the required royalty payment.

Royalties are calculated as a percentage

of gross revenue (before deduction of pro

duction costs) . To commit itself to de

velopment of any field, a lessee must be

satisfied that the expected gross revenues,

after deducting required royalties, will

exceed any actual development and produc

tion costs. As the required royalty rate

rises, the contra- incentive effects cre

ated by royalty commitments rise propor

tionately. Paradoxically, the likely out

come of a highly competitive royalty bid

ding auction (where royalties are bid to

levels above 50 percent) is that no de

velopment will occur. Thus an increase

206



in competition among bidders, which should

increase the net rents earned by society on

the resources involved, will likely result

in a reduction or elimination of such rents.

Even in the case where a rich enough

prospect is discovered to overcome the

rier to development created by a large royal

ty requirement, two additional
contrain-

centives will operate to reduce ultimate

production.

First, a profit-maximizing firm will

produce from a lease only to the point where

rising marginal costs of production become

equal to the market price of output. When

royalties are added to marginal operating

costs, the lessee will cease production pre

maturely (output level X, rather than output

level Y; figure 1) . At the point of abandon

ment, social costs of production (shown along

MC,) are less than the market price of output

(PQ) . The royalty is merely a transfer cost,

not a true social cost of production. Pre

mature abandonment reduces ultimate produc

tion from the lease and lowers the potential

net rents which could be earned by society

on the resources involved. Under royalty

bidding, secondary and tertiary recovery in

vestments and well workovers, needed to sus

tain production on a producing lease, either

will not be made or will be reduced in scope

because any incremental revenue attributable

to such investments must be shared with the

MC2 (Includps

royalty)

MC, (Excludes

royalty)

Y
Output

government. Again, ultimate production

and the return of net rents to society

will be impaired.

Our theoretical analysis of the

problems inherent in royalty bidding is

supported by the limited evidence of

three royalty leasing sales conducted by

the federal government. The first such

sale was conducted by the Department of

Interior in October 1974. Ten tracts off

shore from Louisiana were offered for

lease in an experimental royalty bidding

auction. Eight tracts were eventually

leased at royalty rates ranging from

51.8% to 82.2%. In the three years fol

lowing the sale, a very limited amount of

drilling was carried out on the royalty

tracts (Long 1977). Firms which had con

tracted for high royalty requirements

seemed to be waiting for evidence of

almost-certain production potential on

nearby acreage before committing them

selves to an expensive drilling program.

An analysis of this sale, conducted by

the Interior Department, concluded that

although the tracts leased under royalty

bidding received more bids on average than

the tracts leased in the same sale under

the conventional bonus plus one-sixth

royalty system, the high royalty rates

created by competitive royalty bidding

had seriously eroded the potential com

mercial value of such tracts. As a result

of royalty bidding, according to this an

alysis, there is a high probability that

"no royalties will be realized at all
--

in fact government receipts on the tract

could be negative due to tax
write-offs"

(OCS Program 1975). The Interior Depart

ment's analysis concluded: (1) that roy

alty bidding tracts have a high probabil

ity of yielding no commercial finds; and

(2) that ultimate recovery from any com

mercial find will be decreased (OCS Pro

gram 1975) .

A second experiment with royalty

Figure 1. Model of marginal output
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bidding on OCS oil and gas leases occurred in

the Lower Cook Inlet OCS lease sale of Oc

tober 27, 1977. For this sale, the Interior

Department designated 46 of the 135 tracts

offered as royalty-bid tracts, but with a

fixed bonus requirement which ranged from

$142,848 to $3,416,832. The 30 tracts leased

under the royalty bidding system showed no

significant difference in the number of bid

ders per tract (3.53) as compared to bonus

bid tracts leased in the same sale (3.50). An

analysis by the Department of Interior con

cludes that the cost to the government of

using royalty instead of cash bonus bidding

in this sale was between $26 million and $78

million -- losses in net rents and in royal

ties on lost production which would have been

developed under the conventional bonus bidding

system (Policy Analysis 1977).

A third royalty experiment was conducted

in OCS Sale #43 on the Southeast Georgia Em-

bayment, March 28, 1978. In this experiment,

a sliding-scale royalty payment system was

used, but the winning bidder was selected on

the basis of a conventional bonus bid. Of the

224 tracts offered in this sale, 180 included

a requirement that the normal one-sixth royal

ty will rise to a maximum of 50 percent as

the production from any tract rises above

$1.5 million per quarter. This requirement

contributed to a dampened enthusiasm in bid

ding for the royalty tracts, none of which

received the expected number or size of bids.

Ultimately, only 77 of the 180 sliding-scale

royalty tracts (43%) were leased.

The possible advantage of royalty bidding

and sliding-scale royalty payments in attract

ing new firms into OCS oil and gas production

is overwhelmed by the problems it creates :

Contra- incentives to production, premature

abandonment, retardation of intensive devel

opment investments, loss of economic rent.

Only where highly productive, clearly delin

eated, low risk resources are offered for

lease could it be argued that the royalty

bidding system might be desirable. Even in

this case, it would be necessary to implement

a sliding royalty scale on each lease as it

declined in productivity, in order to en

sure that ultimate recovery would not be

reduced. Otherwise, the
contra- incentive

to intensive development investments would

remain.

PROFIT SHARE BIDDING

This system of bidding is most appro

priate where the degree of risk and un

certainty is unusually high, and where the

"law of large
numbers"

does not permit

risk normalization. While risk is high in

bidding for oil and gas leases, many leases

are offered each year so that a firm can

offset losses from dry holes and unprofit

able wet holes with a few productive leases.

In the case of oil shale, however, each

lease is likely to be such a major under

taking that no single firm will be able to

spread its risk across many leases. Profit

share bidding is a means of reducing this

risk and uncertainty.

The process of profit share bidding

requires that each firm bid a percentage

of the net profit to be paid to the lessor.

While the term "net
profit"

may seem am

biguous to the layman, it requires careful

and detailed definition in any profit share

contract. We may simplify by speaking of

two broad classes of alternative defini

tions: (1) profit, as defined by conven

tional accounting standards, and (2) op

erating profit. The latter would not in

clude fixed costs among allowable costs.

Neither class corresponds with an economic

concept of profit since neither would al

low interest on equity capital to be in

cluded among allowable costs. If the

second concept is employed, then bidders

would lower their profit share bids rela

tive to the first concept. Disallowance

of specific costs is a tradeoff against

the share bid.

Profit share bidding is an improve

ment over royalty bidding in that payments

to the government are based on net income

rather than gross revenue at wellhead.

Thus the problem of premature abandonment

208



is reduced and perhaps eliminated, depending

on how profits are defined. This system also

avoids the problem of front-end loading in

herent in the bonus bidding system. Payments

to the government are due only when profits

are earned. Because payments correspond with

profitability, the system avoids the gambler's

ruin problem. Conversely, a political prob

lem, such as arises where a bonus payment,

appropriate at a time of uncertain petroleum

reserves, becomes
"inadequate"

once a major

field is discovered, is avoided. This polit

ical problem has arisen only once in the

United States, but is common in foreign op

erations. In the case of the Prudhoe Bay

oil and gas discovery, the bonus payment

turned out to be low relative to the eventual

in situ value of the petroleum reserve. As a

consequence, the State of Alaska legislated

an increase in the required payments to the

state after the bidding transaction was com

pleted.

A profit share system may constrain the

government in imposing uneconomic regulations

and mandated investments on the lease opera

tor. Any such wasteful expenditures reduce

profits, including the share payable to the

government. In the case of bonus and royalty

payments, all such private costs are borne

by the lessee. The fact that uneconomic ex

penditures are true social costs borne by

the nation apparently is not well understood

by government decision-makers and, conse

quently, does not often constrain government.

There are, unfortunately, several im

portant disadvantages of the profit share

payment system. While this system appears to

be preferable to royalty bidding, it is in

efficient relative to bonus bidding. Any

profit share payment is in addition to the

usual corporate income tax. For example, a

30 percent profit share payment, on top of a

48 percent income tax rate, creates a total

tax rate of 63.6 percent, leaving only a

36.4 percent retained profit as an incentive

for efficiency. Because bidding is centered

on the profit share, that share can rise to

much higher levels. An 80 percent profit

share bid, combined with a 48 percent

income tax produces an 89.6 percent gov

ernment share, leaving only 10.4 percent

as an incentive to stimulate efficient

operations. A lessee may invest in un

economic research and development, partic

ularly if some of the benefits spill over

into other corporate operations. Public

relations expenditures may be overdone.

Similarly, environmental protection meas

ures that are uneconomic may be under

taken, yielding benefits only for the

larger corporate image.

Where the lessee is an integrated

firm, a small retained profit share pro

vides a clear incentive for the lessee

to understate the value of the final

product wherever the lessee is also the

buyer. This factor, together with those

listed above, requires unproductive ad

ministrative efforts. The government

must protect its economic rents by polic

ing the operation. The lessee must, in

turn, expand its administrative costs to

comply with (or possibly circumvent)

government supervision of its operations.

Finally, expensive and unproductive liti

gation is likely to occur as both parties

attempt to protect their perceived inter

ests.

Experience with the profit share

bidding system is limited to California.

The primary example is found in the 1965

lease sale held jointly by the city of

Long Beach and the state of California

covering the important Wilmington oil

field. Winning bids for six working

interests in this field brought profit

share bids ranging from 95.56 percent for

the major interest, to 100 percent for a

minor working interest. The former was

won by the
THUMS*

Long Beach Co. and con

sisted of 80 percent of the field. This

group was assigned operational responsi

bilities for the entire field. For this

*
Texaco, Humble, Union, Mobil and

Shell oil companies.
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function, it receives a fee amounting to 3

percent of all expenditures. For each ad

ditional dollar of expenditure saved, the

operator gains 4.44 cents in profits but at

the same time loses 3 cents in operator's

fees. Hence it retains only 1.44 cents on

each dollar saved as a reward for efficient

operations. After income taxes, this retain

ed share is further reduced to 0.75 cents.

One must conclude there is no remaining in

centive leading to optimal resource alloca

tion.

WORK PROGRAM BIDDING

Under the work program method of grant

ing leases or licenses to develop mineral

properties, the firm receiving the lease is

committed to undertake a specified minimum

amount of exploration and/or development.

After the required program has been completed,

the firm has the option either of further ex

ploration, development and production of any

resource discovered, or of relinquishing the

lease. This type of leasing program has been

used extensively in the leasing of North Sea

oil and gas resources.

The work program method of leasing can

be categorized as a discretionary or nego

tiated form of leasing. This can be seen in

the British work program leasing history.

The British, in formulating their North Sea

leasing policy, desired rapid and thorough

exploration and development. They lacked,

however, the information they felt necessary

to stipulate a rational work program. As a

result, the government negotiated with pri

vate firms to gain information and test the

willingness of firms to engage in exploration.

In time, the British increased their minimum

requirements on their work programs. In the

initial work program "licensing
rounds,"

the average number of required wells per

block (leasing unit) was 0.28 in 1964, 0.35

in 1965, 0.45 in 1969 and 0.84 in 1971 (Dam

1976). Further, the number of wells per

block was not the same for every block but

instead varied between blocks, the exact

number for each licensed firm being the re

sult of direct negotiations between the

firm and the government.

The role of negotiation and discre

tion in the selection of firms receiving

licenses to explore and develop is signi

ficant. With oil and gas, the number of

exploratory wells that must normally be

drilled on a given structure to determine

whether or not the structure contains the

minimal quantity of commercially produc

ible reserves does not vary greatly from

structure to structure (although the number

of wells needed to define a structure may

vary greatly) . In a promising area such as

the North Sea, the value of oil and gas re

serves discovered is frequently large rela

tive to the cost of the minimum level of

exploration required to identify whether

a given block is worthwhile. The result,

in the case of the British North Sea, was

that several firms were willing to under

take the minimum amount of exploratory

drilling required by the government on

each promising tract. The government was

therefore forced to rely on negotiation

and administrative discretion in selecting

the lease operating firms.

In work program bidding, companies

guarantee large programs of exploratory

drilling in order to receive the lease

rights. This can be extremely wasteful

of society's resources. For example, even

if it takes only four wells to determine

whether a structure has at lease some pro

ducible reserves, firms which believe the

structure may be the "mother
lode"

will

"bid"
(or guarantee) ten or more explora

tory wells to insure that they get the

rights to the lease. If the structure is

dry, too many wells will have been drilled

on the property.

Apparently the British government be

came aware of this problem and restricted

bidding on work programs. Because more

than one firm was willing to engage in

the economically efficient amount of ex

ploration on many of the areas to be

leased, the government was faced with the
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problem of selecting the
"best"

firm for

each block. Since no single objective cri

terion could be used to evaluate the compet

ing firms, leasing decisions had to be based

on bureaucratic discretion. The effect of

such discretionary decision-making is not

surprising. In the four rounds of discre

tionary firm selection British firms received

between 30 and 44 percent of the total area

leased. Under bonus bid leasing, British

firms won only 22 percent of the total area

leased (Dam 1976) . British enterprises were

obviously favored in the discretionary alloca

tion process. As a result, the most effi

cient firms were not necessarily selected.

There is strong evidence that the Brit

ish leasing system resulted in a loss of

economic rents to the resource owners. For

example, on the one occasion when bonus bid

ding was used, the average high bid per block

was three to eleven times the estimated aver

age cost per block of the minimum required

work programs (Dam 1976) . After the bonus

bid auction was held, the British government

began a vigorous action to amend the contracts

issued earlier under work program bidding.

These moves varied all the way from negotiat

ed government participation in already grant

ed leases to major modifications of the corp

oration tax on companies engaged in North Sea

operations. The high administrative and

legal costs of these maneuvers represented a

further loss of net social benefits from the

resources.

In summary, the work program method of

leasing has several disadvantages compared to

a bonus bid system. It is a discretionary

system that selects the firms to receive

leases not by a single objective standard

but by a bureaucratic selection procedure

not necessarily related to the efficiency of

the firm. In operation, the system is in

capable of extracting the fair market value

of the resource from the leasing firms. It

can lead to unhealthy pressures on public

officials, corruption, or outright bribery.

It is likely to result in unnecessary and

uneconomic operations, administrative over

head costs, and litigation. It could only

be defended (in the case of oil shale

leasing) if it represented a partnership

between federal government scientists and

operating firms --

but, even in this case,

the dangers of discretionary decision mak

ing would be significant.

EVALUATION OF EFFICIENCY OF ALTERNATIVE

BIDDING SYSTEMS

The four alternative leasing policies

discussed above should be evaluated in

terms of their efficiency. Efficiency is

not simply a fetish of economists; it

should be of concern to everyone. When

efficient procedures are followed, re

source inputs are minimized with respect

to product outputs. Therefore, efficiency

should be of prime concern to conservation

ists. The living standard of a nation is

advanced when more efficient processes are

used, or remains low when inefficiency

prevails. From the governmental point of

view, income to the government from re

source leasing will be maximized when a

leasing policy is adopted which provides

incentives for lessees to operate effic

iently.

These principles can be illustrated

with reference to figure 2. This bar

chart shows discounted gross revenue avail

able from a lease. This gross revenue is

divided into three parts. The lessee must

cover "necessary
expenses"

in exploring for

and producing resources from the lease.

This sector in the chart excludes payments

to government. In addition, competitive

bidding for such leases will result in a

normal return on investment (ROI) as an

operator's profit. This, too, is a neces

sary cost of production. The residual is

economic rent available to the landlord

who, in this case, is the government.

This analysis assumes that most efficient

procedures are followed and, as a result,

net revenue will be maximized. In order

to show revenues and costs in comparable

dollars which flow at different points in

time, the chart represents such flows as
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Gross Revenue

Discounted

Present

Values

Necessary
Costs

excluding

payments

to

government

Figure 2. Disposition of discounted gross

revenue from a potential oil shale

lease.

discounted present values.

When potential lessees consider bidding

for leases, they begin by evaluating the

probable reserves and their value, together

with the necessary costs. From their esti

mate of gross revenue, necessary costs are

subtracted (including normal profits). The

residual may be bid away in whatever form

the bidding takes.

The foregoing analysis indicates bonus

bidding is the most efficient of the four

systems considered. Given a single lump

sum payment and without any royalty or

other charge, the lessee has an incentive

to operate as efficiently as possible be

cause all savings from efficiency will

accrue to the lessee.

Figure 1, shown earlier, illustrates

that under a fixed royalty requirement

lessees are led to prematurely abandon a

lease. This means that total revenue will

be less than attainable under an efficient

system. At the same time necessary costs

are reduced, but less than in proportion

to the revenue loss. As a consequence,

economic rent available to the government

is lower than would prevail under bonus

bidding alone. Similarly, if high royal

ty payments preclude otherwise profitable

investments in well workovers, pressure

maintenance, and secondary or tertiary

recovery, then again total revenue will

be lower than would be realized under ef

ficient leasing rules. Again, economic

rent available to the government is re

duced.

With profit share bidding, the in

centive to operate efficiently is reduced.

As a consequence, we must expect costs to

rise above those which are
"necessary"

and to include "unnecessary"
costs. Again,

the residual in the form of economic rent

is reduced.

Under work program bidding, there is

a built-in incentive to over-invest in ex

ploration and development. But uneconomic

investments increase costs more than they

increase revenues. Accordingly, economic

rent again falls.

Finally, government and private

lessee administrative costs will be high

under both the work program and profit

share bidding systems, less under royalty

bidding and least under bonus bidding.

All such costs reduce efficiency and cause

economic rents to decline.

Apart from the leasing rule which

might be adopted, figure 2 can also illus

trate the effects of other policies which
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influence the level of economic rent. For

example, before
environmental constraints

and investments are mandated, they should be

evaluated in terms of their social benefits

and costs. To the extent that the govern

ment mandates environmental actions which are

uneconomic (their social costs exceed their

social benefits), costs rise above the "nec

essary"

level and economic rents are reduced.

Society at large pays the bill for uneconomic

environmental constraints and investments.

After a lease sale has taken place,

governments occasionally change the rules in

ways that impose additional costs on lessees.

Whether these costs take the form of addi

tional investment outlays imposed upon the

lessee, or higher severance taxes such as

the state of Alaska imposed upon Prudhoe Bay

producers, the first result is that the ROI

available to the lessee is reduced. However,

lease operators learn quickly. In juris

dictions where modifications have occurred,

operators will factor into their subsequent

bid calculations a possible repetition of

this type of government action. The result

is that future bids will be reduced in order

to provide for such contingencies.
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SUMMARY

The pure bonus bidding system without

royalty or other payments will maximize econ

omic rents available to the government from

oil shale resources. All other systems are

less efficient and will reduce the net gains

available to society. Under reduced economic

rents, the standard of living of society is

lower than would be the case under an effi

cient system. If, for political reasons, a

fixed royalty payment must accompany a bonus

bidding system, then the sacrifice in econ

omic rent can be lowered by allowing such

royalty requirements to be reduced toward

zero as leases approach exhaustion. Environ

mental and other regulations having social

costs in excess of their social benefits

should be avoided.
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ABSTRACT

When commercial oil shale operations

begin in the Piceance Creek Basin of Colorado,

initial development will probably take place

in the upper oil shale zone which contains

the basin's most easily accessible rich oil

shale. Mining this zone, from the surface or

underground will require control of influxing

water from aquifers above and below the upper

oil shale sequence. Surface water shortages

in the Piceance Creek Basin and restricted

use of water from the Colorado River will

make it necessary to use ground water for

mining, disposal, upgrading, power generation,

revegetation, sanitary and domestic purposes.

To date, no systems, methods or detailed

economic studies for coping with an excess or

lack of water and water quality control have

been determined for commercial oil shale de

velopment. To do this, it is necessary to

first determine quality and quantity of water

from the sources, fluctuations, costs and

federal and state regulations. Water manage

ment is a major concern for a full-scale

mining venture.

This paper describes the results of part

of a project funded and directed by the

U.S. B.M. and performed by Golder Associates

which addresses the water management aspects

of the Colorado oil shale industry, looking

in detail at three sites in the Piceance

Basin, and a number of commercial-sized

mines/retort complexes at each site. Mine

water inflow has been estimated from detailed

studies of geology and available hydrology

data. Net water requirements of processing

Bill M. Stewart

U.S. Bureau of Mines

Spokane Mining Research Center

East 315 Montgomery Ave.

Spokane, WA 99207

and disposal have been determined for

several process and disposal scenarios at

each site. From these two results, the

likely water surplus or deficit is found.

Within the framework of legal and regula

tory agency constraints, optimal ways of

obtaining make-up water, and/or disposing

of any water surplus have been determined.

While the data for much of this study

is of moderate precision for decision

making purposes, the results of the study

illustrate where data inadequacies exist.

The study provides a framework within

which any proposed conventional develop

ment can be assessed, and clarifies the

present situation with respect to water-

related limitations on oil shale develop

ment in Colorado.

INTRODUCTION

It has frequently been stated that

large scale shale oil extraction will

consume huge amounts of water. As compe

tition for water in the Colorado River

Basin is already intense, it has been con

cluded that shale oil development will be

limited by the limited availability of

water (e.g., Sparks, 1974).

The purpose of the project upon

which this paper is based was to develop

an independent assessment of water use in

various oil shale industries in the

Piceance Basin, and to make a brief eval

uation of the effect of shale oil produc

tion on the water resources of the basin

and the region. Conventional and in situ
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retorting systems were considered. The study

was funded by the U.S. Bureau of Mines under

Contract J0265019, and performed by Golder

Associates. Supplementary funding for the

in situ section of the evaluation was pro

vided by the U.S. Geological Survey through

the area oil shale supervisor's office.

The information presented in this paper

has been drawn from a very large number of

reports and documents. In the interests of

readability, specific references have in gen

eral been omitted. A full bibliography is

included in the report of the study (Brown

and others 1977) ; the interested reader is

referred to this. There are, however, sev

eral source documents from which extensive

data have been taken, and these are presented

in the reference list and the supplemental

reference list at the end of this paper.

THE STUDY SETTING

The Piceance Basin is a topographic and

geologic basin, at an average elevation of

2,200 m. It has a semi-arid climate and rel

atively sparse vegetation. As shown on the

location map (fig. 1), the northern half of

the basin drains to the White River via

Piceance and Yellow Creeks, while the southern

half of the basin drains to the Colorado River

via Roan and Parachute Creeks. As the bulk

of the shale oil resource is contained in the

thick, rich sequences in the north of the

basin, the study has concentrated on this

area, although the conclusions are in general

applicable to the entire basin.

The basin is composed of rocks of Eocene

age. Figure 2 presents a typical east-west

section through the basin. The lowest forma

tion of significance to this study is the

Green River Formation. This kerogen-rich

sequence achieves thicknesses in excess of

1,000 m, and is divided into the clayey Gar

den Gulch Unit and the higher grade Parachute

Creek Unit. It is this latter unit which

contains the main oil shale resource, together

with various evaporite mineral sequences.

Above the Green River Formation is the Uinta

Formation, a fine grained sandstone. The

,

*
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Figure 1. Location of the Piceance Creek

Basin and study sites.

upper 500 m of the basin rocks are, in

general, relatively permeable (with hori

zontal hydraulic conductivity averaging

1.5 x cm/sec). The rocks are highly

stratified, which leads to a very much

lower permeability normal to the stratifi

cation. The streams of the basin are pri

marily intermittent, with the few perennial

streams being fed mainly by ground water.

Although this paper presents general

ized results, the study was conducted

using three specific sites, identified on
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Table 1. Water use in a conventional shale

oil industry.

AflW **, l ,r*T4,ftM

Figure 2. East-west section through the

Piceance Basin.

figure 1. Site 1 is the location of the

proposed U.S. B.M. demonstration mine; Site 2

is federal oil shale Tract C-a; and Site 3

is federal oil shale Tract C-b. Site choice

was determined largely by availability of

data and current interest in these locations,

Details of each site-specific study are pre

sented in the main study report (Brown and

others 1977).

WATER USE IN A CONVENTIONAL SHALE OIL

INDUSTRY

A conventional shale oil industry is

defined here as an industry where oil shale-

is mined, transported to a surface retorting

facility, retorted, the crude oil upgraded

to meet standards for transport by pipeline,

and the spent shale placed in a permanent

disposal-area. Table 1 summarizes the ex

pected water usage of a conventional shale

oil industry. The total consumed is 5 bar

rels of water per
barrel*

of product oil;

major use items are described briefly below.

(Note: In order to present the results in a

form which allows evaluation of the water

requirements of an oil shale industry of any

Process Step

Base Case

Site Development

In-Mine Use

Raw Shale Delivery

Retorting and Upgrading

Disposal of Spent Shale

Reclamation and Revegetation

Power Generation

Miscellaneous

BASE CASE TOTAL

Increments to Base Case

TOSCO II Retorting

Slurry Spent Shale Disposal

(Barrels of water

per barrel of oil)

.05

.2

.3

2.3

.7

.2

.6

.6

5.0

? .4

?4.9

NOTE: To obtain usage, add any required increment to base case total.

*1 barrel =
.1598

m"

size, water requirements are quoted in

terms of barrels of water needed per bar

rel of oil produced.)

The major water-consuming activity

in conventional shale oil production is

the retorting/upgrading step. The study

evaluated three retorting/upgrading sys

tems: Paraho, Union, and TOSCO II. In

terms of water consumption, the Paraho

and Union systems were virtually identical,

requiring 2.35 barrels of water per barrel

of product oil (note that this excludes

water used in spent shale wetting) . The

TOSCO II system consumes somewhat more

water, as it uses indirectly-heated ceram

ic balls to provide the heat required for

retorting. TOSCO II water-use is esti

mated at 2.7 barrels of water per barrel

of oil produced. It should be noted that

the oil shale itself produces nearly one

barrel of water per barrel of oil during
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the retorting cycle, partly by release of

water from within the rock matrix, and partly

from combustion of hydrocarbons in direct

retorting. Thus, the actual consumption of

water is 3.35 barrels of water per barrel of

oil produced for Paraho/Union and 3.7 bbls

for the TOSCO II process, but apparent con

sumption is one barrel per barrel less.

The waste product from the retorting

process is hot, spent shale. This material

is quenched, and enough moisture added to

make it transportable. In all, this requires

about 0.7 barrels of water per barrel of oil

produced, leaving the spent shale with a

moisture content of about 8 percent. This

material can be readily compacted on a spent

shale disposal pile. If it is desired to

transport the spent shale as a slurry, and

to recycle reclaimed water, it is estimated

that net water-use will be 4.9 barrels of

water per barrel of oil. Both because of the

heavy water requirement, and for environmental

reasons, this option looks very unattractive.

The major ancillary service requiring

substantial use of water is electrical power

generation. It is likely that a commercial

shale-oil industry will generate electrical

power on site, to take advantage of the

abundant supply of low thermal content off

gas. Net water use for this activity will

be 0.6 barrels of water per barrel of oil.

presented separately.

True In Situ Retorting

Total water usage for true in situ

retorting is summarized in table 2. The

minimum water use ca^e produces a water

gain of 0.8 barrels of water for each bar

rel of oil produced, while the maximum

water use case (which is more likely) has

a consumptive use of 1.6 barrels of water

per barrel of oil produced. Major water

use items are discussed briefly below.

Table 2. Water use in a true in situ

shale oil industry.

Process Step

Off-Site Power Generatic

Site Development

Retorting

Upgrading

Miscellaneous

TOTAL

On-Site Power Generation Increments

Stem Injection to Retorts

On-Site Power Generation

TOTAL

Water Dse

(Barrels of water

per barrel of oil)

.04

(1.0)

.2

( .8)

1.3

1.1

2.4

WATER USE IN AN IN SITU SHALE OIL INDUSTRY

In situ retorting of oil shale involves

rubblization of the oil shale in the ground,

in-place retorting, surface upgrading of the

oil, and surface disposal of any waste mater

ials. Two types of in situ retorting were

evaluated in the study: true in situ and

modified in situ. True in situ retorting

involves rubblizing the oil shale from the

surface, generally with conventional or

nuclear explosives. Modified in situ re

torting involves mining a proportion of the

oil shale (usually around 20 percent) and

rubblizing the remaining oil shale into the

voids thus created. For clarity, the water

management aspects of each system will be

TOTAL WITH ON-SITE POWER GENERATION 1.6

MOTE: The material in this table is based on untried technology.

The quantity of water used during

true in situ retorting depends upon the

method chosen. As a minimum, no water

need be added to the retorts, in which

case the retorting process makes about 1

barrel of water for each barrel of oil

produced. As mentioned above, some of

this water comes from the kerogen-rich

rock, while the remainder is derived from
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the combustion of residual hydrocarbons in

the rock during the retorting phase.

There is, however, considerable economic

advantage to be gained in a commercial indus

try by injecting steam into the retorts.

This produces higher BTU retort-exiting gas,

allowing its use for on-site power genera

tion. As the in situ technology currently

proposed uses a great deal of power, this

system seems likely to be implemented. Steam

injection requires 1.3 barrels of water per

barrel of oil produced.

Modified In Situ Retorting

Water use aspects of modified in situ

retorting are similar to those for true in

situ except that the mining necessary for

the modified in situ method uses water, and

creates a disposal and reclamation water use

on the surface. Total water use for modified

in situ oil shale retorting is presented in

table 3. Minimum water use produces a slight

net water gain of 0.3 barrels of water per

barrel of oil, while an on-site power genera

tion strategy results in net water use of

2.1 barrels of water per barrel of oil

produced.

Retorting water-use considerations are

the same as for true in situ mining, with

the minimum water-use case producing 1 barrel

of water per barrel of oil, and the maximum

water-use case requiring a net water supply

of 1.4 barrels of water per barrel of oil.

Upgrading of product oil does not, however,

consume water, as in the true in situ case.

WATER SUPPLY OPTIONS

The above evaluation establishes the

quantities of water required to produce a

barrel of shale oil. There are three major

potential water supplies available to satis

fy resulting water demands: mine inflow

water, ground water, and river water.

Mine inflow is strongly dependent on

the type of mining, rate of mine expansion,

and the permeability and porosity of the

materials in which the mine is located. Two

of the most critical parameters for inflow

Table 3. Water use in a modified in situ

shale oil industry.

Process Step

Off-Site Power Generation

Site Development

In-Mine Use

Rock Transport

Retorting

Upgrading

Revegetation

Miscellaneous

TOTAL

On-Site Power Generation Increments

Stem Injection to Retorts

On-Site Power Generation

TOTAL

TOTAL WITH ON-SITE POWER GENERATION

Water Pte

(Barrels of water

per barrel of oil)

.04

.3

.1

(1.0)

.04

.2

( .3)

1.3

1.1

2.4

2.1

evaluation (vertical permeability and

material porosity) are very ill-defined

at present, and this makes inflow analysis

extremely difficult. Using the present

best estimate of these parameters, average

inflows to conventional mines or in situ

retort areas will generally fall in the

range of 40 1/s to 4,000 1/s, with a

median of 400 1/s. This median flow is

sufficient to sustain a conventional pro

cessing system producing 70 1/s (35,000

barrels per day) of oil, or a modified

in situ processing system producing 150

1/s (80,000 barrels per day) of oil. The

water will average 1,500 mg/l total dis

solved solids (TDS) for the three sites

considered, and is available without ad

ditional cost to the project, as it must

be pumped to the surface in any case

(Questions of legal availability are dis

cussed below) .

Ground water is the second supply
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option. In cases where insufficient ground

water is obtained from mine inflow, this flow

may be augmented by ground water wells. The

cost of producing water by this method is

0.5* per barrel of water at Sites 1 and 2,

and 1.6* per barrel of water at Site 3.

(Note: All cost figures are in terms of 1977

dollars.) The difference occurs because of

the lower average permeability of rock at

Site 3. Average quality of this water is

also 1,500 mg/l TDS.

River water may be imported to the basin

from either the White River to the north, or

the Colorado River to the south (U.S. Bureau

of Reclamation, 1974). Lengthy pipelines and

multiple pumping stations would be required,

and so this is the most expensive form of

water supply for these projects. For large

flow rates, the cost of supply averages 2.3*

per barrel of water. Quality of the water

varies, but averages 350 mg/l TDS and 1,000

mg/l suspended solids.

WATER TREATMENT

The quality of water available for use

in the Piceance Basin is, in general, below

the quality required in industrial processes.

It is, therefore, necessary to examine the

cost and feasibility of treating available

water to meet required standards.

Three input qualities are available:

ground water, with an average at the three

sites of 1,500 mg/l TDS; river water, with an

average of 350 mg/l TDS plus 1,000 mg/l sus

pended solids; and process waste water, with

approximately 25,000 mg/l TDS plus some sus

pended solids. There is also the problem of

variation in quality of water required for

oil shale processing. The purest water is

needed for boiler feed-water; this requires

water containing less than 100 mg/l TDS.

Service water must contain less than 750 mg/l

TDS, while waste water input need only be

free of particulate matter that will settle

out.

Clearly, some water treatment will be

needed; the type and cost will depend on the

input quality and the required output

quality. Of the many treatment options

available for reducing inorganic TDS in

water, the most promising for large-scale

water purification of the type required in

oil shale processing appears to be the re

verse osmosis method. In this method, a

semi-permeable membrane separates purified

water from filtered raw water. When pres

sure is applied to the raw water, in excess

of the osmotic potential, water permeates

the membrane and is purified in the process

of doing so.

The cost of this process is primarily

a function of the input water quality.

Table 4 sets out treatment strategy and

cost for various water supply/water use

combinations. As can be seen, treatment

to produce one barrel of service or boiler

feed water averages 3* for river water,

4* for ground water, and 13* for waste

water.

Table 4. Summary of water treatment strate

gies and costs.

(costs in */bbl water)

Water Use

Category River Water

Water Source

Ground Water Waste Water

Boiler Feed R/O

3.64/BBL

R/O

4.7/BBL

R/O

14.0/BBL

Service Water Filtration

1.4/BBL

R/O

3.U/BBL

R/O

12.U/BBL

Waste Water No Treatment No Treatment To Treatment

Direct Disposal No Treatment R/L

6.U/BBL

R/L

13.7/BBL

NOTES: 1. Costs in 1977* per barrel of treated water.

2. R/O denotes reverse osmosis.

WATER DISPOSAL

Although the Piceance Basin is in a

water-deficient area, there are three sit

uations in shale oil processing where

water disposal is necessary: First, in

cases where foul water produced in re

torting exceeds the quantity of water re

quired for use in the rest of the system,

excess waste water will have to be
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disposed of. Second, in cases where waste

water is produced by the process in greater

volume than waste water can be used in the

other parts of the process, it may cost less

to dispose of it rather than treat it to

boiler or service use standards. Third, in

cases where mine inflow water exceeds water

demand it will be necessary to dispose of

the excess. There are four methods of dis

posal commonly considered: disposal in spent

shale piles, injection into subsurface strata,

evaporation, and direct discharge.

In conventional shale oil industries,

disposal in spent shale piles is an attrac

tive option for waste water disposal as the

capacity of the spent shale to hold additional

water is considerable. Optimum moisture con

tent for compaction is about 23 percent mois

ture by weight. The difference between the

minimal water content necessary to allow bulk

handling of the material (8 percent) and the

prudent maximum water content for good com

paction (say, 20 percent) allows disposal of

about 1 barrel of foul water per barrel of

crude oil produced by the process. Environ

mentally, this disposal system is attractive,

as testing indicates that a compacted shale

pile is virtually impervious. The waste water

does not seep out of the pile under gravity.

Reinjection of waste water into subsur

face strata seems acceptable only if the

water quality is in all respects equal to or

better than the water already in the target

injection strata, and if it can be shown that

resulting pressure changes are not to the

detriment of the ground water system. Thus,

reinjection of clean mine inflow water into

the strata from which it came is probably

acceptable, as is injection of purified waste

water. However, deep injection of high TDS

waste water is almost certainly unacceptable.

Cost of injection is estimated at about 0.9*

per barrel of water injected at Sites 1 and

2, and 5* per barrel of water injected at

Site 3.

Evaporation of high TDS waste water is

an attractive disposal strategy where spent

shale pile capacity is lacking. Evaporation

would be from lined ponds, with sufficient

capacity to contain effluent in the low

evaporation winter months. Cost of this

option is estimated at 11.6* per barrel

of waste water; as such, it is competitive

with purification.

Direct discharge of water to surface

streams will only be allowed when the

quality of the water is in all respects

equal to or better than existing receiving

stream quality. In addition, toxicity of

this discharge water must meet or be lower

than that required by standards for drink

ing water. As water meeting these stand

ards has a market value of 5* per barrel,

it would seem irrational to discharge it

except to maintain required stream flows

as part of an augmentation scheme. As

noted above, the cost of treating waste

water to these standards is 13.7* per

barrel of waste water; hence, it does not

pay to treat waste water for sale.

WATER MANAGEMENT SYSTEMS

It is now possible to assemble the

water management systems required for ex

ploitation of oil shale. The range of

possible water management cases is covered

by three systems: conventional, minimum

in situ, and maximum in situ.

The water management system for con

ventional processing is shown in figure 3.

Input water to the system is 5.8 barrels

per barrel of oil, water consumption is

6 barrels per barrel, and waste-water dis

posal is 0.8 barrels per barrel. Disposal

is not included in use, at this point, as

it could be reclaimed if desired. The

overall cost of water supply for conven

tional retorting averages about 20* per

barrel of product oil. There is little

difference in cost between the various

possible water sources, providing rela

tively large industries are considered.

Note: this cost is a small proportion of

the 1977 price of imported oil - about

$13 per barrel.

The water management system for true
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Figure 3. Water management system for con

ventional processing
-

generalized.

(Flows expressed in barrels of

water per barrel of oil produced)

in situ processing, with minimum water use,

is shown in figure 4 . Note that true water

consumption is shown rather than net consump

tion, which is negative. In this case, the

process is more than self-sufficient in water;

0.5 barrels of water per barrel of product

oil is available for disposal. The overall

cost of water supply and disposal in this case

is 12* per barrel of oil produced. It should

be noted, however, that there would be signif

icant water use external to the project for

power generation.

The water management system for modified

in situ processing with maximum water use is

Figure 4. Water management system for true

in situ processing
-

minimal

water demand.

(Flows expressed in barrels of

water per barrel of oil produced)

shown in figure 5. In this case, water

input is 2.5 barrels of water per barrel

of oil produced. The overall cost of the

water management system in this case is

26* per barrel of oil produced.

These water management systems are

the results of the main part of this

study. We believe that they constitute

the best independent evaluation of actual

water consumption involved in shale oil

production that can be developed from

presently available information.
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Figure 5. Water management system for modi

fied in situ processing with
on-

site power generation.

(Flows expressed in barrels of

water per barrel of oil produced)

WATER-RELATED IMPACTS AND LIMITS OF OIL

SHALE DEVELOPMENT

The second part of the study evaluated

the impacts of development of the three spe

cific sites, if ground water was used as the

water supply, and the post-mining impact of

mine development on basin hydrology. In

addition, the limits of shale oil develop

ment in the Piceance Basin imposed by limited

water availability were explored.

Basin-wide Impacts of Development of Small

Shale Oil Projects Using Ground Water

Although detailed evaluation of the

basin-wide impact of the schemes developed

was beyond the scope of the study, some eval

uation was carried out in the process of

establishing the technical feasibility of

reliance on ground water supply. These

evaluations consisted of computer analysis

of a relatively simple model of the total

basin hydraulics, including ground water

recharge, ground water flow, and surface

water flow. Impacts were developed for

both ground and surface water systems.

The major impact of large scale

shale oil development on the ground water

regime is to reduce piezometric pressures

in the near-mine region, and to desaturate

some of the surface rock sequence above

and adjacent to the mine. It is likely

that this will reduce or eliminate flows

from most springs in the zone where any

significant drawdown occurs. The only

other significant impact will be an in

crease in the head against which other

deep ground water users will have to pump

to obtain water.

The major impact on the surface water

regime will be a reduction in stream flows

adjacent to, and downstream of, the devel

opments. While more work needs to be done

in evaluating the degree of connection of

the streams to the saturated zones in the

Piceance Creek Basin, which are signifi

cantly permeable and contain circulating

ground water, it seems likely that water

will be drawn from Piceance and Yellow

Creeks into the ground-water system if

piezometric heads are lowered signifi

cantly.

The extent of the impacts depends

upon the net quantity of ground water

removed from the system, and the rate and

location(s) of that removal. Figures 6A

and 6B show a typical set of results from

simulation of a 500 1/s (30,000 BPD) con

ventional industry, or a 1,000 1/s

(60,000 BPD) modified in situ industry,

at Site 3 (Tract C-b) .

Post-mining Impacts on the Hydrologic

System of the Basin

After mining ceases at any location,

mine workings provide the opportunity for

communication between water-bearing zones
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Figure 6A. Example of computer generated

piezometric contours: effects

of ground water removal at C-b

Tract for 30 years

(Q = 275 1/sec).

that were poorly connected prior to mining.

Water quality in near-surface zones could be

degraded by poorer quality water from deep

zones if head conditions created upward flow.

However, at the three sites studied, the

water quality appears to be relatively con

stant with depth; the existing head regime

appears, in general, to favour downward flow

in the rock strata. Accordingly, this kind

of impact is not expected to be a problem

at the study sites, although it may be a

problem in the northern part of the basin.

A more serious potential impact is

posed by the leaching of a backfilled con

ventional mine, or of spent in situ retorts.

After activity ceases at a mine site, water

reenters the workings, and the premining,

ground-water flow conditions are (approxi

mately) reestablished. Any soluble materials

DISTANCE ALONG PICEANCE CREEK ( km )

Figure 6B Example of computer-generated

creek flow: impact on Piceance

Creek of removal of 275 1/sec

from ground water system.

in the workings are then transported by

the ground water flow, resulting in deg

radation of the flow. Detailed analysis

of this impact was beyond the scope of

this study, but an initial evaluation

suggests that substantial degradation of

the ground water and surface water re

sources of the basin may result. An in

vestigation of the cost of leaching spent

retorts, before abandonment, suggests

that this would add perhaps 65* to the

cost of each barrel of oil produced; as

such, this may be a viable mitigation

measure.

Limits on Shale Oil Production in the

Piceance Basin due to Water Availability

The availability of water to the

shale oil industry depends upon the physi

cal existence of water, and upon legally

acquiring right to that water.

Ground water can be obtained at each

site in varying quantities for the assumed

30-year mine life. At Site 1, it is pos

sible to withdraw on the order of 1,000

1/s; at Site 2, withdrawal is limited to

300 1/s; and at Site 3, withdrawal is
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limited to about 600 1/s. Withdrawal that

could be sustained for longer periods is, of

course, lower. River water imports are lim

ited to the available water in excess of

present use. This places a limit on imports

of 30,000 1/s and a practical, long-term

limit of perhaps 7,500 1/s.

The more significant limitation is,

perhaps, legal. Colorado water law is based

on appropriated right, determined on a
first-

in-time, first-in-right basis. Enough abso

lute and conditional rights exist today to

use the entire flow of the rivers in the

vicinity of the basin. Further, as the basin

ground water is, in general, tributary to the

surface streams, it falls under the same ap

propriation doctrine and, thus, is potentially

fully appropriated.

There are two principal methods avail

able to those who wish to obtain water for

oil shale development. First, rights to the

water may be purchased from the current hold

ers and the use may, with some difficulty, be

switched to the oil shale industry. Second,

water supply may be purchased from major

rights holders (for example the U.S. Bureau

of Reclamation) and either transported to the

site, or used to augment downstream supplies

in order to allow diversion of surface water

or ground water at the site.

Presuming that the legal restrictions

are not the determining factor in the avail

ability of water for oil shale development,

table 5 sets out the limitations on develop

ment of a shale oil industry by production

method, and water supply method. As can be

seen, conventional processing appears limited

to oil production of about 2,000 1/s (1 mil

lion BPD), and modified in situ processing,

with on-site power generation, is limited to

oil production of about 4,000 1/s (2 million

barrels per day). The production rate in

the case of minimum water use for in situ

retorting is unlimited, as it produces water.

However, the electrical generation required

off-

site, and the waste of hydrocarbon re

source implied on-site, suggest that this

mode of development is impractical for a

large scale industry.

Table 5. Limitations on oil shale develop
ment due to physical water avail

ability.

(Total production in barrels of

oil/day)

Water Supply

Site Ground Water

Site 1 (500,000 BWPD)

Site 2 (150,000 BWPD)

Site 3 (300,000 BWPD)

TOTAL (950,000 BWPD)

External River Water

TOTAL (4 million BWPD)

Conventional

Mining/Retorting

90,000 BPD

25,000 BPD

50.000 BPD

Industry Type

In Situ with On

165,000 BPD

700,000 BPD

Site Power Generation

200,000 BPD

60,000 BPD

120,000 BPD

380,000 BPD

1,600,000 BPD

1. Ground water availability based on 30 years supply at each

aite. Longer periods of supply would produce lower average

flow rates.

2. River water supply assumed to be 8,000 1/s, or one quarter of

the presently uncommitted flow of the Colorado River system at

the Colorado state line.

CONCLUSIONS

(1) Shale oil production, in general,

uses a lot of water: convention

al mine/retort complexes need 5

barrels of water to produce 1

barrel of oil, while in situ re

torting complexes need 2.5 bar

rels of water to produce 1 barrel

of oil.

(2) All shale oil production systems,

in which on-site power generation

is included, can achieve zero

discharge of water. Consumption

goes primarily to steam and

evaporation.

(3) Because of the high level of

water consumption and the limited

water available, it seems likely

that an oil shale industry in the

Piceance Basin will be limited to

an output of about 4,000 1/s (2

million barrels per day) of oil.
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(4) It seems clear that the first oil

shale developers will seek to use

the limited ground water resource

of the basin as a water supply.

However, significant development of

the basin's oil shale resources will

require imports of water from out

side the basin.

(5) Consumption of ground water will

have a significant and widespread

impact on piezometric pressures,

spring flows, and stream flows in

the basin. Augmentation and/or

damage payments will probably be

required to mitigate these effects.

(6) Mine inflow will, in general, exceed

use requirements of shale oil indus

tries producing up to 100 1/s of

oil (50,000 barrels per day). Rein

jection of the excess inflow into

the aquifers from which the water

originated seems the most economical

and environmentally acceptable way

to dispose of this excess.

(7) Water resources in and near the

Piceance Basin are virtually fully

committed. Thus, developers in the

basin will have to purchase water

rights, or purchase direct water

supplies from rights holders.

(8) There are no major, negative
post-

mining impacts upon the hydrology

of the basin that cannot be econom

ically mitigated by appropriate ac

tivities during the mining phase.

However, spent shale backfilling of

underground mines may only be en

vironmentally acceptable where it

can be shown that the mobile salts

are effectively permanently sealed

in the host rock or, where it can be

shown that the permeability of the

backfill is low enough to prevent

significant salt release.

(9) Although the general level of under

standing of the water-related as

pects of the basin is adequate for

evaluations of the type performed

in this study, it is clear that

a considerable amount of addition

al work will be necessary before

effective regulation of the
water-

related aspects of basin develop

ment can be achieved. Recommenda

tions for a number of studies have

been made in the main report of

the study (Brown and others, 1977).
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FRACTURING OF THE ANTRIM OF MICHIGAN

C. A. Peil and J. P. Humphrey
734 Building

Dow Chemical U.S.A.

Midland, MI 48640

ABSTRACT

The Dow Chemical Company, under contract

to the Department of Energy, is continuing an

extensive four-year program directed toward

testing the feasibility of extracting hydro

carbons from eastern Mississippian-Devonian

black oil shales of which the Michigan Antrim

is part.

Fracturing of oil shale is the key to

extraction by in situ techniques; three dif

ferent approaches are being tested in the

field at a depth of
1300'

(396.24 m) .

The first approach involves hydraulic

fracturing, followed by sand propping and

explosive rubblization. One method for hy-

draulically producing horizontal fractures

has been tested, with vertical fractures

resulting. The second approach is to create

void space at the base of the Antrim by

leaching away limestone layers and explosive

ly fracturing shale into the void created.

The third method is to explosively create

void in the shale.

Various methods for evaluating the re

sults from fracturing have been or will be

applied and are described in detail.

INTRODUCTION

' The Dow Chemical Company's interest in

oil shale was directed, in the 1950 's, to

ward in situ processes and local shales,

specifically the Antrim, a black Devonian

shale, occasionally producing natural gas

and yielding 9-10 gallons (32.4-36 1) of oil

per ton when retorted. The Antrim shale

underlies most of the lower peninsula of

Michigan.

The black Devonian shales generally

contain some organic matter, deposited as

dead vegetation, along with muds and silts

in a la^ge marine sea. Over the millions

of years, the mud was compacted and trans

formed into shale, as the vegetation was

coalified into a high molecular weight

material called kerogen. When oil shale

is heated to about 500C (932F), the

kerogen breaks down into oils and gases.

This is the basis for in situ combustion.

The Michigan Basin, in which the

Antrim was deposited during late Devonian

and early Mississippian time, was a large

negative area which was sinking throughout

early Paleozoic time. The Antrim shale

outcrops in Antrim, Charlevoix, and Alpena

Counties, Michigan, and at Lambton County,

Ontario. At Midland, where the early Dow

experiment took place, the top of the
200'

(69.96 m) thick formation is at
2600'

(792.48 m) . Current experiments are

taking place on an 80-acre (32.5 ha) plot,

located on the east limb of the Basin

where the top of the formation is at 1200-

1220 feet (365.75 m- 371.86 m) . An east-

west section through Michigan can be seen

in figure 1. Mineralogical studies have

shown the Antrim to be a very fine grained,

laminated shale composed dominantly of the

clay-mineral illite and quartz with minor

amounts of organic matter, pyrite and car

bonate. The Traverse Limestone occurs

immediately below the Antrim shale. This

important relationship between the shale

and limestone will be referred to later.

Fracturing of the oil shale is the

key to extraction by in situ techniques.

If fractures with sufficient permeability
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Figure 1. Location of oil shale strata in east-west section through Michigan's lower

peninsula.

can be generated, then viable in situ re

torting and recovery processes are possible.

FRONT SITE

In Situ Fracturing
- Dow/Rhoburn Wells

Site Selection and Development

An 80-acre (33.10 ha) site, located in

the Michigan "thumb", approximately one hun

dred miles (160 km) from the Midland Plant

was selected.

The first well to be drilled was an ob

servation well to monitor fluid movement at

the base of the glacial drift. A second well

serves as an observation well between the

Antrim shale and Traverse Limestone. A third

well provides an observation point into

the permeable Berea sandstones.

Dow/Rhoburn Wells 3 and 4 were

drilled near the center of the front 40

acres (16.55 ha) for the actual combustion

experiments .

Borehole Preparation

Early Dow experiments, in the fifties,

indicated that simple hydraulic fracturing

may not create sufficient surface area to

carry on an in situ process. Experience

gained by Dow in rubblizing granite and

taconite on the Minnesota iron range, sug

gested that good fracturing could be ob

tained between two simultaneous detonations
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if the explosive charges could be loaded into

4-foot (1.22 m) diameter by 25-foot (7.62 m)

high cavities. The wells were drilled 61

feet (18.6 m) apart and cavities created by

mechanical underreaming through an 8-3/4 inch

(22.2 cm) wellbore. Mechanical underreaming

proved to be a slow, expensive and difficult

process, needing development of new, more

efficient tools to be a viable process for

this application.

Explosive Shot

The two wells were hand-loaded with a

total of 21 tons (19,090 kg) of metalized

ammonium nitrate slurry; charges were deto

nated simultaneously. Except for a small

amount of tamp sand blown from Well 4, all

venting occurred from Well 3. Some doubt

still remains as to whether there was an ex

plosion or a deflagration in Well 4. (See

Matthews and Humphrey 1977; Musser and

Humphrey 1976.)

Explosive Shot Evaluation

Eight additional wells were drilled and

cored to further evaluate fracturing in the

area (fig. 2). Wire line seisviewer, caliper

and spinner logs were run on each well. The

cores and logs suggested that substantial

crushing occurred near the cavities. The

highly fractured areas were an exception. A

model of the seisviewer results (Matthews and

Humphrey 1977) indicated that most of the

large fractures were oriented vertically or

nearly vertical. A caliper log taken on Well

6 after coring shows good rugosity and a sur

prising borehole compression of almost 2

inches (5.09 cm). Figure 3 is a caliper log,

depicting the pre-shot cavity and post-shot

borehole rugosity in Well 3.

Observation

Large, concentrated explosive charges at

these depths produced relatively small amounts

of highly broken rock. Large fractures did,

however, seem to radiate out from the shot

zone.

Dow/DOE Contract

Under the current contract (Contract No.

EX-76-C-01-2346) ,
our site preparation goals

were to:

Dry up the system and develop dewater-

?

40'

NORTH

j

O

INJECTION WELL

PRODUCTION WELL

0 (15.24m) (30.48m)

^ I I H r I r 1

Figure 2. Dow/Rhoburn Wells: injection

wells/production wells.

ing techniques.

Conduct air permeability studies to

choose a combustion hole.

The apparent communication between

the Dow/Rhoburn wells in figure 2 is based

on extensive air permeability measurements

and a tracer gas pressurization study by

Systems, Science and Software. The system

is nonuniform and pressure sensitive.

Major communication is through channels

which open when the wellhead pressure ap

proaches overburden pressure. Multiple

tracer gas injections demonstrated con

clusively that we have flow through the

Antrim in the vicinity of Well 4. The

major flow from Well 4 is toward Well 3

which in turn communicates with 5 and 6.

Based on this, Well 4 was the best choice

for the first combustion experiments on

the Dow/DOE contract. Several approaches

to in situ initiation are currently
under-
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1150'

(350.52m)

1200'

(365.76m) Post Shot

1250'

(381.00m)

1300'

(396.24m)

10 14 18 22 26 30 34 38 42

Mean Bore Diameter (Inches)

46 50 54

Figure 3. Post shot
- caliper log: Dow/Rhoburn 3 (6/22/73)
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way. The results of these experiments will

be reported as they become more definitive.

Back Site

Current Fracturing Experiments

In addition to continuation of combus

tion experiments in the Dow/Rhoburn wells on

the front site, three separate Dow/DOE frac

turing experiments are scheduled for the

south 40 acres (15.55 ha), as shown in figure

4. The program goal is to evaluate techniques

for creating permeability under field condi

tions.

North

13
-e-

#12

o
t-

Dow/Rhoburn

fl

o

o

#11

Dow/ERDA Oil Shale Project

S. 3/4 of 80-Acre Field

Site in Sanilac County, MI.

Scale:
1" =217.7'

Hydraulic / Explosive

Fracturing

Dow/ERDA

#101

o o

Dow/ERDA

#102

Dow]/ERDA

#100
_ o

Explosive Underream

and Fracturing

Dow/ERDA

#301

o

Acid Underream

Explosive Rubblization

Dow/ERDA

#201

o

Figure 4.

Baseline and Support Data

Observation Well Dow/ERDA 100. - Well 100,

which was originally scheduled to be

drilled, cased and cored to a depth of

1500 feet (457.2 m) ,
was deepened to 2600

feet (792.5 m) to accommodate a downhole,

tri-axial geophone. Surface seismic ob

servations, by the Environmental Research

Institute of Michigan, are being made along

lines radiating out from the observation

well and extending through the hydraulic

fracturing, explosive and acid underream

experiments shown in figure 4. Compres-

sional and shear waves are being generated

by explosive charges in a mortar and by a

mechanical thumper. This method should

allow either vertical or horizontal frac

tures to be detected. Pre- and post-frac

ture observations are being made to deter

mine the practicality of this method to

determine the extent of subsurface frac

turing.

Oriented Cores. - Oriented and standard

cores were and will be taken from key wells

within each section. Detailed core analy

sis studies, by Core Laboratories, Inc.,

are made on all cores (Snyder 1978) . A

total of 61 fractures were described over

the 1643.8 feet (501.03 m) of recovered

core from six wells. A composite, frac

ture frequency rose-diagram of the frac

ture strike azimuth can be seen in figure

5. Most of the fractures were core in

duced. No fracture strike trend was evi

dent in the individual wells; however,

the composite shows possible trends devel

oping at 55/253 degrees and 145/325 de

grees. A valid statistical trend is ques

tionable due to an extremely low fracture

density of 0.037 fractures per foot

(0.12/m).

Shale Characterization. - Subcontracts

with Michigan State University; University

of Michigan (Geology Department) ; Univers

ity of Michigan (Chemical Engineering De

partment) ; Michigan Technological Univers

ity (Chemistry, Geology {j Mining Engineer

ing Departments); and Wayne State Univers

ity (College of Engineering) are underway
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FRACTURE density

ANTRIM SHALE

DOW CHEMICAL

WELLS *100. S101. #102. #103.

#104. & #201

SANILAC CO.. MICHIGAN

CORE LABORATORIES, UK

ENGINEERING 8 CONSULTING DEPT

JANUARY. 1978

Figure 5.

to fully characterize the shale.

These include:

Antrim outcrop studies

Lithologic characteristics

Gas diffusion

Analysis of shale for carbon, hydrogen,

nitrogen, oxygen sulfur

Elastic properties, including Poisson's

ratio, Young's modulus and compressive

strength

Fischer retort assays

Kinetic and thermodynamic properties,

and

Induced fracture modeling.

Wire Line Logging. - The wire line logging

services of the Birdwell Division, Seismo

graph Service Corporation, are being used to

run a standard series of logs on each well:

Neutron borehole compensated (NBC)

Density borehole compensated (DBC)

3D velocity (V3D)

6-arm caliper logs

Seisviewer logs

These five provided the basic series.

Induction electric logs (IES) are

included on key wells in each series to

allow the basic series to be computer pro

cessed. This will allow us to determine

the elastic properties and kerogen yields

of the formation (by wire line logging).

Data will be compared with those obtained

by the universities. Special logging ser

vices such as spinner surveys, radioactive

tracer and simulation surveys provide fur

ther information on downhole conditions.

Environmental. - The Environmental Research

Institute of Michigan is under contract to

work closely with our own environmentalist

regarding environmental matters. Tanis

and others (1978) have covered this sub

ject.

Hydraulic Fracturing

Objective

The objective was to initiate and

extend horizontal fractures from Wells 102

and 101 by notching, hydraulic fracturing

and propping the notched zones to allow

the injection and detonation of liquid

explosives, thereby improving fracture

permeability.

Notching

The purpose of notching was to create

zones of weakness to increase the probabil

ity of extending horizontal fractures dur

ing hydrofracturing (fig. 6). The pro

cedures were to run a Dowell
Abrasijet

tool down to Notch Zone 5, located at

1330 feet (405.38 m) , evaluate the results

of the notching by setting impression

packer, and proceed with notching of Zones

4, 3, 2 and 1, as depicted in figure 6.

Notching of Well 102. - A 5-1/4 in.

(13.34 cm) Dowell Abrasijet tool was run

into Well 102 to Zone 5. A Dowell pumper,

swivel, sand and water trailers, plus a
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Figure 6. Notching fracturing with packer: Dow/ERDA 101 - 102.

service rig and power tongs were the major

pieces of equipment.

Data Per Notch Zone. -

Sand 20/40..5,000#/Notch. .(2268kg)

Water 90 Barrels/Notch (143hl)

Pressure . . 2400 PSI (168 . 7kg/cm2)

Jet size. (4.7mm)

Time . . 30 Minutes

The impression packer indicated that a well-

defined notch zone had been formed at Zone 5

(1330.3'; 405.48 m) . Zones 4, 3, 2 and 1,

each located 10 feet (3.05 m) apart, were

completed in similar fashion. The well was

flushed back and a caliper log run to define

the notched zones. The results, shown in

figure 7, indicate well-defined notches, with

vertical heights as much as 6 in. (15.24 cm),

allowing the angled caliper arms to extend

several inches into the formation.

Isolating Zone with Packers. - Several

attempts were made to isolate Zone 5 with

packers; all failed. Shearing a 1755 psi

shear pin (12.29 MPa) required pressures

of almost 2500 psig (17.5 MPa). This sud

den release of pressure or setting of the

packer was thought to have induced verti

cal fractures in the formation. This was

confirmed with an impression packer on

August 19, 1977.

Well 101. - The equipment was moved to

Well 101 where notching was done similar

to that in 102. However, to prevent the

sudden release of pressures, shearing was

done with a sinker bar on a wire line.

Once again, neither the production injec

tion nor the mechanical packer would hold

long enough to allow formation breakdown.

It was felt that we had once again caused
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Figure 7. Well 102 after notching
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vertical fracturing during the setting of the

packers. This was dramatically confirmed by

setting the impression packer to straddle

Notch Zone 2, located at 1302 feet (396.85 m) ,

as seen in figure 8. The vertical fracture

jogs 1.5-2 in. (3.8-5.1 cm) as it moves

through the notch zone, indicating that frac-

I
If

I,1

1/

turing likely occurred after notching and

during packer setting. A decision was

made to halt further hydrofacturing to

allow time to evaluate downhole conditions.

Special Notching Experiment (Well 102). -

A special notching experiment, to further

evaluate the effectiveness of the Abrasi

jet

tool, was conducted in Well 102 at

1350 feet (411.5 m) . The procedure was

to move the jet tool through nine consec

utive zones, creating the single notch

shown. Results indicate we made a notch

of 2 in. (.61 m) in height with caliper

arms extending to 16 in. (40.6 cm). In

4-1/2 hours, at rates described below,

the borehole diameter was almost doubled.

Evaluation of Downhole Conditions. - Spin

ner logs, oriented seisviewer logs and

oriented impression packer results indi

cated we have oriented vertical fractures

in Wells 101 and 102 which depart the

borehole at strikes of N63E and N45E,

respectively (fig. 9). Interestingly,

this orientation parallels the regional

stress orientation which other investiga

tors expected over the mid-eastern region

of North America and anticipated in

Michigan. Based on these findings, we

abandoned the concept of extending hori

zontal fractures and proceeded with plans

to hydrofrac and prop Wells 101 and 102

in hopes of extending the vertical frac

tures already initiated.

Hydrofrac and Propping (Wells 101 and

102). - Wells 101 and 102 were successfully

hydrofractured and propped on October 24-

26, 1977.

101 102

Lb/In2Kg/Cm2 Lb/In2
Kg/Cm2

1300 91.40 1400 98.43

562 39.51 562

1962

39.51

1862 130.91 137.94

1000 70.31 1100 77.34

1500

Barrels

(2.385hl) 1330

Barrels

(2.114hl)

Figure 8. Notched Zone 2, Well 101: "Well

defined vertical fractures".

Data

Pump pressure

Head pressure

Formation fracture pressure 1862

Shut in pressure

Water and gel

No. 8/12 sand (2#/gallon) 41700 (18.915kg) 43000 (19.505kg)
Pounds Pounds
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Figure 9. Well locations hydraulic and explosive fracturing: Induced fracture system

"measured"
.

No significant deviation in elevations between

the pre- and post-hydrofrac surveys, taken on

permanent bench marks, were detected.

Further Evaluation of Downhole Conditions. -

Figures 10, 11, 12 showing
pre- and

post-

hydrofrac seisviewer logs of Wells 101 and

102 show unusually good resolution of our

downhole conditions. The notch zones are

well defined on the pre and post records.

The impression packer image of the elongated,

wedge-shaped section, extending down from

Notch Zone 2 in Well 101, is clearly defined.

Seemingly, one significant difference between

the prehydrofrac and prop records on 101 and

102 is the lack of vertical fractures in Well

101 that we concluded were present from the

impression packer record seen in figure 8.

Erosion of the fractures, during the spe

cial notching experiments in which 50,000

pounds (22.679 kg) of sand and water were

jetted up and down the borehole, could

account for this difference. Posthydro-

fracture seisviewer logs exhibit well-de

fined vertical fractures. Vertical frac

tures in Well 102, as seen in figure 12,

which were induced during the setting of

the packer, appear to terminate between

Notch Zone 1 and 2 on the prehydrofrac

seisviewer log. A significant difference

between the pre and post logs occurs above

Notch Zone 1 where, during hydrofracturing,

random, nonoriented fractures appear and

continue to above the 1265-foot (385.6 m)

level .
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ttfc
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e*

1*1

NOTCH ZONE 2

Figure 12. Seisviewer logs: Pre- and post-hydrofrac and prop, Dow/DOE 102.

CHEMICAL UNDERREAM

The purpose of the experiment is to

attempt to create a void under the shale to

allow rubblization by explosives and provide

a zone of maximum permeability. Acid soluble

limestone stringers, ranging in depth from

1 foot (.31 m) to 16 feet (4.88 m) occur in

a transition zone between the Antrim shale

and Traverse Limestone.

Based on geologic description, Gamma

ray neutron well log information, as well as

laboratory solubility, porosity and permea

bility tests, a 16-foot (4.88 m) section was

chosen for the acid underream experiment.

The combination of jetting the acid with

the Abrasijet, continually exposing new

surface area to allow reaction with the

acid, was expected to be effective. Cal

culations on this small scale test indi

cated that 5,000 gallons (189.25 hi) of

28 percent hydrochloric acid (HC1) should

dissolve 105 cubic feet (2.97 m ), 9 tons

(8.16 m-ton) of limestone. A pump rate

3
of 4 barrels/minute (.639 id ) at a pump

2 7
pressure of 2500 pounds/inch (17.5 MPa/m )

was used. The jet rotating at 3 RPM's
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Figure 10. Seisviewer logs: Pre-
and post-hydrofrac and prop, Dow/DOE 101.

Observations

Fractures take on an orientation perpen

dicular to the least principal stress or

parallel to the maximum principal stress.

The method by which a fracture is in

duced may influence whether it goes vertical

or horizontal.

Stressing of the formation with a packer

possibly neutralizes horizontal stress compo

nents; by so doing, it is almost certain to

create fractures parallel to the maximum

stress which would then be vertical.

Fractures induced by packers and their

resulting azimuth are more likely to be in

fluenced by normal lithologic stresses than

hydro or explosive fracturing. Packer-in

duced fractures may be a technique which may

be of significance in measuring regional

stress conditions.

The packer sets up hoop stresses

which do not obey the laws of fluid injec

tion. Pressure differentials near the

ends of the packer can be significant.

Vertical fractures, induced during

the setting of the packers, provided

points of stress concentration during the

hydrofrac experiment and were widened and

probably lengthened.

The rate at which stresses are applied

to the formation influence the orientation

of the fractures. Normal stresses greatly

influence the orientation of fractures in

duced by packers. Normal earth stresses

somewhat influence the fractures induced

by hydrofracturing but are possibly
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and post-hydrofrac, Dow/DOE 102

influenced more by the anisotropic nature of

the rock and rate at which the formation is

broken down than by normal earth stresses.

The extreme example is fracturing by explo

sives which initially are influenced very

little by any of the above factors and radi

ate out from the blast center in all direc

tions.

Redesign of Experiment

The experiment has been redesigned to

take advantage of vertical fractures and

measured azimuths. Wells 103, 104, 105 and

106 have been located between Wellbores 102

and 101 (fig. 13). Wells 102 and 103 will

be used to test in-fracture explosive systems

while Wells 104, 105 and 106 will be used for

borehole explosive fracturing experiments.

In both cases, the explosives should have

propped fractures that will act as free

faces to allow rock failure in tension

versus compression. The tensile stressing

occurs when compressive pulses are re

flected from natural or induced surfaces

which act as free faces. Rock fails in

tension much more easily than compression;

this is the basis of good rubblization.

Other Data

Gyro inclinometer surveys of these

wells indicate a deviation of less than

.7 percent. Other data are being gathered

and will be reported when results become

available.
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was traversed over the 16-foot (4.88 m) sec

tion through a unique surface hook-up. Pre

liminary results with a combination of acid

soaking and jetting 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 expansion

of 2 in. (5.08 cm). Approximately 5 percent

of the calculated volume was obtained. Alter

natives are being considered.

EXPLOSIVE UNDERREAMING

Small stage borehole shots, followed by

cleaning, will be used to underream the cav

ity into the shale. Rubblization of the

shale into the cavity will follow creation

of the cavity. Wells 301, 303, 304 and 305,

as seen in figure 14, have been completed.

The drill is in position over Well 302,

ready to commence operations as soon as

spring road restrictions have been lifted.

SUMMARY

Viable in situ recovery processes

depend on effective in situ fracturing

systems. The creation of free faces to

allow the compressional stress pulses to

reflect in tension are a key factor in

fracturing. Creating fractures does not,

by itself, necessarily create the permea

bility necessary for good combustion.

The fact that stress fronts impinge on the

crack surfaces at nonnormal angles, caus

ing a twisting action to be imparted to

the fragments and thereby reducing the

possibility of settling back in place, is

important. Reinforcement of compressional

and tensional wave pulses through simul

taneous deep well explosive shots is rec

ognized and a worthwhile goal. Creating

free faces and void space by hydrofractur

ing and propping and/or by chemical and

explosive underreaming, as described in
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these experiments, are difficult tasks, but

may be necessary to produce a rubblized shale

zone required for effective in situ extraction

of hydrocarbons.
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ABSTRACT

The kinetics of the decomposition of

the major carbonate minerals and subsequent

reaction of C02 with char in Colorado oil

shale have been studied by nonisothermal

methods. These experiments have been carried

out using heating rates and CO- pressures

expected during typical in situ combustion

retorting. The mineral species studied in

clude: nahcolite, dawsonite, dolomite (ank

erite) and calcite. Activation energies and

preexponential factors characterizing the

decomposition rate constants for the above

minerals are given; these
"engineering"

rate

data are expressed in a form amenable for

use in mathematical models of the retorting

process. The kinetics for the important re

action of calcite with quartz in oil shale

are also discussed. Rate constants are re

ported for the reaction of CO- with residual

organic carbon (char) in the retorted oil

shale. This reaction is shown to be coupled

to mineral decomposition. Removal of the

carbonate minerals causes the reactivity of

the char to drop by more than an order of

magnitude. A dependence of the reactivity

on the heating rate of the char generation

is also observed.

NOMENCLATURE

Symbols

a = Activity

= Equilibrium constant for decomposition

eq
of carbonate MCO, (atm)

K
ex

= Equilibrium constant for the oxygen

exchange reaction of CO- and CO with

CO,

CO

S

t

MTL

T

A

Hr

ML

Ea
AE

cf

CS

CAO

the carbon surface

= Partial pressure of CO- (atm)

= Partial pressure of CO (atm)

= Generalized first order rate con

stant (s )
2

= Area of reaction interface (m )

= Time (s)

= Total mass loss at completion of

reaction (g)

= Temperature (K)

= Preexponential factor (S )

= Heating rate (Ks_1)

= Mass loss at time t (g)

= Activation energy (cal 'mole )

= Difference in activation energies

of forward and reverse reaction

steps (calmole )

= Universal gas constant (cal

deg"1)

= Empirical parameter describing the

equilibrium constant for calcite

decomposition (atm)
= Empirical parameter describing the

calcite equilibrium constant (K)

= Rate constant for reaction of free

calcite with SiO- (s"1)
= Rate constant for reaction of cal

cite formed from dolomite with

SiO, CS"1)
= Mass concentration of calcium

sili-

cate reaction products (g/cm )
= Mass concentration of calcium oxide

(g/cm3)

= Mass concentration of dolomite

(g/cm3)
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Cf
= Mass concentration of free calcite

(g/cm3)

C, = Mass concentration of calcite from
d

3
dolomite (g/cm )

k, - Rate constant for decomposition of

d
_ 1

dolomite (s )

k = Rate constant for decomposition of

c
.1

calcite to calcium oxide (s )

MCO- = Mass concentration of mineral
carbon-

3
ate (g/cm )

Cr
= Mass concentration of residual organic

3
carbon (char) (g/cm )

INTRODUCTION

The Lawrence Livermore Laboratory is

currently conducting research and development

on modified in situ shale oil recovery. As

part of this program, experiments have been

conducted at LLL to obtain engineering reac

tion kinetics for the important chemical pro

cesses which take place during the retorting

process (Mallon and Braun 1976; Campbell and

others: 1976, 1977, 1978; Campbell 1978).

The approximate temperature regions of a few

of these major processes, which take place

in the thermal wave propagating through the

retort, are shown schematically in figure 1.

Under Fischer assay conditions, about 20

percent of the original organic carbon re

mains as a residue called char. Most of the

heat for the retorting process is furnished

by combustion of the char.

The principal carbonate minerals in oil

shale include dolomite-ankerite,*
calcite,

nahcolite and dawsonite (table 1) . During

in situ retorting, some or all of these car

bonates may decompose and/or react with other

mineral species in the shale. The heat re

quirement for these reactions is large and,

therefore, they have a strong influence on

the retorting process.

Also shown in figure 1 are the concen-

*Ankerite is a dolomite in which Fe
+ 2

has

+ 2
been isomorphously substituted for Mg
such that Fe + Mg/Ca =1. In oil shale, the

+ 2 +2
degree of Fe substitution for Mg is

usually less than 30 percent.
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Figure 1. Schematic representation of the

thermal wave and the concentra

tions of a few important gases

in the retort.

trations of a few important gas species

which are consumed or produced in the

thermal wave. Carbon dioxide is formed

both from carbon combustion and from min

eral carbonate decomposition. Carbon mo

noxide is formed principally by incomplete

combustion of carbon and the reaction of

carbon dioxide and carbon. The latter

reaction:

C +

C02
- 2 CO (D

is of primary interest in this work.

In this paper, results from a kinetic

study of the decomposition of mineral car

bonates and the subsequent reaction of C0-

with char are presented. Although there

have been numerous studies of both carbo

nate decomposition in pure systems and
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Table 1. Principal carbonate
mineralsa

naturally occurring in Colorado oil shale. The

decomposition reactions shown are those that would be expected for pure phase

materials and the temperature range is for a heating rate of 0.033 K/s

(2C/min). Note that some of the reactions as written are not stoichiometric

Mineral Reaction

Temperature

Range ( C)

Enthalpy .

of Reaction

kcal/mole

Nahcolite 2NaHC03 Na2C03
+ H20 + CO-

Dawsonite 2NaAJ!,(OH)2C03 Na2C03
+

A&203
+ 2H20 +

C02

'100-120

350-400

26.6

Dolomite CaMg(C03)2

pco2
"

CO,
^o
*~MgO + CaO +

2C02

MgO +
CaC03

+
C02

'600-750

'600-750

72

31

Calcite CaC03 CaO +

C02
600-900 41

PCO =0

Ankerite
Ca(MglxFex)(C03)2 Fe203

+ MgO + CaO +

2C02

pco2
*

Fe203
+

CaC03
+ MgO +

C02

600-750

600-750

-70

-30

Small quantities of other carbonate minerals have been reported in oil shale (e.g., siderite and ferroan);

in this study, however, only the major mineral carbonate species are considered.

Enthalpies are per mole of original carbonate (i.e., reactant),

Only the ferric product has been reported from x-ray analysis.

carbon dioxide reaction with pure carbon or

coal chars, only a limited amount of data is

available for these systems in oil shale.

Therefore, the kinetic data reported here

will help provide a detailed understanding

of these processes in oil shale. In particu

lar, the data will have importance for the

formulation of mathematical models of the

retorting process and the determination of

optimum conditions necessary for retorting.

EXPERIMENTAL

Sample

The oil sample was obtained from the

Anvil Points mine in Colorado. Several

pieces about 4 to 12 kg were randomly select

ed, then crushed and sieved. The material

passing a 20-mesh screen (800 ym) was retained

and coarser material, about 40 percent of the

total, was discarded. The density of the

3
retained material was 2.25 g/cm

,

corres-

3
ponding to a yield of 93.0 cm /kg (22.3

gal/ton) (Smith 1969) . Aliquots for use

in these experiments were taken from this

master batch by a spin-riffling technique

(Stout and others 1976) . The average of

10 Fischer assays of the material gave an

oil yield of 22.0 0.2 gal/ton (91.7 0.8

cm /kg) . Results from analyses of the raw

shale are given in table 2. The mineral

concentrations were determined using the

cation analysis method of Lim and others

(1977); these results agreed well with

results from thermogravimetric analysis

(TGA) .

To obtain samples for use in the

high temperature TGA and DTA studies, the

raw oil shale was first pretreated to
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Table 2. Analysis of raw and spent shale used

in this study.

Property

Raw Shale

(wtX)

Spent Shale

(wtZ)

Total Carbon 16.0 8.8

Acid Evolved C02 22.2 25.

Organic Carbon 9.9 2.2

Hydrogen 1.4 0.2

Nitrogen 0.3 0.2

Sulfur 0.14 0.15

Minerals

Nahcolite (NaHC03) 0.40 0

Dawsonite (NaAl(OH)2c03) 3.5 0

Dolomite (anker it ic) 31.0
(35.3)b

(M*0.n**0.M''c*('CO3'2

Calcite (CaC03) 17.0
(19.4)b

Na2C0| 0
(1.7)c

Si02 + Silicates 36
(41)b

Product of nahcolite and dawsonite decomposition (see Table 1).

Calculated from raw shale analysis and weight loss during

Fischer assay.

cCalcuated from nahcolite and dawsonite in raw shale and weight

loss during Fischer assay.

remove organic carbon. The pretreatment was

done in two steps. The shale was first re

torted to 500C at a heating rate of 12C/min,

After cooling, it was heated in air at
350-

400C for 24 hours to remove residual carbon.

The samples used for the C0~-char reac

tion are described in table 3. The sample

name includes whether the shale was re

torted as a powder (P) or block (B) and

the heating rate at which it was prepared

(C/min). Samples P(4)-I and P(25)-I

were produced within the reactor tube and

reacted without exposure to air. The

others were produced from experiments

during the past two years and have been

stored under atmospheric conditions.

Chars produced within the reactor tube

tend to be slightly more reactive than

those produced outside.

Apparatus

The kinetics of the decomposition of

carbonates was studied using thermogravi

metric analysis (TGA). TGA's were run

using a Dupont model 950 thermal analyzer.

The heating rate was preprogrammed and

weight loss recorded automatically via a

Digital Corp. model D112 computer. All

data reduction was carried out by the

computer. Differential TGA (DTG) curves

were calculated directly from the original

data. The sample size was kept between

10 and 50 mg in order to minimize heat

and mass transfer limitations during the

carbonate decomposition. Nitrogen, car

bon dioxide and mixtures of the two were

Table 3. Sample properties of shale char used in CO- + C reaction study.

Grade

(%

Yield

Fischer Assay)Sample
label3

(wt%)

cm /kg gal /ton

Organic

carbon

(wtX)

P(25)-I 92 22 -

1.7b

P(12) 92 22 101 2.1

P(4)-I 92 22 -

2.1b

P(.3) 92 22 89 2.8

P(.033) 92 22 82 3.4

B(3) 121 29 99 2.9

B(.033) 121 29 84 3.9

B(l) 156 37.5 96 4.6

aP series were retorted as powders and B series as blocks. The heating rates

(C/min) at which the chars were prepared are given in parentheses, and -I

indicates char produced within reactor tube.

Based on total CO formed from reaction of organic carbon with CCv.
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used as sweep gases. The composition of the

mixtures was verified via mass spectroscopy.

The gas flow rate through the system was 80

cm /min. Further details of the experimental

procedures are given elsewhere (Campbell 1978).

The reactor used in the carbon reaction

studies consisted of a one-inch (2.54 cm) ID

amorphous silica tube, surrounded by a
three-

zone furnace which provided a constant temp

erature profile. A thermal exchanger before

the sample insured that the gas reactant had

reached the reactor temperature. The powder

sample was suspended in silica glass wool,

held by an alumina cup. The cup fit snugly

into the reactor tube so that the gas flow

was through the sample. Reaction rates were

shown to be independent of gas flow rate over

the temperature range of interest. This indi

cates that the effects of reactant and product

diffusion through the gas phase boundary layer

had a negligible effect on the measured reac

tion rate.

Temperature was measured by the thermo

couple in the sample bed. The effluent gas

was analyzed by gas chromatography, and

quantification was aided by a constant-flow

tracer of argon. Product gas never exceeded

1 percent of total flow and was usually an

order of magnitude less; it was less than 0.1

percent when the final rate constants were

determined from the isothermal experiments.

In the isothermal experiments, the sample was

raised into the preheated reactor tube in

which CO- was flowing. The clock was started

when the sample reached 500C, and thermal

equilibrium was established about five minutes

later. Further experimental details are given

elsewhere (Burnham 1978) .

Methods of Kinetic Analysis

A nonisothermal method of kinetic analy

sis has been used in this study; the general

method has been described by van Heek and

Juntgen (1968) and van Heek and others (1967) .

The specific kinetic expressions developed

for analysis of the mineral carbonate and

CO--char reactions are summarized below.

Further details of the mathematical develop

ment of the equations given below are de

scribed in Campbell (1978, 1976) and

Burnham (1978).

Carbonate Decomposition

The decomposition of carbonates is an

equilibrium reaction controlled by the C0-

pressure at the reaction interface,

k,

MCO3*" :M0 + CO, (2)

The equilibrium constant, K
eq'

for the

reaction is

K
eq

where a

1_

(aMn)P
MO'

CO,

'MCO.
(3)

MO
and

aMCO.
are the activities of

the MO and MCO, phases. It has been shown

(e.g., see Campbell 1978; Juntgen and

van Heek 1972) that the rate of the carbo

nate reaction can be expressed as

P,
dMCO.

St^ = ki^co3)

CO,

K
eq

(4)

(5)

where MCO, is the mass concentration of

carbonates and k, is the rate constant

given by the familiar expression,

ki
= A

exp(-Rr)
In this work, the rate of decomposi

tion of the carbonates in shale (and in

pure minerals) was determined by monitor

ing the rate of mass loss under linear

heating conditions (i.e., dT/dt =

constant)

For such experiments, one can reformulate

the rate expression in equation (4)

(Campbell 1978) as:

pco2
"F7T

dML
dT~

-E /RT

e
a

(MT MT )L 1 -

Be

(6)

where the equilibrium constant (K ).v eq-* '

given in equation (3) has been expressed

in the equivalent form,

AE

K
Al

eq
exp (-t-)

=

Bexp(4) (7)
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In the event the CO- pressure is zero, equa

tion (6) can be further simplified to the

useful kinetic expression:

! a

ART2

_.

rate,

dMT AM. T-E ADT2 -E "1
L L> a ART

avn(
a-*

dT
RT"

exp|TT
"

ETTU exPiTTJja r

(8)

By fitting equation (8) to experimental data

for dMT /dT vs T, one can obtain E and A.
l a

Carbon Reaction

Generally, the CO--char reaction will

have a reaction-order dependence on both car

bon dioxide and carbon. For pure carbons,

a large amount of data exists; attempts have

been made to relate the observed dependence

to proposed reaction mechanisms. (See Von

Fredersdorff and Elliot 1963; Ergun and

Mentser 1965; Walker and others 1959.)

Since oil shale char has a much more complex

composition, the reaction mechanism need not

be the same. It is generally believed that

the true rate dependence on the solid phase

originates from the number of active sites

available for reaction. It is also frequent

ly assumed that the number of these sites

will be proportional to the surface area de

termined by physical adsorption of gases.

However, attempts to relate the gasification

reaction rates of porous and microporous car

bons to surface area measurements have had

only moderate (qualitative) success.

Most of the results reported here will

be at one atmosphere pressure of CO-, so an

explicit dependence on CO- concentration

will be omitted temporarily. It will also

be assumed, for the moment, that the product

gas (CO) is effectively removed from the

vicinity of the carbon surface. For the

reasons given in the preceding paragraph,

the reaction of CO- with oil shale char will

be represented, to a first approximation, by

dC
ar- =

-kcc (9)

where Cc is the mass concentration of carbon.

The rate constant k is defined as in equa

tion (5) .

It is convenient to represent an iso

thermal first-order reaction by a normalized

ldCc
j- = k exp(-kt), (10)

where Cr is the initial amount of carbon.

Lo
It is evident that the rate of evolution

of product gas (CO) should follow an ex

ponential decay if equation (10) is valid.

Therefore, the rate constant can be ob

tained without knowing the amount of

starting material if one considers only

the time dependence of the product forma

tion.

Actual retorting conditions can be

approximated well by a linear heating rate.

Under this condition, the reaction rate is

given by

dCC
H

dCC
It~ ~

Hr cFT

=

-ACC exp \-w
RT2

E~H~

a r

k(T) ,

(11)

where H is the heating rate and T is an

implicit function of time. In this case,

the reaction rate initially increases ex

ponentially, then peaks and falls sharply

to zero as the reactant is consumed. It

is noteworthy that good agreement between

rate constants determined by isothermal

and nonisothermal methods have been ob

tained by Campbell and others (1976) for

shale oil generation and by Marsh and

Taylor (1977) for the reaction of C02 with

a nonporous carbon. The nonisothermal ex

periments have the clear advantage of be

ing able to more fully characterize a

reaction by a single experiment.

It is generally accepted that, at

CO- pressures of about one atmosphere and

temperatures of about 1000C, the gas -com

position dependence of the CO--carbon re

action is given by the Ergun equation

(Ergun and Mentser 1965),

dCc k3Ct
^"

1 +

PC0/KexPC0,
(12)

where k_ is the rate constant for desorp

tion of a chemisorbed oxygen atom to form
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CO, and Ct is the concentration of active

sites in the carbon. Kgx
=

k2/k_2 is the

equilibrium constant for the oxygen exchange

reaction,

k

C02
+ C^ C0 + C

ox
(13)

-2

where C and CQX represent free and oxidized

active sites, respectively. The value of

1/Kex decreases from 40 to 10 as temperature

increases from 700 to 800C (Ergun and

Menster 1965) .

Two limits of equation (12) are worthy

of note: (i) when PCQ is zero, the reaction

rate is zero order in CO- and (ii) when PfQ
is of the same magnitude as PCQ , the reac

tion rate is first order in C02, but it is

substantially smaller than with no CO pres

ent. There are also two limitations in the

use of equation (12) . It is valid only when

the forward and reverse rates in equation

(13) are much greater than the gasification

rate. Also, if the gasification reaction is

catalyzed, the mechanism may be sufficiently

different such that equation (12) is no

longer applicable.

RESULTS AND DISCUSSION

Carbonate Decomposition

The kinetics of decomposition of nahco

lite, calcite, dolomite and dawsonite were

determined, using the nonisothermal mass-loss

method discussed in the preceeding section.

A summary of the kinetic results is given in

table 4. A typical fit of the nonisothermal

kinetic expression (eq. 8) to the derivative

of the thermal analysis data (DTGA) for nahco

lite is shown in figure 2. A much more de

tailed discussion of the data and the kinetic

treatment is given by Campbell (1978) . The

differential mass loss from an oil shale

sample* heated at a rate of 2C/min in an

inert atmosphere is shown in figure 3. A fit

of equation (8) to the data gave an activa

tion energy of 57.8 kcal/mole and a preexpo-

*The sample had been pretreated to remove the

organic matter and low temperature carbonates

by heating in air at 350-400C for 24 hours.

Table 4. Summary of empirically determined

kinetic parameters for decomposi

tion of some pure carbonates and

carbonates in oil shale.

Compound

Activation Energy, B Pre-exponential Factor, A

(kcal/mole)
(a"1

)

Nahcolite 24.3

Dawsonite 48.8

Dolomite-Ankerite (in shale) 57.8

Dolomite 51.0

Calcite 55.0

nential factor of 1.7 x
1010 s"1

(table 4)

The carbonate minerals remaining in the

shale after
pretreatment*

are principally

dolomite, ankerite, and calcite. The re

actions governing decomposition of these

minerals are given in table 1.

A comparison of TGA data for pure

calcite, dolomite and retorted shale (char-

340 400 460

Temperature (K)

Figure 2. Nonlinear least squares fit of

equation (8) to experimental

data for the rate of decomposi

tion of nahcolite during heat

ing at a rate of 10C/min.
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Figure 3. Nonlinear least squares fit of

equation (8) to experimental DTG

data for the rate of decomposition

of spent shale (char-free) between

500-800C. The DTG data were ob

tained by heating the shale at a

rate of 2C/min. The mass loss is

due to decomposition of dolomite

(ankerite) and calcite in the

shale. The CO- pressure was ^0.

free) are found to be quite
similar**

when

retorted in an inert atmosphere (Pro
- 0;

see Campbell 1978). However, when a constant

CO- over-pressure is applied, one observes a

marked difference in the decomposition of

shale vs calcite and/or dolomite (fig. 4).

The DTGA curves in figures 4a and 4b dis

tinctly show the decomposition of the dolo

mite (or ankerite) , as evidenced by the peak

near 700C, i.e.,

Ca(Mgx Fe1.x)(C03)2
-

CaC03
?

Fe^
+ MgO +

C02 . (14)

Also, all three DTG curves (figs. 4a-c) ex

hibit a peak (810-820C) characteristic of

**By "similar"
we mean that the temperature

of decomposition and shape of the DTGA pro

files are comparable, see Campbell, 1978.
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Figure 4. Comparison of DTG curves for

calcite, dolomite, and oil shale

at a partial pressure of 0.15

atm CO- and a heating rate of

2C/min.

the decomposition of calcite;

CaC03 t CaO +

C02 . (15)

Note, however, that the oil shale sample

clearly shows the presence of a third im

portant reaction (or reactions) intermedi

ate between 700 and 800C (ca 750C) .

Using x-ray analysis, it has been

found that this peak results principally

from the reaction of silica (quartz) with

calcite (G. Smith 1978; Campbell 1978):

CaC03
+

Si02
- CaxSi 0z

+

C02 . (16)
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Since the minerals in oil shale are fine

grained (grain diameter <10 y) and intimately

mixed, then the occurrence of such solid-

solid reactions is likely. The importance of

the calcite-quartz reaction under typical re

torting conditions (i.e. PCQ
= 1 atm) is

shown in figure 5. Note, in this experiment,

very little of the calcite remains unreacted

with Si02; hence, only a small mass loss due

to calcite decomposition is observed at 910C.

Under most processing conditions, the C0-

pressure in the shale blocks and particles

may be near one atmosphere. Consequently,

most of the calcite (either free-calcite or

calcite formed from dolomite) can be expected

0.3 atm CO.

. CaMg (C03i2
MgO + CaC03 + C02

I I I

CaC03-"

CaO + CO,
_J il

1 atm CO.

500 600 700 800

Temperature C

900 1000

Figure 5. Comparison of DTG curves for char-

free oil shale heated at a rate of

2C/min in 0.3 and 1 atm C02.

to react with silica (or possibly other

silicates) before reaching the equilibrium

decomposition temperature.

Before considering the kinetics of

the calcite-silica reactions in oil shale,

it is important to verify the kinetic re

sults (table 2) for the decomposition of

the pure mineral under nonzero CO- pres

sures.* The CO- overpressure only affects

the temperature where the calcite decompo

sition reaction begins, it does not affect

the values of the preexponential factor

and activation energy which determine the

rate constant, k.

To carry out meaningful calculations,

the temperature dependence of the equilib

rium constant must be known (eq. 7). In

figure 6 are plotted values of the loga

rithm of K vs 1/T observed for decompo-

eq

sition of calcite in various materials.

The experimental points (fig. 6) represent

the temperature (for a given constant C0-

overpressure) where decomposition of the

calcite phase was first observed. This

initial decomposition was evidenced by a

detectable weight loss in the TGA. At

that point, Prn equals K. Also plotted
l>vj eq

are K values calculated via thermodynamic
eq

methods (Stern and Weise 1969) . In princi

ple, the values of K for a given
tempera-

eq
ture should be equivalent. The thermody

namic calculations are the more accurate

means for determining true equilibrium.

In real systems, however, one usually ob

serves a "pseudo-equilibrium"
which can

differ significantly from the true value

(Stern and Weise 1969). The "pseudo-equi

librium"
values (fig. 6) most accurately

represent the points where the calcite de

composition reaction is observed to begin

in our experimental systems. We have used

those values in the mineral decomposition

calculations.

*It is important that these kinetics be
verified because, in a later section,

they will be used in a more complicated

reaction scheme. This reaction scheme

will include not only the calcite and

dolomite decomposition but also the reac

tion of calcite with quartz.
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Log K vs 1/T for calcite deter-

eq
mined from TGA data of (0) pure

calcite, () calcite in dolomite,
and (A) calcite in spent shale.

The thermodynamical calculations

are from Stern and Weise (1969) .

Using the kinetic data given above and

the equilibrium constants determined from

figure 6, we have calculated the percent of

initial mass remaining vs temperature, for

pure calcite, pure dolomite and the mixture

of these carbonates in oil shale. The dif

ferential rate equation governing the carbon

ate decomposition reactions [eq. (6)] was

solved numerically assuming linear heating

conditions of 2C/min. The expressions used

to describe the temperature dependence of the

equilibrium constants are summarized in

table 5.

The calculations are compared with ex

perimental results at 1-atm C02 in figures

7-9. For pure calcite and dolomite, the

agreement between the experimental and calcu

lated results is generally quite good. As

the CO- pressure increases, the calcite phase

Table 5. Values of the constants B and F

(in the expression, K
r

eq
B exp(-F/T), eq. (7)) determined

from linear fit to the data in

figure 6.

Material

B

(atm)

F

(K)

Calcite
(expt)a

6.67 x
107

21.55

Calcite
(calc)b

4.63 x
107

20.44

8
21.83Dolomite

Oil Shale

1.03 x 10

1.92 x 10 22.36

Determined from the experimental points in Figure 6,

Determined from the
"calculated"

curve in Figure 6.

decomposition shifts to higher temperature;

for dolomite and oil shale, this results

in two distinct weight loss steps. Note,

the rate of calcite decomposition becomes

very rapid under nonzero CO- pressures.*

This rapid rate of calcite phase decompo

sition is due to the large value of the

rate constant (k = A exp(-E/RT)) at the

temperature where decomposition begins.

Although these simple carbonate de

composition calculations compare well with

experimental data for the pure phase mater

ial, the agreement is much less satisfac

tory for these carbonates as present in

oil shale (see fig. 9, dashed line). This

is because the calcite reaction with sili

ca has been neglected.

A simple empirical kinetic model has

been formulated to account for the CaCO--

SiO- reaction in oil shale. Details of

the model and experimental evidence lead

ing to its formulation are given by

Campbell (1978) . A summary of the reaction

scheme and rate equations used in the model

is given in table 6. Note that the reac

tion of calcite with SiO- is governed by

two processes: one, for the reaction of

*The chemical reaction rate becomes so

fast, in fact, that it is no longer ki

netically controlled, but instead, is

limited by the rate of heat transfer.

Even for the small sample sizes used here

(i.e., milligrams) the effects of heat

transfer become noticeable under 1 atmos

phere CO- pressure (see fig. 7 for exam

ple).
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Figure 7. Calculated and experimental (TGA)
weight loss during decomposition

of pure calcite in 1 atm C02 and

at a heating rate of 2C/min.

Kinetic parameters used in the cal

culation are given in the text and

tables .

free calcite originally present in the shale

and, a second, for reaction of calcite formed

from dolomite (ankerite) decomposition. The

rate constants governing these reactions are

kf and k ,
respectively. The activation

energy describing kfc and kg was assumed to

be 27.2 kcal/mole based on the average of the

100

_
90

80

70

60

50

40

Experiment

Calculated

(e) 100% C02

500

Figure 8

600 700 800

Temperature (C)

900 1000

Calculated and experimental (TGA)
weight loss during decomposition

of pure dolomite in 1 atm C0-

and at a heating rate of 2C/min.

Kinetic parameters used in the

calculation are given in the

text.

two values (25 and 29.4 kcal/mole) reported

by Kridelbaugh (1973) for reaction of pure

phase calcite with quartz. To obtain a

calculated weight loss in agreement with

the experiment, we have assumed values of

2.5 x
IO2

and 4.2 x
IO3 s"1

for the pre

exponential factors governing k and kf ,

respectively. These values have been

found to give good agreement with TGA ex

periments over a range of heating rates

from 2 to 20C/min and CO- pressures from

0 to 1 atm (see Campbell 1978).

The formulation of the kinetic scheme

for reaction of Si02 and calcite also in

cludes a dependence of the rate on the CaO
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Figure 9. Calculated and experimental (TGA)
weight loss during decomposition

of dolomite (ankerite) and calcite

found in oil shale. The heating
rate was 2C/min and the CO- pres

sure was 1 atmosphere. Kinetic

parameters used in the calculations

are given in the text. The dashed

line was calculated assuming only
the calcite decomposition to CaO;
the dotted line was calculated as

suming both decomposition to CaO

and calcite reaction with SiO-

see table 6) .

activity. This is based on an observed de

pendence of the reaction rate on the ratio

of the calcite equilibrium constant to the

CO- overpressure (i.e., rate a K /Prn ).
* eq LiU

Because calcite is present as a pure phase

(i.e., a- = 1), then, by equation (3),

this ratio is equivalent to the CaO activity.

Hence the rate of the calcite-quartz reaction

is proportional to the lime phase activity

The dotted line in figure 9 was cal

culated by numerically solving the differ

ential kinetic equations in table 6. The

rate data used in the calculations included

data given in table 4 for the decomposition

reactions and the result formulated above

for the Si02-calcite reaction. The shift

in decomposition temperature for the cal

cite phases was calculated using the em

pirical relations in table 5. The agree

ment between the calculated and observed

mass loss for the shale sample is quite

good (fig. 9 - dotted line). Further

details of the model and calculation are

given by Campbell (1978).

Carbon Reaction with C0-

Results from the nonisothermal reac

tion of two char samples in 1-atm CO- and

at a heating rate of 2C/min are shown in

figure 10. The experimental results were

fitted to equation (11) by nonlinear least

squares. The agreement between observed

and calculated rates indicates that the

reaction is close to first order in carbon.

Activation energies and preexponential

factors for these and other samples stud

ied are given in table 7. The heating

rates used to generate the samples listed

in table 7 range from 12C/min to

0.033C/min.

In general, char samples prepared by

retorting oil shale at slow heating rates

are less reactive than those prepared at

fast heating rates. For example, in the

peak reaction rate for sample P(12) , a

char produced at a heating rate of 12C/

min, occurs about 30C before the peak

reaction rate for sample P(.03), a char

produced at 0.03C/min. This implies that

the rate constant for the C0--char reaction

of sample P(12) is approximately twice that

of the rate constant for P(.03). This

difference in reactivity has also been ob

served in the isothermal reaction of chars

which differ only in the heating rate dur

ing retorting (Burnham 1978).
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Table 6. Summary of reaction scheme and rate equations used to model dolomite and calcite

reactions in oil shale.

Mineral Reaction Scheme Rate Equations Physical description of terms in rate equations

Dolomite
MgCa(C03)^

* MgO.+ CaCO- + CO.

k

CaO + CO

Calcite CaCO

Calcium

Oxide

Cjr. CaO + C0

Ca Si (0 ) + C0
m n m+2n 2

(see above)

Ca Si 0,
.

,

x y (x+2y)

decomposition of dolomite

formation of calcite from dolomite

- k ll -

= l(Cd) decomposition of calcite (Cj) to CaO

- k (a )(Cj reaction of calcite (C.) with SiO,
s CaO d a I

-d(Cf) rC0,
- - k 1 1 -

= Jcf decomposition of calcite (Cf) to CaO

C\ eq/
+ k . (a )C reaction of calcite (C.) with SiO_

cf CaO f f Z

d(CAO)
k 1

[. c\ eq / CaO formation from
"free"

calcite (C.) and

(C.) + (C )1 calcite from dolomite (C )

Calcium

Silicates

(see above)
dt CaO I m

1 - (C)| silicate formation from
"free"

calcite (C.)

md
f f

+ a. M silicate formation from calcite originating

from dolomite (C.)

See symbol list for definition of terms.

"Free"
calcite in shale (C.) as distinquished from calcite produced from dolomite decomposition (C.).

This includes only the silicates formed directly from calcite (i.e.; does not include reaction of CaO with SiO. or other

silicates) .

There are several possible explanations

for the lower reactivity of chars produced at

slow heating rates. These rates may allow

more pyrolysis and annealing which would pro

duce a less reactive char. On the other

hand, fast heating rates result in faster gas

evolution which may give a more open struc

ture. Other explanations focus on the fact

that slow heating rates cause loss of oil

yield by coking (Campbell and others 1977) .

For example, sample P(.033), a char produced

at a heating rate of 0.033C/min, has approx

imately 50 percent more residual carbon than

sample P(12) (see table 3) because of oil

degradation. It is conceivable that this

process could produce a less porous char.

However, preliminary results from surface

area measurements indicate that the surface

area of the carbon phase is a few hundred

m/g and is approximately independent of the

amount of oil coking. The precise reason

for the effect of heating rate on the re

activity of char is not yet known.

As suggested by equation (12) ,
the

reaction may not be first order in CO- at

pressures near atmospheric. The results

of nonisothermal experiments at three dif

ferent CO- partial pressures are shown in

figure 11. If the reaction were first

order in externally supplied CO- pressure,

the maximum reaction rate in 0.43-atm C02
(fig. 11) would be 30C higher than in

1-atm C02 and would be 6 percent smaller

in peak amplitude. If the reaction were

zero order in C02, the 0.43 and 1.0 atm

results would be superimposable. In com

paring the rate profiles in figure 11, one

should realize that the absolute magnitude

of the curves has about a 5 percent un

certainty but that the shape is quite
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Figure 10. A comparison of calculated (lines)
and experimental (points) reaction

rates of a char produced with a

fast heating rate (A) with the

reaction rates of a char produced

at a slow heating rate () . The

heating rate during reaction was

2

C/min.

Table 7. Preexponential factors and acti

vation
energies*

for the reaction

of CO- with organic carbon in

retorted oil shale.

Sample A
(IO8

s"1) E (kcal/mole)

P(4)-I 1.6 50.0

P(12) 0.53 49.0

P(3) 1.2 51.0

P(.3) 8.5 55.9

P(.033) 10.2 55.9

determined by a nonlinear least-squares fit of the

experimental rate data.

char before it can escape from the particle

or that the carbonates react directly with

the char.

Further insight into the role of min

eral matter can be gained by examining the

results of the isothermal reaction of sam

ple P(12). The results are shown for three

particle sizes in figure 12. The isothermal

reproducible. The observed order appears to

be closer to zero than one.

The carbon reaction in an inert atmos

phere*
can be understood only if one consid

ers the mineral decomposition reactions which

are occurring simultaneously. The CO- evolu

tion curve for the decomposition of calcite

(CaCO,) and dolomite (CaMg(C0-)2) in an inert

atmosphere (fig. 3) corresponds well with the

carbon reaction rate profile observed in an

inert atmosphere (fig. 11). This indicates

either that the evolved CO- reacts with the

*The term "inert
atmosphere,"

as used

throughout this section, defines the experi

mental condition where no CO- is added to

the external sweep gas (argon). Note, how

ever, that carbon dioxide pressure in the

sample need not be zero, since CO- is gener

ated by decomposition of the mineral carbon

ates in the shale.

o

500

1.0atmCO2
A 0.4 atm C02

Inert atmosphere

A

A

L_
550 600 650 700 750 8C

Temperature C

Figure 11. Nonisothermal reaction of

sample P(4)-I, prepared at a

heating rate of 4C/min within

the reactor, with three differ

ent partial pressures of C0-.
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Figure 12. Particle size and pressure depend

ence of the C0--char reaction of

a sample prepared at 12C/min.

experiments show the same 20 percent carbon

reaction in an inert atmosphere as was seen

in the nonisothermal experiments. There is

no substantial difference in the rate of re

action for different particle sizes (up to

0.8 mm) in either 1-atm CO- or the inert

atmosphere. This seems to indicate that dif

fusion effects are not dominating the observed

reaction rates for these small particles.

This conclusion must be qualified by the ob

servation that most of the <50 ym sample

existed in layers about a millimeter thick.

The reaction of CO- with char (fig. 12)

appears to have two characteristic rates:

The faster rate corresponds fairly well with

the reaction of char with internally gener

ated CO- (i.e., from the minerals); the slow

er rate shows about a two-fold difference in

magnitude over the particle range studied,

but there is no systematic dependence on par

ticle size (fig. 12). The reaction rate pre

dicted by the nonisothermal reaction of sam

ple P(4)-I, which had a particle size distri

bution consisting roughly of equal propor

tions of the three sizes, agrees well with

the overall isothermal results for sample

P(12).

The observation that the amount of carbon

reacted in an inert atmosphere does not

depend on particle size suggests that the

reaction does not merely depend on the

residence time of the evolved C02 in the

particle. Therefore, it may be more close

ly tied to the actual decomposition of the

minerals. As discussed in the preceding

section, the kerogen and mineral phases

are sufficiently intermingled to create

average domain sizes of a few micrometers.

The preceding results suggest a cata

lytic effect of the mineral content of oil

shale on the C0--char reaction. Data,

from an earlier study in this laboratory

of the reaction of acid-leached and un

leached oil shale char with CO-, indicated

a substantial reduction of reactivity upon

removal of the carbonate minerals. This

conclusion is confirmed by the results

shown in figure 13. Removal of the carbon

ate minerals by acid leaching causes an

increase in the activation energy by over

10 kcal/mole and a decrease in the rate

constant at 700C by a factor of 20 to 30.

It is interesting that the reactivity of

the coal chars, studied by Hippo and

A P(12)

P(12)-AL

500 700

Temperature (C)

800

Figure 13. A comparison of the reactivi

ties of regular (A) and
acid-

leached () oil shale char.

The heating rate during reac

tion was
2

C/min.
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Walker (1975), correlated well with MgO and

CaO content of the ash although this does not

require a causal relationship. The retorted

oil shale used in this study, also contains

2 percent by weight of Na2CO, which can be

removed by water leaching. However, isotherm

al experiments on
water- leached and unleached

samples have shown that the Na-CO_ has a rel

atively minor effect at the small levels

present.

Results of various experiments on the

C0--oil shale char reaction are summarized

in figure 14 and table 7. The rate constants

(kf) describing the final portion of the iso

thermal reactions (>50 percent complete) are

generally between the rate constants from the

nonisothermal reaction of samples P(4)-I and

800C
700

C
600

C

:\s

10-3

10-

10"5

1(T6

C02+ char -* 2 CO

Isothermal kf
OP(25)-I

DP(12)

AP(.033)

IBM)

B(3)

?B(.033)

0B(.033)-AL
- Non-isothermal k

- P(4)-I

j_
p(12)

"

P(.3)

P(12)-AL

I I
0.90 1.00 1.10

1000/T-K"1

Figure 14. A comparison of the rates con

stants for the C0--char reaction

determined by isothermal and non

isothermal methods for chars of

different preparation.

P(.3). It should be noted that the dif

ference in the reactivity of chars pro

duced at fast and slow heating rates is

not fully reflected in the kf values since

the slow-heating-rate chars undergo acti

vation during the course of the reaction.

It is further interesting that reactivity

of Roland seam (Wyoming) subbituminous

coal char, as determined by Taylor and

Bowen (1976) ,
is less than that of all un

leached oil shale char samples but is

slightly greater than the acid-leached

sample.

CONCLUSIONS

The decomposition of nahcolite, daw

sonite, dolomite (ankeritic) ,
and calcite

in Colorado oil shale (Mahogany zone) has

been investigated. Global kinetic values

for the decomposition of these minerals

have been obtained from the experimental

data. Of particular importance is the

observation that, under typical retorting

conditions (i.e., Pp0 ^ 0 and heating

rates <5C/min) , much more of the calcite

in the shale is likely to react with

quartz (or other silicates) than undergo

simple decomposition to CaO. This rapid

solid-solid state reaction is inferred to

result primarily from the very small grain

or grain-aggregate sizes and the intimate

mixture of the calcite and silicon-con

taining minerals.

A simple empirical model of the cal

cite and dolomite decomposition plus the

calcite reaction with quartz is developed

from the TGA data. Calculations carried

out, using the model, show that it simu

lates the above reactions in shale over a

wide range of processing conditions. The

simplicity of the model allows for its

direct inclusion in computer-based process

models of oil shale retorting.

There are, however, two basic limita

tions to the data and kinetic interpreta

tion given above:

(1) The results were obtained on

only one, well-characterized shale sample
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from the Mahogany zone. Although we feel the

simple decomposition kinetics will generally

be insensitive to variations in the overall

shale composition, there is little doubt that

large compositional variations may produce

dramatically different solid-solid state reac

tions at high temperatures. This is particu

larly true for shales having high concentra

tions of nahcolite, dawsonite, and/or illite.

Work is currently underway on a series of

other shale samples to determine the effects

of variation in mineral composition.

(2) The kinetic parameters describing

the solid-solid state reactions of calcite

and quartz represent an empirical fit of

"best
values"

to the experimental oil shale

TGA data. Moreover, all kinetic data given

here are
"engineering"

or
"global"

kinetics

and, although useful for process-modeling

purposes, are not detailed enough to provide

fundamental information at a molecular level.

Nonisothermal, first-order (in carbon)

kinetics have been used to characterize the

reactivity of oil shale char towards CO-.

The effective rate constants determined by

this method are in general agreement with

the isothermal kinetic studies of oil shale

chars. It was shown that chars produced at

slow heating rates are less reactive than

those produced at high heating rates. This

effect is probably related to the oil coking

associated with low heating rates. The reac

tion order in CO- remains uncertain because

of interference by mineral decomposition.

The CO--char reaction seems to be cata

lyzed by the mineral content of oil shale.

Evidence for this conclusion comes from sev

eral sources. In both isothermal and noniso

thermal experiments, the rate of carbon reac

tion is closely coupled to the mineral decom

position. When the metal carbonates are re

moved by acid leaching, the reactivity of

the char drops by more than an order of mag

nitude. The nature of the catalysis by the

minerals merits further examination. The

reactivity of the carbon might be quite sensi

tive to the carbonate mineral composition.
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PIPELINE TRANSPORTATION OF OIL SHALE

J. M. Link and G. A. Pouska

Colorado School of Mines Research Institute

Golden, CO 80401

ABSTRACT

A test program was initiated under spon

sorship of the U.S. Bureau of Mines to con

duct pipeline studies of raw and spent oil

shale slurries. Shale slurries were recircu

lated in horizontal test section pipeline

loops, having diameters of 150 and 200 mm,

and in a 150-mm diameter vertical test sec

tion. Slurry concentrations, from 10 to 60

percent by weight, were investigated. Criti

cal and deposition velocities were observed.

Head losses were measured at various veloci

ties .

Rheology measurements were made on homo

geneous subsamples from the pipeline. From

these data, pipeline energy requirements

were predicted by computer and compared to

pipeline data. Computer programs were also

used to analyze pipeline data for two flow

models :

(1) Heterogeneous flow regime for

coarse, settling slurries, and

(2) Homogeneous flow regime for non-

settling suspensions.

The economics of slurry transport of

oil shale were compared to alternative trans

portation means. "Best
cost"

studies were

made, covering the wide range of pipeline

diameters required to transport both raw and

spent shale in varying concentrations.

INTRODUCTION

Materials transport, by means of a slurry

pipeline, has been successfully used for many

years. Where applicable, slurry transport of

bulk materials offers a safe, economical, and

environmentally desirable alternative to

other methods of materials handling.

The key phrase in the foregoing
state-

R. R. Faddick

Colorado School of Mines

Golden, CO 80401

ment is: "where
applicable."

Many studies

purport to show that one particular trans

port system is more cost effective than

alternative transport modes. In the au

thors'

experience, however, each situation

is unique; a site specific study is re

quired to determine the best method for

transporting bulk materials in a given

operation.

Design data for conventional mine

haulage systems are readily available.

Slurry transport applications, however,

are still relatively novel, and design

data are not easily found. Therefore, the

authors, under the sponsorship of the U. S.

Bureau of Mines, have attempted to develop

substantial hydraulic design data for a

variety of shale materials. These data

will be found in the final report, USBM

Contract H0166065: The Hydraulic Trans

port of Oil Shale (Link and others
1977).*

Both underground and surface mining

of oil shale require transportation of

large quantities of raw shale from mine to

retorting plant and spent shale from the

plant to a disposal area. Table 1 summar

izes daily and hourly mine production

rates for a variety of sizes of oil shale

facilities. This table also shows the

number of trips per hour that a 75- ton

truck would have to make to move shale

from the mine to the plant. When one con

siders that the production rate for a

100,000-bpd plant exceeds that of all but

the largest existing open-pit mines, the

*Copies available from CSM Research Insti

tute or the National Technical Information

Service.
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Table 1. Mine production required for various

sizes of oil shale plants.

Plant Size Std Tons Metric Tons

bpd* pd pd Trucks/hr

50,000 84,000 76,000 47

100,000

200,000

168,000

336,000

152,000

305,000

94

187

*42 gal/bbl, 25 gal/ton (6.29 bbl/m , 104

1/metric ton); 100 percent recovery.

(Plant sizes are shown in English units for

convenience of reader.)

materials handling problem is brought into

proper perspective.

Regardless of mining method, it appears

probable that aboveground retorting will be

used for at least some of the shale from

every operation. When raw shale is crushed,

before retorting, volume per unit mass is

doubled. From this, it will be seen that

even when in situ retorting methods are used,

perhaps as much as half of the shale retorted

will be treated on the surface.

The disposal of spent shale from a sur

face retorting operation is almost as great

a materials handling problem as that associ

ated with mining the raw shale. In the re

torting operation, about 10 percent of the

total weight of solids is recovered in usable

form, primarily as crude shale oil. The re

mainder is in the form of spent shale. This

must be disposed of. Thus, a 50,000-bpd

plant, retorting 76,000 metric tons per day

of raw shale, produces 63,000 to 73,000

metric tons of spent shale which must be re

moved every day.

Returning spent shale to abandoned under

ground openings has great environmental appeal

although costs may be greater than for sur

face disposal methods (Jankousky 1977) . One

backfilling approach is to return spent shale

in slurry form. Injection of slurry into

underground openings resembles, to some de

gree, a large-scale grouting operation.

Bulkheads in drift openings would be required

to withstand the static pressures of the

slurry. One result of using this method is

maximum shale disposal since it would be in

jected under pressure, aiding compaction.

Air and water are displaced and bled off as

the slurry level rises.

It is advantageous to use as thick a

slurry as possible to transport materials.

Maximum solid concentrations minimize vol

ume of water use, reduce the quantity of

water that must be pumped back out of the

mine, and allow the slurry to stabilize

more rapidly.

In addition to being a partial solu

tion to the spent shale disposal problem,

injected slurry, if sufficiently stabil

ized, can be of significant value in pre

venting surface subsidence and increasing

resource recovery. If, through natural

cementation qualities, or through the ad

dition of fly ash and small quantities of

cement, injected slurry can be converted

into a monolithic mass, capable of with

standing even moderate compressive loads,

the degree of surface subsidence can be

substantially reduced. This allows wider

pillar spacing and, possibly, even recovery

of the shale contained in pillars, shortly

before mine abandonment.

The Colorado School of Mines Research

Institute study examined flow behavior of

oil shale-water slurries in steel pipe

lines, 154-mm and 205-mm in diameter.

Three types of oil shale were used:

(1) Retorted oil shale from a process

which produces a fine waste pro

duct containing a high percentage

of carbon.

(2) Retorted oil shale from the

Paraho process which is much

coarser and contains somewhat

less carbon than the first mater

ial.

(3) Raw oil shale having an oil con

tent of approximately 104 1/mt

and a maximum particle size of

50 mm.

A minimum of three slurry concentra

tions, using each method, was examined.

Slurry friction losses, at a number of

velocities, were recorded for each one.

Minimum velocities needed to suspend the

solids, in both horizontal and vertical
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pipes, were defined, as were power require

ments for solids transport over a range of

velocities.

Solids particle sizes were generally

coarse, with a maximum particle dimension of

50 mm arbitrarily established for the program,

Effects of particle size on slurry behavior

were determined by studying raw shale slur

ries composed of solids having nominal parti

cle sizes of 25 mm, 13 mm, and 5 mm, respec

tively.

Results of the test work and analysis

and extrapolation of the data into design

equations are covered thoroughly in the re

port and in two separate papers, prepared

for an international hydrotransport meeting

(Faddick 1978; Pouska and Link 1978). There

fore, we will restrict our discussion here

to dealing only with data extrapolations and

their application to an hypothetical 50,000-

bpd shale oil facility. Tonnages are based

on the assumption that the shale is of 104

1/metric ton grade and oil recovery is 100

percent .

Certain operational problems connected

with hydraulic transport, such as: source

and quality of water, preparation of the

shale, and dewatering and cementing of fill,

are not examined in this study. These and

other potential environmental impacts must

be evaluated, and costs compared with those

for alternative systems, before a final de

cision on transport and disposal methods can

be made.

DISCUSSION

The following discussion of system eco

nomics is restricted to the hydraulic trans

port link in the mine materials handling sys

tem. This includes pumps and drives, pipe,

and related design, construction, and oper

ating costs only. No effort was made to esti

mate slurry preparation and dewatering costs,

or waste water treatment costs, because these

elements require extensive studies in them

selves and, therefore, were outside the

scope of this study.

For cost comparison, order-of -magnitude,

capital and operating cost estimates were

prepared for systems capable of serving a

50,000-bpd plant. Costs used are those

shown in a 1976 study of oil shale mining,

prepared by Cameron Engineers. Price

quotes for major components of the hydraul

ic system were obtained early in 1977;

other costs were estimated by use of fac

tors. Costs for conventional handling of

mine materials were developed by Cameron

Engineers approximately two years earlier.

Hydraulic Hoisting of Raw Shale

Analysis of hydraulic hoisting was

confined to raw shale, the only material

that must be hoisted from the mine. In

the case of vertical transport of spent

shale into the mine, gravity flow would

be used and no power would be required.

This is common mining practice for handling

mine fill. No cost analysis was prepared

because the concept is not novel.

Test work for hoisting of raw shale

was conducted in a 154-mm diameter, verti

cal pilot loop. Test section length was

about 12 m, and overall length of the loop

was about 60 m.

Experimental studies with the raw

shale were conducted with solids distribu

tion of 25 mm x 0, 13 mm x 0, and 5 mm x 0.

Slurry concentrations of from 11 to 42 per

cent by weight of solids were examined.

The test work showed that the head

loss relationship for vertical hoisting

is heavily influenced by the gravity head

term. Thus, slurry density in the pipe

is a major consideration. The contribu

tion of the wall friction loss is quite

small, so the effects of pipe diameter,

slurry velocity, or solids sizes are

minimal .

Although experimental studies were

performed with solids distributions over

broad size ranges, the scale-up technique

employed made it convenient to predict

head losses for 50-mm x 0 and 100-mm x 0

raw shale in larger diameter pipes. Since

most economic studies of hydraulic trans-

262



port systems involve a trade-off between cost

of crushing versus cost of pumping, both 50-

min x 0 and 100-mm x 0 values are given in

table 2 which summarizes the results of the

hydraulic hoisting data analysis.

A number of assumptions were made in the

preparation of this table. The significant

ones are footnoted in the table. The most

important is the solids concentration chosen

for scale-up calculations. This was taken

to be 40 percent by weight for all cases.

This is not necessarily the optimum solids

concentration for any combination of shale

type, particle size, and pipeline capacity,

and certainly not the optimum concentration

for all cases. Rather, it was chosen because

40 percent by weight was the highest concen

tration tested experimentally with all types

of shale and, it provides a convenient basis

for comparative economic studies.

As seen from table 2, the materials

handling task for even the smallest of the

shale processing facilities is immense.

Fifty thousand barrels per day of shale

oil requires the movement of almost 77,000

tons per day of shale. As a 40 percent by

weight slurry, this requires 111,000 m of

water per day; pipelines at least 711 mm

in diameter; and slurry pumps of more than

1,500 1/sec capacity. This approaches or

exceeds the upper limit for equipment pre

sently available. The largest slurry

pumps now manufactured have a capacity of

2,500 1/sec; the largest slurry-grade,

steel pipe now manufactured has a 610-mm

diameter.

For the purpose of comparison, the

mining method of sublevel stoping with

spent shale backfill, described by Cameron

Engineers (1976), was used. Shaft and

hoisting requirements for this system are

summarized in table 3. From this table

it will be seen that hoisting requirements

are for 457 m.

Table 2. Scale-up of hydraulic hoisting parameters for raw shale (50,000-bpd shale oil

plant) .

Raw shale transported , metric tpd

Raw shale slurry transported'^', 1/sec

Nominal pipe diameter(3), mm

Operating velocity , m/s

Water head lossv*), iw, Pa/m

50 mm x 0 Shale

Slurry head requirement, im, Pa/m

Hydraulic power, kw/m

Specific power''', kw/metric t/m

100 mm x 0 Shale

77,000

1,729

711

4.7

9,999

12,900

22.5

0.018

Slurry head requirement, im, Pa/m

Hydraulic Power, kw/m

Specific power, kw/metric t/m

13,100

22.7

0.020

Assuming 104 1/metric t of shale.

2_/ Assuming 40 wt % slurry concentration.

3_/ With 13 -mm wall thickness.

4/ Pipe roughness, e, assumed = 0.006 mm. -

gravity head included.

5/ Assuming pump water efficiency
= 70%, derating factor = 60-70%, drive

efficiency
= 87%.
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Table 3. Mine shafts required for sublevel stoping with spent shale backfill (50,000-bpd

shale oil facility) .

Depth at

No. Inside Initial

Shafts Diameter Prod. Description Purpose

8.5 m 488 m* Friction hoist, 58-mt Production

skips, 40,000 mtpd,

automatic mea

suring pockets, con

crete head frame

Equipment

Cost

($)

Sinking

Cost

($)

11,000,000 11,200,000

5.0 m 457 m Two 277 m /s

axial vane fans ,

smooth shaft

Exhaust ven

tilation

460,000 7,500,000

8.5 m 457 m Counter weighted

friction hoist for

service, emergency

elevator

Intake ven

tilation

2,500,000 5,250,000

8.5 m 457 m Double drum hoist, Intake ven-

development tilation

1,500,000 5,250,000

*457 m
-

working depth.

Table 4 summarizes capital costs for hy

draulic hoisting facility requirements for

.the 457-m lift. Pipe, pumps, motors, and

drive units were sized to meet the require

ments shown in table 2. Costs for these

items were based on
vendors'

quotes, as of

January 1977. Other costs were based on

factors determined by experience.

The capital cost figure of roughly $10

million for the hydraulic facility does not

include the slurry preparation and dewater

ing facilities required at shaft bottom and

on the surface. Adding in the cost of these

facilities brings the investment for an hy

draulic facility to roughly the same amount

as is required for a conventional hoisting

system.

It should be noted that the conventional

hoisting system requires two 8.5-m diameter

shafts (table 3) but the hydraulic system

requires only a single 711-mm pipe. While

this pipe could be installed in a borehole,

the assumption is made here that a single

5-m diameter shaft will suffice. The single

shaft requirement for a hydraulic system

results in a $7.4-million savings in

shaft sinking costs.

Table 5 summarizes operating costs

for the hydraulic hoisting facility. From

the table, it will be seen that the single

largest cost item is the electric power

cost. Total hoisting charges are $5.8

million per year, or 21$ per metric ton;

of this, $3 million is for electric power.

Because of the difficulties in making

a direct operating cost comparison between

the hydraulic and conventional hoisting

systems, a comparison of power requirements

for each was made. Cameron Engineers esti

mated that 76.68 million kwh would be re

quired to hoist 27.37 million metric tons

of ore. This results in a requirement of

2.80 kwh per metric ton of ore hoisted.

By contrast, the hydraulic system would

require 9.09 kwh per metric ton of ore

hoisted. Assuming the power cost shown

in table 5, the conventional hoisting

system would enjoy approximately $2 million
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Table 4. Capital cost estimate for a 457-m hydraulic hoisting system (50,000-bpd shale

oil facility) .

Description Est. Cost

Slurry pipeline, 457-m, 711-mm, 13-mmwall,

slurry grade pipe $ 84,000

12 ea. 700 -mm x 600 -mm centrifugal slurry pumps

with 2,983-kw induction motors and speed reducers 2, 136,000

Electrical equipment, including transformers , motor

starters, wire, and minimum pump controls 1,868,000

Auxiliary pipeline equipment, including fabrication,
seal water pumps, valves, and rubber-lined elbows 45,000

Total Equipment Cost $4,133,000

Freight at 10% of T. E. C. 413,000

Total Delivered Equipment Cost $4
, 546 , 000

Installation Labor at 60% of T. D. E. C. 2,728,000

Total Depreciable Plant Cost $7,274,000

Engineering and Contingencies at 35% of T.D.P.C. 2,546,000

TOTAL CAPITAL INVESTMENT $9,820,000

Table 5. Annual operating cost estimates for hydraulic hoisting (24 hr/day, 360 days/yr;
50,000-bpd shale oil facility).

Ownership
Cost(1)

(0. 19925 x T.C.I. ), $/yr $1,957,000

Operating Labor (2 men/shift x 4 shifts x $15,000/

yr), $/yr 120,000

Electric Power(2), $/yr 3,012,000

Maintenance (4% of T.C.I. ), $/yr 3 93,000

Tax and Insurance (3% of T.C.I. ), $/yr 295,000

Total Operating Cost, $/yr $5,777,000

Cost/Metric Ton $0,210

1_/ 10-yr life, straight-line depreciation, 15% capital charge rate.

2/ From Colorado Public Service Co., LLP Schedule, January 10, 1977.

(Subject to fuel cost adjustment. )
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in annual savings over the hydraulic system.

Horizontal Transport

The application of slurry transport in

horizontal pipes included both raw shale and

spent shale materials. While slurry trans

port applications include both surface and

subsurface transport needs, only surface

systems were evaluated for this study.

An arbitrary choice of 4.83 km in length

was made for each of the horizontal transport

systems. Selection of a substantially longer

pipeline to connect the mine and processing

facility is unrealistic. Choice of a shorter

pipeline would not provide a true comparison

of costs because only a fraction of a one-

stage pump would be required to transport

the fine spent shale a lesser distance.

Table 6 summarizes basic pumping require

ments for the horizontal transport of the

various materials.

Equipment selections are shown in

table 7. Pipe, pumps, motors, and drive

units were sized to meet the requirements

of each case. Cost of these items were

based on
vendors'

quotes, as of January

1977. All other capital investment costs

were based on factors determined from past

experience. These values are presented in

tables 8 through 11. Each table summarizes

Table 6. Scale-up of hydraulic parameters (50,000-bpd shale oil plant; horizontal

transport) .

Shale transported , metric tpd

Shale slurry transported^', 1/s

Nominal pipe diameter^', mm

Operating velocity, m/s

Critical deposit velocity'4), m/s

Water head loss'5), iw, Pa/m

Spent Shale

Raw Shale Fine Paraho

77,000 69,,000 69,000

1,729 1,,508 1,508

711 914 609

4.7 2.4 5.6

4.0 0.4 4.3

196 79 335

50 mm x 0 Shale

Slurry head loss, im, Pa/m

Hydraulic power, kw/m

Specific power'6), kw/metric t/m

100 mm x 0 Shale

Slurry head loss, im, Pa/m

Hydraulic power, kw/m

Specific power(6), kw/metric t/m

13 mm x 0 Shale

Slurry head loss, im, Pa/m

Hydraulic power, kw/m

Specific power'6), kw/metric t/m

972

1.69

0.0013

1,225

2.12

0.0019

75

0. 116

0.000077

563

0.85

0.0006

1/ Assuming 104 1/metric t of shale.

27 Assuming 40 wt % slurry concentration.

3/ With 13 -mm wall thickness.

4/ As determined by Durand formula or velocity at which Reynolds Number

is 4000.

5/ Pipe roughness, e, assumed
= 0.006 mm.

6/ Assuming pump water efficiency
= 70%; derating factor = 60-70% for

~~

coarse shale, 90% for fine shale; drive efficiency
= 87%.
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Table 7. Hydraulic transportation of oil shale (50,000-bpd shale oil facility; 4.8-km

horizontal transport of shale).

Spent Shale Raw Shale

Fine Paraho

13 mm x 0 50 mm x 0 50 mm x 0 100 mm x 0

69,000 69,000 77,000 77,000

40.0 40.0 40.0 40.0

20.4 20.0 23.4 23.4

1.2 1.2 1.3 1.3

1.327 1.334 1.276 1.276

1,508 1,500 1,729 1,729

889 584 686 686

2.4 5.6 4.7 4.7

0.4 4.3 4.0 4.0

372 2,730 4,695 5,915

90 75 70 60

Shale transported, metric tpd

Solids concentration, wt %

Solids concentration, vol %

Water requirements, rrrVsU)

Slurry specific gravity

Flow rate, 1/s

Pipe inside diameter, mm

Operating velocity, m/s

Critical deposition velocity, m/s

Total head required, kPa

Pump derating factor, %(2)

Pumps required, Warman 28/24

300-rpm slurry pump or equivalent,
1,490- to 2,980-kw induction motor

and speed reducer

Pump water efficiency, %

Motor and drive efficiency,
%'

Hydraulic Power, kw

Shaft Power, kw

Consumed kw

Connected kw

(1) Assumes no use of groundwater inflow to the mine or recirculation of slurry

or process water. Use of either of these sources of water would substantially

reduce the amount ofwater required.

(2) Assumed.

(2)

1 5 9 13

70 70 70 70

87 87 87 87

559 4,098 8,140 10,254

886 7,800 16,613 24,414

1,020 8,970 19,094 28,064

1,490 11,175 26,820 38,740

the capital investment for one of the four

cases involving horizontal transport and the

one case involving hoisting. These values

range from $3,754,000 to $12,677,000.

Ownership costs were based on total cap

ital investments. A 10-year, straight-line

depreciation method was applied to these sums.

A zero salvage value and 15 percent capital

charge rate were used. Annual ownership

costs were determined by applying the capital

recovery factor of 0.19925 to the investment.

These ownership costs represent a significant

fraction of operating costs as presented in

table 12. Electric power costs are even

greater than ownership costs in all cases,

except for the fine spent shale. These two

categories, combined, are responsible for the

vast majority of operating costs. Operating

labor, maintenance, taxes, and insurance con

tribute only a minor part of the sum. Spe

cific costs range from $0,011 to $0.053/metric

ton/km in horizontal transport, with cost

increasing with particle size.

A rough cost estimate, as of January

1977, for a conveyor belt haulage system

for a 50,000-bpd shale oil facility is

summarized in tables 13 and 14. For the

50,000-bpd operation, a 1.37-m wide belt,

moving at 2.29 m/s would be required.

Relative belt and pipeline operating costs

are summarized in table 15 for the 50,000-

bpd facility.

With coarse shales, the conveyor belt

offers both lower capital and operating

costs in most cases. With fine shale, how

ever, hydraulic transportation costs are

somewhat lower than conveyor costs.

CONCLUSIONS

Pilot-scale pumping tests, conducted

as the major portion of this study, showed

that both raw and spent shales are amenable
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Table 8. Capital cost estimate for a 4.83-km long hydraulic transport system for fine
spent shale (50,000-bpd processing facility).

Description Est. Cost

Slurry pipeline, 4.83-km, 914-mm, 13-mm wall,

slurry grade pipe $1,141,000

1 ea. 700-mm x 600-mm centrifugal slurry pump
with 1,490-kw induction motor and speed reducer 159,000

Electrical equipment, including transformers, motor

starters, wire, and minimum pump controls 139,000

Auxiliary pipeline equipment, including fabrication,

seal water pumps, valves, and rubber-lined elbows 141,000

Total Equipment Cost $1,580,000

Freight at 10% of T. E. C. 158,000

Total Delivered Equipment Cost $1,738,000

Installation Labor at 60% of T.D. E. C. 1,043,000

Total Depreciable Plant Cost $2,781,000

Engineering and Contingencies at 35% of T.D.P.C. 973,000

TOTAL CAPITAL INVESTMENT $3,754,000

Table 9. Capital cost estimate for a 4.83-km long hydraulic transport system for Paraho

spent shale (50,000-bpd processing facility).

Description Est. Cost

Slurry pipeline, 4. 83-km, 609-mm, 13 -mm wall,

seamless, slurry grade pipe $ 574,000

5 ea. 700-mm x 600-mm centrifugal slurry pumps

with 2,235-kw induction motors and speed reducers 843,000

Electrical equipment, including transformers, motor

starters, wire, and minimum pump controls 737,000

Auxiliary pipeline equipment, including couplings,

seal water pumps, flanges, valves, gaskets and

rubber -lined elbows 71,000

Total Equipment Cost $2,225,000

Freight at 10% of T.E. C. 223.000

Total Delivered Equipment Cost $2,448,000

Installation Labor at 60% of T. D. E. C. 1,469.000

Total Depreciable Plant Cost $3,917,000

Engineering and Contingencies at 35% of T. D.P. C. 1,371.000

TOTAL CAPITAL INVESTMENT $5.288.000

268



Table 10. Capital cost estimate for a 4.83-km long hydraulic transport system for raw

shale 50 mm x 0 (50,000-bpd processing facility).

Description Est. Cost

Slurry pipeline, 4.83-km, 711-mm, 13-mmwall,

slurry grade pipe $ 887,000

9 ea. "700-mm x 600-mm centrifugal slurry pumps

with 2,980-kw induction motors and speed reducers 1,602,000

Electrical equipment, including transformers, motor

starters, wire, and minimum pump controls 1,401,000

Auxiliary pipeline equipment, including fabrication,
seal water pumps, valves, and rubber-lined elbows 110,000

Total Equipment Cost $4,000,000

Freight at 10% of T. E. C. 400,000

Total Delivered Equipment Cost $4,400,000

Installation Labor at 60% of T. D. E. C. 2,640,000

Total Depreciable Plant Cost $7,040,000

Engineering and Contingencies at 35% of T.D.P.C. 2,464,000

TOTAL CAPITAL INVESTMENT $9,504,000

Table 11. Capital cost estimate for a 4.83-km long hydraulic transport system for raw

shale 100 mm x 0 (50,000-bpd processing facility).

Description Est. Cost

Slurry pipeline, 4.83-km, 711-mm, 13 -mm wall,

slurry grade pipe $ 887,000

13 ea. 700-mm x 600-mm centrifugal slurry pumps

with 2,980-kw induction motors and speed reducers
2 3 14 000

Electrical equipment, including transformers, motor

starters, wire, and minimum pump controls 2,024,000

Auxiliary pipeline equipment, including fabrication,

seal water pumps, valves, and rubber-lined elbows 1 10,000

Total Equipment Cost $ 5,335,000

Freight at 10% of T.E. C. 534,000

Total Delivered Equipment Cost $ 5,869,000

Installation Labor at 60% of T. D. E. C. 3,521,000

Total Depreciable Plant Cost $ 9,390,000

Engineering and Contingencies at 35% of T. D. P. C. 3,287,000

TOTAL CAPITAL INVESTMENT $12,677,000
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Table 12. Hydraulic transport systems, annual operating cost estimates (24 hr/day,
360 days/yr; 50,000-bpd processing facility).

Ownership
Cost* '

(0. 19925

x T.C.I.), $/yr

Operating Labor (2 men/shift

x 4 shifts x $15,000/yr), $/yr
Electric Power'2), $/yr

Maintenance (4% of T.C.I. ), $/yr

Tax and Insurance (3% of

T.C.I.), $/yr

Total Operating Cost, $/yr

Cost /metric ton

Cost/t/km

4.83-km Horizontal Hydraulic Transport System

Spent Shale Raw Shale

13 mm x 0 50 mm x 0 50 mm x 0 100 mm x 0

$ 748,000 $1,053,600 $1,893,700 $2,525,900

120,000

145,800

150,200

112,600

120,000

1, 127,200

211,500

158,600

120,000

2,383,100

380,200

285,100

120,000

3,493,400

507, 100

380,300

$1,276,600 $2,670,900 $5,062,100 $7,026,700

$0,052

$0,011

$0. 107

$0,022

$0. 184

$0,038

$0,256

$0,053

1_/ 10-yr life, straight-line depreciation, 15% capital charge rate.

2/ From Colorado Public Service Co. , LLP Schedule, January 10, 1977. (Subject to fuel

cost adjustment. )

Table 13. Capital cost estimate for a 4.83-km

long conveyor transport system for

shale (50,000-bpd processing

facility) .

4.83-km, 1. 3 7 -m Belt (complete) $2,376,000

1
,
490 -kw Drive 600,000

Electrical Equipment Including Transformers,

Motor Starters, Wire, and Controls 183,000

Total Equipment Cost 3, 159,000

Freight at 10% of TEC 316,000

Total Delivered Equipment Cost 3,475,000

Erection Cost at 50% of TDEC 1,738,000

Total Depreciable Plant Cost 5,213,000

Engineering and Contingencies at 35% of TDPC 1,825,000

TOTAL CAPITAL INVESTMENT $7, 038, 000

to hydraulic transport. The hydraulic

data generated by the study will provide

the basis for detailed engineering studies

of hydraulic transport systems without

the need for further test work.

The cost comparisons presented here

are crude. However, they do indicate the

significant elements and magnitude of

cost for hydraulic transport of raw shale

or movement of spent shale back to the

mine. In the case of spent shale, the in-

mine costs would be limited to capital

and labor items, as the 457-m vertical

head should be more than adequate to move

the slurry from the shaft to the fill

areas .
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Table 14. Belt transport systems, annual operating cost estimate (24 hr/day, 360 days/yr;
4.83-km belt system) .

Belt Width

Belt Speed

.(1)

Ownership
Cost* '

(0. 19925 x TCI) $/yr

Operating Labor (2 men/shift x 4 shifts x

$15,000/yr) $/yr

(2)
Electric power $/yr

Maintenance $/yr

Total Operating Cost $/yr

Cost/Tonne

Cost/Ton/km (horizontal)

50,000 bpd

1.37 m

2.29 m/s

1,402,000

120,000

190,000

158,000

1,870,000

$0,068

$0,014

(1) 10-yr life, straight-line depreciation, 15% capital charge rate.

(2) From Colorado Public Service Co., LLP Schedule, January 10, 1977,

Subject to fuel cost adjustment.

Table 15. Comparison of capital and operating costs for belt and hydraulic transport

systems of 4.83-km length.

Spent Shale

Fine Paraho Raw Shale

50,000 bpd Plant

$7,

3,

,038,000

754,000

$7,038,000

5,288,000

(100mm x 0)

Capital Cost: Conveyor

Hydraulic

$ 7,038,000

12,677,000

Annual Operating Cost: Conveyor

Hydraulic

1,

1,

870,000

276,000

1,870,000

2,670,000

1,870,000

7,026,700

Cost/metric ton: Conveyor

Hydraulic

$0.

0.

,068

052

$0,068

0. 107

$0,068

0.256

Cost/metric ton/km: Conveyor

Hydraulic

$0.

0.

,014

,011

$0,014

0.022

$0,014

0.053
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ABSTRACT

Waste disposal schemes, envisioning the

use of spent shale in embankments, require a

thorough knowledge of their geotechnical engi

neering properties for safe, efficient, and

environmentally sound disposal. In this con

text, the objective of this laboratory inves

tigation was to determine the physical prop

erties, compaction, consolidation, shear

strength, and permeability parameters of a

spent shale.

Physical properties consisted of grain

size distribution, Atterberg limits after

nine months of soaking in water, and specific

gravity determinations. Six- inch-diameter

(15 cm) compaction tests and 12-inch-diameter

(30.5 cm) consolidation tests were used to

determine compaction and consolidation char

acteristics and particle break down for three

compactive efforts. Unconfined compression

and consolidated-undrained triaxial compres

sion tests on 6-inch-diameter (15 cm) speci

mens, compacted to three densities, were per

formed to evaluate compressive strength gains

over 28 days, and total and effective strength

parameters for undrained conditions. Compan

ion 3-
by 3-inch (7-1/2 cm)

consolidated-

drained direct shear tests on specimens com

pacted to one density were used to obtain

strength parameters for drained conditions.

Permeability values for the spent shale were

also determined on the consolidated-undrained

triaxial test specimens.

Results of these tests showed that the

spent shale is a silty sand (SM) and that,

with proper compaction, it possesses a good

shear strength, has a low permeability with

minimal compaction, and exhibits some

self -cementing tendencies.

INTRODUCTION

A major problem area in considering

a commercial oil shale operation is dis

posal of the spent shale in a structurally

and environmentally safe manner. Since

the shale occupies about 20 percent great

er volume after retorting, some material

will have to be deposited in surface im

poundments, regardless of whether the

main scheme is underground or surface

disposal. With tightening environmental

restrictions, results of various related

research projects are needed to provide

industry with strength, permeability, and

other engineering parameters required to

design sound disposal facilities.

One of the first major studies in

this area was: Disposal of retorted oil

shale
- Paraho oil shale project (Woodward

Clyde 1976) . The Waterways Experiment

Station (WES) ,
under funding and techni

cal direction of the Bureau of Mines (in

teragency agreement No. H0262064) , is

conducting a major laboratory testing pro

gram to obtain the physical and engineer

ing properties necessary for the design

of a large scale disposal system.

This report presents engineering

property test results on a fine-grained,

indirectly heated, retorted oil shale.

Maximum particle size was about 1/2 in.

(12.7 mm) with approximately 35 percent

of the material passing a No. 200 U. S.

Standard sieve. Results of compaction,
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consolidation, unconfined compression at

various curing times, triaxial shear, direct

shear, and permeability tests are summarized.

LIST OF SYMBOLS

LL

PL

PI

G

w

Yd

Liquid limit -

Atterberg Limits test

Plastic limit -

Atterberg Limits test

Plasticity index -

Atterberg Limits test

Specific gravity

Water content

Dry unity weight (dry density)

Total stress parameter angle of apparent

internal friction

Effective stress parameter angle of ap

parent internal friction

Total stress parameter cohesion inter

cept

Effective stress parameter cohesion

intercept

Void ratio

Pressure

Normal stress

Shear stress

Coefficient of permeability

TEST RESULTS AND DISCUSSION

Material Processing and Classification

Material processing consisted of deter

mining a representative gradation for the

material, processing, and reconstituting the

material to this gradation. Representative

samples were obtained from two of ten 55-gal.

(198 1) drums containing the material and

their respective gradations determined, as

shown in figure 1. Since no significant dif

ferences existed in these two random samples,

the remaining material was combined, with

representative gradation also shown in figure

1. These sieve analyses indicate that 9 per

cent is plus No. 4 sieve size (gravel) and

about 35 percent is minus No. 200 sieve size

(fines) .

Also presented in figure 1 are the re

sults of Atterberg limits analyses performed

on the minus No. 40 sieve-size fraction, in

accordance with Corps of Engineers procedures

(EM 1970). Unless otherwise indicated, all

laboratory testing was in accordance with

U.S. STANDARD SIEVE
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Figure 1. Gradation analysis of retorted

oil shale waste.

equipment and procedures described in

this reference. The fines are essentially

nonplastic, even after 9 months soaking.

Hence, this material would be classified

as a silty sand (SM) , according to the

Unified Soil Classification System (Tech

Memo 1960) .

Specific gravity of the minus No. 4

sieve fraction was 2.61, while the appar

ent specific gravity of the plus No. 4

sieve size fraction was 2.55, resulting

in a specific gravity of 2.60 for the

combined material.

Heley and Terrell (1971) and Dames

and Moore (1971) found similar results on

spent shale materials from the Rocky

Flats and the Parachute Creek facilities.

The material which they described con

tained 1.5 to 7.3 percent, plus No. 4

sieve fraction (gravel), and 58.2 to 74.3

percent, minus No. 200 sieve fraction

(fines) . Both references quote Atterberg

limits values of 30-percent moisture con

tent for the liquid limit and 6 percent

for the plasticity index, which would

274



classify this material as silt
"ML."

An

apparent specific gravity of 2.53 was reported,

Compaction Characteristics

Compaction curves were generated for

three compactive efforts; i.e., 60 percent

of standard effort

[7,425
ft-lb/ft3 (3.693xl05

joules/m3)],

standard effort

[12,375
ft-lb/ft3 (5.989xl05

joules/m3)],

and modified effort

[56,250
ft-lb/ft3 (27.221xl0S

joules/m3)] .

Maximum dry densities, at optimum mois

ture content for each effort, were 96.2 pcf

(1,541 kg/m ) at 21.2 percent for 60 percent

of standard effort, 98.4 pcf (1,576 kg/m3)

at 19.3 percent for standard effort, and

103.1 pcf (1,652 kg/m ) at 17.8 percent for

modified effort. Results of these 6-inch-

diameter (15 cm) compaction tests are pre

sented in figure 2.

COMPACTIVE

EFFORT

60% STANDARD

STANDARD

A MODIFIED

DRY DENSITY

no

105

- 100

95

(1537.92-1569.96)

(1569.96-1602.00)

(1650.06-1666.08)

ZERO AIR VOIDS

RELATION FOR

G =2.60

85

NOTE: TO CONVERT pcf TO kg/m3

MULTIPLY BY 16.02.

5 10 15 20 25

WATER CONTENT, PERCENT OF DRY WEIGHT

30

Figure 2. Compaction characteristics for 60

percent of standard, standard, and

modified compactive efforts.

Based upon the results of these com

paction tests, all appropriate test speci

mens were prepared to the water contents

and dry densities corresponding to each of

the three compactive efforts shown in

figure 2. For comparison, compaction

tests on materials from the Rocky Flats

and the Parachute Creek facilities, as re

ported in Heley and Terrell (1971) and

Dames and Moore (1971), indicated that,

for standard compactive effort, the dry

densities at optimum water content varied

from 88 pcf (1,409 kg/m3) at 22 percent

3
water content, to 100 pcf (1,602 kg/m )

at 16 percent water content. For modified

compactive effort, densities ranged from

101 to 109 pcf (1,618 to 1,746 kg/m3)

while the moisture contents varied from

19 to 15 percent, respectively.

Unconfined Compression Characteristics

To investigate the self-cementing

characteristics reported (Snethen and

others 1978; Trans. Data 1977a; Nevins

and others 1977) for wastes from other

retorting processes, 6-inch-diameter (15

cm) unconfined compression test specimens

were compacted, using three compactive

efforts, and allowed to cure at ambient

temperatures for periods of 0 to 28 days.

Strengths increased from 20 to 54 psi

(1.4 to 3.8 kg/cm2), 41 to 61 psi (2.9 to

4.3 kg/cm2) or from 73 to 104 psi (5.1 to

7

7.3 kg/cm ) for specimens compacted to

densities equivalent to 60 percent of

standard, standard, and modified compac

tive efforts, respectively.

Procedures for these tests varied

slightly from those outlined by Woodward

(1976) and were as follows:

1. After adding water to the mater

ial to be compacted, a 1-hour mellowing

time was used before compaction. (A 1-

hour mellowing time is an accepted prac

tice, used in lime stabilization of soils.)

2. Specimens were compacted in 6-

inch-diameter (15 cm) waxed cardboard con

tainers. Following compaction, these
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containers were sealed with paraffin wax,

weighed, and placed in buckets, each contain

ing a small container of water. These buckets

were sealed and placed in an environmental

room where a constant temperature of 72F was

maintained during the specified curing time.

3. Following the required curing time,

each specimen was reweighed to verify that

no weight change had occurred, e.g., the

moisture content of the specimen had not

changed. All other testing procedures are as

outlined in EM-1110-2-1906.

The changes in unconfined compressive

strength as a function of curing time are

presented in figure 3. These results indicate

that self-cementing is a characteristic of

this retorted oil shale which agrees with

results by others (Snethen and others 1978;

Trans. Data 1977a; Nevins and others 1977).

These results show that self-cementing

is dependent upon density and time. Although

higher densities produced greater strengths,

140 r-

120 -

80

0a

40'

SMRC OIL SHALE

UNCONFINED TESTS

60% STANDARD EFFORT

STANDARD EFFORT

A MODIFIED EFFORT

?

Y"'^P
!<w31

-

^T
[-* ~~ I

L- V. (6.3J9

2 77%

J 03 TO 104 pcf

(1650.0- 1666.0 kg/m3) A

S78 TO 79%

!98TO700%

(7569.9- 1602.0 kg/m3)

201

S 79 TO 20%

1 96 TO 98 pcf

1537.9 -1569.9 kg/m3)

NOTE: TO CONVERT psi TO
kg/cm2

DIVIDE BY 14.22.
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CURING TIME, DAYS

25

_J

30

Figure 3. Effect of curing time on unconfined

compressive strength of
6-inch-

diameter (15 cm) specimens.

in terms of percent, the greatest strength

gains occurred at the lowest densities.

The major portion of the strength increase

occurs within 3 days after compaction.

Triaxial Compression Strength Character

istics

Strength parameters for each compac

tive effort were determined by performing

consolidated-undrained triaxial compres

sion tests with pore pressure measurements

on 6-inch-diameter (15 cm) specimens.

Test procedures corresponded with those in

Eng. Man. 1110 (1970), with the exception

that specimens were allowed to cure in the

environmental room for three days follow

ing compaction, before testing. The self-

cementing property added additional

strength to the specimens so that they

were less friable and easier to handle.

Stress path data and Mohr's circles are

presented in figures 4, 5, and 6 for 60

percent of standard, standard, and modi

fied compactive efforts, respectively.

The total and effective stress parameters

are summarized in the following tabulation:

Total Stress Effective Stress

Compactive Effort 0, degrees

19

18

25

c ,

kilograms

per square

centimeter

0.8

0.6

l.U

0'
, degrees

kilograms

per square

centimeter

60 percent Standard

Standard

Modified

37

35

1.3

0

0

0

Strength parameters, discussed in

the preceding paragraphs, appear to be

reasonable when compared to those of a

dense sand, i.e.,
0'

% 40 degrees. Con

solidated-undrained triaxial tests values,

reported by Dames and Moore (1971), for

specimens with dry densities of 85 to 90

lb/ft3

(1362 to 1442 kg/m3) were: cohesion

intercept was 0 and apparent angle of in

ternal friction was 20 degrees. This

agrees reasonably well with the total

stress data obtained in this investigation.

Consolidation Characteristics

Twelve- inch-diameter (30.5 cm) con

solidation tests for each of the three

compactive efforts were conducted to

276



60% STANDARD EFFORT

NOTE: STRESS PATHS ARE ON
60

PLANE.

MAXIMUM PRINCIPAL STRESS

DIFFERENCE USED FOR

MOHR'S CIRCLES.

TO CONVERT
kg/cm2

TO psi MULTIPLY

BY 14.22.

6 8 10 12 14

NORMAL STRESS tr ,

kg/cm2

6 8 10 12 14

NORMAL STRESS o- ,

kg/cm2

Figure 4. Effective stress paths and failure

envelopes for 6-inch-diameter (15

cm) consolidated-undrained triaxial

specimens compacted to 60 percent

of standard effort.

Figure 6. Effective stress paths and fail

ure envelopes for 6-inch-diameter

(15 cm) consolidated-undrained

triaxial specimens compacted to

modified effort.

14
STANDARD EFFORT

NOTE: STRESS PATHS ARE ON
60

PLANE.

MAXIMUM PRINCIPAL STRESS

DIFFERENCE USED FOR

MOHR'S CIRCLES.

TO CONVERT
kg/cm2

TO psi MULTIPLY

BY 14.22.

6 8 10 12 14

NORMAL STRESS <rn ,

kg/cm2

Figure 5. Effective stress paths and failure

envelopes for 6-inch-diameter (15

cm) consolidated-undrained triaxial

specimens compacted to standard

effort.

maximum vertical stresses of 800 psi (56.3

kg/cm ) (Trans. Data 1977b). The correspond

ing vertical strains were 8.4, 6.7, and 4.7

percent for 60 percent of standard, standard,

and modified efforts, respectively. Results

of these three consolidation tests are pre

sented in figure 7 as plots of void ratios,

e, versus log of consolidation pressure, p.

TRIAXIAL

TEST

SPECIMENS

CONSOLIDATION

TEST

SPECIMENS

0.72 i-

0.68 -

0.64 -

0.60 -

0.56

0.52

O 60% STANDARD EFFORT

D STANDARD EFFORT

A MODIFIED EFFORT

NOTE: TO CONVERT kg/cm2 TO psi

MULTIPLY BY 14.22.

0.48 i i i Mini i i i i mil i

0.05 0.1 0.5 1 5 10
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Figure 7. Consolidation characteristics

of 12-inch-diameter (30.5 cm)

consolidation and 6-inch-diam

eter (15 cm) triaxial specimens

compacted to 60 percent of stan

dard, standard, and modified

compactive efforts.
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Also presented in figure 7 are the con

solidation data obtained during isotropic con

solidation of the triaxial specimens at con

fining pressures of 20, 40, 80, and 160 psi

(1.4, 2.8, 5.6, and 11.2 kg/cm2). While the

consolidation stresses in an odometer are

quite different than triaxial isotropic con

solidation, an examination of all the consol

idation data, from both types of tests, indi

cates that the compression index for the vir

gin loading curve from the consolidation tests

2
increases from 0.1 to 0.2 cm /kg for 60 per

cent of standard compactive effort to modi

fied effort, respectively. The coefficient

of compressibility for the 1 to 10 kg/cm

pressure ranges, for both types of tests, in

creased slightly with higher pressures, but

generally decreased from to 10 cm /kg

for the 60 percent of standard and the modi

fied compactive effort densities, respectively,

Likewise, the coefficient of consolidation

-1 2
was about 10 cm /sec for all compactive

efforts, but decreased slightly with increas

ing consolidation pressures.

By comparison, results of consolidation

tests (Dames and Moore 1971a) ,
loaded to a

maximum vertical stress of 700 psi (49.2 kg/
2

cm ), had vertical strains which varied from

16 to 25 percent. Although WES test data in

dicated substantially less vertical strains

on 12-inch-diameter (30.5 cm) test specimens

tested to a comparable stress level, reexami

nation of initial void ratios indicated that

WES tests had values of 0.69, 0.63, and 0.55

at 60 percent of standard, standard, and mod

ified compactive effort densities, respect

ively, whereas Dames and Moore's data had

initial void ratios which varied from 0.87 to

1.29. Although direct comparisons are dif

ficult, the WES results indicate appropriate

trends of decreasing vertical strain with

smaller initial void ratios.

Particle Breakage

Post-test grain size determinations were

made on compaction and consolidation specimens

to study particle breakage. Gradation curves

obtained from compaction specimens indicated

that a sort of particle agglomeration oc

curred, possibly due to the self-cementing

characteristic of the material. Postcon-

solidation gradation relations presented

in figure 8 were obtained for specimens

tested at densities for 60 percent of stan

dard compactive effort and standard effort.

The percentage of minus No. 200 fraction

increased from 32 percent for the initial

gradation to 61 and 76 percent for standard

compactive and effort for 60 percent of

standard effort, respectively. At this

time it is not known why the less dense

specimens incurred more particle breakage.
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Figure 8. Effects of particle breakage

during consolidation testing to

800 psi (56.3 kg/cm2) vertical
stress .

Permeability Characteristics

In addition to the consolidation data

and shear strength parameters obtained

from these consolidated-undrained triaxial

test specimens, the coefficient of permea

bility was obtained for each test specimen

after consolidation at various confining
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pressures had occurred. Generally, the coef

ficient of permeability
decreased from

cm/sec, for specimens compacted at 60 percent

of standard and standard compactive effort

densities, to 10 cm/sec for specimens com

pacted at modified compactive effort densi

ties. These permeability test results are

presented in figure 9, comparing the coeffici

ent of permeability as a function of void

ratio. Similar permeability values were ob

tained based upon calculations using the con

solidation data presented previously.
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0.62 </
0.58

A
60% STANDARD EFFORT
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io-

was 34 degrees; for specimens not
inun-

2
dated, apparent cohesion was 1.0 kg/cm

and apparent internal friction was 36

degrees. Results of these four tests are

plotted as shear stress versus normal

stress in figure 10. Due to particle size

limitations (No. 4 sieve max) of the 3-
by

3- inch (7.6 cm) direct shear box, the gra

dation and density [93 pcf (1489 kg/m )]

were different than other tests [1-inch-

diameter (2.5 cm) max particle size and

98-100 pcf (1570-1602 kg/m3) standard ef

fort density] conducted in this investiga

tion. Nevertheless, these strength values

are comparable with those obtained from

triaxial compression tests.

Figure 9. Permeability characteristics for

different compactive efforts and

void ratios.

NOTE: TO CONVERT kg/cm2 TO psi

MULTIPLY BY 14.22.

4 6 8 10

NORMAL STRESS <r,
kg/cm2

Direct Shear Tests

Consolidated-drained direct shear tests

were conducted on
3-

by
3- inch (7.6 cm) spe

cimens, compacted with standard compactive

effort. A total of four tests were conducted,

two with specimens inundated, and two without

inundation. The strength parameters obtained

from these tests indicated that for inundated

conditions, the cohesion intercept was zero

and the angle of apparent internal friction

Figure 10. Failure envelopes for direct

shear tests.

CONCLUSIONS

The spent shale was classified as a

silty sand (SM) with 35 percent nonplastic

fines and approximately 9 percent gravel.

Compaction tests at 60 percent of standard

effort, standard effort and modified
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effort gave maximum densities of 96, 98, and

103
lb/ft3

(1541, 1576, and 1652 kg/m3) re

spectively, with corresponding optimum water

contents of 21.2, 19.3 and 17.8 percent. Con

solidation tests to a maximum vertical stress

2
of 800 psi (56.3 kg/cm ) revealed settlements

ranging from 8 to 5 percent with increasing

compactive effort. Corresponding examinations

of particle breakdown under this stress re

vealed an increase in the minus No. 200 sieve

fraction from 32 to 61 percent for standard

effort, and to 76 percent for 60 percent of

standard compactive effort. A self -cementing

property of the spent shale was obvious from

the results of unconfined compression tests.

From these tests, the 28-day strengths
in-

2
creased from 1.4 to 3.8 kg/cm

, 2.9 to 4.3

2 2
kg/cm

,
and 5.1 to 7.3 kg/cm for 60 percent

of standard, standard, and modified compactive

efforts, respectively. Results of consoli

dated-undrained triaxial tests with pore pres

sure measurements showed these total stress

strength parameters: apparent cohesion values

of 0.8, 0.6, and 1.4 kg/cm and apparent an

gles of internal friction of 19, 18, and 25

degrees for each of the respective increasing

compactive efforts, while effective strength

parameters were zero for cohesion and appar

ent angles of internal friction of 37, 35,

and 43 degrees for the three increasing com

pactive efforts. Consolidated-drained, direct

shear tests, on specimens compacted to a

standard effort density, gave effective

strength parameters of: zero for cohesion

and an internal friction of 34 degrees for

inundated specimens, while specimens not in

undated had slightly higher strengths of

2
1 kg/cm for cohesion and 36 degrees for in

ternal friction. Permeability values of

and 10 cm/sec were determined from the con

solidated-undrained triaxial tests for in

creasing compactive efforts.

In conclusion, there were no unusual

engineering characteristics for this material.

It behaved as a moderately dense to dense

sand, depending upon the applied compactive

effort, and had a fairly high strength. Its

self-cementing property also helped to en

hance strengths. In addition to its high

strength, this material has a low permea

bility, even under minimal compactive ef

fort, which is an asset that would help

to reduce contamination caused by ground

water flow.
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ABSTRACT

Explosive compaction of spent shale in

an in situ retort has been suggested as a

means of obtaining the void volume required

for the successful generation of subsequent

retorts. Static compaction experiments and

explicit finite-difference calculations have

been used to provide a preliminary evaluation

of the spent shale compaction concept. These

experiments have provided basic compaction

data on fragmented and reconstituted samples

of oil shale from the Tipton Member of the

Green River Formation in Wyoming.

Data were obtained on samples initially

at room temperature and on samples heated to

retort temperatures as high as 600C. The

initial fracture void volume, before retort

ing, varied from 25 percent to 50 percent.

The data demonstrate that the energy required

for compaction decreases substantially as the

retorting temperature increases. The grade

of oil shale was also a factor, as richer

shales appear to offer less resistance to

compaction for the same retorting history.

One-dimensional finite-difference calculations,

representative of simplified field geometries,

were used to evaluate the sensitivity of com

paction behavior to explosive characteristics,

seismic coupling and compaction properties.

These calculations indicate that for compac

tion at elevated temperatures, no more than

a few pounds of explosive per ton should be

sufficient to provide adequate compaction for

a continuous in situ process. That is,

all the void volume required for a new

retort module may be economically obtained

by explosively compacting the adjacent

spent module. Further studies, including

dynamic compaction experiments and two-

dimensional finite-difference calculations,

are required to refine the design of spe

cific in situ operations.

INTRODUCTION

Generation of void volume and con

cordant permeability remains one of the

major obstacles to the development of a

successful in situ oil shale processing

technology. Although the specific minimum

void volume and permeability required re

mains to be established, it is well ac

cepted that some significant void volume

will be required in the generation of any

successful in situ retort. At present,

there is considerable question as to the

most cost effective technology available

to establish this required void volume.

To date, the required void volume has been

obtained almost exclusively by the partial

mining away of rock in the retort region

before explosive fragmentation (McCarthy

and Cha 1976; Stone 1976). True in situ

explosive fracturing for void volume gen

eration would require a great deal of site

specific information and is probably lim

ited to near-surface deposits of oil shale
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where surface heave effects could be impor

tant. It has been suggested that some or all

of the increased porosity required for in situ

retorts could be obtained by the compaction

of spent shale in previously generated and

burned retorts. Early in 1977, the Laramie

Energy Research Center (LERC) began a careful

evaluation of the spent shale compaction con

cept. In support of this effort, Science

Applications, Inc., was awarded a contract

(August 1977) to further analyze and evaluate

the concept. The tasks undertaken by Science

Applications included numerical modeling of

retort kinetics and design and evaluation of

engineering aspects of a field demonstration.

Only the efforts in those tasks related to

the determination of spent shale compaction

characteristics and the integration of com

paction into the simultaneous fragmentation

of adjacent fresh shale are reported in this

paper. Experimental and numerical results

of this study, while not conclusive, indicate

that significant compaction of spent shale

and a concordant transfer of void volume to

freshly fractured rock could be obtained with

reasonable geometries and explosive loadings.

EXPERIMENTAL RESULTS

As any field evaluation of the spent

shale compaction concept will be made at the

LERC site near Rock Springs, Wyoming, all

compaction experiments were carried out on

material from the Tipton Member of the Green

River Formation which underlies the site.

The Tipton oil shale differs significantly

from the Parachute Creek Member, found in the

Piceance Creek Basin, in that clay minerals,

including mixed- layer clays, are an important

mineral constituent. The greater quantity of

clay minerals in the Tipton give this rock

lower fracture strengths for fresh material

(Young and Smith 1978) and significantly lower

compaction resistance for retorted material,

as compared to Parachute Creek shale. Thus,

the potential applicability of the compaction

concept may be restricted to the Tipton and

other clay-rich shales.

Previous data on compaction of spent

shale are given by Carpenter and Sohns (1974)

and Burwell, Tihen and Sohns (1974).

These data, obtained for the purpose of

evaluating permeability changes in in situ

retorts subjected to overburden loads, were

obtained on oil shale material from the

Parachute Creek Member. Although earlier

data do serve to demonstrate the ease with

which broken oil shale can be compacted

at retorting temperatures, the low maximum

loads utilized (less than 6.5 MPa) and the

clay-poor nature of the shale required that

data specifically relevant to the Tipton

shale be obtained. The experimental pro

gram, which was conducted in cooperation

with Colorado State University, involved

static compaction experiments on two grades

of oil shale at postretorting temperatures

up to 600C. All the experiments show

that there is essentially zero resistance

to compaction at the onset of loading, with

final compaction strength depending upon

degree of compaction and retorting history.

The experiments were performed in a

5.0 cm (2.0 in.) diameter compaction cell

consisting of a thick-walled, stainless

steel tube, with a wraparound resistance

heater for retorting purposes. Figure 1

shows schematically the geometry of the

compaction cell and the location of the

oil shale sample between two stainless

steel, spacer pistons. The top piston

serves as a bearing surface for the load

ram, while the lower one acts against a

tightly fitting end cap. This end cap

provides a sump for oil during retorting

and, by nature of being attached to a si

phon vacuum pump, allows for a large de

gree of control over the amount of air

passing through the sample. The inner,

thick-walled tube, with heater, is placed

within a 20 cm (8 in.) diameter outer

shell; ceramic insulating beads are poured

between shell and heater. The overall

experimental setup is indicated in figure

2. Copper tubing, attached to the outside

of the shell, provides for water cooling

of the outer shell.

In each experiment, a plot of load

versus displacement of the loading ram
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Figure 1. Schematic view of oil shale furnace

and compaction cell used to study

compaction characteristics after

retorting at temperatures of up to

600C.

was obtained with the use of a load cell and

a linear variable differential transducer

(LVDT) . The temperature of the experiment

was constantly monitored by three thermo

couples located at the top, middle and bottom

of the sample. The digital voltmeter provid

ed quick and accurate measurement of tempera

ture, allowing rapid modification of power to

the heater and air flow through the samples.

Oil shale samples (roughly 300 grams each)

were rubblized, mixed together and heated to

a predetermined temperature before application

of the compaction load. Compaction of re

torted oil shale results from the reduction

of both fracture porosity and porosity intro

duced by the removal of kerogen during re

torting. A decrease in fracture void volume

Cooling Mater

In
~

Servo

Controlud

Loading Rw

Digital Voltmeter

lleaa.il

Vacuum

/////mi

Analog

Plotting

Device

Load Cell

'Pujtof

Load vs.

Deformation

Figure 2. Schematic arrangement of static

oil shale compaction experiment.

is believed to make the most significant

contribution to compaction. Compaction

of rubblized unretorted shale was also

performed.

Since the actual experimental curves

express the compaction in terms of load

versus displacement, and since the initial

height of the samples is not constant, it

is more convenient to express the deforma

tion in terms of percent by volume (or

height) change. These reduced data are

presented in figures 3 and 4 and summarized

in table 1.

Figure 3 illustrates compaction data

on oil shale with initial void volumes of

roughly 45 percent. Although the first

three experiments were loaded to less

2
than 7000 kN/m

, they show the same
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Compressive

Stress (kPa)

Compressive

Stress (kPa)

Figure 3,

TOD 020 OH

Relative Deformation, v\ -

Static compaction of oil shale:

compressive stress vs. relative

deformation for samples with ini

tial void volumes of 41 percent

to 51 percent.

0.10 0.20 0.30 o.m

Relative Deformation, "j -
^

Figure 4 Static compaction of oil shale:

compressive stress vs. relative

deformation for samples with

initial void volumes of 24 per

cent and 41 percent.

Table 1. Summary of static oil shale compaction experiments.

Test Density Initial Initial Initial Retorting Maximum

Number (9/cc) Height Weight Fracture Temperature Load

(cm)

13.97 312

Void (%)

49.9

(C) (kN)

1 2.2 500 13.3

2 2.2 14.60 318 51.2 500 13.3

a, 3 2.2 12.85 296 48.3 400 14.0

3 4 2.2 13.33 299 49.7 no retort 100.0

"-
5 2.2 12.70 305 46.1 600 100.0

6 2.0 13.97 335 40.8 no retort 97.9

7 2.0 12.06 269 45.0 500 95.6

8 2.0 10.18 310 24.9 600 120.0

* 9 2.0 10.08 310 24.2 500 89.0

t 10 2.0 11.43 310 33.1 600 111.2

j? 11 2.0 13.97 331.5 41.5 no retort 115.6

12 2.0 10.39 310 26.4 no retort 111.2
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general response as experiments 5 and 7 which

were loaded to almost 50,000 kN/m2. All five

curves show significantly softer response

than experiments 4 and 6 which were performed

on unretorted shale. It is important to note

that the curves in figure 3 represent response

to load after retorting at an initial void

volume of over 40 percent, while the void vol

ume in actual underground operations is likely

to be closer to 20 percent.

Figure 4 illustrates the effects of lower

initial void volume upon compaction. Of par

ticular interest are curves 8, 9 and 12 which

indicate compaction characteristics of shale

retorted at 600C, 500C and unretorted shale,

respectively. These three experiments all

began with an initial void volume of roughly

25 percent.

The spent shale compaction concept is

best illustrated by use of a preretort "frac

ture"

void volume. By considering an unfrac-

tured, solid volume of oil shale V which is
s

subjected to a rubblization process, result

ing in a larger volume V- (for the same mass) ,

the preretort
"fracture"

void volume is given

by

fv
=

V2
"

vs

If this new volume is then consolidated to a

new volume V the instantaneous fracture void

volume is simply

V - V

rv V

When compaction is sufficient to compact the

volume back to the original volume V, the

fracture void volume is seen to be zero

V.
f =

v

= 0 .

An extremely high load would be required to

reduce rubblized unretorted oil shale back

to its original unrubblized volume. Removal

of kerogen and loss of mechanical strength

due to retorting, however, make the compaction

of spent shale back to its original volume a

relatively simple task. As an example, con

sider experiments 8 and 12 which begin with

preretort
"fracture"

void volumes of 24.9

and 26.4 percent, respectively.
Experiment

8 was retorted to 600C and then compacted,

The energy required to compact the rub

blized spent shale back to its initial

unrubblized volume represents the energy

that would be required in a continuous,

on-going process. If the abscissa in

figures 3 and 4 is defined as

and fy
=

where V. is the initial, rubblized volume,

then

Vvi
f = 1 - ^ .

v 1 -

ec

Using this relationship, the fracture

void volume may be determined for any

relative deformation e if the volume of
c

solids V and the initial rubblized vol-

s

ume V. are known. Figure 5 shows com

pressive stress, plotted as a function of

fracture void volume, for experiments 8

and 12. As explained earlier, the exper

imental curve from test 12 approches the

zero fracture void volume line asymptot

ically, while the retorted sample reached

Compressive

Stress (kPa)

600004

30 20 10 0 -10

Pre-Retort
"Fracture"

Void Volume (Percent)

Figure 5. Compressive stress vs. preretort
"fracture"

void volume (percent)
for experiments 8 and 12.
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its original unrubblized unretorted volume at

about 35,000 kN/m2, due to the availability

of additional pore volume caused by kerogen

removal .

The energy needed to compact spent shale

to a given degree of residual fracture void

volume is readily calculated from the experi

mental load-displacement curves. The work

required to compact the 310 grams (preretort

mass) of spent shale in experiment 8, from

25 percent preretort fracture void volume to

0 percent is 621 J, or 1.82x10 J/ton. By

contrast, 973 J are required to compact 310

grams (2.85*10 J/ton) of unretorted material

(experiment 12) from 26 percent void to 10

percent void. The energy required to compact

spent shale, with a preretort fracture void

volume of 25 percent to 0 percent residual

fracture void volume required for continuous

in situ operation, is less than the equiva

lent energy of one pound of explosive per ton

of processed rock. The efficiency of explo

sive coupling to rock fracture, broken rock

momentum and finally spent shale compaction

is, thus, a critical question to be answered.

It has generally been shown that ease of

compaction increases as retorting temperature

increases, and as Fischer assay of the oil

shale increases. It should be noted that the

experiments described in this report rely on

quasi-static measurements of a process which

is fundamentally dynamic in the in situ en

vironment. Development of an experimental

apparatus to monitor typical dynamic proper

ties is a simple and logical extension of the

work performed to date. Analysis of dynamic

tests is critical; the dynamic properties of

both fresh and spent shale must be known, and

the coupling efficiencies of energy being

imparted to the rock must be estimated, be

fore any rational design of an underground

explosive program can be initiated.

RESULTS OF CALCULATIONS

A series of one-dimensional, numerical

modeling experiments were carried out to eval

uate the ways in which explosive properties,

shock wave propagation, rock fracture and

various geometries of explosive loading

might affect the compaction process. The

numerical experiments utilized
STEALTH*

Explicit Finite-Difference Codes, developed

by Science Applications. These codes are

user-oriented and are based, in large part,

on theory and algorithms developed at

Lawrence Livermore Laboratory, Sandia Lab

oratories (Albuquerque) and other national

laboratories .

The one-dimensional calculations

carried out with STEALTH were designed to

be parameter sensitivity calculations in

which the beneficial or adverse effects of

various parameter variations could be de

termined. The one-dimensional compaction

geometry, illustrated in figure 6, con

sists of a 2.75 m (9 ft.) thick zone of

retorted and highly permeable shale; a

61 cm (2 ft.) thick zone of transition

material, representing the expected de

gradation of solid oil shale in contact

with an in situ retort and, finally, a

2.75 m-thick zone of fresh, massive
(un-

fractured) oil shale.

The right boundary of the fresh

shale is in direct contact with a one-di

mensional explosive source that can be

programmed to provide various explosive

energy release characteristics and explo

sive energy-loss characteristics due to

interactions between the explosive and

the adjacent rock. The left boundary of

the spent shale is modeled by a spring

boundary condition with an impedance

equivalent to that of fresh oil shale.

A typical calculation begins with

explosive energy release in the explosive

zone on the right. Explosive pressure,

imparted to the fresh oil shale, propa

gates across this rock as a seismic wave

whose rise time characteristics depend

largely upon the explosive energy release

*Solids and Thermal hydraulics code for

EPRI
Adapted"

from Lagrange TOODY and

HEMP. Developed for the Electric Power
Research Institute under Contract RP-307
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Spring Boundary to Simulate

.Fresh Oil Shale Interface

Density

= 1.608 G/cc

Position of Planar

"ANFO- like"

Explosive Source

Density - 2,170 G/cc

Massive^ Fresh Shale

2.7

feTERS

Figure 6. Schematic representation of one-dimensional geometry used in finite-difference

parameter sensitivity calculations.

rate used for the explosive. As this wave

arrives at the transition region, some of the

energy is reflected back into the fresh shale

due to the impedance differences between

fresh and transitional oil shale. The great

majority of this explosive energy, however,

propagates through the transition zone until

it reaches the interface with the retorted

oil shale. Depending upon the compaction

characteristics of the spent oil shale, and

certainly for all of the compaction equations

considered, nearly all of the initial seismic

energy is reflected back from the interface

between the transition shale and the fully

retorted shale. In most calculations, this

reflected energy was observed to completely

fragment the transition and fresh oil shale.

The limited scope of the calculations allowed

only a simple spall model, based upon tensile

strength criteria, to be used; rather than

the more sophisticated fracture model

certainly needed if the details of the

fracture and fragmentation of the fresh

shale were required.

The key objective of the one-dimen

sional, parameter sensitivity calculations

was to evaluate coupling between explosive

characteristics, the momentum imparted to

the fresh and transition shale and the

compaction of spent shale. As discussed

above in the section on experimental re

sults, the optimum objective would be to

compact the spent shale to the extent that

all preretort
"fracture"

void volume is

recovered and a continuing process would

thereby be achieved. The results of some

of these calculations are shown in figures

7 and 8.
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Interface

Velocity (m/s)

iouNDS Per Ton

2.2 Pounds Per Ton

Figure 7

20

Time (msec)

Velocity of the fresh/transition

shale interface during explosive

compaction of 600C spent shale by
an

"ANFO-Like"
explosive versus

time (STEALTH output) .

Density (g/cc)

3.0
6.4 Pounds Per Ton

Maxima Possible Zero

Pressure Density in this

Compaction Model

20 30

Time (msec)

Figure 8. Average density in 600C spent

shale during explosive compaction

by an
"ANFO-Like"

explosive versus

time (STEALTH output) .

Figure 7 illustrates the velocity of the

interface between the fresh and transition oil

shale as a function of time for three

different explosive loading behaviors.

All three calculations were performed with

an initial 9.1 pounds of ANFO equivalent

explosive per ton of fresh oil shale, and

with a compaction equation of state, based

upon an experimental test at 600C and 46

percent initial
"fracture"

void volume.

As a result of the energy quenching logic,

the explosive energy delivered to the

fresh shale is equivalent to 6.4, 4.3 and

2.1 pounds per ton, respectively, for the

three cases shown in figures 7 and 8.

For most of the one-dimensional param

eter sensitivity calculations, it was ob

served that final density of the spent oil

shale, after compaction, was relatively

uniform. Average density, as a function

of time, for the spent shale, in the three

cases discussed above, are shown in fig

ure 8. The compaction model used in these

calculations was such that the maximum

density that could be achieved by the

spent oil shale was 2.24 g/cc at ambient

pressure. Thus, any densities higher than

this value, such as shown in figure 8,

could only be obtained during the dynamic

compression of the oil shale during explo

sive loading. In both the 6.4 pound/ton

and 4.3 pound/ton cases, the spent shale

was compressed well above this density,

indicating essentially 100 percent com

paction. For the 2.2 pound/ton case, a

peak density of 1.88 g/cc was realized,

corresponding to 51 percent compaction of

the initial spent shale with density of

0.93 g/cc. As the preretort fracture void

volume was approximately 46 percent, the

51 percent compaction obtained would more

than allow for a continuous in situ oper

ation.

The one-dimensional calculations,

although preliminary in nature, provide

considerable understanding of the in situ

compaction concept. The most significant

conclusion is that the energy required to

effect a considerable degree of compaction

is not excessively large. To the extent
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that in situ retorts can operate with consid

erably less fracture void volume than is

characteristic of the experiments and calcu

lations discussed here, required compaction

energy will be proportionately less. Two

areas, most suitable for further computational

analyses, and not as yet addressed, are the

detailed fracture and energy transmission

characteristics of fresh shale under explo

sive loading, and two-dimensional, geometrical

effects characteristic of field conditions.

CONCLUSIONS

The experimental and calculational re

sults obtained in this program have clarified

the dynamics of explosive spent shale compac

tion in modified in situ processing and have

shown the areas in which future research

efforts should be directed. Experimental re

sults show that the energy required to effect

compaction is not excessively large. Further,

these results suggest that compaction from a

preretort fracture void volume of only a few

percent could be commercially possible. Be

fore an energy evaluation can be completed,

however, further data must be obtained on the

compaction of spent shale, after retorting in

an oxidizing environment at temperatures in

excess of 600C, and on the compaction of

shale which has a preretort fracture void

volume of 20 percent or less.

Data on the dynamic compaction behavior

of spent shale will also be required before

a complete evaluation of the energy require

ments for explosive compaction can be made.

The relatively encouraging results obtained

from the one-dimensional calculations suggest

that properly designed field explosive load

ings could effect significant compaction. A

critical review, however, must still be given

to aspects that could not be included in the

one-dimensional calculations. The more im

portant effects would result from seismic

wave divergence, associated with the loading

of discrete shot holes, and adverse edge

effects on fracture and compaction, resulting

from the finite dimensions of in situ retorts.

Any further efforts to evaluate the in situ

explosive compaction concept should in

clude: dynamic experiments to properly

determine all spent shale compaction char

acteristics and two-dimensional, plane

strain calculations to account for edge

effects and shot hole placement in realis

tic field geometries.
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ABSTRACT

The drilling and casing of an 8-ft (2.4

m) diameter shaft to a depth of 2,371 ft

(723 m) in the Piceance Creek Basin of Colo

rado is described. This pioneer shaft allows

access, for the first time, to the deep oil

shales of the Saline Zone. Environmental re

search studies are planned from the shaft

and bulk samples of the minerals nahcolite

and dawsonite will be obtained for metallur

gical testing.

The shaft was spudded in on March 25,

1977, and drilled to a total depth of 2,371

ft (723 m) on October 2. Installation and

cementing of the steel casing from surface

to total depth were completed on December 27.

Actual rig time was 237 days. Fishing oper

ations took 59 days when the drill bit was

lost in the shaft at a depth of 1,245 ft

(379 m).

Results showed that a large-diameter

shaft could be safely drilled through the

Leached Zone in the Piceance Creek Basin.

Problems encountered with the drilling as

sembly, drilling mud, and casing welding can

be solved with improved designs.

INTRODUCTION

A milestone in the Bureau's Mining En

vironmental Research Program was reached on

October 2, 1977, when the oil shale research

shaft was bottomed-out at a total depth of

2,371 ft (723 m). This shaft, which was

drilled to 10 ft (3 m) in diameter, was then

lined with steel casing with an internal

diameter of 8 ft (2.4 m) . The casing, in

turn, was cemented in the drilled shaft to

provide a water-tight seal. Cementing was

completed on December 27.

A pioneer effort, completion of this

shaft represents a significant step in

the Bureau's program, which seeks solutions

to environmental problems of mining oil

shale.

Planned as a multi-purpose underground

research facility, the shaft will permit

access for the first time to the deep,

thick oil shales of the Piceance Creek

Basin. Research is planned to provide

government and industry with
geo-

technical,

hydrologic, and other data needed for de

signing environmentally safe mining meth

ods. In addition, bulk samples of oil

shale, nahcolite, and dawsonite will be

obtained for metallurgical testing and

process development. An incidental bene

fit is engineering data that will be use

ful for planning and scheduling similar

shafts in oil shale formations.

This paper describes the planning and

design of the shaft and its construction.

Generalizations regarding drilling rates,

drilling fluids, and construction costs

are drawn and recommendations are present

ed for shafts of this type.

CONSTRUCTION HISTORY

Shaft engineering contracts were

awarded in 1976 for the drilling and cas

ing of an 8-ft (2.4 m) I.D? vertical shaft

to a depth of about 2,400 ft (732 m) .

An exploration core hole was drilled

in October to confirm geological and hy
drological information before actual shaft
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boring began. Site preparation work (grading,

construction of the road, cuttings and mud

pits and drill rig pad) was completed March

2, 1977. The contractor completed mobiliza

tion and spudded in the 140- in (356 cm) diam

eter surface hole on March 25.

The surface hole was completed to a

total depth of 195 ft (59 m) on April 5, and

installation of the surface casing was com

pleted 5 days later. On April 12, the con

tractor started drilling out the cement plug

in the bottom of the surface casing with the

120-in (305 cm) diameter bit.

Shaft drilling was completed to a total

depth of 2,371 ft (723 m) on October 2. Weld

ing and running of the 96- in (244 cm) I.D.

steel casing was completed on December 8,

and the drill rig released. Cementing was

completed on December 27. The casing then

was dewatered, a temporary steel cover was

welded over the shaft collar, and the job

was completed on January 13, 1978. Actual

rig time was 238 days.

PLANNING AND DESIGN

Location and Stratigraphy

The shaft lies in the SW/4 of Section

29, TIS, R97W, Rio Blanco County, Colorado.

Surface elevation is 6,288 ft (1,917 m) .

Figure 1 is an aerial view of the site.

Stratagraphic
Formation Horizon

El
6288'

(1917m)

SURFACE

'BEDROCK

UPPER OIL a.

SHALE Z0NE=3

V Groove jr

ZDNE

T
LEACHED

Z0NEs~

'Dissolution'"

'

......frrtoc^,
tf

Orange Worker

Depth

Surface

I25'(38m)

7501229m)

930'(283m)

Physical 8 Hydrologic Character

Sand, gravel, clay- water-bearing.

Sandstone, siltstone, morl stone -

fractured and water-bearing

(slightly saline).

Lean oil shale (marlstone) -fractured
and water-beoring (slightly saline).

Rich oil shale-relotively impermeable.

Rich oil shale from which disseminated

and interbedded saline minerals have
been leached solution cavities and

collapse breccia carry small volume of

moderately saline water.

Rich oil shale (marlstone) with dissem

inated and interbedded saline minerals

(nahcolite, dawsonite, halite, etc.)-

relatively unfroctured and impermeable.

No water present.

2365'(72lm)

TO. 2371

(723m)

Clay oil shale, flaky marlstone

2535'(773m) relatively unfractured and impermeable.

(estimated) Sandstone, shale, limestone, lean oil

shale-

relatively unfractured and

impermeable.

Figure 1. Bored shaft location.

Figure 2. Stratigraphy.

The generalized section, shown in

figure 2 consists of, in descending order,

about 750 ft (229 m) of valley fill and

Uinta sandstones and shales and 1,615 ft

(492 m) of the upper part of the Para

chute Creek Member of the Green River

Formation. The shaft site, which was on

a sidehill, was in the Uinta Formation.

The oil shale zones of interest are from

top of the Mahogany Zone, at a depth of

about 930 ft (283 m) , to the Blue Marker,

at about 2,365 ft (721 m) . The Mahogany

Zone is about 190 ft (58 m) thick. The

underlying oil shale beds of the Leached

Zone are about 320 ft (98 m) thick. The

remainder of the section is the Saline

Zone, composed of oil shale containing

varying amounts of unleached saline min

erals .

Water is present in two aquifers

separated by the middle portion of the

Mahogany Zone. The upper aquifer extends

from about 125 ft (38 m) below the surface
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to the Mahogany Zone. It carries large quan

tities of water containing about 1,500 ppm of

dissolved solids. The water of the lower

aquifer or Leached Zone, below the Mahogany

Zone, carries saline water with about 4,000

ppm dissolved solids. The lower aquifer is

estimated to contain about one-tenth of the

water carried in the upper aquifer.

Surface Facilities

The surface facilities were designed for

both the expected subsurface conditions and

the drilling requirements. Facilities con

sisted of:

1. A flat, graded work area measuring

about 500 ft (152 m) square with a

concrete drilling rig support pad

measuring 89 ft (27 m) by 48 ft

(14.6 m) by 1-3/4 ft (0.5 m) to 3

ft (0.9 m) thick.

Figure 3. Overall view of rig and site

2. A graded storage and staging area

measuring about 400 ft (122 m)

square.

3. A mud pit with a storage capacity

of 51,000 bbl (8.1 million liters)
and a 9,200 bbl (1.5 million

liters) capacity cuttings pit.

4. One and six-tenths miles (2.6 km)

of access road.

5. Water supply well and pump.

6. Electric power line.

7. Telephone line.

8. Sanitary facilities.

Figure 3 gives an overall view of

the drill rig and site.

Casing

The steel casing was designed for

the depth at which it would be used. Wall

thickness ranged from 2 in (5 cm) at the

bottom of the shaft to 3/4 in (1.9 cm) at

the top. It was fabricated in 20-
and

40-ft (6 and 12 m) lengths because of

weight considerations during transport to

the site. Wall thickness of the 20-ft

(6 m) sections ranged from 1-1/4 in (3

cm) to 2 in (5 cm) depending on the pro

posed setting depth. Total length was

1,680 ft (512 m) . The remaining 720 ft

(219 m) of casing, in 40-ft (12 m)

lengths, had wall thicknesses ranging

from 3/4 in (1.9 cm) to 1-1/4 in (3 cm).

All of the casing was reinforced with

steel stiffener rings, whose size varied

with the designed setting depth below

the surface.

A 45-degree weld bevel was designed

for welding the sections together. The

top weld bevel of each casing section or

joint was 90 degrees; the bottom weld

was 45 degrees.

A special set of full-opening eleva

tors was used for lifting and handling

the casing. These elevators, which were

fitted around the casing, had a design

support capacity of 500 tons (450 metric

tons) . The top stiffener ring on each

joint of casing also served as the lift

ing ring.

The bottom of the casing string was
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sealed with an hemi-spherical head welded to

the casing. This allowed the entire string

to be floated in the drilling mud in the

drill hole and reduced the load on the drill

rig. The casing weighed over 5,500,000

pounds (2,495,000 kg). Because no drill rig

can support this much weight, we planned to

use the rig to support a maximum of 1 million

pounds (454,000 kg) with most of the casing

weight buoyed by the drilling mud. This re

quired the very thick casing walls. A safety

factor of 2 was used.

Figure 4 shows the casing in the storage

area.

5. Traveling block capacity
- 500

tons (454 metric tons) minimum.

6. Rotary table - 27 to 37 in. (68

94 cm) in diameter with 4 to 8

rpm low speed range and 35 rpm

maximum speed.

7. Draw works capacity
- 1,000,000

lbs (453,600 kg) minimum.

8. Draw works horsepower - 1,200 hp
((1,217 hp metric) minimum.

9. Auxiliary brake.

Mud pumps capacities
- 500 gpm

(1,893 liters per minute) at

1,200 psi (84 kg/sq cm). (8.4 MPa)

Air compressors capacities
-

2,500 ft /min (71 nT/min) at

6,400 ft (1,950 m) elevation at

1,250 psi (88 kg/sq cm).

(8.8 MPa)

Normal auxiliary equipment such

as mud tanks, mud mixers, shale

shaker, weight indicator, mud

transfer pumps, light plant, etc.

Figure 5 shows the drill rig and

accessory equipment.

10

11

12

% fin

?*-.

5"*
\*f

uri

Figure 4. Casing in storage yard.

Drilling Equipment

The contractor was required to provide

a drill rig that met or exceeded the follow

ing specifications:

1. Hook load capacity
- 1,500,000 lbs

(680,000 kg) minimum.

2, Drill bit sizes up to 140 in. (356

cm) in diameter and casing up to 122

in. (310 cm) in diameter.

3. Substructure - 12 ft (3.6 cm) or

higher.

600 tons (544Crown block capacity

metric tons) minimum,
Figure 5. Drill rig and accessory equipment
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Figure 6. Dual-string drill pipe.

The shaft was drilled using air-entrained

mud and reverse circulation with air assist.

The dual-string drill pipe consisted of a
13-

3/8 in (34 cm) outer casing and a 7-in (17.8

cm) inner pipe. A mixture of drilling mud

and air was circulated down the annular

space between the outer and inner pipes.

When the mixture reached the jet sub at

the bottom of the hole, air was injected

into the inner pipe. The mud continued

down through the bit, across the bit face

and then, together with the drill cuttings,

was drawn up into the inner string by the

expansion of the air as it rose toward the

surface. A salt-saturated drilling mud of

the polymeric type was used to prevent dis

solution of the salt and nahcolite when

drilling through the saline zone. Because

running the heavy casing required a very

straight hole, specifications required that

no two points in the shaft with a vertical

separation of 180 ft (55 m) could have a

lateral displacement of more than 0.38 ft

Figure 7. Mud-mixing tank,
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(0.12 m). The dual-string drill pipe is

shown in figure 6.

The mudmixing tank is shown in figure 7.

The 120-in (305 cm) diameter rotary bit is

shown in figure 8.

SITE PREPARATION

The site construction contract was award

ed on January 20, 1977. A service road was

constructed from the Piceance Creek road to

the drill site and a power line was installed.

Flat areas for both the drill site and

the pipe storage area were constructed.

The shaft collar was excavated to a depth

of about 20 ft (6 m) and a 148-in (376 cm)

diameter corrugated metal culvert pipe was

installed to serve as the conductor cas

ing. The reinforced concrete pad was then

formed and poured in two sections. The

section under the drill rig substructure

was 48 ft (14.6 m) wide by 51 ft (15.5 m)

long by 3 ft (0.9 m) thick. The engine

Figure 8. The 120-in (305 cm) drill bit,
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Figure 9. Site construction.

pad, which was the same width, was 38 ft.

(11.5 m) long by 1-3/4 ft (0.5 m) thick. Con

struction of the site is shown in figure 9.

Installation of the conductor pipe is shown

in figure 10. The concrete pad and shaft

collar are shown in figure 11. The mud pit

was 230 ft (70 m) wide by 260 ft (79 m) long

and 8 ft (2.4 m) deep. It was lined with

catalytically-blown asphalt. The adjacent

cuttings pit was 75 ft (23 m) wide by 150 ft

(46 m) long and 8 ft (2.4 m) deep. Both pits

were dug by ripping. The mud pit is shown

in figure 12.

MOBILIZATION AND DRILLING

Site construction was completed on March

2, 1977, and the drill rig began arriving on

the site March 4. Sixty-seven truck loads

were required for the move- in which was com

pleted on March 15. Rig-up was complete and

the drill hole was spudded in on March 25 at

10:00 p.m. Raising the 172-ft (52.4 m) high

derrick is illustrated in figures 13, 14,

and 15. The 140-in (356 cm) surface hole

was drilled in 213 rotating hours using

one set of Hughes cutters. The hole was

bottomed at 195 ft (59 m) below ground

level. The formation was soft, friable,

badly fractured Uinta sandstone and shale

with streaks of hard, gray dolomitic marl

stone. The cutters showed very little

wear. Surface hole drilling was complete

on April 5.

The surface casing was hand welded.

After each joint was welded, the pipe was

lowered 40 ft (12 m) and the next section

was added. The surface pipe was run in

the hole open-ended. After landing the

casing, it was cemented in place with

3,875 sacks of cement placed in three suc

cessive stages from bottom to top. Figure

16 shows the welding. Running the surface

casing is shown in figure 17.

Figure 10. Installing conductor pipe.
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Figure 11. Concrete pad and shaft collar.

Drilling the 120-in hole (305 cm) started

on April 12 and continued to a depth of 845 ft

(258 m) at an average penetration rate of 1.3

ft/hr (0.!4 m/hr) without incident. Although

some drilling mud was lost when fracture

Figure 12. Mud pit,

zones were drilled, lost circulation

material (flake mica and walnut shells)

which was carried at all times in the

drilling mud, kept the losses down. At

times, while drilling this interval, the

penetration rate was as high as 10 ft/hr

(3 m/hr). On May 10 the center cutter

and one gage cutter were lost in the hole.

It appeared that one of the 3 bolts fast

ening the center cutter to the bit body

was lost. After the first bolt was lost,

the 2 remaining bolts apparently sheared

because of overload. When the center

cutter fell to the bottom of the hole,

it tore off a gage cutter.

The missing cutters and bolts were

recovered with fishing tools received

from the ERDA Nevada Test Site and normal

drilling was resumed on May 22. Two hun

dred and seventy four hours or about
11-

1/2 days were lost during fishing.

When a new bit which had been on

order was received, it was alternated

with the original bit to save time. That

is, when one bit became worn it was pulled

and the other bit immediately run in the

hole. The worn bit was then dressed.

Dressing required two welders, a crane and

about 36 hours of time to cut off and re

place the 18 cutters used on a bit.

On June 27, the drillers noted the

bit dragging while lifting off the bottom

and also at several spots while coming up

the hole from a depth of 1,781 ft (543 m) .

The bit pulled off the drilling mandrel

at a depth of 1,245 ft (379 m) and became

lodged in the hole at that depth.

The bit was secured to the drilling

mandrel by two 3- in (7.6 cm) dowel pins

and eighteen
2- in (5 cm) bolts which pass

through a 60-in (152 cm) flange. It ap

peared that six of the bolts sheared.

This overstressed the remaining 12 bolts

which then successively parted. Several

types of fishing tools were used in at

tempting to retrieve the bit. Two of

the tools are shown in figures 18 and 19.

On August 7, the bit was finally
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Figure 13. Raising the drill rig derrick, 1st stage

recovered by inserting a spear into the top

of the bit body. The recovered bit and the

spear are shown in figure 20. The spear it

self is illustrated in figure 21. This un

fortunate incident caused a delay of nearly

59 days.

Normal drilling operations resumed on

August 25, at a depth of 1,792 ft (546 m) and

continued until a depth of 2,371 ft (723 m)

was reached on October 5. At this depth, the

bit was drilling very poorly. We decided to

abandon further attempts to deepen the hole.

CASING WELDING AND RUNNING

In September, the casing welding

contractor qualified his welders in con

formance with the ASME pressure vessel

welding code and began double-
jointing

the casing. Twenty-ft (6 m) lengths of

the heavy wall casing were joined to form

40-ft (12 m) lengths. Automatic welding

machines and the submerged arc welding

method were used. Views of the welding

operation are shown in figures 22 and 23.

Emplacement welding of the 96-in
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Figure 14. Raising the drill rig derrick,
mid-way.

(244 cm) casing began October 10. After sev

eral unsuccessful attempts to use the auto

matic welding machine, the contractor resorted

to manual welding with 6 welders outside the

casing. Two welders worked from a platform

inside the casing. All welds were
inspected'

by x-ray. Casing welding and running opera

tions are shown in figures 24 and 25.

Emplacement welding was completed on

November 18, and the casing was landed with

the bottom of the hemispherical head at a

depth of 2,352 ft (717 m) below ground level.

Some difficulty was encountered in running

the casing below the 2,000-ft (610 m) depth

because of the extreme stiffness of the 2- in

(5 cm) thick bottom joints, the square stif

le ^m takM

Figure 15. Raising the drill rig derrick,
all set.

fener rings on the outside of the casing

and a slight deviation of the drilled

hole from the vertical. More water was

pumped in the casing string to force it

to sink.

During drilling, the bored shaft was

checked for straightness at 40 ft (12 m)

intervals. Results showed that the bot

tom of the shaft, at total depth, was

about 19 in (48 cm) off-center to the

northeast. Since the casing with the

stiffener rings and grout line guides had

a maximum outside diameter of 114 in (290

cm) and the hole diameter was a nominal

120 in (305 cm), the casing had to be dis

placed about 12 in (30 cm) off-center
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Figure 16. Welding the surface casing.

throughout its length to get it to bottom.

CEMENTING

Cementing of the casing began on Decem

ber 11, and was completed on December 28. It

was carried out in nine separate stages to

prevent casing collapse. Although the casing

was filled with water, pressure differential

between the 16.3-lb/gal (1.95-g/cm3) salt

saturated cement and the water at 8.34 lb/gal

(0.99 g/cm ) would have collapsed the casing

if the cement had been pumped in one contin

uous stage. A total of 62,874 sacks of Class

H oil field cement were used. The cementing

operation is shown in figure 26.

DEWATERING THE CASING

Following cementing, the casing was

dewatered using an 83-stage, 150-HP (152

metric-HP) submersible electric pump. The

dewatering pump's output was 3,200 barrels

(511 m ) per day. Dewatering was completed

on January 9, 1978, after six days of

pumping.

DISCUSSION AND RECOMMENDATIONS

A large-diameter shaft was success

fully drilled and cased through the thick

oil shales of the Piceance Creek Basin.

The drilling mud stabilized the walls of

the shaft and prevented water inflows.

However, mud usage was high and washouts

did occur in beds containing saline min

erals. Average drilling rate was slow

and problems with the drilling assembly

caused the loss of the drill bit in the

hole. Fishing operations were slow and

costly. Emplacement casing welding was

difficult. Logistics problems were en

countered during the cementing operations

and large amounts of cement slurry were

used to fill washouts, fractures, and en

larged sections in the drill hole.

Major cost items are summarized in

table 1.

Table 1. Shaft construction costs.

Item Cost ($1,000)

Management

Engineering and administration

Drilling 2,371 ft (723 m)

Casing
Site construction

Drilling mud, 173,225 bbl

(27,540 kl)
Drill bit cutters

Drill bit stabilizers
Drill hole surveys

Welding casing

Cementing (62.374 sacks

(1,660 m5)
Radiographic inspection
Crane services

Fishing tools and materials

Other expenses

Total

$ 184

654

2,090

2,014

286

575

336

135

100

806

599

47

66

46

414

$8,352
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Figure 17. Lowering casing in bored shaft

Although no unexpected problems occur

red during site construction, the following

points were noted: (1) The volume of the

mud and cuttings pits should be determined

as accurately as possible; (2) the catalyt-

ically-blown asphalt pit lining was econom

ical, durable, and easy to construct; (3)

the concrete pad should be designed for ade

quate strength and ease of construction;

and (4) specifications and bid documents

should be as complete as possible. Our

pits were found to be somewhat mismatched.

The mud pit should have been smaller and

the cuttings pit larger. The following

mud properties were originally specified:

(1) A polymeric type mud; (2)
weight- -

8.9 lb/gal (1.07 g/cm3);. (3) viscosity

(Marsh funnel) --32 sec/qt.; (4) salinity

--100,000 ppm. These properties were

later found to be inadequate, especially
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Figure 18. Basket-type fishing tool

for controlling solution of the nahcolite and

halite beds below the 1,400-ft (427 m) depth.

The large solution cavities that were formed

had to be filled with cement when the casing

was cemented.

We recommend that salt-saturated or sim

ilar nondissolving drilling fluid be used for

any future drilling in this formation where

the nahcolite and halite minerals are present

in large quantities.

The following factors should be

carefully considered during the design

and fabrication stage of the drilling

assembly:

(1) Number and type of cutters re

quired.

(2) Rotating speed of cutters.

(3) Weight and rigidity required.
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Figure 19. Flange grabber fishing tool.

(4) Fasteners (bolts, cap screws, etc.)

required to adequately join the

assembly.

(5) Stabilizer design and placement,

if required.

(6) Operational procedures.

(7) Adequacy of design with respect to

fishing operations.

Casing design determines both method of

fabrication and method of emplacement. The

first decision required in casing design is

whether to run the casing as a closed pres

sure vessel, suspended by buoyancy in the

drilling fluid, or as a standard open-ended

configuration. Factors influencing this

first basic decision are (1) the weight of

the casing string; (2) methods of raising

and lowering the casing; and (3) methods

of cementing the casing after it is in

place.

The weld bevel for any type of cas

ing requiring field welding should be

carefully designed. If the casing requires

double-
jointing before emplacement, the

weld bevel should be symmetrical on both

pieces to be joined. A bevel of 30 or

45 degrees on each end of each piece,

depending on thickness of the casing wall,

is probably adequate. An asymetric weld

bevel should be avoided, especially with

thick casing walls and automatic welding

because differential heating in the two

sides of the weld can occur. This has a

tendency to cause weld cracks during cook

ing.

The cement mix should be selected for

the strength required in future operations.

The cementing program should be cal

culated to avoid over-stressing the cas

ing. Each stage must harden before the

next stage is pumped. This hardening

process can be controlled within precise

limits by the addition of accelerators or

retarders, as required. Water to be used

in the cementing operations should be

analyzed for certain ions or other sub

stances that may cause a flash-set or

even prevent the cement from hardening.

After cement is in place and suffi

ciently set, the casing will be standing

full of water. If the drilling rig is

still over the hole, the casing may be

dewatered by using compressed air and the

dual drilling string. This may require

some modification of the air jet sub at

the bottom of the drilling assembly. If

this procedure is planned, a special de-

watering air jet sub should be designed,

fabricated, and ready for use at dewater

ing time.

If dewatering by air is not consid

ered practical, the casing can be pumped

out by conventional means.
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Figure 20. The recovered drill bit
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Figure 21. The spear,
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Figure 22. Welding
(double- jointing) the

casing.

Figure 23. Welding
(double-

jointing)
the casing.
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Figure 24. Emplacement welding,

Figure 25. Running casing,
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Figure 26. Cementing casing in bored shaft,
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NET ENERGY RECOVERIES FOR THE IN SITU DIELECTRIC HEATING OF OIL SHALE

J. E. Bridges, Allen Taflove, and R. H. Snow

IIT Research Institute

10 West 35th Street

Chicago, IL 60616

ABSTRACT

Dielectric heating, either using short

wave or microwave frequencies, can
volumet-

rically heat in situ oil shale to pyrolysis

temperatures without being impeded by the

very poor thermal conductivity or impermeable

nature of the inplace resource. A contain

ment approach, along with use of the total

energy within the resource and recycling of

waste heat products, are the keys to making

the process energy efficient and thereby

economical. Based on the assumed considera

tions (which include the ac and RF generator

efficiencies) , the net energy recovery

(ratio of the energy in the product produc

ed to the process energy expended) ranges

between 3.4 to 5.4 for 32 gal/ton shales.

The cost of generating the ac and RF power,

including capital charges, is on the order

of a few dollars per barrel.

INTRODUCTION

Radio -frequency (RF) dielectric heating,

similar to the heating process which takes

place in a microwave oven, can volumetrically

heat oil shale in situ to pyrolysis tempera

tures without being impeded by the very poor

thermal conductivity or impermeable nature

of the inplace resource. While this "heat

ing from
within"

feature has many basic ad

vantages over more conventional heating

methods, serious consideration of this ap

proach has been inhibited by the belief that

the process was not energy efficient.

Over the last few years, IIT Research

Institute has conducted internally sponsored

studies of the feasibility of using RF

dielectric heating to achieve in situ

pyrolysis of oil shale. At the beginning

of the study, the following potential ad

vantages were projected for RF heating:

1. True in situ processing: Less

than 1 percent of the resource

would need to be mined;

2. No in situ shale rubblizing re

quired: RF dielectric heating
is not dependent upon thermal

conduction or convection;

3. No in situ oxidizing atmosphere:

RF dielectric heating uses no

combustion, and hence allows the

recovery of methane and hydrogen;

4. Controlled in situ heating zones

and temperatures: RF dielectric

heating will occur only in shale

volumes embedded within the

electrode structure; shale tem

perature could be controlled to

optimize product composition.

However, at the beginning of the IITRI

study, it was not clear that RF heating

to pyrolysis was technically feasible on

a large scale, or that it was energy ef

ficient and cost effective.

The IITRI study included five parts:

(1) detailed literature review; (2) compu

tation of the net energy ratio (NER) of

RF dielectric heating under likely proces

sing "conditions ; (3) design of innovative

RF field excitors to achieve controlled,

large-scale shale heating in situ; (4)

computation of system capital and operat

ing costs under likely RF processing cond

itions; and (5) construction and opera

tion of bench-scale RF pyrolysis systems.

At this time, the study has reached

the following conclusions:

a. Prior in situ electrical approaches
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(60 Hz ac, induction heating, micro

wave heating) were not energy effi

cient or cost effective.

b. The NER of a properly engineered in

situ RF heating process for oil

shale should exceed 3.0 at the pres

ent state-of-the-art, using RF ex-

citors which contain the applied

energy to large, precisely-controlled
shale volumes and have low power

leakage levels.

c. Costs of generating and applying the

RF energy to heat the shale to py
rolysis temperatures should be about

$4.00 per barrel.

d. Experiments have shown that oil

shale can be heated to the pyrolysis

temperature (500 C) using only RF

power under mechanically-constrained,

simulated in situ conditions. Sam

ples, up to 2 kg (4.5 lbs), have

been processed under simulated over

burden constraint where oil, about

85 percent of the Fischer assay, was

recovered.
*

e. Experiments have also demonstrated

that substantial permeability (in

the order of 100 millidarcies) can

be developed under conditions of

overburden pressure in situ. Further,
the highly permeable spent shale re

tained much of its original
strength.*

f. The simulated RF in situ heating
produced a light, low-viscosity
shale oil with a pour point near 3 C,

along with high-Btu gases.*

This paper discusses some of the aspects of

the IITRI study, with emphasis on the devel

opment of reliable estimates of the NER for

the RF in situ process. Included, are the

following contributing factors to the NER:

1. Conversion efficiency of the input

fuel energy into 60 Hz ac electric

al power:

2. Conversion efficiency of 60 Hz ac

electrical power into RF power;

3. Application efficiency of RF energy

to the resource;

4. Use of the total energy within the

resource; and

5. Use of waste heat products.

The principal difficulty, solved by the

IITRI approach, is the development of a

technique to efficiently apply nearly 100

percent of the generated RF energy and to

heat a precisely defined volume of inplace

oil shale uniformly. Conventional radiating

?Preliminary initial results

antennas, which might either be dropped

into bore-holes or otherwise direct rad

iation into the shale, are not suitable

because they effectively employ less

than 40 percent of the generated RF ener

gy. However, using a non-radiating system

to contain the electric fields within the

specified volume, and controlling the

electric field distribution within this

volume to cause uniform heating, results

in the application efficiency of the RF

energy to approach 100 percent.

This optimum electric field heating

is realized by inserting special patterns

of conductors into the shale formation

such that conducting surfaces bound at

least two sides of the volume. This forms

an electromagnetic cavity in situ which

fully contains, in a controlled way, the

applied RF energy. A further advantage

of "the containment
approach"

is that

radiation leakage is almost totally sup

pressed, thereby eliminating possible con

cern over radio-frequency interference

and other related environmental problems.

Other important considerations, such

as economic factors unique to the process,

a possible method of producing the heated

formation, and experimental results will

be summarized briefly.

PAST ELECTRICAL APPROACHES

There has been considerable interest

over the past several decades in applying

electrical energy in some way to recover

shale oil or other useful fuels from in

place resources. All of these approaches

seem to have failed, however, because of

insufficient data on the basic physics in

volved in applying electrical energy to

rock matrices; poor energy deposition;

and inefficient means of energy genera

tion that were available at the time.

Inserted Tubular Heaters

Figure 1 illustrates several of the

past electrical approaches that were eith

er seriously considered or actually
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implemented. The first, (Ljungstrom 1951,

1956, 1957; Salomonsson 1953) shown in figure

la, successfully recovered shale oil by im

bedding tubular electrical heating elements

within high grade shale deposits. This

method relied upon ordinary thermal diffu

sion for shale heating, which, of course, re

quires large temperature gradients. Thus,

heating was very non-uniform; months were

required to fully retort small room-size

blocks of shale. Also, much heat energy was

wasted in underheating the shale regions be

yond the periphery of the retorting zone and

overheating the shale closest to the heat

source. The latter problem is especially im

portant in the case of western shales since

thermal energy, in overheated zones, cannot

be fully recovered by diffusion due to endo

thermic reactions which take place above

600C. However, these field test results do

demonstrate that a true in situ heating meth

od can recover a large fraction of the Fisch

er assay without the need for premining a

swell space and rubblizing.

Shale Ohmic Heating

A second approach (Erodskaya 1971; Bur

well and others 1969; Sarapuu 1965, 1957;

Melton and Cross 1967), illustrated in

figure lb, attempted to achieve volume

heating of a carbonaceous resource by

passing 60 Hz electric current between two

imbedded electrodes, causing ohmic (resist

ance) heating. At low applied voltages,

a broad conductive path was established

between the electrodes by the moisture

U, M,l

'*>..

YY'i'. ../////////// s-

b) Electrolinking Electrocarbonization

Elecfrofracturing

Figure lb. Past electrical approaches

VY?
a) Oirecf Heating Using Ordinary
60 Hz Hearing Elements

Figure la. Past electrical approaches,

within the formation. However, above the

water vaporization point, conductivity was

diminished to where only high applied volt

ages could maintain the necessary current

flow. Inevitably, the resource underwent

electrical breakdown between the elect

rodes, causing current flow to become con

centrated in a filamentary,
arc-

induced,

conducting path. At this point, the de

sired large-scale volume heating ceased;

the shale was heated via slow thermal

diffusion from the narrow breakdown path.

Eddy-Current Heating of Shale

Shale processing via ohmic heating

effects, arising from induced eddy cur

rents, has been proposed (Fisher 1977).

This method appears to be practical only
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for heating very highly conductive resources

where non-uniform energy deposition is desir

able. In the past, highly non-uniform,
eddy-

current heating has been used to heat treat

just the surfaces of metal objects, such as

gears, for case-hardening purposes. Shale,

on the other hand, has a much lower conduct

ivity than any metal even when very moist,

and loses much of this conductivity as its

moisture evaporates. This fact, combined

with the typical, highly-non-uniform heat

ing patterns of this technique, causes a very

inefficient usage of electrical energy for

this approach.

Shale Dielectric Heating

A third approach involved the use of

very high frequency or microwave dielectric

heating (Abernathy 1974). As illustrated in

figures lc and ld, an antenna or microwave

applicator was dropped down a borehole via

a coaxial cable, or waveguide, connecting

it to a high-frequency power source at the

surface. Shale heating was accomplished

by dielectric absorption of the energy

contained in the electromagnetic (EM)

wave radiated by the antenna or applicator.

This was a true volume heating because

all points of the shale near the wave

source were heated at the same time with

out relying upon thermal conduction.

However, such a dielectric heating

arrangement was not energy efficient

because of its poor EM energy applica

tion efficiency. Only about one-third

of the EM energy was effectively used,

due to the lack of confinement of the

EM waves to a specific heating zone and

wave decay upon penetration into the

shale. Both problems caused overheating

of shale near the antenna or applicator,

and underheating of the shale further

away.

These problems are better appreciat

ed by referring to figure 2. Here, for

purposes of illustration, it is assumed

&"* *-.
"

;
vest*

"**-"*

:....*

,/*W Source
*-

c)TV Frequency (VHF)Dipoles d) Microwave Beam

Figure lc. Past electrical approaches Figure ld. Past electrical approaches
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Figure 2. Application efficiency considerations for previous antenna-excited dielectric

heating. (A) Dipole antenna in borehole; (B) Directional antenna in large slot.

that the EM wave electric field intensity,

E, falls off either as x or as the

wave propagates a distance, x, from the an

tenna or applicator in the borehole into the

shale. The near fields associated with an

antenna are quite complex (Chany and others

1975; Harrison and others 1970; Wacker and

Bowman 1971) but these simple, assumed varia

tions are adequate for discussion purposes.

The shale heating rate, proportional to E (x) ,

is plotted as a function of x in the curves

to the right of this figure. Ideally, a
con-

2
stant heating rate, E

,
is desired over a

precisely controlled penetration length, L,

to allow control over both the rate and spa

tial extent of heating. However, the curves

in figure 2, due to typical antennas or ap

plicators have "tails" which cause either
ex-

o

cess heating beyond the limits of E or
o

underheating beyond the limits of L. Thus,
?

the area under the curve, E (x) , but above

E ,
represents excess heating rates; and

the area under E (x) but beyond L, repre

sents wasted heat since this shale is

underheated and produces no product.

The application efficiency of EM en

ergy can be determined by dividing the

area of the cross-hatched rectangle,

2
E L, by the area under the curve,

/E (x)dx. It can be shown analytically

that the maximum application efficiency

is only 0.25 and 0.37 for the two assumed

electric field distributions. As will be

shown later, application efficiencies this

low reduce the NER of the dielectric heat

ing approach to about 1. For a viable

process, in situ EM applicators must be

designed to contain and control the
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electric field over a large shale volume,

achieving application efficiencies greater

than 0.95. An example of such a field ex-

citor has beei designed by IITRI, and will

be discussed later. Experimental results

for a 1/100 scale model of the excitor have

been obtained and show that the 0.95 appli

cation-efficiency goal can be attained with

a conservative design.

NER COMPUTATIONS FOR RF DIELECTRIC HEATING
OF OIL SHALE

To be of practical value, a shale diel

ectric heating process must produce signifi

cantly more energy than it consumes. Thus,

one of the most important elements of this

study of the feasibility of the RF dielectric

heating process was the development of the

process energy flow diagram. Results are

discussed in detail below. These results are

favorable to the process, showing that it

should yield a total output energy (from com

bustion of the product oil and gases) between

2.5 and 3.4 times the energy consumed by the

60 Hz ac power plant for the process, depend

ing upon the fraction of spent-shale heat

energy recycled. This estimated energy effi

ciency figure, or Net Energy Ratio (NER), ex

ceeds the NER range, cited for the above-

ground Tosco process, of 1/8 to 2.6 (Clark

and Varisco 1975; Colo. Energy Res. Inst.

1976). Where additional features unique to

the RF process can be used, its NER value in

creases to even higher levels.

Process Variations

The net energy ratio calculations con

sidered here are based on two variations of

the RF dielectric heating in situ process.

These two processes are defined as "the basic

process"

and "the advanced
process."

The

basic RF process recovers (as a vapor) oil

from shale pyrolyzed in situ at 500 C. The

advanced RF process seeks to recover the

partially-cracked kerogen, in liquid form,

at 425C. Also an adjunct, the advanced

process seeks to recover the energy within

the carbonaceous residue on the spent shale

by the injection of steam and air. Re

sulting low-Btu gas would then, in turn,

be used to fuel a combined cycle power

plant located onsite.

Basic RF In Situ Process

The key data elements involved in de

riving the energy flow diagram for the

basic RF process (figures 4 and 5) are as

follows :

1. Energy conversion efficiencies,

including

a. thermal to 60 Hz electrical

energy.

b. 60 Hz electrical energy to RF

electromagnetic energy, and

c. RF electromagnetic energy to

shale thermal energy;

2. Heat energy requirements, including

a. enthalpy of the raw shale,

b. pyrolysis energy of the kerogen,

c. vaporization energy of the py

rolyzed kerogen, and

d. enthalpy of the spent shale;

3. Product recovery efficiencies, in

cluding liquid oil, high-Btu gases,

and low-Btu gases from gasification

of the residual char;

4. Heat energy outputs, including the

combustion energy of the products.

Because the NER is so fundamental,
state-

of-the-art values for the above parameters

have been used, whenever possible, and are

referenced below.

The energy flow diagram is based

upon oil shale with an assumed Fischer as

say of 32.4 gal/ton. Other assumptions

made in the development of this diagram

are as follows:

a. 60 Hz ac electric power for the

process is generated on site by
a liquid or gas-fueled

combined-

cycle system having a thermal

efficiency of between 40 and 44

percent. Such efficiencies are

presently available; efficiencies

close to 50 percent appear likely
by the mid-1980's (Anon. 1977;
Guy and Woodward 1977). This

power plant burns either the

liquid or gaseous product pro

duced by the RF in situ process.

With modification, including gas

cleanup, the low Btu gases which

result from gasification of the

residual char from the advanced

RF process, or from the effluent
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gas developed during the modified

in situ process, can be accepted.

b. Unmodulated (continuous wave) RF

power is generated on site at fre

quencies in the short-wave band,

using modern vacuum-tube technology.

A 90 percent efficiency is achieved

in converting raw 60 Hz ac power into

RF power. 80 percent efficiencies

are now available up to 30 MHz for

voice-modulated shortwave stations

such as used for the Voice of Amer

ica. If the voice modulation is

eliminated, these efficiencies can

be made to reach 90 percent, at

present (Bullock 1976). By the
mid-1980'

s, the extension of present

semiconductor technology into the

shortwave band should result in even

higher efficiencies, which presently
reach better than 95 percent at fre

quencies below 100 kHz. These modern-

day, high RF power generation effi

ciencies remove one of the most ser

ious past objections to the dielect

ric heating approach.

c. A 95 percent efficiency is achieved

in converting the RF power to useful

heat energy in the shale. This fact

or is based upon the in situ EM

field excitor design discussed be

low, which has been shown experi

mentally to achieve very high field

confinement and uniformity.

d. The heat required to pyrolyze the

oil shale is approximately 326 Btu/lb

(equivalent to 0.76 MJ/kg) , as shown

in figure 3, derived from Wise and

others (1976; 1977). It is recog
nized that the heat requirements may

vary somewhat for different shales

(even for those with the same gal/ton

assay) .

e. A fraction, R, of the sensible heat

in the volumes of spent shale is used

to pre-heat regions of raw shale. For

a commercial facility, R is expected

to be in the range 0.3-0.5. Methods

for recycling spent-shale heat energy
are discussed in Appendix A.

f. A 90 percent recovery of the Fischer-

assay oil is assumed, based upon lab

oratory results for RF pyrolysis of

shale under simulated, constrained,
in situ conditions.

g. High-Btu gaseous by-products of the

pyrolysis are equivalent to 9 per

cent of the shale oil by weight and

have an estimated heating value of

900 Btu/ft3 (31.65 kj/m3). One hun

dred percent recovery of the pro

duced gas is assumed.

h. The following energy inputs are not

considered: energy expended in any

premining; energy involved in devel

oping and producing the necessary
capital equipment; and energy in

volved in the delivery of the prod

ucts. However, the impact of

these external energy losses is

expected to be small.

-A 32 4 Gol /Ton Row Shale ( Averoge Of
34 3 And 30.4 Gol /Ton Shole)

-a 150. Gol /Ton

-V Spent Shole

-o Burned Shole

100 300 400 500 600

Temperolure, *F

700 800 900 1,000

Figure 3. Heat content above 77 F for
~n

spent, raw, and burned shales

The energy flow diagram discussed

above is shown in figures 4 and 5. For

convenience, figure 4 normalizes all en

ergy values in Btu for an assumed 1 pound

of raw oil shale, and fixed, 50 percent

recycle of sensible heat in the spent

shale. Figure 5 normalizes all energy

values in MJ for an assumed 1 kg of raw,

liquid oil output, and assumes a variable

spent-shale heat recovery parameter, R.

In figure 4, the bar at the far right

indicates the total Btu content available

in the recovered product. The bar at the

left indicates the fuel thermal input re

quirements to the ac power plant. The

amount of gas assumed to be evolved is

conservative, since other data (Duir and

others 1977), as well as our own recent

tests, suggest that the amount of energy

in the gases evolved could be as much as

325 Btu (342.8 kg) rather than the 188

used here.

From figure 5, the NER can be ex

pressed as a function of R, the heat
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Figure 4. Net energy chart for the basic RF process-
-32 . 4 gal/ton western oil shale.

recovery parameter, in the following way:

Net energy output [derived from combus

tion of the products (Kumschal 1975)]

= 38.4 MJ + 3.5 MJ

= 41.9 MJ

Net energy input (to the thermal elec

tric power plant)

= 16.9 MJ - R-9.3 MJ

Net energy ratio (net energy output t

net energy input)

41.9 = NER

16.9 - R-9.3

The following table lists the NER for

the basic RF in situ process as a function

of R:

Table 1

Range of R expected

for a commercial RF

in situ facility

NER

0.0 2.5

0.1 2.6

0.2 2.8

0.3 3.0

0.4 3.2

0.5 3.4
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ENERGY FLOW RAW OIL SHALE

(MJ) AND PRODUCTS

16.9 - R-9.3

thermal input

1
1

7.1 - R-3. 9

60 Hz electricity

1
6.4 - R-3. 5

RF fields

1
6.1 - R-3. 3

oil shale heat 8.0 kg raw shale

due to RF at 25C

6.1

oil shale
heat-

requirement

R-3. 3

heat recovered

from spent shale

3.3.

spent-shale
heat"

0.4.

condensation heat

(unused)

_
7.0 kg spent shale

(with 0.25 kg carbon)

-1.0 kg shale oil vapor

0.09 kg gases =

(heat value = 900 Btu/ft

42% power plant
efficiency171,

90% efficiency

RF
generator19

95* RF application

efficiency (coupling
to shale)

From experimentally

determined enthalpy

including pyrolysis and

vaporization20

Fischer assay

products ac 500C

.1.0 kg liquid shale oil

(Raw crude oil at 500C)

0.9 kg raw shale oil

3.5
"*" h-f

90% recovery yield

Shale oil heat value

Products of combustion

Figure 5. Energy flow diagram for the basic

RF processing method for 32.4

gal/ton oil shale.

Advanced RF In Situ Process

The advanced RF process would use the

controlled-heating features unique to the

RF process to improve energy efficiency and

product yield beyond that for the basic pro

cess. Key goals of the advanced process in

clude the recovery of shale oil as a liquid

at 425C and the gasification of the carbon

aceous residue on the spent shale at about

600 C. Attainment of the first goal would

reduce the required thermal energy input

from 328/Btu to 265 Btu/lb, as shown in fig

ure 3. Attainment of the second goal would

produce low-Btu gas (hydrogen and carbon

monoxide) , and would increase the sensible

heat energy of the spent shale from 200 Btu/

lb (-V.96 kJ/kg) to 230/Btu (110 kJ/kg) . This

section discusses the reasoning behind

the goals of the advanced process, and

the probable energy flow diagram and Net

Energy Ratio of the advanced process.

Recovery of Shale Oil in Liquid Form.

In the investigation of Wise and

others (1971; 1976), it was found that 85

percent of the oil produced could be re

covered in liquid form apparently without

vaporizing and condensing it. This ob

servation suggests that the heat require

ment for RF processing might be reduced

below that for conventional retorting.

First, the heat of vaporization of the

oil product would not be needed if the oil

could be produced in liquid form. Second,

the heat requirement would be less if the

processing could be done at 425C instead

of 500C. This concept is consistent with

the chemical kinetics model of the kerogen

pyrolysis that has been reported by Mobil

(Johnson and others 1975) which found that,

in the early stages of pyrolysis, enough

bonds are broken so that most of the ker

ogen becomes a viscous liquid with a small

fraction (9 percent by weight) converted

to gas products.

It is hypothesized that these gases

will drive the liquid oil from the pores

of the shale. This has not been experi

mentally tested, since retorting experi

ments to date have swept the shale bed

with hot gases. However, there is evi

dence from the studies of Tisot and Sohns

(1971) that shale containing more than 30

gal/ton begins to yield oil when subject

ed to pressure and heating to 425 C.

Gasification of the Residual Carbon.

A second option for increased energy

recovery is the gasification of the resid

ual carbon left in the shale by the pyrol

ysis process. This carbon amounts to

about 25 percent (by weight) of the carbon

originally present in the kerogen. (This

carbon residue is not included in the

Fischer assay.)
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In situ combustion processes, proposed

by others, will burn this carbon to supply

the hot gases for the retorting. However,

combustion and pyrolysis are not separated

in such processes, and some of the shale

oil can be expected to burn with the carbon.

Furthermore, the combustion gases will part

ly mix with the gaseous products of the pyrol

ysis, reducing the value of the gaseous prod

ucts.

In the RF in situ process, pyrolysis

is carried out entirely by heating in the ab

sence of air. After this is completed, one

can then consider gasifying the residual

carbon. At this point, the shale should be

quite porous and permeable, because the

voids that contained kerogen should be empt

ied. (We have measured a permeability of 80

millidarcies. ) Thus, gasification should

occur throughout the volume of the processed

shale as soon as reactive gases are intro

duced. Furthermore, the zone of gasification

should be limited to the slab of processed

shale, because the surrounding raw shale will

still be impermeable to gases.

Methods for continuous production of
low-

Btu gas, developed several decades ago (Gumz

1950), can be adapted for this purpose. The

most practical method is gasification by a

mixture of air and steam. Here, the air re

acts with the carbon bed to produce a mixture

of CO and CO- with evolution of heat; and the

steam (water) reacts to produce H~ and CO.

(This reaction is catalyzed by the presence

of normally occurring alkali salts.) The

product gas composition depends upon reaction

temperature and inlet gas composition. If

the carbon bed is already at the reaction

temperature, then a heat balance on the gas

feed shows that an 80/20 percent by volume

mixture of air/steam will give a reaction

temperature of 640C. The optimum gasifica

tion temperature for shale is probably be

tween 600C and 700C. Temperatures above

700C should be avoided to prevent decomposi

tion of the dolomite in the shale.

Since the gasification temperature is

higher than the pyrolysis temperature, some

heat will be required to raise the shale

to the gasification temperature. If the

shale is at 425C after pyrolysis, it can

be calculated that one-third of its resid

ual carbon content would have to be oxi

dized to an equimolal mixture of CO and

CO- to provide the heat necessary to raise

the shale temperature to 600 C. This can

be accomplished by increasing the air con

tent of the gas feed, especially during

the first part of the gasification. The

product gas will then have a somewhat high

er proportion of CO and C02 than the 80/20

percent air/steam mixture discussed in the

previous paragraph.

The product gas could be used as a

source of low-Btu (130 Btu/ft3; 5.08 kJ/
3

m ) fuel for an electric power plant, or

it could be used as a source of hydrogen

for pre-refining the shale oil. At this

time, the best use of the low-Btu gas re

mains to be determined.

Energy Flow Diagram and Net Energy Ratio

Figures 6 and 7 repeat the energy

flow diagram of figures 4 and 5, but assume

that the conditions of the advanced RF in

situ process are in effect. Again, 32.4

gal/ton shale is assumed.

From figure 7, the Net Energy Ratio

can be expressed as a function of R in the

following way:

Net energy output (derived from com

bustion of the products)

= 38.4 MJ + 3.5 MJ + 4.6 MJ

= 46.5 MJ

Net energy input (to the thermal

electric power plant)

= 13.6 MJ - R-10.0 MJ

Net Energy Ratio (Net energy output

i net energy input)

46.5

13.6 - R-10.0

= NER

The following table lists the NER for the

advanced RF in situ process as a function

of R. Over the likely range of spent-

shale heat recovery, the Net Energy Ratio

of the advanced RF in situ process exceeds
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Figure 6. Net energy chart for the advanced RF process-
-32.4 gal/ton western oil shale

that of the basic RF process by about 50 per

cent.

Table 2

Range of R expected

for a commercial RF

in situ facility

R NER

0.0 3.4

0.1 3.7

0.2 4.0

0.3 4.4

0.4 4.8

0.5 5.4

EXAMPLE OF AN RF IN SITU RECOVERY SYSTEM

To achieve an RF energy application

efficiency close to unity, special de

signs of conventional electromagnetic

wave transmission, guiding, and cavity

structures can be adapted for in situ use

to fully contain RF energy within a de

sired oil shale volume. The surfaces of

such structures would not be constructed

using solid sheet metal, but, instead,

would be realized by inserting a set of

conducting tubes or flat strips into the

shale within individual boreholes or
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ENERGY FLOW
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thermal input
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oil shale heat
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4. 9

oil shale heat-
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RAW OIL SHALE
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R-3.6

heat recovered

from spent shale

3-6

spent-shale heat<-
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RF generator

95% RF application
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to shale)
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6.7 5 kg spent shale

(at 600C, with no carbon)

kg liquid shale oil
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0.9 kg recovered crude oil

38.4 --
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value23

If

Products of Combustion

Figure 7. Energy flow diagram for the ad

vanced RF processing method for

32.4 gal/ton oil shale.

slots drilled from either the earth's sur

face, from an adit, or from a drift. This

would allow the use of conventional drilling

techniques to prepare the shale for RF heat

ing. Further, the boreholes would provide

recovery paths for oil and gas liberated

during the RF heating process.

A number of in situ RF heating excitors

can be considered, each with its own special

features. These may be grouped as follows:

1. transverse electromagnetic mode (TEM),
triplate transmission line;

2. single mode, multi-mode, and switched

or stirred multi-mode rectangular,

circular, and elliptical waveguides;

3. single mode, multi-mode, and switched

or stirred multi-mode rectangular

cavities.

Analysis of the operation of the

triplate line structure is simpler than

that of the others, and lends itself to an

understanding of the problems involved in

using RF energy to efficiently heat oil

shale in situ. Therefore, for simplicity,

this paper discusses only the triplate

line structure.

Triplate Line r
nceptual Design

The triplate transmission line is

simply described as a coaxial cable whose

conductors have been flattened from their

nominal concentric circular configuration.

Figure 8a illustrates a fully-enclosed

triplate line. Because of the large size

of the metal plates, compared to their

separation, the field between the inner

conductor and the outer conductors is es

sentially uniform, except near the edges

of the inner conductor. Shale, or for

that matter any lossy dielectric placed

within this electric field, would be

heated in a nearly uniform manner.

Clearly, emplacement of solid metal

structures underground is difficult. How

ever, the triplate line can be adapted,

using certain electromagnetic engineering

techniques, to the point where emplace

ment is simplified. First, the ends of

the structure are opened, as shown in

figure 8b, making sure that the spacing

between the outer plates and other geo

metrical features satisfy certain theo

retical conditions for continued, full

containment of the EM energy. Second,

and most important, the solid metal

sheets of figure 8b are replaced by plan

ar arrays of parallel, tubular conductors

as shown in figure 8c. Again, it can be

shown that virtually all of the EM energy

supplied to the structure is contained

uniformly within the outer, or shield,

planes, if the spacing between adjacent

tubular conductors is properly chosen.

As in the case of a microwave oven,

means can be provided in the structures

of figure 8 (or related structures) to
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Figure 8. Triplate line conceptual design. (A) Solid wall totally enclosed cavity;

(B) Solid-wall cavity with side-wall removed; (C) Discrete conductor

realization of (B) .

minimize the non-uniform heating effect of

standing waves within the structure. For

the triplate line, this can be done by short

ening or elongating the inner conductor at a

predetermined interval in the heating cycle,

or by changing frequency.

Somewhat higher heating rates may occur

in small regions near the cylindrical con

ductors due to the effect of fringing fields.

This heating occurs within the prescribed

volume and is controlled by thermal diffusion,

conductor geometry, and overall heating rates.

Fuel Recovery Method Summary

The simplest fuel recovery method can

be described in terms of the basic RF process,

illustrated in figure 9. Here, boreholes for

the electrodes are drilled either vertically

or horizontally from drifts. Simple machines

are available (Oster 1977) to form low-cost,

expendable electrodes in situ for direct

insertion into the boreholes. Every

tenth or twentieth electrode may be cased

as a producing well, with perforations as

required, so that the products can flow

to a collection system. A collection sump

can also be employed.

A very important aspect of the RF in

situ process is the method of extracting

the pyrolysis products. IITRI lab tests

and studies indicate that a true in situ

recovery method can be employed, without

recourse to premining and rubblizing.

The RF pyrolysis experiments under simu

lated overburden constraint demonstrated

that high permeability of the rock matrix

can be generated and preserved, allowing

substantial product recoveries. For

richer oil shales, RF-heated under con

strained conditions, permeabilities in the

order of 100 millidarcies have been ob

served.
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An explanation of this result may lie,

in part, in some of the measured data on oil

shale strength as a function of temperature.

DuBow and others (1978) found that the

strength of the oil shale passes through a

minimum and then recovers to nearly its

original strength. Since no premined "swell

space"

was employed in the simulated in situ

laboratory tests at IITRI, the fully con

strained, heated shale had no opportunity to

change structure until much of the original

strength was recovered. This preserves the

original void space in the rock matrix and

allows permeability to develop without rock

collapse as the pyrolyzed kerogen empties

out of the interlocking void spaces. In con

trast, the modified in situ process requires

premining a "swell
space"

and rubblizing to

develop the high permeability needed to sus

tain combustion and heat transfer. For such

retorting conditions, plastic flow of the

shale during the heating cycle tends to seal

off the permeability.

ECONOMIC CONSIDERATIONS SUMMARY

Cost of Generating the AC and RF Power

In the case of obtaining the necessary

60 Hz ac power, several options are avail

able, involving various combinations of

power plant types, fuels, and locations.

However, the simplest case is apparently the

use of a combined-cycle ac generation plant

near the oil shale site. In this case, either

liquid or gaseous products of the oil shale

pyrolysis are consumed to produce the ac power.

This has two advantages: First, the cost of

generating the ac power is independent of any

purchased fuel costs; second, the capital

costs are minimized by the use of the com

bined cycle power plant, ranging from $280-

$380 per kilowatt [depending on the amount

of fuel gas cleanup required (Guy and Wood

ward 1977)]. Substantially-greater costs are

needed for either a
coal- fired plant or for a

nuclear generation plant.

Since obtaining a liquid product is the

goal of most of the western oil shale proc

esses, the gaseous products (both high-

Btu and low-Btu gas) can be considered

available to fuel the combined-cycle

power plant. By using these gases as fuel

for the on-site ac power plant, compari

sons of production costs per barrel can

be made with modified in situ approaches

which normally consume these products.

Therefore, the costs assigned to these

fuels will be simply those associated with

the gas separation or generation system,

estimated to be in the order of $0.20 per

million Btu. Based on this estimate, the

cost of electric power produced on-site

by a combined-cycle ac plant is 1.2<fr/kWh,

as computed in table 1. It should be re

alized that this low cost cannot be di

rectly compared with conventional indus

trial power rates set by a regional util

ity. Such a utility must necessarily

have higher rates to account for the more

expensive fuels shipped in from remote

points (such as coal and oil) ; facilities

for regional power transmission and

Table 1. AC and RF generation costs for

an onsite combined-cycle AC

plant fueled by gases produced

on site.

Base Parameters: 1) 32.4 gal/ton oil shale

2) 8000 hrs/year operation

3) 0.18/year capital charges

4) $300/kW cost for combined-cycle ac plant

5) $30/ kW cost for fuel gas cleanup

6) $0.20/106-Btu fuel cost

7) 0.42 overall ac plant efficiency

8) $120/kW cost for RF generator and associated

RF equipment

9) 0.9 overall RF generator efficiency

10) 0.95 RF energy application efficiency

11) 0-50% recycling of sensible heat in spent shale

Pro-Rated Costs

AC Power Plant

Capital Costs

60 Hz AC Plant

fCLiilfj.
[year I [808000 hrs

$(300 + 30)
kW

Operation and Maintenance

AC
Plant16-

Fuel Costs

RF Source

Capital Costs

RF Plant

f 1 1 [3.4 x
IO3

Btul [ $0.20 1
1 0.42 I I kWh J

[106
BtuJ

[0.18
year

HI year 1 [$1201
8000 hrs J [ kW j

Operation and Maintenance (assumed value)

RF Plant

0.744/kWh - ac

0.25*/kWh -

ac

0.16(t/kWh -

ac

1.15<t/kWh -

ac

0.27<t/ kWh - RF

0.10t/kWh - RF

0.374/kWh - RF
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Table 1 (cont.) .

Basic RF Process

a. Generation Requirements (from Figure 5)

60 Hz ac generation

bbl oil

RF generation

bbl oil

[^ R-3.9) 106J

0.9 kg oil
1
,
[l kWh -

acl

J
x
[3.6 106J I

[0.95 kg oil] fl59 liters oil]
[l liter

oilj
x

[ 1 bbl oil I

n Q y
[60 Hz ac generation!

u-* x

[ bbl oil ]

0

.1

.2

.3

.4

.5

b. Generation Costs

60 Hz ac generation cost

bbl oil

RF generation cost

bbl oil

ac generation

bbl

331 kWh-ac

313

295

276

258

240

RF generation

bbl

298 kWh-RF

282

265

249

232

216

_
[ac generation] [ 1.15$ ]
[ bbl oil ]

x

IkWh-acj
_

[RF generation] v
f 0.37t 1

"

[ bbl oil j
x

IkWh-RFJ
ac generation cost

bbl oil

RF generation cost

bbl oil

0 $3.81 $1.10 $4.91

.1 $3.60 $1.04 $4.64

.2 $3.39 $0.98 $4.37

Expected .3 $3.17 $0.92 $4.09

for a .4 $2.97 $0.86 $3.83

commercial .5 $2.76 $0.80 $3.56

scale faci ity

distribution and transmission redundancy;

excess capacity to cope with intermittent

high peak loads; and to provide uninter

rupted service.

Costs associated with the RF genera

tors have been obtained from the princi

pal manufacturer of this equipment in the

United States. This cost is on the order

of $110 per kilowatt (Bullock 1976), as

suming a large quantity to produce approx

imately 100,000 barrels of raw shale oil

a day is purchased.

Costs of generating both the neces

sary ac and RF power are summarized in

table 1. Although not including all pos

sible process costs, these data show that

the viability of the RF process is not

limited by the cost of generating the ac

and RF power, but rather by obtaining the

postulated yields under actual in situ

conditions. Spent-shale heat recycling

factor, R, in this table, is assumed to

Table 1 (cont.)

Advanced RF Process

a. Generation Requirements (from Figure 7)

60 Hz ac generation

bbl oil

RF generation

bbl oil

f(5.7 - R-4.2) x 10*j] f 1 kWh-ac ]
[ 0.9 kg oil

]x
[3.6 1060 ]

[0.95 kg oil]
v
fl59 liters oil]

1 liter oil J
x

[ 1 bbl oil ]

n o
f60 Hz ac generation]

-9 x

[ bbl oil ]

ac generation

bbl

266 kWh-ac

246

227

207

187

168

RF generation

bbl

239 kWh-RF

222

204

186

169

151

b. Generation Costs

60 Hz ac generation cost

bbl oil

RF generation cost

bbl oil

[ac generation] f 1.15* ]
bbl oil J

x

[kWh-ac]

[RF generation] ,
[0.37* ]

bbl oil
Jx

[kWh-RF]

Expected

for a

commercial

scale facility

R ac generation cost

bbl oil

0

.1

.2

.3

.4

.5

$3.06

$2.83

$2.61

$2.38

$2.09

$1.93

RF generation cost

bbl oil

Total

$0.88 $3.94

$0.82 $3.65

$0.75 $3.36

$0.69 $3.07

$0.63 $2.72

$0.56 $2.49

Oojrt
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Figure 10. Factors affecting operating
frequency. A) Penetration

depth; B) Heating time with

out electrical breakdown.
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range from 0 to 0.5, although the range
0.3-

0.5 is expected for a commercial scale RF

facility, as discussed in Appendix A.

Choice of Operating Frequency

The selection of the proper operating

frequency is essential to minimize costs.

This can be better appreciated by referring

to figure 10. Figure 10 shows the decay of

electric field as a function of distance into

the shale for microwave, VHF, shortwave, and

lower frequencies. We note that, in the case

of microwave energy, penetration is possible

only in an order of a few meters. This means

that in order to gain access to the shale,

boreholes, shafts or tunnels must be placed

within a few meters of each other. Such a

close placement, however, is obviously un

economic. Fortunately, as frequency is de

creased, access can be had to progressively

larger volumes of shale from the same drift

or borehole.

Based on IITRI measurements of oil

shale electrical characteristics, a frequency

in the shortwave band can be selected which

will allow access to volumes of shale on the

order of 100 meters in dimension before field

decay causes a serious heating-uniformity

oroblem. Even lower frequencies could be

considered but, eventually, these become un

desirable since the RF heating effect is re

duced at these frequencies. If too low a

frequency is chosen, heating time will be so

long that considerable energy may well be

lost by thermal conduction to adjacent shales.

This could be remedied by increasing the elec

tric field intensity, but this increase is re

stricted by the electrical voltage breakdown

characteristics of the shale.

Thus, it is seen that there is an opti

mum range of frequencies, i.e., a frequency

"window", in the shortwave band, which will

allow access to large, commercially-useful

volumes of shale and yet not require either

excessive heating times or applied field in

tensities (which might encourage the devel

opment of electrical breakdown) . The bounds

of this
"window"

can be expressed analyti

cally as a function of the electrical and

thermal properties of the shale and the

geometries of the emplaced conductors.

However, this paper will not describe the

details of this analysis.

Electrode Emplacement Costs

IITRI'
s preliminary studies indicate

that electrode emplacement costs in the

order of $1.00/bbl can be realized if the

operating frequency is in the lower por

tion of the shortwave band. This is based

on the following assumptions: a) use of

the triplate line geometry; b) 5-inch

boreholes for the electrodes, drilled,

using a
water- jet-assisted technique, at

rates of 1 foot/minute (based on 3 feet/

minute lab rates derated to be consistent

with set-up and takedown times associated

with shallow-well drilling methods) ; c)

electrodes spaced every l/30th wavelength

within the planes of the triplate geom

etry; d) use of automatic electrode-forming

equipment in the drifts; and e) $500 per

meter cost of mining 2.5 m x 4 m access

crosscuts. All of the above assumptions

are based on either quotations from con

tractors or suppliers or experience with

actual equipments.

CONCLUSIONS

This paper has demonstrated that sub

stantially more energy can be recovered

than expended for dielectric heating of

oil shale in situ provided certain re

quirements are
met-

-namely, field contain

ment and uniformity. By using frequencies

in the lower portion of the shortwave band,

large warehouse-sized blocks of shale can

be processed, reducing electrode emplace

ment costs. By such procedures, including

use of the more advanced ac and RF genera

tion methods, costs of generating and ap

plying the RF appear to be in the order

of $4.00 to $5.00 per barrel for high to

medium grade oil shales. While many fac

tors need to be explored, the RF in situ

process represents one of the few remain

ing unexploited oil shale conversion
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technologies that has a high probability of

success.

Appendix A. RECYCLING OF THE SENSIBLE HEAT

IN THE SPENT SHALE.

Well defined in situ heating zones, made

possible using the RF technique, present the

opportunity to recycle heat energy from zones

of spent shale to preheat adjacent zones of

unprocessed shale. This would have the ad

vantage of significantly reducing the level

of RF energy needed to process a shale bed.

This appendix discusses one simple,
thermal-

diffusion approach for recycling nearly 30

percent of the spent-shale heat energy.

Other, more sophisticated, thermal diffusion

strategies and thermal convection approaches

are within reason for attaining 50 percent

or more recycling; however, these are not

reviewed.

Surface of Oil

Shale Seam

Individual triplate

"line heating zone

Strategy for a 28 Percent Recycling of the

Spent Shale Heat Energy

Heat transfer by thermal diffusion is

inevitable. As discussed below, this natural

process can be used to good advantage to re

alize heat recycling simply by RF-heating al

ternate shale blocks or rows of shale blocks.

A strategy for the recycling of 28 percent

of the spent-shale sensible heat is now pre

sented.

A 28-percent recovery of the spent shale

heat energy should be realized by processing

the shale bed in a three-step, time sequence.

With this strategy, the shale bed would be

marked off in thin, parallel slabs, as shown

in figure A-l, where each slab could be RF-

processed using a single triplate line. In

Step 1, alternate slabs (labeled "a") would

be RF-heated from ambient temperature to

pyrolysis; the resulting shale oil would be

extracted. In Step 2, the residual heat of

the spent shale, resulting from Step 1, would

be allowed to flow into the adjacent
raw- shale

slabs (labeled "b") , causing preheating of

these slabs. Finally, Step 3 would elevate

the preheated shale in the
"b"

slabs to the

pyrolysis temperature, using a reduced amount

of RF energy.

Figure A-l. Spatial division of the shale

bed for a 28 percent recycling

of spent-shale sensible heat

energy.

S32F

226 Btu,

326 Btu

RF
V\\/VW^

S^l76Btu

495

F

"79 Btu

97 Btu heat transfer

1 77F

0 Btu

0

932F

326 Btu |

o_

229 Btu

RF
WA/-5

A10F

"97 Btu

932"

f

176 Btu

-
77

F

0 Btu

0

Figure A-2. Three step strategy for a 28

percent recycling of
spent-

shale sensible heat energy.
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Details of a typical three-step sequence

are now summarized, referring to figure A-2,

for 32.4 gal/ton shale.

Step 1: RF heating of the
"a"

slabs

of figure A-l from 77F to

932F, providing a total heat

energy input of 326 Btu (norm

alized to 1 pound of raw shale

in each of the
"a"

slabs) .

The crude shale oil product

from the
"a"

slabs is then ex

tracted, leaving about 88 per

cent of the original shale by
weight, or 0.88 lb (475 g) in

the form of spent shale. This

spent shale has a heat content

of 0.88-200 Btu = 176 Btu

(185.6 kJ) .

Step 2: Cooling of the spent shale in

the
"a"

slabs to an average

temperature of 495F by the

conduction of heat to the ad

jacent raw shale in the
"b"

slabs of figure A-l. This pro

vides a total heat energy input

of 97 Btu (102 kJ) to each
"b"

slab. Normalized to one pound

of raw shale in each of the
"b"

slabs, this 97 Btu heat

transfer results in a
"b"

slab

temperature rise from 77F to

410F. Thus, the average fi

nal temperature difference be

tween the
"a"

and
"b"

slabs is

(495F -

410F) = 85F.

Step 3: RF heating of the
"b"

slabs

from 410F to 932F, providing
a total heat energy input of

229 Btu (241.6 kJ) (normalized

to one pound of raw shale in

each of the
"b"

slabs) .

The overall reduction, or savings, of RF

heating energy achieved with this strategy

RF energy savings 97 100% = 15%

326 + 326

The overall recovery of sensible heat in the

spent shale is

sensible heat re

covery

97

176 + 176
100% = 28%.

It can be shown that the average final

temperature difference of 85 F between the

"a"
and

"b"
slabs corresponds to a heat

transfer time of several months. This wait

ing time for heat transfer should not be a

serious problem for large shale beds because

enough regions could be placed under RF pro

cessing at any one time to achieve the de

sired overall production rate.
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RESULTS FROM SIMULATED, MODIFIED IN SITU RETORTING IN PILOT RETORTS*

J. H. Raley, W. A. Sandholtz, and F. Jay Ackerman

Lawrence Livermore Laboratory
P. 0. Box 808, L-207

Livermore, CA 94450

ABSTRACT

Data obtained from operating 1.5 mx0.3m

and 6 m*0.9 m laboratory retorts to simulate

a modified in situ process are summarized.

The effects of feed-gas composition, including

addition of steam, shale particle size and

bed porosity on retorting rate, temperature

maxima and profiles, off -gas composition and

oil yield are presented. Inclusion of steam

is shown to increase retorting rate, oxygen

efficiency and hydrogen content of the product

gas. Heating value of the product gas is

also raised somewhat, but is mainly deter

mined by the C.+ content. With a narrow

shale particle size range, experimental data

agree well with model calculations based on

the underlying physical and chemical proces

ses. Experimental results, with a broader

range of particle size or large content of

fines, indicate complexities due to gas flow

nonuniformity and oil holdup. The use of

intraretort gas composition and temperature

data to detect and help interpret these com

plexities is demonstrated.

INTRODUCTION

As noted in earlier publications (Lewis

and Rothman 1975; Rothman 1975), studies at

the Lawrence Livermore Laboratory are directed

toward development of the modified in situ

method for recovery of liquid fuel from oil

shale. The objective of these studies is to

identify, understand, measure and control the

principal technical determinants of the

*Work performed under the auspices of the De

partment of Energy under contract No.
W- 740 5 -eng- 48.

feasibility of the modified in situ method.

The main effort, focused on the retorting

process itself, includes (a) laboratory

(Mallon and Braun 1976; Campbell, Koskinas,

Coburn and Stout 1977) and surface pilot

(Sandholtz and Ackerman 1977) experiments;

(b) mathematical model development (Braun

and Chin 1977; Carley and Thigpen 1977);

and (c) a combination of these to portray

and predict the course of an in situ re

torting operation.

This paper summarizes the results

of experiments with our two pilot scale

retorts of 1.5 mx0.3 m and 6 m><0.9 m

dimensions and respective nominal shale

capacities of 125 kg and 6000 kg. The

data were obtained under conditions of

minimized loss of process heat through

the retort sidewalls in order to simulate

in situ operation. Presented here are

results on the effects of varied feed

gas composition, shale particle size

(within the limitations imposed by retort

size) ,
and bed porosity (extending to low

values approximating in situ bed void

volume) . The understanding thus gained

is being coupled with modeling work in

order to guide and interpret field exper

iments.

EXPERIMENTAL

The two, sidewall heated retorts and

the retort computer system for data acqui

sition, process control and data display

were described previously (Sandholtz and

Ackerman 1977). Figure 1 shows the liquid

product collection system. The oil
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Figure 1. Liquid product collection system.

separator has two sections, the upper (down

stream) section is packed with stainless steel

sponge. The mist separators, too, are packed

with stainless steel sponge. The final ele

ment in the product collection train, a
high-

efficiency filter, contains a fiber filter

medium, capable of collecting particles down

to 0.3 micrometer at 99.7 percent efficiency.

This assures virtually 100 percent liquid

product collection. It also indicates the

overall effectiveness of the other collection

elements. For example, in Run S-15 only about

0.1 percent of the total liquid product was

collected by the filter.

Both a water phase and an oil phase are

collected as liquids. In addition, the oil

phase, as collected, contains water. Water

content of the oil is measured; oil yield

and properties are determined for dried oil.

Product gas is continuously metered.

Gas flow rate and compositions are then uti

lized in mass and energy balance calcula

tions. Overall closures in these balances

are generally within 2 percent for mass

and 6 percent for energy. In addition,

the gas stream is frequently sampled both

intraretort and at the exit to determine

its composition.

Intraretort gas samples are drawn at

various vertical depths of the bed and at

three radial locations (near the center-

line, half-way toward the wall and near

the wall) at each of four bed depths.

Sampling times are chosen to coincide

with selected retorting process conditions

at the sampling point. Samples of gas

exiting the retort give composite results

for the entire continuous process in the

retort and are useful as checks on the

on-line, single species instruments read

ing oxygen, carbon monoxide, and carbon

dioxide in the exit stream.
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Intraretort gas analyses shed light on

process nonuniformities as well as the rela

tionships among local process conditions and

gas compositions.

The primary instruments used on intra

retort gas samples are gas liquid chromato

graphs (GLC) . Both thermal conductivity and

flame ionization detectors are used to deter

mine a substantial number of gas species, both

organic and inorganic.

Gas samples are analyzed both on-line

and off-line. Off-line grab samples taken in

evacuated bulbs are analyzed by both GLC and

mass spectrography.

125 kg Retort

Data from six experiments in the 125 kg

retort are summarized in table 1. Four feed

gas compositions were employed to retort the

Anvil Points 84-100 1/metric ton (20-24 gal/

ton) shale. Comparison of experiments S-10

and S-ll illustrates the effect of recycling

Table 1. 1.5x0.3 meter (125 kg) retort
Anvil Points shale.

s-io S-11S-12 S-13 S-14 S-15

Shale Charge

Size Range, cm -2.5+1.3
- 2.5+1.3 -7.6+0 -2.5+1.3 -7.6+0 -2.5+0

Bed Porosity, X 47 47 38 49 34 37

Mass, kg 124.0 125.2 146.6 120.2 149.4 152.6

Grade, 1/tonne 99.7 99.7 99.3 99.7 99.3 83.7

gal /ton 23.9 23.9 23.8 23.9 23.8 20.1

Organic Carbon, wX 10.81 10.81 11.12 10.81 10.99 11.35

Gas Feed Air + Air Air + Air + Air + Air +

Recycle N2 Steam Steam Steam

3 2
m /m min 0.63 0.61 1.14 0.70 0.70 0.70

SCFM/ft2

2.1 2.0 3.7 2.3 2.3 2.3

3 2
0., m /m min 0.075 0.13 0.10 0.075 0.075 0.075

Retorting Rate, m/day 1.3 2.6 2.1 2.2 1.6 1.5

kg/hr 4.5 9.2 8.5 7.5 6.6 6.4

Avg. Max. Temp., C 868 1003 - 887 - -

Oil Yield, % of Assay 95 93 93 96 88 86

0 Efficiency, w/w

Kerogen 1.3 1.6 1.9 2.2 2.0 2.0

Oil 0.9 1.0 1.1 1.4 1.2 0.94

retort effluent gas to the top of the

retort. Shale charges to the retort,

representative splits of the same, care

fully prepared -2.5 + 1.3 cm inventory,

were essentially identical in mass and

void volume. As expected, the lower oxy

gen flux in the recycle run produced a

lower retorting rate, as defined by the

advance rate of the 400C point, measured

by fixed thermocouples on the retort axial

centerline between 20 percent and 80 per

cent bed depth. Mass retorting rates (kg/

hour) are used to calculate oxygen effi

ciencies. The oxygen efficiency for kero

gen represents the mass of kerogen heated

to 400C per unit mass of oxygen fed.

The mass of kerogen is computed from the

organic carbon content of the shale charge

and the carbon content of kerogen (80.5

percent by weight;. J. Ward Smith 1961).

The oxygen efficiency for oil production

is obtained from the mass retorting rate,

the assay oil value of the shale, the

experimentally determined oil yield and

the oxygen fed. Average maximum tempera

ture, as measured by the same fixed ther

mocouples, was lower in the recycle
run.*

This reflects the lower oxygen flux as

well as the release of energy over a

greater shale volume. This lower energy

density results from burning of recycle

gas well upstream of the char-
and oil-

burning zones. Also, the slightly higher

oil yield may indicate a lower consumption

of fuel per unit of shale volume.

The effect of including steam in the

gas feed is best illustrated by comparing

experiments S-ll and S-13 on the same,

narrow particle size range shale. The

lower retorting rate with the equimolar

*0bserved average maximum temperatures

should be interpreted cautiously, espe

cially when multiple-peak, axial profiles

are observed. As noted later, such pro

files are common when retorting shale of

broader particle size range or containing
a large amount of fines. Hence, average

maximum temperatures are not included in

table 1 for the -7.6 + 0 cm and -2.5 + 0 cm

shales .
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steam-air feed is again expected because of

lower oxygen flux. However, oxygen effici

encies are substantially higher, i.e., more

shale is retorted, more kerogen pyrolyzed and

more oil produced per unit of oxygen fed.

Several explanations may be suggested: (1)

the additional heat supplied to the retort by

the steam; (2) increased participation of

reactions in which steam serves as an oxidant;

and (3) lower endothermicity of mineral decom

positions in the presence of added steam.

Calculations show that (1) is not important.

On the other hand, evidence for increased

participation of one or both of the reactions:

(D

(2)

char + H20 CO +

H2

CO + H20 C02
+

H2

is supplied by the larger hydrogen production

with added steam, 0.16 percent by weight of

the shale charge (S-13) compared to 0.06 per

cent by weight (S-ll), shown in table 2.

Table 2. Hydrogen production.

EXPERIMENT

Shale Charge

Size Range, cm

Small Particles, w<

<1.3 cm

<0.34 cm

Kerogen, w%

Gas Feed

H, Production, w% Shale

S-ll S-12 S-13 S-14 S-15

-2.5+1.3 -7.6+0 -2.5+1.3 -7.6+0 -2.5+0

0 26 0 26 73

0 9 0 9 33

13.43 13.81 13.43 13.65 14.10

Air Air + Air + Air + Air +

N~ Steam Steam Steam

0.06 0.11 0.16 0.25 0.38

Lower endothermicity of mineral carbon

ate reactions in the presence of steam, due

to enhanced silicate formation, is well known

and was recently
demonstrated to apply to car

bonates in oil shale (Campbell 1978). Average

maximum temperature, as measured at the re

tort centerline, was lower with steam, but

more experimental data are needed to deter

mine if this potentially important, indicated

effect is real.

Particle Size/Bed Porosity

The combined effects of these param

eters on the retorting process are illus

trated by comparing the three steam exper

iments, S-13, S-14, and S-15 (tables 1 and

2).

Figure 2 illustrates the more com

plex, multi-peaked
profile observed with

a broader particle size range and higher

content of fines (-7.6 + 0 cm; S-14) (-2.5 +

0 cm; S-15). Similar behavior for the

-7.6 + 0 cm shale in the absence of added

steam was noted previously
(Sandholtz and

Ackerman 1977) . The greater irregularity

with the -2.5 + 0 cm shale occurred often

during the S-15 experiment (fig. 3).

Figures 4, 5 and 6 compare peak tempera

ture-bed depth plots, observed and calcu

lated from the LLL retort model. With

the narrow particle size range material,

viz., -2.5 + 1.3 cm in run 13, a relative

ly smooth curve in good agreement with

model prediction was obtained. With

either of the two other particle size

ranges, the experimental curve is irregu

lar and lies well above the model predic

tion.

Figure 2. Temperature profiles for dif

ferent shale particle size and

porosity.

300
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Figure 3. Temperature profile for -2.5 + 0 cm

shale at different times; experi

ment S-15.

Figure 5. Peak temperature vs bed depth;
-7.6 + 0 cm shale; experiment

S-14.
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Figure 4. Peak temperature vs bed depth;
-2.5 + 1.3 cm shale; experiment

S-13.

Figure 6. Peak temperature vs bed depth;
-2.5 + 0 cm shale; experiment

S-15.
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The shape of the progressing retorting

front, over a particular retort diameter (fig.

7), or a radius normal to that diameter (fig.

8), changes more with the -2.5 + 0 cm shale

than with the narrow range, larger average

size particles. Appearance of unconsumed

oxygen ("oxygen breakthrough") , as detected

by the three radially spaced probes (see

Experimental), also is more radially dependent

with the -2.5 + 0 cm shale. At level 8 in

experiment S-15, oxygen breakthrough occurred

at the retort centerline after about 21 hours;

at the half-radial position (MID, fig. 8),

oxygen never appeared during the entire exper

iment even though effluent-gas oxygen content

rose to 5 percent by volume. Post-run exami

nation of this portion of the bed revealed a

sizable pocket of shale containing unburned

char .

SHAPE OF FRONTS - WEST SIDE

S-13; Shale -2.5 +1.3 cm

Level 4 6 8

Center

Mid

WallHI
Level

S-15; Shale -2.5 + 0 cm

4 6

OTimeto500C

Time to O. appearance

8 6 8

10 12 14

Time in hours

16 18 20 22 24

SHAPE OF RETORTING FRONT - NORTH TO SOUTH
.na

Figure 8. Shape of fronts -

west side;

experiments S-13 and S-15

(triple probe levels are 3.9

cm below corresponding levels

in figure 7; same spacing).

Level

S-13; Shale -2.5 + 1.3 cm

3 4 5 6 7

S-15; Shale -2.5 + 0 cm

2 3 4 5 6

North

Center

South

8 10 12 14 16

Time to
500

C, hours

18

Center

South

20 22 24

Figure 7. Shape of retorting front -

north

to south; levels equally spaced

15.2 cm axially; experiments S-13

and S-15.

These combined observations point to in

creased flow nonuniformities with the broader

particle sizes, higher fines content, and

lower porosity shale beds employed in S-14

and S-15. In addition to the inherent depen

dency of internal heating rate and oil

release on particle size, and consequent

opportunity for oil and gas burning, a

bed containing broad size particles of

shale provides zones of relatively re

stricted flow. The more slowly generated

oil and gas from these zones have the op

portunity to contact oxygen unconsumed

because of exhaustion of fuel from more

rapidly heated shale. Thus, multiple com

bustion zones, varying in amount and type

of fuel, can develop over the bed depth

and result in multiple temperature peaks.

The same argument applies to temperature

and gas composition over the retort cross-

section. If the locations of restricted

flow zones change during retorting, as

seems likely, opportunities for irregular

ity are even greater.

Flow restriction by fines is evident

from the pressure drop data in table 3.

The larger content of fines in experiment
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Table 3. Pressure drop and oil holdup.
.19

EXPERIMENT

Shale

Size Range, cm

<1.3 cm, wX

<0.34 cm, wX

Bed Porosity, X

Gas Feed

3 2
m /m min

Pressure Drop, cm H20

Initial

Maximum

Oil Holdup

X of Bed Retorted

at First Oil Collection

S-ll S-12 S-13 S-14 S-15

-2.5+1.3 -7.6+0 -2.5+1.3 -7.6+0 -2.5+0

0

0

47

Air

0.61

0.05

0.4

26

9

38

Air +

N2

1.14

0.1

2.1

0

0

49

Air +

Steam

0.70

20

26

9

34

Air +

Steam

0.70

0.4

11.2

<50

73

33

37

Air +

Steam

0.70

10

146

60 Figure 9. Separation/overlap of retorting
and combustion zones; experiment

S-12.

S-15, as compared to S-14, produced a one

order of magnitude increase in initial (be

fore steam start) pressure drop. Also note

worthy are pressure drop increases during the

experiments. Paralleling these increases are

the higher oil holdups, as measured by the

fraction of the bed that had reached 500C

before liquid oil appeared at the retort out

let. Water holdup, due to steam condensation

in the cooler portions of the bed, also con

tributes to rise in pressure drop during the

experiment. Comparing S-12 and S-14, inclu

sion of steam in the feed produced a larger

rise in pressure drop, even with a lower total

gas feed rate.

Some information on the separation or

overlap of oil generation and combustion zones

is also supplied by intraretort gas data.

One criterion for overlap is the presence of

oxygen in the oil -generating zone of the rub

ble bed, i.e., where the temperature is rising

from
300

to 500C. Figure 9 illustrates the

application of this criterion to experiment

S-12. Oxygen content at the retort
center-

line at Level 4 (58-cm bed depth) is compared

to the centerline shale temperature at the

12-cm and 43-cm bed depths. While shale at

the 12-cm depth was producing oil (temperature

between dashed lines) ,
oxygen content of the

gas was about 2 percent by volume at a point

46 cm deeper into the bed. At the 12-cm

depth, the 0- content is inferred to have

been at least 2 percent by volume and

probably substantially higher. Similarly,

the retorting shale at the 43-cm depth

was probably exposed to *0.5 percent by

volume oxygen. Table 4 compares the re

sults of applying this criterion at sev

eral depths for experiments S-12 and S-10.

Overlap occurred in both experiments dur

ing startup but persisted further into

the bed in S-12.

Table 4. Separation and overlap of re

torting and combustion zones

125 kg Retort: 100 litre/tonne

EXPERIMENT S-10

Bed Depth, cm

12

27

43

58

S-12

118

Oil Yield (X FA)

Overlap Overlap

Separation Overlap

-

Overlap

Separation Separation

Separation Separation

Separation Separation

93
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Time-averaged effluent gas compositions

and calculated lower heating values for the

nonrecycle experiments are given in table 5.

In all but S-ll (undiluted air feed), the H2
and CO contents increased substantially dur

ing the experiment, reaching maximum values

shortly before oxygen appeared in the efflu

ent gas. Consequently, two effluent gas com

positions are listed: one, representing

the early (excluding startup) stage; the

other, the late stage (excluding the near-

completion period) . Also given are the

composition and heating value calculated

from the LLL retort model for S-13, using

the gas data from analytical assay of 25

gal/ton Mahogany shale (J. Ward Smith

Table 5. Effluent gas composition and heating value composition, percent by volume,

EXPERIMENT S-ll S-12 S-
13 S-14 S-15

Component ExPt. Model

H2 1.9 1.2/2.0 4.7/6.9 3.6 4.2/9.8 8.2/12.4

CH4 1.0 0.6 1.1 1.0 1.2/1.1 0.7/0.6

C
{a

L2
0.4 0.2 0.4 \ 0.4 0.4/0.3

C
(b

0.2 0.2 0.2 >
1.3<d

0.2 0.2

C
(C

L4+
0.7 0.4 0.7 ) 0.8/0.7 0.4

CO 3.1 0.6/4.4 1.3/2.4 1.4 1.1/4.0 2.9/4.5

co2 32.4 15.9/15.2 37.1/35.8 40.9 37.2/33.9 34.1/31.9

2 0.6 0.1 0.1 0.0 0.0 0.0

M2+Ar 59.7 80.8/76.9 54.4/52.4 51.8 54.9/49.9 53.1/49.7

100.0 100.0 100.0 100.0 100.0

HEATING VALUE, KJOULE/GRAM MOLE OFF-GAS

100.0

H2 4.6 2.8/4.9 11.4/16.7 8.7 10.2/23.8 19.9/29.9

CH4 8.0 4.8 8.8 8.0 9.6/8.7 5.3/5.0

c(a

2
5.6 3.3 5.6 > 5.3 5.1/4.8

C(b

L3
4.0 3.0 4.0

27.8(d

4.8 4.1

C(c

L4+
29.4 16.4 29.4 , 33.2/29.8 17.5

CO 8.8 1.8/12.4 3.7/6.8 4.0 3.0/11.2 8.1/12.6

60 33/44 63/71 49 66/83 61/73

BTU/SCF 69 37/50 71/81 55 75/94 69/83

^2^4 ^2^6
= 0.25

(t>

C3H6/C3H8 ' -70

^c
Ratio of C4+ to CH4 and composition of C4+, as determined in S-15,

assumed for other experiments.

*d
Assumed composition taken from analytical assay of 25 gal /ton shale

(J.W. Smith, 1962).
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1962) . The experimental and model calculated

values are in fair agreement. The orderly

increase in hydrogen content of the late stage

effluent gas in the three steam experiments

(S-13, S-14 and S-15) parallels the content

of fines in the shale charges (table 2) and

consequent availability of solid surface to

steam for reaction with char or catalysis of

the shift reaction. In S-15, at least half

the total hydrogen production must be due to

reactions (1) and (2). Noteworthy is the

dominant role of the higher hydrocarbons,

grouped as C4+, in the calculated heating

value. The amount of these components in the

gas is, of course, mainly determined by the

condensing and demisting procedure. Hence,

gas heating value can be controlled within

substantial limits by equipment design and

operation.

6,000 kg Retort

The experiment described below, using

this retort, was designed to emphasize the

effects of wide particle size range and a low

porosity, approaching that envisioned for in

situ retorts. The shale charge, consisting

of -7.6 + 0 cm particles and blocks averaging

30 cm in equivalent sphere dimension, loaded

together to give 25 percent porosity, is de

scribed in table 6. Some representative

temperature-depth profiles, depicted in fig

ure 10, indicate process complexity substan

tially greater than that suggested by similar

plots for the -7.6 + 0 shale in S-12.

Table 6. 6,000 kg retort,

Shale: Size (cm)

Small -7.6, +0

Blocks (avg) 20

Grade Litre/Tonne wtX

99 61

120 39

Porosity: 0.25

Gas Feed: Air+N2; 9 V* 02; 1.2 in /m min (4 SCFM/ft )

02 In Off -Gas (Steady State): 0.0 V*

Oil Yield: 72* FA

1200

1000

P 800

B

1 600

I
400

200 -

16 26 37 48

A A-

68 hr after ignition

A
U'S'/\\

\, \ \ \
H \ \ V

\ \ \

200 400

Distance from top of retort, cm

Figure 10. Centerline temperature pro

files; 6,000 kg retort.

Block temperature and intraretort

gas data further illustrate this complex

ity. Figure 11 shows one block, equipped

with five surface and five internal ther

mocouples (all fully sheathed), located

with its lower surface at the 213-cm

depth. Also shown are two diametrically-

opposed gas sampling/ thermocouple probes,

terminating about 40 cm from each other;

one, about 2 cm below the block (14B)

and the other (14A), immersed in -7.6 + 0

shale at the same bed depth. The expec

tation was that oil and gas, emerging

from the relatively slowly heating block,

would be burned by oxygen unconsumed be

cause of exhaustion of fuel from the

smaller shale particles. In fact, the

entire block, even the center, heated

much more rapidly than the small shale

at 14A (fig. 12). Also, oxygen break

through occurred 30 hours earlier at 14B

than at 14A. Small shale, situated in

the gas pathways between blocks, or be

tween a block and the retort wall, was

fused. The recovered block of figure 11

had a char burn pattern indicating one

gas channel penetrating nearly to the

block center. This portion of the block

600
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Figure 11. Block, thermocouples and gas probes at 213 cm depth; 6,000 kg retort.

heated most rapidly (30C/60 sec.) early in

the experiment. Observations, from this and

other instrumented blocks and small shale

zones that indicated localized, intense

sources of heat, included widely varying

heating rates, abnormally high (100-fold)

ethylene/ethane ratios (Jacobsen, Decora and

Cook 1976) and persistence of methane genera

tion to temperatures near 800C. Extensive

intermingling of oil-releasing and com

bustion zones, providing opportunity for

oil burning, was evident. The char in

some blocks and small shale was completely

removed; in others, still present, even

covering the particle surface. The en

tire pattern reflected the gross
nonuni-

formity of gas flow occasioned by the

wide spread in shale size and distribution
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60 70

Figure 12. Temperature and oxygen data; 213

cm bed depth; 6,000 kg retort.

in the bed, low porosity and the high ratio

of block dimension to retort radius. Yet, in

spite of this nonuniformity and resultant

process defects, an oil yield of 72 percent

was obtained.

CONCLUSIONS

Retorting of narrow particle size range,

high porosity shale beds proceeding with
near-

uniform gas flow, produced oil yields 93 per

cent with any of the feed gas rates and com

positions tested, and gave results in reason

able agreement with those calculated from the

LLL retort model. Loss of yield due to oil

burning is encountered mainly in the startup

period. Beds with broad size distribution

and lower porosity are characterized by pro

cess complexities and lower oil yields. Non

uniform gas flow results in intermingling of

oil -generating and combustion zones, provid

ing opportunity for oil oxidation. Pressure

drop and oil holdup increase with the fines

content of the bed; holdup may contribute to

yield loss. Despite these complexities, an

oil yield of 72 percent was obtained under

conditions emphasizing these influences.

Inclusion of steam in the feed gas raises

oxygen efficiency, hydrogen production and

effluent gas heating value. The latter, how

ever, is predominantly influenced by the

content of higher hydrocarbons and, hence,

is partially controllable by equipment

design and operation.
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URANIUM MINERALS IN CHATTANOOGA SHALE
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ABSTRACT

A large quantity of low-grade uranium

ore, Chattanooga shale, is present in much

of east-central United States. Shale, an

alternate source of uranium and oil, may one

day be processed for its energy content.

Chattanooga shale samples from DeKalb

County, Tennessee, were studied with an elec

tron microprobe. Preliminary results show

that uranium in concentrations up to 130 ppm

is not dispersed uniformly within the kerogen

or inorganic matrix. Distinct uranium miner

als, such as uraninite, apatite, and titanium

bearing oxides, ranging in size from 3 to

180 ym, are evident on shale surfaces exposed

by polishing.

INTRODUCTION

The Devonian and Mississippian shales of

east-central United States contain an esti

mated 2,000 to 3,000 billion barrels (319.6-

479.4 hM/m3) of oil equivalent (Yen 1974).

In addition, Chattanooga shale is a low grade

source of uranium; its content averaging 60

ppm for the Gassaway Member in regions of

Kentucky, Tennessee, and Alabama. Future

recovery of hydrocarbons or uranium from

these shales may partially alleviate concerns

of dwindling domestic oil and gas reserves.

Extraction of uranium from Chattanooga

shale has interested numerous researchers in

the past. Investigations by Ewing (1949),

Brown (1950), and Pollara (1958), for example,

have shown that up to ninety percent of the

shale's uranium may be removed by various

dissolution techniques. The search as to

how uranium is dispersed within Chattanooga

shale, however, goes on. McKelvey and

Nelson (1950) reported that "most of the

uranium in the black shale is in an acid

soluble form and seems to be in the fine

grained fraction of the rock. Beyond

that, nothing is known as to its mineral

ogy."

On the other hand, Frederickson

(1948) postulated that U02 ions are ad

sorbed between graphite layers of carbon

aceous material. Until it is known how

and where uranium resources are contained

within Chattanooga shale, no accurate

determination of uranium dissolution

mechanisms is possible.

With the advent of the electron

microprobe, the ability to characterize

rock matrices has vastly improved.

Studies of very small surface areas, dif

ficult during the
1950'

s, are now possible.

Hakkila and others (1977) demonstrated

the utility of the electron microprobe in

distinguishing differences between western

and Devonian oil shales. They clearly

identified the common mineral constitu

ents of the shale matrix, such as pyrite,

apatite, quartz, aluminosilicates, and

others. In preliminary work, we have

demonstrated the utility of the electron

microprobe in the search of uranium and

uranium containing minerals in Chattanooga

shale. Finely-polished shale samples

reveal the presence of at least three

uranium-containing grains: uranium ox

ides, uraniferous apatite, and titanium-

bearing, multiple oxides. With the ex

ception of uraniferous apatite, uranium-

bearing grains are extremely small, 5 to
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10 ym in size being common.

The removal of oil or uranium from

Chattanooga shale by itself may always be

uneconomical. Based on uranium concentra

tions of 60 to 100 ppm, the mineral value is

$6-10 per ton. An oil content of 34 to 58

ym /kg (8 to 12 gal/ton) is worth $2-4 per

ton. Only a combined hydrocarbon-uranium

recovery scheme is likely to compete with

the costs of other forms of energy.

EXPERIMENTAL PROCEDURE

Shale Samples

Chattanooga shale samples from the

Gassaway Member were obtained from four out

crop locations in central Tennessee. Non-

weathered samples, from beneath the surface,

were collected. To ascertain oil and uranium

richness, the shale samples were assayed with

the modified Fischer retort, as described by

Stanfield and Frost (1949) and neutron acti

vation analysis, respectively. Assay re

sults, appearing on table 1, show that sam

ples rich in oil and uranium, typical for the

Gassaway Member, were obtained. Shale sam

ples from two locations in DeKalb County

were subsequently polished with Linde A 0.3

ym micropolish and coated with carbon to re

veal the surface microstructure.

Assays of Chattanooga shale samplesTable 1. Assays c

Sample

No. Location

2 DeKalb Co.

3 DeKalb Co.

4 Putnam Co.

7 Clay Co.

Fischer Assay

(gal/ton) (,am3/kg)

15.1 63

13.6 57

14.2 59

10.1 42

Uranium

(ppm)

74

132

53

67

Electron Microprobe Studies

An Applied Research Laboratories, Model

EMX-SM, electron microprobe was used for this

study. Uranium-bearing grains were located

in the following manner: First, an x-ray

spectrometer was set to 3.9098A, the charac

teristic wavelength of uranium (Ma) , using

a uranyl nitrate standard; second, the

polished Chattanooga shale surface was

exposed to an electron beam which was

swept over an area of 160*200 ym. The

x-rays characteristic to uranium were

meanwhile monitored. If no counts higher

than background were detected in the spe

cified area, the sample was moved to view

another 160*200 ym region.

Once located, the uranium-bearing

grain was exposed to a narrow beam (ap

proximately 1 ym in diameter) of electrons.

A multichannel analyzer counted the char

acteristic x-rays coming from the exposed

grain. Uranium and common elements, such

as aluminum, silicon, phosphorus, calcium,

and potassium, established intensity peaks

recorded on an oscilloscope screen. The

knowledge of grain constituents then al

lowed the identification of uranium-bear

ing minerals.

The problems of identifying single

grains of uranium compounds, however,

were great. Typical uranium-bearing min

erals are less than 10 ym in size! For

polished samples parallel to the bedding

plane, the depth of uranium grains is apt

to be 1 to 4 ym. At electron accelerating

voltages greater than 10 KV, electron

surface penetration may exceed 3 ym, thus

stray x-rays, characteristic of adjacent

grains, may be detected. As long as sin

gle minerals cannot be readily isolated,

the quantitative analyses of these com

pounds are estimates at best.

RESULTS AND DISCUSSION

Surface Microstructure

The fine-grained nature of Chatta

nooga shale is evident in figures 1 and

2. These photomicrographs of shale sam

ples collected in DeKalb County, Tennes

see, were taken at magnifications of 100X

and 1000X, respectively. The surface in

figure 1 is unpolished. In figure 2, the

large dark particles are pyrite, whereas
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Figure 1. Unpolished Chattanooga shale sur

face (100X).

Figure 2. Polished Chattanooga shale surface

(1000X).

the small grains comprise the siliceous, car

bonate, and oxide compounds. The largest

pyrite grain, appearing in the upper left

corner of figure 2, is 30 ym in length.

Aluminosilicates and SiO~ make up most of

the siliceous matter.

Uranium-bearing Minerals

Uranium Oxides

McKelvey and others (1955) stated

that "no clear picture has emerged of the

exact nature of the uranium-bearing com

pounds [in black
shales]."

They suggested

that uranium-organic complexes, finely

disseminated uraninite, and adsorption by

some deposits (perhaps clays) account for

the shale's high concentration of uranium.

Electron microprobe studies showed the

presence of uraninite grains ranging in

size from 3 to 30 ym. Figures 3 and 4

show the shale's surface at a magnifica

tion of 1000X, and the x-ray counts (in

tensity) characteristic of uranium, re

spectively. The lightly colored grain

at the center of figure 3 is representa

tive of uraninite. X-ray counts outside

the uraninite grain are background. Fig

ure 5 shows characteristic x-ray counts

of elements in the uraninite grain. Only

three peaks are evident, corresponding to

the elements silicon, lead, and uranium.

Silicon is recorded from stray x-rays in

adjacent grains. Lead is, most likely,

the radioactive decay product of uranium.

Figure 3. Uraninite grain, Chattanooga

shale sample number 2 (1000X)
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Uranium exhibits two characteristic x-ray

peaks, M and M,
a

Figure 4. X-ray counts characteristic to

uranium (uraninite) .

Si Pb

Up

Figure 5. Elemental scan of uraninite grain

(intensity peaks) .

Uraniferous Apatite

Finely divided apatite (Ca5(P04)3(F,OH,

Cl)) is known to exist in the Gassaway Member

of Chattanooga shale. Uranium was found to

be concentrated in some apatite grains up to

180 ym in length. Figures 6 and 7 show a

Figure 6. Apatite grain, Chattanooga

shale sample number 3 (500X)

Figure 7. X-ray counts characteristic to

uranium (apatite) .

representative grain of apatite at a mag

nification of 500X, and the x-ray counts

characteristic of uranium, respectively.

The lightly colored particle in the apa

tite grain is mostly pyrite. Figure 8

shown an elemental scan of one uranifer

ous apatite grain. Note the two x-ray

intensity peaks for calcium, K and Kfl.
.

ot p

By comparison with an uranyl nitrate
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Ca,

Ca/

Figure 8. Elemental scan of apatite grain

(intensity peaks) .

standard, the composition of uranium within

the apatite grain was estimated to be 0.5

percent by weight. Altschuler and others

(1976) proposed that uranium can replace cal

cium in the apatite structure. The similar
o

ionic radii for tetravalent uranium (1.05A)
o

and divalent calcium (1.06A) make substitu

tions likely. He suggests that uranium is

typically 0.00X to 0.01X percent of sedimen

tary marine apatite, somewhat lower than esti

mated by our studies on the electron micro

probe.

Within Chattanooga shale, Mutschler

(1976) notes that phosphates occur in scat

tered nodules in the top few feet of the Gas

saway Member and in sparse,
finely- divided

particles of apatite. Apatite comprises less

than one percent of the shale matrix.

Multiple Oxides

Titanium-
and uranium-bearing grains

were found in Chattanooga shale sample number

2. An elemental scan showed the concentra

tion of titanium was high in these multiple

oxides, while that of uranium was low. Iron

in trace quantities was also seen. Hakkila

(1977) found TiO- minerals in shale from

both the Mahogany Zone and West Virginia.

TiO- can exist as rutile; however, the pre

sence of uranium makes such an occurrence

doubtful. Brannerite ((U,Ca,Fe,Y,Th)3
(Ti,Si) _0, 6) and davidite contain uranium

in concentrations up to 43 and 4.4 per

cent by weight, respectively (Merritt

1971). Perhaps one of these forms is

present in Chattanooga shale.

Figures 9 and 10 show the shale's

surface at a magnification of 1000X, and

Figure 9. Titanium oxide grain, Chattanooga

shale sample number 2 (1000X) .
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Figure 10. X-ray counts characteristic to
uranium (titanium oxide) .
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the x-ray counts characteristic of uranium,

respectively. The lightly colored grain, 7

ym in diameter, at the center of figure 9,

contains uranium and titanium. The composi

tion of uranium within the titanium-bearing

grain was estimated to be 5 percent by weight.

Other Minerals

The possibility exists of other
uranium-

containing minerals, such as coffinite

(U(Si04)1_x(0H)4x)and aluminum phosphates

being present in Chattanooga shale. The ex

tremely small size of some particles made

the study of a single grain difficult; thus,

all minerals may not have been identified

with this preliminary work. The association

of uranium with clays is yet unknown. Urani

um-enriched grains, smaller than 4 ym in size,

yielded ambiguous x-ray scans due to elements

in adjacent grains. A nonassociation of

uranium with pyrite, however, was noted.

Scans of numerous pyrite particles in urani

ferous Chattanooga shale failed to indicate

the presence of any uranium.

Uranium Mineral Surface Area

If the uranium within Chattanooga shale

is concentrated only in grains
"visible"

to

the electron microprobe, the occurrence of

such a particle can be predicted. The fol

lowing assumptions must be used:

(1) Assume most of the uranium is con

centrated as uraninite. With a uranium com

position of 47 percent by weight, uraninite

has an approximate specific gravity of 7.5.

(2) Assume apatite and multiple oxides

with titanium contribute little to the over

all uranium content of shale.

(3) Use an average uraninite grain

diameter of 6 ym.

(4) Use shale containing 74 ppm by

weight uranium. Shale has a specific gravity

of 2.3.

With these assumptions, there is an oc

currence of one uranium particle for every

18 sweeps of a 160*200 ym area. Experimen

tally, a uranium particle was found for

every 8-15 sweeps under the electron beam.

Particles smaller than 6 ym in size and the

occurrence of less concentrated uranium

grains (apatite, multiple oxides) account

for the minor discrepancy in the number

of sweeps .

CONCLUSIONS

1. Uranium-bearing minerals exist

in the Gassaway Member of Chattanooga

shale. Uraninite, uraniferous apatite,

and titanium-bearing multiple oxides have

been identified by electron microprobe

analyses. Other minerals of uranium may

exist. The small grain structure of the

shale often yielded ambiguous x-ray scans

of associated elements.

2. The oxide forms of uranium appear

in very small minerals, 3 to 20 ym in size.

Uraniferous apatite forms much larger

grains, up to 180 ym in size, though they

contain less than one percent uranium.

3. Uranium beneficiation by pulver

izing and particle size classification is

uncertain. The small size of the uranium

minerals makes physical separation unat

tractive. Dissolving out these minerals

with acid, though, may be the only prac

tical recovery method.

4. The uranium mineral surface area,

as studied on the electron microprobe,

agrees with calculated predictions, based

on Chattanooga shale containing only

small (less than 10 ym in diameter) urani

nite particles. Apatite and multiple

oxides probably contain less than 10 per

cent of the shale's uranium.

5. The electron microprobe is an

effective tool in characterizing the mi

crostructure of shales. It is also ef

fective in locating trace elements such

as uranium. Though the preliminary work

is somewhat qualitative, quantitative com

position analyses of uranium minerals are

possible by comparison to standard com

pounds .

6. Chattanooga shale is an alter

nate source of both oil and uranium. The

recovery of both fuels in concert may be

of more economic value than the recovery
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of either resource alone
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THERMOPHYSICAL PROPERTIES OF GREEN RIVER OIL SHALE
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INTRODUCTION

Oil shale is a complex heterogeneous

material whose thermophysical properties de

pend upon organic content, moisture content,

temperature, orientation, mineralogy, and

perhaps other variables. This paper discus

ses the effects of moisture and organic con

tent on the thermal, electrical and mechani

cal properties of Green River oil shale, using

oil shales obtained from the Anvil Points

and Logan Wash deposits in the Piceance Creek

Basin of Colorado.

Since oil shale is a material which

undergoes phase transformations, desorption

of moisture, chemical reactions and decompo

sition as the shale is heated, it was neces

sary to develop measurement techniques ad

dressed specifically to measuring the thermal

and electrical properties of oil shale. These

techniques were discussed in detail in the

Tenth Oil Shale Symposium Proceedings, and

in previous papers from our laboratory [1-11].

A number of our measurements, particular

ly the electrical measurements, are oriented

towards possible application in diagnostics,

processing and prospecting applications. At

present, a relatively comprehensive data base

is being obtained on a wide variety of oil

shales. Our goal is to obtain an understand

ing of some of the origins of variations in

behavior of their thermophysical properties

with composition, moisture content, orienta

tion and mineralogy. Some interesting ef

fects appear in the moisture and organic con

tent dependence of thermal and electrical

properties. These are discussed below.

EXPERIMENTAL TECHNIQUES

Our laboratory is currently engaged

in an extensive thermophysical characteri

zation of oil shales. Figure 1 outlines

properties measured and applicability of

these properties to support oil shale

technology. Thermal conductivity and

thermal diffusivity data are used to sim

ulate heat flow in oil shale beds and,

also, to compute heat flow from an oil

shale retort into the surrounding environ

ment. This will permit an estimate of

the effect of retorting upon oil shale

pillars and the thermal pollution that

may be observed due to oil shale retorting

operations [12] .

Thermal analysis techniques are used

to identify minerals that undergo reac

tions and decompositions in the tempera

ture range approximating that observed

in in situ retorting. It is also used to

estimate heat requirements for retorting

oil shales and heat capacities of oil

shale. When performed simultaneously

with dielectric analysis, [1], it is used

to determine the effect of these minerals

and their transformations upon their

electrical properties and, using other

measurements, to determine the thermal

and mechanical properties of the shales.

The dynamic dielectric analysis

technique consists of determining dielec

tric constant, loss tangent and electrical

conductivity of the shales as a function

of temperature and frequency over the

range 50 Hz to
IO6

Hz. The dielectric
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Figure 1. Applicability of measured thermophysical properties in oil shale technology

constant, e', is a measure of the energy

stored by the material from the applied elec

tric field; the loss tangent, tan 6, is a

measure of the fraction of the energy in the

electric field dissipated as heat in the

solid. Conductivity measures the transport

of charge through the material. Only two of

the above three parameters are needed to char

acterize the shale electrically.

Mechanical and acoustic behavior is be

ing measured in conjunction with the Colorado

School of Mines and the Civil Engineering

Department at Colorado State University. We

are presently measuring the coefficient of

thermal expansion of the oil shales and the

acoustic velocities (S and P wave velocities)

as a function of temperature in the shales.

These data can be used to estimate the sup

port capability of oil shale beds and oil

shale pillars and to estimate the state of

the rock during oil shale processing.

Finally, an analysis of the D.C. electrical

properties of oil shale can be used to esti

mate the transport mechanisms of charge

through the oil shale.

Figure 2 outlines the measurement tech

niques used to obtain these data. These have

been discussed in detail elsewhere [9] ; hence,

they will only be outlined here.

Thermal diffusivity, a measure of temp

erature-time dependence of heated oil shale,

is determined by using a high-speed,

laser-flash method, based upon irradiating

the front surface of the shale with a

pulsed, high-power, CO- laser, and measur

ing the temperature-time history of the

rear surface of the shale [4] . These data

are automatically recorded and analyzed.

Thermal conductivity, a measure of

the heat flowing through a piece of shale

which has a temperature gradient impressed

across it, is determined by comparing heat

flow through the shale to heat flowing

through two reference materials whose

thermal conductivities are known [5] .

The test stack must be thermally guarded

against lateral heat flow. This technique

is called the thermal comparator technique,

It is very amenable to use with other

measurement techniques to obtain both

thermal conductivity and dielectric prop

erties simultaneously, or both thermal

conductivity and acoustic properties.

Thermal analysis consists of tech

niques which have been well discussed in

the literature [13, 14]. Our Differential

Thermal Analysis (DTA) technique has been

configured to yield dielectric behavior

at the same time. The uniaxial expansion

of oil shale samples is measured, using

a load cell whose output is continuously

monitored.
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Figure 2. Techniques used for the measurement of the various thermophysical properties

of oil shale.

The electrical properties of the shale

(dielectric properties), mentioned above,

are measured, using a technique called dynam

ic dielectric analysis (DDA) ,
developed in

our laboratory. This technique consists of

modifying the automatic network analysis

apparatus to measure the dielectric properties

of materials .

Acoustical properties, S and P wave ve

locities (shear and transverse wave veloci

ties), are obtained as a function of tempera

ture, using two lithium niobate transducers

imbedded in spacers used in the thermal com

parator technique. Lithium niobate trans

ducers function effectively up to about

1000C. An S-cut transducer yields enough P

wave signal to make both the S and P wave

signals detectable. S and P wave velocities

are determined from the transit times across

the shale.

RESULTS

The organic content of the shale is per

haps the most crucial variable describing the

oil shale. However, for leaner shales, below

35 gallons per ton, mineralogy and structure

also play a significant role. Data, presented

below, illustrate the effect of organic con

tent upon thermal conductivity, thermal dif

fusivity, dielectric constant, dielectric

loss parameter, loss tangent and resist

ivity. The effect on the mechanical

yield point is also discussed.

Thermal Conductivity

Figure 3 shows the thermal conduc

tivity of various grades of oil shale

versus temperature perpendicular to the

sedimentary varves. Higher temperature

data have been obtained but are not pre

sented here since, above 350C, the shale

began to react and the data become time

dependent. Therefore, since thermal con

ductivity is a steady state property,

these data are not strictly thermal con

ductivity values and need to be inter

preted with caution. Possibly, however,

they do have technical significance; this

will be presented in another context.

These data, and the data which follow,

have been curve-fit to second-order in

both temperature and grade. Although

these fits are adequate for simulation

purposes, we are now performing curve

fits to inverse powers of the temperature

in order to obtain a fit that is more

readily interpretable in terms of basic

theory [15] .
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Figure 3. Dependence of thermal conductivity
on shale grade and temperature for

Logan Wash oil shales (heat flow
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Figure 4. Variation of thermal conductiv

ity for Anvil Points oil shales

with shale grade and temperature

(heat flow parallel to shale

bedding planes) .

Looking at figure 3, we see that thermal

conductivity, perpendicular to the varves,

decreases with increasing grade of shale from

a value of about 1.2 watts/meterK to around

0.35 watts/mK. The temperature dependence

tends to be weak in most shales. However,

some samples did exhibit a significant
fall-

off with temperature, which may perhaps be

due to loss of moisture. Figure 4 shows

thermal conductivity, parallel to the bedding

plane, for selected grades of shale. These

are seen to decrease slightly with increasing

temperature and to decrease regularly with

increasing grade. The values of thermal con

ductivity are seen to be about 30 percent

higher parallel to the varves than when per

pendicular to them.

Figure 5 shows a surface of thermal con

ductivity with the thermal conductivity on

the vertical axis, grade on one horizontal

axis, and temperature on the second horizon

tal axis. This surface more graphically de

picts the monotonic decrease of thermal con

ductivity with increasing grade and increasing

temperature, discussed above.

Table 1 shows typical values of coeffici

ents in the equation to curve- fit thermal

GRADE (gallon /ton)

Figure 5. Typical contour diagram showing
the k-G-T surface for Anvil

Points shales.

conductivity, perpendicular to the bedding

planes, for Anvil Points shales. Second-

order, curve-fit coefficients are shown

for temperature and grade dependence for
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Table 1. Values of coefficients in the equation k j,
= a + bx + ex for heat flow perpen

dicular to shale bedding planes for Anvil Points shales.

Temperature

0

Grade

Gallons/ton

44

130

220

262

300

2.054 -3.88 x 10

1.959 -3.89 x 10

2.078 -4.89 x 10

2.018 -4.59 x 10

2.137 -5.33 x 10

-2

-2

2.19 x

10"

2.38 x 10

3.61 x 10

3.20 x 10

-4

4.21 x

10"

6.8

10.3

29.4

47.9

79.9

1.704 0.55 x 10

1.864 -5.02 x 10

1.415 -5.43 x 10

0.638 -5.15 x 10

0.459 -3.05 x

10"

-4

-2.85 x

10'

8.33 x

10"

9.04 x

10"

-9.03 x

10"

-3.22 x 10
-7

k,
=

an + b.G + for 25C < T(C) < 380C
-*- 1 1 1

2

kx
=

a + b2T + c.T for 6.8 < G gallons/ton < 79.9

these shales. Similar tables have been ob

tained for Logan Wash shales and for heat

flow parallel to the bedding planes. These

are enumerated elsewhere [5] .

Thermal Diffusivity

Figure 6 shows thermal diffusivity as a

function of temperature, perpendicular to the

bedding plane, for various grades of oil

shale. Trends follow the major trends ob

served in thermal conductivity. This tends

to indicate that the heat capacity density

product is not a strong function of tempera

ture. Thermal diffusivity is seen to de

crease with increasing grade and with increas

ing temperature. The largest decreases are

seen below 35 gallons per ton, the grade at

which the organic matter becomes continuous

and begins to dominate transport properties

in the shale. Above that grade, the same

trends are observed; however, the effect of

increasing grade is less.

Figure 7 shows thermal diffusivity,

parallel to the bedding plane varves, with

temperature on the horizontal axis and grade

as a running
parameter. Although the values

of diffusivity, parallel to the varves, are

again slightly
higher than those perpendicu

lar to the varves,
similar trends are ob

served in thermal diffusivity both parallel

O 10.4 gals/ton

180 220 260

Temperature, C

380

Figure 6. Thermal diffusivity versus temp
erature for oil shale samples of

various grades cored perpendicu

lar to the bedding planes.

and perpendicular to the varves: a de

crease with increasing grade and increas

ing temperature. Figures 8a and 8b show

thermal diffusivity at various tempera

tures, perpendicular and parallel to the

bedding plane, with grade on the horizontal
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Figure 7. Dependence of thermal diffusivity
on grade at various temperatures

for samples cored perpendicular.

Figure 8b. Dependence of thermal diffusiv

ity on grade at various temp
eratures for samples cored

parallel to the stratigraphic

lines .

40 50 60

Grade, gpt

Figure 8a. Thermal diffusivity versus tempera

ture for oil shale samples of var

ious grades cored parallel to the

bedding planes.

axis. The dependence with grade at dif

ferent temperatures is seen to be roughly

identical. Perpendicular to the varves,

however, diffusivity exhibits less varia

tion with temperature for higher grades.

Tables 2a and 2b show the curve- fit equa

tions, for samples cored perpendicular

and parallel to the bedding planes, re

spectively. These represent a second-

order, least squares fit to the data.

At present, we are working on a physical

interpretation of the origins of these

variations .

Electrical Properties

Electrical properties, as a function

of temperature and grade, have been pre

viously reported by our group, and, to a

less comprehensive extent, by others in

the literature [16-18]. The moisture

content of the shales will play a signif

icant role in any in situ processing or

prospecting application. It was there

fore deemed necessary to evaluate the
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Table 2a. Values of coefficients in the equation a = a + bx + ex for the samples cored

perpendicular to bedding planes.

Temperature

C
Grade

Gallons/ton

22

100

200

330

0.86 -0.015 9.16 x 10

0.76 -0.015 9.26 x 10

0.64 -0.014 9.62 x

10'

0.52 -0.010 7.31 x

-5

10.4

34.7

44.9

74.9

104.8

0.757 -0.00158 1.77 x 10

0.4562 -0.00117 1.56 x 10

0.2573 -0.000277 2.3 x 10

0.1998 -0.000214 1.6 x

10'

0.1729 -0.00217 3.0 x

10'

*a =

a1
+ ^G +

c^ for
25

< T(C) <
300

u
=

a2
+ b2T +

C2T2

for 6 < G(gal Ions/ton) < 100

Table 2b. Values of coefficients in the equation a = a + bx + ex for the samples cored

parallel to the bedding plane.

Temperature

C
al bl Cl

Grade

Gallons/ton
a2 b2 C2

22 1.00 -0.016 8.9 x
10"5

16.8 0.803 -0.00192 0.29 x
10"5

100 0.82 -0.014 8.0 x
IO'5

26.2 0.628 -0.00776 0.086 x
10"5

200 0.77 -0.015 8.6 x
10'5

36.2 0.471 -0.000744 0.10 x
10"5

330 0.65 -0.011 6.4 x
IO"5

55.3 0.363 -0.000871 0.126 x
10"5

81.0 0.288 -0.000744 0.10 x 10-5

"a =

a]
+ bjG +

c^
for

25
< T(C) <

300

a
=

a9
+ b9T + C9T for 6 < G(gal Ions/ton) < 100

effect of moisture upon the AC dielectric

properties of the shale. Although this study

was limited to frequencies 1 MHz and below,

studies of these properties at higher fre

quencies is currently underway. There is

some evidence that the effect of moisture,

and the interference in the data by minerals

in the shale are reduced at higher frequen

cies [18]. It took considerably longer to

dry the shale than was anticipated. It

was originally thought that the shale

could be dried during a 24-hour cycle at

110C. However, moisture occurs both as

free water and pore water, as well as

bound water and water of hydration, in

the material. Data indicate that it

typically takes three 24-hour drying

cycles to reduce the effect of further
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drying to a negligible level. Figure 9 shows

the effect of drying upon dielectric constant,

as a function of frequency from 100 Hz to 10

Hz. The relative dielectric constant, which

is a measure of the fraction of the energy in

the electric field stored in the material, is

seen to decrease monotonically with increas

ing frequency and as the shale becomes drier.

This is consistent with the tendency of water

molecules to polarize, leading to an increase

in apparent dielectric constant of the rock.

Figure 10 is a plot of dielectric loss, e",

versus frequency, as a function of drying.

Figure 10 shows that low frequency loss, pos

sibly due to ionic conductivity in the shale

or to a continuous moisture phase forming

a high conductivity path through the shale,

decreases dramatically after the first

drying cycle. Subsequent drying cycles

show a decrease in dielectric loss, by

about a factor of two, until the dielec

tric loss parameter shows only a weak de

pendence upon frequency.

Figure 11 shows the parameter, tan 6,

which represents the fraction of energy

in the electric field absorbed by the

material, as a function of frequency; the

amount of drying is the parameter. We

see that trends in loss tangent follow

those observed in dielectric loss

UNDRIED

o AFTER FIRST DRYING CYCLE

A AFTER SECOND DRYING CYCLE

? AFTER THIRD DRYING CYCLE

3.5 4.0

log FREQUENCY

Figure 9. Dispersive behavior of
e'

as a function of heating cycle for a 59 gallons/ton

oil shale sample.
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Figure 10. Variation of
e"

with frequency and number of heating cycles for the sample

shown in figure 9.

parameter, with the shale being very lossy at

low frequencies until it undergoes one drying

cycle.

Figure 12a, b, c, and d show the depen

dence of
e'

upon grade for: undried (a),

one drying cycle (b) ,
two drying cycles (c) ,

and three drying cycles (d) . Two factors

stand out: One, scatter in the data is ex

tremely high for undried and otherwise moist

samples. The curve fit, observed in figure

12a and b, is of a purely statistical nature

only. Grade dependence is quite weak. Also,

relative dielectric constant is seen to de

crease as the shale is dried. After three

drying cycles, scatter in the data is seen

to be reduced, although still significant.

Grade dependence is again seen to be extreme

ly weak. This indicates that, at least for

low frequencies, relative dielectric constant

is not a good diagnostic of oil shale

grade. It would probably be even less

effective as a field diagnostic. Figure

13, a plot of dielectric loss versus

number of drying cycles for different

grades shows the decrease of dielectric

loss with drying out of the sample and

also points up the poor correlation of

dielectric loss with grade. These data

are supported by data on numerous other

grades obtained in our laboratory.

Mechanical Properties

Here, we see that pressure exerted

by the shale on the transducer increases

monotonically until temperatures are

reached at which significant kerogen de

gradation begins to occur. At such temp

eratures, the shale begins to yield and
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Figure 11. Variation of loss tangent with frequency and number of heating cycles for

Green River oil shale.

can no longer support a load. Grade depen

dence of this phenomenon is highlighted in

figure 14 where a normalized pressure is plot

ted versus temperature. The shale is seen to

expand monotonically until approximately
350-

400C where a yield begins. For lean grades,

however, the amount of yield is seen to be

small; in fact, for 10 gpt shale, yield is

barely observable.

Figure 15 shows an interesting effect of

the ability of shale to support a load after

it is retorted. For reheated shales, the

pressure exerted against the transducer in

creases monotonically with temperature and

no yield behavior is observed. Figure 16

shows normalized pressure versus tempera

ture for shales heated parallel to the

varves. In these shales, stress was

applied uniaxially, parallel to the varves.

It is seen that mechanical yield does not

occur in shales heated parallel to the

varves. This may be due to the supportive

structure exhibited by the mineral matrix

in all but the richest shales.

SUMMARY AND CONCLUSIONS

The data obtained in this study allow

certain trends to be apparent in the be

havior of the thermophysical properties

of oil shale as a function of temperature
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Figure 12. Dependence of
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(at 100 Hz) on the amount of organic matter in the shale:

(a) undried samples, (b) after one heating cycle, (c) after two heating cycles,

and (d) samples subjected to three heating cycles.

I4r

gal Ions /ton

2 3 4

Number of Drying Cycles

Figure 13. Variation of
e"

with number of

heating cycles for several grades

of oil shale (electric field per

pendicular to shale bedding planes)

and grade and moisture content:

(1) Thermal conductivity decreases

with increasing grade and in

creasing temperature.

(2) Thermal diffusivity decreases

with increasing grade and in

creasing temperature.

(3) Extent of mechanical yield in

creases with increasing grade.

(4) Dielectric constant, dielectric

loss and loss tangent show a

weak
grade- to-

grade dependence.

(5) The presence of moisture gives

rise to interfacial polarization

which can be eliminated by dry

ing. However, grade dependence

at lower frequencies still re

mains weak.

(6) Thermal conductivity and thermal

diffusivity are greater parallel

to the varves than perpendicular

to the varves.

(7) Electrical resistivity is also

greater parallel to the varves

than perpendicular to the varves,

(8) Dielectric constant, dielectric

loss and loss tangent are not

seen to be dependent on orienta-
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Figure 14. Effect of organic content on the thermomechanical behavior of Green River oil
shale. (Axial stresses are normalized with respect to initial stress values.)
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Figure 15. Same plot as in figure 14 for the shale samples subjected to thermal cycling.
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Figure 16. Thermomechanical behavior of Green River oil shale for samples cored parallel
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tion, at least in initial data.

(9) The yield point is absent parallel

to the varves.

These conclusions indicate that heat

flow is faster parallel to the varves. Retort

columns will be stronger parallel to the

varves than perpendicular to them. Electri

cal assay techniques are probably not applic

able, except at frequencies in excess of 1

MHz. We are presently investigating the 1

MHz to 1,000 MHz frequency region.
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CARBON RESIDUE REACTION KINETICS FOR RETORTED OIL SHALE

Y. Soni and W. J. Thomson
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ABSTRACT

Results are presented for the reaction

kinetics of the carbon residue on retorted

oil shale with oxygen and water. The experi

ments were conducted in the absence of mass

transfer effects by using TGA techniques,

together with on-line gas chromatography.

The oil shale (15-50 gpt) was retorted under

varying conditions to determine the effects

of these variables on the quantity and qual

ity (activity) of the resulting carbon resi

due. The only significant effect of the

retorting variables was an increase in the

quantity of residue at low retorting and

purge rates.

Kinetic data for oxidation of the resi

due, over a temperature range of 350-550C,

and for oxygen partial pressures from .03 to

.21 atm, indicate that oxidation is first

order with respect to both the residue and

oxygen. The activation energy was found to

be 28,690 cal/mole for demineralized shale,

but only 19,000 cal/mole for shale which had

not been demineralized. Steam gasification

experiments resulted in an initiation temp

erature of 700C with increasing temperatures

favoring the water gas shift reaction.

INTRODUCTION

When oil shale is retorted, whether by

aboveground or in situ processes, complete

recovery of the organic carbon contained in

the shale is not achieved. Rather, a carbon

aceous residue is left behind which can

amount to a significant percentage
of the raw

shale
-

approximately 6 percent of 50 gallons

per ton (gpt) shale, for example. In addition

to being unsightly (similar to coke),

which can be an important environmental

consideration for aboveground retorting,

the carbonaceous residue also has a sig

nificant energy content. Dockter (1975)

has shown that, for oil shales assayed

at greater than 20 gpt, there is more

than enough energy in the residue to sup

ply the required retorting heat. Both

factors provide strong incentives to use

the residue.

This is not to say that there have

not been previous attempts to make use

of this energy content. On the contrary,

this is a consideration in many commercial

processes. In aboveground retorting, for

example, Union Oil initially developed a

process which burned the residue at the

top of the retort in order to supply heat

to the counter current gas stream (1975).

However, if this is done in an uncontrolled

manner, local temperatures can be high

enough to cause the formation of clinkers.

A modification to this process was an

nounced in the Oil Gas Journal (1974)
- the Steam Gas Recirculation (SGR) pro

cess, which would also employ gasifica

tion of the residue in a separate vessel.

Using the carbonaceous residue is also a

consideration for in situ oil shale re

torting. Not only is it desirable to

improve the energy efficiency of the pro

cess, but there has also been recent in

terest in the possibility of partial gas

ification of the residue in order to in

crease the heating value of the effluent

gas. Preliminary work at Laramie Energy
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Research Center (Burwell and Jacobsen 1974;

1975) has shown that a combination of oxida

tion and gasification can indeed produce such

a gas .

It is only recently that research has

been concentrated on the various reactions

that can take place with the carbonaceous

residue. Thus, Dockter (1975) studied oxida

tion of cylindrical core samples of shales,

assaying at 10-40 gpt. For oxygen concentra

tions between 7 and 21 percent, and tempera

tures from 400C to 600C, he concluded that

the burn depth pattern followed a diffusion-

controlled, shrinking core model. Tyler

(1977) has conducted oxidation experiments

with large shale pieces and has also observed

the shrinking core phenomenon. Researchers

at the Lawrence Livermore Laboratory (Mallon

and Braun 1976) have also experimented with

large blocks (15 cm diameter, 15-25 cm length)

of oil shale and studied oxidation as well as

the reactions of CO- with the residue. They

also found that oxidation rate was limited by

diffusion and, in addition, they concluded

that the reaction rate of the CO- (released

by carbonate decomposition) with the residue

was significantly higher than the diffusion-

limited oxidation rate.

Since there is interest in utilizing the

residue for both aboveground and in situ pro

cessing, the fact that respective retorting

rates are so different could influence ulti

mate reactivity of the residue. For example,

aboveground retorting rates could be as high

as 10-15C/min whereas, in situ rates could

be as low as 0.1C/min. About the only ref

erence to the effect of retorting rate on

the carbonaceous residue is the work of

Arnold (1975). He concluded that at very

low retorting rates (0.5C/min) there was

little carbon remaining on the surface of

the shale. Although it is possible that the

carbon may have been oxidized by even very

low oxygen concentrations over the long re

torting period, there is little question that

retorting rate affects the characteristics,

amount and quality of oil produced. Given

that kerogen decomposition is somewhat simi

lar to coal pyrolysis, it is also possible

that different retorting rates will de

posit dissimilar carbonaceous residues.

In view of the difficulty of separat

ing chemical kinetics and diffusion, par

ticularly at lower oxidation temperatures,

the approach we have taken is to study

the kinetics in the absence of diffusion

effects. In addition, because there is

a possibility that retorting rate can

affect the quantity of carbonaceous resi

due left behind, we have also examined

the effects of certain retorting parame

ters on quantity and quality of the resi

due. From a kinetics point of view, this

could alter the activation energy of the

reaction and perhaps the reaction order

with respect to the residue.

EXPERIMENTAL APPROACH

Figure 1 is a schematic of the equip

ment used for both the retorting and ki

netic phases of the investigation; figure

2 shows the details of the reactor. Pro

visions were made to introduce any one

or a mixture of premetered gases into

the reactor/retort. Steam came from the

university physical plant and was super

heated to about 600C before entering

the reactor. Steam flow rates were ob

tained by time, volumetric measurements

of the condensate. The reactor/retort

was inserted into the temperature-pro

grammable furnace, controlled by a chro

mel-alumel thermocouple, located just

below the shale sample. The furnace was

capable of heating rates as high as 20C/

min., up to 550C, and of operating
iso-

thermally at temperatures up to 870C.

The exit line was connected to both a

vacuum system and a condenser/collector

system. The vacuum system was used at

the initiation of a run to remove all

traces of air; the condenser was used

for oil collection, during retorting runs,

and for water condensation, during kinet

ic studies. Gases, exiting the condenser,

were either vented or sent to a Varian,

Model 1860-30, Gas Chromatograph by means

of an on-line, gas sample valve (GSV) .
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Figure 2. Reactor configuration.

The chromatographic technique consisted

of a carbosive-B column, operated at

150C, with a helium carrier gas at 16

cc/min. This method was capable of base

line separation of H-, air, CO and CO-

over a six-minute total retention time.

The sample "basket", used in the ki

netic experiments, was 5 cm in diameter

and was constructed of 400-mesh stainless

steel gauze. It was attached to a Cahn

Electrobalance by a 0.076 mm tungsten

wire. It was found that, if the wire

exited the reactor through placement of

a 2.5 cm length of 0.84 mm stainless steel

capillary tubing, this provided sufficient

flow resistance to produce the required

flow at the gas exit line (necessary for

G.C. sampling). Gases were admitted to

the bottom of the reactor through a per

forated, coiled, stainless steel tube

which acted as a sparger. This arrange

ment effectively served as a Thermo-

Gravimetric Analysis (TGA) System, provid

ing a continuous measurement of the sam

ple weight.
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When the system was used for retorting,

after 150 gm samples of 0.56-0.66 cm shale

were placed in a fixed bed arrangement, the

retort was evacuated and flushed before heat

ing. All retorting runs were conducted with

a helium purge gas since it contained, at

most, only 20 ppm 0-. Retorting was carried

out at heating rates from 0 . 3-17C/min.
, up

to a maximum temperature of 500C. No at

tempts were made to characterize either oil

or gas products during this phase of the in

vestigation. A few runs were held at 500C,

for up to an hour. It was concluded that,

once the temperature reached this value, com

plete kerogen decomposition had taken place.

Samples, thus prepared, were then stored in

a nitrogen atmosphere at room temperature.

Organic carbon content of the residue was

determined by conducting total carbon analy

ses of retorted samples, after demineraliza

tion in a 5 percent (by volume) H-SO. solu

tion. The demineralization technique con

sisted in boiling the sample for 10 minutes

and measuring total volumetric gas evolution.

This method proved to be convenient, reliable

and accurate to within 2.5 percent. It

should be noted that large quantities of re

torted samples were also demineralized in

this manner in order to evaluate any catalytic

effects carbonate minerals might contribute

to subsequent reaction rate experiments.

The kinetic experiments used the same

basic equipment except that the fixed bed

was replaced by the TGA apparatus shown in

figure 2. In these experiments, the reactor

was initially flushed with helium until the

exit 0- concentration dropped to the value

inherent in the helium purge stream. The

temperature was then raised to the desired

level where the preselected oxygen (or steam)

mixture was introduced to the reactor. It

typically took about 1.5 minutes before the

reactor attained the inlet composition.

Since only 2 gm samples were used, exit and

inlet reactant compositions were essentially

equal .

As already mentioned, the retorting ex

periments were conducted at heating rates

from 0.3 to 17C/min. In addition, the

helium purge rates were varied between

100 cc/min and 1000 cc/min (std condi

tions). These rates correspond to linear

velocities of 4 and 40 cm/min at 500C.

Oil shale, obtained from the Anvil Points

area, had the nominal assays of 15, 30

and 50 GPT. Oxidation experiments were

conducted at oxygen concentrations, from

3 to 21 percent (by volume), and at temp

eratures, from 425 to 700C, and included

demineralized, as well as, conventionally

retorted shale.

RESULTS

Retorting Experiments

Table 1 shows the results of retort

ing experiments in terms of the percentage

of the weight of raw shale lost during

retorting. Replicates, at the high re

torting rate, show that repeatability

was typically within about 2 percent.

From these data, it appears that higher

purge velocities consistently produce

larger weight losses. Table 2 shows the

results in terms of the organic carbon

residue (percent raw shale) and, here,

the trends are more distinct although

Table 1. Weight loss during retorting.

(% OF RAW SHALE)

Retorting Rate -* 0.3C/MIN

Purge Velocity

+

4.0 cm/min

17C/MIN

Replicates

40.0 cm/min

4.0 cm/min

40.0 cm/min

4.0 cm/min

40.0 cm/min

9.22

9.86

14.78

16.06

24.43

25.08

9.31 9.39

9.85 9.75

16.25 15.33

16.73 16.40

24.70 25.05

25.87 25.44

]5 GPT

30 GPT

50 GPT
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Table 2. Organic carbon residue after re

torting.

(X OF RAW SHALE)

Retorting Rate *

Purge Velocity

+

4.0 cm/min

40.0 cm/min

4.0 cm/min

40.0 cm/min

4.0 cm/min

40.0 cm/min

?Suspicious Data

0.3C/MIN 17C/MIN

Replicates

3.06

2.35

7.26

5.19

2.56 2.22

2.34 2.18

4.03 4.63

4.25 3.71

5.73 4.64

5.35 4.61

15 GPT

30 GPT

50 GPT

the data scatter is large.

In analyzing these results, distinction

must be made between those samples retorted

at a low velocity (4 cm/min) and those at a

high velocity (40 cm/min). Thus, at low

purge velocities, low retorting rates produce

a larger quantity of organic carbon residue.

Presumably, this occurs due to the prevalence

of pyrolysis reactions which form carbon pre

cursor compounds at low retorting rates.

The fact that the purge velocity is so low

increases the probability that product crack

ing will occur before the products can be

removed from the system. This can also be

seen from the results obtained at a low re

torting rate when purge velocity was increased,

That is, with the exception of the one run

(asterisk, table 2), increasing purge veloc

ity resulted in a lower organic carbon resi

due which is consistent with the above ex

planation. The implication of these results

for proposed commercial processing is not

significant, however. Aboveground processing

operates at high retorting rates; here, there

is no effect of purge velocity. Although in

situ processing takes place at low retorting

rates, it is doubtful whether the purge

velocities would ever be low enough for

this to be a problem.

Quality of the carbonaceous residue

was evaluated by examining its chemical

reactivity. This was accomplished by ex

posing the retorted samples to air and

noting the temperature at which oxidation

began while the temperature was being

raised at 15C/min. Since these experi

ments indicated there were no significant

differences in this oxidation
"light-off"

temperature, a second set of experiments

was conducted. These experiments attempt

ed to evaluate the hydrogenation capabil

ity of the residue by exposing it to hy

drogen. Activity was measured in terms

of the temperature at which methane first

appeared in the exit gas. Again, it was

found that all of the retorted samples

began to produce methane at about the

same temperature (475C) . Thus, it was

concluded that the differences in the

retorting parameters did not affect the

quality (activity) of the residue pro

duced.

Oxidation Experiments

Since the stated goal was to obtain

kinetic data in the absence of mass trans

fer effects, it was important to ensure

that neither gas-
solid nor internal dif

fusion were rate-limiting factors. The

former was checked by measuring oxidation

rates, at 550C and .075 atm oxygen, at

different gas flow rates. Results are

shown in figure 3. Since there was no

increase in the fraction of residue oxi

dized (x) ,
as the flow rate was doubled

from 400 to 800 scc/min.
, it was concluded

that the experiments were free of signif

icant gas-solid mass transfer resistances.

Internal diffusion phenomenon has already

been mentioned as the rate-limiting fac

tors in previous work (Dockter 1975;

Mallon and Braun 1976; and Tyler 1977)

but those investigations were all con

ducted with relatively large sample pieces,

Consequently, the particle sizes used here
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Figure 3. Evaluation of gas-solid mass transfer (T = 550C, Pn
=
.075 ATM)

u2

were ground to about 200 mesh in order to

minimize diffusion effects. Since oxidation

of the residue is a relatively rapid reaction,

ash diffusion can still be a problem even

with small particle sizes, particularly, if,

near the end of a run, most of the unconverted

residue is located near the center of the

particle. This was evaluated in a few select

ed runs by raising the temperature after 90

percent of the residue had been oxidized. As

can be seen from figure 4, the conversion

rate increased dramatically as soon as the

temperature was increased. This is clearly

indicative of a chemical reaction rate, as

opposed to a temperature insensitive diffu

sion rate. Thus, it can be concluded that

the kinetic data reported here were free from

any mass transfer effects.

Kinetic data were all correlated in

terms of the fraction of residue converted.

In an unsteady state experiment such as

this, oxidation reaction rate might be

expected to take the empirical form:

C0oT=

k0 exP^
C0(l-x)%8

(D

where C0 is the initial residue concen

tration (gm/gm of shale);
E* is the acti

vation energy; Pn is the oxygen partial

u2
pressure (atm); T is the temperature (K) ;

and a and 6 are the reaction orders with

respect to the residue and oxygen.

Although the experiments were de

signed to run at a constant oxygen concen

tration, this was not possible for runs

where significant carbon consumption oc

curred during the first 2-3 minutes after

oxygen exposure. This is due to the fact

that it took a finite time for the oxygen

mixture to displace the helium in the
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Figure 4. Evaluation of internal diffusion significance (T - 565C, P, =
.075 ATM).

reactor. Although higher gas flow rates would

have minimized the problem, these tended to

induce severe fluctuations in the TGA traces.

In order to obtain a quantitative evaluation

of this phenomenon, experiments were conducted

in which exit concentration of a tracer gas

was monitored, as a function of time, follow

ing a
"step-change"

in the feed gas. Figure

5 shows such a plot. Data correspond closely

to an ideally mixed reactor; one where exit

concentration is identical to concentration

within the reactor. In terms of oxygen then,

its variation with time for a constant feed

pressure (Pn ) is

u2

(po)

U2

= 1 exp[^] (2)

where t is the average residence time in

the reactor.

The kinetic data were evaluated using

integral analysis techniques (Smith 1970).

Thus, if the oxidation rate is assumed

to be first order, with respect to both

residue (a - 1) and oxygen (8 =

1), equation

(1) can be integrated upon the substitu

tion of equation (2) for P

suits in

ln(l-x) =

-k*F(t)

0,
This re-

(3)

370



1.0 r-

,0 .6

O*

-Or

S2Y

eT

/

/

/

/

/

/

/

.2

-

f

0<

1

( h
I

2

I

3

i

4

i

5

i

6

i

7 8

i

9 10

t/t
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where

k* =

k0(PQ
)

exp[^] ;

-t-

F(t) - t + t(l -

exp[^])

(4)

(5)

When the data were analyzed in this man

ner, results were found to be very repeatable;

within three percent for two experiments con

ducted under the same conditions two weeks

apart. It was also possible to evaluate res

idue consumption rate for some runs by analyz

ing exit gases. In all cases, C02 was the

only combustion product detected in the exit

gas. Since hydrogen is also expected to be

present in the residue, and it was not pos

sible to detect H-0 in the exit gas, the dif

ference between the weight loss measured by

TGA and that accounted for by the C02 carbon

was attributed to hydrogen oxidation. It was

only possible to do this however, for runs

with relatively slow oxidation rates since

the maximum G.C. sampling rate was one sample/

four min. Results for these runs indicated

that the C/H ratio was approximately 1.5.

Figure 6 shows the results of the

first-order analysis, given by equations

(3) -(5), for demineralized shale at 425C

and at various inlet oxygen concentra

tions. As can be seen, the data fall on

straight lines as they should. The fact

that the fraction residue converted does

not depend on the assay is another indi

cation that the rate is first order with

respect to the residue. From equation

(3) ,
it can be seen that the slopes of

the lines are equal to k*
and, if the

assumption that the oxidation rate is

first order with respect to oxygen is

correct, then
k*

should vary linearly

with Pn (equation (4)). Such a plot is

u2
shown in figure 7. With the exception

of the points at the lowest oxygen con

centration, the first-order assumption

appears to be justified. The fact that

the low concentration data are repeatable

is an indication that further analysis at

these concentrations is necessary. This
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Figure 7. Evaluation of reaction order with respect to oxygen (T =

425C)
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5.0 r

will be explored in more detail at a later

time.

Effects of temperature on oxidation rate

were also evaluated by examining plots of

ln(l-x) vs. F(t) at various temperatures

(Pn
=
.075 atm). Although reasonably

u2
straight lines were obtained, it was found

that the results were extremely sensitive to

temperature, particularly during the first

minute after oxygen exposure. Since this is

an unstable period of time, as far as tempera

ture control is concerned (due to the exother

mic nature of the oxidation) , only the data

corresponding to a constant temperature (3C)

were analyzed. Slopes of the lines drawn

through these data also yield
k*

values (equa

tion (3)) and, according to equation (4), a

plot of
Ink*

versus 1/T should yield a

straight line with a slope equal to -E*/R.

This plot is shown in figure 8. Although a

good straight line is obtained for the two

assays, at temperatures less than 600C, such

is not the case at very high temperatures.

While it is certainly possible that mass

transfer limitations may be of some influence

here, the fact that it is so difficult to

control temperature to the required degree

of accuracy at these high temperatures is a

more probable cause for the deviations.

Since the data obtained at lower temperatures

are considered to be more accurate, the acti

vation energy was obtained from the line

shown in figure 8 and was found to be equal

to 28,690 cal/g mole.

All of the results discussed to this

point are for demineralized shale. The same

set of experiments was also conducted with

retorted shale, not subjected to deminerali

zation
("mineral"

shale), although tempera

tures were kept below 1100F in order to pre

vent carbonate decomposition. As with the

demineralized oil shale, oxidation rates were

found to be first order with respect to oxygen

and the residue. However, activation energy

value was found to be somewhat lower (E* =

19,000 cal/g mole) than that observed for de

mineralized shale
(E* = 28,690 cal/g mole).

Thus, it is possible that there are catalytic

.50

.10

.05

.01

r-= 14,500 K

A 15 GPT

O 50 GPT

T-C

650 575
l__

500 425

12 L3

1/T x
I03~K~'

1.4

Figure 8. Arrehenius plot for demineral

ized shale.

effects of the minerals contained in

shale, although both the mineral and de

mineralized shales give about the same

oxidation rate at low temperatures. The

Arrehenius plot for mineral shale is

shown in figure 9.

Recall that the results of the re

torting phase of the investigation indi

cated that a larger quantity of carbon

residue resulted when the shale was

1

15
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Figure 9. Arrehenius plot for mineral shale.

Figure 10. Effect of retorting parameters

on oxidation rate (T = 425C,

Pn
=
.075 ATM) .

retorted at low purge rates and low retorting

rates. To evaluate this aspect of the process,

a sample retorted at 0.3C/min., in a purge

stream at 4.0 cm/min., was oxidized at 425C

with Pn
=
.075 atm. The results of this ex-

U2
periment are compared with those for a sample

retorted at 17C/min. and a purge stream of

40 cm/min., in figure 10. Note, that despite

data scatter (due to imprecise temperature

control) ,
all of the data plot on a reasonably

straight line, with
k* =

.034 for sam

ples retorted at a high retorting rate and

high purge rate. However, the sample retorted

at a low retorting rate and low purge rate

shows a significantly lower value of
k*

(.024 min"1). Thus, it appears that slowly

retorted samples produce a residue with lower

activity but, it is difficult to general

ize from such limited experimental infor

mation.

Steam Gasification Experiments

A number of experiments were also

conducted where demineralized, retorted

shale was exposed to steam at P n
= 0.9

H2

atm, at temperatures between 700C and

850C. Although a complete kinetic study

is currently in progress, it is worthwhile

to discuss some of the preliminary results

Figure 11 shows the amounts of CO

and C02 produced, as a function of time,

for an isothermal gasification experiment

run at 700C. As can be seen, rates are

rather low at this temperature (residue
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Figure 11. Steam gasification at 700C (PR Q
= 0.9 ATM)

consumption rate ^0.25 mg/min.) but, it is

significant that gasification occurs at all

at this low a temperature. The importance

of mineral content cannot be discounted here

since this sample was subjected to acid de

mineralization prior to gasification. It

should be noted that H- was also detected in

this experiment but the G.C. technique was

not particularly sensitive to H2< Thus, ac

curate quantitative measurements are not cur

rently available. Nevertheless, it seems

reasonable to conjecture that the following

two reactions are dominant here:

C + H20 -* CO +

H2 ;

CO + H20 - C02
+

H2

(6)

(7)

If these reactions are the two primary

reactions then, by virtue of the fact

that the CO/CO- ratio is approximate^

2, the H-/C0- ratio would be expected to

be about 4.

In order to evaluate the effect of

temperature, this same sample was subject

ed to a slow rise in temperature 150 min

utes after first being exposed to steam.

These results, shown in figure 12, show
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H2

a dramatic increase in the amount of CO and

CO- produced as the temperature approaches

825C. The decrease in gas production rates,

at higher temperatures, is due to depletion

of the residue which was found to be about

80 percent complete by the end of the run.

It is interesting that, at higher temperatures,

the CO/CO- ratio drops below 1.0; evidently

an indication that the water-gas shift reac

tion [equation (7)] is more prevalent at

higher temperatures. Although an H2 trace

is also shown in figure 12, the units are

arbitrary. This trace is presented only to

show that hydrogen produced increases as the

CO and C02 do. Another interesting feature

of figure 12 is the appearance of methane at

the higher temperatures. Since the H2/C0

ratio apparently increases, as the temp

erature increases, it may be that the

methanation reaction also plays some part

in the reaction sequence.
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ABSTRACT

A computerized oil shale data bank has

been created by the Bureau of Mines to collect

and to evaluate literature and technical in

formation pertinent to mining interests in

oil shale, and to provide a means for effici

ent retrieval and dissemination of stored

material. Its function is to rapidly identify

and locate information to assist industry

and government in the management and coordi

nation of oil shale research in the design

of environmentally acceptable mining and re

covery technologies; in identifying research

deficiencies; in planning and directing re

search; and in preventing duplication of re

search effort. A repository is maintained

for hard-copy documents of most of the data

bank citations for open-file access.

The data bank comprises five distinct

sections: (1) bibliographic references, (2)

patents, (3) current research projects, (4)

property data, and (5) data syntheses and

analyses. The first three parts supply ab

stracts describing oil shale reports and

patents, in addition to keyword indexing to

facilitate retrieval by subject. The subject

categories provide a detailed breakdown into

mining-related topics. The latter sections

form a separate numerical data base, listing

physical, mechanical, and thermal properties

of oil shale and permitting subsequent syn

thesis and analysis of the data.

Information contained in the oil shale

data bank will be made publicly available by

means of Bureau of Mines Information Circu

lars. The structure of the computerized data

bank also permits custom searching and re

trieval of information on any combination

of topics in the keyword list. Such ser

vices will be provided in response to in

quiries from industry, universities, and

government. Direct online interaction on

a national network may later be possible.

INTRODUCTION

In today's mushrooming technology,

engineers and scientists face the prob

lem of staying abreast of the latest de

velopments as reported in technical books;

government, industry, and academic re

search findings; technical journal arti

cles; technical news; and new products,

materials, and systems releases. In 1967,

Edward Brady, then director of the Office

of Standard Reference Data, National Bu

reau of Standards, estimated that if every

scientist and engineer working in research

and development could cut 10 minutes per

week from time spent finding and evaluat

ing data, $100 million could be saved

annually in research and development ex

penditures (Wetzler 1977) .

Oil shale is no exception to the

mushrooming technology problem. Oil

shales are found throughout the world,

and technology has sought to use their

energy since the middle of the nineteenth

century. Among the first to develop

technology to exploit oil shale deposits

were the Scots, who founded the first

commercialized oil shale industry in 1851

(Cadman 1948). Since that time technology
in the oil shale industry has grown con

tinually while undergoing expansion.
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In the United States, oil shale research

was underway as early as 1913 by the USGS

(Russell 1976). By 1915, the first U. S. oil

shale company, the Colorado Carbon Co., was

established. In 1916, the Federal Bureau of

Mines (BOM) launched an oil shale program

that continues through the present day; its

overall purpose is directed at improving

mining technology to exploit domestic reserves

of oil shale in an environmentally acceptable

manner, and thereby assisting the oil shale

industry in bridging the gap toward commercial

ization. Today this country's need for energy

independence looms greater than ever.

The oil shale data bank is an outgrowth

of the continuing effort of the Bureau of

Mines. The data bank was conceived in early

1976 to combat the burgeoning accumulation

of information on oil shale and to serve as

a centralized source for the storage, retriev

al, and dissemination of information on oil

shale technical reports, publications, sym

posia, environmental reports, patents, cur

rent research, and property data. It was

organized to assist industry, government,

academia, and the public sector in effici

ently locating information on oil shale for

purposes of planning and coordinating oil

shale research and development (fig. 1).

The oil shale data bank is a computerized,

interactive data management system comprising

both a descriptive and a numerical data base.

Information stored in the data bank is ob

tained from a variety of sources, including

government agencies and research centers,

private industry, consulting firms, and other

data bases and information centers. A special

ized keyword dictionary concentrating on min

ing-related topics such as extraction methods,

premining investigation, retorting, geology,

mining equipment and machinery, health, safe

ty, and environment is used to search and re

trieve information on the system.

Information on oil shale is scattered

throughout numerous other data bases, infor

mation centers, published bibliographies, and

the literature. Paramount among these are

the National Technical Information Service

Current
awareness

Management and

project planning

Prevention of

duplication

Purpose of

oil shale

data bank

Mine design Establish research

deficiencies

Assessing
environmental

impacts

Figure 1. Justification and purpose for

the oil shale data bank.

(NTIS) , which supplies information on

government-
sponsored research and devel

opment; the Smithsonian Science Informa

tion Exchange, Inc. (SSIE) , which publish

es reports on current research; and the

DOE Technical Information Center, which

recently published an extensive biblio

graphy on oil shale and tar sands (DOE

Technical Information Center 1977), the

latter also being accessible through an

online computer retrieval system. Cita

tions on BOM and former Energy Research

and Development Agency (ERDA) research

are given in several publications (Rogers

1969; 1974). The USGS publishes a biblio

graphy on the geology of the Green River

formation (Mullens 1977).
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It is the intent of the BOM data bank to

gather information on oil shale from all the

varied and disseminated sources and coordi

nate with other information centers to estab

lish a centralized data base specialized to

mining interests. The specialization on oil

shale, concentration on mining-related topics,

and integration of bibliographic, patent, cur

rent research, and property data into a cen

tralized, computerized, interactive, manage

ment system make the data bank unique.

DATA BASE ORGANIZATION AND STRUCTURE

The data bank consists of five distinct

sections (fig. 2): (1) bibliographic refer

ences, (2) patents, (3) current research pro

jects, (4) property data, and (5) data syn

thesis and analysis. The first three parts

Oil Shale Data Bank

U.S.Bureau of Mines

Liaison and data acquisition

I
USBM

Oil Shale Data Bank

Repository and

Information Retrieval

Descriptive data base Numerical data base

Bibliographic listing

-Literature references

-Subject indexing
-Abstracts

Patents

-Processes and apparatus

-Subject indexing
-Patent descriptions

Current research

projects

Property data

-Physical properties

-Mechanical properties

-Thermal properties

Data syntheses

and analyses

-Performing
organizations

-Subject indexing
-Project objectives and

descriptions

-Statistical analysis

-Property
correlation

-Graphs, charts
and tables

-Stress/strain diagrams

constitute a descriptive data base, with

reference information and abstracts de

scribing oil shale publications, reports,

patents, and current research and keyword

indexing to facilitate retrieval by sub

ject. The latter sections form a separate

numerical data base, listing physical,

mechanical, and thermal properties of oil

shale, and permitting subsequent synthesis

and analysis of the data.

The descriptive data base is struc

tured for compatibility with the Control

Data
Corporation*

(CDC) TECHNOTEC software.

Each citation, regardless of its location

in the data bank, has the same structure

and can be searched and retrieved by the

same type of commands. Each entry con

sists of four main components, efficiently

organized to search for and retrieve in

formation (fig. 3). First an identifica

tion number is assigned to each entry,

indicating the section to which it belongs

and providing a means for retrieval. The

second component comprises
"selectors,"

including subject keywords used to describe

the information contained in each entry,

as well as authors, dates, or other de

scriptors that are assigned to aid in

searching and retrieval. Keyword selec

tors are chosen from an 800-word keyword

dictionary specializing in mining-related

topics .

The third component is a
"brief,"

which outlines the title, authors, and

concise reference or source information.

The fourth component is a
"text"

consist

ing of a narrative description (a summary

or abstract) ,
which is detailed enough to

permit the searcher to decide whether the

information is valuable to his needs (fig.

4).

Bibliographic Reference File

Literature pertaining to broadly de

fined categories of the mining of oil

Figure 2. Structure of oil shale data bank.

*Company names are used for identifica
tion purposes only and do not imply en

dorsement by the Bureau of Mines.
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COMPONENT DESCRIPTION AND FUNCTION

IDENTIFICATION NUMBER Unique identifier assigned to each entry, preceded

by a letter to indicate its category. Serves as a

tool for retrieving a specific entry.

SELECTORS Subject keywords describing the content of each

entry, author(s), etc., to permit searching and re

trieval of entries by topics, dates, or author(s).

BRIEF Title, author(s), and concise reference or source

information. Most succinct source description for

searcher to locate the entry.

TEXT Narrative description, summary, or abstract, pro

viding sufficient detail to permit the searcher to

evaluate the applicability of the entry to his needs. 1

Figure 3. Description and function of components of data bank entries

BIBLIOGRAPHIC

REFERENCES

(B)

PATENTS

(P)

CURRENT RESEARCH

PROJECTS

(R)

IDENTIFICATION

NUMBER

B00001 - B09999 P -Patent Number, in

descending order

R10001 - R19999

SELECTORS

- Subject Keywords

- Author (s)

- Subject Keywords

- Inventor (s)
- Patent Date

- Assignee

- Patent Number

- Subject Keywords

- USBM Identification

-

Agency ID

- Principal Investigator

- Associate Investigator (s)
- Supporting Agency
- Completion Date

BRIEF

- Title

- Author (s)
- Reference Source

- Date of Publication

- Patent Number

- Title

- Inventor (s)
- Assignee

- Patent Date

- USBM Identification

- Project Title

- Performing Agency
- Principal Investigator

- Associate Investigator (s)
- Agency ID

- Start Date

- Completion Date

TEXT
- Abstract

- Abstract
-

Summary of Objectives

and Work Plans

Figure 4. Contents of retrieval components for descriptive data base.

shale constitutes the first section of the

data bank, consisting of references to litera

ture on mining-related topics on oil shale

from journal articles and reports, books, and

papers obtained from numerous sources.

Two thousand bibliographic references

are currently being entered into the

system. New information will be added
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to the data bank periodically to maintain up-

to-date computer files for online searching.

All bibliographic references are assigned

an arbitrary identification number beginning
with the letter "B"

(fig. 5.). Each biblio

graphic article is reviewed, and significant

keywords are selected from the abstract or

text. These keywords, combined with the au

thors, form the "selectors"
which enable the

article to be grouped and retrieved. A

"brief"
is then compiled which includes the

authors, title, reference or source, and date

of publication. The author's abstract is in

corporated into the listing to form the
"text.'

Where no abstract or summary is provided by

the author, one is prepared by the data bank

staff. The repository maintains hard copies

of literature and provides backup for ensuring

reference accuracy and for providing detailed,

yet succinct information with which to perform

a search. Considerable effort has been ex

pended in obtaining literature pertaining to

foreign technology.

Bibliographic Format

ID Number

SELECTORS

CAMPBELL -GG

SCOTT -WG

MILLER-JS

EXTRACTION-METHODS

IN-SITU RETORTING

FRAGMENTATION AND EXCAVATION

FRACTURING

HYDRAULIC FRACTURING

EXPLOSIVES

ROCK-MECHANICS

ROCK-MASS PROPERTIES

FRACTURE -DENS ITY

PHYSICAL PROPERTIES

PERMEABILITY

Selectors

?BRIEF

CAMPBELL, G. G., W. G. SCOTT, AND J. S. MILLER. EVALUATION OF

OIL-SHALE FRACTURING TESTS NEAR ROCK SPRINGS, WYOMING. BUMINES

RI 7397, 1920, 21 PP. 1 Brief

*TEXT

BUREAU OF MINES RESEARCH TO DEVELOP AN IN SITU RETORTING RECOVERY

METHOD FOR OIL SHAIE HAS INVOLVED FIELD TESTING OF FRACTURING

TECHNIQUES FOR CREATING FLUID-FLOW PATHS IN IMPERMEABLE OIL SHALE.

ELECTROLINKING, HYDRAULIC FRACTURING WITHOUT AND WITH SAND PROPPING,

AND EXPLOSIVE FRACTURING WITH A LIQUID EXPLOSIVE WERE TESTED.

Text

Patent File

The second section of the data bank

briefly describes patents relating to

processes and equipment for the extraction

of oil shale and recovery of shale oil.

Initially, only those patents directly

related to mining aspects will be included.

Eventually procedures and apparatus for

distillation, retorting, and certain as

pects of refining will be added.

Each patent listing has an ID number

beginning with
"P" followed by the assigned

patent number (fig. 6). The patent list

ing format has
"selectors"

which include

keywords specifically describing the con

tent of the patent, the inventors, assignee

and patent date. The first two digits of

the patent number are included as selectors

to make retrieval of a group of patents

approximately by year possible. The pat

ent
"brief"

is comprised of the patent

number, title, inventors, assignee, and

patent date. The
"text"

consists of the

inventor's abstract, when available, or

an edited version of the patent descrip

tion.

Hard copies of each patent are filed

in the data bank repository, providing

immediate access to any information de

scribed in the search results. Foreign

Patent Format

ID Number

Selectors

ASSIGNEE SHELL OIL

DESIGN-OF-OPENINGS

IN-SITU RETORTING

INVENTOR CLOSMANN-PJ

INVENTOR THAM-MJ

MINE DESIGN

MINING METHOD

PD 750429

PN 38

3,880,238. SOLVENT/NON-SOLVENT PYROLYSIS OF SUBTERRANEAN OIL

SHALE. M. J. THAM AND P. J. CLOSMANN, ASSIGNORS

TO SHELL OIL CO., HOUSTON, TX, APR. 29, 1975. 1 Brief

IN A PROCESS FOR RECOVERING SHALE OIL BY INJECTING AND PRO

DUCING FLUID INTO AND OUT OF A RUBBLE -CONTAINING CAVITY IN

AN OTHERWISE SUBSTANTIALLY IMPERMEABLE SUBTERRANEAN OIL SHALE,
THE TENDENCY FOR THE FLOW PATH TO BECOME PLUGGED IS REDUCED-

BY INJECTING BOTH A HOT SOLVENT-FLUID AND A NON -SOLVENT -GAS

AT RATES CORRELATED SO THAT THE CAVERN REMAINS SUBSTANTIALLY
FREE OF LIQUID.

Text

Figure 5. Example of bibliographic output Figure 6. Example of patent output
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patents are limited to those translated to

English.

Current Research Projects File

Included specifically to provide aware

ness about current oil shale research and aid

in project planning, the current research

projects describe work that is ongoing or

recently completed. The primary source of

information on current research projects is

the SSIE, with fill-in data from various

other agencies.

The computerized format (fig. 7) for

listing these projects is similar to that de

scribed for the bibliographic listing and oil

shale patents. Identification numbers are

assigned via a consecutive numbering system

beginning with 10001 and preceded by the let

ter
"R,"

designating
"research"

projects.

"Selectors"
are chosen in part from the key

word dictionary to provide reference to con

tent and include the identification number,

Research Projects Format

Ik A R10001
ID Number

?SELECTOR

USBM-ID R10001

AGCY-ID AOMT-S0241073

PRIN-INV STONE-R

ASSOC-INV STONE-R

SUP-AGCY DEPT. OF THE INTERIOR, USBM

COMP-DATE 7606

GOVERNMENT RESEARCH

DEEP-DEPOSITS

EXTRACTION METHODS

IN-SITU RETORTING

UNDERGROUND MINING

FRAGMENTATION AND EXCAVATION

BLASTING

RUBBLIZATION

ECONOMICS

MINE DESIGN

Selectors

?BRIEF

R10001

TECHNICAL AND ECONOMICS STUDY OF AN UNDERGROUND MINING,

RUBBLIZATION, AND IN SITU RETORTING (COMBINATION) SYSTEM

FOR DEEP OIL SHALE DEPOSITS

U.S. DEPT. OF THE INTERIOR, BUREAU OF MINES, P.O. BOX 1660,

ST. PAUL, MN, 55111

PRIN-INV STONE-R

ASSOC-INV STONE-R, FENNIX AND SCISSON INCORPORATED

AGCY-ID AOMI-S0241073

START-DATE 7507

COMP-DATE 7606

Brief

?TEXT

DETERMINE MOST LIKELY CANDIDATE MINING SYSTEM WHICH COMBINES

CONVENTIONAL DEVELOPMENT WITH BLASTING FOR IN SITU RETORTING

FOR DEEP (1,000 TO 2,500 FEET) OIL SHALE DEPOSITS AND FOR SHALLOW

(LESS THAN 1,000 FEET) DEPOSITS. DEFINE PROBLEMS WHICH MUST BE

RESEARCHED BEFORE COMMERCIAL PRODUCTION CAN PROCEED.

Text

Figure 7. Example of current research projects

output.

an agency ID number, principal and asso

ciate investigators, supporting agency,

and estimated completion date to facili

tate retrieval of a specific project.

The current research project's
"brief"

contains the identification number, pro

ject title, performing organization and

address, principal investigator, associ

ate investigator and institution, agency

identification number, start date, and

completion date . The
"text"

is a
re'sume'

of the project's objectives and work

plans.

Numerical Data Base -

Property Data File

The numerical data base is being

organized to list physical, mechanical,

and thermal properties of oil shale and

permit subsequent synthesis and analysis

of the data. Property data are acquired

from both published and unpublished sourc

es. General information regarding sample

locality and condition, sources, and test

ing environment is also acquired and coded

to allow data to be manipulated, regrouped,

and mathematically or statistically treated,

When the system is completed, data output

will consist of a main listing of all ac

quired property data and tables or sorted

data. Figure 8 is a partial list of prop

erties that will be included in the numer

ical data base, indicating their role in

mine development.

Data Synthesis and Analysis

Beyond the ability of the numerical

data base to retrieve numbers that are

useful in mine design and other mining

problems, the structure of the numerical

data base will permit regrouping of num

bers according to coded information and

manipulation of the data so that it can

be analyzed by statistical or other means.

Output will be as numerical tables,

charts, or graphs. Auxiliary computer

programs have been devised for reading

core logging data into the computer and

outputting tables and graphs of the
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Figure 8. Role of oil shale properties in

mine development.

property as a function of depth (fig. 9), and

for performing statistical operations on the

data, such as regression analyses (fig. 10).

PROCESSING AND RETRIEVAL

Data Acquisition and Processing

Reports, publications, and technical

data are obtained through literature searches,

acquisition from other data bases and infor

mation centers, and liaison with other govern

ment agencies and industry. Whenever possible,

hard copies of articles and patents are ob

tained for permanent storage in the data bank

repository, thus providing the user with
open-

file access to most information. Copies can

not be furnished outside due to copyright

laws. Typical sources of information on oil

shale are indicated in figure 11.

Materials obtained from the various

sources are received in many forms, including

computer printouts, computer tapes, published

bibliographies, and selected references.

These must be made compatible with our com

puter system, following precise formats. Each

citation is carefully evaluated for accuracy

of its source reference and completeness, and

then cross-referenced for rapid identification

and retrieval.

Each item of information goes through

a battery of checkpoints preparing it for

entry into the computerized system (fig.

12) . Moreover, each item must be reviewed

by a professional with background in geol

ogy and mining for abstracting or summar

izing information and identifying keywords

for sorting and information retrieval.

Data entry into the system is from punched

cards or magnetic tape. Keypunched cards

normally are processed through a verifier

before being read into computer memory.

Corrections can also be performed by
text-

editing on the interactive terminal after

entries are read into the computerized

system.

Data Retrieval

The oil shale data bank is an adapta

tion of the CDC TECHNOTEC system, an

interactive technology exchange service

which is available on the worldwide CDC

CYBERNET Service NOS time-sharing network.

The system provides unique search services

for the data bank, each accomplished by

a series of simple commands from an inter

active terminal. The basic commands are

COUNT, LIST, INTERSECT, and DISPLAY.

These commands function to (1) maintain

an alphabetical list of selectors in an

online dictionary, (2) perform searches

by keywords to identify those units of

information that may be useful, and (3)

display the search results in various

forms .

The keyword dictionary is the heart

of the system since it enables data re

trieval on specialized mining topics.

Keywords may be added or deleted as nec

essary. The data bank's present keyword

list comprises about 800 topics weighted

heavily on aspects of premine planning,

health, safety, and environment. The

system has provision for using truncated

prefixes or roots of keywords that will

produce the entire family of keywords

containing that root or prefix. For

example, MATER/ would produce Material,
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Figure 9. Sample output of oil shale properties as a function of depth,

Materials, Materials Handling and Materials

Testing as legitimate keywords for recall on

our system. Two dictionary search commands

are most useful in manipulating selectors:

LIST DICTIONARY and COUNT DICTIONARY.

The LIST DICTIONARY command is a request

to read portions of the dictionary to deter

mine which keywords are available, and the

frequency of each type of unit with a partic

ular keyword. Computer output consists of a

word or list of words with the frequency

counts in each data bank section, for

example, the patent section, listed in

alphabetical order. Key phrases contain

ing more than one word are indexed by

each major word in the phrase. Figure

13 gives an example of output resulting

from a LIST DICTIONARY command.

A count of the selector terms within

a portion of the dictionary can be ob

tained by using the COUNT DICTIONARY com

mand. This is often useful before listing
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Figure 10. Regression analysis.

a span of the dictionary to ensure that the

output will not be unmanageable.

To conduct a search using a list of key

words describing the subject of a search, an

INTERSECT command is used. Upon receiving

this command, the computer creates a matrix

of the frequency distribution of the suggested

keywords in the data bank. By then commanding

the system to DISPLAY COUNT, the matrix is

reproduced on the terminal. The matrix lists

each of the selectors, and displays in a

"best-to-worst"
order the number of units

containing each combination of keywords (fig.

14) . From this information, the searcher can

make a systematic decision regarding those

units that should be pursued.

Two commands are used to extract the

specific citations. A DISPLAY BRIEF command

will retrieve just the
"brief"

portion

of all units indicated in the INTERSECT

matrix (title, author, etc.), beginning

with those containing the highest combi

nation of keywords suggested in initiat

ing the search. Citations from the bib

liographic, patent, and current research

listings will be included in the search.

Following examination of the
"briefs,"

a

LIST TEXT command will display the
"text"

for any units of particular interest.

The technique just described, applying

the maximum intersection of selectors,

is the primary search method for retriev

ing units containing the greatest number

of keywords in common with the given

search selectors.

A second search strategy uses standard
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information circular

Figure 11. Typical sources of information

for the oil shale data bank.

Figure 12. Flow-diagram for entering data.

Boolean algebra to define a relationship

between keywords and to establish sets of

keywords using the operators AND, OR, and

AND NOT. In this manner, logical hierarchies

may be established to direct specific search

es. Using Boolean logic, when two or more

keywords or sets of keywords are joined by

the operator AND, the system retrieves only

those units that include all of the keywords

in the statement. The OR operator instructs

the computer to search for citations contain

ing any of the prescribed keywords or sets.

The OR operator returns the broadest retriev

als and is especially useful for searches

where several different but synonymous terms

are possible. Finally, when a term is pre

ceded by AND NOT, the system excludes any

citation that contains that term in combina

tion with the first term.

The foregoing briefly describes the

functions of the commands most commonly used

for retrieving information from the oil shale

READY

7 LD :MINE/

B P R SELECTOR

8 5 11 1. MINE

10 2 7 2. MINE -DES IGN

7 1 2 3. MINE DUMP

9 8 17 4. MINE ENVIRONMENT

3 3 6 5. MINE -FIRE -HAZARDS

19 9 21 6. MINERAL

5 6 13 7. MINERAL WASTES

23 0 1 8. MINERALOGY

8 SELECTOR (S) ENCOUNTERED.

Note: Sections B, P, and R represent the Bibliographic,

Patent, and Current Research files, respectively.

Figure 13. Example of output from LIST

DICTIONARY command.
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INTERSECTION SELECTORS

1. EXTRACTION/

2. MINE/

3. EQUIPMENT/

4. ENVIRONMENT/

1 2

1. XX

3

X

4

X

2. X X X

1. X X X

2. X X

4. X X

5. X X

46. X

27. X

53. X

106.

END OF INTERSECTION LIST.

Figure 14. Matrix of keyword distribution

from DISPLAY COUNT command.

data bank. Although there are other, more

specialized commands, their description is

too lengthy to elaborate on in this paper,

and the user is referred to their description

in a TECHNOTEC manual. Combining search

strategies using the Maximum Intersection

and Boolean Logic techniques results in the

widest variety and most explicit retrievals.

In addition, by appropriately instructing the

system to perform certain combinations of

commands, the most specific and unique infor

mation can be received, providing the greatest

detail with which to make decisions. A

more thorough study of the TECHNOTEC sys

tem is necessary in order to take full

advantage of the wide-range searching

capabilities it offers.

TECHNOLOGY TRANSFER

The computerized listing on oil shale,

bibliographies, patents, current research,

and physical properties will be compiled

into Bureau of Mines Information Circulars

that will be available to all interested

parties and will be updated annually.

Computerized searches and data retrieval

services will be provided by the data

bank staff to assist researchers, planners,

and policy-makers in matters concerning

oil shale mining technology, waste and

water management, reclamation, environ

mental impact, and pollution problems.

Capabilities of the data bank will be

nationally advertised through the CDC

TECHNOTEC system. The system is opera

tional for a limited number of units.

The bibliographic, patent, and current

research sections are scheduled for com

pletion and should be functional for out

side inquiries by October 1, 1978. These

sections will be updated periodically

afterward. Plans are to have the numeri

cal data base operational at about the

same time.

Public access for individualized,

online, interactive searches and retrieval

may become available in the future if

sufficient interest and support is indi

cated by the potential users.
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