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FOREWORD

The development of a commercial process to produce a synthetic

liquid fuel from oil shale always appears to be just beyond the reach

of those engineers and scientists striving to make it a reality. The

goal appears to be tantalizingly close to them, but like Zeno's run

ners on the race track, they never quite achieve it. In fact, today,
the political, psychological or emotional, social, and environmental

aspects of development appear to be much more formidable than

technological problems.

The Ninth Oil Shale Symposium differs from earlier symposia in

that it attempts to recognize reality by placing less emphasis on

technology and more on the emotional, political, and cultural prob

lems. A special symposium in the fall of 1975 concentrated on en

vironmental problems of shale oil development, and, as a result, en

vironmental papers were not included in the program. However, an

attempt was made to provide papers giving a balanced coverage of

the political, technical, and cultural aspects of oil shale development.

Once again, I wish to emphasize the success of these oil shale

symposia is due to the quality of the papers and the speakers, and

the willingness of industry and government agencies to permit the

papers to be offered. I thank both the speakers and their employees

for participating in the program.

James H. Gary
Director



 



NET ENERGY ANALYSIS OF SYNTHETIC

LIQUID FUELS

Robert V. Steele

INTRODUCTION

In the past year or so, net energy analysis has received considerable

attention. It has been a topic at various energy-related meetings and

symposia (including this one), the subject ofan NSF-sponsored workshop,
and the focus of several major studies. While there is now general agree

ment on how net energy or energy accounting calculations should be

performed, there is less agreement on the usefulness of such calculations

and the ways they should be used by public or private decision-makers.

This paper does not attempt to resolve disputes about the usefulness of the

net energy concept. Instead, it looks at energy consumption by energy

conversion technologies in a slightly different way than has been done

before, and uses a somewhat different approach to caluclation. In addition,

end-use considerations are included in calculations to account for differ

ences in the efficiencywithwhich various fuels can be used. The aim of the

calculations is to provide a comprehensive view of the commitment of

energy
resources required to replace conventional fuels with synthetics

derived from coal and oil shale, and to expand the usefulness of the net

energy
concept.

Robert V. Steele, Stanford Research Institute, Menlo Park, California 94025.
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Energy Flows in the U.S. Petroleum System1973

To provide a reference case against which to compare the produc

tion of synthetic fuels, the energy flows corresponding to the United

States petrply system in 1973 have been derived. These energy flows,

direct and indirect, comprise all the energy required to deliver refined

petroleum products to the U.S. economy. Major sources of data are:

the Mineral Industry Surveys of the Bureau of Mines (1975), transpor

tation and energy statistics of the Department of Transportation (1974),

and a recent net energy study by Development Sciences, Inc. (Frabetti

and others 1975).

The flows of energy associated with this system are displayed in

figure 1 in units of trillion Btu per year. In figure 1, rectangles repre

sent activities within the system, such as petroleum refining, and

triangles represent the input of energy resources other than petroleum

(coal, natural gas, and the fossil fuel equivalent of hydroelectric and

nuclear power). Horizontal arrows represent energy flows through the

system, while vertical arrows represent direct and indirect inputs of

energy required to operate and maintain the system. Notice that there

is a feedback arrow issuing from the "Product
Distribution"

box. This
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arrow represents the consumption of petroleum products by the vari

ous activities within the system.

The output of products from the system has been divided into "Au

tomotive
Fuels"

and "Other
Products"

since further analysis will con

centrate on automotive fuel demand as the specific end use of interest.

In 1973, net automotive (cars, trucks, and buses) fuel demand was

12,650 trillion Btu of gasoline and 950 trillion Btu of diesel fuel. To

gether, these provided 1.30 trillion vehicle-miles of transportation

(VMT). These figures exclude automotive fuels consumed within the

petroleum supply system itself.

Energy flows in figure 1 are aggregated to a high degree, being
averaged over different types of crude oil production, different modes

of petroleum transport, etc. They are based, however, on much more

detailed data which can only be summarized here.

The dashed portions of figure 1 indicate the manner in which

synthetic liquid fuels would be introduced into the conventional pet

roleum system. Syncrudes, derived from coal and oil shale, would be

shipped to refineries and be refined there into various product slates.

Fuels that can be used directly without refining, such as methanol de

rived from coal, would be introduced into the product distribution sys

tem. In both cases, any direct or indirect consumption of energy re

sources, including petroleum, would be accounted for in the same

manner as in the conventional petroleum system.

Looking at only the automotive fuels component of the petroleum

product slate, one can trace through the system the contributions of

various energy sources to the production of automotive fuels. To make

later comparisons of different synthetic fuels with different end-use ef

ficiencies easier, automotive energy consumption can be expressed as

Btu per VMT. The figures for automotive energy consumption in 1973

are shown in table 1. Of the total of 12,020 Btu consumed per VMT,

10,460 went directly into the fuel tanks of cars, trucks and buses. The

difference, 1,560 Btu, was consumed in the production, transport, and

refining of petroleum. About 52 percent of this indirect energy con

sumption was supplied by resources other than petroleum. Of the total

energy consumed, 27 percent was
supplied by imports.

Use of Energy Resources in Synthetic Liquid Fuel Production

To understand the changes in energy consumption that the introduc

tion of synthetic liquid fuels into the U.S. petroleum supply system would

involve, one must first calculate the energy consumed by each synthetic
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TABLE 1. Total consumption of energy required to provide
fuel for one

vehicle-mile of automotive transportation in 1973

Energy Source Btu

Domestic crude and NGL 7,960

Imported crude 2,680

Imported petroleum products 570

Coal 160

Natural gas 600

Hydro and nuclear 50

Total 12,020

Direct fuel consumption 10,460

fuel technology of interest. Appropriate methods of energy accounting for

computing this energy consumption have been thoroughly described

elsewhere (Frabetti and others 1975). Basically, direct fuel consumption

data are obtained from engineering process analysis, while indirect energy

consumption is derived from cost estimates for plant construction and

operation, using the energy input-output tables ofHerendeen and Bullard

(1974).

As an example of this procedure, figure 2 illustrates the annual energy

inputs required to produce 100,000 barrels per day (B/D) of synthetic

crude oil via the H-Coal process, using strip-mined coal from the Powder

River Basin ofWyoming. Materials and fuel inputs are shown as squares

and ovals, respectively; energy resource consumption is shown in tri

angles, as in figure 1. The various energy inputs into coal mining and trans

port are combined for simplicity.

In addition to liquefaction of Powder River coal, energy accounting

calculations have been carried out on the following technologies, based

on engineering data supplied in the reference following each technology:
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COAL MINE

AND

TRANSPORT

COAL LIQUEFACTION PLANT

( H-Cool Process)

NOTES: All resource energy inputs and product outputs are in Btu

All dollar figures are in late 1973 dollars per year

Figure 2. Annual energy inputs for construction and operation of a 100,000 barrels per day
H-Coal process coal liquefaction plant.

(1) liquefaction of Illinois coal via the H-Coal process (Goen, Clark,
and Moore 1974);

(2) TOSCO II oil shale retorting (Colony 1974);

(3) Paraho oil shale retorting (Kunchal 1975);

(4) Garrett modified in situ oil shale retorting (Cha and Garrett 1975);

(5) menthanol from coal via Lurgi gasification of New Mexico coal

(Chan 1974);

(6) methanol from coal via Koppers-Totzek gasification of Illinois coal

(Pangborn and others 1974);

(7) and methanol from coal via the Lawrence Livermore Laboratory

(LLL) process for in situ gasification ofPowder River coal (Paster

nak 1974).

The results of the calculations for each technology are presented in

Table 2, which shows the quantity (in Btu) of each type of energy re

source required to produce one Btu of synthetic liquid fuel. The num

bers include mining of coal or oil shale, and upgrading of the raw shale

oil. The coal conversion facilities are assumed to be mine-mouth.

Energy consumption for transport of the product from the plant to dis

tant destinations has not been included. It should be noted that the
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Table 2. Total energy resource commitment required to produce 1 Btu of

synthetic liquid fuel

Energy Re:source (Btu)

Technology Coal
Crude Oil
and Gas

Hydro &

Nuclear
Oil
Shale Total

Syncrude from coal

H-Coal PROCESS

Powder River coal 1.586 .056 .018

- 1.66

Illinois coal 1.175 .051 .016

- 1.54

Syncrude from oil shale

Tosco II (35 gal/ton) .052 .048 .020 1.309 1.43

Paraho (28 gal/ton) .008 .014 .001 1.440 1.46

Mod. In-situ (20 gal/ton) .007 .014 .001 1.728 1.75

Methanol from coal

Lurgi gasification

New Mexico coal 2.467 .042 .007

- 2.52

KOPPERS-TOTZEK GASIFICATION

Illinois coal 2.581 .051 .007

- 2.64

LLl In-situ gasification

Powder River coal 1.970 .035 .003

- 2.01

totals shown in the last column are not net energy ratios but simply

ratios of total energy

"in"

to energy

"out."

The results are presented in

this way to avoid some of the confusion that often arises when net

energy ratios are presented.

There are varoius reasons for variation in energy requirements

among technologies producing the same product. For oil shale, a large

part of the variation is due to the different grades of shale assumed for

each technology. For methanol, the in situ process consumes consider

ably less coal as fuel for the process than aboveground gasification even

though the original fuel requirement, contained in Pasternak's (1974)
estimate, appears rather low and was doubled for this calculation. Also,

the estimates of the efficiency of in situ gasification may be somewhat

optimistic.

Incremental Transportation Energy Requirements

For Use of Synthetic Fuels

Although the numbers in table 2 may be of some use in them

selves, they do not readily provide insight into the ways in which the

consumption of energy resources would change if synthetic fuels were

introduced into the U.S. petroleum supply system. Using the scheme
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shown in figure 1, along with the energy requirements in table 2, one

can calculate the changes in energy consumption induced by synthetic

fuel production. To carry out the calculation, certain major assumptions

are needed:

(1) Automotive transportation demand (total VMT) remains con

stant, as does demand for other petroleum products

(2) Production of syncrude displaces imported crude oil

(3) Production of methanol displaces gasoline derived from im

ported crude oil, ultimately displacing imported crude.

In addition to specifying the assumptions, a parameter must be chosen that

will reflect the degree to which an increase in the supply of snythetic fuels

will replace fuels derived from conventional sources; imports, in this case.

Since the particular end-use under consideration is automotive transporta

tion, the most useful parameter is the fraction ofautomotive transportation

provided by gasoline and diesel fuel derived from syncrude, or by
methanol. Then the results of the calculation can be expressed as the

incremental consumption of each energy source required to replace a

fraction, F, ofautomotive fuel demand by synthetic fuels. The incremental

energy requirements are expressed as coefficients ofthe fraction F, and are

expressed in units ofBtu per VMT. The coefficients contain all changes in

energy consumption, positive or negative, that would occur in the pet

roleum supply system, relative to the base year, with the introduction of

synthetic fuels. These include changes in the amount ofimported crude oil,

changes in crude oil transportation energy requirements, and so forth.

Thus, to obtain the total energy requirements for a given value of F, the

coefficients are multiplied by F and added to the base case energy re

quirements.

Tables 3a and 3b display the incremental energy requirement coeffi

cients for each energy source, along with the total incremental energy

requirement coefficients, for each of the eight technologies under consid

eration. Also tabulated is the total amount ofdomestic resources required

to supply automotive transportation needs through synthetic fuels.

In tabfe 3b, calculations for methanol are based on the assumption

that methanol can be burned in a properly designed internal combustion

engine with an efficiency 1.33 times that of gasoline. This figure reflects

quantitatively a recent assessment ofmethanol-fueled engines by Lawr

ence Livermore Laboratory (Vantine and others 1975). It means that 0.75

Btu ofmethanol can substitute for 1 Btu of gasoline.

By choosing some value ofF, one can visualize the additional demands

on domestic resources required by a strategy that reduces the dependence

of automotive fuels on imported petroleum through the use of synthetics.
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Table 3a. Incremental energy required to replace a fraction F of

automotive fuel demand with synthetic liquids derived from

coal and oil shale-base year 1973

(Units: Btu-VMT)

Syncrude

ENFR6Y soiircf Base Case

Oil Shale

(Tosco II)

Oil Shale

(Paraho)

Oil Shale

(In-situ)

Powder River

Coal

AH-qqal). _

Illinois Coal

( H-COAL )

Domestic crude

and NGL

7,960 0 0 0 0 0

Imported crude 2,680 -10,620F -10,800F -10,800F -10,570F -10,600F

Imported petroleum

products 570 0 0 0 0 0

Coal 160 + 610F + 130F + 120F +17,390F +16,150F

Oil shale 0 +M,290F +15,730F +18,900F 0 0

Natural gas 600 + 330F + 130F + 130F + 380F + 360F

Hydro and nuclear 50 + 2"0F + 30F + 30F + 220F + 180F

Total 12,020 + M50F + 5,210F + 8,350F + 7,<U0F + 6,090F

Total domestic

resources 8,770 +15,470F +16,010F +19,W0F +17,980F +16,690F

TABLE 3b. Incremental energy required to replace a fraction F of au

tomotive fuel demand with synthetic liquids derived from

coal and oil shale-base year 1973

(Units: Btu/VMT)

Methanol

Energy Source

Mew Mexico Coal

(Lurgi)

Illinois Coal

(Koppers-Totzek)

0

Powder River Coal

(In-situ)

Domestic crude

and NGL 0 0

Imported crude -10,740F -10,700F -KU90F

Imported petroleum

products 0 0 0

Coal +19,480F +20,110F +15.350F

Oil shale 0 0 0

Natural gas
- 350F -

320F -

370F

Hydro and nuclear
+ 20F + 20F 10F

Total
+ 8,680F + 9J40F + H,180F

Total domestic

resources +1M20F +19,840F +14.970F
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For example, using a nominal value of F = 0.1 (10 percent of automotive

fuel demand supplied by synthetics), energy consumption per vehicle-mile
of transportation would increase by 4-8 percent. Furthermore, consump
tion of domestic energy resources would increase by 17-23 percent. *

Conclusions

To aid in understanding the commitment of energy resources re

quired by a strategy which replaces imported petroleum with synthetic

fuels, increases in energy consumption have been calculated for eight

different synthetic liquid fuel technologies, focusing on automotive trans
portation as the end use for these fuels.

From the calculation of incremental resource energy requirements

summarized in tables 3a and 3a, it appears apparent that recovery of

the higher grades of oil shale results in the lowest consumption of

domestic energy resources. The conversion of coal to syncrude is in

termediate, and the conversion of coal to methanol results in the high

est consumption (with the exception of in situ recovery) even when in

creased end-use efficiency is taken into account.

The production of methanol from coal, gasified in situ, compares

favorably with other options. However, this process is still in the concep
tual stage; much experimental work will have to be done before actual

operating efficiencies are known. If the favorable conversion and end-use

efficiencies, reflected in table 3a, can be achieved, then the in situ

methanol route may prove an attractive option for use of that portion of the

nation's coal reserves that are not efficiently recoverable by mining.

The efficiency of in situ recovery of lower grade oil shale resources is

not as attractive as that of other syncrude options. However, the advan

tages of being able to recover a large part of the oil shale resource, not

otherwise recoverable, should be a major consideration.

This last statement leads to a final, important point which should be

raised with regard to energy efficiency or net energy calculations for new

energy technologies: Such calculations provide only one of many inputs

into decisions to employ such technologies. Because such calculations are

carried out, and sometimes widely publicized, does not mean they are

meant to be used as the sole criteria in energy policy decisions. Rather,

they should be examined in a broad context along with considerations of

cost, environmental impact, marketing requirements, resource
availabili-

*Note: use ofmethanol as an automotive fuel would actually decrease the consumption of

natural gas; primarily because of a decrease in refinery fuel consumption.
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ty, and so forth. Properly used, such calculations can provide valuable

information that can be incorporated into decisions regarding the best use

of the nation's energy resources.
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NET ENERGY ANALYSIS:

AN ENERGY BALANCE STUDY

OF WESTERN FOSSIL FUELS

Albert G. Melcher

Introduction

The energy crisis of 1973 brought with it new concerns about how

America produces and consumes its energy. There was evidence that it

was requiring more energy to produce energy. There was considerable

publicity given to the question of inputs of energy into various

energy-creating processes, relative to the outputs of energy. As a re

sult, a group of engineers and scientists was formed, under the au

spices of the Colorado Energy Research Institute (CERI), to examine

the net energy yields in fossil fuel
production.*

The objectives of the research team were:

A. To provide reliable, objective, credible information to govern

ment and industry on the net energy inputs and outputs of

western fossil fuel energy production systems;

*This group included: R. Doran, C. H. Prien andevens, of Denver Research Institute; J.

O. Golden, P. F. Dickson, V. F. Yesavage, R. R. Bain and R. M. Baldwin, Colorado

School ofMines; J. W. Fuller, University of Colorado; K. P. Maddox, Colorado School of

Mines Research Institute; and W. R. Loehr, University of Denver. T. J. Vogenthaler,
Director of CERI, provided the services of CERI for the management of the project; A.

G. Melcher, CERI, served as project manager.

Albert G. Melcher, Colorado School ofMines Research Institute, Golden, Colorado 80401.
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B. To provide a workable metholodology, which might be used in

subsequent net energy studies, oriented towards the potential

use of net energy information in decisions about resource pro

duction;
C. To provide the best possible documentation of data related to

net energy yields,

D. To discuss and describe the usefulness and limitation of net

energy studies and their potential values in decision-making; to

discuss philosophy and issues pertaining to net energy studies.

The team was venturing into a fairly new field of study: the

analysis of energy flows per se in a complex industrial society. Various

authors had postulated different premises and analytical approaches.

Few of these approaches had actually been carried beyond a

hypothesis.

Net Energy Analysis

Energy analysis represents a broad field of study dealing with the

development and use of all aspects of energy in human society and its

environment. Net Energy Analysis, a more limited field of study, deals

with the analysis of the energy made available to society by energy

production processes after the deduction of energy lost to society as a

result of the processes.

The first concerns of the CERI team were oriented towards the

scope and size of the systems to be analyzed, or the
"boundary"

of the

study, and the issues associated with net energy analysis. A methodol

ogy for data analysis had to be developed early in the research.

We selected a

"boundary,"

as shown in figure 1. This includes all

the steps of locating, extracting, processing, converting and transport

ing fossil fuels as energy for end users. We recognize that some energy

is cycled back into continued operation and expansion of the fossil fuel

production system. Some of this energy must be used in the produc

tion of materials for the system's construction and operation. The sys

tem obviously depends on direct inputs of energy and materials. How

ever, indirect, or secondary, energies are needed to produce the direct

inputs. The system also depends on the extent of the resource in the

ground. This is as integral to the system as the mine or well which

extracts that resource or the transportation system which delivers it to

the user.

It is possible to identify a very wide range of activities and events

which are all necessary tomake
the production system work. Most of these
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In^iBSllDjJUti Dtrc Input* - Contlruction S Operations
f Energy
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_____

V .Materials

Urban System
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Infrastructure
Labor

Intellect -

ReMarch, Detign ^\
Finances \

Land |

/

Services

Housing
Social System

Intellect

Ecosystems

Food system

Financial

Government Systems

Hydrological Systems

The Steps y
in Developing A^

Energy from / /
Fossil Fuels I I

System Boundary

Indirect Effects

| Ecosystem disruption

I Health

Social Systems

Economic Systems

Lond use

Food systems

Figure 1. Study boundary.

involve energy flows. Some of them constitute a

"subsidy,"

that is, where

another activity, such as agriculture, is disrupted so that fossil fuels can be

produced. Figure 1 shows that we included and excluded from our "boun
dary."

Space does not permit discussion of the
"why"

of these inclusions

and exclusions.

We recognized that there are a number ofdifferent paths a fossil fuel

can follow in the course ofchanging its character and delivering it, in usable

form to consumers. We call each of these possible pathways a
"trajectory."

(See fig. 2.)

Each trajectory has a number ofsteps, which we call "modules"; some

modules (such as surface mining of coal or pipeline movement of liquids)

are common to a number of trajectories. Hence, we decided to analyze

modules and combine them into trajectories.

A single module has inputs and outputs as shown in figure 3.

The inputs are:

Principal Energy: Fossil fuel to be processed or transported.

External Energy: Energy which is required from outside to

operate the process and to make the materials needed to

build and operate the processing system. Both direct and in

direct energy are needed.
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energy flows

generalized module
"x"

(materials: see note 1)

15

4th order (fuels, electricity

3rd order

2nd order

FUELS, ELECTRICITY

i
FUELS, ELECTRICITY

4

(mater ialsY

1st order fuels, electricity

(recycled principal

energy: see note 2)

principal energy

external

ENERGY

1th order

5RD ORDER

2ND ORDER

Energy Equivalent j. ENERGY PRODUCT

of Byproducts

External Energy

^ Principal Enerqy - Internal Consumption

^ Principal Energy - Physical Loss

^ Unrerovered Resource (see Note 3)

> ENERGY LOSS

(1) MATERIALS INCLUDE RAW MATERIALS, CONTAINERS, MACHINERY, CONSUMABLE MANUFACTURED

ITEMS (CATALYSTS, LUBRICANTS, CHEMICALS, PROCESS ADDITIVES, ETC.), TOOLS,

PIPELINES, WIRING, CONSTRUCTION MATERIALS, AND ROAD MATERIALS (ASPHALT, CEMENT,

TAR, STEEL, ETC.).

(2) PRINCIPAL ENERGY CAN BE USED TO OPERATE A PROCESS IN SOME CASES, THEREBY

REPLACING EXTERNAL ENERGY.

(3) UNRECOVERED RESOURCES ARE IN INITIAL FOSSIL FUEL EXTRACTION ONLY, AND ARE THE

RESOURCES LEFT IN THE GROUND, OR DAMAGED, LOST OR OTHERWISE DEGRADED, GIVEN

CURRENT TECHNOLOGY AND ECONOMICS.

Figure 3. Energy flows: generalized module "X".

The outputs are:

Energy Product: Processed or transported energy delivered

from the module.

Energy Loss: Energy unavailable for further use as a result of

the process; this can include physical losses, unrecovered re

sources in extraction, internally consumed energy, and exter

nal energy. Losses are different for each module; they will, of
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course, change as technology improves in the future. Our study

covers technologies which might be on line by the early 1980's,

and assumes that economics will not change so radically that the

inputs and outputs of any module would change significantly by
then.

Net Energy Yield Definitions

Early in the study, we recognized that "Net Energy
Yields"

can be

defined in several ways. There are several major concerns, or
"issues,"

to

which the general title of"net might apply. We have defined these

as follows:

Issue 1:

How much energy is required from the industrial component of

society to
"drive,"

or establish and operate an energy production

process, relative to the energy yield, of the process?

Issue 2:

In extracting, processing and moving fossil fuels to provide

energy to end users, what final yields do we get, compared to

the losses in both recovered fossil fuel energy and the indust

rial energy needed to establish and operate the production

systems?

Issue 3:

For a given output of fossil fuel energy for end use, what total

amounts of the gross fossil fuel resources in the ground, along

with external

"subsidy"

energies, are necessary to establish

and operate the system?

This last issue, the limits of fossil fuel resources and their rate of

depletion, is ofmajor concern to society. Therefore, we included an initial

step in all trajectories which relates to this issue. This step is a
"module"

which identifies any fossil fuel resource in the ground that is affected by
extraction. Future generations may be forced to recover some of the

presently unextracted resource at a much higher energy and dollar invest

ment. For today's society, our "capital of fossil fuels is, in effect,

degraded by extraction of just a part of it.

Data Findings

We then developed our data, modules, trajectories,
"boundaries,"

and energy accounting
systems to relate to these three issues.
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The output of each production system is identified by energy type

(gas, gasoline, coal, electricity) as an indicator of the quality of the

energy.
"Quality"

is a term referring to the thermodynamic properties

of different forms of energy. It can also refer to social value factors of

energy, such as location, transportability, storability, utility, etc.

Energy qualities are as important as energy quantities. The qualities

create the social preferences that cause variations between dollar costs

and net energy yields of various end products of energy. Modern soci

ety consumes various types of energy, each having different qualities.

It should be noted that
"quality"

changes as energy is processed, and

that external energy inputs are comprised of different qualities of

energy. Hence, a trajectory is expressed in quantitative measurements

(British Thermal Units, for instance), but, qualitatively, is a mix of dif

ferent types of energy.

Each module was analyzed for materials and energy balances. Fi

gures 4 and 5 show some refinery and coal liquefaction data. Note that

some materials for construction and operation could not be quantified

except in dollar terms. These were converted into energy equivalents,

using national data on energy per dollar of output for standard indust

rial codes. This came from an input-output analysis of energy cost by
Herendeen and Bullard (1974). Indirect energies were calculated by an

iterative method, using data from an initial analysis of direct inputs in

various trajectories.

Note that some processes can operate on either external energy or

on energy generated within the process. This is shown on figures 4 and

5. This poses an "energy problem as regards energy output

compared to external energy input. The latter can be reduced if the

energy being process is later substituted for external energy. For our

modules, we used the most common or anticipated energy flow (as

shown in figure 5).

Figures 6 and 7 show two of the 20 trajectories which we analyzed.

Data are presented both for a standard input of 1.0 X 109 Btu ofprincipal

energy for all trajectories, with varying outputs; and, in brackets, data

normalized to an output of 1.0 X 106 Btu for all trajectories.

Table 1 summarizes the data; all figures are relative to an output of100

units of energy. Several points stand out:

First, external direct and indirect energies (relevant to the first issue),

range from about 2.6 units for coal, used directly as a fuel, to about 28 units

for the oil shale-to-electricity trajectory, for every 100 units of output.

These numbers are in column (6) of the table. This number is about 4 for

natural gas and coal gasification; it is about 10 to 16 units for most of the

processes, including electrical production from most fuels. In no case is it
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1,000

CRUDE

79.9

FUEL OIL
= 1.5

COKE =2.6

REFINERY GAS=34.9

MISC.
= 1.4

777 V

NATURAL GAS

REFINERY

(AVERAGE OF 18

TEXAS REFINERIES)

T
956.6

PRODUCTS

ELECTRICAL ENERGY

5.2

REFINERY GAS
= 35,0

COKE =6.7

7 77

MISC.
= 2.8

1,000

CRUDE

48.0
1>

NATURAL GAS

REFINERY

(AVERAGE OF 8

LOUISIANA REFINERIES)

966.5 Btu

4.1 ELECTRICAL

ENERGY

Figure 4. Results of refinery analysis (all units in Btu).
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MATERIAL COST

A) CAPITAL EQUIPMENT
-
S26.06/109

BTU

b) construction fuel
- $

1.00/109

Btu

C) CATALYSTS/CHEMICAL -
S41.09/109

BTU

109

Btu
COAL

PYROLYSIS

WITH

LOW PRESSURE

CHAR

GASIFICATION

PIPELINE GAS
o 0.3240 x

109

Btu

SYNTHETIC CRUDE
>

0.2437 x
109

Btu

LIGHT HYDROCARBONS

*
0.0116 x

109
Btu

SULFUR

0.0112 x
109

Btu

EXTERNAL* PHYSICAL * INTERNAL USAGE

ENERGY
LOSS*

a) UTIL.GEN

0.1911 X
109

B) FURNACES

Btu

- 0.1914 x
109

Btu
- 0.027 x

109

Rtu

PHYSICAL LOSS AND UNDEFINED INTERNAL USE

Figure 5. Energy balance: pyrolysis with low pressure char gasification.

necessary to make external energy investments which are even close to the

quantity of energy that is delivered as usable energy.

Second, column (7) shows the losses and external energies involved in

the processing. It is clear that all electrical trajectories have high losses.

Synthetic liquids from coal and shale are about equal in this respect, but

they have much larger losses than the traditional fuels ofoil, gas and coal.

Third, the gross amount of fossil fuel resource affected, in order to

provide 100 units ofenergy to the user varies greatly; Column (3) shows this

figure. Where mining is involved, the gross resource is much larger for

underground mining than for surface mining, due to different recovery

efficiencies.

Surface-mined, oil shale to gasoline gives a better net yield from the

gross resource than does petroleum-to-gasoline, although tertiary recovery

of petroleum would make these two trajectories about equal.

The three fuel systems: oil shale-to-gasoline; coal-to-gas; and coal-

to-gasoline, require about equal gross resources when trajectories are

compared for the three systems.

Figures 8-14 show the cumulative inputs and outputs for some com

plete trajectories. The
"extraction"

arrow (shaded) is the unrecovered
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INPUT 1: MATERIALS

ENERGY"

H I
input 2:

1.16 x 106 Btu

input 3:

1.16 x
106 Btu

OUTPUT

1.00 x 106 Btu

T

PHYSICAL LOSS INTERNAL I
g^ y

1q6 Btu
0.02 x 10^ Btu consumption

' '

,

g -^
0.0.1 x

10 Btu

106 Btu

Figure 8. Summary: natural gas.

INPUT 1: MATERIALS

ENERGY

INPUT 2:

1.63 x 106 Btu

input 3:

1.71 x
106 Btu

UNRECOVERED RESOURCE
PH^S'CCAL

INTERNAL

0.08 x
106 Btu n"",

consumption

^ x
1q6 ^

OUTPUT:

1.00 x
106

Btu

0.03 x
106 Btu

0.36 x
106 BTU

106 Btu

FIGURE 9. Summary: coal gasification (with surface mining).

amount of the gross resource which is the
"input"

on the left. By subtract

ing the
"extraction"

number from the
"input,"

the "initial princi

pal energy is determined. In all these figures, surface mining data are used,

unless noted.

The issues can be expressed by an accounting system of ratios, which

merely describe what you get out compared to what you put in. These are

shown conceptually in figure 15. All ratios are sensitive to small changes in

the denominator, and must be used cautiously. Ratio R-l is the most

sensitive in this respect; internally recycled energy to replace external

energy will change the ratio considerably.
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input 2

1.11 x 106 Btu

INPUT

3.33 x 106

INPUT 1: MATERIALS;

ENERGY

i

UNRECOVERED RESOURCE

2.22 x 106 Btu

OUTPUT:

1.00 y

1(16 Btu

V <7

| 0.03 x
10* Btu

0.08 x
106 P.tii

INTERNAL CONSUMPTION

0.09 x
106 Btu

PHYSICAL LOSS 0.02 X
10^ BTU

Figure 10. Summary: petroleum gasoline.

input 2:

1.58 x

106 Btu

input

3.

106

input 1; materials

energy:

^

output:

1.00 x

106 Btu

| 0.05 x 106 Btu

0.10 x Btu

internal consumption

0.31 x Btu

physical loss

0.21 x
106 Btu

UNRECOVERED RESOURCE:

1.58 x
106 Btu

Figure 11. Summary: oil shale gasoline (with underground mining).
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INPUT 1: MATERIALS

ENERGY

INPUT 2:

1.19 x 10 Btu

input 3:

1.57 x 10 Btu

output:

1.00 x

10 Btu

INTERNAL I 0.01 x 106 BtuUNRECOVERED RESOURCE PHYSICAL
,N,tKNAl

0.08 x 106 Btu loss
consumption: 0.12 x Btu

'1? x 0.37 x

10 Btu j06 Btu

Figure 12. Summary: coal liquefaction gasoline (with surface mining).

INPUT 1 : MATERIALS

ENERGY -

INPUT 2:

1.00 x 10 Btu

INPUT 3:

1.05 x 10B Btu //;/;/;//;\

UNRECOVERED RESOURCE:

0.05 x 106 Btu

OUTPUT:

1.00 x 10 Btu

| 0.01 x
106 Btu

0.02 x 10 Btu

Figure 13. Summary: coal (with surface mining).

Table 2 presents the data as ratios. The same general conclusions can

be drawn from it, as from table 1: Higher ratios indicate higher net yields,

compared to inputs. For all electrical trajectories, the R-2 ratio is always

less than one, meaning simply that conversion losses plus external inputs

aremore than halfof the principal energy inputs. Shale oil to gasoline (or to

fuel oil) appears to be a much more
effective use of the resource than does

shale oil to electricity. (We assume, in the latter case, that pre-refining only

would be done.)
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EXTERNAL ENERGY

(DIRECT AND INDIRECT ENERGIES AND

ENERGIES SEQUESTERED IN MATERIALS)

(INTERNALLY RECYCLED ENERGY)-

(PRINCIPAL ENERGY) t>-*~r l f

ISSUE:

ACCOUNTING:

COMMENTS:

?& 1
ENERGY PRODUCT

>

(LOSSES)

THE AMOUNT OF INDUSTRIAL ENERGY WHICH MUST BE INVESTED IN A

PROCESS RELATIVE TO ITS OUTPUT.

(1) AS RATIO:

(2) AS SUM:

Rl =
ENERGY PROnilCT

1 EXTERNAL ENERGY

Sj
= (ENERGY product) -(external ENERGY)

= NET YIELD

(1) EXTERNAL ENERGY CAN BE REDUCED BY RECYCLING ENERGY WHICH

COMES FROM PRINCIPAL ENERGY AND IS PRODUCED BY THE PROCESS;

THIS ACCOUNTING METHOD DOES NOT SHOW THIS SITUATION.

(2) THIS ACCOUNTING METHOD CAN BE USED IN FURTHER ANALYSIS OF

INTERTEMPORAL FLOWS SUCH AS "PAYBACK
PERIODS"

OR "REINVESTMENT
RATES"

FOR ENERGY REINVESTED TO ACHIEVE NEW GROWTH IN ENERGY

PRODUCTION FACILITIES.

(3) Sj IS NOT A COMPLETE ENERGY BALANCE.

Figure 15a. Accounting method 1.

Conclusions

(1) We believe that net energy analysis should be further developed and

tested as a planning tool; one that will provide a type of information

that supplements economic, technological and environmental informa

tion.

(2) Specific comparisons can be made between various types of fossil fuel

production processes, as discussed above. Care must be exercised to

avoid confusion between ratios.
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EXTERNAL ENERGY

(DIRECT AND INDIRECT ENERGIES AND

ENERGIES SEQUESTERED IN MATERIALS)

(INTERNALLY RECYCLED ENERGY)

(PRINCIPAL ENERGY) [>-

ISSUE:

ACCOUNTING:

COMMENTS:

i 4 i

-U.,-1
4---

I
'

J

ENERGY PRODUCT

O

(LOSSES)

7 (EXTERNAL ENERGY)

6 (PRINCIPAL ENERGY
-

INTERNAL CONSUMPTION & LOSS)

WHAT FINAL YIELDS OF ENERGY PRODUCT DO WE GET RELATIVE TO THE TOTAL

SOCIAL LOSSES OF RECOVERED RESOURCES AND INDUSTRIAL ENERGIES FROM

OUTSIDE THE PROCESS?

(1) AS ratio:

(2) AS SUM:

o
=

ENERGY PRODUCT

"2 LOSSES

S2
= (PRINCIPAL energy)

- (losses)

= NET YIELD

(1) VARIATION BETWEEN EXTERNAL ENERGY AND RECYCLED
INTERNALLY-

GENERATED ENERGY DOES NOT AFFECT THE ACCOUNTING, AS BOTH OF

THESE ENERGIES END UP AS LOSSES.

(2) THIS ADDRESSES IMPACTS ON RESERVES OF FOSSIL FUELS, AND

COULD BE USED IN INTERTEMPORAL ANALYSIS WHICH EXAMINES

DEPLETION RATES.

Figure 15b. Accounting method 2.

(3) Indirect external inputs of energy and energy needed to produce the

materials to build and operate fossil fuel systems are quite small.

Therefore, expensive and sophisticated techniques to refine this data

for net energy analysis are not warranted.

(4) There do not appear to be any significant "hidden in direct or

indirect external inputs.

(5) We do not find any reason
to use net energy analysis as the primary

decision factor to proceed with, or to defer or halt, synfuels research,

development, demonstration and commercialization.
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EXTERNAL ENERGY

(DIRECT AND INDIRECT ENERGIES AND

ENERGIES SEQUESTERED IN MATERIALS)

(INTERNALLY RECYCLED ENERGY)

(PRINCIPAL ENERGY,
INCLUDING RESOURCE OF

FOSSIL FUEL)

ISSUE:

ACCOUNTING:

COMMENTS:

ENERGY PRODUCT

{>

(LOSSES)

<7 (EXTERNAL ENERGY)

^7 (PRINCIPAL ENERGY
-

INTERNAL CONSUMPTION & LOSS)

K7 (RESOURCE UNRECOVERED, LOST OR DAMAGED BY EXTRACTION)

WHAT TOTAL LOSSES OF EXTERNAL ENERGY AND FOSSIL FUEL RESERVES AND

RESOURCES OCCUR TO ACHIEVE A CERTAIN OUTPUT OF ENERGY PRODUCT?

(1) AS RATIO:

(2) AS SUM:

(1)

R3
=

S3
= (principal energy) - (losses)

= net yield

THIS GIVES A MORE ACCURATE PICTURE OF RESOURCE STRESS THAN

METHOD 2, AS IT DISPLAYS THE RESOURCE WHICH IS NO LONGER

AVAILABLE TO SOCIETY, GIVEN TODAY'S ECONOMICS AND TECHNOLOGY.

ONCE THE PROCESS IS IN OPERATION.

(2) COMMENTS (1) AND (2) FROM METHOD 2 APPLY.

Figure 15c. Accounting method 3.

(6) Scenarios for very high electrical growth could be re-examined in light

of net energy information. They could require higher external inputs

and more resources, with higher losses for a given output, than op

tions which emphasize direct combination of fuels. There is some sub-

stitutability between electricity and direct combustion in some cases.

This is not to say that electricity is not vitally needed. Also, direct

combustion ofcoal, usingmethods such as the fluidized bed, should be

stimulated. Such use ofcoal has highly favorable net yield ratios for all

three ratios.

(7) Rapid growth of some types of energy development may require such

high reinvestments of external energy that their net yields to society

may be very low until the growth rate slows. This dynamic analysis has

not been analyzed by CERI but it warrants further examination.
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Table 2. Net energy analysis, fossil fuels: net energy ratios of

selected trajectories

R3

Primary Rx R2 Resource

Final External Process Yield

Selected Trajectory Product Ratio

24.21

Ratio

4.94

Ratio

Natural Gas High-Btu Gas 4.84

Coal (S) Gas High-Btu Gas 24.75 1.46 1.28

Coal (U) Gas High-Btu Gas 25.45 1.47 0.32

Petroleum Gasoline Gasoline 9.61 4. 11 0.40

Oil Shale (S) Gasoline Gasoline 6.07 1. 18 0.78

Oil Shale (U) Gasoline Gasoline 6.32 1. 19 0.41

Coal (S) Liquefaction Gasoline Gasoline 6.41 1. 56 1. 13

Coal (U) Liquefaction Gasoline Gasoline 6.45 1.35 0.33

Coal (S) Coal 38.61 28.25 8. 18

Coal (U) Coal 39. 5 J 25.84 0.(A

Natural Gas Electricity Electricity 8.50 0.35 0. is

Coal (S) Gas Electricity Electricity 8.9<> 0.23 0.22

Coal (U) Gas Electricity Electricity 9.22 0.23 0.08

Petroleum Electricity Electricity 9.67 0.38 0. 10

Oil Shale (S) Electricity Electricity 3.60 0.22 0. 17

Oil Shale (U) Electricity Electric ity 3.89 0.23 0. 11

Coal (S) Liquefaction Electricity Electric ity 9.26 0.22 0.20

Coal (II) Liquefaction Electricity Electricity 9.55 0.22 0.08

Coal (S) Electricity Electric ity 9.07 0.40 0.36

Coal (U) Electricity Electric ity 9.23 0.-40 0. 13

(8) The CERI investigators feel that the confidence level of the data

which is presented here is sufficient for the general purposes and

typical processes which are described, although this confidence

level may not always be adequate for analysis of a specific "nontypi-

module at a given site.

There are various possible applications ofnet energy analysis in govern

ment and industry. Exactly where, how, and what weights to use in

applying net energy
analysis will require a lotmore thought. In general, we

would prefer to see this analysis used in planning rather than legal and

regulatory
procedures.

Finally, it is clear that other factors than energy balances must in

fluence responsible decisions and they will generally carry more
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weight. These factors include: (1) economics, (2) environment, (3) na

tional security, (4) energy mixes, end use efficiencies and
substitutabil-

ity, (5) lead times, (6) transportation capacities, (7) institutional re

straints such as governmental regulations and incentives, (8) availability
of needed materials, (9) available water, (10) local attitudes and socio

economic impacts, (11) employment needs, and (12) energy needs and

conservation potentials.

We express our gratitude to the varous corporate and governmental

sponsors of our study.
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PERFORMANCE CHARACTERISTICS OF A MOTOR

GASOLINE PRODUCED FROM OIL SHALE

R. W. Hum

ABSTRACT

A full-boiling range gasoline produced from shale oil has been experi

mentally studied to determine emissions, fuel economy, and other charac

teristics of the fuelwhen used in conventional automotive engines. Results

are reported and discussed.

In brief, neither the emissions nor fuel economy of the automotive

engines were significantly altered between conventional gasolines and

shale gasoline. In extended use of shale-oil gasoline, abnormal engine

deposits were observed; these were anticipated from the characteristics of

the gasoline revealed in the inspection data. Characteristics of the fuel that

led to undesirable deposits are not necessarily typical ofshale-derived fuels

and may be readily correctable in the fuel manufacturing process.

Introduction

Within the foreseeable future, energy available from oil shale most

certainly will augument available energy supplies. Precisely how the

transportation sector's fuel supply will be affected is not at all clear.

However, one thing is clear the development ofnew andmodified engine

R. W. Hum, Bartlesville Energy Research Center, Energy Research and Development

Administration, Bartlesville, Oklahoma 74003.
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technologies and acceptance ofnew fuels must involve a sustained effort to

insure compatibility of fuels and engines in systems that simultaneously

provide good energy economy andminimal environmental
penalty. To this

end, the Energy Research and Develpment Administration (ERDA) is

using technical programs of experiment to obtain
information on the be

havior of new or different fuels used with engines and accessories that, as

systems, represent viable options for continued or futureuse. As a part of

that program, the ERDA Bartlersville (Okla.) Energy Research Center

conducted a short experimental programwhose objectivewas to determine

the attributes ofa shale-derived gasoline, used in conventional automotive

equipment representing current engine technology.

With respect to the purposes and value of such a study, three ques

tions are appropraite: (1)will substantial quantities ofmotor fuel be derived

solely from shale? (2) ifso, will the fuel be gasoline? and (3) will it be used in

anything resembling current engines?

The second and third questions are answered somewhat obliquely but

with considerable assurance in the answers: gasoline will be a primary

motor fuel formany years to come and, at leastwell into the 1990's, will be

used in engines much like those in use today. So it is in order to consider

gasoline as a potential fuel to be produced from shale. The first question

above: will gasoline be derived in quantity solely from shale? is the more

problematical of the two. The current outlook is, that within the foresee

able future, gasoline will not be produced from feedstock that is 100

percent shale product. Given that outlook, it is appropriate to question the

value of an experiment dealing with a fuel that is 100 percent shale-

derived. In my opinion, only a relatively small amount ofwork with such

fuel is justified. The objective ofsuch work should be to reveal characteris

tics of the fuel that can be related to the source material and thereby

identified as potential problem areas in any fuel thatmay carry the inherent

characteristic, or
"fingerprint"

of the source. At present, however, it is

grossly premature to attempt categorical characterization of "shale

I would reiterate that such a fuel, uniquely shale-derived,

probablywill not bemarketed in quantity during this century; and, ifso, its

properties could be markedly different from such a fuel produced today.

These assessments were keptwell in mind as we began experimental work

seeking "fingerprint
of a shale gasoline.

Preparation of Shale Gasoline

The gasoline used in the study was a portion of the product of an
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operation to produce and refine 10,000 bbl ofoil shale. Crude shale oil was

produced, using the Paraho process; shale feedstock came from the Naval

Oil Shale Reserve, Anvil Points, Colorado. Details of this operation,

sponsored by the U.S. Navy with participation by others, have been

reported, t Briefly summarized, the operation involved retorting about

16,000 tons of shale to yield 12,631 tons of retorted shale, 10,000 bbl of

product oil, and 132 MMSCF of product gas. The shale crude was a

relatively low gravity product (15.
1

API, 0.652 specific gravity) containing
0.65wtpet sulfur and 1 . 89wt pet nitrogen. The crudewas refined in a small

commercial refinery using a coker/fractionator to yield naphta, light gas oil,

heavy gas oil, heavy fuel oil, coke, and gas (table 1). Motor fuel was

produced from the naphtha fraction hydrotreating and reforming.

TABLE 1. Crude processing yield and shale gasoline properties

Crude charge, bbl 9,956 Composition and chemical characteristics:

Yield, bbl; Aromatic, pet 28(36)
Gasoline 725 Olefin, pet 14(12)
JP-4 454 Saturates, pet 58(52)
Jet A 650 Sulfur, wt pet 0.01-0.03

Diesel fuel No. 2 1,167 Nitrogen, wt pet 0.03

Heavy fuel oil 2,765 Oxygen 0.52

Phsical properties: Stability data:
Reid vapor pressure, lb 10.5 ASTM induction period, min. .

1440+**

Gravity, API 59.7 ASTM existent gum,

Octane No. : mg/lOOml 25

Research 81(87)* Accelerated gum (4 hr),
Motor 76(79) mg/100 ml: As received 50

Distillation, F: With addition of10 lbDuPont

IBP 87 AO-22 and 2 lb DMD per

10% 125 1,000 bbl 32

50% 194

90% 328

End point 387

?Values in parenthesis representvalues in samples ofthe same run ofgasoline sent to another

laboratory. Analytical data from different laboratories indicate serious non-uniformity in the

gasoline as shipped from the refinery.

**40 Lb ofpressurewas lost during the entire 24-hr period; however, at no time did it lose 2 lb

in a 15-minute period.

fBartick Herbert, S. ,. Kunchal, D. Switzer, R. Bowen, and R. Edwards, Final Report

The Production and Refining of Crude Shale Oil Into Military Fuels: Contract No. N00014-

75-C-0055, 1975.
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Fuel Characteristics

Discussion

Antiknock quality and stability characteristics ofthe fuel, as produced,

were so poor as to preclude use as a commerical product. However, the

deficiencies were such as to be judged correctable by additional or alterna

tive processing using readily available technology. In this connection, the

Navy's contractor observed: "these fuels tended to exhibit storage and

thermal instabilities. In addition, the fuels contained a high wax content,

high particulate matter, and high gum content. It is believed that a higher

pressure in the hydrogenation stage (about 2,000-3,000 psi), along with

clay treatment of the final products, would reduce or eliminate some or

most of these problem

Comprehensive extended engine tests were not run with the fuel

because itwas felt that the high gum content and poor stability characteris

tics would cause operational problems. Inasmuch as these fuel deficiencies

were judged to be not inherently and unavoidably associated with shale

product, there appeared to be questionable value in identifying or de

monstrating engine tolerance or, alternatively, associated operational

problems. For this reason, service testing was confined to a one-car test

over about 7,000 miles to obtain an indication of problems that could

develop over very short-term periods. If these emerged precautions could

be taken for even the short-duration testing involved in emissions or fuel

economymeasurement. Additionally, results of the service testwould give

a basis for deciding on the suitability of the fuel for use in more extended

experimental work.

Experimental Results

Emissions and fuel economy measurements were made using shale

gasoline in each of two late-model (1974 and 1975) vehicles. Non-catalyst

cars were selected so that results, measured at the vehicle tailpipe, would

reflect engine-out emissions. Measurements were by techniques widely
accepted in the industry for use in connection with automotive emissions

control development and engine certification. Results are summarized in

table 2.

Except for engine knock encountered when using the shale gasoline,

results with the shale and reference fuels were not significantly different.
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Vehicle

TABLE 2. Emissions and fuel economy-shale gasoline

Fuel econ., mpg

Emissions, gm/mile Urban

Fuel CO HC NOy Aid. cycle Highway

1974 Model

351-CID

1975 Model

318-CID

Shale gasoline

Indolene*

Shale gasoline

Indolene**

25.8 2.2 2.6 0.14 11.2 17.4

25.9 2.3 2.7 .15 10.9 17.7

7.4 1.3 2.7 0.18 12.3 21.1

8.7 1.2 2.5 .17 12.2 20.6

?Values represent results of one test, all other data represent average of 3 replicates.

"?Proprietary product widely used as reference motor fuel in the auto and associated

service industries.

Thus, there was no evidence of a "shale
fingerprint"

good, bad, or

benign.

Short in-service testing was done by accumulating mileage in a series of

1-hr drives over an urban route (approximately the driving cycle of the

federal emissions test procedure), followed by 1-hr runs over open highway

at posted speed limits. Emissions and fuel economy measurements (Table

2) were made at the start of the test, at approximately 1,000 miles, and,

thereafter, at about 2,000 mile intervals. The test was terminated at 7,500

miles after sustained elevated hydrocarbon levels indicated probable

change in the combustion environment. The engine was then disassem

bled. Inspection of the engine parts revealed extensive, abnormal coke

like deposits. The severity of the deposit problem was such as to confirm an

initial judgment that the fuel was unsuitable for use in engine tests of

extended duration. At the same time, however, the relative stability of

measurements, made over an approximate
5,000 mile interval, provides a

basis for confidence that the short-term tests involved in emissions mea

surements are not perturbed by virtue of the fuel's abnormal gum and

stability
characteristics.

Conclusions

The study was limited by virtue
of the shale-derived material being

unsuitable for extended engine testing. Comprehensive compositional
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data on the hydrocarbon component of the engine emissions also were not

obtained because modifications of the refining process to correct fuel

deficiencies unquestionably would change exhaust composition. Exhaust

composition studies should await definition of fully appropriate refinery

processing.

For the motor gasoline, as tested, the following were observed:

(1) The gasoline was used satisfactorily in short-term engine tests. As

compared with results observed using a reference gasoline widely used in

lieu of typical U.S. petroleum-derived gasoline, change to synthetic fuel

had no significant effect on emissions, fuel economy, or engine perfor

mance.

(2) Stability characteristics and high gum content of the shale-derived

gasoline made it unsuitable for extended engine testing, but the fuel

deficiency is judged correctable by appropriate choice ofavailable refining
technology and/or process adjustment.



PARAHO OIL SHALE RETORT

John B. Jones, Jr.

Introduction

The paraho oil shale project is a program to prove the Paraho pro

cess and hardware for retorting oil shale. The program is privately fi

nanced, by Paraho Development Corporation selling options to license

the use of the technology commerically. The program is being con

ducted at the Anvil Points oil shale facilities near Rifle, Colorado,

under lease from the U.S. government. Sohio Petroleum Company as

signed H. Pforzheimer, to make the lead in helping to organize the

project. The project was launched in late 1973 with funds from 17 par

ticipating
companies,*

many of whom were active in earlier oil shale

research projects.

Two new Paraho retorts, a 4%-foot O.D. pilot plant and a 10%-

foot O.D. semi-works unit and auxiliaries were installed at Anvil

Points. The oil shale mine was reactivated and the retorts put in opera

tion during 1974. The pilot plant is used to explore operating paramet

ers to define conditions for testing in the larger semi-works retort.

?The 17 Paraho participants are Atlantic Richfield, Carter Oil (Exxon), Chevron Research

(Std. of California), Cleveland-Cliffs Iron Co., Gulf Oil, Kerr-McGee, Marathon Oil,

Arthur G. McGee, Mobil Research, Phillips Petroleum, Shell Development, Sohio Pet

roleum, Southern California Edison, Standard Oil Co. (Indiana), Sun Oil, Texaco,

Webb-Chambers-Gary-McLoraine Group.

John B. Jones, Jr., president, Paraho Development Corp., 300 Enterprise Building, Grand

Junction, Colorado 81501.
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Operations in 1974 set the stage for successful runs in 1975 and

early 1976; results have been very encouraging. They demonstrate that

the process works, that the equipment is durable and that both are en

vironmentally acceptable on a pilot and semi-works scale.

The project was designed to cost $7.5 million and take 30 months

to complete. During 1975, the scope of the project was increased. The

participants increased funding to $9 million and extended the term

from February to June 1976.

Figure 1 shows the Paraho retort is a relatively simple, inexpensive,

cylindrical vertical shaft vessel for processing lump size solid material.

Shale rock is fed in the top through a feed hopper; rotating distributor

distributes the lumps evenly across the bed. The lumps move downward

by gravity with movement being controlled by the unique grate in the

bottom of the retort. In moving downward, the shale first passes over

off-gas collectors; then through a retorting zone, over heat distributors; and

through a cooling zone to the grate. The grate is operated hydraulically
with speed controlled to give the desired velocity of the shale through the

retort. The grate also supports theweight of the column ofshale and causes

the material to descend uniformly through the retort; it discharges retorted

shale through a pressure seal at the bottom of the retort.

Cool product gas enters the bottom of the retort through openings in a

distributor in the grate. As it ascends through the shale bed this gas cools

the retorted shale. Additional heat is distributed through two levels of

distribution beams to keep the process operating. Hot gases, ascending

above the distributors, preheat and retort the shale. These gases, after

being cooled, carry the oil out of the retort through the off-gas collectors.
This counter-current, gas-to-shale flow gives a very high thermally efficient

retorting operation.

The Processes

The objective of the program is to test paraho retorting processes and

hardware on the retorting of oil and gas from oil shale, to obtain data and

prepare a preliminary feasibility study ofa commercial plant. Two proces

ses, the direct heatmode and the indirect heatmode, will be described and

some operating results reported.

A flow diagram of the direct heat mode is presented in figure 2. The

products of retorting are fixed gases, oil and coke. Coke is dispersedwithin

the shale lumps. In this mode of retorting, it is burned in the retort to

supply the principal fuel to heat the
process. Gas produced in the direct
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Figure 1. Retorting.
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mode of retorting has a low heating value because retort gases are diluted

by products ofcombustion. This cool gas is recycled to the grate to cool the

retorted shale to about 310F and is also mixed with the air entering two

levels of distributors, diluting it.

Only sufficient air is allowed to enter the retort tomaintain the desired

temperature profile while burning the carbon as needed to supply the

process heat. Recycled gas flows and products ofcombustion are controlled

to provide enough hot gases to retort the shale in the zone above the top

distributor.

Oil vapors and gas ascend from the retorting zone through the de

scending fresh shale. This preheats the shale and condenses the oil into

small mist droplets near the top of the shale bed. Oil mist, entrained in the

gases, is removed from the bed at about 140F and riped to an oil mist, gas

separator for oil recovery. The oil is sent to storage and part of the gas

recycled to the retort. In a commercial operation, the remainder of the gas

will be piped away for use elsewhere in the plant.

Figure 3 shows the indirect heat mode of retorting. This method

eliminates combustion within the retort and, therefore, produces a high

Btu product gas. Coke produced in retorting is left in the retorted shale.

Cool recycled gas is added to the grate to cool the retorted shale to350F.

Process heat is supplied by recycling gas through heaters; the hot gas is

then distributed into the retort at two different levels. Temperature and

quantity of the entering hot gases are controlled to maintain the desired

temperature profile in the retort. These gases, when combined with the

ascending preheated gases added at the grate, provide enough heat to

retort the shale above the top distributor.

The oilmist, as in the directmode, is formed near the top of the bed in

the indirect heat retort. Oilmist entrained in high Btu gas leaves the bed at

about 280F and is processed as in the direct heat mode of retorting.

Results

The operation of both modes of retorting has been very good. The

large, semi-works retort completed a 56-day operability run in early 1975.

Process variable studies were conducted during the run to explore their

effect on operation and oil and gas yields. The retort was shut down on

schedule for a turn-around to prepare the facilities for an extended variable

study
program. The process variable study program was conducted in both

the pilot and semi-works retorts.
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The program on the semi-works direct heat mode of operation was

completed with a 25-day confirmation run in November 1975. Variable

studies were continued throughout this run. Pentane and heavier oil,

produced during the 25-day period, averaged 94 volume percent ofFischer
assay. The best range of variables was a 12-day period having a yield of

pentane and heavier oil averaging 97 volume percent of Fischer assay.

Pilot retort operation has been continued in the direct heat mode to

provide an emergency source of low Btu purge gas for the semi-works

retort operation in the indirect heat mode of operation. A few variable

studies are conducted in the pilot retort; however, the operation has been

principally a simulated commerical production and the retort has received

only minimum operator attention. To date, there have been a number of

extended operating periods with one run of 77 days. This could have

continued for a longer period but was shut down due to problems in the

semi-works retort operations.

Before November 1975, a number ofexploratory and variable investi

gation runs in the indirect heat mode were conducted in the semi-works

retort. Total commitment of the semi-works to the indirect mode began in

December 1975. A 30-day operability run was completed in February
1976. Some process variable studies were conducted during this run and

extensive studies have been continued since the operability run.

A 12-day confirmation run has been conductedwith the semi-works in

the indirect heat retorting mode of operation. The best operations pro

duced a yield of 97 volume percent Fischer assay pentane plus hydrocar

bon oil. Yields for this mode of operation are calculated before deducting
the fuel required for the heater. Best results are being confirmed with

additional operation.

Table 1 presents the product yields for both the direct and indirect

heatedmode ofretorting. The quantity ofoil produced in the two retorting

processes is the same. The amount of gas produced is much less in the

indirect heat mode but the total Btu's produced are about the same as the

direct mode. Typical gas analyses for the two processes are presented in

Table 2. The products ofcombustion have been eliminated in the indirect

mode and, since the retort operates at a
lower temperature, the mineral

carbon dioxide is reduced.

Table 3 presents some properties of the product oil. Note: the pour

point for the indirect heat mode is significantly lower; indeed pour point is

almost low enough to permit pipelining without special handling precau

tions.
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TARLE 1. Paraho retorting product yields

DIRECT HEATED INDIRECT HEATED

Raw Shale - GPT

YIELDS*

Shale Oil GPT

28.0

27.2*

28.0

27.2'

Vol. % F.A. 97** 97**

Gas - SCF/T 6,200*** 500**'

'Yields for Indirect Heated Retort is Gross Before Deducting
Fuel for Heater and Are on Dry Basis

**C5_ O//
**

C
4 Gas

TABLE 2. Paraho retorting gas properties (dry basis)

H2
N2
02
CO

CH4

C02

C2H4
C2H6
C3
C4
H2S

NH3
H.H.V.

DIRECT MODE INDIRECT MODE

Volume % Volume %

2.5 24.8

65.7 0.7

-0- -0-

2.5 2.6

2.2 28.7

24.2 15.1

0.7 9.0

0.6 6.9

0.7 5.5

0.4 2.0

2660 PPM 3.5

2490 PPM 1.2

102 BTU/SCF 885 BTU/SCF
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Table 3. Paraho retorting product oil quality

DIRECT HEATED INDIRECT MODE

Gravity A.P.I. 21.4 21.7

Viscosity SUS at 130 degrees F 90 68

Viscosity SUS at 210 degrees F 46 42

Pour Point F
85 65

Ramsbottom Carbon WT% 1.7 1.3

Water Content Vol % 1.5 1.4

Solids, B.S. WT % 0.5 0.6

Summary

The Paraho project has had some notable accomplishments. The

technology uses simple equipment that is easy to build and operate. The

processes and equipment are reliable and can be successfully operated

over a wide range of process conditions.

Mass rates are high, which decreases capital and operating expenses.

Mass rates are based on the number ofpounds of shale processed per hour

per square foot of retort cross section. Rates above 700 have been tested in

the pilot retort and above 600 in the semi-works retort. With minor

mechanical modifications, these rates may be increased.

Temperature control in the retorts is excellent. The direct heat retort

was operated without clinkering, a problem with earlier internal combus

tion retorts. Heatwasted by carbonate decomposition has been reduced to

near zero in the indirect heat retort and may be further reduced in the

direct heat retort by making minor mechanical changes.

The quality of the oil produced may, with further research, be

pipelineable to existing refineries. This will eliminate the need for local

refining, which will improve shale oil economics and greatly reduce the

socio-economic impact oil shale will have on the communities in the shale

country.

The two Paraho retorts do not consume water. They are a net producer

ofwater that will be available for dust control.

Carbon on the retorted shale from the direct heat mode is reduced to

one and a half percent ofweight.
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The retorts require lump feed shale and produce lump retorted shale.

Retorted shale is handled easily with minimum dusting, can be placed in

disposals areas and compacted without the addition ofwater to encourage

cementation between the shale particles. Also, minimum compaction will

control the leachable salts in the shale.

Work conducted by others indicates that retorted shale can be vege

tated to control erosion and provide browse for animals.

Plans and Expectations

Paraho has proposed that a retort, of the size needed for commercial

plants, be built and tested at Anvil Points. Such a retort was to be about 40

feet in diameter, complete with needed mining, crushing and shale handl

ing facilities. This project was proposed over a year ago. Approval was

obtained from the U.S. Navy to use the shale; the U.S. Department of the

Interior said that monies spent to build the facility might be credited

toward the fourth and fifth bonus payments by the lessees in the shale test

lease program. Everything was moving forward; then, last November, the

Energy and Research and DevelopmentAgency (ERDA) decided it had to

prepare a new environmental impact statement. ERDA is now preparing

the statement but this decision has effectively delayed the project 12-15

months.

While the environmental impact statement is being prepared,

Paraho proposes to conduct additional research at Anvil Points.



ENERGY AND WATER REQUIREMENTS

FOR AN

OIL SHALE PLANT BASED ON PARAHO PROCESSES

Joseph M. McKee and S. Kumar Kunchal

The objective ofan oil shale industry is to produce an alternate source

of energy. Such energy should be produced at the highest possible effi

ciency level while conserving the use ofwater. Last year, while the Paraho

Oil Shale Demonstration at Anvil Points was just getting started, Paraho

presented a paper (Kunchal 1975) at the 8th Annual Oil Shale Symposium

on predicted energy requirements of the direct mode Paraho retorting

process. Paraho's retorting processes are described in detail in a paper

(Jones 1976) tided "The Paraho Oil Shale
Retort,"

also presented at the 9th

Annual Oil Shale Symposium.

The purpose of this paper is to identify the net energy and water

balance of an oil shale plant, based on actual, demonstrated retorting test

conditions at Anvil Points. Energy consumption within the system or

thermal efficiency ofthe plant are closely related towater consumption and

the economics. For example, in the electric power generation section of a

plant, a heat rate of 10,000 Btu/kilowatt-hour (or a thermal efficiency of

about 34 percent) could be achieved with all water cooling while about

15,000 Btu/kilowatt-hour (or a thermal efficiency of about 23 percent)

results with air cooling and investment requirements increases as well. An

attempt is made here to optimize energy and water requirements on an

overall basis.

/. M. McKee and S. K. Kunchal, Paraho Oil Shale Demonstration, Inc., 300 Enterprise

Building, Grand Junction, Colorado
81501.
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Energy efficiency is defined in thermal (Btu) efficiency. An overall

efficiency is dependent on the basis and the boundaries one elects to draw.

The boundary assumed for this paper beginswith shale in the ground, used

to produce synthetic crude and by-products such as sulfur and ammonia.

Air, water, and oil shale are the only raw material requirements of the

plant. The plant is self-sufficient in electric power requirements. All inter

nal fuel requirements are considered, including diesel fuel for transporta

tion and shale haulage to sustain operation in an environmentally accepta

ble way.

About 30 percent ofthe shale remains undergroundwith conventional

room-and-pillarmining techniques. There is a potential for such energy to

be recovered, at least in part, using some other process such as in situ

processing or advanced mining techniques at a later date. By comparison,

in the conventional petroleum industry, there is only about 25-35 percent

crude oil recovery in a primary recovery method. This increases to 50-55

percent using expensive secondary and tertiary recovery methods.

Spending for construction of the plant, energy required to make and

fabricate steel structures, roads, etc., is not included. This is because ofa

basic question: "Where to start? Should one start with mining the ore for

steel or why not all the way to
Adam?"

Assuming one wants to consider

energy consumed to construct the plant, including steel manufacturing, it

is estimated that a 100,000 barrel/day plant would produce enough energy
within approximately ten days to support its own construction.

Energy Requirements Paraho DirectMode

Figure 1 describes the overall energy balance for a 100,000 barrel/day
oil shale plant using Paraho's direct mode process. The energy terms (Btu)
are based on each 100,000 barrels ofcrude shale oil produced. The raw oil

shale mined is 160,000 tons/day containing 30 gallons/ton. The total mined

shale contains 882 x 109 Btu, based on a gross heating value of2,750 Btu/Lb
(Stanfield and others 1951) and sensible heat above a 77F datum. Mining
and crushing results in 5 percent of the totalminedmaterial being rejected
as fines not utilizable in the retorting process but utilized as top cover

during retorted shale disposal. Fines loss represents about 44 x
109 Btu of

potential energy. Mining and crushing consumes about 49 megawatts of

electric power which is equivalent to 4 x
109 Btu at 3,413 Btu/kilowatt-

hour. Diesel fuel requirements for blasting, loading and haulage are 1,200

barrels/day or 7 x
109 Btu including other miscellaneous uses within the

entire plant.
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Sized shale(3/8 in x 3 in nominal) in the amount of 152,000 tons/day,

containing 838 x
109

Btu, is retorted. The other input ofenergy to retorting

is 72 megawatts ofelectric power equivalent to 6 x 199 Btu. Products from

retorting are 1, 140million standard cubic feet/day (wet basis) oflow Btu gas

and 100,000 barrels/day of crude shale oil. Crude shale oil has an API

gravity ofabout
20.9

and a heating value of 18,552 Btu/lb, resulting in 605

x
109 Btu ofenergy production, including sensible heat. The gross heating

value of low Btu gas is 133 Btu/standard cubic foot (wet basis), producing
129 x

109 Btu including sensible heat. Retorted shale, containing 51 x
109

Btu in the form oforganic carbon, hydrogen and sensible heat is sent to the

disposal. Electric power requirements for retorted shale diaposal were

included above in mining and crushing. Diesel fuel requirements for

retorted shale disposal were included in plant diesel fuel requirements.

Based on energy inputs and outputs, thermal efficiency is about 87 percent

for the retorting section.

Crude shale oil and low Btu gas are sent to the pre-refining section of

the plant. Low Btu gas is scrubbed to remove sulfur and ammonia, com

pressed and sent to boilers. Crude shale oil is upgraded through coking and

hydrotreating. Coke production (2,300 tons/day) is routed to boilers for

power generation. The net export of low Btu gas and coke from the refinery

section is 140 x 109 Btu. Products from the refinery section of the plant are

high quality, low sulfur, low nitrogen, low pour, synthetic crude in the

amount of897,000 barrels/day or 506 x
109 Btu. and by-products including

136 tons of element sulfur and 290 tons of anhydrous ammonia. The

potential heating value of ammonia is 5 x
109 Btu. The pre-refining step

consumes 76 x
109 Btu in process heaters.

Ifall coke and low Btu gas produced from the refinery is converted to

electric power, is is expected to produce a total of583megawatts. Heat loss

with this level of power generation is 92 x
109 Btu using cooling water

producing power at 10,000 Btu/kilowatt-hour. Internal consumption in a

100,000 barrel/day plant is 190 megawatts; thereby, a net export of 393

megawatts to supply power for local communities and other businesses is

possible. If power export is not desirable for a particular plant location,
then the net heat export in terms ofcoke and gas would be equivalent to 94

xl09Btu.

Overall thermal efficiency ofthe complex is estimated to be 69 percent

based on exportation of coke and gas in lieu of electric power. Figure 2

presents this energy distribution in the form of a typical pie chart.

Paraho direct mode retorting has an internal consumption of53 x
109

Btu and an unrecovered energy loss in the retorted shale of 51 x
109 Btu.

The retorting section consumes, or discards, a total of 104 x
109 Btu. The
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distribution ofenergywithin the retorting section is shown in figure
3. The

53 x
109 Btu consumed internal to the direct mode retort is used as follows:

9 x
109 Btu are required for vaporization of free and bound water on the

shale; 11 x
109 Btu is lost to process cooling such as the gas distributors and

auxiliary equipment; pyrolysis ofkerogen requires 13 x
109

Btu; 20 x
109

Btu goes to carbonate decomposition. This is derived from the heats of

reaction necessary to convert mineral carbonates to C02 and their respec

tive oxides.

Energy Requirements Paraho Indirect Mode

The overall energy balance for a 100,000 barrel/day oil shale plant

Figure 3. Energy distribution for retorting (104 Btu total), Paraho direct mode retorting
(billions of Btu).
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using Paraho's indirect mode process is shown in figure 4. Explanation of

each energy value is not presented if it is basically a duplication of the direct

mode. Primary differences between the two modes are in the retorting

sections, and in the economics involved in pre-refining and power genera

tion, as there is no low Btu gas to deal with in the indirect mode. Indirect

retorting consumes 64 x
109 Btu of fuel used in the external heaters at 90

percent fired efficiency. Since no air is used, retorted shale contains

higher amounts ofcarbon (about 3weight percent byweight vs. 1.5 percent

by weight for directmode), thus higher energy loss via retorted shale. This
amounts to about 176 x

109 Btu. However, the basic advantage is that

indirect mode produces a high Btu gas in the amount of70 x
109 Btu based

on the production of 106 million standard cubic feet/day at 660 Btu/

standard cubic foot (wet basis). Retorting thermal efficiency based on shale

input, external heater fuel input, electric power input and high Btu gas and

crude shale oil output is 75 percent.

Pre-refining is carried out in similar manner as previously described,
but the product slate is slightly different. Only coke (2,300 tons/day) is

exported for power generation. Internal energy consumption in the pro

cess heaters is slightly less than direct mode (73 x
109 Btu vs. 76 x 109

Btu)
due to the lack of low Btu gas handling. If all the coke (64 x

109
Btu) is

consumed in the power plant, it is expected to produce 267 megawatts out

ofwhich 190 megawatts are consumed internally and the remainder could

be exported. If there is no demand for export power, one could elect to

export 18 x
109 Btu or about 650 tons/day of coke.

Overall plant thermal efficiency with indirect mode retorting is 55

percent assuming sales of excess coke and no electric power export. The

overall energy distribution for the indirect mode based plant is shwon as a

pie chart in figure 5.

A total of227 x 109 Btu are consumed or discardedwithin the retorting

section. A breakdown of this energy is shown in figure 6. Retorted

shale contains the majority of this energy. Carbonate decomposition is

minimized to 3 x
109 Btu. Heater stack losses are 7 x

109 Btu basis 90

percent heater fired efficiency. As in direct mode, water vaporization

requires 9 x
109

Btu, and pyrolysis consumes 13 x
109 Btu. Losses at

tributed to process cooling are greater in the indirect mode at 19 x
109

Btu.

As stated earlier, energy requirements or thermal efficiency are

closely related to water
consumption. Presented below are parallel water

requirements for a 100,000 barrel/day oil shale plant based on the direct

and indirect mode processes.
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Carbonate

Decomposition

3 BTU/

RETORTED

SHALE

176 BTU

Figure 6. Energy distribution for retorting (227 Rtu total), Paraho indirect mode retorting
(billions of Rtu).

Water Requirements Paraho Direct Mode

Figure 7 shows an overallwater balance for an oil shale plant using the

direct mode. A total of 10,000 acre-ft/yr (6,200 gpm or about 2. 1 barrels of

water per barrel of crude shale oil) are consumed. The majority of this

water, 8, 160 acre-ft/yr. , goes to the cooling towerwhich supplies all cooling
demands for the entire plant, including the electric power plant. The

cooling tower load is based on no exportation of electric power. Cooling
tower blowdown (1,630 acre-ft/yr) is routed to a pool for use in dust control

and vegetation of processed shale. Water treating sludge comprises 160

acre-ft/yr also used for dust control and vegetation. Mining and crushing
requires 1,260 acre-ft/yr for dust control.



Requirements for an Oil Shale Plant 59

o
c o>

CO c

o.c

c CO

3
c i_

2
O

4!

V

I

V

bO

G

O

S

CJ

o

s

Ph



60 Quarterly of the Colorado School of Mines

The retorting section consumes less water than it produces. Con

sumption is in the form ofdust control only. Cooling demand for retorting

is lumped in the cooling tower load and can be delineated by looking at the

energy balance. The retorting section produces about 1,530 acre-ft/yr as

sour water that requires treatment in the pre-refining section before use

elsewhere.

The source of water from the retorting section is displayed in the

upper pie diagram of figure 8. Raw shale contains about 780 acre-ft/yr

(based on 152,000 tons/day of rock). About half of this is free water; the

remainder is bound water within the shale itself. This water is liberated

during the retorting process. In addition, the direct mode process pro

duces 750 acre-ft/yr of water as a product of internal combustion. Total

water production distributes in the product oil and gas as shown in figure 8.

Product gas contains about 86 percent of the total water (1,310 acre-ft/yr);

the remainder (220 acre-ft/yr) remains in the product oil.

The refining and power generation section requires amakeup of2,310

acre-ft/yr over and above water supplied from the retorting section. How

ever, 2,470 acre-ft/yr ofwater is recycled from the waste water treatment

area and sour water stripper, while 470 acre-ft/yr of boiler blowdown is

routed to the retorted shale vegetation area. Over and above various

blowdowns and discharges of water from various sections of the plant,

retorted shale management and vegetation requires a makeup of 2,020

acre-ft/yr, totaling 2,860 acre-ft/yr consumed.

Water Requirementsparaho Indirect Mode

In the indirect mode based plant, water requirements are somewhat

higher than the direct mode, as shown in figure 9. This is primarily

attributed to the following:

(1) There is no recovered water as product of combustion. Water

produced in the externally fired heater is lost to the stack. (Refer to

figure 10 for the retorting section water balance.) One source of

water is free and bound water from the raw shale. This water

distributes in three places: 370 acre-ft/yr (47%) as process conden

sate, containing traces of hydrocarbons, H2S and ammonia; 220

acre-ft/yr (28%) is in the product oil; and 190 acre-ft/yr is in the

product gas. All of this water may be recovered and treated for

further use.

(2) The indirect mode produces a different type of retorted shale

containing about twice as much carbon as the direct mode, thus
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Figure 8. Retort water balance, Paraho direct mode retorting (acre-feet/year).
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Figure 10. Retort water balance, Paraho indirect mode retorting (acre-feet/year).
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requiring a greater quantity ofwater for dust control
and vegeta

tion.

A 100,000 barrel/day oil shale plant based on the indirect mode

process is expected to import 14,000 acre-ft/yr (8,680 gpm or 3.0 barrels of

water per barrel of oil).

Water balances, as presented here, both for the direct and indirect

modes, are based on conservative estimates. It is quite likely that, with

additional research, a reduction in water requirements could be made,

particularly in the retorted shale management and vegetation area. Fi

gures, comparingwater consumption for various energy related industries,

were published by Chemical and Engineering News (1974) and are shown

in figure 11. Oil from shale water consumption has been added to the list,

using figures based on the above conclusions. It is evident that an oil from

shale industry would use modest quantities of water and should not be

classified as a

"water-guzzler"

industry.

Acre Feet per Year for a

Gallons Per 100, 000 Barrel/Day Plant

Uranium Reactor Fuel

Million

14

Btu (Or Equiv.)

9,400

Oil Refining 7 4,700

Coal Gasification (SNG) 58 39,000

Oil from Coal 50 34,000

Oil from Shale 24 10,000*

Electricity from Fossil Fuel 146 98,000

Electricity from Nuclear Fuel 234 157,000

*Paraho Estimate (Direct Mode)

FIGURE 11. Energy processes: water consumption comparison.
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PARAHOOUTLOOK FOR

COMMERCIAL DEVELOPMENT

Harry Pforzheimer

What is the outlook for oil shale commercialization? Particularly, what

is the outlook for commercialization of the Paraho Process?

As Sohio's vice president for oil shale and tar sands, mymain interest is

to get a technology we can use, rather than a technology we could sell.

Sohio got started on oil shale back in 1964 with Cleveland-Cliffs, and

TOSCO. We organized the original Colony Operation to build and operate

the Parachute Creek plant, using the TOSCO process. We also acquired a

significant spread ofoil shale properties. Cliffs and Sohio backed out of the

Colony operation in 1966, but retained our land interests.

Sohio and Cliffs made a world-wide survey of available technology

applicable to oil shale. We looked at about 35 different possibilities. They
weren't all different processes; in some cases, just a piece ofequipment that

could be used in a process. We picked as the most promising, John
Jones'

new series of inventions, collectively called: "The Paraho Technology".

That was in 1966

We really didn't get started on the development of the Paraho

technology at that time. Actually, we began negotiatingwithAreo, and four

companies, Areo, Cliffs, Tosco and Sohio, went into the Colony II prog

ram. Areo got the Parachute Creek plant started again in 1971. However,

Sohio and Cliffs, having completed their financial responsibility to the

program and still not satisfied with the progress being made, backed out

later that year.

Harry Pforzheimer, Paraho Oil Shale Demonstration, Inc., 300 Enterprise Building,

Grand Junction, Colorado 81501.
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The plans that John Jones described in his talk were initiated to test

the Paraho Process. First, a lease of the Anvil Points facilities had to be

obtained because the tail end of the Colony II program was still going on at

Parachute Creek. We are very fortunate to be at Anvil Points. I'm quite

proud of what Paraho has accomplished there. John Jones and Kumar

Kunchal have told you, much better than I could, what our results have

been. To summarize some of the points they made:

(1) The Paraho retort has very few moving parts and low construction

and operating costs.

(2) It uses counter-current flow and gravity transport. This means that

it doesn't require a separate circuit for solid heat-carrying bodies;

it doesn't require anything tomove the rock up through the retort.

(3) The retort consumes no water. In fact, it produces water.

(4) It uses lumps of retorted shale and does not produce any serious

dust problems.

(5) In one very important area, retorted shale management experi

ments have demonstrated that this material can be compacted to

where it is impermeable to water. Very little water is required in

the direct fired type ofretorted shalemanagement. Retorted shale

from indirectly fired retorting may be a different story.

(6) The primary use ofwater consumed in retorted shale management

is in vegetating the surface of the retorted shale. I've been told

vegetate, not "revegetate", because nothing ever grew on this

material before, (depends on how you define "this material").

(7) Emissions of sulfur, nitrogen oxides and particulates, at our Anvil

Points operation, have been found acceptable by the strict Col

orado standards. We have a permanent permit, under Colorado

law, to operate our oil shale retorts.

(8) The Paraho retorts have very high thermal efficiencies. These

were reported to you. Rather than discard the residual carbon on

the retorted shale, the Paraho direct heated process consumes

much of it to fuel and power the process. On the other hand, the

Paraho indirect mode produces a high Btu gas and a better quality

oil. Now, these are actual results in large scale equipment.

A combination ofthe direct and the indirectmode may be the ultimate

solution. This was successfully tried during the Paraho Oil Shale Demonst

ration program. Results indicate that it should be possible to fuel the

combination mode by direct burning of the carbon on the retorted shale

produced from the indirectmode. Thiswould liberate both the oil and high

Btu gas produced. The retorted shalewould have the desirable characteris

tics of retorted shale from the direct fired mode. Obviously, the combina

tion mode is something we need to do more work on.
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Anticipating the June 30th Paraho project completion date, the Anvil

Pointsminewas closed in December 1975, leaving enought rock on hand to

carry out the remainder of the privately-funded retorting program. The

retortswere shut down in April. All reports were issued byMay 31. Except
for the Commercial Evaluation Study. This study was distributed to par

ticipants in the 9th Oil Shale Symposium (June 1976).

After analyzing the actual results of Paraho's retorting program, we

will select a mode or modes of operations for the Commercial Evaluation

Study. Kunchal (1976) reported some of the work done toward this end.

Hopefully, the advantages of the Paraho Process will be reflected in the

economic results obtained in the Commercial Evaluation Study. The study

will almost certainly involve both the direct and indirect modes, but not

the combination mode because we haven't done enough work on it. We are

also confident that, when the Commercial Evaluation Study is completed,
we will find that the upgraded shale oil or syncrude will have a price of

$15.00 to $20.00 per barrel for a 15 percent return on investment. Thismay

seem to be a pretty broad estimate but it is within narrower limits than

before. Up to now, we had been estimating from $10.00 to $20.00 per

barrel.

Exact price does not seem to be very important at this time. Until we

review the module type program, briefly reported by Jones (1976), in some

detail, the real cost of producing shale oil won't be known. With the

present controlled average price of $7.66 a barrel for domestic crude oil,

obviously, shale oil at $15 to $20 per barrel cannot compete. Ifwe look at

the controlled price of new domestic oil, still $11.28 a barrel, the same is

still true.

No one really knows what oil prices would be if we were not in a

controlled situation with respect to domestic crude oil. We think it is very

important that we approach the ultimate commercialization of shale oil in

an economy where we have a free market in oil and the ability to compete

with foreign sources ofoil. Possibly, by the time we get throughwhat is yet

to be done, including the module step, we will have a free market on oil.

Maybe shale oilwill then have a chance. However, ifthe industry team is to

be held together not just our Paraho team, but all those people who have

been working on oil shale during the last few years in various research

projects, in the prototype oil shale leasing program, and in various educa

tional institutions about the country if this team is to be held together, we

must have a suspension of the terms of the prototype oil shale leases while

we await
developments. We all need additional time to put our capabilities

into themodule program. Although Paraho is not a lessee under the federal

oil shale leasing program, I am involved because Sohio holds the Utah-b
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lease. We are participants with Sun and Phillips in theWhite River Shale

Project.

We come now to the module program: The success of the Paraho

Project suggested to us some time ago that the next logical step would be to

construct and operate a full-sized retort or module. This module needs

defining. By amodule, we mean one full commercial sized retort; themine

required to supply rock to feed that retort; crushing equipment to crush

and size it; equipment and facilities to dispose of retorted shale; a place to

put the crude shale oil produced; and all the supporting equipment.

Generally, we do not anticipate that a module includes any upgraded

facilities.

Paraho made a proposal, back in May 1975, to construct a full-sized

module at Anvil Points. This proposal was pretty well distributed. It was

discussed in tlie press. At that time we, estimated a cost of $76 million for

both construction and operation. It could be done at Anvil Points at that

price because of the lower cost of the Paraho retort and because of the

support facilities available. Anvil Points is not a remote area. However,

since last May, inflation has increased our estimate to $85 million in the

first quarter of 1976. This includes $58 million for construction and $27

million for 30months ofoperation. But, this is still aphenomenally low-cost

module.

When we came outwith our original announcement about the Paraho

full-size module, both industry and government showed considerable in

terest and support. The chairmen of the Armed Service Committees of the

U.S. House ofRepresentatives and the U.S. Senate granted us the right to

mine the additional shale required from the Naval Reserve. Then, the

Navy authorized us to proceed with the module wheneverwe were ready.

The Navy is involved because Anvil Points is located on the Naval Oil Shale

Reserves. The Bureau of Mines completed a favorable environmental

assessment of the module proposal. The Solicitor's Office, Department of

Interior, issued Guidelines for the Federal Prototype Oil Shale Leasing
Program. These guidelines provided, among other things, that expendi

tures by lessees for patented or demonstrated technology, such as

Paraho's, could be credited against the fourth and fifth bonus payments

under the Prototype Leasing Program. Paraho, in proposing it's module

program, expressed a willingness to accept contributions as prepayments

for the use ofthe Paraho technology. In effect, Paraho waswilling to take its

future income to build the module.

In July 1975, the $6 billion Synthetic Fuels Amendment was added to

the Energy Research and DevelopmentAdministration (ERDA) appropri

ation act and approved by the U.S. Senate. With this federal assistance in

the offing, it appeared that we could have everything we needed to move
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ahead with joint government-industry financing for a full-size Paraho mod
ule.

President Ford visited Paraho in August of 1975 with Frank Zarb,

Congressman Tim Wirth and Senator Gary Hart. They toured the mine
and plant, witnessed Paraho's ability to produce oil from oil shale andwere

impressed. President Ford reported favorably to the media about the size,
productivity, and environmental acceptability of Paraho's operation and

stated that oil shale must have a bigger part in this country's energy

program. This was the high point of the current cycle for oil shale.

Since then things have gone down hill through no fault ofPresident

Ford. First, there was a threat of a suit by one of the environmentalist

groups if ERDA permitted us to build a module without first obtaining

another Environmental Impact Statement. We already had one approved

Environmental Impact Statement. We designed our module proposal to

complywith the existing Environmental Impact Statement, but the threat

of a suit was a little too much. In October 1975, ERDA decided that a new

Environmental Impact Statement would have to be prepared before

Paraho could build its full-size module at Anvil Points. This will take a year

or more to complete. We began working on it immediately.

Two additional adverse federal actions occurred in December of 1975:

One was the defeat of the $6 billion Synthetic Fuels Amendment in the

House of Representatives. The other was the passage of the compromise

1975 Energy Policy and Conservation Act which rolled-back the price of

domestic crude oil. Unfortunately, these actions came at a time when

incentives, rather than restraints, were and still are needed to encourage

energy production and conservation.

So far, it seems that this country has not yet recognized in thatwe have

an energy shortage, and that all acceptable forms of domestic energy

developmentwill fall short ofmeeting our needs, particularly for transpor

tation fuels. New legislation must be passed to correct the adverse federal

actions ofDecember 1975. With the economics ofshale oil beingwhat they

are, and the fact that modules are not profitable investments, we are going

to need federal grants or non-recourse, guaranteed loans to move ahead.

Only in this way can we eliminate the uncertainties relating to the produc

tion and economic acceptability ofoil shale. Most ofall, wewill obtain some

really good cost figures. The estimated cost of a 100,000 barrel per day
shale oil plant has increased from around $150 million ten years ago to $1.5

billion dollars now.

After the module phase is completed, one ormore retort technologies

should come to the front. Paraho does not seek a unique position in the

module program. There are other retort processes available. But, no

matterwhat the process, ten to twenty full-size retorts will be required for
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a commercial plant. To justify moving into commercial development, we

must have a free market. Hopefully, the price then will be high enough to

justify making the decision to go forward. But, even if it isn't high enough,

it's important that we go forward anyway. This might have to be done

through some sort of government-industry partnership.

Our national alternative to supplementing our domestic crude oil

supply with shale oil production is to purchase more and more imported

crude oil. As this supply declines, such purchases would inevitably be at

higher and higher prices, exporting more and more dollars and U.S. jobs.

Under this alternative, we will become more and more vulnerable to

another oil embargo and less and less capable ofmaintaining a prosperous

economy or ofmustering an effective national defense.

Conceding that our government needs to consider carefully how to

achieve energy independence and help developing technologies toward

commercialization, it is still in this nation's best interest to encourage

private industry to move through the profit system into new technologies

as they reach feasibility. Future conditions required to encourage com

mercialization by private competitive enterprise cannot be determined at

this time. When such conditions do occur, if federal funding assistance is

required, it should be available to encourage construction ofthe first group
of commercial plants or pioneer plants by industry and for the socio

economic projects required by the communities to be impacted by such

commercial plants.

It is unfortunate that the forecast for the outlook for oil shale commer

cialization is no better. We are still optimistic that oil shale must and will

become commercial and that Paraho will have an important part in this

development. If not, I wouldn't be staying in this business. We feel it can

be done and we think it will have to be done. But, it will take the

cooperative efforts of all of us to do it.



OIL SHALE IS NOT DEAD

B. E. Weichman

In 1974 when oil shale development was charging ahead and the State

ofColorado was wondering how to handle the sudden impact, the attitude

and advice ofsome of the local ranchers was, "Don'tworry about it wait a

few years and it will go These people were not just talking, they

were speaking from experience. In the early 1900's, it was East Texas oil

that laid it to rest. In the fifties, it was cheap foreign oil. Again, after that

tremendous oil shale charge in 1974-1975, many people are now asking "Is

oil shale going to die To many people it looks kind ofgrim. On the

surface, it appears as though oil shale wasmade sick by economics and dealt

a death blow by irresponsible legislation and regulation.

However, those of you who know the facts about oil shale are simply

not buying that fatalistic attitude. The facts clearly show that shale oil will

be a required, if not demanded, energy source in the future. Several of

these facts are as follows:

Fact 1 The United States is currently producing about eight

million barrels per day of oil, and this is declining.

Fact 2 The United States is currently consuming over 17 mill

ion barrels per day of oil, or more than double our

current production.

Fact 3 The U.S. Geological Survey now estimates our disco

vered and undiscovered domestic oil reserves at about

110 billion barrels. This would last about 12 years, with

escalation.

B. E. Weichman, Oil Shale Department, Superior Oil Company, P.O. Box 1521, Houston,
Texas 77001.

71



72 Quarterly of the Colorado School of Mines

Fact 4 The balance ofconsumption over production is made up

by imports, and there is a limit as to how much we can

import and for how long, even if we could afford it.

With these facts in mind, our only liquid fuel alternative to natural oil,

until some time in the twenth-first century, will be synthetic oil.

Ofour domestic reserves, only oil shale and coal are sufficiently large

and capable of producing enough synthetic fuel to meet our needs, even

with our best effort at conservation. Liquid fuel, which serves such a

critical part ofour economy, can most quickly be obtained from oil shale. A

recent study by a government task force states that of all the potential

synthetic liquid fuels, that produced from shale oil appears to be the

cheapest.

So-called facts can be massaged around to make them say almost

anything you want them to say, but it is clear that no matter how you

arrange these facts, synthetic liquid fuel is going to be in serious demand in

the United States in the not-too-distant future.

How soon can we expect synthetic oil from oil shale? This depends on

progress toward commercialization. Progress toward commercialization of

oil shale must be realistically divided into two categories. The first category

is technical progress, aimed at development of an economic and environ

mentally acceptable commercial sized plant. The second category is legis

lative and has to dowith the business climate which will allow the responsi

ble commercialization of oil shale.

Progress in the first category, technical progress, has been excellent

over the past few years and is capable ofbringing about an early, acceptable

commercial oil shale industry. Progress in the second category has unfor

tunately been negative. Poor legislative policies, irresponsible use of the

judicial system and overzealous regulatory agencies have imposed a cas

cade of unreasonable rules and regulations that will, if unmitigated, dep
rive our nation of the cleanest, most quickly available, and cheapest

synthetic liquid energy which is shale oil.

Regardless of how successful we may be in technical progress, com

mercialization of oil shale will never come to be without improving the

business climate. The responsibility rests on you, the people who know

about oil shale, to participate in a responsible manner to mitigate un

reasonable legislation and regulations.

A closer look at technical progress toward commercialization shows

there are four major problems or barriers to early commercialization ofoil

shale. These are:

(1) Economic

It is the general consensus that oil shale todaywill require some
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type of support to be economic.

(2) Environmental

All of the environmental problems ofoil shale development are

not solved; at least, that is the opinion of the environmental

community and many regulatory agencies.

(3) Water Use

Many regulatory agencies are unwilling to accept the use of

surface water in a shale industry because they believe it com

petes with agriculture.

(4) Capital Requirements

The capital requirements are intensive, (the entire capital in

vestment must be made before any return on investment is

possible), although this is common to all synthetic fuel projects.

Technical progress by private industry, in cooperation with federal

agencies, can solve these problems. As an example, in 1967, The Superior

Oil Company began the design and testing of a unique oil shale process

which, with cooperation from federal agencies, we believe will solve these

four technical problems and result in early commercialization ofoil shale.

Considering the problem of economics, the Superior process, called

the Multi-Mineral Oil Shale Process, is presently believed to be economic.

It will not require product price supports or subsidies to be a viable,

acceptable economic venture.

Considering the problem of the environment, we believe the en

vironmental problems associatedwith multi-mineral development are sol

ved in an acceptable manner.

Considering the problem of surface water use, we do not propose to

use surface water in the process; in fact, we propose to generate fresh

water.

Considering the problem of capital requirements, the multi-mineral

process could require less than half the capital investment that may be

required by some other synthetic ventures.

In the multi-mineral process, the key to the solution ofthese problems

is the presence of the minerals nahcolite (NaHCOs) and dawsonite

(NaAl[OH]2C03) in oil shale. Figure 1 shows the oil shale outcrop of the

Piceance Creek basin in northwest Colorado, as well as the location of

significant amounts of nahcolite and dawsonite in the oil shale. In this area,

there are more than 300 billion barrels of oil, over 30 billion tons of

nahcolite, and over 20 billion tons of dawsonite (Weichman 1972). This

represents a tremendous energy and mineral resource.

The Superior multi-mineral process would use oil shale, containing

these minerals, to produce, in one integrated operation, four products.
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Figure 1. Piceance Creek Basin.

They are:

(1) Raw Nahcolite

(2) Shale Oil

(3) Alumina

(4) Soda Ash

The following is a brief description of this process regarding the

technical progress toward commercialization.

The Superior multi-mineral process can be generally and simply
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Figure 2. Multi-mineral process block diagram.

described as a four-step operation.
* Figure 2 shows the steps in the process

train. Steps 1 and 2, Mining and Nahcolite Recovery, are materials handl

ing operations and must be closely integrated. Steps 3 and 4 are related

chemical-type processes, closely tied to Steps 1 and 2.

Step 1 Mining

During the past year, the mine engineering has been com

pleted for a mine that would support a one module plant.

This includes the disposal of spent shale back in the mine.

This mine would produce 24,000 to 25,000 tons per calendar

day of oil shale, nahcolite and dawsonite.

Step 2 Nahcolite Recovery

The objective of Step 2 is to produce raw nahcolite (80

percent plus, pure) for market as a gas scrubbing agent. The

basis of nahcolite separation from the oil shale is the differ

ence in compressive strength of the nahcolite, as compared

to the host oil shale. Secondary crushing reduces the friable

nahcolite to comparatively smaller size particles than the oil

shale which can then be separated by screening.

*Weichman, B. ., 81st National Meeting, AIChE, April 1976, personal communication.
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Figure 3. Photosorting system schematic.

Larger sized particles ofnahcolite that cannot be screened to

greater than 80 percent purity can be recovered by a special

beneficiation process called photosorting. Figure 3 is a

schematic diagram of this process. The oil shale and liberated

nahcolite are heated in a kiln to partially calcine the nahcolite

without pyrolizing the oil shale. The ore goes through the

photosorting machine where the white nahcolite pieces are

detected by a photoelectronic scanner that triggers an air jet

blast system to alter their stream trajectory sufficiently to

allow the blade splitter to separate the nahcolite from the

shale. Nahcolite product of greater than 90 percent purity

can be obtained by this process. This product is mixed with

the screen product to provide greater than 80 percent pure

nahcolite for market.

Significant progress toward commercialization was made the

past year when this process was successfully tested on

commercial-sized equipment.
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The crushing-screening operation would be carried on in

closed, insulated housing which is purged with clean air,

exhausted through a fabric filter.

Step 3 Retorting
Superior has pilot-tested a circular, traveling grate retort,

similar to those used for sintering iron oxide.

Figure 4 is an artist's conception of a circular grate retort,

modified after Arthur G. McKee & Company. The retort

consists essentially of a water-sealed, gas-tight,
doughnut-

shaped tunnel through which a flat washer-shaped grate

travels continually.

Figure 5 is an end-section view of the doughnut-shaped

retort, also modified after Arthur G. McKee & Company.

This figure shows the loaded gratewhich travels between the

hood above and the windboxes below. Also shown are the

simple but effectivewater seals. The grate carries a thick bed

of oil shale successively through the process zones.

Superior has successfully pilot tested the viability of this

retort and has optimized the process variables. The data are

presently being analyzed to see ifadditional testing is neces

sary. Engineering ofa commercial-sized retort is expected to

begin this year.

Step 4 Aluminum and Sodium Compound Recovery
Figure 6 is a simplified flow diagram ofthe process. The shale

from the retort is mixed with recycled leach liquor and

make-up water. The shale is then separated from the leach

liquor, washed, and returned to the mine for disposal.

Aluminum hydroxide is crystallized from sodium aluminate

liquor by seeding and pH reduction.

The aluminum hydroxide is filtered from the liquor and

calcined into cell grade alumina for market. The sodium

carbonate-rich liquor is evaporated in triple effect

evaporators to precipitate crystals of sodium carbonate that

are separated from the liquor by centrifuge. The soda ash is

dried for market. The remaining liquor is recycled. Water

vapor from the evaporators is condensed in heat exchangers

to supply fresh water to the plant and support facilities.
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Figure 5. Circular grate retort cross section.

The Superior Oil Company has successfully testsed this pro

cess on large bench scale, and recovered cell grade alumina

and soda ash. A pilot plant is expected to begin operation this

summer.

The multi-mineral process is designed to permit step-by-step de

velopment and modular construction. Each module would be full-sized

hardware so that plant expansion would only require duplication.

Figure 7 is a development timetable for one module. Phase I, mine

access and pilot mining, would require three years. The nahcolite separa

tion plantwould be constructed in year 2, capable ofexpansion as required.
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In the third year, raw nahcolite would be available for market. Phase II

involves bringing a full module into production. Mine developmentwould

proceed from year 4 to full production, as required by the plant. Construc

tion of the retort and sodium-aluminum portion ofthemodulewould begin

in year 4 and require three years to complete, including start up. Produc

tion of shale oil, alumina and soda ash would begin in year 7 and be in full

production by year 8.
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Production

One module (21,500 to 25,000 TPCD) would produce, depending on

grade of shale, about:

1;500 to 5;000 tons per day of nahcolite

10,000 to 15,000 barrels of oil per day
500 to 800 tons per day of alumina

800 to 1,300 tons per day of soda ash

The Superior multi-mineral process has the potential of solving the

four major technical problems confronting commercialization of oil shale.

An overview of the process shows the potential solutions as follows:

(1) Economic The production of four products, rather than just one

(shale oil), for little more capital investment and oprating cost

renders a much more profitable and financially flexible operation.

(2) Environmental The Superior multi-mineral process was de

signed with a responsible consideration for the environment in

mind. Environmental problems were anticipated and solved as

part of the plant design, rather than after-the-fact corrective ac

tion. The following characteristics of the process are some of the

reasons it is believed to be environmentally acceptable, among

others:

a. No contaminating effluents Surface effluents emanating from

the process will be negligible andwell within mandated allowa

ble levels. Primary source ofeffluent gas would be the utilities

plant. The process gas which fires the utility plant is compara

ble to natural gas and can be burned clean. The only liquid

effluents leaving the process system would be oil product for

market, retort water back to the mine with the spent shale, and

fresh water.

b. No permanent surface disposal of spent shale The spent

shale is returnable to the mine, along with the retort water,

obviating any need for revegetation or the use of scarce irriga

tion water. Spent shale contains about 20-25 percent process

and retort water, eliminating dust problems.

c. Clean energy potential Fifteen thousand tons per day of

nahcolite from an oil shale operation could free for use over

100,000 tons per day of high sulfur (3%) eastern coal or over

300,000 tons of low sulfur (1%) western coal without degrading
the atmosphere beyond state or federally mandated standards.
Three hundred thousand tons per day of coal is the equivalent
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of over a million barrels of oil per day.

d. Socio-economic advantages Orderly development is possible

because of the step-by-step program. The plant is developed by
modules that can be constructed, one after another, until op

timum plant size is reached. This arrangement allows a gradual

buildup ofconstruction workers, operation workforce and sup
port without abrupt peaks and dips in total personnel. The

stable workforce, early mineral sales and inherent lead time

will permit orderly development on a gradual basis. A tax base

for social facility construction is in part obtained from the effects

of early mineral sales.

(3) Water The saline process water is proposed to be derived from

the subsurface

"leached"

zone (Weichman 1973) on Superior

property, some of which is converted by the process to pure,

condensed water. It should be emphasized that no use of surface

water is anticipated in the multi-mineral process, thus eliminating

any competition for water with agriculture.

(4) Capital Synthetic fuel development is capital intensive, espe

ciallywhen only one product is developed, since the entire capital

investment must be made before any return on investment is

possible. The Superiormulti-mineral process permits full produc

tion and sale of raw nahcolite as soon as pilot mining is complete,

resulting in a substantial income before the major portion of the

capital is committed, thus reducing the maximum capital expo

sure.

The Superior Oil Company is planning to have all pilot testing of this

process completed in 1976. Before a commercial construction program

could begin, an exchange of land with the federal government, which has

been initiated by Superior, must be consummated.

This is one example, and there are others, ofhow technology can rise

to the challenge ofproviding our countrywith its needs in a responsible and

acceptable manner. However, in order for the consumer to benefit from

such technology, the legislative, judicial and regulatory bodies must oper

ate in a practical, reasonable and responsible manner. Such bodies must

create a healthy business climate that encourages orderly and timely

development. It is important to recognize that delays in development,

created by overconcern for the environment, will ultimate destroy the

good work that has been done toward environmental protection to date.

When liquid fuel becomes in short supply this is going to happen in the

not-too-distant future crash development programs will be initiated;

dominated by crisis management and crisis decisions. Such programs are
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costly financially, environmentally and socially, with the public paying the

unnecessarily high price. We cannot affort to let oil shale die in this, the

eleventh hour for responsible development.
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OXY MODIFIED IN SITU PROCESS DEVELOPMENT AND UP

DATE

H. E. McCarthy and C. Y Cha

INTRODUCTION

Oil from oil shale has been a dream or an expectation of the people of

the United States since the early 1900s. The potential for oil shale has been

recognized for years because of the large in-place reserve. Reserves in the

Green River Basin, particularly in Colorado, Utah and Wyoming, are

estimated at some 1.8 trillion barrels; ifonly the reserves of shale, at least

ten feet thick and yielding at least 25 gallons ofoil per ton are considered,

oil in place in the three states has been estimated at 600 billion barrels

(Dinneen and Cook 1974). Distribution is shown in figure 1; a sum

mary of oil shale resources in place, by location and quality, is shown

in table 1 (Bond 1975; National Petrol. Council 1973). For more than

50 years, extensive development work has been conducted to find

econcomically and environmentally acceptable methods of recovering

the oil from such resources.

A description of oil shale geology and a general description of the

composition ofthemarlstonewhich forms the inorganic oil shale matrix and

the organic polymer, called kerogen, have been given in many places, but

specifically in an earlier paper by the authors (McCarthy and others

1976). Repetition seems unnecessary.

Authors are with Occidental Exploration and Production Company, 5000 Stockdale

Highway, Bakersfield, California 93309.
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Figure1.Oil shale deposits in Colorado, Wyoming, and Utah.

There are many reasons for trying to develop practical in situ

techniques for recovering oil from the oil shale. In above-ground proces

sing, approximately 80 percent of thematerial mined must also be disposed
of as the inert inorganic portion of oil shale. This disposal presents serious
environmental problems, and adds considerably to the cost of the oil
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produced. Also, half or more of the reserves are contained in the lower

grade shales, ranging down to 10 gallons per ton. Oil may be recovered

economically from these lower grade deposits by in situ processing, but

cannot be recovered by above-ground techniques because of the high cost
of mining, crushing and disposal required for retorting. The rich, thick

shale deposits are also found under considerable overburden and are not

readily amenable to surface mining. Therefore, the development of an

economical in situ process represents a major breakthrough in developing
our reserves of domestic oil.

Table 1. Summary of oil shale resources-Green River Formation

(billions of barrels)

Resources

Location

Thick

Accessible

35 + GPT

Thick

Accessible

30 - 35 GPT

Thiner

or more

Inaccessible

30 + GPT

Low

Grade

15 - 30 GPT Total

Piceance Rasin

Colorado 34 83 167 916 1,200

Uinta Rasin

Colorado and Utah 12 15 294 321

Wyoming
Green River &

Washakie Rasins 4

186

256

1,466

260

Total 34 95 1,781

Source: National Petroleum Council

*GPT-Gallons Per Ton

State of the art

In the early 50s, Equity Oil made several attempts at in situ opera

tions. These efforts involved a hot steam flood; hydrofracing (fracturing oil

shalewith water under pressure), followedwith a steam flow electrofracing

and explosive-fracing, following by hot natural gas injection; and many

other techniques. EquityOil was able to recover oil, but the economics did

not warrant commercial development.

Shell has attempted solution mining of the minerals in oil shale to

create permeability for retorting; however, no results have been published

and Shell appears to have discontinued this approach.
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Lawrence Livermore Laboratories (LLL) considered drilling a
2,000-

foot hole into oil shale and detonating a nuclear device to create an

underground chimney of oil shale rubble which could be retorted. This

program was never carried out. Concurrent with the above efforts, a

program was established by the Laramie Energy Research Center for

simulating underground retorting in above-ground retorts. Two above-

ground retorts were constructed and "as mined placed in these

retorts. Experiments showed that acceptable shale oil yields could be

obtained, although it was impossible to achieve the low void volumes

desirable for in situ retorting. Laramie's datawere used to help in establish

ing conditions for underground retorting. And, successful in situ retorting

with low void volume was demonstrated by Occidental Petroleum Corpo

ration's first field test in Colorado.

Based on the foregoing approaches, it is clear that a major problem in

performing underground retorting of oil shale is providing sufficient per

meability for controlled gas flow. Recognition of this principle led to Oxy's

concept: the modified in situ process.

Occidental's Concept

The modified in situ process consists ofcreating underground retorts

of rubblized oil shale by expanding the oil shale into a void volume using
conventional explosives. The Oxy process consists of two basic steps: (1)

forming the in situ retort by removing approximately 15 to 20 percent ofthe

oil shale deposit and expanding the remaining shale into the void volume,

and (2) retorting the rubblized oil shale in place (fig. 2). The predetermined

void volume is mined out from within the boundary of the retort being
formed. The remaining oil shale is then expanded toward the void volume

by blasting to form a rubblized retort as shown. Once the retort is formed,

connections are made to both the top and bottom as shown in Figure 2.

Retorting is initiated by heating the rubble pile at the top ofthe retort,

using an outside energy source. Restorting the top part of the shale

produces shale oil, combustible gas, and residual carbon left on the spent

shale. When a predetermined amount of rubblized oil shale has been

retorted, the outside source ofenergy is shut off; the combustion process is

continued by injecting air into the retort for reaction with the residual

carbon, the major fuel used to support oil production. Part of the combus

tible gas, exiting from the retort, is recycled to control the oxygen concen

tration of the inlet gas. Other diluents can also be utilized for control of

oxygen concentration. Figure 3 shows four distinguishable zones:
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Figure 2. Occidental oil shale process retort operation.

burned-out zone at the top; combustion zone; retorting zone; and vapor

condensation or cooling zone. The combustion zone moves slowly down

ward, controlled by the amount of air injected. The oil produced in the
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Figure 3. Occidental in situ oil shale retorting.

retorting zone flows by gravity to the bottom of the retort where it is

collected in a sump and pumped to storage.

Gas, exiting from the retort and not recycled, is burned in a combus

tion turbine to generate electric power. If electrical power is generated,

only 20 to 25 percent is required for in situ operations.

One of the critical variables is the minimum void volume, obtainable

by mining and blastingmethods, needed to ensure adequate permeability
for gas and liquid flows with a low perssure drop. The simulated retorts at

Laramie used a void volume of 35 to 45 percent. There are economic

advantages in mining the minimum amount of oil shale; thus, it is impor

tant to create low void volume retorts. Occidental feels that a void volume

of 15 to 20 percent is desirable. Successful retorting in the approximate

range of 20 percent void has already been technically demonstrated.
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Process Simulation Model

In addition to a field development program, Occidental recognized

the need to interpret and expand upon the limited data available from in

situ retorts and formulated a process simulationmodel to provide a method

ofanalyzing process test data. This model is based on fundamental chemi

cal reactions, transport phenomena involved, and heat and material ba

lances. Three major, distinct chemical reactions occur: thermal decompos

ition or pyrolysis of the organicmatter (kerogen); thermal decomposition of

the inorganic carbonates (primarily dolomite and calcite); and combustion

of residual carbon to provide the process heat.

In addition, combustion ofshale oil and recycle gas has been included.

Since in situ retorts contain particleswith awide range in sizes, the transfer

ofmass and heat inside the particles appear to control the combustion and

retorting rates. These chemical kinetics and transport phenomena have

been thoroughly examined to develop and derive a complex series of

equations, which, when combined, describe and simulate the overall

process. Numerical solution of these equations handled by computer.

The reaction mechanism for kerogen pyrolysis is considered to be as

follows: upon heating, kerogen decomposes into bitumen, gas, oil, and

carbon residue. The bitumen then decomposes to form additional oil, gas,

and residual carbon. For "small particles", the rate of the chemical reac

tions controls the overall process rate but for large particles, the transfer of

mass and heat governs the process. The underground retorts contain shale

particles with a wide particle size range; the simulation must, therefore,

consider all these effects.

In order to include the diffusion effects for thermal decompositions of

kerogen and inorganic carbonates, effectiveness factors were formulated

by either experimental data or theoretical calculations. For combustion of

residual carbon in a spent shale, three mechanisms have been considered:

external mass transfer of oxygen, diffusion of oxygen through the product

layer, and chemical reaction at the unreacted surface of the particle. The

shrinking core model was used to formulate physical rates. For particle

sizes expected in an in situ retort, the diffusion ofoxygen appears to control

the rate of residual carbon combustion. Dolomite in oil shale begins to

decompose somewhat below 1,050 degrees Fahrenheit while calcite begins

to decompose in the range of 1,150 to 1,200 degrees Fahrenheit (Ruark

and others 1969). These reactions are highly endothermic and thus contri

bute to the overall heat balance. After completing analysis of a single large

particle, energy and material balance equations were written with a com

bination of the rate equations to obtain the overall retorting process
mod-
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el. If three particle sizes, representing the distribution in an actual retort

are chosen, a total of 13 simultaneous partial differential equations must

be solved.

Solution of these partial differential equations for energy and mass

balance, coupled with the rate equations, gives the temperature and

oxygen profile in the retortingbed aswell as the amount ofoil produced as a

function of time and location. These equations were solved using a numeri

cal technique.

With the given operating conditions and retort configurations,
includ

ing the Fischer assay ofoil shale, void volume, and particle sizes, themodel

predicts the following:

(1) Oil yield and oil production rate

(2) Retorting zone advancing rate

(3) Composition of product gas

(4) Rate of gas generation

(5) Temperature profile at a given operating time

(6) Oxygen and recycle gas concentration profile

(7) Amounts of residual carbon and kerogen left inside the spent

shale

(8) Amount of inorganic carbonates decomposed during retorting

(9) Amount ofgas or air required for retorting per ton ofoil shale.

Agreement between predicted values and experimental data is shown

in figures 4 and 5where gas requirement and oil yield are shown for various

operating conditions and retort configurations. As shown in these figures,

calculated values from the model agree reasonably well with experimental

data.

Themodel is currently used to predict the oil production and retorting

zone location at various operating dates for the large scale Retort 4. (fig. 6).

It will also be used for investigating alternate retorting schemes and for

process optimization studies.

Field Development Program

Occidental started field development work in August of 1972 on the

DA Shale property. Since then Occidental has been able to advance its

development work very rapidly; it has successfully constructed and re

torted three small in situ retorts and is presently retorting the first large

scale in situ retort in the U.S. Thus, in spite of its late entry into oil shale,

Occidental has proven its ability to rapidly advance its project toward a

commercial reality.

The primary objectives of the three small-scale, in situ retorts were to

test the feasibility of blasting oil shale deposits to form in situ retorts with
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acceptable particle size, permeability distribution and pressure drop; to

test the feasibility of igniting such a retort; and to test the feasibility of

processing the in situ retort to recover a quantity of oil that would make

modified in situ production of shale oil economically attractive. Testing of

the first of these retorts began in June 1973. Test of Retort 3E was

completed in July, 1975. The successes realized in this research program

formed the basis for the current large-scale construction and processing

programs for Retorts 4 and 5.

In developing the Occidental process more than one mining scheme

has been used. Retorts IE and 2E used one mining plan while retort 3E

used a different scheme for retort formation. The pressure drop through

Retort 3E proved to be significantly lower than that in Retorts IE and 2E.

This lower pressure drop made it possible to operate the retort at higher

superficial gas velocities, with consequently higher oil production rates.
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This exemplifies the importance of the mining plan on operating paramet

ers.

Design of Processing System

Since the above-ground pilot retorts at Laramie Energy Research

Center were operated by mixing air with some of the product gas from the

retort (recycled gas) to control oxygen concentration, it was decided to use

this system as a basic retorting process for all three research retorts. The

system was designed to allow flexibility as to the ratio ofair to recycled gas.
The main difference was that the Retort IE system used only a vacuum

pump for moving gas through the retort, while the systems in Retorts 2E
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and 3E used Sutorbilt blowers as well as the vacuum pump. Also, the

systems in Retorts 2E and 3E used a Venturi scrubber for removing

entrained liquid particles from the stream of gas exiting from the retort.

Instrumentation for all three research retorts contained gas

chromatographs for gas analysis at various locations in the system; ther

mocouples for measuring temperatures at various depths in the rubble

pile; and numerous pressure gauges, recorders and thermocouples for

measuring pressures and temperatures throughout the
system.

Experimental Results

Downhole temperature profiles were taken on the various retorts.

These profileswere comparedwith the Process Simulation Model data and

used to evaluate performance of the retorts.

Results of these three retorts were quite successful and have been

reported earlier. The oil yield, in spite of some nonuniform flow problems,

exceeds 60 percent of the Fisher assay of the rubblized shale. As shown

earlier, these yields were in good agreementwith theoretical predictions of

the Process Simulation Model.

Shale oil properties from Retorts 2E and 3E are shown in table 2.

Since this oil has undergone a mild coking during retorting operation, the

characteristics of raw shale oil produced by Occidental's in situ process

have improved properties compared to raw oil produced from above-

ground retorts.

TARLE 2. Shale oil properties and composition

Properties of Shale Oil from Retort 2E

API gravity, 600/60 degrees F 24.3

Viscosity, 100 degrees F, SUS 116

Pour Point, degree F 65

Flash Point, degree F 241

Properties of Shale Oil from Retort 3E

Fire Point, degree F 258

Nitrogen, Wt. % 1.50

Sulfur, Wt. % 0.71

Carbon, Wt. % 84.86

Hydrogen, Wt. % 11.80

Shale Oil Composition (Volume percent)

Naphtha, IRP to 400 degrees F 4.6
Light distillate, 400-600 degrees F 25.4

Light gas oil, 600 degrees-800 degrees F 45.0

Heavy gas oil, 600 degrees-1000 degrees F 20.0

Residuum, over 1000 degrees F 5.0
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Retort 4 is the first large-scale retort in Occidental's continuing,

modified in situ development program. Retort 4was ignited December 10,
1975 and retorting is scheduled to be completed June 1, 1976. Retort 5, the

second large-scale retort, is under construction and is scheduled for igni

tion on approximately July 1, 1976.

Retort 4was designed to demonstrate commercial shale oil production

rates from large scale retorts. Subsequent economic studies showed that a

modification ofRetort 4's configuration would enhance economic viability.

In addition, the economics may be further improved by using the gas

from the retort as a fuel for power generation.

In an effort to understand the operation of a large scale retort, many
flow tests were made before ignition. These tests includedmeasurement of

flow parameters but tracer response tests were particularly important.

Tracer Tests

Tracer tests, using krypton 85, were conducted to determine the

permeability distribution in the retort. This determination, together with

active void volume determinations, were used to estimate effectiveness of

rubblization and assist in predicting oil yields. Twelve tracer tests were

conducted. Typical tracer response curves derived from these tests are

shown in figure 7.

Tracerwas also injected into the main air inlet and samples taken from

sampling taps, located near the top of rubble pile, to determine gas flow

distribution inside the rubble near the top.

An examination of the tracer response data indicated that rubblization

was not perfect but that data on the yield and production rates from a

large-scale retort could be obtained. Therefore, we concluded that, once

ignited, oil production would give quantitative data as to the "scale of

in situ retorts.

The shale section being processed in Retort 4 was divided into several

vertical sections having similar average grades of oil shale. Predicted oil

production and operating days were calculated from the mathematical

model, using data obtained from active void volume determination, tracer

studies and explosive powder factor distribution.

A constant superficial gas velocity will be maintained through each

interval, except the
"b"

grove; here, heat produced above the section will

be used to heat the rubble in this section and advance the combustion zone

into the rubblized oil shale below this zone. Since the hot inert gas process
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is much slower than the combustion process, the time required to pass this

inert section will provide valuable information for future commercial oper

ations.

Figure 6 shows oil yields to date against values predicted by the

Process Simulation Model. As shown in this figure, actual yield to date is

within 10 percent of predicted yield.

Laboratory tests, using a simulated gas exiting from the retort, have

shown that such gas has flameability limits and characteristics that make
design of a combustor practical. Turbodyne Corporation has designed,
constructed and installed a combustor test rig to be used for combustion

tests on gas from Retort 4. The modelwill simulate the primary zone of the

combustor and combustion conditions at atmospheric pressure. Figure 8 is

a schematic of this test rig. Construction of the test rig is about 90 percent
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complete; tests have begun. Since combustion stability improves with

increasing pressure, successful flame stabilization in the atmospheric test

will provide a high confidence level for engine conditions. Model data

acquired will be used for final detailed combustor sizing. Test objectives

are:

(1) Determine ignition requirements for the gas

(2) Investigate stability limits of the gas in terms of:

inlet temperature

fuel injection velocity

fuel injector geometry

inlet airflow

flame stabilization method

(3) Define combustor temperature rise as a function offuel air ratio

(4) Determine combustion efficiency on temperature rises.

Conclusion

Occidental has successfully tested 3 small scale in situ retorts, and has

shown that this method can be scaled up to large scale retorts. We have

demonstrated that the large scale retort's performance can be predicted

and that modification to the retorting parameter can be calculated. Thus,
we have successfully demonstrated the technology and are ready to build a

commercial demonstration facility. Occidental is presently investigating

many avenues for commercialization, including a demonstration facility
with ERDA, and joint ventures with companies holding better oil shale
lands. We are convinced that the technology is viable in today's oilmarket.
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HEALTH EFFECTS OF OIL SHALE PROCESSING

R. Merril Coomes

Introduction

All organizations involved in the commercialization of oil shale as an

energy source are, necessarily, concerned with potential health hazards

inherent in production. There are two basic areas for concern: the health of

the workers, and potential environmental health effects. The specific

threat to health that has received the most attention, particularly in the

public press, is the carcinogenic potential of processed oil shale.

What data are available concerning the health effects ofAmerican oil

shale? Processed shale, and shale oil, contain benzo[a]pyrene (BaP), and

other polycyclic aromatic hydrocarbons (PAH). These materials are always

formed during pyrolysis or combustion of organic material. There are

reports in the literature (Smith and others 1951; Hueper 1953; Hueper and

Cahnman 1958) that, in animal tests, American shale oil showed car

cinogenic properties. The most comprehensive animal test, reported by

Colony Development Operation (CDO 1974), shows shale oil to be as

carcinogenic as other petroleum products. Scottish experience with shale

oil indicated it was carcinogenic to human beings. English mule spinners

who came into contact with shale oil, over long periods of time, developed

scrotal cancer. While animal tests showed that Scottish shale oil was

carcinogenic (Leitch 1922; Berenblum and Schoental 1943); it was shown

that Scottish raw oil shale was inactive (Berenblum and Schoental 1944).

R. Merril Coomes, Tosco Corporation, 18200 West Highway 72, Golden, Colorado 80401.
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Certain PAH materials are known to cause tumors in animals under

laboratory conditions. BaP is not a known carcinogen to human beings

(Selikoff, Hammond, and Lawther 1969).

The health hazards of oil shale have been published in various media

(fig. 1). These scare headlines originatedwith two publications: one by the

Denver Research Institute (DRI) (Schmidt-Collerus 1974), and the other

by the
Scientists'

Institute for Public Information (SIPI) (Sauter 1975). A

comparison of the known data concerning oil shale with similar data from
"safe"

materials shows, conclusively, that oil shale materials do not contain

unusual concentrations of potentially hazardous compounds.

The four original participants in the C-b Shale Oil Project Atlantic

Richfield Company (ARCO), Ashland Oil, Shell Oil, and The Oil Shale

Corporation (now Tosco Corporation) are funding experiments to deter

mine the biological activity of oil shale materials. Some of these experi

ments are nearly complete. All available results of these experiments,

reported in this paper, indicate that the solid oil shale materials are

noncarcinogenic.

History

The normal development ofan occupational cancer requires continu

ous exposure to a carcinogen over a sustained period. The time required for

a tumor to develop is known as the latent period, and, for human beings, is

generally from 10 to 20 years. Shale oil is associated with skin cancer

because of the experience of early mule spinners who used Scottish shale

oil as a lubricant in their work. The exposure ofmule spinners to oils was

very severe, and has been described by Hueper (1942, p. 151).
The first signigicant report concerning cancer in Scottish shale oil

workers was by Alexander Scott, medical examiner for Scottish Oils, Ltd.
Scott's publication (1922) was based on his personal observations of 5,000
workers per year, over a 20-year period. Results showed that an average of

about fiveworkers per year developed a skin cancer. Hueper (1942, p. 427)
reported that Scott had never detected a lung cancer during autopsies ofoil
shale workers, over the entire period that Scott was medical examiner.

Chimney sweeping was the first occupation in which studies showed
the relationship between cancer and exposure to combustion products

(Hueper 1942, p. 193). The example of the chimney sweeps shows that

personal hygiene and cleanliness are very important as protective mea

sures against skin cancer. Therewas a striking discrepancy in the incidence
of chimney sweep's cancer in England and that found in other countries
(Hueper 1942, p. 18). This difference may be explained by variations in
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hygienic procedures and personal cleanliness practiced in the different

countries.

Hygiene Experiments

Epidemiological studies have shown that hygiene and cleanliness are

important factors in preventing certain types of cancer. Animal experi

ments have shown thatwashing the skin reduces the likelihood of
develop-
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Figure 1. The cancer question: What are the facts?
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ing skin cancers. Table 1 shows the effects ofwashing the skin ofmice
with a

simple soap solution in an attempt to remove a carcinogenic
agent (Amer.

Petrol. Inst. 1959). The carcinogen in these experiments was residual oil

formed by cracking normal petroleum crude. One hundred percent of the

unwashed animals developed tumors after only 26 weeks. The effective

ness of simply removing the residual oil with a soap and
water solution can

readily be seen. But, as expected, it varies with the amount of time the

carcinogen contacts the skin. For example, if the carcinogenic oil is re

moved after 10 minutes of exposure, tumor incidence is zero, after 80

weeks; whereas, a 1-hour delay in washing results in a 20 percent tumor

incidence in the same period.

TABLE 1. Retardation of tumor formation by washing the skin of mice

with a soap solution (American Petroleum Institute 1959)

Period of Contact Before Washing Maximum Incidence

Washing*
Skin Agent

None

of Tumors (%/weeks)

Control - no washing 100/26

10 minutes Soap Solution 0/80

1 hour Soap Solution 20/80

4 hours Soap Solution 100/70

Chemical Analysis

TOSCO II processed shale was first examined for PAH content in 1965

by the Kettering Institute (University of Cinncinnati) for CDO (1974).

These initial investigations indicated that processed shale contained less

than 100 parts per billion (ppb) of BaP. At that time, it was felt that this

concentration of BaP would not pose any health of cancer problems. This

decision was based on the known BaP contents of various other common

materials (see discussion below).

The second chemical analysis ofTOSCO II processed shale, reported

by DRI (1974), confirmed the fact that processed shale contains small

amounts of BaP (12-116 ppb). Further chemical analyses by Tosco

Laboratories and consulting laboratories ofCDO and C-b Shale Oil Project

have shown that the BaP content of TOSCO II processed oil shale is

actually less than 40 ppb (table 4.)



Health Effects of Oil Shale Processing 105

Chemical analysis ofa complexmixture for individual PAH content is a

very difficult procedure. Mostmethods for separation ofPAH components

are based on chromatography; all isolation methods are very time consum

ing. The International Union Against Cancer (UICC) has published a

monograph (1970) recommending specific methods for the identification

and quantification of PAH materials in environmental samples. Simple

identification of PAH components, based on their relative chromatog

raphic mobility, or Rf values, for thin layer or paper chromatography, in

the opinion of the UICC, is not a reliable method. The methods generally
chosen for quantification of PAH materials are absorption of fluorescent

emission spectrometry. Quantification of PAH by fluorescent emission

measurements has many sources of error. It has been recommended that

fluorescent examination be limited to detection and identification of com

pounds only, not quantification.

Ultraviolet (UV) absorption measurements have the singular disad

vantage of requiring several micrograms (,ug) of polynuclear compound for

satisfactory estimation; this requires large quantities ofstartingmaterial. In

air pollution studies this is a serious drawback, but it is not important in the

analysis of processed shale which is available in large quantities.

The analysis of processed shale becomes more meaningful when it is

compared to the analysis of raw oil shale, since raw oil shale is the starting

material. A comparison of table 2 with table 3 shows that all compounds

found in processed shale are present in raw oil shale. The analyses given are

by DRI, Eppley Institute forResearch in Cancer, andTosco Laboratories.

Eppley Institute is under contract to the C-b Shale Oil Project for the

chemical and biological analyses of oil shale-related materials. Principal

investigator for chemical analysis is Dr. Lawrence Wallcave, who has had

more than 15 years experience in isolating and quantifying PAH from

various materials. The Eppley method of PAH analysis is used at Tosco

Laboratories. Identification and quantification of the compounds are based

on UV absorption spectroscopy.

All identifications by DRI, except for that of BaP and anthanthrene,

were determined by relative chromatographic mobility (RF value).

TOSCO II processed shale has also been analyzed by Battelle Insti

tute, Columbus, Ohio. This analysis was made with an interfaced gas

chromatograph-mass spectrometer-computer system. In this system, the

benzene extract of processed shale was injected directly into a gas

chromatograph that uses a mass spectrometer as a detector. Data from the

mass spectrometer were analyzed by the interfaced computer system.

Table 4 shows a comparison of the results ofBaP analysis ofTOSCO II

processed shale by various laboratories. It can be seen from these analyses
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Tarle 2. Polycyclic aromatic hydrocarbons detected in raw oil shale

Laboratory

Compound DRI Eppley TOSCO

Benzo[a]pyrene (BaP) x x x

Alkyl I (BaP) x

Benzo[ghi]fluoranthene x

Benzo[e]pyrene x

Perylene x x x

Benzo[ghi]perylene x x

Anthanthrene x x x

Pyrene x x

Fluoranthene x x

Benz[a]anthracene x x

Triphenylene x

Phenanthrene x

7 , 12 -Dimethylbenz[a]anthracene x

3-Methylcholanthrene x

Coronene x

Chrysene x

that BaP content is less than 40 ppb. The important questions are: What

does aBaP content of40ppbmean? Is that amount ofBaP apotential health

hazard? To get the proper perspective ofthe importance ofaBaP content of

less than 40 ppb, table 5 provides a comparison between this amount and

that contained in many common materials (ZoBell 1971).



Health Effects of Oil Shale Processing 107

Table 3. Polycyclic aromatic hydrocarbons detected in TOSCO II

processed shale

Compound

Benzo[a]pyrene (BaP)

Alkyl I (BaP)

Alkyl II (BaP)

Benzo[ghi]fluoranthene

Benzo[e]pyrene

Perylene

Benzo[ghi]perylene

Anthanthrene

Pyrene

Fluoranthene

Benz[a]anthracene

Triphenylene

Phenanthrene

7, 12-Dimethylbenz[a]anthracene

3-Methylcholanthrene

Coronene

Chrysene

DRI

Laboratory

Eppley TOSCO Battelle

x

Because of the publicity given processed shale, no one in his right

mindwould volunteer to eat this material. But, few persons would hesitate

to use coconut oil in food preparation or as a suntan lotion, or to eat oysters

from Norfolk, Virginia. Similarly, many people, while hesitating to touch

processed shale, would not hesitate to feel a handful of dirt from a farm

field, such as the sample analyzed from a field near Moscow. Perhaps an

extreme example is the BaP content of oak leaves; analysis of oak leaves
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TABLE 4. Comparison ofBaP analyses for TOSCO II processed shale

Sample

BaP Content (ppb)

Laboratory Average Range

Eppley 219-9-2 28 (21 - 38)

Eppley DRI composite 27.3 (24 - 30)

TOSCO 219-9-2 36

DRI DRI composite 40 (12 - 116)

*

Sample supplied to TOSCO Laboratories by Denver Research Institute.

TABLE 5. BaP content ofprocessed shale and common materials (ZoBell

1971)

Material BaP, ppb

Coconut oil 43.7

Peanut oil 1.9

Oysters (Norfolk, Va.) 10 to 20

Forest soil 4 to 8

Farm field near Moscow 79

Oak leaves 300 max.

Processed shale (Colony) 38
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showed up to 300 ppb BaP, based on dryweight. It seems unlikely that the

general public will ever consider oak leaves as being potentially ten times

more carcinogenic than processed oil shale.

Although we have read about the potential dangers of the leaching of

processed shale and the exposure ofworkers or the local population to shale

oil, we have not seen or heard any concern expressed about the leaching of

asphalt or exposure of the general population to asphalt. Yet, asphalt

contains 250 times as much BaP and is very common in the environment.

In many applications, it is spread in thin layers and is very susceptible to

leaching. But, neither the public nor any investigator has considered

asphalt to be a primary cause ofenvironmental cancer in human beings. In

fact, an extensive study by Selikoff and others (1969) showed that 5,300

workers, exposed to asphalt fumes containing 14,000 _ug BaP per 1,000
m3

ofair (more than 5,800 times the amount in Denver's atmosphere), did not

suffer a higher incidence of lung cancer than the normal population.

The BaP content of shale oil is considerably higher than that of

processed shale. For perspective, table 6 shows the BaP content of shale

oil, as compared to other oils (Am. Petrol. Inst. 1959; UICC 1970; ZoBell

1971). Raw shale oil, compared to petroleum refinery products, does not

contain unusually high amounts ofBaP. From this comparison ofanalyses,

it may be concluded that raw shale oil does not constitute an unusual

carcinogenic hazard to the general population.

Table 7 shows the BaP concentrations in typical samples ofcommon oil

shale-relatedmaterials from the TOSCO II process. Crude shale oil has the

highest BaP content; one comparable to that of normal petroleum mate

rials. Note the difference in BaP content in raw oil shale, taken from the

mine at Parachute Creek, and in processed oil shale. Raw oil shale contains

just half as much BaP.

Raw oil shale (rock) covers a vast portion ofColorado, Wyoming and

Utah and is susceptible to leaching. IfBaP content in itselfwas ofbiological

significance, and did cause cancer to occur in human beings, then

epidemiological studies of the populations of western Colorado should

have turned up an increased incidence of cancer. This has not been the

case. Therefore, itwould seem that BaP content alone is not meaningful in

predicting the potential carcinogenicity of a given
material.

Epidemiology

The SIPI report (Sauter 1975), used as the basis for many press

releases (a few are shown in fig. 1), is based on the work ofSexton (1960), a

Union Carbide industrial hygienist. The SIPI report states that workers
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Table 6. BaP content of petroleum products

Petroleum Products BaP (ppb)

Libyan crude oil 1,320

Cracked residuum (API Sample 59) 50,000

Cracked sidestream (API Sample 2) 2,000

West Texas paraffin distillate 3,000

Asphalt 10,000 to 100,000

Raw shale oil (Colorado) 3,200

Hydrotreated shale oil (0.25% N) 800

Table 7. Benox[a]pyrene concentrations in oil shale related materials

Material Concentration (ppb)

Raw Oil Shale
15*

Processed Oil Shale
30*

Crude Shale Oil
3,130*

Hydrotreated Shale Oil 690

Shale Oil Coke 129

Samples analyzed at TOSCO and Eppley Laboratories .
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involved in synthetic fuel operations will be subjected to a skin cancer

incidence rate 16 to 37 times higher than that ofthe normal population. The

actual number of skin cancers reported (5 in 359 workers over a 7-year

period) is not statistically significant in the light of more recently deter

mined normal incidence rates. Table 8 compares this normal expected

incidence with that found in the Union Carbide study.

According to the National Institute for Occupational Safety and

Health (NIOSH), normal incidence of skin cancer in U.S. males in 213

cases per 100,000 population. The number ofverified cancers in the Union

Carbide study was five, in a population of 359. To show a statistically

significant increase of incidence, the Union Carbide figure would have to

be six. Union carbide has recently re-examined all workers who were

employed in the early coal-synthetic fuel operation. Fifteen years after

exposure, none of the employees showed systemic effects or additional

cancers (Lane 1976).

TABLE 8. Comparison of normal skin cancer incidence to that of coal

liquefaction workers

SIPI Report

Coal Liquefaction

Interpretation

Using NIOSH Data

Group Size 359 359

Normal Incidence 30/100,000 213/100,000

Verified Cancers

Suspected Cancers 11 11

Increased Incidence 16-37

NIOSH would require at least six cancers to verify higher

than normal prevalence.
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Another often-quoted figure from the SIPI report is that workers

exposed to shale oil will have a 50-times greater incidence of skin cancer

than workers exposed to Pennsylvania oils. Even the original source of this

statement, Twort and Twort (1931), cautioned against the use ofextrapola

tions from mouse to man, and listed the assumptions that were made in

arriving at this 50-fold figure. The 50-times figure was obtained by compar

ing the worst possible case highest potency for shale oil with lowest

potency for the Pennsylvania oil. If the other extreme is used, Pennsyl

vania oil would be 2.5 times as carcinogenic as shale oil. Note, however, the
Tworts'

work was done with spindle oils made from shale oil and Pennsyl

vania oil; not with crude oils. Manufacturing steps in making spindle oil

would increase the PAH content of the shale oil product more than the

Pennsylvania oil product because of fundamental differences in their com

positions. (Shale oil contains much higher percentages of paraffins.)

In the effort to arrive at a single number of express carcinogenic

potency, the Tworts often discarded the first animals to develop tumors

and the last animals that did not develop tumors from their potency

calculation. Other work by Twort and Twort (1930) arrived at a car

cinogenic potency for shale oil thatwas less than that ofsome Pennsylvania

oils. These studies are inadequate for even purposes ofcomparing relative

carcinogenesis in animals; extrapolation of the results to man is meaning

less.

Applicable regulations exist which would protect oil shale workers.

For example, the fugitive or nuisance dust standard would allow no more

than 10 mg of processed shale dust per cubic meter of air. This standard

would limit atmospheric BaP content (derived from processed shale) to

0.4/Ltg/m3. How does this compare to
"normal"

environments? It is less than

20 percent of the BaP content in the atmosphere of Denver, Colorado,
average of 4 years (National Aerometric Data Bank, EPA).

Biological Testing

The best method available for determining carcinogenicity of a mix
ture is laboratory animal testing. In one type of experiment, the shaved

back of the laboratory animal is painted with the material to be tested.

Table 9 compares the carcinogenic potency of several complex hydrocar

bon mixtures (CDO 1974) with that determined for whole shale oil and

upgraded shale oil. The carcinogenic potency is given in PMC units the

higher the value, the more carcinogenic the material. PMC (Horton and

Denman 1955) represents carcinogenic potency relative to
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TARLE 9. Comparable carcinogenic potency of complex mixtures

Oil Product PMC

Industrial fuel oil 0.17+ .01

Naphthenic distillate 0.06+ .01

Dev/axed paraffin

distillate from crude 0.06 + .01

Cracked sidestream 0.26 + .04

Coke oven coal tar 0.54

Whole shale oil 0.1 +0.01

Upgraded shale oil
0.03*

ic

Maximum PiyrC value

3-methylcholanthrene, a known skin carcinogen in animals. Examination

of the data reveals that carcinogenic potency ofwhole shale oil is compara

ble to that ofmany other petroleum products. The CDO study also deter

mined that hydrotreating, or upgrading, shale oil lowers its carcinogenic

potency.

Themere presence ofBaP in amaterial is not a criterion forjudging its

carcinogenic properties. An example illustrating this is biological testing of

carbon black. Results of these animal tests are summarized in table 10.

In an extensive series of tests (Nau, Neal, and Stembridge 1958a, b;

1960; 1962), whole carbon black and the benzene extract of carbon black
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Table 10. Biological availability of carcinogens from carbon black

Res;ults

Whole Benzene Extract

Test Method Carbon Black of Carbon Black

Skin Painting Negative Positive

Inhalation Negative Positive

Feeding Negative Positive

Injection Negative Positive

were tested with laboratory animals. These tests included skin painting,

inhalation, feeding and subcutaneous injection. Tests for the whole carbon

black and benzene extract of identical carbon blackwere performed under

identical conditions. In each case, animal tests ofwhole carbon black gave

negative results, while benzene extract of carbon black yielded positive

results. Carcinogenic materials can be removed from carbon black by
benzene extraction. But, carcinogenic materials which are absorbed on

carbon black are not a carcinogenic hazard. This same conceptmay apply to

oil shale related materials.

The four original partners in the C-b Shale Oil Project ARCO,

Ashland, Shell and Tosco are jointly supporting research programs to

determine the potential carcinogenicity of oil shale related materials.

Current studies are to determine carcinogenic potency of raw oil shale,

processed shale, coke produced from shale oil, and solid scrubber effluent

from the TOSCO II raw shale preheat system. These materials are being
tested since there would be potential exposure to workers. Biological

testing is being conducted by two organizations: Eppley Institute for

Research in Cancer, Omaha, Nebraska; and Bio-Research Consultants,

Inc.; Cambridge, Massachusetts. Directors of these programs are Dr.

Philippe Shubik of Eppley, and Dr. Fred Homberger of Bio-Research.

Total cost ofall Colony and C-b Shale Oil Project animal testing programs,
to date, is more than $500,000.

The experiment at Bio-Research, a "total experiment, has

been completed. There are no standard methods of testing the car

cinogenic potential of a solid material on skin. To administer an exact dose

of solid test material that will remain in intimate contact with the animal's
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skin is very difficult. Bio-Research approached this problem by using the

material to be tested as bedding; various amounts ofprocessed shale, 100,
50 and 10 percent, were mixed with commercial corncob bedding to form
the test bedding material insuring substantial skin contact. The control

groups ofmice lived on normal corncob bedding. The 1,350 animals used in

this experiment were a standard laboratory strain of female hairless mice

(fig. 2). Since the mice were hairless, bedding materials were in constant,
intimate contact with the skin.

Figure 3 shows bedding materials tested, including raw oil shale and

various amounts of processed shale. The amount of processed oil shale in

contact with the animals skin at various dose levels is shown in figure 4.

Living conditions of control animals on corncob bedding are shown in

figure 5. For comparison, figures 6 and 7 show the conditions and exposure

of animals living on 100 percent processed shale. Note that the food is

contaminated with processed shale dust, kicked up by the mice.

In a carcinogenic experiment, it is important that the species ofanimal

used be susceptible to the type ofcarcinogen being tested. Figure 8 shows

tumors formed when hairless mice are painted with a solution ofBaP. Not

only did cancers form at the site of application, near the tail, but also at

remote sites.

Figure 2. Hairless mouse used in total exposure experiment.
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0% Processed Shale

90% Corncob

0% Processed Shale

0% Corncob

100%

Processed Shale

100% Raw Shale

100% Corncob

Empty Cage

Figure 3. Bedding materials used in total exposure experiment.
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Figure 4. Dose levels of processed shale received by various test groups in the total

exposure experiment.

Figure 5. Cage environment of animals living on normal corncob bedding.
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Figure 6. Cage environment of animals living on 100 percent processed shale.

i

Figure 7. Cage environment ofanimals living on 100 percent processed shale (wire support
removed).
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Figure 8. Positive control animals that were painted with a beno[a]pyrene solution.

Of those animals exposed to various concentrations ofprocessed shale

and raw shale, a total of468 pathological examinations ofthe skin have been

made. Each animalwas examined at three areas, dorsal, stomach and neck.

In every case, skin areas were found to be totally free of any lesions or

cancers. Average weight gains and mortality rates of animals exposed to

processed shale were identical to those of control animals. This animal

testing data indicates that processed shale materials did not exhibit any

general toxic effects.

Experiments currently under way at Eppley Institute are testing for

potential carcinogenicity by two methods,

"classical"

skin painting, and

intratracheal instillation. In skin painting experiments, oil shale materials

are extracted with an organic solvent. Then, the organic extract is painted

on the shaved backs ofmice throughout their lifetimes. The other type of

experiment involves lung exposure. The technique used in this case is

intratracheal instillation, and is illustrated in figures 9 and 10.

In this technique, a known amount of test material is injected directly
into the lungs ofhamsters in a saline suspension. Thismethod for a lung test

was preferred for several reasons. First of all, it allows an exact amount of

the material being tested to come in contact with the lungs. In an ordinary
inhalation experiment, the concentration of material in the air that the
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Figure 9. Intratracheal instillation of processed shale into hamster lungs.

I

FIGURE 10. Intratracheal instillation of processed shale into hamster lungs (closeup).
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animal breathes is known, but the amount deposited in the lungs of the

animal is not known. Second, and probably most important, this technique

produces tumors in hamster lungs when the known animal carcinogen,

BaP, is used. Figure 11 shows that even the periphery of the lung is

penetratedwith solids by this technique. The figure shows shale oil coke in
a hamster lung. These experiments should be completed in 1977.

A significant number of projects is being initiated to test the health

effects of oil shale related materials. One of the largest programs will be

undertaken by the American Petroleum Institute. This project has been

funded for more than $1 million and will be initiated during this calendar
year. Also, NIOSH is undertaking an epidemiological study ofAmerican oil

shale workers, planned for the summer of 1976.

f

***

c

Figure 11. Penetration of lung with particles by intratracheal instillation technique.

Summary

Chemical analyses at various laboratories have shown that crude shale

oil, produced by the TOSCO II process, contains quantities ofBaP similar

to those found in many petroleum or refinery products. Biological testing

has proven that the carcinogenic potential ofcrude shale oil is of the same

magnitude as petroleum products, and that hydrotreating or upgrading the

shale oil reduces the carcinogenic potency.
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TOSCO II processed shale contains about twice asmuch BaP as raw oil

shale. This amount of BaP is less than many materials which are found

naturally in the environment and are considered noncarcinogenic.

Test animals who livedwith very high exposures toTOSCO II proces

sed shale for their lifetime did not develop skin cancers.

Present industrial hygienic standards would limit the amount ofBaP

in the oil shale processing work environment to less than 20 percent of the

ambient levels found in the Denver atmosphere.

It is felt that data presented in this paper are more meaningful than

any previous information for evaluation of potential carcinogenicity of oil

shale materials. Chemical contents of oil shale materials have been com

pared to the same chemicals contained in common materials. It is con

cluded from chemical analysis, and animal testing, that shale oil presents a

carcinogenic hazard that is similar to, or less than, normal petroleum

refinery streams, and that processed oil shale does not present a car

cinogenic hazard.
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PRELIMINARY RESULTS OF FIVE OIL SHALE CONVERSION

EXPERIMENTS AT LARAMIE ENERGY RESEARCH CENTER

Harry C. Carpenter, Edward L. Burwell, James J. Cummins,
John J. Duvall, and Robert L. Wise

Abstract

Preliminary results of five oil shale conversion experiments being
conducted at the Laramie Energy Research Center are presented. These

include some early results from the Rock Springs, site 9, in situ retorting

experiment; concurrent gasification and retorting studies that have pro

duced gas, exiting from the retort varying in heating value from 50 to 1300

Btu/ft3; retorting tests with the controlled state retort using air, instead of

nitrogen, resulting in some variation in the obtained results; retorting oil

shale under pressure which indicated only slight decreases in oil recovery

when using a nitrogen atmosphere, while large increases in oil recovery

were observedwhen using hydrogen atmosphere; and conversion ofkero

gen to usable products, using carbon monoxidewater reaction, resulting in

higher kerogen conversion at lower temperatures.

Introduction

The Laramie Energy Research Center started work on oil shale and

shale oil under the Synthetic FuelsAct in 1944. During the first years ofthe

program, the Laramie Center conducted both basic and applied research

Authors are with the Laramie Research Center, Energy Research and Development Ad

ministration, Laramie, Wyoming 82071 .
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projects and provided supporting research for the oil shale demonstration

project located at the Anvil Points facility near Rifle, Colo. In the late

1940^ and early 1950*8, emphasis was shifted from applied to basic re

search, the demonstration plant was closed down, and all pilot-scale re

search at the Laramie Center was terminated. In 1964 (AEC and others

1967), a 10-ton batch retort was constructed to study in situ retorting

problems in aboveground equipment. This interest in in situ technology

has expanded. At present, the Laramie Center has in operation field

research on recovery ofenergy from tar sands (Cupps, Land andMarchant

1975), coal (Brandenburg and others 1975), and oil shale (Burwell, Sterner,
andCarpenter 1970; Carpenter, Burwell, and Johns 1972; Stevens, Lysne,

and Griswold 1975), using in situ methods.

For the past several years, the supporting research program at the

Laramie Center was designed to provide basic information for the de

velopment of in situ technology. Particularly in the case ofoil shale retort

ing, much of the fundamental data needed for development of in situ

methods are also applicable to development ofabovegroundmethods. This

paper will give an overview of some results from four of these supporting

research projects and some preliminary results from the in situ oil shale

recovery project underway in western Wyoming.

In Situ Oil Shale Retorting

The present field experiment (Rock Springs site 9) has been under

development for about 3 years. In May 1975, all fracturing work was

completed with detonation of slurried explosives in the hydraulically in

duced fractures. Preparations for an in situ retorting experimentwere then

begun. A nine-well pattern with a central injection well and eight produc

ing wells was drilled and equipped for operation of the test. The

injection-well wellhead was designed with all necessary fittings to allow

installation and operation ofa downhole electric heater for ignition as well

as for pressure relief through a rupture disc. Downhole pumps were

installed in the eight recoverywells and thesewere attached in pairs to four

individual liquid and gas recovery systems. The gas recovery systems

consistofvertical packed towers for separation ofshale oilmist and horizon

tal holding tanks to contain liquids pumped from the well and liquid

removed from the gas stream by the tower packing. The gas streams from
these recovery systems are combined and piped into an incinerator for

disposal. Liquid products from the four recovery systems are combined

and piped into storage.
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During the lastweek inMarch, the electric heaterwas installed, a low

air flow ofabout 40 scfm was established, and temperature in the injection

well was raised very slowly. Some operating problems with the heater

occurred and itwas necessary tomodify the ignition system. ByApril 4, the

temperature in the injection well indicated that combustion of organic

material was occurring. To simulate recycle of combustible gaseous pro

ducts, a small amount ofpropane (2 volume-percent ofthe injected air)was

added to the injectionwell. The addition ofpropane causedhigher temper

atures in the injectionwell, and relativelyhigh concentrations ofhydrogen,

carbon monoxide, and carbon dioxide in the exit gas stream. Injection air

flow was gradually increased to about 130 scfm and, by the end of the first

week ofoperation, exit gas composition had stabilized, showing essentially

no hydrogen, carbon monoxide, or propane. The major compontents ofthe

gas stream are nitrogen, carbon dioxide, and oxygen. Unused oxygen

amounts to about 4 volume-percent of the exit gas and carbon dioxide is

about 14 volume-percent. By running nitrogen balances on the injected air

and the recovery gas stream, itwas determined that essentially 100percent

of the air injected in the gas produced was recovered during the first 2

weeks of operation. Injection wellhead pressure increased from about 10

psig to 38 psig during this same period.

Liquid oil production was first observed as rundown from the packed

towers. By the end of the second week ofoperation, liquid oil appeared in

three recovery wells and by the end of the third week, all eight recovery
wells had produced some oil. Total oil recovery at the end of3 weeks was

approximately six barrels and the rate ofrecovery is increasing. A complete

report on thisworkwill be prepared forpublicationwhen the experiment is

finished.

Gasification of Oil Shale

A study of oil shale
gasification has been conducted during this same

period (Burwell and Jacobson 1974; 1975). The objectives ofthe gasification

work are:

1. To improve the off gas quality from a retorting project to a usable

calorific value. This gas would then be used on site for fuel purposes in

connection with gas compression, stream generation, and possibly pro

duction of needed electricity.

2. To study the feasibility of producing pipeline gas from oil shale.

3. To study ways ofgetting the
maximum energy from oil shale, either as

gas or oil.
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4. To determine the optimum level ofoperating parameters for a retorting

system.

In this retorting study, an adiabatically shielded, high pressure vessel

was used to investigate the effects of retorting variables on products yield

and quality. Table 1 shows the range of variables used for the study.

Over 120 runs have been completed using the variables listed, but

some needed data such as weight loss versus time, and reliable heat

balances cannot be obtained from the present system. Therefore, a larger

retort, holding about Vi ton of oil shale, is currently being built to obtain

this data. (For a complete report of this study, see Burwell and Jacobson

1976; this volume).

TABLE 1. Range of variables for gasification study

Shale grade 11-53 gpt

Pressure 2-550 psig
Oxygen 12.70 vol-pct

Water 0-0.0268 lb/ft2-min

Flux 0.53-1.97 scfm/ft2

COz 0-79 vol-pct

The Controlled State Retort

Four experiments, in addition to those previously reported (Duvall

and Jensen 1975), have been completed in the controlled state retort

(CSR). These experiments used a mixture of nitrogen and some oxygen as

the retorting gas, rather than the pure nitrogen previously used. These

experiments included three tests in which the retorting zone was passed

part way down the retort (interrupted run) and one in which all the shale

was retorted (completed run).

Briefly, the CSR is a vertically mounted, 3-inch-diameter pipe that is

electrically heated by a vertically-hinged heater with 24 elements. A

retorting zone is passed down through the retort by temperature prog

ramming the individual heating elements. The product oil drains down

over the cool, unreacted shale below the retorting zone to a collector.

The experiments were carried out in the same manner as reported

earlier (Duvall and Jensen 1975) except that oxygen was gradually intro
duced into the retorting gas. Data from LERC's 10-ton retort (Dockter,
Harak and Sohns 1972) were used to relate oxygen concentration to temp
erature at a particular location in the shale bed as the retorting zone passed
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through that location. The CSR was then used to simulate the

temperature-oxygen concentration history of the shale in that particular

location of the 10-ton retort by varying the amount ofoxygen in the feed gas
to the CSR as a function of the temperature in the first zone at the top ofthe

CSR. This procedure permitted a time-temperature-oxygen concentration

simulation in the CSR of any particular zone in the 10-ton retort.

The yield from the completed oxygen run carried out at a heating rate
of2F/min, an isothermal advance rate of3 in/hr, a retorting gas flow of24

scf/hr/ft2, and a maximum temperature of 1,500F was 77 percent of

Fischer assay. This compares with an average of 89 percent from three

runs using the same conditions without oxygen in the retorting gas. This

lowering of yield suggests that some oxygen gets through to the retorting

zone and uses up some of the product oil.

A comparison of the average composition by distillation range of the

oils washed by solvent from the unheated shales of the interrupted runs,

table 2, shows differences between runs with and without oxygen; both

experiments used essentially the same retorting conditions reported above

except for the absence or presence ofoxygen in the retorting gas. With no

oxygen present, the precentages of naphtha, light distillate, and light gas

oil are higher than in the experimentwith oxygen present. Conversely, the

percentages of heavy gas oil and residue are higher when oxygen was

present than when it was not. In other words, a heavier oil was produced

with oxygen in the retorting gas thanwithout oxygen. Similar results were

obtained from other experiments using the other retorting conditions

shown in table 3.

TABLE 2. Distillation range of oil washed from
shale*

Distillation range,

F No 02 present 02 present

Naphtha

Amb. to 400 3.5 2.0

Light distillate

400-600 22.9 16.7

Light gas oil

600-800 35.7 25.9

Heavy gas oil

800-1000 25.1 35.4

Residue 12.8 20.0

?Retorting conditions:

1.Heating rate
2. Isothermal advance rate

3. Retorrign gas flow rate

4. Maximum temperature

2F/min

3 in./hr

24 sctfhr/ft2

1500F no 02, 1400F with 0,
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Table 3. Retorting conditions used with controlled state retort

B

Heating rate (7min) 0.4 2 4

Isothermal advance rate (in./hr) 0.6 3 6

Gas flow (scf/hr/ft2) 24 24 224

This change in composition by distillation fraction suggests that the

reduced oil recoverywas due to loss oflower boilingmaterials. Because the

lower boiling materials are more likely to be in the gas phase near the

retorting zone than the higher boiling materials, this loss of material

probably occurred in the gas phase.

Analysis of the data from bitumen extraction from the shale did not

reveal any significant differences either in the amount ofbitumen extracted

or in the bitumen distillation analysis.

Analysis of the gases exiting from the retort shows variable results,

but in general, C02, CO, H2, and CH4 are the most abundant gases

produced. Maximum temperature of the shale seems to be as important as

the presence or absence ofoxygen in the entering gas which suggests that

the type and amount of carbonates present could be very important. An

interesting observation (see table 4) is that the ratio of CO to COz is, in

general, higher for non-oxygen runs than for oxygen runs and that the ratio

increases with increasing heating rate.

TABLE 4. Ratio ofCO to CO2 in product gas from controlled state retort

Heating rate,
F/min

0.4

2.0

4.0

Retorting
atmosphere

co/co2
-

ratio

02 absent

02 present

0.21

.16

Oz absent

02 present
.85

.73

02 absent

02 present
.64

.83

Material balance calculations for the six experiments showed re

coveries ranging from 97.3 percent to 99.5 percent except for one experi

ment in which the gas exit prot plugged temporarily and therefore gave

high results for gas produced.
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In general, experiments using the controlled state retort show that

when the retort gas contains oygen there is a definite lowering of the yield
of lower boiling fractions including naphtha, light distillate, and light gas
oils. This work is continuing; a detailed paper, covering the work will be

prepared later.

Pressure Retort Studies

Nitrogen Sweep Gas

Studies have been carried out on a estimated 31 gallons ofoil per ton,

Green River Formation oil shale sample, to determine the effects of

pressure, sweep gas rate, and heating rate on the batch retorting process.
Each experimentwas performed in a vertical retortwhich could be heated

at anypredetermined fixed rate to a final bed termperature ofabout
950

F.

Nitrogen sweep gas entered the top ofthe retort and was removed from the

bottom alongwith any produced gaseous and liquid products. Both sweep

gas rate and pressure were independently controlled. Pressures, from

atmospheric to 1500 psig; nominal heating rates from
14

to
125

F/hr; and

nitrogen superficial gas velocities, generally in the range from 1 to 125

scf/hr/ft2 bed cross-section, have been studied. Oil yields, gas yields, and

the ultimate distribution of the initial organic carbon in the raw shale have

been calculated for each run.

Pressure was the only variable which had an appreciable effect on the

results of the retorting process. With increased pressure, oil (including C4
+ gases) recoverywas found to decrease from about 90 percent (ofmodified

Fischer assay) at atmospheric pressure to about 70 percent at 1,500 psig as

shown in figure 1. Other effects of increasing pressurewere: an increase in

gas production; an increase in carbon deposition on the retorted shale; a

decrease in oil specific gravity and viscosity; and an increase in lighter

distillation fractions for the oil.

Comparisons have been made with the results of an earlier pressure

retorting study by Bae (1969) in which sweep gas flow was upward from

bottom to top in a vertical retort. Any oil produced in this study had to exit

with the sweep gas from above the retort shale bed, either as vapor or

liquid mist. Oil yields from the present work did not decrease as greatly

with increased pressure as those reported in the earlier work.

A simple mathematical model has been developedwhich accounts for

the effect ofpressure on oil yield. Thismodel also predicts oil production as

a function of time with reasonable agreement to measurements made

during the current work. Figure 2 is a comparison between the model and

the experimental work.
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Hydrogen Sweep Gas

A number of retort experiments have also been made using hydrogen

rather than nitrogen as a sweep gas. Preliminary data indicate that oil yield

increases with increasing hydrogen pressure. Oil yields considerably

higher than modified Fischer assay have been observed. This is in contrast

to Bae's results (1969), where decreasing oil yields were observed. A

comparison of the present results with Bae's work is given in figure 3.

Oil Shale Conversion Using Carbon Monoxide andWater

The thermal conversion of oil shale to usable products in the pre

sence of CO-H2O is also being investigated at the Laramie Energy Re

search Center. During the CO-H2O reaction, oil shale is converted to

gas, benzenemethanol soluble material, water-soluble minerals. Com-

merically valuable water-soluble minerals, such as nahcolite, would be

recovered; their removal would make the shale residue more environ

mentally acceptable because the residue could be inert to water leaching
and disposal. For this report, only the amounts of kerogen converted to

gas and benzenemethanol soluble products and the composition of the

soluble products will be discussed.

The results obtained when kerogen was heated in the presence of

CO-H2O, at temperatures from
300

to 450C and at CO charge pres

sure of 1000 psig, for heating times from 0.25 to 6 hours are given in

table 5.

TABLE 5. Effect of temperature and time on kerogen conversion using

CO-H20

Temperature,

Kerogen converted, wt pet

Heating Gas Soluble

time, hr C product product Total

1.00 300 1.3 24.9 26.2

1.00 325 .4 29.5 29.9

1.00 350 .5 30.8 31.3

1.00 375 3.7 43.1 46.8

0.25 400 2.0 66.3 68.3

1.00 400 1.9 75.0 76.9

0.25 450 9.4 87.8 97.2

1.00 450 18.7 79.2 97.9

Kerogen conversion increases 3.7 times from about 26 to 98 percent with

increased time and temperature. Increasing the heating time from .25 to 1

hour increases kerogen conversion from 68.3 to 76.9 percent at
400

C.
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Kerogen conversion remains essentially constant at about 98 percent at

450

C with increased heating time. Gas formation drops from 1.3 to 0.4 as

temperature increases from
300

to
325

C, and then increases to about 19

percent with increased temperature from
325

to
450

C. At
400

C, the

amount of soluble product decreased from 88 to 79 percent and the amount

of gaseous product increased from about 9 to 19 percent when the treat

ment time was increased from .25 to 1 hour.

For comparison, data published by Hubbard and Robinson (1950)
show the following kerogen conversions to gas, bitumen, and oil with dry
heating at atmospheric pressure: 19 percent at

350

C in 5 hours, 62

percent at
400

C in 1 hour, and 82 percent at
450

C in 0.5 hour. All

kerogen conversions in the presence ofCO-HzO exceeded the conversions

obtained by dry heating for similar heating times.

The composition of seven soluble kerogen products, formed at
300

to
450

C for 1 hour heating time; the composition of a Rock Springs site 4 in

situ oil; a 150-ton retort oil; and a gas combustion retort oil appear in figure

4. All the soluble kerogen products and crude oils were separated first into

cyclohexane-soluble and insoluble fractions. The cyclohexane-soluble

material was further separated on ion exchange resins, followed by ferric

chloride absorbed on clay, into a hydrocarbon and polar fraction. Weight

percents were determined for the cyclohexane-insoluble, polar, and hyd

rocarbon fractions. All the kerogen soluble products contain more polar

materials and are more insoluble in cyclohexane than the crude oils.

However, above
400

C, the soluble products become less polar and more

hydrocarbon-like .

Generally, at constant temperature, using the CO-H2O reaction, in

creasing heating times does little to increase conversion. The most gas is

formed at
450

C as the soluble product is thermally degraded to gas

with increased heating time. Higher kerogen conversions at lower temp

eratures were obtained using the CO-H2O reaction than were obtained

by dry thermal porcesses. The large amounts of polar materials present

in the soluble products indicate that they were formed at
50

to
200

C

below the retorting temperatures of the oils. The composition of the

450

C soluble products is similar to the composition of the gas combus

tion retort oil. All the soluble products should be suitable feedstock for

hydrocracking and refining operations.
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PIPELINE GAS FROM OIL SHALE

Edward L. Burwell and Irven A. Jacobson, Jr.

Abstract

In this paper, we report on the volume and calorific value of gas

produced, using various combinations of pressure and C02 and 02 injec

tion, while holding oil shale grade, water injection, and flux constant.

Calorific value ofproduced gases ranged up to 1,300 Btu/ft3. We observed

oil recoveries of up to 70 percent of Fischer assay, concurrent with the

production of 476 Btu/ft3
gas. Production of pipeline quality gas at low

pressures, concurrent with shale oil production, appears technically feasi

ble.

Introduction

Production of usable energy from oil shale by a process that is both

economically viable and technically feasible has been the goal of many

investigators over the last few decades (Burwell and Jacobson 1974, 1975,

1976). Because ofaccelerating demand for and decreasing supply ofnatural

gas, coupledwith the need to improve efficiency ofretorting processes, the

Laramie Energy Research Center initiated a study of ways to produce

usable gases while retorting oil shale. Gases of usable quality, for the

purposes of this report, are defined as follows: Low Btu (100-300 Btu/ft3),

medium Btu (300-600 Btu/ft3), and high Btu (over 600 Btu/ft3).

The original objective of the gasification work was to derive control

Authors are with the Laramie Energy Research Center, Laramie, Wyoming 82071.
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parameters for production oflow-to-medium Btu gas, suitable for powering

a gas turbine generator; which in turn, would make a field process energy

self-sufficient. A simple calculation shows that the amount ofenergy poten

tially available is large. Assume a 50,000 barrel-per-day plant, with a

produced gas volume of20,000 scfper barrel and a gas calorific value of150

Btu/ft3. Then, 50,000x20,000x150 gives a power production of
1.5x10"

Btu/day. Converting this to more common terms, at an average efficiency
of 33 percent, gives an output of 600 megawatts.

Concern was expressed over the potential economic loss entailed in

converting large amounts of gas at 33 percent efficiency. As a result, our

research goals were extended to include production of high Btu gas that

could be pipelined and used directly after only simple upgrading by
removal ofH2S and COz, successively. We chose limitations that allow the

process to be conducted at low pressures and easily controlled at field sites,

using current technology.

After assembly and instrumentation ofa small retort, we conducted 25

experiments. From these experiments, we developed statistical models,

relating input variables to the various responses.

Experimental Design

We set our limits for study atwhat can easily be controlled during field

application ofmost tested, or proposed, in situ or aboveground shale oil

recovery techniques. We planned and conducted tests investigating the

effects ofpressure and various concentrations ofoxygen and carbon dioxide

on the calorific value ofgases producedwhile retorting. Our plans included

tabulation and studies of run length, percent oil recovery ofFischer assay,

total percent energy recovery of original, and other variables that might

affect process economics. During the experiments, pressure varied from 1

to 500 psi; oxygen concentration from 10 to 55 percent; and carbon dioxide

(or simulated recycle) varied from 12 to 90 percent. Oil shale grade and

water injection were kept constant in order to hold the number of tests

within practical limits. Table 1 shows levels of operating variables.

Equipment and Procedures

Equipment used in this study is shown in schematic form in figure 1.

The reaction vessel is a stainless steel tube, with removable ends,
81.2-

cm-long, 8.4-cm-I.D. It is surrounded by one 10.2-cm-long preheater and
four 15.2-cm-long circular heaters; the entire assembly is encased in 12.7
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cm ofinsulation. Sheathed thermocouples are placed along the central axis

of the vessel, opposite the center ofeach heater, and also along the outside

wall, in a corresponding position. The inside and outside thermocouples

provide input signals to allow voltage and electronic controllers to serve as

a quasi-adiabatic shield while retorting.

The oil shale used in all runs is crushed and screened to minus 1.27

cm, plus 0.32 cm. The retort is loaded by first placing about 7 cm ofcrushed

quartz in the inlet end; next, the retort is filled up to the end of the

thermowell (7.62 cm from outlet)with oil shale; finally, the balance is filled

with quartz. Quartz is used to protect the ends of the vessel from excessive

heat and to reduce plugging of end openings.

We introduced various combinations of oxygen, carbon dioxide, and

nitrogen into the retort. Each was measured separately and pumped into a

mixing tube at the vessel inlet. A positive displacementpump injectswater

at the same location. The vessel is kept horizontal during all runs. All fluid

products, exiting from the retort, pass through a condenser and a 1-micron

filter where all liquids are removed for measurement and analysis. Even

shall oil mist is removed by this procedure. The filtered gases are then

automatically analyzed each half hour by gas chromatography; measured

by passing through an electronically recording wet test meter, vented. At

one-hour intervals, gas samples are collected for analysis by a mass spec

trometer. Complete gas analyses of all fixed gases: CO, C02, H2S, CH4,

C2's through Cs's and COS are completed at one-half and one hour

intervals throughout the test.

All runs are conducted as follows: The desired gas flows (minus oxy

gen) are established through the retort; the preheater is turned on until the

temperature of the quartz at the inlet end reaches
260

C; at this time

oxygen flow is established. The oil shale ignites immediately. Fifteen

minutes later thewater pump is turned on. Heater 1 is then turned down to

where it will just offset inlet heat losses and the quasi-adiabatic shield

operates as previously described until shutdown. Runs are terminated

when the last thermocouple indicates that the combustion zone has

reached the end of the shale and oxygen appears in the produced gas

stream.

Discussion of Results

As each run is completed, all material from the reactor, condenser,

and filters is measured and weighed; volumes of gases exiting from the

retort are calculated; and a material balance made of all products into and

out of the retort. We repeat all runs for which we obtain unsatisfactory



144 Quarterly of the Colorado School of Mines

material balances or, during which ve encounter operational or mechani

cal difficulties.

We developed statistical models relating the effect of input variables

on various responses. Figure 2 is a plot of the water-free calorific value of

the exit gas (on a CO2, H2S, C4-C5 free basis) versus pressure at various

levels ofoxygen concentration in the input gas. The left portion ofthe graph

shows the response with carbon dioxide concentration held constant at 40

percent, with the balance nitrogen and oxygen; the right-hand portion of

the plot shows the response ifonly oxygen and carbon dioxide are injected.

Higher values in the right-hand portion may be attributed primarily to

decrease in nitrogen dilution. The difference in the shapes of the curves at

lower oxygen concentration, under different conditions, illustrates an addi

tional factor that must be considered, namely; high concentrations of

carbon dioxide inhibit the breakdown ofsome carbonates found in oil shale.

This improves the thermal efficiency of the process because carbonate

breakdown reactions are endothermic.

As the retort was operated quasi adiabatically, the retorting tempera

turewas different for each set ofconditions. Run temperatures ranged from

1, 100 to
1,800

F. Some of the carbon dioxide may also be entering into the

reactions (possibly
CO2+C

2CO). This helps to account for the higher

calorific value of the gas, particularly at the higher pressures. Figure 2

clearly shows that high Btu gas (above 600 Btu/ft3) may be obtained at very
moderate pressures. We obtained another view of the function by plotting
calorific value of exit gas versus percent age ofoxygen at various pressures

(fig. 3). The saddle surface thus generated shows that, at a pressure of 2

psig, injection concentrations of oxygen above 33 percent (balance of

injection gas is carbon dioxide) produce gases with heating values in the

high Btu range. Although the plot ends at 1,200 Btu/ft3, individual analyses

as high as 1,300 Btu/ft3 were obtained. The values reported represent an

average analysis for the entire "steady period, defined as the time

interval from when the combustion zone passes the beginning of the

second heater to when it reaches the beginning of the last heater. Table 2

lists the gases produced from 11 runs. All percentages are on a C02, H2S,

C4, C5, and H20-free basis.

Figure 4 shows the effect of oxygen on the heating value of the gas at

various concentrations of carbon dioxide injection (at 2 psi) but with the

balance of the gas, nitrogen. This simulates the use of recycle gas and

enriched air.

Total energy recovery, as combustibles, ranged from 22 to 107 percent

(table 1). This seemingly impossible recovery (107 percent) is the result of

the analytical method used: A portion of the oil shale is burned in a

calorimeter at a very high temperature. At these temperatures, all carbo-
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nates present in the oil shale break down endothermically, giving a low

total value for the heat content of the oil shale in Btu/lb. Addition ofcarbon

dioxide and water, during retorting, suppresses the carbonate breakdown

by shifting the equilibrium reaction and moderating the temperature.

The energy content ofthe product oil at various oxygen concentrations

(fig. 5) and fraction of Fischer assay (fig. 6) contain essentially the same

information, namely: the amount of oil produced during retorting is very

dependent on the reaction pressure. We obtained oil recovers of over 70

percent of Fischer assay, under the listed conditions (table 1). No

mathematical correlation could be obtained between the energy content of

the produced gas and run conditions. This indicates that either the total

energy out in the gas stream is affected by factors other than those studied,

or further analysis of the data is needed. Both possibilities will be investi

gated.

Rotating the curves shown in figure 5, by plotting energy content of

the produced oil against pressure for various oxygen concentrations, shows

more clearly the effect pressure has on the oil recovery (figure 7). Further

investigation of the kinetics of the process is needed to explain the dip in

this set of curves.

Conclusions

(1) Calorific value of gases produced while retorting oil shale can be

controlled at almost any desired level up to 1,000 Btu/ft3

by proper

selection of operating parameters.

(2) Total energy recovery can approach 100 percent of the original heating

value of oil shale as determined by bomb calorimetry.

(3) The gasification ofoil shale, during in situ retorting, definitelywarrants

further investigation because of encouraging results obtained during

past and present studies.
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PYROLYSIS OF OIL SHALE:

EFFECTS OF THERMAL HISTORY ON OIL YIELD

N. D. Stout, G. J. Koskinas, J. H. Raley,

S. D. Santor, R. L. Opila, and A. J. Rothman

ARSTRACT

In situ retorting of oil shale will subject the shale to heating periods

ranging from hours to months. Knowledge of the oil yields resulting from

such thermal histories is needed for modeling and economic evaluation of

in situ processing.

The effect of thermal history on the oil yield of a powdered,
22-

gallon-per-ton Colorado shale was studied by heating to test temperature

at Fischer assay rate (12C/min), holding at test temperature for varying
times up to 33 days, and finally heating to 500C at 12C/min. Test tempera

tures covered the range of 150 to 450C. Both autogenous (self-generated)
and inert sweep gas atmospheres were used. Under autogenous atmos

pheres, at test temperatures of250C or below, yields obtained were 100

percent of Fischer assay. Heating at 300 to 425C resulted in yield losses,

maximizing at 19 percent after a 33-day exposure at 350C. Yield losses

are accompanied by increased char in the retorted shale and by pro

duction of oil that is lower in density and nitrogen content, and higher

in hydrogen.

In the inert gas sweep experiments, increasing flow rates gave in

creased oil yields, approaching 100 percent of assay. This is attributed to

Authors are with Lawrence Livermore Laboratory, University of California, Livermore,

California 94550. Work on this paper was performed under the auspices of the U.S. Energy
Research and Development Administration, under contract no. W-7405-Eng-48.
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reduced thermal degradation ofoil in the retort. The total yield appears to

be determined by the temperature-time exposure ofthe liberated oil and is
not affected by the thermal history ofthe kerogen. The results indicate that
the high gas sweep rates planned for in situ retorting will be advantageous

to oil yield.

Introduction

The Lawrence Livermore Laboratory is developing a modified in situ

process for production of oil from oil shale (Lewis and Rothman 1975).

Mathematical modeling studies at Livermore (Braun and Rothman 1975;

Rothman 1975) and elsewhere (Johnson and others 1975; Snyder and

others 1974) predict shale heating times for in situ retorting, ranging from

hours to months. The oil yields, resulting from such varied thermal his

tories, must be known for technical and economic evaluation of in situ

processing. Unfortunately, little experimental information is available

from the literature on the effect of low retorting rates on the yield and

properties of oil from Green River shale. Karrick (1923) stated that low

retorting rates had a detrimental effect on yield. Johnson and others

(1975), and Hill and others. (1967) also reported reduced yields from slow

heating. However, Cummins and Robinson (1972) found a slightly en

hanced oil yield by preheating at 300C for 0.5 to 4 days and a yield of

oil plus bitumen greater than Fischer assay oil by preheating at 250 to

350C. On the other hand, this sum was less than the assay oil value

when preheating was carried out at 150 or 200C for 3 to 12 months.

In this paper, we report the effects on yeild and certain properties of

oil produced from powdered Colorado shale, subjected to varied thermal

histories. The gaseous atmosphere was either autogenous (generated by
the shale) or with an added flow of nitrogen.

Experimental

Apparatus

The apparatus (fig. 1) consists ofa cylindrical furnace with programm

able temperature controller, retort chamber, liquid product collection

system, and a gas measurement and collection system. The chamber (fig. 2)
was designed to allow outflow of liquid, as well as vapor, products and to be
lead-tight for extended periods at high temperatures. The product delivery
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collector

Figure 1. Schematic of retort apparatus.

tube is at the bottom, and the chamber is sealed by heliarc welding. This

design also permits the use of a simple cylindrical furnace with small

vertical temperature gradients.

The gas handling system includes a stainless steel bellows, which

allows the gases generated in the autogenous atmosphere
experiments to

flow out of the retortwith onlymoderate
pressure changes of65 to 100 kPa

(% to 1 atm). For nitrogen sweep experiments, the
bellows is disconnected

from the system and the pressure controlled at 100 kPa (1 atm) with a back

pressure regulator. Two traps, cooledwith dry ice-isopropyl alcohol slush,

are used in series, downstream from the ice-cooled oil collector to prevent

oil loss. When operated at the time-temperature pattern
ofa Fischer assay

(Smith 1962), our apparatus gave nearly
identical results to that assay.
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The Sample

The oil shale was obtained from the Anvil Points mine in Colorado.

Several pieces, weighing from about 4 to 12 kg, were crushed and sieved.

The material passing a 20-mesh screen (800/xm) was retained, and coarser

material, about 40 percent of the total, was discarded. The density of the

retained material was 2.25 g/cm3, corresponding to a yield of 93.0^/t(22.3

gal/ton) (Smith 1958; Braun 1976). Aliquots taken from this master batch,

by a spin riffling technique, were sealed in metal cans for storage. Four

aliquots, about 95 g each, were sent to a commercial laboratory for Fischer

assay. Their results gave a yield of 91.5 1.3 /t (21.9 0.3 gal/ton), and a

mean oil density of 0.910 g/cm3. During the course of this work, we

periodically did assays in the Fischer heating mode in our apparatus. The

oil yield from 10 assays was 8.407 0.071 percent by weight. The mean

density of the assay oil was 0.917 g/cm3, giving a yield in volume units of

91.7 0.8/7t(22.00.2 gal/ton). No trendwith storage timewas observed.

All error limits are expressed as 95 percent confidence limits of the mean.

Analyses were conducted on several aliquots of the powdered raw

shale to characterize the material and ensure that the spin riffling proce

dure gave uniform samples. The results of these analyses were: total

carbon, 15.97 0.05 percent by weight; acid-evolved COz, 22.19 0.05

percent by weight. The acid-evolved C02 is assumed to derive from

inorganic carbon. The organic carbon content is then 9.91 0.05 percent by
weight of the raw shale.

Procedure

Aliquots of powdered shale, about 95 g, are weighed into the retort

and the lid is welded on. A massive copper heat sink surrounds the

chamber duringwelding to prevent heating of the oil shale. Typicalweight

loss during welding is 15 to 30 mg. After welding, the sample is dried at

100C in vacuum for 1 hour and then cooled to room temperature under

vacuum. Typical weight loss from drying is 0.23 percent of the sample

weight. The retort chamber is placed in the furnace and connected to the

product collection system. The system is then evacuated, checked for leaks

and backfilled with argon to a pressure of 65 kPa (% atm). For sweep

experiments, after checking for leaks, nitrogen flow is started, instead of

the argon backfill. The sample is then heated according to the chosen

schedule.

When heating is completed, the weight of all products (spent shale,

gas, oil, and water) is determined. Oil is collected in a
12-cm3

centrifuge
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tube and centrifuged to separate the oil and water phases. Most ofthe oil is

removed by pipette, and oil remaining is extractedwith benzene, followed

by hexane. After the hexane has evaporated, the tube is weighed to

determine the amount ofwater, which is then discarded. This extraction

procedure is similar to that of Smith (1962).

Aliquots ofoil are taken for analyses, and the remainder stored at 0C

under argon. The gas bulb is weighed and the gases analyzed by mass

spectrometer. Corrections to the gas mass for the initial amount of argon

and gas remaining in the retort-bellows system were trivial. Aliquots (8 g)

of spent shale, separated by the spin riffling technique, are analyzed for

total carbon and acid-evolved carbon dioxide.

An .overall mass balance is calculated by comparing the weight loss

during heating to total products collected. The mass balance typically
ranges from 99.0 to 101.0 percent. If total products, including spent shale,

are compared to total starting material, the material balance will range

from 99.9 to 100.1 percent.

During the isothermal portion of the heating schedule, oil volumes

were periodically recorded. From these data, we calculated first-order rate

constants for oil production. These kinetic results agreedwith other kinetic

studies at this Laboratory, which used a nonisothermal technique. The

kinetic results will be published later.

Heating Schedules

The specimens were heated at 12C/min (Fischer assay heating rate) to
an isothermal holding temperature, held for 2, 4, 8, 80, or 800 hours at

temperature, then heated at 12C/min to 500C and held there for 40 min.

Isothermal holding temperatures covered the range 150 to 450C. A typical

thermal history is shown in figure 3.

Two 18-day nonisothermal experiments were conducted in which the

heating schedule was based on the mathematical model for hot gas in situ

retorting (Braun and Rothman 1975; Rothman 1975), but with an acceler

ated time scale. The heating schedule for these experiments is shown in

figure 4. One experiment was conducted in autogenous atmosphere and

the other in flowing nitrogen.

Results and Discussion

The results of experiments with isothermal holding times under au
togenous atmosphere are listed in table 1. Figures 5 and 6 show the oil yield

plotted against time (fig. 5) and temperature (fig. 6). There is no yield loss
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Table 1. Autogenous atmosphere

Oil

Conditions Oil Org. C 15.6C

Temp Time yield converted (60F) H/C

C X assay to char, X g/cm C wt% H wtZ Atom N wtZ S wtZ

Residue

wtZ

Gas composition

Mo12

H, CH. EC ..

2 4 n>l

150 8 99.9

200 8 100.8

250 8 100.7

300 8 101.3 20.6

350 8 97.3 22.2

375 8 92.2 25.2

400 8 93.7 25.7

400 8 91.1 26.0

425 8 95.5 23.1

450 8 98.7 20.5

200 80 100.0 19.0

250 80 99.9 19.6

300 80 98.2 20.9

325 80 95.9 22.3

350 80 81.8 30.2

350 80 85.1 28.8

375 80 84.2 28.8

400 80 90.1 26.2

250 800 100.5 20.2

300 800 91.3 26.0

350 800 81.3 31.1

350 800 82.3 29.9

400 800 89.2 26.5

400 2 95.7 23.6

400 4 91.8

100.0

22.4

Assay 19.7

(8 .407 wtZ)

0.919

0.919

0.920

0.920

0.912

0.899 85.48 12.14 1.69 1.55 1.02 12

0.910

0.896 85.76 11.77 1.64 1.73 0.67

0.904 84.86 11.68 1.64 1.93 0.54

0.910 85.78 11.83 1.64 2.08 0.51

0.920 81.36 11.39 1.67 2.01 0.63 8

0.916 83.72 11.43 1.63 1.72 1.00

0.915 1.08

0.904 86.15 12.08 1.67 1.84 0.58 14

0.896 0.96

0.889 85.56 12.29 1.71 1.69 0.93 0

0.886 83.64 12.03 1.71 1.71 0.96 0

0.895 86.64 11.16 1.53 1.76 0.66

0.915 86.26 10.94 1.51 2.35 1.03 23

0.896 85.41 12.35 1.72 1.64 0.84

0.880 85.47 12.80 1.78 1.66 0.94 4

0.882 3

0.897 85.12 12.12 1.70 1.74 0.98 1

0.901 85.62 12.0 1.67 1.79 0.98

0.897 85.71 11.95 1.66 1.87 0.96

0.917 86.38 11.22 1.55 2.06 0.67 11

20.6 36.7 18.9 20.1

20.7 35.1 19.0 21.5

22.9 29.9 20.1 23.2

22.0 33.2 21.0 20.4

17.2 44.2 16.3 17.8

16.5 42.9 18.4 18.0

15.7 43.1 18.0 18.4

16.7 39.3 19.0 20.4

23.8 26.0 19.2 26.2

20.8 35.5 20.6 21.3

14.7 45.2 19.5 17.3

16.3 37.3 23.1 20.0

21.2 34.5 19.1 20.0

19.5 38.4 19.5 19.5

24.2 26.2 18.4 25.9

for times up to 800 hours (33 days) at 250C holding temperature, for 80

hours at 200C, and for 8 hours at 150C. The result at 250C is consistent

with earlier work by Cummins and Robinson (1972). In ourwork, losses in
yield were observed for holding temperatures between 300 and 425C,
with maximum loss, 19 percent, occurring after 800 hours at 350C. Most of

this loss had alread occurred within 80 hours (see fig. 5). Similarly, at

400C, most of the detrimental effects had occurred within 4 hours.
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Results from isothermal experiments with nitrogen flow are listed in

table 2 and compared with the autogenous atmosphere data in figure 7. At

325 to 375C the yield losses are virtually eliminated by a nitrogen flow rate

of90 cm3/min, measured at room temperature (5 to 6 retort vapor volumes

displaced at retorting temperature per min). The same effect is obtained at

400C but at a higher flow rate (displacement, 18 vol/min). Similarly, the

yield from the 18-day, nonisothermal heating was raised from 79 to 90

percent by nitrogen flow at displacement rates of5/min (up to 350C) and

18/min (350 to 500C). These experiments were conductedwith a very slow

heating rate during the bulk of the oil production and can be considered

pseudo-isothermal (fig. 4).

These results demonstrate that loss in oil yield is primarily caused by
degradation ofoil, after its release from shale particles, while the oil is still

at high temperature in the retort. The driving forces for oil removal are its

vapor pressure and the co-produced permanent gases. In slow retorting,

these forces are smaller, residence times of released oil longer, and degra

dation greater. The added sweep gas reduces residence time and degrada

tion of released oil, but can have no significant effect on intra-particle

organic matter. The flow rate required to achieve full assay yield increases

with increasing isothermal temperature (table 2). This observation is qual

itatively explained, if the rate of oil degradation increases more rapidly

with temperature than the rate of oil removal, and infers that yield loss is

greater for the higher boiling oil components.

We can .get some insight into oil degradation processes from the

distribution oforganic carbon between oil, gas, and char and from proper

ties of the oil. The loss ofoil yield correlates with increased char. At yields

of 100 percent assay, 20 percent of the organic carbon originally present in

the kerogen is converted to char, 72.5 percent to oil and (by difference) 7.5
percent to gas. As shown in fig. 8, the fraction oforganic carbon converted

to char increases with decreasing oil yield, reaching 32 percent at a yield of

80 percent ofassay, with 58 percent of the organic carbon converted to oil

and 10 percent to gas. Therefore, 83 percent of the carbon lost from oil by
various degradation processes appears as char and 17 percent as gas.*

?9.914 percent by weight organic carbon in raw shale, 8.407 percent by weight oil at 100
precent assay, and 85.5 percent by weight organic carbon in the oil, independent of

yield, which gives:

100% yield, 8.407x85.5 = 72.5% organic carbon converted to oil.

9.914

80% yield, 8.407X0.8X85.5 = 58% organic carbon converted to oil.

9.914

32-20 12 km,

72.5-58 14.5
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500

Changes in oil properties, with yield, are shown in figures 9, 10 and

11. In figure 9, the oil density at 15.6C (60F) decreases with decreasing
yield. This suggests that the lower the yield, the larger the fraction ofhigh

molecular weight, high boiling oil remaining in the retort to be converted
to char. The hydrogen to carbon atom ratio in the oil is shown in figure 10.

For oil from experiments yielding 100 percent assay, this ratio corresponds

approximately to CH157. As yield decreases, recovered oil becomes richer

in hydrogen, up to CH176 at 80 percent of assay. The nitrogen content of

the oil also changes with yield (fig. 11), decreasing from about 2. 1 percent

by weight N at 100 percent of assay to about 1.5 percent at 80 percent of

assay. There is no clear trend in sulfur content (fig. 12) with oil yield. Oil

produced at the lowest yield is comparable in density and H/C to that

obtained by Hill and Dougan (1967) by retorting 0.5- to 1-inch Colorado

shale at 400C in the absence of sweep gas. The nitrogen content in our

case, however, is much higher.
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In Figure 13, mol percent ofmajor gaseous species is plotted against

yield. Hydrogen content of the gas roughly doubles as the oil yield

goes from 100 to 80 percent of assay. Carbon dioxide content of the gas

appears to decrease with decreasing oil yield. This results mainly from

dilution of the gas with hydrogen, the absolute amount of COz

being little affected by yield. By a similar argument, the quantity of

methane increases somewhat with decreasing oil yield. The higher hyd

rocarbons parallel C02 as shown in figure 14. Their average molecular

weight can be approximated by C3.2H7.5, independent of oil yield.

The nitrogen in shale oils occurs predominandy as heteroatoms in the

aromatic fractions of oil (Poulson and other 1971). Both nitrogen and

aromatic content are greater in the higher boiling fractions (Dinneen and

other, 1952). Therefore, the trends in hydrogen and nitrogen content ofthe

oils and in carbon distribution between char, gas, and oil, with yield,
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indicate that the unrecovered oil, high in aromatic content and nitrogen,

polymerizes to char. The polymerization reactions may involve ring con

densation processes that give off mostly hydrogen and some methane,

similar to char-forming reactions in coal pyrolysis (Berkowitz and Dam-

meyer 1956). However, the H/C ratio in our char, approximately CH^ is

higher than in coal chars. Some of the hydrogen may be produced by
dehydrogenation ofdehydrocyclization reactions ofolefins, particularly in

view of the substantial olefin content of shale oil (Dinneen and others

1952).

Several of the oil products were analyzed by a gas chromatographic
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method which simulates a distillation with residue determination* (prop
osed ASTM method). Although there is a great deal of scatter in the data

(table 1), residue values seem low for oils produced in low yield as com

pared to those produced in high yield.

Conclusion and Future Efforts

We have determined the oil yields from powdered Colorado oil shale

produced by exposing the shale to a variety of thermal histories. The yield

appears to be determined by the temperature-time exposure of the liber

ated oil, and is essentially independent of the thermal history of the

?Residue is defined as that portion of the injected sample which does not pass through the

chromatographiccolumn. It is intended to representmaterial boilingabove538C (1,000F).
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kerogen. Oil yields approaching 100 percent of assay can be achieved by
removing the oil as it is liberated from the shale. Losses in oil yield are

caused mainly by char-forming reactions of high-boiling fractions of the

shale oil. These reactions primarily liberate hydrogen and a small amount

ofmethane. Oil recovered by slow retorting has a low density and is high in
hydrogen and low in nitrogen content.

For in situ retorting, the high gas sweep rates envisioned should be

beneficial to oil yield by combating thermal degradation of extra-particle
oil. Further work is being done on other potential oil degradation proces
ses, and on oil release from blocks so that we can better understand and

predict the retorting behavior in in situ processing.
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OIL SHALE RESEARCH: A BRIEF HISTORY

Paul L. Russell

Participation in the study ofwestern oil shales by the U.S. Govern

ment, the State ofColorado andColorado School ofMines extendt, at least,
over the period from 1913 to 1976.

There are many people with long records ofwork in western oil shale

and there are many newcomers. For all concerned, it seems only fitting, in

view ofsomuch effort, to give abriefchronological listing ofsome dates and

events that represent milestones along the road towhat eventually may be

a new industry.

1855 In this year, the Mormons are reported to have constructed a

retort and recovered shale oil near Juab, Utah.

1913Woodruff and Day, USGS, begin field work on Bulletin 581,

published in 1915. Woodruff reports he obtained "a sample

from an OLD prospect entry on Conn
Creek."

1915 First Oil Shale Company, the Colorado Carbon Company.

1916 Dean E. Winchester, USGS, starts his oil shale field studies.

1916M. J. Gavin, H. H. Hill and W. E. Perdew start studies on

recovery ofoil from oil shale. Gavin and Hill are with the U.S.

Bureau ofMines; Perdew is an employee ofUnion Petroleum

Company, Philadelphia.

1916 Naval Oil Shale Reserve #1 (Colorado) is withdrawn from

mining entry (December).

1916 Department of Interior classifies oil shale lands as "valuable

for petroleum and Entries under mining law en

couraged by Interior's decision.

Paul L. Russell, U.S. Bureau ofMines, Denver, Colorado 80225.
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1917 Winchester, USGS, publishes Bulletin 641 on Colorado's

shales.

1917 State of Colorado, R. D. George, State Geologist, publishes

"Oil Shales in Colorado, Wyoming and
Utah."

1917 Mt. Logan Oil Shale Company opens adit.

1918 First Colorado School of Mines reference: V. C. Alderson,

President, in Colorado School ofMines Quarterly, April 1918

and October 1919.

1918Winchester, USGS, publishes Bulletin 691"Uinta Basin
Shales."

1919 Colorado School of Mines issues Bulletin No. 8: "The Oil

Shales of Northwestern
Colorado."

1920 U.S. Government: The Mineral Leasing Act is amended to

include oil shale. Before 1920 over 10,000 entries of 160 acres

each are made.

1920 State of Colorado and U. S. Bureau of Mines enter into a

cooperative agreement for laboratory studies of recovering oil

from oil shale. Work is done in Boulder atColoradoUniversity.

1920 Colorado School of Mines: V. C. Alderson, "The Present

Status of the Oil Shale
Industry,"

RR Red Book.

1921 State of Colorado: R. D. George, State Geologist, publisher

"Comparison of Scotch and Colorado Oil
Shales,"

also, "Oil

Shale in Colorado, Part
II,"

both in RR Red Book.

1921 First DD hole reported. Pure Oil Company diamond drills an

825-foot (252.3 m) hole in oil shales on Battlement Mesa,

obtaining
a3%"

core.

1921 Colorado School of Mines: V. C. Alderson, "Oil ShaleA

Potential World Wide
Industry,"

Mining Congress Journal

and "Oil ShaleResume for
1921,"

RR Red Book.

1922USBM and State ofColorado: Gavin, Bulletin No. 210, "Oil

Shale, An Historical, Technical and Economic
Study."

1923USGS: Winchester, Bulletin 729.

1923 School ofMines: Alderson, "Resume for
1922,"

RRRed Book.

1924 A quiet year. The USBM opens the Laramie Petroleum Re

search Center, on the University of Wyoming campus, to

study petroleum, not oil shale.

1925 USBM starts initial planning for Rulison plant and mine.

1926-1929 USBM construction and operation on Bureau of Mines Ex

perimental Oil Shale Plant, Rulison, Colorado; September

1926 to June 1927 and April 1928 to July 1929, Pumpherson

Retort.
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1930 USBM: Gavin and Desmond publish Bulletin 315 on Rulison

work.

1930East Texas Oil Field.

1930-1942No actions of note.

1942USBM: Gardner and Bell publish IC 7218, "Proposed

Methods and Estimated Costs ofMining Oil
Shale."

(Start of

what was to be Anvil Points Facility).

1944 Public Law 290: Synthetic Liquid Fuels Act, signed. Laramie

Center expands and includes oil shale.

1944-1956 USBM: Construction and operation ofAnvil Points Mine and

plant.

1951 National Petroleum Council Subcommittee Report.

1956 USBM: Anvil Points Facility closes.

1956-1959 Union Oil Company: Operation ofUnion Oil Company mine

and plant.

1964 USBM: Gradner and East, Bulletin 611 on Anvil Points min

ing.

1964 Colorado School ofMines: First Oil Shale Symposium.

1966USBM: Bulletin 635Retort Research.

1964-1968 Colorado School ofMines Research Foundation: Anvil Points

Facility leased and operated by consortium of six oil com

panies.

1968 U.S. Department of the Interior: First offer of oil shale

leases no takers.

1965-1972 ColonyDevelopmentCompanyOperation ofmine and plant.

1971 U.S. Department of the Interior: Request nominations of

proposed tracts for leasing (November).

1972 USDI: Six of twenty proposed tracts for leasing selected two

each in Colorado, Wyoming, Utah.

1972 to

present Occidental Oil Company conducts in situ research.

1972 National Petroleum Council releases oil shale report.

1973 Final Environmental Statement for the prototype oil shale

leasing program (August).

1973COPC oil cargo.

1974 First federal oil shale leases.

1974 Project Independence Report.

1974 to

Present Paraho Company: Operates Anvil Points Mine and Paraho

retort.
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1974 to

Present Environmental baseline research on lease tracts in Colorado

and Utah along with development planning.

One last reference: the following is from a letter written by George

Otis Smith, director, U.S. Geological Survey:

"The day that some Company undertaking the production ofoil through the distillation
of oil shales in this country proves, through actual practice, that oil may be produced

successfully and continuously on a commercial scale at its plant, a new page will be

turned in the industrial history of the United
States."

The date, December 19, 1918 about 57V6 years ago.

The papers that follow show that the Government interest in oil shale,

begun in 1918, continues today, perhaps only because commercial produc

tion has not yet materialized.



ADVANCING MINING TECHNOLOGY OF OIL SHALE

Stephen Utter

Introduction

Our Program Advancing Oil Shale Mining Technology is part of

the Bureau's overall Energy Research and Development Program which

began in 1974. This paper outlines the work that the Bureau ofMines is

doing in oil shale mining research under that Program to further the goals

ofProject Independence. It describes our plans and objectives, our ongo

ing contract and in-house research projects, and the results ofpreliminary
core drilling and ground water testing in the Piceance Creek Basin of

northwestern Colorado.

Mining Research Program

Program objectives are shown in figure 1.

Our objectives are to develop, test, demonstrate, and transfer to

industry, new or improved low-cost mining and waste management

methods and equipment capable of producing the large tonnages of oil

shale and/or shale oil needed by the 1980's. Oil shale and associated

minerals must be mined safely and economically, using methods that will

allow maximum recovery of the mineral resource with acceptable en

vironmental impact. The immediate objectives of the program are: to

assess the technical and economic feasibility ofvarious surface and under

ground mining methods and modified in situ extraction systems; to

Stephen Utter, Denver Mining Research Center, Bureau of Mines, U.S. Department of

Interior, Denver, Colorado 80225.
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ADVANCING

MINING

TECHNOLOGY

Oil Shale

OBJECTIVES:

Develop

Test

Demonstrate

Transfer

Low-Cost Mining And

Waste Management

Methods

Equipment For Large

Tonnage Production Of

Oil Shale And Shale Oil

Figure 1. Program objectives.

evaluate themineral resources; to determine the engineering properties of

processed shale waste and its environmental effects.

The Program is divided into two major categories: (1) Background or

Baseline Studies; and (2) Development and Demonstration.

Figure 2 illustrates the objectives of the Baseline Studies. The pur

pose of these studies is to:

(1) assure that government and industry planners have enough reli

able information upon which to base management decisions, re
lated to problems of mining oil shale and its associated saline

materials;

(2) develop methods formanaging processed shalewaste, waste rock,
and low-quality waste water in an environmentally acceptable

manner; and

(3) determine the nature and severity ofpossible hazards to the health
and safety of the mine worker and the neighboring communities.

Development and Demonstration, shown in figure 3, is planned to

test and demonstrate new or improved mining and waste management

methods and equipment under actual mining conditions.

For testing and demonstration, a mine or mines must be available.
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ADVANCING

MINING

TECHNOLOGy

Oil Shale

BASELINE STUDIES:

Provide

Sufficient And Reliable

information To Industry/

Government To Base

Sound Management

Decisions

Data For Planning

Development And

Demonstration

Investigation

Figure 2. Purpose of baseline studies.

ADVANCING

MINING

TECHNOLOGY

Oil Shale

DEVELOPMENT AND

DEMONSTRATION:

Develop

e Test

e Demonstrate

improved Methods

And Equipment In

Cooperation With

industry

Ficure 3. Purpose of development and demonstration studies.
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Hence, we plan to develop a Pilot Demonstration Mine for full-scale

testing ofunderground mining methods and equipment. Other investiga

tions, in cooperation with industry, are planned.

A proposed schedule for the Program, shown in figure 4, illustrates

how the Baseline and the Demonstration categories fit together in a time

schedule, extending from fiscal years 1975 to 1981 and beyond.

Under the Baseline category, we have technical and economic feasibil

ity studies of low-cost, large-scale underground mining methods; mining,

back filling, and reclaiming with one or more large integrated open pit

mines; and underground mining, rubblization, and in situ retorting sys

tems. Engineering and environmental problems connected with the sur

face disposal of retorted shale are under evaluation. Living, (and) working
Environment refers to possible health and safety hazards, such as oil shale

dust and methane gas.

Under Development and Demonstration, we are conducting a rather

extensive exploration program, to be followed by design and construction

of a Pilot Demonstration Mine. Research and development efforts will

culminate in full-scale testing and demonstration of the most promising

underground mining methods.

Full-scale testing and demonstration are not limited to the under

ground Pilot Demonstration Mine; we plan to conduct cooperative re

searchwith industry inwastemanagement, modified in situ extraction, and

surface and underground mining, as sites become available. This Program

could conceivably extend through 1989 if the present time schedule is

followed and funds are available.

About 80 percent of the higher grade, oil shale resources of the Green

River Formation are located in the Piceance Creek Basin ofColorado. Oil

shales are found above theMahogany Zone, in the Mahogany Zone, and in

the central part of the Basin, in a thick, deep, sequence ofbeds below the

Mahogany Zone. These deep beds ofthe Lower or Saline Zone also contain
an estimated 32 billion tons ofnahcolite, containing 65 percent byweight of

soda ash, and an estimated 19 billion tons of dawsonite, containing 35

percent by weight of alumina. This combination of a relatively small area,
with thick, rich, oil shale beds, and the associated minerals, nahcolite and

dawsonite, makes the Basin an attractive location for an oil shale industry.

It follows that the major focus of our research program is directed to

the Piceance Creek Basin. Because of its varied geology, hydrology, and

topography, no one mining method can be expected to suit all conditions

existing in the Basin. Rather, differentminingmethods and equipmentwill

have to be developed to meet the specific requirements for mining in a

given locale. Hence, it is necessary to investigate a number ofmining and

waste management technologies.
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Various modifications of the room-and-pillar mining method have

been demonstrated for mining the thin, rich Mahogany Zone in the upper

beds of the formation. We expect that these methods, developed and

tested in prototype mines in this Zone, will also be used for first-generation

commercial mines. However, it is doubtful if room-and-pillar systems can

be applied to the deep, thick oil shale zones and still allow acceptable

extraction ratios.

Particular attention has therefore been directed to problems ofmining

the thick, deep beds of the Lower Zone near the center of the Basin, not

only because they contain immense reserves ofhigh-grade oil shale and the

saline minerals, nahcolite and dawsonite, but also because mining will

present major problems in shaft sinking, mine design, waste management,

ground water control, and efficient extraction of a valuable mineral re

source.

Research Studies

Three ofourBaseline Studies ofminingmethods and in situ extraction

are being carried out by research contracts. (See the following three

papers, this volume). Other work in geophysical research; spent shale

disposal; hydraulic transportation of both raw shale and processed shale

waste; bit and cutter testing for tunnelling machines; rock mechanics

research; and health and safety studies is also being carried out, either by
contract research or in the Bureau's four mining Research Centers.

Development and demonstration work, which has mainly emphasized

selection of a suitable site for the Pilot Demonstration Mine, has involved

geological and hydrological investigations, core drilling, and testing. The

Geological Survey has worked closely with us on site selection. Under a

cooperative agreement, the survey reviewed available geological and hyd

rological data on the Basin and pinpointed four potential mine sites (Ege

and Terry 1975).

Figure 5 shows the four target areas selected as best meeting our

criteria for a mine site. The following guidelines were used:

1. Area to include 2,000 to 5,000 acres (800-2,000 ha) of contiguous

public lands.

2. Approximately 800 to 1,000 ft. (245)306 m) of overburden above the

Mahogany Zone.

3. Not more than about 400 ft. (122.4 m) of water-bearing,
saline-

leached oil shale below the Mahogany Zone.
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Figure 5. Location of target areas.

4. Approximately 500 to 1,000 ft (153-306 m) of unleached saline oil

shale above the Blue Marker, averaging about 20 gallons (40*) per

ton and containing representative amounts of nahcolite and daw

sonite, but minimum amounts of halite.

5. Representative ground water conditions for the central part of the

Basin.

6. Absence ofmajor fault or fracture systems.

Based on survey reports, we selected Site 2 near the junction ofRyan

Gulch, Horse Draw, and Piceance Creek as a possible site for a Pilot

Demonstration Mine.

According to the isopach map in Figure 6, the Horse Draw Site is

located near the thicker beds of oil shale that contain the mineral dawso-
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Figure 6. Geographic location and thickness of dawsonite-bearing oil shale beds.

nite. The Bureau's Metallurgy Branch plans to conduct tests of bulk

samples of this mineral under its Alumina Recovery Program.

Exploration Drill Holes

Figure 7, an aerial photograph of the Horse Draw Site, shows the

location of two of the test holes drilled to determine thickness and grade of

the deposit and to measure the quantity and quality of the groundwater. A

third drill hole, Hole 01 to the south, is not shown.
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Figure 7. Horse Draw site.

Hole 01-A was spudded on November 3, 1975, and drilled to a total

depth of 2,610 ft. (798.6 m) using air/mist as circulating fluid. Casing,

packers, and tubing were then installed so that water levels could be

measured in the upper aquifers, above the Mahogany Zone, and in the

lower aquifer (Leached Zone), below theMahogany Zone, during pumping
tests in Hole 02-A, some 610 ft. (186.6 m) distant.
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A standard oil well drilling rig, a Continental EMSCO, Model GS-

350T,*
as shown in figure 8, was used.

Hole 02-A was spudded on December 3, and cored to a total depth of

2,660 ft. (813.9 m). Hole diameter was 77/s in. (20 cm). Core diameter was 4

in. (10. 1 cm). After pumping tests, the holewas underreamed to a diameter

of 15 in. (38.1 cm) from 1,466 to 2,200 ft. (448.5-673.2 m). Eighty-six drums

of cuttings were collected during the underreaming and shipped to the

Bureau's Metallurgy Laboratory in Boulder City, Nevada, for testing

under itsAluminaRecovery Program. The drill coreswere logged and sent

to the Laramie Energy Research Center of the Energy Research and

Development Administration (ERDA) for assay. Longitudinal slices were

cut from the cores for assay and sent to the Bureau's Twin Cities Mining
Research Center for physical property tests.

The underreaming bit is shown in figure 9. This bit was used to

underream the drill hole from its original 7%-in. (20 cm) diameter to a 15. in.

(38.1 cm) diameter. It took 12 days to underream some 730 ft. (223.2 m) of

drill hole.

Figure 10 illustrates the method used to collect drill cuttings during
underreaming. After passing over the shale shaker, cuttings were washed

with a water spray and collected in steel drums. Twenty-five tons of

samples were taken.

Stratigraphy
A vertical cross-section between drill holes 01-A and 02-A is shown in

figure 11. In Hole 01-A, after drilling a 17Vfe-in. (44.5 cm) diameter hole and

setting a 13% in. (24 cm) diameter casing at 186 ft. (56.7 m) the hole was

drilled with a 97/s in. (25 cm) diameter rock bit to a depth of 830 ft. (253.8

cm). Drill cuttings were taken at 15 ft. (4.5 m) intervals from 210 to 830 ft.

(64.2-253.8 m). From 210 to 365 ft. (64.2-111.6 m), cuttings consisted

mainly of siltstone with minor amounts of sandstone and oil shale. From

365 to 695 ft. (111.6-212.4 m), cuttings consisted mainly ofmarlstone with

minor amounts of siltstone and sandstone. Oil shale predominated from

695 to 830 ft. (212.4-253.8 m).

The drill hole was cored with a IVs in. (20 cm) diameter diamond bit

from 830 to 2,547 ft. (253.8-779.1 m). A 4 in. (10.1 cm) diameter core was

recovered. The hole was drilled from 2,547 ft. (779. 1 m) to a total depth of

2,610 (798.3 m) feet, some 150 feet (45.9 m) below the Orange Marker,

with a 97/s in. (25 cm) diameter rock bit. The A-Groove was penetrated at a

?Reference to specific equipment does not imply endorsement by the Bureau ofMines.
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Figure 9. Drill bit used for underreaming.
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depth of 880 to 900 ft. (259.1-275.1 m). The Mahogany Marker was at a

depth of936 ft. (272.6 m). Total thickness of the Mahogany Zone was about

200 ft. (61.2 m). The underlying Leached Zone was about 350 ft. (107. 1 m)

thick, and the Saline Zone was about 900 ft. (275.4 m) thick.

The Saline Zone, from 1,400 to 2,315 ft. (428.4-708.3 m), consisted of

oil shale interlaminated and interbedded with nahcolite and halite, and

containing pods, stringers, and crystals of nahcolite.

Core from 2,315 to 2,547 ft. (708.3-779. 1 m) consisted ofoil shalewith

minor amounts of limestone. The Orange Marker was penetrated at a

depth of 880 to 900 ft. (269.1-275.1 m). The Mahogany Marker was at a

(Smith, Trudell, and Dana 1968) as the top of the Upper lean oil shale Zone

and the bottom of the Lower lean Zone, respectively, in the Garden Gulch

Member of the Green River Formation. The Blue Marker is represented

by an abrupt decrease in resistivity of the Formation. The Orange Marker

is a resistivity log correlation.

Hole 02-A was cored with a 7% in. (20 cm) diameter core bit from 197

ft. (60 m) to total depth. A pumping test was conductedwhen the drill hole

was at a depth of980 ft. (299.7m) and again at adepth of1,450 ft. (443.7m).

Histograms of the Core Index, shown in figure 11, indicate the en

gineering quality ofthe rock. They are calculated from the joint frequency,

core loss, and broken core per interval of drill hole by the following
equation:

C.I. = * 100

where C.I. = core index

B = broken core, feet (any length ^0.3 feet)
L =*= core loss, feet

J number of joints

I =* drilled interval, feet

Higher Core Index values, which correspond to increases in the

amount ofbroken core, the amount ofcore lost, and the number ofjoints,

indicate a decrease in the engineering quality of the rock. Index values

above about 50 indicate incompetent rock.

In Hole 01-A, the high Core Index values from 880 to 1,400 ft.

(269.1-428.4 m) indicate generally incompetent rock in the Mahogany

Zone and in the Leached Zone. Low values in the Saline Zone indicate

competent rock. Values in the Garden Gulch Member below the Blue

Marker are again generally high, indicating incompetent rock. Here, the

brittle clay shales broke into discs during coring.
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In Hole 02-A, much the same pattern was followed. Incompetent rock

was found from the Uintah Formation through theMahogany and Leached

Zones. The Saline Zone rock was generally competent.
Weaker rock was

cored below the Blue Marker.

Hydrology
In the Piceance Creek Basin, two aquifers, Upper and Lower, make

up the principal aquifer system. The two are separated by the Mahogany

Zone which, because it is less permeable than the beds above and below it,

acts as a confining layer.

Measurements were taken of water discharge, temperature, and

specific conductance while Holes 01 and 01-Awere drilled. Water samples

were collected for chemical analysis. Water discharge measurements were

not taken while Hole 02-A was drilled, but two pumping tests were run;

water samples were collected, and water temperatures and conductivity

were measured.

Preliminary graphs of the water discharge rates, temperature and

specific conductance for Hole 01 are shown in figure 12. A water inflow of

130 gallons (520 1) per minute (GPM) was encountered at a depth of 175 ft.

(53.4 m). Inflow increased to 315 GPM (1.26 kl) at a depth of750 ft. (229.5

m). Thiswell continued tomake large quantities ofwater, up to amaximum

of 1,050 GPM (4.2 kl) during drilling to total depth. The electrical conduc

tivity of thewater, measured in micromhos per centimeter, increased from

1,200 in the Upper Aquifer to as high as 24,000 in the Lower Aquifer.

Salinity increased markedly at depths below about 1,300 ft. (397.8 m).

Because salinity increased when drilling ceased and decreased when dril

ling was resumed, we conclude that this increase was caused by the

solution of saline minerals exposed in the walls of the drill hole and

subjected to the action of the drill water.

Hydrologic data from Hole 01-A are shown in figure 13. First water

was encountered at a depth of200 ft. (61.2 m), and inflow increased to 55 to

60 GPM (220-240 1) at 471 ft. (144 m). Inflow increased to 1,625 GPM (6.5

kl) at 1,400 ft. (428.4 m) and remained at that level to total depth. Water

quality ranged from fresh, to about 4,000 micromhos at a depth of2,500 ft.

(765 m). This increase was probably caused by solution of saline minerals as

the drill hole penetrated the Saline Zone.

Hydrologic data from Hole 02-A are shown in figure 14. Water dis

charge measurements were not taken. Water quality ranged from less than

2,000 micromhos above 1,200 ft. (367.2 m) to over 6,000 micromhos in the

Saline Zone.

Two pumping tests were conducted in Hole 02-A. For the first test,
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Figure 12. Hydrologic data, hole 01.

the pump was set at a depth of215 ft. (65.7 m), with the drill hole uncased

from 190 to 980 ft. (57.9-302.7 m). Water was pumped at the rate of 285

GPM (1.14 kl) for 15 hours. Test conditions and the results of the prelimi

nary analysis are summarized in figure 15.

For the second test, the hole was uncased from 844 (258 m) to 1,400

ft. (258-428.4 m). Pumping rate was 174 GPM (696 1) for 15 minutes.

Pumping time was brief because of equipment problems. The results are

summarized in figure 16.

The results of these preliminary tests indicate that, at Hole 02-A, the

Upper Aquifer overlying the Mahogany Zone has a transmissivity of2,500

sq. ft. (233. 7 ca) per day (about 1,000 darcy feet). Thewater drawdown time

curve is typical of vertically fractured wells. This indicates that the well

may be in a fracture zone or near a vertical fault. Test data from Hole 01-A

indicate a larger transmissivity.

The storage coefficient of the Upper Aquifer is about
3xl03

typical for

this aquifer in the Piceance Creek Basin. No change was measured in the
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Figure 14. Hydrologic data, hole 02-A.

water level below the Mahogany Zone in Hole 01-A during the pumping
tests. This indicates that the vertical permeability of theMahoganyZone is

less than 0.05 feet per day (15 millidarcy).

Testing of the Lower Aquifer showed a transmissivity not larger than

300 sq. ft. (28 ca) per day (120 darcy feet) in the vicinity ofHole 02-A. This

indicates that the LowerAquifer is probably less fractured than the Upper

Aquifer.
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TEST CONDITIONS

Vertical interval tested 190-980 feet depth

Water level 115

Pump location 215

Pumping rate 285 gpm

Pumping time 15 hours

Water levels monitored in Holes OIA and 02A

for 13 hours after pumping stopped.

PRELIMINARY ANALYSIS

Transmissivity above Mahogany Zone 2500 ft /day

Storage coefficient 3x
I0"3

Vertical permeability of Mahogany Zone < 0.05 ft /day

Water temperature
15

C

Specific conductance 1200 micromhos/cm

Time draw-down data indicates Hole 02A may be located

in fracture zone of near-vertical fault.

FIGURE 15. Pumping test number 1, hole 02-A.

TEST CONDITION

Vertical interval tested 8441450 feet depth

Pump location 215

Pumping rate 174 gpm

Pumping time 15 minutes

PRELIMINARY ANALYSIS

Transmissivity below Mahogany Zone not greater than

300 ft2/day

Storage coefficient insufficient data

but probably about
I0"4

Water temperature I5C

Specific conductance 1600 micromhos/cm

Fracturing above Mahogany Zone does not appear to extend

below that zone.

Figure 16. Pumping test number 2, hole 02-A.
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The storage coefficient of the Lower Aquifer could not be calculated

from the test databut, based on other tests in the Basin, it is estimated to be

about 104.

Summary

The Bureau of Mines has a continuing research and development

program planned to help develop a viable oil shale industry. One phase of

the program is to develop, test, and demonstrate better ways to mine the

deep, thick, oil shale deposits of the central Piceance Creek Basin. Other

phases include cooperative investigations with industry in open pitmining
and in situ extraction. A potential site for a proposed Pilot Demonstration

Mine has been selected, and an exploratory core drilling program was

recently completed.
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A TECHNICAL AND ECONOMIC STUDY OF

CANDIDATE UNDERGROUND MINING SYSTEMS

FOR DEEP, THICK OIL SHALE DEPOSITS

William N. Hoskins, Raja P. Upadhyay,

James B. Bills, and Carl R. Sandberg III

Abstract

In July 1974, Cameron Engineers, Inc. was awarded a Bureau of

Mines contract to study the technical and economic feasibility ofmining
the deep, thick, oil shale deposits ofColorado's Piceance Creek Basin. The

contract was divided into two phases: first, a technical feasibility study of

applicable mining methods, and second, an economic feasibility study,

based on the designs developed in the first phase. The first phase, com

pleted in July, 1975, recommended four mining methods for the phase II

study. The four methods are:

(1) Chamber and pillar mining

(2) Sublevel stoping with spent shale backfill

(3) Sublevel stoping with full subsidence

(4) Block caving using load haul dump (LHD)
All mine designs were developed for 85,000 tons per day minimum

production or, enough feedstock for 50,000 barrel per day surface proces

sing plant. Initial capital investment for the mining methods ranged from

$77,200,000 for chamber and pillar, to $122,872,000 for block caving, using

LHD's. Mining costs, including all direct, indirect and fixed costs, except

royalty and lease payments, ranged from $1.04 per ton for chamber and

Authors are with Cameron Engineers, Inc., 1315 South Clarkson, Denver, Colorado 80210.
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pillar to $1.35 per ton for block caving, using LHD's. As a result of the

study, it was determined that underground mining of deep oil shale

deposits is technically feasible and low in cost per ton.

Introduction

In July 1974, Cameron Engineers, Inc.; was awarded a contract to

study the technical and economic feasibility ofmining the deep, thick, oil

shale deposits in the central portion of the Piceance Creek basin, Rio

Blanco County, Colorado. The contractwas awarded by the U.S. Bureau of

Mines and administered by the DenverMining Research Center, Denver,

Colorado.

The studywas divided into two phases. The first phase consisted of the

technical evaluation of several possible mining systems that might be

applicable to underground mining of oil shale, and selection of the most

promising. The second phase of study will consist of refinements of the

most promising methods and performing a costing and economic evalua

tion.

This paper presents in summary form, the results of the Phase I study.

No additional baseline or engineering data were obtained for any specific

area in the Piceance Creek basin as a result ofthis contract. In addition, the

following constraints were imposed by the U.S. Bureau of Mines:

(1) Mining systems must be capable of handling large production

tonnages, 85,000 tons per day (tpd) being a minimum.

(2) Mining systems must be adaptable to present health and safety

standards.

(3) Mine designsmust be capable ofhandling large quantities ofwater
inflow.

(4) Underground disposal of spent shale must be considered.

(5) Resource recovery should be high.

(6) Environmental mining conditions will be: 1,000 ft. (306 m) of

overburden, 2,000 ft. (612 m) of oil shale, a 600 ft. (183.6 m) thick

aquifer, located 1,200 ft. (367.2 m) below the surface.

The Phase I study was divided into three investigative stages:

(1) A review ofgeology, hydrology, and resources of a representative

mine site in the central portion of the Piceance Creek basin.

(2) Evaluation of rock mechanics design techniques and synthesis of

available physical property data on Colorado Green River Forma

tion oil shale pertinent to engineering.
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(3) Selection, preliminary design and costing, and evaluation of

selected mining systems.

Geology

The Piceance Creek basin includes about 1,600 sq. mi. (4,000 km2) in

Garfield and Rio Blanco counties in northwestern Colorado (fig. 1). It is a

northwest trending structural basin which ranges topographically from

1,000 to 4,000 ft. (306-1,224 m) above the surrounding lowlands. Eleva

tions in the basin are from about 6,000 to 9,400 ft. (1,836-2,876.4 m) above

sea level, with parts of the basin margin being defined by precipitous

escarpments. The land surface within the basin consists of a series of

steep-sided ridges and valleys that slope down from themargins toward the

basin interior.

Strata exposed in the Piceance Creek basin range in age from late

Cretaceous to Tertiary, (fig. 2). The oldest rocks are the late Cretaceous

Mesaverde group, composed of sandstones, shales, and some coal beds.

Overlying the Mesaverde is the Paleocene Series, consisting of the Ohio

Creek Conglomerate and an unnamed unit composed of feldspathic

sandstones, shales, and thin coal beds, considered to be Fort Union

Formation equivalents. Above the unnamed unit is the Wasatch Forma

tion, forming the lowlands between the more resistant strata of the

Mesaverde and the overlying Green River Formation. The Wasatch For

mation consists of a thick sequence of lenticular sandstones and red,

purple, gray, green, and yellow shales with some coal beds. Above the

Wasatch Formation is the Green River Formation, deposited during the

middle Eocene Epoch of the Tertiary Period.

Beds that dip into the basin range from less than three degrees on the

southern margin to 27 degrees on the northern rim. Within the basin itself,

there are a number of small, parallel, northwest trending anticlines.

Among these local structures, the most prominent is the Piceance Creek

Dome, located in the northeastern part of the basin. Numerous northwest

trending, high angle normal faults of small displacement are present

northwest of the Piceance Creek Dome. The faults commonly occur in

pairs and usually bound downthrown blocks or grabens.

Resources

Three major resources of economic interest in the Piceance Creek

basin are: shale oil, nahcolite, and dawsonite. All three are found in
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Figure 1. Location map of Piceance Creek Basin, northwest Colorado.

significant quantities in the central portion of the Parachute Creek

Member of the Green River Formation.
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Shale Oil

An estimate for the total shale oil resource of the PiceanceCreek basin

is 1,200 billion barrels. Of this, 117 billion barrels are contained in favora

bly located and defined deposits, averaging 30 to 35 gallons per ton over a

continuous interval of30 ft. (9 m) or more. Less favorably situated and not

as well defined deposits of the same grade and thickness are thought to

contain another 167 billion barrels of oil. Poorly defined deposits of lower

grade, ranging down to 15 gallons of oil per ton, constitute the remaining

916 billion barrels.

Nahcolite

Significant deposits ofnahcolite are restricted to the lower part of the

Parachute CreekMember in the central part ofthe basin. Nahcolite occurs

as: (1) fine crystals disseminated in the oil shale matrix or the fractures, (2)
as roughly spherical masses called rosettes, or (3) as coarse to micro-

crystalline, bedded deposits. The coarsely crystalline, bedded variety is

associated with halite. Beard, Tait and Smith (1974) estimate about 29

billion tons of nahcolite are present in the center of the basin.

Dawsonite

Significant dawsonite deposits are apparently confined to the
north-

central part ofthe basin and are restricted to an interval ranging from 1,000

to a little less than 300 ft. (306-91.8 m). Dawsonite resources of the

Parachute Creek Member of the Green River Formation have been esti

mated by Beard, Tait and Smith (1974) to be 19 billion tons (6.5 billion tons

of alumina).

Representative Mine Site

A resource evaluation of four potential mine sites, proposed by the

U.S. Bureau ofMines, was made to determine the most favorable location

for a representative mine site. Each site was evaluated for shale oil,

nahcolite, and dawsonite content; overburden thickness; oil shale thick

ness; and leached and unleached zone thickness. On the basis of these

evaluations, the Bureau of Mines selected one site for more detailed

evaluation.

The selected representative site includes approximately five square

miles in portions of T1S, T2S and R97W (fig. 1). Overburden thickness

ranges from over 1,400 ft. (428.4 m) in the northwest to less than 600 ft.

(183.6 m) in the southwest, with minimum thickness along Piceance

Creek. The dip of the strata is generally about one degree to the northwith
local variations due to folding and faulting.



Underground Mining Systems for Oil Shale 205

Estimated resource figure for this site is 7.7 billion barrels of shale oil,

2 billion tons of nahcolite, and 550 million tons of dawsonite.

Hydrology

The Piceance Creekwatershed drains a 629 sq. mi. (1,821.5 km2) area

within the largerWhite River drainage, a major tributary of the Colorado

River. Elevations within the Piceance Creek drainage range from near

5,000 ft. (1,530 m) to over 9,000 ft. (2,730 m), with 86 percent of the

watershed lying between 6,000 and 8,000 ft. (1,830-2,430 m) (Wymore,
1974). Drainage development is well advanced and appears to be structur

ally controlled with drainage patterns ranging from trellis to parallel. The

major physiographic feature of the region is a rolling, dissected plateau

which forms the south and west portions of the drainage divide and

averages over 8,000 ft. (2,430 m) in elevation. This plateau is a very

important feature from a hydrologic standpoint since it receives over 20 in.

(50.8 cm) ofprecipitation annually and contains the basin's major ground

water recharge areas.

Streamflow in the Piceance Creek basin is derived principally from

spring snowmelt. Baseflow, however, is derived almost exclusively from

groundwater discharge. The mean annual flood event, for most drainages

within the basin, is also derived from snowmelt with the extreme flood

events caused by summer convective rainstorms.

As a result of the tectonic activity and surface deposition ofalluvium,

the present aquifer system is composed of: (1) alluvial aquifer, (2) upper

aquifer, and (3) lower aquifer. The alluvial aquifers, ranging in thickness

from zero to 140 ft. (42.6 m), are confined to stream bottoms and restricted

in width to generally less that xfa mi. (805 m). The permeability of these

aquifers depends upon the source material and increases downstream,

being greatest in the main streams approaching the White River.

The upper aquifer consists ofsaturated material from the bottom ofthe

alluvium to the top of theMahogany Zone. Weeks and others (1974), using

data from 26 wells, reports that the transmissivity of the upper aquifer

varies from eight to 1,000 sq. ft. (93.4 ca) per day.

The Mahogany Zone is generally considered to be an impermeable

zone, separating the upper and lower aquifers. However, vertical permea

bility between the two aquifers may exist due to fracturing and faulting.

Extensive leaching has occurred in the lower aquifer, with its limits

extending from the base of the Mahogany Zone to the base of the leached
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zone. The base of the leached zone is also referred to as the dissolution

surface. Below this surface, referred to as the unleached zone, very little

permeability exists except that due to minor faulting and fracturing. The

transmissivity of the lower aquifer, using data from 20 wells, is approxi

mately 1,940 sq. ft. (181.3 ca) per day. General water movement is from

recharge around the margins of the basin to discharge in the Piceance

Creek valley and, finally, out into the White River.

Representative Mine Site

The representative mine site is located in the general area ofground

water recharge. About 41 sq. mi. (102.5 km2) are drained by Ryan Gulch,
above the site. All of the streams near the site flow only intermittently
except for Piceance Creek, which flows perennially. Climate of the area is

semi-arid, with precipitation varying from 12 to 15.5 in. (30.5-39.4 cm) per

year.

The USGS (1974) reports that the upper aquifer at the site is 700 ft.

(214 m) thick and has a transmissivity of about 140 sq. ft. (13 ca) per day.

The lower aquifer is 500 ft. (153 m) thick and has a transmissivity near 400

sq. ft. (37.4 ca) per day. The storage coefficients are estimated to be 103

and
104 for the upper and lower aquifer, respectively. Under dewatering

conditions the storage coefficient for the upper aquifer was assumed to be

lO^USGS, 1974).

The USGS used a digital model of the groundwater system of the

Piceance Creek Basin (Weeks and others, 1974) to estimate the dewatering
requirements ofthe federal lease tracts C-a and C-b. The simulation model

computed the discharge from C-a and C-b to be approximately 9 cubic feet

per second (4,000 gpm; 1.6 kl) and 20 cubic feet per second (9,000 gpm),

respectively, after a period of one year. Due to the large number of

assumptionsmade in predicting these values, a figure of10,000 gpm (40 kl)
was assumed for the representative mine site.

Summary of Physical Properties of

Green River On Shale

The majority of studies reporting engineering properties also include

density. Sellers, Haworth and Zambas (1972) present data correlating

density to Fischer assay, making it possible to relate engineering proper
ties to Fischer assay through the density. By correlating all the studies to

reported values for density, an attempt is made to show the dependence of

engineering properties on Fischer assay, figure 3.
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Strength Properties

Unconfined compressive strength, perpendicular to the bedding ofoil
shale specimens, has been measured by several investigators. Data from

Sellers, Haworth and Zambas (1972); Merrill (1974); Hjelmstad (1974); and
Tesch (1961) are presented in figure 4, illustrating both the natural variabil

ity of oil shale compressive strength along with the effect of increasing
Fischer assay. Notice that the compressive strength reaches aminimum at

about 50 gallons per ton (gpt).

The relationship of tensile strength to Fischer assay is presented in

figure 5. Three methods ofmeasuring tensile strength were reported: axial

load (pure) tension, modulus of rupture, and induced tension. The mea
sured values were converted to approximate axial load values by the

following relationships: modulus of rupture, divided by 3.5, equals pure

tension; and induced tension, divided by 1.6, equals pure tension.

Elastic Properties

The elastic deformation of pillars depends on the stress applied, the

stiffness of the pillar (elastic modulus), and deformability (Poisson's ratio).
Both of these properties are related to the Fischer assay of the specimen

being tested. Sellers, Haworth and Zambas (1972) developed approximate
relationships which are presented in figures 6 and 7. Data from other

investigators have also been added to these curves. These results also have

obvious application to the design ofpermanent pillars and to the prediction

of subsidence at the surface.

The degree of elastic anisotropy, perpendicular and parallel to bed

ding, appears to be minor. The elastic properties ofa single oil shale layer

are approximately the same in all directions.

Stability Parameters

Figure 8 presents the limited data available on the relationship bet

ween angle of internal friction of intact oil shale and Fischer assay. Figure

9 presents the available data on cohesion of intact oil shale with respect to

Fischer Assay.

The correlation between cohesion and Fischer assay is low. This

probably results from cohesion being calculated from the angle of internal

friction as well as from triaxial tests. There is no direct method for the

measurement of cohesion.

Creep Characteristics

The study of long term creep (plastic deformation) of oil shale by
Sellers, Haworth and Zambas (1972), indicated that no creep occurred
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Figure 3. Specific gravity vs. oil yield for core D-5 (Sellers and others 1972).
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below 2,000 psi uniaxial compression. Fischer assay became a factor in

creep above 2,000 psi uniaxial compression. Specimenswith Fischer
assay-

above 30 gpt underwent permanent deformation when subjected to unia

xial compressive stress above 2,000 psi. At stress levels below 6,000 psi, the

creep rate decreased to zero in a few days. Above 8,000 psi, 30 gpt shale

crept to failure.

Triaxially confined compression test specimens of oil shale undergo

massive plastic deformation while still carying load. Confining pressure of

1,500 psi permits at least 25 percent shortening to occur without brittle

failure. High grade layers of oil shale extrude out of the specimen. The

limiting strain ofconfined oil shale is unknown. The load carrying capacity
ofa triaxially confined oil shale specimen decreases progressively as creep

deformation proceeds.

Pillar Design

Wilson (1972) presents a rationale for determining the magnitude and

location of the peak stress in a pillar. Peak stress is defined as: that stress

which can be carried by the rock mass under the confinement offered by
the horizontal stress acting in the roof and floor. This in situ horizontal

stress can be measured; however, at this point in the design ofpillars in oil

shale, it must be estimated.



212 Quarterly of the Colorado School of Mines

Some reported in situ measurements in oil shale indicate a ratio of

horizontal to vertical in situ stresses that varies from 0. 16 to 1. 16. Available

in situ stress measurements atAnvil Points are probably not representative

ofthe major portion ofoil shalewhich occurs at greater depth and is remote

from any lateral stress-releasing outcrop. The best current estimate is to

equate the horizontal confining stress to a value near that ofthe overburden

stress.

For amore detailed description of this design technique, seeAbel and

Hoskins (1976) in this volume. Thismethod can also be used to evaluate the

increased strength of a pillar when there is later confinement due to

backfilling.

RoofBeam Design

The design of safe and efficient widths for rooms in oil shale may

require the use of roofbolts or dowels. The high probability of thin beds,
with minimal bed-to-bed strength, being present in the immediate roof
above a room, will require a positive method of defining the thickness of
the roof beam. Roof bolting can provide the needed positive assurance of
adequate roof beam thickness.

More detailed descriptions of design techniques for rock bolt design

can be found in Coates and Cochrane (1970) and Cameron Engineers

(1975).

Subsidence Prediction

Surface subsidence, above underground room and pillar mining, is a

fruntion of percentage of extraction, elastic constants of the pillars, and

width of the mining area with respect to depth below surface. When

minimum mining width exceeds depth, by approximately 1.4 times,

maximum vertical subsidence occurs in the center of the mining area.

The amount of subsidence on the surface above the excavated areas

will be some percentage ofthe extracted height, depending on the amount
of extraction and backfill properties. In full extraction mining, approxi

mately 90 percent of the mined seam height, above the center ofmining,
will appear as subsidence at the surface. However, ifhydraulic backfilling
is used, only 10 to 15 percent of the seam height will appear as maximum

vertical subsidence at the surface.

Candidate Mining Methods

Design Constraints

The objective of the Phase I study was to evaluate all feasible systems
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for mining the thicker oil shale deposits in the deeper central part of the

Piceance Creek basin. Several basic criteria were used to select the most

promising systems for evaluation. These included the extent of the techni

cal development of each system, as well as its potential for high volume

mechanized production at relatively low labor intensity and cost. Overall

resource recovery, inherent safety, and environmental acceptance were

also pertinent factors.

For purposes of Phase I, it was assumed that nearly continuous

sections ofpresently commercial grade oil shale, up to 2,000 ft. (612 m) in

aggregate thickness, lie at an average depth of 1,000 ft. (306 m) below the

surface. Itwas further assumed that amajor aquifer, averaging about 600 ft.

(183.6 m) thick and containing large volumes of saline water, will be

encountered at a depth of some 1,200 ft. (367.2 m) below the surface.

The hypothetical mine site will be on public land, along the axis ofthe

basin, somewhere within Townships IN and 3S and Ranges 97W to 98W,

6th P.M., Rio Blanco County, Colorado. Mine production should reach

85,000 tpd after a reasonable start up period. Ultimately, production may
be increased to as much as 170,000 tpd.

Mining Methods

Severalminingmethodswere evaluated, including square set stoping;

shrinkage stoping; cut-and-fill stoping; sublevel caving; sublevel stoping;

room and pillar; longwall; and block caving. The systems selected formore

detailed engineering and cost evaluation, as bestmeeting the basic criteria,

included block caving, two variations of room and pillar mining, and two

variations of sublevel stoping.

Analysis of the mine designs in the following sections has two areas in

common: mine access and crushing. Phase I investigation constraints

impose the limitation that all initial concepts consider an ore body and

overburden depth that is average for the deep deposits of the basin. Major

differences in design, among the various systems being investigated, oc

curred only in the mining method. Because the production requirements

of each method are identical, 28 ft. (8.4 m) inside diameter production

shafts are standard. Ventilation requirements vary somewhat; however, 16

ft. (4.8 m) inside diameter ventilation shafts were assumed for each

method. Depending on the needs ofeach method, either one or two 20-28

ft. (6-8.4 m) inside diameter shafts are used for service and development.

In order to facilitate hoisting broken muck, all designs used under

ground crushing systems. Depending on the miningmethod, either porta

ble crushers or stationary crushers were used.

The amount ofwater inflow into the mining areas could not be accu

rately determined and will probably vary with the miningmethod. There-



214 Quarterly of the Colorado School of Mines

fore, a maximum inflow of 10,000 gpm (40 kl) was estimated and pumping

capacity provided for this amount in each design.

Sublevel Stoping with Full Subsidence

This mining method is essentially a modification of sublevel caving

and sublevel stoping. Mining proceeds as in sublevel stoping except that,

when the initial stope is completed, the pillars are blasted into the stope

and recovered. Overall resource recovery, excluding the shaft pillar, is

estimated to be about 95 percent. Figure 10 is an isometric view, showing

the approximate layout of a stope. The mining system is multi-level,

making it possible to mine the entire 2,000 ft. (612 m) section ofoil shale, if

conditions permit.

Initial development requires that the main rail haulage network be

completed to some economic limit and mining retreat back towards the

shaft pillars. Estimated development time is 3.5 to four years for a produc

tion rate of 85,000 tpd.

Muck is blasted into the stopes by fan rounds drilled from a sublevel

and the stope floor (fig. 11). Front-end loaders are then used to transport

the broken muck from the stope to rail cars pulled by trolley locomotives. A

total of six stopes, each producing about 12,000 tpd, and development

tonnage, gives a total of 85,000 tpd. The rail cars are dumped into one of

two gyratory crushers and the muck hoisted to the surface through two

production shafts, using automatic double drum hoists.

When a stope has been initially completed, the pillars, (as shown in

fig. 12), are fan drilled and sequentially blasted into the stope. The over

burden is allowed to cave and the blasted pillars mucked until waste

dilution occurs. The front-end loaders are protected by a crown pillar

during all mucking phases.

Ventilation requirements were determined by assuming 75 cubic feet

per minute (cfm) (2.25 m3) of fresh air for each brake horsepower of diesel

equipment and 100 cfm (3 m3) for each personnel. The overall ventilation

circuit consists ofthe service and production shafts, used as intake, and two

additional shafts used only for exhaust.

Sublevel Stoping with Spent Shale Backfill

A sublevel stoping design, incorporating spent shale backfilling, was

investigated because of three major advantages over the full subsidence

method. These are: (1) minimization of surface subsidence damage; (2)
limitation of vertical fracturing in overlying strata; and (3) a significant

reduction in the amount of spent shale disposal on the surface. The major

disadvantage is reduced resource recovery, from 95 percent for full subsi

dence to 55 percent for the backfilling technique.
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Figure 10. Isometric view, sublevel stoping with full subsidence.

The major differences between sublevel stoping with full subsidence

and sublevel stopingwith spent shale backfill are, that in the latter, mining
proceeds on the advance, instead of retreat; stopes are 40 ft. (12 m) wider,

with the pillars 40 ft. (12 m) narrower; and the stopes and pillars are lined

up over each other between levels (figs. 13 and 14). Development, rail

haulage and production mucking are almost identical to the full subsidence

method.

Stopes are backfilled from the front-end loader haulageways on the

previously mined level or a separately developed fill level. Fill is run into

the stopes by drilling holes from the haulageways into the top of the stope

to be filled. Bulkheads are constructed in stope crosscuts alongwith sumps

for collecting run-off water. Pumps are used to recycle the excess water

back to a main shaft sump station. Because the stopes are so large, a

drainage system composed ofslotted PVC pipe may have to be installed to

reduce hydrostatic pressures. Stopes are developed and mined in a sequ-
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Figure 12. Fan drilling and blasting design for sublevel stopes with full subsidence.
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Figure 13. Isometric view sublevel stoping with spent shale backfill.

ence that eliminates two adjacent stopes having a common rib pillar. This

system of mining eliminates miners, working in stopes, having unsup

ported pillars adjacent to them.

Advance Entry and Pillar

Advance entry and pillar mining is a method in which multiple head

ings, on evenly spaced centers, are advanced (mining away from the shaft

area) in one direction. Crosscuts are driven perpendicular to the headings,

resulting in square pillars left to separate headings and crosscuts. This

method is similar to room and pillarmining except that entries or headings

become modified rooms and are advanced until a level has reached its

economic limits.

Figure 15 is an isometric view, showing two levels separated by a sill

pillar. Overall resource recovery, assuming a 40 ft. (12 m) still pillar and

excluding the shaft pillar, is approximately 45 percentwith pillars left, or 55

to 60 percent with partial pillar recovery.
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220 Quarterly of the Colorado School of Mines

CONVEYOR BELT ENTRY

BARRIER PILLAR

Figure 15. Isometric view, advance entry and pillar mining.

Initial development begins by driving five entries through the shaft

pillar (fig. 16). The middle entry is used for conveyor belt haulage and the

two adjacent entries used for intake air and access for men and supplies.

The two other entries, located outside the intake air entries, are used for

return air.

Eachmining level is divided into four production sections that provide

85,000 tpd from heading rounds and benching operations. Large load-

haul-dump equipment is used to muck blasted ore into portable crushers
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Figure 16. Plan view of production layout, advance entry and pillar mining.

which reduce the ore to less than 9-inch size. Small conveyor belts trans

port the crushed ore to the main conveyor belt entry where it is conveyed

to the shaft pockets and hoisted to the surface. Estimated development

time for this method is 2.5 years.

Primary ventilation is provided by large exhaust fans mounted near
the return air shafts. Air is pulled down the service and intake air shafts,
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circulated through the mine, and exhausted through the two exhaust

shafts. Airflow direction is controlled by fabricated rfegulators and bulk

heads. Ventilation to the development headings is provided by auxiliary
fans and ventilation tubing.

The major advantage of this system is its relatively short development

period and mining selectivity, the major disadvantage is the low overall

resource recovery.

Chamber and Pillar Mine Design

Chamber and pillarmining is amodification ofroom and pillarmining.

Crosscuts, driven perpendicular to main entries, are enlarged into cham

bers by fan drilling, (fig. 17). This method has been designed especially for

underground disposal of spent shale.

The chamber and pillarmining design is quite flexible in that variable

mining heights, chamber lengths, andmining distance away from the shaft

or access area can vary according to geologic or economic conditions. The

mine plan is multi-level, with distance between levels determined by
either oil shale grade, or minimum safe sill pillar thickness. Overall re

source recovery, assuming a 40 ft. (12 m) sill pillar and excluding the shaft

pillar, is estimated to be 65 percent.

Development ofa level begins by driving five entries through the shaft

pillar. The middle entry is used for belt haulage; the two adjacent entries

are used for intake air and access for men and supplies. Two return air

entries, outside ofthe intake entries, are used for exhaust air return. A total

of 12 chamber crosscuts are driven during development.

Full production of85,000 tpd is derived from simultaneous mining of

12 chambers, six on each side of the shaft, and the development of the next

12 chamber crosscuts. Figure 18 shows a plan view of production layout

and approximate dimensions. A chamber crosscut is driven from intake to

return air entries. When a chamber crosscut is completed, fan drilling is

started, enlarging the drift. Fan drilling of the entire chamber crosscut is
completed before loading and blasting. Once blasting begins, a minimum
of two fans are blasted at once, with mucking done, using large load-haul-

dump machines. The muck is dumped into portable impact crushers, fed

onto a conveyor belt, transported to the shaft storage pocket, and hoisted to

the surface.

Spent shale backfilling is startedwhen a chamber is completelymined
out. As a chamber is widened, a backfill crew installs fill and drain piping

along the length of the chamber. Porous bulkheads are constructed at the

neck of the chamber crosscuts, before filling, to retain fill material. Sumps

in the chamber crosscuts collect the draining water. From here it is

pumped to the surface for recycling.
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LEVEL I FILLED CHAMBER

CHAMBER PILLAR

LEVEL 2

Figure 17. Isometric view, chamber and pillar mining.

The mine ventilation system consists of four intake shafts and two

return shafts. Fresh air is pulled down the intake shafts, circulated through

the mine, and exhausted out the return air shafts by four large exhaust fans.

Fresh air, entering the mind through the shafts, is divided into four major

splits. Each split of air is directed to a chamber by means ofauxiliary fans

and ventilation tubing.

Block Caving Using Slushers

The block caving method, used in this analysis, is designed to mine a

2,000 ft. (612 m) thick, oil shale sequence in three successive lifts. The
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caving system is retreat in nature. It starts within an economic distance

from the main access area, (fig. 19). A mining level is divided into ten

panels, with each panel subdivided into nine blocks. Caved oil shale, from

an undercut level, flows by gravity down finger raises, is slushed along a

slusher dash, and dropped directly into rail cars on the main haulage level.

Trolley locomotives then transport loaded trains to a primary crusher,

located in the shaft pocket. The oil shale is reduced to less than 12-inch size

before hoisting to the surface.

Mine access consists of two production shafts, a development shaft, a

service shaft, and two exhaust ventilation shafts. Preproduction develop
ment starts after the shaft and crushing facilities are completed. Included

in preproduction development are: driving the main haulage level to the

outer boundary and completing the initial ventilation drifts, slusher

dashes, and undercut drifts needed to produce 85,000 tons per day.

At full production, 18 blocks are required, having an average draw rate

of9 in. (22.9 cm) per day. This 9-inch draw rate, which includes down time

and operator efficiencies, produces an average block life of two years. Nine

blocks are developed each year to maintain daily production level. The

layout of all drifts within a block is illustrated in figure 20.

Fresh air enters the mine through the service and production shafts

and circulates to the main haulage level. The air is then diverted through

the various panel drifts, into the slusher dashes and exhausts out to the

ventilation level. Two large fans, in each of two exhaust shafts, are used to

produce the required air flow.

Block Caving, Using LHDs

The block caving design, using load haul dump (LHD), is, in many

respects, similar to the previous block caving design. The major difference

lies in the method of initial ore handling. Oil shale from an undercut level

flows by gravity down finger raises and is mucked by LHDs and dumped

into transfer raises located at the ends of production lines (fig. 21). Ore

trains are then loaded from the transfer raises and dumped at the crusher

station, located at the main access area.

Haulage, ventilation, and undercut levels are similar in both of the

block caving designs. However, in the LHD system, the ventilation level is

located between the haulage and production levels. In addition, finger

raises are not staggered between production lines as in the slushermethod.

Mine access, number ofproduction blocks and block draw rates are identi

cal in both designs.

Fresh air, from the rail haulage level, is directed to the production

level through inclines at each panel. The air is then circulated through the

production crosscuts, regulated through each operating production line,
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Figure 20. Isometric view of block layout within a panel, block caving with slushers.
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Figure 21. Isometric view of one block, block caving with load haul dump.
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and exits down a vertical raise to the ventilation level. Two exhaust fans in

parallel, located in each ventilation shaft, draw the used air out ofthe mine.

Cost Analysis

The method ofproduction costing for all mining methods is similar to

the format used by the USBM (Staff 1972; Katell and Hemingway 1974).

This costingmethod necessarily assumes that the oil shale mine is the only

income source, therefore, development costs (including mine access and

hoisting) are capitalized. In reality, these costs would most likely be

charged to production and deducted as negative cash flow in an overall

corporate cash flow determination. Excluded in this analysis are royalty

payments, welfare payments, surface transportation costs, and processing.

All costs were collected during the first quarter, 1975.

Our evaluation of capital equipment for this large tonnage operation

relied almost exclusively on current vendor data. Wherever possible, only

equipment currently manufactured, whether as a full production item, or

as a prototype, was selected for analysis.

Table 1 is a summary ofthe candidatemining systems costs. Itmust be

noted that mining systems, having the longest development period, have

the highest development cost and, consequently, a higher net capital

investment. Labor and supervision costs were estimated from 1975 wage

contracts and professional salary requirements for specific job titles. De

preciation was calculated by the straight line method on all individual

capital expenditures and assumed a maximum depreciable life of30 years.

Electric power costswere estimated from data provided by utilities capable

of providing power to the representative mine site. Preproduction costs

were estimated by summing all operating and capital expenditures prior to

a production rate of 85,000 tpd.

Health and Safety

In the evaluation and design of the candidate mining systems, the

health and safety ofall underground personnel was ofprimary concern. All

areas where personnel are required to work, even if on an intermittent

basis, are adequately supported; designs incorporate conservative factors

of safety. The decision to design the mining systems (where possible) to

protect against possible methane gas was based on evidence of small

amounts of gas found in drill holes in the representative mine site area.
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Ventilation requirements are considerably higher due to dilution require

ments for gas, dust, and diesel exhaust contaminants. Ventilation circuits

were designed, in most cases, to prevent the reuse ofair in working areas.

Drilling jumbos, LHDs, front-end loaders, and all conveyor belt

drives with built-in fire suppression systems were selected. Chemical

fire-fighting trucks were included in the capital equipment for control of

possible large fires. Water trucks are also included for dust suppression in

trackless mucking areas.

All equipment carried in the capital investment inventory is either

classed as permissible, or cost estimates are included to make the equip

ment permissible for use in gassy conditions. Additional manpower has

been provided to ensure a minimum of two men per working area. Total

health and safety measures are estimated to cost an additional $0.02

to$0.04 per ton of daily production, depending on mining method.

Environmental Impact

The overall environmental impact of each candidate mining method

will depend on the amount of resource recovery; whether underground

spent shale disposal is used; the amount ofmine dewatering needed; and

the subsidence effects. No effort has been made to evaluate the environ

mental effects of processing the oil shale.

Candidate mining systems having the greatest environmental impact

are the full extraction methods; block caving with slushers and LHDs; and

sublevel stoping with full subsidence. These methods will cause the

greatest amount ofsurface subsidence, especially if the entire 2,000 ft. (612

m) oil shale section is mined. Reduced surface subsidence, through spent

shale backfill, will significantly minimize environmental impact but will

result in significandy lower overall resource recovery.

The effect of mine dewatering cannot be adequately evaluated be

cause the water requirements of surface processing are not known. If

excess water must be disposed on the surface, it will probably be diluted

with fresh water or desalinated before release into local drainages.

Mining systems requiring a large disposal area for spent shale on the

surface will require continuing revegetative programs on a relatively large

scale. Disposal of the majority of spent shale underground will considera

bly reduce surface disturbance and required revegetation. It may be

possible, at some time during mine production, to place spent shale in the

subsiding areas above the mining areas and thereby reduce the extent of

surface disturbance.
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Environmental costs for all mining methods were estimated to be

$300,000 per year formonitoring, $1,000,000 per year for reclamation, and

$6,000,000, over the life of the project, for environmental mitigation.

Ranking and Selection of Methods

In ranking analyses, the most difficult part is to determine the weight

of each criterion affecting the overall selection. A method called DARE

(DecisionAlternative Ration Evaluation)was selected for the ranking ofthe

candidate mining systems.

The DARE system is used to provide a rational choice among alterna

tives (mining methods) based on carefully selected criteria. These criteria

are determined by a group ofprofessionals who generate aweighted index

of factors and then score the alternatives, using the weighted factors. The

evaluation factors are clearly expressed and the values assigned by each

professional are readily identifiable. This method incorporates both qual

itative data and quantitative factors. The use ofqualitative data introduces

subjectivity into the final score. This subjectivity, however, is only as

positive in the results as is the technical ability of the professional perform

ing the ranking analysis. Quantitative data, where available, are incorpo

rated in the form of ratios which automatically produce the required

weights.

In general, a list ofmajor factors and subfactors which can be used to

evaluate alternatives is established. The evaluators then make a compari

son between factors, taking them two at a time, and assign a value as to the

relative importance ofone over the other. The list is then rearranged by a
random selection and re-evaluated. By doing this several times, biased

responses can be reduced. Mean values are then used for the weights and

scores.

The following factors and subfactors were used to determine the

overall ranking of the candidate mining systems:

(1) Technical feasibility
a. Equipment development

b. Preproduction time

c. Stage ofmethod development

d. Productivity

(2) Mining cost

a. Capital investment

b. Labor and supervision

c. Operating cost
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(3) Resource recovery
a. Mining selectivity
b. Percent extraction

(4) Reclamation

(5) Environmental impact

a. Socio-economic

b. Wildlife

c. Land use

d. Underground spent shale disposal

(6) Health and safety

Based on the weight of the above factors, scores were developed for

each miningmethod. Listed below are the candidate mining systems with

the highest ranking first:

Chamber and pillar

Sublevel stoping with spent shale backfill

Sublevel stoping with full subsidence

Block caving using LHDs

Block caving using slushers

Advance entry and pillar

Conclusions

(1) Large scale, undergroundmining ofthe central Piceance Creek oil

shale deposits is technically feasible and of low cost. Four of the six mining

systems evaluated were selected as being the most promising for further

evaluation. These mining systems are:

Chamber and pillar

Sublevel stoping with spent shale backfill

Sublevel stoping with full subsidence

Block caving using LHDs

(2) Projecting from available hydrologic data, water inflow from the

three aquifer systems will not significantly impede oil shale mining on the

representativemine site. An expected flow rate of10,000 gpm (40 kl) can be

adequately handled with present technology.

(3) Rock mechanics data on Green River oil shale, in the central portion

of the Piceance Creek Basin, are insufficient to determine design safety

factors or failure probabilities. A physical testing program is needed to

provide more accurate and reliable design data.
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(4) The environmental impact of underground oil shale mining, from

both a socio-economic and ecological standpoint, will be significant. How

ever, an oil shale mining industry can create long term, good paying jobs

and serve to create strong, long-lasting communities.
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TECHNICAL AND ECONOMIC STUDY

OF AN

UNDERGROUND MINING, RUBBLIZATION AND IN SITU

RETORTING SYSTEM FOR DEEP OIL SHALE DEPOSITS

RONALD B. STONE

Introduction

The energy crisis has placed renewed emphasis on the development of

oil shale as an alternate source of energy for domestic consumption. The

tremendous reserves ofkerogen in the Green River formation ofColorado,

Utah andWyoming offer at least a partial solution to the energy problem.

Toward this end, the Bureau ofMines requested this study to complement

earlier work directed toward economical recovery of the kerogen from oil

shale.

The study has been divided into two phases: (1) Preliminary evalua

tion and (2) Detailed evaluation. This report contains the results of the

Phase I study effort, performed by Fenix & Scisson, Inc. , under Contract

Number SO241073 to the Denver Research Center, United States De

partment of the Interior, Bureau ofMines.

The study comprises a technical and economic evaluation of several

underground mining, rubblization and in situ retorting (combination) sys

tems for deep oil shale deposits. Investigations for the study effort have

been directed toward an analysis ofthe geology ofthe Piceance Basin; other

associated minerals; rock mechanics; in situ retorting; mining systems;

ventilation; rubblization; safety; environmental impact; and a technical and

economic evaluation of selected mining-rubblization systems.

Ronald B. Stone, Fenix
6-
Scisson, Inc., Tulsa, Oklahoma 74115.
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Evaluation and Analysis

The objective of this study was to determine the technical, environ

mental and economic feasibility of the combined underground mining/in

situ retorting, shale oil extraction process. In order to determine the

feasibility of this concept from a mining engineering standpoint, certain

auxiliary studies were required. The study effort began with a thorough

review of the Piceance Basin geology. The results of this review indicated a

probable thickness ofpotential retorting zones, ranging from 200 to 500 ft.

(60-153 m) and that other potentially valuable minerals (dawsonite and

nacholite) are associated with the oil shale in certain parts of the basin (fig.

1). No major water problems should exist above a depth of approximately

1,800 ft. (550.8 m) where the saturated saline zone begins.

Investigation of the potentially valuable minerals (dawsonite and

nacholite) revealed several methods for recovering these minerals from a

rubblized zone; none, however, has been applied under in situ conditions.

At present, themarket for these minerals is low; however, the possibility of

future development needs to be evaluated. It appears that exploitation of

these deposits should be postponed until necessary technology and mar

kets have been developed. The reserves ofkerogen that would be affected

by this action are small when compared to total kerogen reserves in the

seven basins ofColorado, Utah andWyoming. Recovery of these minerals

was not considered further in this contract effort.

Rock mechanics must be a prime consideration if the environmental

goals ofminimum subsidence and maximum resource recovery are to be

met. A rationale was therefore developed for designing the support pillars
needed to minimize subsidence. This rationale was based on earlier work

by the British Coal Board. Two different support concepts were analyzed
and the rationale found applicable to both. One concept consideredmining
as much oil shale as possible, with a portion left as supporting pillars. The

other concept used restabilization ofburned-out retorts with a mixture of

oil shale ash, expanding cement and water. This allows the burned-out

retort to be used as a pillar and permits new retorts to be rubblized and

burned, immediately adjacent to the restabilized retorts. This concept

improves resource recovery percentage considerably. Figure 2 shows the

layouts used for the two miningmethods considered in our study. Figure 3

shows the gain in resource recoverymade possible by using retort stabiliza
tion.

The effect of heat from a retorting operation upon the walls of the

retort was studied and preliminary calculations made to estimate possible
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penetration of isotherms into the walls (fig. 4). The question ofwhether the

formation would be affected by the operation of many retorts in close

proximity to each other was also studied. The anticipated effect from such

an operation would be heaving of overlying formations due to thermal

expansion of the rock. Very little background work was found, however, so

subsequently formulated retorting plans allowed for this eventuality by

scheduling the burning of retorts in a spaced sequence, in order to reduce
thermal shock or loading on the formation (fig. 5). Further investigation is

recommended in this area.
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T2S

T3S

T6S
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T8S

T4S

T5S
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LEGEND

1 GREEN RIVER FORMATION

" LIMITS OF DAWSONITE OCCURRENCE

LIMITS OF NAHCOLITE OCCURRENCE

10 15

MILES

Figure 1. Map OfPiceance Creek Basin showing extent of the Green River Formation and
associated minerals.
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Investigation of the retorting process was based upon work done by
the Bureau ofMines in Laramie,Wyoming. Because ofthe large number of

interrelated variables (table 1), calculation of the retorting parameters was

simplified by utilizing nomographs of the relationships that were de

veloped during this study (fig. 6).

Five primary variableswhich control the in situ retorting process and,

consequently, mine design were identified. These were: grade ofoil shale;

percent voids of the rubblized oil shale; oxygen content of the retort air

supply; cross-sectional area of the retort; and height of the retort. Two

other important factors, although not shown on the nomographs, are the

pour point of the kerogen and the amount of in situ retortwater produced

during the burning process. The pour point of the oil produced must be

lower than the surrounding rock temperature or auxiliary heating or dilut

ing methods will be needed to keep the oil pumpable. The in situ retort
water should be considered as a resource; preliminary studies indicate it

can be economically cleaned to meet drinking water standards. If data

confirmed this, it would solve one of the oil shale industry's major prob-
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Figure 4. Isotherm variation in retort walls.

lems, making the facilities independent of local water supplies.

The contract specified four mining systems for consideration and

evaluation in this study. These were: (1) Multilevel room and pillar with

subsequent pillar blasting, (2) Undercut development with subsequent

caving induced by blasting, (3) Ring blasting from a central raise to rubblize

an ore column, and (4) Silo method with raise borer and cuttings left in

place. In addition, a fifth method was substituted, when it was found, early
in the study, that the difficulty and reliability of rubblization from the
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Table 1. In situ retorting variables

PRIMARY VARIABLES

PERCENT OXYGEN RETORT RETORT

SECONDARY VARIABLES GRADE VOIDS

X

CONTENT AREA HEIGHT

Swell Factor

In-place Density X

Broken Density X X

Percent Kerogen Recovery X X

Retort Differential Pressure X

Space Velocity X

Burn Rate X X

Retort Temperature X X

Pour Point of Retorted Oil X X

Fresh Air Volume X X X X

Recycle Gas Volume X X

Retort Life X X X

Retort Production X X X X X

induced caving method would be very poor. This method was fan drilling
from a riase station. It also became apparent, early in the study, that access

to the retort area could be accomplished by two different methods, room

and pillar and tunnel boring. The designs to be evaluated were first

classified by access mining method (room and pillar or tunnel boring) and

then by rubblization technique (raise Drill; vertical drill and blast; fan drill

and blast; horizontal ring drill and blast; or caving). Thus, a mining system

would consist of both access mining method and individual rubblization

technique (fig. 7). The fan drill and blasting technique was eliminated from
room and pillar method; raise boring technique was eliminated from the

tunnel boringmethod in favor of less complex and safer combinations. As a

result, there were eight mining systems formulated for our preliminary
evaluation.

The mining plan used consisted of an assumed 9 sq. mi. (22.5 km2)
tract, or lease, divided into quadrants with the various shafts located in

such a manner that the utmost utility and life could be obtained from each

one (fig. 8). Individual mining systems were then evaluated on a per

quadrant basis. Volumes and tonnages were calculated for each grade and

thickness of shale, for the entire tract, and for each major stage of the

mining operation depending upon the system used. During this design

phase, it became apparent that the general type ofequipment, required to
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Figure 6b. Oil shale retorting nomography no. 2

accomplish each mining task, could be selected on the basis of the opera

tions required by that task.

A ventilation plan was developed to provide a method for ventilating
the underground complex (fig. 9). This plan visualizes the use of the

push-pull principle: air is blown down the intake shafts under positive

pressure and exhausted from the shafts for gases exiting from the retorts
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under a negative pressure. This ensures that gases, generated during the

retorting process, will not intrude into the manned sections of the under

ground complex. The ventilation system ofany complex concerned with in

situ retorting must, of necessity, be fail safe. At the same time, it must be

subject to such regulation as may be needed to sustain combustion in the

retorts. Men and equipment must have access to the facility daily, even

during the retorting process, because new retorts must be developed

constantly to replace those burned out if production is to be kept up.

For best retorting results and recovery rubblization ofthe oil shale to a

uniform size is necessary. Although optimum particle size and gradation of

a rubblized column has not been defined up to now, the Bureau ofMines

has achieved excellent recovery using shale averaging 20 in. (50.8 cm).

However, they have also shown that rubble, as large as 4 ft. (1.2 m), and, as

small as 3 in. (7.5 cm) on a side, can be satisfactorily retorted. Therefore, in

order to proceedwith the study, some simplifying assumptionswere made

as to blasting requirements. A powder factor was chosen and blast hole

diameters assigned on the basis oftrends and past experience in other rock.
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Field testing is needed to confirm or invalidate the assumptions used in this

study.

Safety and good design are intimately tied together. In general, it can
be said that a good design is a safe design. Mine Enforcement Safety
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Administration (MESA) regulations, currently in force for oil shale mining,
are the Metal and Nonmetal Mine Health & Safety Standards 30 CFR,

Chapter 1, Part 57. Hence, these regulations were used as the basis for

safety considerations. It was found that only one of the regulations, [Sec

tion 57.4-58, concerning fires underground,] would require issuance of a

variance in order to fully comply.

In general, it can be stated that the in situ retorting process will have

the least impact upon the environment ofany mining and retorting scheme

presently under consideration. The primary pollutant of this process will

be exhaust gases from the retorting process. Further work is needed to

determine the best use of these gases.

A technical evaluation of the mining systems was conducted in which

33 subjective and 9 objective considerations were evaluated. A Matrix

Priority Rating System was employed as the method for presenting the

results of this evaluation (tables 2 and 3). Table 2 consists of experienced

judgements of our staff engineers and contains opinions. Table 3 is a

summary of the results.

Tables 4 and 5 represent objective technical evaluation, based upon

hard facts and definitive figures.

We also made a limited economic evaluation, covering both capital

and operating costs, but excluding overhead, supervisory, interest and

other charges which normally appear as a percentage of direct operating
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Table 3. Screening summary subjective technical evaluation

NUMERICAL

TOTALS

RANKING

SYSTEM

SELECTION

SYSTEM

NUMBER
OVERALL

WITHIN

MINING METHOD

ROOM & PILLAR:

RAISE BORING 3,900 5 2 CANDIDATE I

VERTICAL DRILL & BLAST 3,555 4 1 CANDIDATE II

HORIZONTAL RING DRILL & BLAST 3,995 6 3 DISCARD

CAVING 5,155 8 4 DISCARD

TUNNEL BORING:

FAN DRILL & BLAST 2,860 1 1 CANDIDATE III

RAISE BORE 3,300 3 3 DISCARD

HORIZONTAL RING DRILL & BLAST 3,170 2 2 CANDIDATE IV

CAVING 4,600 7 4 DISCARD

Table 4. Objective technical evaluation

FACTORS

MINING METHOD

ROOM & PILLAR TUNNEL BORING

RUBBLIZATION TECHNIQUE

I

RAISE BORING

II

VERTICAL DRILL

& BLAST

III

FAN DRILL

& BLAST

IV

HORIZONTAL RING

DRILL 6, BLAST

SMALL LARGE SMALL LARGE SMALL LARGE SMALL LARGE

AREAL EXTRACTION RATIO % 52.65 57.53 52.65 57.53 87.98 87.40 87.98 87.40

RESOURCE RECOVERY % 31.59 34.52 31.49 34.52 52.79 52.44 52.79 52.44

TON RATIO-EXCAVATION/

RUBBLIZATION-ENTIRE FACILITY
.503 .320 .539 .352 .415 .278 .415 .278

TON RATIO-EXCAVATION/

RUBBLIZATION-START PRODUCTION
1.75 1.09 1.81 1.14 .834 .537 .834 .537

FACILITY PRODUCTION
u
._.

c

POTENTIAL
M BBLS 575 2,435 561 2.378 931 3,579 931 3,579

FACILITY LIFE YEARS 18.45 80.77 18.45 80.77 30.82 119.16 30.82 119.16

VOLUME MUCK FOR

SURFACE DISPOSAL
M T0NS 162 262 170 281 217 335 217 335

UNDERGROUND CREW SIZE 4,719 2,415 2,502 927 12,498 1,206 12,186 1,038

DEVELOPMENT TIME TO

INITIAL PRODUCTION
Y 3.68 4.57 4.19 5.34 3.02 3.91 3.02 3.91
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TABLE 5. Relative ranking values for ohjective technical evaluation

FACTORS

u

o

H
0

O

u

a

MINING METHOD

ROOM & PILLAR TUNNEL BORINC

RUBBLIZATION TECHNIQUE

RAISE

SMALL

t

BORING

LARGE

II

VERTICAL DRILL

& BLAST

III

FAN DRILL

& BLAST

IV

HORIZONTAL RING

DRILL & BLAST

SMALL LARGE SMALL LARGE SMALL LARGE

AREAL EXTRACTION RATIO 3 5.01 4.59 5.01 4.59 3.00 3.02 3.00 3.02

RESOURCE RECUVtitt 9 15.04 13.76 15.04 13.76 9.00 9.06 9.00 9.06

TON RATIO-EXCAVATION/

RUBBLIZATION-ENTIRE FACILITY
7 12.67 8.06 13.57 8.86 10.45 7.00 10.45 7.00

TON RATIO-EXCAVATION/

RUBBLIZATION-START PRODUCTION
3 9.78 6.09 10.11 6.37 4.66 3.00 4.66 3.00

FACILITY PRODUCTION POTENTIAL 7 43.57 10.29 44.66 10.54 26.91 7.00 26.91 7.00

FACILITY LIFE 6 38.75 8.85 38.75 8.85 23.19 6.00 23.19 6.00

VOLUME MUCK FOR

SURFACE DISPOSAL
4 4.00 6.47 4.20 6.94 5.36 8.27 5.36 8.27

UNDERGROUND CREW SIZE 5 25.45 13.03 13.50 5.00 67.41 6.50 65.73 5.60

DEVELOPMENT TIME TO

INITIAL PRODUCTION
6 7.31 9.08 8.32 10.61 6.00 7.76 6.00 7.76

TOTAL 161.58 80.22 153.21 75.52 155.98 57.61 154.30 56.71

costs. In order to complete the cost estimates, labor and horsepower

requirements were calculated and then combined with machine costs and

previously calculated tonnages to obtain cost figures for each mining sys

tem. Capital costs were based on a minimum of25 major items; operating

costs were based on a 50,000 barrels per day production rate. Both capital
and operating costs were ultimately reported in dollars per barrel of

kerogen capacity (table 6). In order to properly analyze the results of

these technical and economic evaluations, a system of rankingwas devised

so that the many factors could be ranked according to their relative impor

tance to the entire project. This was called the Ranking Analysis (tables 7

and 8). It is from this analysis that conclusions were drawn concerning the

most advantageous mining system or systems.

Conclusions

Two mining systems have been selected for further study in Phase II,
based on the ranking analysis. They are: room and pillar vertical drill and

blast (System II), and tunnel boring horizontal ring drill and blast (Sys

tem IV). These two systems (figs. 10 and 11)will provide the broadest range
ofmining capabilities for specific site applications.
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Table 8. System ranking summary

MINING SYSTEM TOTAL AVERAGE
FINAL

RANKING*

I ROOM & PILLAR

RAISE BORING
156.85 78.43 4

II ROOM & PILLAR

VERTICAL DRILL

& BLAST

87.08 43.54 1

III TUNNEL BORING

FAN DRILL & BLAST
118.65 59.33 3

IV TUNNEL BORING

HORIZONTAL RING

DRILL & BLAST

115.67 57.84 2

?LOWEST VALUE INDICATES BEST SYSTEM

Based on the results of this study, these two mining systems provide

the most technically feasible, environmentally acceptable, and economi

cally competitive methods for the underground mining, rubblization and

in situ retorting of deep oil shale deposits.
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RESOURCE APPRAISAL AND PRELIMINARY PLANNING

FOR SURFACE MINING OF OIL SHALE,

PICEANCE CREEK BASIN, COLORADO

Carlie E. Banks and Ben C. Franciscotti

Introduction

This paper presents some ofthe material, completed inApril, 1975, by
Sun Oil Company (Delaware) for the Phase I Report of U.S. Bureau of

Mines Contract S0241046, "Technical and Economic Study of an Integ
rated Single Pass Mining System for Open Pit Mining ofDeep Oil Shale

Deposits"; Phase II of the same contract continues through June, 1976.

Both phases of the contract focus on the Piceance Creek basin in north

western Colorado.

Brief Geologic Review

The Piceance Creek basin, in the central portions ofGarfield and Rio

Blanco counties, northwestern Colorado, is an asymmetric, Tertiary

downwarp between the Colorado and White Rivers. (See figure 1.) Oil

shale study in the Piceance Creek basin centers on the lake deposits of the

Eocene Green River Formation, and, specifically, upon the Parachute

CreekMember ofthe Green River Formation. Rock units ofEocene age in

the basin are shown in table 1.

Carlie E. Banks, Sun Oil Company, P.O. Box 936, Richardson, Texas 75080; Ben C. Francis-

cotti, Sunoco Energy Development Company, 12700 Park Central Place (Suite 1500), Dallas,
Texas 75251.

257
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Table 1. Rock units of Eocene age in the Piceance Creek basin

TIME

40 million years

before present

Eocene Epoch

60 million years

before present

Paleocene Epoch

Late

Middle

Early

Late

Middle

ROCK UNIT

Uinta Formation

Green River Formation

Parachute Creek Member

Garden Gulch Member

Douglas Creek Member

Wasatch Formation

The Green River formation represents nearly 3,500 ft. (1,071 m) of lacus

trine sediments, with better than half of the section, or up to 1,900 ft.

(581.4 m) in the deepest part of the basin, consisting ofkerogen-rich rock.

An important mineralogical difference exists between the Garden Gulch

Member and the overlying Parachute CreekMember: the former is highly

illitic; whereas, the uppermost member is highly dolomitic. The Parachute

CreekMember is virtually continuous oil shale, but only the upper 200-300

ft. (61.2-91.8 m) of the Garden Gulch illitic shales are significantly rich in

organic material.

Resource Mapping

Objective, Approach, and Limitations

The objective of the resource mapping, done in the Piceance Creek

basin, was to provide a solid data base for site-specific, mining engineering
studies for single pass, surface mining of oil shale. The first step taken to

accomplish this goal was compilation of all available data from commercial

and government sources. Data consist chiefly of electric logs -density;

sonic; and resistivity logs from log services; Sun files; and U.S. Geological

Survey open files and core hole oil yield assays as histograms. (See table

2.) The bulk of the assays comes from a U.S. Geological Survey (USGS)
tape (Pitman 1974), released through the National Technical Information

Service, although some Sun Oil Company assay data and some USGS open

file data are blended with the tape data.
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SUN OIL COMPANY

PICEANCE CREEK BASIN

IttAMCO

Figure 1. Index map.

Step two in definition and evaluation of resources was basin-wide

correlation of the data assembled, using the previously established

framework ofR-zones, or rich zones (Donnell and Blair 1970; Cashion and

Donnell 1972; Dyni in Murray 1974), and intervening L-zones, or lean zones

(Donnell, unpublished). (See table 3.)
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Table 2. Data sources used in mapping

Histograms (187 from assayed cores,

one from cuttings)

Density and sonic logs

Resistivity logs

TOTAL (Maximum)

188

25

101

314

TABLE 3. Designation of rich and lean zones

E

i-

U

3

0m

C *>

Blue Marker

Orange Marker

Lean Zones

A-groove

B-groove

L-5

L-4

L-3

L-2

L-l

Lean Zone

Rich Zones

Mahogany

R-6

R-5

R-4

R-3

R-2

R-l

Occurrence of oil shale, in these alternating rich and lean zones, reflects

fluctuations in the amount of organic matter available for deposition in

ancient Lake Uinta.

After entry ofall core assay values and all correlation data (in the form of

zone tops, or upper surfaces) into a computer, the final step in resource

definition was map production. Table 4 lists the 34 computer maps pro

duced, with the seven maps presented in this paper circled.
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TABLE 4. Computer maps produced in Phase I.

(Circled maps are presented in this paper)

ZONE MAP

Grade Resource

Structure Avg. Gallons Barrels

Isopach Contour Per Ton Per Acre

(Top)

Mahogany x

R-6 X X X X

R-5 X X X X

L-4 X X X

R-4 0 X

R-3 X X X X

R-2 X X X X

L-l X

R-l X X X

Composite of

R-2 through

R-6 and L-4 X X

TOTAL 8 8 9 9

In correlation work for the isopach and structure maps, assay histog
rams and density/sonic logs are the preferable sources (see table 2); since

they allow definition of all rich and lean zones penetrated. Resistivity logs

are useful chiefly to show four lean zones: A-groove; B-groove; L-l; and a

lean zone immediately below R-l; and, thereby, to define indirectly the

Mahogany and R-l zones. On resistivity curves, the top of the L-l zones is

traditionally referred to as the Blue marker, while the base of the lean zone

below R-l is the Orange marker.

Since all data sources in table 2 allow definition of theMahogany zone,

it has the largest number ofcontrol points with a possible maximum of314

on the isopach and structure maps. In reality, however, after deletions and

modifications of data, the number of working control points for the two

Mahogany zone maps presented here (figs. 4 and 5) is closer to 225 than to

314.

Theoretically, the R-l zone also has a possible maximum of 314 con

trol points. However, many of the older core holes penetrate only the

Mahogany zone. Control decreases rapidly with increasing depth to zones

below the Mahogany simply because of lack ofpenetration. The R-l zone,

(the lowermost), suffers most from this situation, with only about 50 control

points.

Control for isopach and structure maps ofzones, from R-6 through R-2

(including lean zones), is limited to the 25 density and sonic logs and the

188 histograms. Again, for lower zones, lack ofpenetration reduces actual
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control points used to considerably fewer than the possible maximum of

213.

Grade and resource maps depend upon assay values and are, there

fore, restricted to the 188 histograms for maximum control. Of the 188

histograms used in mapping, 187 represent assayed cores; only one is from

assayed cuttings. As in the correlation work for the isopach and structure

maps, control decreases with increasing depth to zones below the

Mahogany because of lack of penetration.

For all mapping, the approximate outcrop of the Mahogany marker

defines basin boundaries and encloses an area of approximately 1,300 sq.

mi. (3,250 km2), (The Mahogany marker is an analcitized tuff, 3 to 6 in.

(9.6-19.2 cm) thick, that iswidespread and occurs 20-50 ft. (6-15.3m) below

the bottom of the A-groove in the upper portion of the Mahogany zone.)

Limitation of the number of control points, as discussed above, makes it

impossible to define all oil shale zones throughout the 1,300-square-mile

area. Only the Mahogany zone maps extend through the southern portion

ofthe basin; lack ofcontrol points prevents closure in the northen tip ofthe

basin. Under optimum conditions, maps produced exhibit a control point

density ofone point for every six sq. mi. (15 km2), but grade and resource

maps for lower zones fall closer to theminimum density ofone control point

for every 50 sq. mi. (125 km2). On some maps, the machine contouring is

subject to reinterpretation and simplification.

Map Discussion

Isopach Maps

Computer-generated isopach maps of the R-l through R-6 and

Mahogany zones exhibit two basic patterns: (1) sediments thickening to

ward the basin margins; (2) sediments thinning toward the basin margins.
The R-l zone in the illitic Garden Gulch Member follows the first pattern;
R-2 represents something of a hybrid between the two patterns; and the

remaining zones mapped follow the second pattern.

The R-l isopach (fig. 2) shows this zone to be thinnest (100 ft; 30.6 m)

in an area centering in Township 1 South, Range 98 West (T 1 S, R 98 W)
with a second, relatively thin (140 ft; 42.6m) area, centering at the intersec
tion of the lines separating T 2 S from T 3 S and R 97W from R 98W. The

zone doubles in thickness from 140 to 280 ft. (85.5m) in a distance ofabout
five mi. (8.3 km) from T 3 S to the northern portion ofT 4 S, and thickens
160 ft. (48.9 m) in about 6 mi. (10 km) on the northeastern basin margin.

Likewise, it thickens to the north and to the west, although not as rapidly.
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The R-4 zone isopach (fig. 3) follows the second pattern of sediments,

thinning toward basin margins, and suggests an enlarged and broadened

depositional center for Lake Uinta oil shales, compared to the R-2 and R-3

zones. The area ofgreatest accumulation is in the eastern part ofT 1 S, R 99

W; but it extends eastward through R 98W and into R 97W, and southward

into T 2 S. The R-4 zone thins rapidly to the west.

Like the R-4 isopach, the Mahogany zone map (fig 4) shows sediment

thinning toward basin margins. However, the Mahogany zone reveals an

important shift in the depositional center; from the T 1 S, R 98 and 99 W

area, to a northwest-southeast trending trough along the northeastern

border of the basin, parallel to the northern portion of the basin axis at its

structurally lowest point (Dunn, and Murray and Haun, in Murray 1974).

Because of this narrow depositional trough in the northeast (a trough that is

also evident in the R-6 isopach), theMahogany zone isopach gives a general

impression of sediments thickening from the southwest to the northeast

over the basin. The Mahogany shows a 100 ft. (30.6 m) thickness along the

southern edge ofthe basin, increasing to 240 ft. (73.2 m) inT 1 N, R 98W.

Structure Maps

Since all subsurface structural maps produced are remarkably similar,

just the Mahogany zone structural top is presented here (fig. 5). Four

internal features are readily apparent, namely: (1) Piceance Creek dome, in

T 2 S, R 96W; (2) a structural low, immediately southwest of the dome in T

2-3 S, R 97W; (3) a low in T 1 S, R 98W; and (4) a troughlike low, crossing
the northeastern corner of T 1 N, R 98 W, and trending

northwest-

southeast. This last feature fails to close because of insufficient control in

the northern tip of the basin. Both features in the northern part of the basin

(3 and 4 above) show structurally lower values than does the low in T 2-3 S,

R 97 W, next to the dome.

A question arises as to whether these observed structural features

represent deformation after the deposition of the Green River Formation

(Donnell 1961, p. 863), orwhether the featureswere active early enough to

influence Green River Formation depositional patterns (Hite and Dyni

1967, p. 29). Where maximum thicknesses coincide with the structural

lows (and vice versa, where minimum thicknesses coincide with highs),

there would be a suggestion that the features were structurally active

during deposition.

The isopach maximum of the R-4 zone (fig. 3) coincides with a struc

tural low in T 1 S, R 98 W on the R-4 structural map (not shown in this

paper). On othermaps not presented here, R-3 and R-5 isopach maxima fall

in the same locations as zonal structural lows. Comparison offigures 4 and 5
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THICKNESS OF THE Szl ZONE

PICEANCE CREEK BASIN

Figure2Thickness of the R-l zone.

shows the isopach maximum for the Mahogany zone coincides with the

trough-like low in the northeastern corner ofT 1 N, R 98 W. Likewise, on

maps not shown here, the R-6 isopach maximum lies along the R-6 struc

tural trough in the northeast. The fact this trough appears on structure

maps for all zones, but only coincides with the maximum thicknesses for

R-6 and the Mahogany, may indicate that the structural features of the
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TMCKNESS OF TIC Jfci ZONE

PICEANCE CREEK BASIN

Figure 3. Thickness of the R-4 zone.

basin subsurface represent a combination ofdeformation, coincident with

deposition, and deformation, subsequent to deposition.

Grade Maps

The grade maps plot average gallons of oil per ton of oil shale; and,

basically, all zonesmapped show their richest oil shale to be somewhere in
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THKKNCSS OF THE MAHOGANY ZONE

PICEANCE CREEK BASIN

o k.mko tm warm* nmi

Figure 4. Thickness of the Mahogany zone.

T 1 S, R 98 W, either in an elongate, north-south trend through the

township, or in a northwest-southeast trend, cutting across the southwest

ern quarter of the township. For R-l, this means the highest grade occurs

where the zone is thinnest. For R-2, R-3, R-4, L-4, and R-5, thismeans the

richest shale occurswhere, or close towhere, the zone is thickest. And, for

R-6 and the Mahogany zones, the maps indicate that the shale with the
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STRUCTURE CONTOURS ON TOP OF THE MAHOGANY ZONE

PICEANCE CREEK BASIN

me mjmco um uficui cotamn

Figure 5. Structure contours on top of Mahogany zone.

highest oil yield is about 6 mi. (10 km) south of where the zones are

thickest. As in the isopach map series, the R-4 zone grade map (fig. 6)

suggests an enlarged and broadened depositional area; because the 34

gallon-per-ton contour encloses practically all of T 1 S, R 98 W, and grade

values at the northeastern and northwestern basin edges are noticeably

higher than they are in other zones.
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Figure 6. Average gallons per ton of R-4 zone.

Resource Maps

The resource map series plot barrels of oil per acre, and reflect a

combination ofthe isopach and grademaps. Wherever an area ofsignificant

thickness coincides with an area of relatively high grade, a resource high

results. The resource maps reflect the same two general patterns cited in

the isopach map discussion : (1) resources increasing toward basin margins
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from internal lows: and (2) resources decreasing toward basin margins from
internal highs. As is to be expected, the R-l resource map follows the first

pattern, while the remainder of the zones exhibit the second pattern. Rich

zones, R-2 through R-5, and lean zone, L-4, exhibit single highs centering
in or around T 1 S, R 98 W; whereas, the upper two rich zones show dual

highs, a primary one in T 1 S, R 98W (and northeastward), and a secondary

one in the east central portion of the basin in T 3 S, R 96 and 97 W.

Again, as on the isopach and grade maps, the R-4 zone resource map

(fig. 7) suggests the existence, at that time, of an expanded lake center for

organic accumulation. The 420,000-barrel contour encloses the southern

half of T 1 S, R 98 W and the eastern half of T 1 S, R 99 W; while the

360,000-barrel contour covers practically all ofT 1 S, R 98 W, and partial

areas of all eight surrounding townships. In addition, the R-4 zone main

tains higher resource values to the northeastern and northwestern basin

boundaries than do the zones below it.

The Mahogany zone resource map (fig. 8) shows a primary high of

410,000 barrels, trending northeastward across the northeastern corner of

T 1 S, R 98 W and southwestern portion ofT 1 N, R 97 W. The secondary

high of360,000 barrels per acre appears in the southern halfofT 2 S, R 96

W and the northern half of T 3 S, R 96 W. As figure 8 indicates, the

Mahogany zone maintains values of approximately 200,000 barrels to the

northwestern basin margin, and 300,000 barrels to the northeastern mar

gin.

Map Summary
The R-l oil shale zone stands by itself in its depositional pattern of

increasing thickness toward the basin edges and in its illitic mineralogy.

Study of seven succeeding oil shale zones (rich zones R-2 through the

Mahogany and lean zone L-4) shows that the thickest and richest oil shale

deposits in the Piceance Creek basin occur in the central portions of the

northern half of the basin. Although the R-6 and Mahogany zones show a

modification of previous depositional patterns, the upper seven zones

mapped, generally grow thinner and leaner in grade as they approach basin

margins.

Mining Study

Objectives

The primary objective of this study is to determine the feasibility of

large scale, surface mining of oil shale in the Piceance Creek Basin of

northwestern Colorado. Important considerations in this evaluation are:
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Figure 7. Barrels per acre of R-4 zone.

resource recovery, environmental impacts, technical mining limitations

(e.g.; slope stability), and costs.

These prime factors are being evaluated for threemining rates at three
cutoff grades, or, a combination of nine mining rates and grades. These

combinations are shown in Table 5.

This mining study was separated into two distinct phases. Phase I,
data gathering and organization, consisted of twomajor elements: informa-
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FIGURE 8. Barrels per acre ofMahogany zone.

tion gathering, and information evaluation and preliminary application on a

test case. The information gathering element consisted of a literature

review, visits to eight large open pit mines for operating data, consultation

with government and industry representatives, and a survey of large-scale

mining equipmentmanufacturers for cost and performance estimates. This

information was tabulated by individual mining function: drilling; blasting;
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Table 5. Case Studies of USBM mining contract

Gallons Per Ton Tons Oil Shale per Calendar Day (TPD

(GPT)
500,000 1,250,000 2,500,000

+ 15 XXX

+20 XXX

+25 XXX

loading; hauling; crushing; dewatering; waste disposal; maintenance; and

support activities.

Eight mines were visited during the last halfof 1974 and first quarter

of 1975. During these visits, performance and cost data were gathered for

subsequent use in the Phase II mining study. This information was pre

sented in the Phase I report. Table 6, Shovel Performance Data Tabula

tion, illustrates typical information gathered from the various mines.

An extensive literature search was conducted primarily to review and

evaluate advancements in mining equipment and technology. In addition,

cost and performance data for large-scale mining equipmentwere gathered

from many large equipment manufacturers. Figure 9 represents typical

information derived from this phase of the project. The figure shows the

variation of operating cost versus varied profile for a 170-ton truck operat

ing over a typical 8,000 ft. (2,448 m) haul distance.

The second element of Phase I was review of the gathered data,
presentation of the information in the Phase I report, and a preliminary

application of the data to a test cast. Phase II, which treats each mining case

shown in table 5 in detail, is slated for completion in mid-1976.

Resource Evaluation and Pit Site Selection

In the initial stages of the mining study, it was necessary to select a

mining site that would yield early production of oil shale with near

minimum costs and environmental disturbances. The site was selected

primarily from a total resource map (fig. 10), and an accompanying over

burden map (fig. 11).

Figure 10 is a resource map ofbarrels ofoil contained in the kerogen-

rich zones, from the base of the R-l to the top of the Mahogany zone. As
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Figure 9. 170-ton truck (1600 hp) ownership and operating costs in mid-1974.

shown in this figure, a maximum resource of approximately 3 million

barrels ofoil per acre (4,047 m2) occurs in the northeastern portion ofT 1 S,
R 98 W. This high occurs as a result ofincreasing thickness ofthe major rich

shale zones (fig. 12), and increasing richness of the section toward T 1 S, R

98 W. As discussed earlier, zones R-l and R-2 do not conform to this
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SUN OIL COMPANY

PICEANCE CREEK BASIN

Figure 10. Generalizedmap oftotal oil resources, includingMahogany zone, rich zones R-6

through R-l, and lean zone L-4, in millions ofbarrels per acre. Stippled area is

potential mine site.

generalization. However, their contribution to the total resource is mini

mal and does not have a direct influence on the initial mine site selection.

Resource maximum occurs in the north central portion of the basin,

decreasing toward the basin margins and the south half of the basin.

Although kerogen-rich marlstone occurs in the southern portion of the
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FIGURE 11. Overburden map.

basin, the resource was not mapped in that area because quality control

points are lacking formany of the kerogen-rich zones. However, the sparse

data available indicate that oil shale resources diminish toward the south

ern edge of the basin.

In the open pit site selection process, resource occurrence is not the

only factor necessary for a successful mining
operation. Total overburden

thickness is a significant factor to be considered, during the selection

process. Figure 11 is a portion ofan overburden map that was prepared for

the basin. This area was selected for three strategic reasons: it is near the

resource high; the overburden thickness is minimal; and subsurface water
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quality,ofthewestern edge of the northern portion of the basin, is superior
to qualities encountered in other potential minable areas.

Two logical sites emerged as prime candidates for surface mining; one,

located north of federal Tract C-a; the other, Tract C-a itself. At both

locations a significant amount of natural erosion has occurred and the rich

marlstones occur at or near the land surface. On Tract C-a, the Mahogany
zone occurs less than 200 ft. (61.2 m) below the surface in some places;

while the Mahogany zone at the northern location, Section 19, T 1 S, R 99

W in Big Duck Creek, has been locally exposed by natural erosion proces
ses. The Big Duck Creek location was selected as the central initiation

point for the various size mines. As shown in figure 11, an overburden map
with the boundary ofa + 15 gallons per ton (GPT) 1.25 million tons per day
(TPD) mine outlined, the mining advance direction was selected down-dip
toward the high oil shale resource area. Since the grade and thickness are

increasing in this direction (fig. 12), less surface area is disturbed per unit

volume ofcontained oil. Also, a significant amount ofoverburden material

has been removed by erosion. Thus, the stripping requirement is measur

ably reduced.

The Big Duck Creek site would allow comparatively early production

of the natural resource and would yield a relatively high grade retort feed.

Sites closer to the basin margin would yield lower grade shale, with

correspondingly higher waste-to-shale ratios for equivalent oil shale pro

duction rates; thus, requiring larger offsite waste disposal areas.

Waste-to-ore ratios for three cutoff grades at a mining rate of 1.25

million tons of oil shale per day are shown in table 7. (See fig. 10 for

TABLE 7. Typical waste-to-shale ratios 1.25 million TPD cases

Gallons Per Ton

+ 15 GPT Case + 20 GPT Case +25 GPT Case

Mining Total Avg. *WS Total Avg. ws Total Avg. *WS

Year Tons Grade Tons Grade Tons Grade

(MM)** GPT
(MM)*'

GPT
(MM)**

GPT

1 113 113 218

2 322 322 620

3 528 19.8 13.2 491 23.1 18.6 1022

4 692 19.1 2.9 680 23.5 8.2 1408 28.3 99.5

5 700 20.1 1.8 866 23.6 5.1 1800 26.7 30.6

6 691 20.3 1.1 1054 23.3 4.0 2187 27.4 16.6

7 764 20.6 0.9 1279 24.0 3.4 2576 28.5 13.2

8 808 20.2 0.8 1318 24.5 2.7 2775 28.8 8.7

9 808 21.1 0.8 1395 24.6 2.8 2756 28.9 5.7

10 808 21.1 0.8 1411 24.7 2.2 2752 28.2 5.4

20 875 22.0 1.0 1457 24.5 2.3 2755 28.0 5.4

*WS: Waste-to-shale ratio in tons waste per ton oil shale above cutoff grade.

'

'Total tons ore and waste in millions.
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potential mine sites.) In the +15 GPT cutoff case, waste-to-shale ratios

(WS) are initially a high of 13.2, during the first year of shale production,

and level out at approximately 1 after six years ofoperation. Waste-to-shale

ratios for the +20 GPT case are initially a high of 18.6 and level out at

approximately 2.2, or, more than double the value
calculated in the +15

GPT case. Also, the ore grade is only 2.5 GPT higher in the +20 GPT case

than in the +15 GPT case. Waste-to-shale ratios in year 10 for the +25GPT

case are more than six times higher than in the +15 GPT case, with only a

1.3-fold increase in oil shale grade. It is evident that waste volumes

increase dramatically with the higher grade cutoff requirements.

In the selected site area, groundwater is thought to be relatively fresh,

less than 5,000 milligrams per liter (mg/1) dissolved solids and, initially,

should not pose an abnormal problem in disposing of surplus produced

water. Water quality information was obtained from Weeks and others

(1974). As the pit advances toward the basin center, produced water is

expected to increase in dissolved solids and fluid volumes. However, these

changes should occur over an extended time period (i.e. , 20 years). There

fore, the direction ofpit advance could be changed if technology were not

available to effectively protect the environment from incremental in

creased discharges of saline fluids from the basin.

Weeks estimated the dewatering requirement for mines located in

two areas of the basin, federalTracts C-a and C-b. Dewatering required for

a mine two miles square (i.e. ; 2 mi. (3.3 km) on a side) in the C-b area was

estimated to be approximately 55 acre feet per day. Although the initial

dewatering requirement for a mine in the area selected for this study,

Section 19, T 1 S, R 99W, is expected to be less thanWeeks estimate of the

C-b mine location, the dewatering requirement should increase as the

mine advances toware the high resource area in the north central portion of

the basin.

In addition to the anticipated increase in the dewatering requirement,

water quality decreases toward the north central area of the basin. Water

quality in the lower aquifer is thought to vary from a concentration of less

than 1,000 mg/e of dissolved solids, in the southwest basin area, to more

than 30,000 mg/1 in the north central portion of the basin. In the area of

USBM-AEC Colorado Core Hole #2, which is between the selected mine

location and the north central, poor-quality-water area of the basin, dissol

ved solids concentrations are reportedly 5,000 and 1,500 mg/1, respec

tively, in the lower and upper aquifers. As mining progresses toward the

Core Hole #2 area, dissolved solid concentrations are expected to increase

to a level where direct discharge or any other conventional method of

disposal may be environmentally unacceptable. Ifdirect cleanup of excess

water is not practical at this time, the mining direction could be altered to
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avoid this relatively saline water area. However, redirection would also

eliminate the high resource area as a potentially open-pit mineable re

source.

Mine Layout

A prime objective ofthemine design is to limit surface disturbance to a

minimum during any one period of time. This criterion is closely attained

by the single-pass open pit mining technique. This technique represents a
one time, interim land use and presents opportunities for prompt restora

tion of previously mined areas. After the appropriate pit size is reached,

mining will progress in one direction; backfilling of waste materials into
mined-out areas can proceed behind the working face (fig. 13).

Information, obtained from the literature search and mine visits,

indicated that an efficiently operated, open pit mine can be produced at

rates varying from five to ten tons of rock per day, per linear foot of50-foot

high, active mining bench. As a guide, mining rates were maintained

within these limits; and the resulting dimension for the +15 GPT 1.25

million TPD test case was approximately 2 mi. (3.3 km) long at the pit base

(fig. 13).

The precise location of the initial + 15 GPT 1.25 million TPD test case

pit is at thewestern extremity ofthe boundary between Sections 19 and 30,
T 1 S, R 99W. This location is approximately 3 mi. (5 km) east ofCathedral

Bluffs, the western basin limit, and is in the Big Duck Creek valley.

Bearing ofthe principalmining direction is approximately N.
68

E. toward

the 3 million barrel per acre resource, high in the north central area of the

basin. Fifty-foot (15.3 m) high mining benches were selected to comple

ment the largest, commercially available mining equipment used for each

individual mining function.

Mining Equipment

In the 1.25 million TPD test case, the pit was designed to accommo

date existing sizemining equipment. Major equipment and sizes are listed

in table 8.

Table 8. Major mining equipment

Item Size Capability

Rotary drill 12% in. bit

Mining shovel 26 to 30 cu yd

Trucks 170 to 235 Ton

Conveyors 118 in. width
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The largest mining shovels 26 to 30 cubic yards are capable of

loading from a bench height of approximately 50 to 60 feet. Trucks in the

170 to 235 ton class are the largest trucks operating as regular production

units. Larger units are in the prototype stage and may become available

within a few years.

Truck haulage is used primarily within the pit boundaries. The depth

of the test case pit is so great1,300-1,900 ft. (397.8-481.4 m)that

conveyorswere selcted to transportwaste and oil shale out of the pit. Truck

haul simulation studies indicate that truck haulage costs become prohibi

tively highwhen pit depth exceeds 300 ft. (91.8 m). Waste and oil shale are

crushed by in-pit crushing units; the broken material is dropped through a

network of ore passes to an underground conveyor system (fig. 13). Con

veyor placement on the final slope is possible; however, pit backfilling
would be delayed several years. Any delay in backfilling would increase

offsite disposal area requirements and resultant surface disturbance.

Waste Disposal Considerations

An important aim of this mining study was to examine a mining

approach that would have a minimal effect on the environment. In most

mining operations, disposal of overburden and waste (e.g.; spent shale)

demands stringent procedures and engineering designs to minimize en

vironmental disturbances. In an effort to minimize final topographic dis

turbances, backfilling of the mine was incorporated into the mine plan.

Backfilling allows restoration of the topography to approximately the origi

nal level and requires less offsite area for material disposal. However,

during the first few years of operation, an offsite waste storage area is

necessary.

In the mining plan for the 1.25 million TPD test case mine, overbur

den and processed shale are deposited in areas west of Cathedral Bluffs

until the pit is large enough to start backfilling (fig. 14). This is a permanent

12 sq. mi. (30 km2) waste storage site; and, in the test case, more than six

billion tons would be permanently stored in this area prior to backfilling in

the working mine. Waste material would be deposited in naturally eroded

valleys and contoured to blend in with the tops of the valley walls. An

alternative area for waste disposal is east of the pit. This approach poses a

special problem. The area has a high grade shale resource, but it also has a

much thicker overburden and poorer quality ground water. Any waste

stored there would have to be rehandled should open pit mining in this

area become economically, technically, and environmentally feasible.
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For the purposes of the 1.25 million TPD test case, the material was

deposited in areas west ofCathedral Bluffs (fig. 14). In an operation of this

magnitude, the incremental costs ofdepositingmaterial west ofCathedral

Bluffs, compared to depositingwaste in the immediate pit vicinity, may not

be prohibitive; however, this reasoning does not necessarily hold true for

smaller sized open-pit projects.

When the pit reaches total operating depth and mining is complete on

thewest face, backfilling ofwaste material can begin. Backfillingwill not be

initiated until the pit is wide enough to insure safety of the mining crews.

With extremely thick sections of loosely consolidated waste materials, a

danger exists from potential slope failures. In the 1.25 million TPD test

case (fig. 15) the estimated safe width at the base of the pit would be

approximately 2,000 feet.
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CONFINED CORE PILLAR DESIGN FOR

COLORADO OIL SHALE

John F. Abel, Jr. and William N. Hoskins

ABSTRACT

The design of oil shale pillars, using the confined core concept,

depends on the engineering properties of intact rock specimens, as mod

ified by observed pillar failures. Over-stressed oil shale pillars and test

specimens typically begin to fail through intact rock. However, ultimate

disintegration probably occurs as shale-on-shale sliding along initial failure

surfaces. The general absence of adversely oriented, natural fractures

makes oil shale a favorable pillarmaterial. Probably theweakest structures

in the oil shale (not considering the leached zone) are the interfaces

between the rich and lean beds; however, these weaknesses would not

present an avenue for potential failure. Therefore, pillar design, based on

failures through adversely oriented joints, is not generally applicable for oil

shale. Empirical pillar design, based only on data obtained from a large

number ofobserved pillar failures, is not possible for oil shale at this time.

Also, pillar design, based on data obtained from coal mining experience, is

not considered to be accurate due to the geologically dissimilar properties

of oil shale.

This paper presents the confined core pillar design, as adapted from

Wilson (1972). Also included are example pillar design problems.

John F. Abel, Jr.; Colorado School ofMines, Golden, Colorado 80401; William N. Hoskins,

Cameron Engineers, Inc.; Denver, Colorado 80210.
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INTRODUCTION

The design of underground mine pillars has traditionally been a trial

and error exercise for the mining engineer. The difficulty in precisely

quantifying the physical properties ofrocks, determining pre-mining stress

state and its role in the design; and the knowledge that these factors vary
from location to location, have necessitated this approach. Oil shale pillar

design faces not only these problems but must proceed with very limited

past experience and adjust to differences in mining techniques.

No commercial oil shale industry exists in the U.S. to date. Although

small scale pilot mines have been in existence for the past 20 years, their

experience is limited to near outcrop and shallower depths than those

found in the central Piceance Creek basin. The limited amount of evi

dence, to date, indicates that rock mass response, determined near the

Green River Formation outcrop, cannot be directly correlated with that in

the central basin.

Scope

The design of oil shale pillars depends on an understanding of the

strengths and weaknesses of the oil shale rock mass, as a structural mate

rial, and the in situ stresses, insofar as they are known. The distribution of

stresses within a pillar and assumptions of loading must also be defined.

This paper presents a modified pillar design technique, based on the

confined core concept, for use in the design ofoil shale pillars. In addition,

a summary of the physical properties ofGreen River Formation oil shale

and sample calculations of pillar design, with comparison to another

method, is included. AppendixA contains a list ofthe symbols and abbrevi

ations used in this paper.

Review of Literature

Obert, Duvall andMerrill (1960) present a pillar design technique for
competent rock, based on specimen testing of rock samples having the

same shape as the ultimate pillar. Load carrying capacity of the design

pillar is estimated by dividing the average uniaxial compressive strength of
a series of failed specimens by two or four. This technique does not take

into account rockmassweaknesses or the effect ofhorizontal stress on pillar

strength and is therefore considered liberal. Pillar shapes are also restirc-

ted to height/width ratios between from 1:4 and 4:1.
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A weakest-link probability distribution method for designing pillars,

using uniaxial compression testing ofspecimenswith the same shape as the

proposed pillar, is presented by Skinner (1959). The fundamental assump
tion of this method is that the weakest unit block in a pillar determines its

strength. The weakest unit block is determined by extrapolation from tests

of a finite number of specimens. This method is considered conservative

because it does not take into account the minimum strength of either

specimens or rock mass.

Bieniawski (1968) demonstrated that a minimum pillar strength is

reached with increasing size. This design technique is dependent upon

large scale physical tests, normally performed in situ. The load carrying

capacity of the pillars is determined by averaging the strengths ofa limited

number of tests. Limitations ofthis technique are: highest cost per test; the

need for underground access, prior to pillar designing; and removal of

test specimens from the in situ stress field.

Probably the best design method for pillars, in use today, is presented

by Salamon and Munro (1967). This method is based upon empirical data

from failed and stable pillars. This method requires the presence of failed

pillars in an operating mine and the ability to estimate the load at failure.

Application of this method of pillar designs is limited to operating mines

and cannot be used where little or no pillar failure data exists.

A confined-core and partially destressed pillar ribs hypothesis for

pillar design, based on the lateral constraint ofa pillar by stresses acting in

the roofand floor, is presented byWilson (1972). The fundamental assump

tion ofthismethod is that the pillar is confined at the roofand floor by the in

situ horizontal stress field. Load-carrying capacity ofa pillar can be approx

imated from specimens tested triaxially in order to reproduce the in situ

stress conditions. This method conservatively assumes that the cohesion

and compression strength of the outer skin of pillars is negligible.

Modifications to make this method less conservative (by including
rock mass cohesion and the strength of the pillar edge) are presented later

in this paper.

Engineering Geology of Colorado Oil Shale

The Green River Formation in the Piceance Creek basin, Colorado, is

a large structural downwarp that has undergone minimal tectonic activity.

The formation is composed of the Douglas Creek, Garden Gulch, and

Parachute Creek members. The younger Parachute Creek member is

economically the most important, as it contains virtually all the shale oil,
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nahcolite (soda ash), and dawsonite (alumina) resources. All proposed

mining is in this member.

The Parachute Creek Member is a kerogenaceous marlstone com

posed of thin laminations of alternately rich and lean oil shale (fig. 1). In

addition, this member is subdivided into rich and lean oil shale zones that

vary from less than 10 to greater than 40 gallons per ton (gpt) and vary in

thickness from 20 (6 m) to greater than 200 ft. (61.2 m). The Mahogany

Zone comprises the upper and most consistently rich zone. Bedding dips

range from 27 degrees on the northern rim to less than three degrees on the

southern margin. Bedding in the central portion of the basin has a rela

tively flat dip. The total thickness ranges from 400-2,000 ft. (122.4-612 m),

with up to 1,200 ft. (337.2 m) of overburden.

Stratigraphic markers in the Green River Formation are continuous

over large areal extent, frequently crossing the entire basin. Only minor

normal faulting is found near the center of the basin. The principalmineral

constituents are calcite, dolomite, illite and yellow organicmaterial. Minor

constitutents are quartz; orthoclase feldspar; plagioclase feldspar; pyrite;

marcasite; analcite; opal; black opaque organic material; and small wood

fragments. Silica is present and represents approximately 30 percent ofthe

weight of raw shale, while carbonates account for over 30 percent. The

thin, alternating beds of rich and lean shale tend to weaken the rock

substance.

Rock Mass Weaknesses

Major rock mass weaknesses, present in the Green River Formation,

are bedding plane partings and crossbedding joints. Bedding plane part

ings occur only occassionally and between beds with pronounced elastic

property differences. These elastic differences appear to correlate with

Fischer assay and color differences. Crossbedding joints are generally

spacedmore than one foot (30 cm) apart, and frequently reach tens offeet in

trace length, when exposed in mine workings and outcrops. Master

crossbedding joints, hundreds of feet in extent, have been observed in

outcrops, and on aerial photographs. These master crossbedding joints are

widely spaced, planar, and appear to terminate against bedding plane

weaknesses.

In Situ Stresses

The results of two intensive in situ stress determination programs

have been published. Sellers and others (1972) reported on the program at

Anvil Points and Agapito (1974) reported on measurements made at

Parachute Creek. Bredehoeft and others (1976) reported on a series of
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Figure 1. Sample ofGreen River Formation oil shale.

hydrofracturing tests, for in situ stress estimation, performed in seven

coreholes located in the north-central part of the basin. A gross summary of

their results is presented in table 1. The disparity between the results

implies that in situ stresses cannot be extrapolated across the basin. In

addition, the data support an assumption that stresses become more hyd

rostatic toward the center of the basin; i.e.; horizontal principal stresses

equal the vertical, or overburden stress.

Also noteworthy is that the measured vertical, or near vertical, in situ

principal stresses, slightly exceed overburden stress. This condition is not

unusual, being most frequently measured in metamorphic and igneous

terrain. Verification of this stress condition is awaited.

Physical Properties

Considerable laboratory testing of the strength and elastic properties

of Colorado oil shale have been reported. The extreme variability of oil
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shale grade, and its effect on physical properties, has made it necessary to

relate each specific property to Fischer assay. Results of a review of

published data, as needed for pillar design, are presented in figures 2, 3
and 4. In many cases, it has been necessary to estimate unreported Fischer

assays from reported specific gravity, using the relationship presented by
Sellers (1972) for a specific core hole.
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10 000
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Figure 2. Compressive strength versus Fischer assay.
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Figure 3. Angle of internal friction versus Fischer assay.

Compression Strength

The ability ofoil shale specimens to carry compressive stress is a rough

indication of the ability ofan oil shale pillar to carry load. Two compression

strength tests generally employed are uniaxial and triaxial (confined).

Uniaxial compression test results, presented in figure 2, best de

monstrate the relationship between physical properties and Fischer assay.

As indicated in the figure, a minimum compressive strength ofabout 8,000

psi is reached at about 48 gpt. More testing at higher Fischer assays must

be performed to determine if a strength increase occurs above 48 gpt.

Figure 3 shows the relationship between the angle of internal friction

and Fischer assay over a limited interval. Extrapolation of the line to 48 gpt

produces a friction angle of 13.6 degrees, which indicates, from present

experience, that additional testing at higher assays could show a similar

nonlinear relationship.

Cohesion is an arbitary concept which cannot be directly measured

and is commonly defined as the shear strength at zero normal load. Values
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Figure 4. Cohesion versus Fischer assay (intact rock, perpendicular to bedding).

for cohesion were extrapolated from the same triaxial tests used to deter

mine the angle of internal friction and show extreme scatter (fig. 4).

Shape Effect. The shape of the oil shale specimen tested has an effect

on measured strength, and that effect is more pronounced when end

(platen) constraint is involved. In the case of oil shale pillars, the end

constraint is primarily the result of the horizontal stresses acting in the roof

and floor rock. The tensile strength of the roof and floor rock is probably

zero when crossbedding joints are considered.

Figures 5a through 5e illustrate uniaxial compression failure results of

varyingwidth/height ratio oil shale specimens. The ends of the specimens

indicated were constrained by the greater stiffness and tensile strength of

the steel platens. Similar, but unrestrained specimens, are also shown.

Oil shale specimens restrained by steel platens fail in a manner very
similar to hourglassing-type mine pillar failures. Cones left after specimen

failure represent the triaxially confined ends of the specimens.
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Width/Height Compression Strength psi Ratio

2820

8/1 2760Q 27200

END CONSTRAINED AS TESTED UNRESTRAINED

Figure 5. Shape and end constraint effects on oil shale.

Size Effect. As the size of specimens of a particular rock increases,

their strength decreases. This phenomenon is due to the fact that the size of
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flaws present is limited to the size of specimen tested. Several researchers

(Bieniawski 1968; Pratt and others 1972; Patrick Harrison 1963; Skinner

1959; and Lundberg 1967) have reported significant reduction in specimen

strength, for the same rock type, with increasing size. This indicates that

the use of uniaxial compressive strengths of core specimens, having the
same shape as the design pillars, could greatly over-estimate pillar

strength. Reductions in strengths, reported by Bieniawski (1968) and Pratt

(1972), exceed the recommended safety factor of four for unconfined com

pression strength pillar design.

Field Testing Results

Every pillar is a test of rock mass strength. However, in the typical

case of an unfailed pillar applied load can only be estimated. An unfailed

pillar is assumed to be at least as strong as the estimated load stress. Agapito

(1974) actually measured the average stresses in oil shale pillars under

stable, incipient failure, and violent failure conditions. It is possible to

calculate the rock mass cohesion that resulted in these conditions. Table 2

presents the results reported by Agapito (1974) and Sellers and others

(1972), plus the average pillar stresses and calculated rock mass cohesions.

The indicated rock mass cohesions are less than the specimen cohesion

obtained by extension of the Mohr-Coulomb curve to the shear axis.

Confined Core Method

The confined core pillar design method resulted from the effort by
Wilson (1972) to relate pillar design to the way pillars carry loads. Figure 6

shows the development of a vertical stress peak behind the exposed pillar

ribs. The pillar ribs carry less vertical stress than beforemining because the

lateral restraint has been removed by excavation of the adjacent rock.

Vertical stress distribution is the same, inward from every side ofa pillar. If

a pillar is wide, as in the above case, vertical stress decreases, toward the

center of the pillar, from the peak stress location. If a pillar is narrow, the

peak vertical stress is at the pillar center.

Wilson postulated that the maximum stress that could be carried by

the confined core ofa pillar was the triaxially confined strength of the rock.

The confinement is the horizontal stress acting and is limited to the in situ

horizontal stress. The in situ horizontal stresses are most often approxi

mately equal to the
overburden stress, i.e.; a hydrostatic stress condition.
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PARTIALLY DESTRESSED ZONES

CONFINED CENTRAL CORE

ar

v

1+ SIN ^

I - SIN ^

)t

Figure 6. Passive pressure potential for confined central core of a pillar.

Horizontal stress, acting at the midheight of a pillar ribside, is zero,

but increases toward the center of the pillar. At some distance from the

pillar edge (ribside), horizontal stress reaches the horizontal in situ stress.

Actual distance, from ribside to the peak stress locations, is a function ofthe

shear strength of the rock. The stronger the rock, and (or) the shorter the

pillar, the closer to the rib is the peak stress.

In the case of loading wide pillars, the stress peak develops first. The

stress does not rise uniformly over the confined core, because the vertical

load displaced by mining will not deviate any more than absolutely neces

sary. Ifmore load is transferred to a pillar, this additional load will widen

the peak stressed zone. Failure is predicted when the entire confined core

reaches the peak stress level, at the least restrained section through the

pillar, the midheight.

Measurements of vertical stress distribution, ahead of an advancing

longwall face, show that, if the pillar is large enough, the peak stress

decreases to the premining vertical stress some further distance ahead of

the advancing face and the peak stress. Mining induced stress effects

extend only so far from any excavation. This influence zone, sometimes

referred to as arch distance, can be used in the design ofbarrier pillars.

Design Parameters

In order to design, using the confined core method, it is necessary to

establish the passive pressure coefficient, the angle of internal friction and

the cohesion of the rock. Passive pressure coefficient determines the peak
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vertical pressure the pillar can sustain under the horizontal in situ stress

confinement available. Shear strength of the pillar rock determines the

distance from the ribside to the confined core. A derivation is presented in

Appendix B.

The required parameters can be determined from triaxial testing, if

failure is through intact rock; and from direct rock-on-rock shear tests, if

natural jointing provides an avenue of failure along a pre-existing weak

ness. The only problems arise from the poor definition of cohesion. Since

this value is arrived at by extrapolation, it should be checked when pillar

failure is observed. Agapito (1974) measured average pillar stresses at

various stages of stability and failure. This permits estimation of oil shale

cohesion for his pillars, under the stress conditions he reported.

Design Procedure

The design problem becomes an exercise in selecting pillar dimen

sions to provide a selected safety factor against predicted loading. The

load-carrying capability ofa pillar is the area of the predicted confined core,
times the peak stress, plus the load carried between the confined core and

the ribside. The load-carrying capacity, or maximum stress distribution,
(diagram fig. 7), is a truncated pyramid for a wide pillar, and a simple

pyramid for a narrow pillar. The vertical axis is the vertical stress level.

Assumed loading for the extensive room and pillarworkings, envisaged for

oil shale mining, will doubtless be tributary-area, i.e.; half-way to each

adjacent pillar, and all the way to the surface. Table 3 presents load

carrying capacity equations for various shaped pillars under hydrostatic in

situ stress. The equations in table 3 are conservative to the degree that the

vertical stress carried by the edge of the pillar is assumed to be negligible.
The load-carrying capacity of the edge of the pillar can be included in the
case of rectangular pillars by adding:

L'
=

0.072{o-o[(p +0Y
- 2/3 (Y2)]} Tonsfor wide pillars

L'
= 0.072{o-oo[(p2)/3 + (p)/2]{ Tonsfor narrow pillars

Adding the strength ofthe outer, potentially yielded zone, near the edge of

a pillar, should be done cautiously. Uncertainty about the cohesion of oil

shale, and the potential blasting and time-dependent deterioration of the
unrestrained edges of pillars, are the reasons. Narrow pillars depend

entirely on the strength of the outer, potentially yielded zone for their

load-carrying capacity. The strength of the potentially yielded outer zone
is, therefore, much more important to narrow pillars than to wide pillars.

The examples in the following section will demonstrate this.
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WIDE PILLAR

Y< P 2

NARROW PILLAR

Y y P 2

Figure 7. Load-carrying capacity or maximum
stress distribution diagram.
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TABLE 3. Load carrying capacity of pillars

Pillar Geometry

Pillar Type

Wide (p>2Y) Narrow (p<2Y)

Square

Rectangular

Circular

Long*

Irregular*

L = 0.072 9v(p2-2pY+K33Y2)

L = 0.072 dv(p-pY-*Y+1.33Y?)

L = 0.057 av(p2-2pY+1.33Y2)

L = 0.072 6y(p-Y)

L = 0.036 ayY

L = 0.012 6vp3/Y

L = 0.036 a p2U/2-p/6)/Y

L = 0.009 avp3/Y

L = 0.018 eyp2/Y

* Tons per running foot

Barrier pillars, on the other hand, must be designed to isolate sections

of the mine; as such, theymust be able to carry one arch distance on either

side of the barrier. Because no arch distance measurements have been

reported for oil shale, itwill probably be necessary to use coal data, such as

presented by Alder, Potts and Walker (1951) and the North of England

Safety in Mines Research Committee (1949).

Design Examples

Two oil shale pillar strength examples are presented in table 4. Pre

dicted pillar strengths are based on data obtained from the specimen

testing ofcores reported in figures 2 and 3, and the cohesion results give in

table 2. The uniaxial compression strength and confined core methods are

shown. The weakest-link probability method was not used because suffi

cient individual specimen test resultswere not available for either the same

shape or Fischer assay. Figure 7 loading diagrams approximate these

examples.

The details of these examples are in table 4, and demonstrate the

dependence of pillar strength on pillar geometry.

Conclusions

The design of oil shale mine pillars requires the most realistic and

accurate method possible. The confined core method is the best available

method for oil shale pillar design. It permits design of any size and shape

pillar. Oil shale pillars 220 ft. (67.2 m) high certainly fall outside the range

ofnormal pillar design. The limited and localized pillaring experience does
not as yet permit the development ofeffective empirical pillar design. The

dependence of oil shale physical parameters on oil content will delay the
development of the eventual empirical pillar design.
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Table 4. Pillar strength design

H =850

60'

(m)

Fischer Assay = 30 gpt

Density = 134 pcf (y)
Compressive Strength = 12,560 psi (C )

Cohesion = 2180 psi (o
)

Friction Angle = 30.7

(<J>)

H=850

60*(4)

30'{pr

WIDE PILLAR (p>2Y)

Unconfined Compressive Strength Method

YH
_

144

R = 1 - ^^v = 75% SF = 4 <-

= 87% g SF = 2 *

Confined Core Method

3v
= 4620 psi

Y = 12.3 ft

L = 297,700 tons = 2300 psi

R = 1 - (xf?)/!- = 65% -

Confined Core Method with Pillar

Edge Load Addition

L'
= 1218 psi

ZL = 455,600 tons = 3520 psi

R = 78% -

IZd(m)

-%0'K)
30'

tp)

NARROW PILLAR (p < 2 Y)

Unconfined Compressive Strength Method

'v
"

144
" 791 Psi

C = 11,860 psi (corrected)

R = 1 - ^^v = 73% e SF = 4 *

co = 87% SF = 2 -

Confined Core Method

8 = 4620 psi
v

r

Y = 24.6 ft

L = 60,870 tons = 470 psi

R = 1 - (x?4)/L = 0% ""

Confined Core Method with Pillar

Edge Load Addition

L'
= 1450 psi

IL = 249,300 tons = 1920 psi

R = 59% +
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Appendix A

List of Symbols and Abbreviations

Y =

Density (lb/ft3)

o~h
= Horizontal stress (psi)

cr0
= Compression strength at edge of pillar.

Estimate of rock mass cohesion (psi)
o~0'

= Pillar edge strength (psi)

o\
= Vertical stress at seam level (psi)

o\
= Maximum stable vertical pillar stress (psi)

(p
= Angle of internal friction (degrees)

C0 = Uniaxial compressive strength (psi)
H = Depth below surface (ft)
L = Load carrying capacity of pillar (short tons)
L'

= Pillar edge load addition (psi)
i = Pillar length (ft)
m = Pillar (seam) height (ft)

p
= Pillar width (ft)

psi = Pounds per square inch

R = Extraction ratio

SF =

Safety factor

Tan ft = (1+ Sin 4>)/(l Sin 4>)=passive pressure coefficient

Y = Distance into pillar (ft)
Y = Distance into pillar at location ofmaximum stable pillar

stress (ft) and edge of confined core



Core Pillar Design for Colorado Oil Shale 305

Appendix B

Derivation of Peak Stress Location Equation

Purpose: Find depth into pillar to peak (maximum) stable vertical pillar

stress

(1) Force tending to move element is

(o-H + do-H)m o-Hm/= do-Hm^=m^do'H

(2) Frictional resistance top plus bottom

2o-v Tan 4>^dY

(3) Stability requires

m^do-H
= 2o-v Tan <J>**dY

mdo-H
= 2o-v Tan <I>dY

do-H 2o\ Tan <I> dY

m

(4) Confined strength

~v
=

*o + Tan B o~H

o-H

o-

v

I

Ch
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(5) Increment of stress (vertical) increase across element

from (3) do\ = Tan B dcrH Constant o~0 lost during differentiation

do-v = Tan B (2 Tan O dY)

m

dcrv 2 Tan B Tan 3>
q-v dY

_

m

dY m do-v 2 Tan B tan

(6) Passive Pressure Equivalents

-ft4> \o~v/

from (5)

_

D
1 j- Sin <E

,
. Tan B - 1

Tan B = Tan 4> =
^zi

1 - Sin 3>
2 VTanB

dY m

dcrv 2 Tan B /Tan B -l\

\2/TanB/

dY mv/T^B

do-v Tan B (Tan B -

1)

A U)

m

,/Tan B(Tan B -1)

dY =

m

>/Tan B (Tan B -1)

(7) distance (Y) into pillar to location ofmaximum vertical stable

pillar stress (o~v)

dY =
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Y
- 2 i

^
Y "

, l0gn
/Tan B(Tan B -

1) <r0
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REACTIVITY OF OIL SHALE CARBONACEOUS RESIDUE

WITH OXYGEN AND CARBON DIOXIDE

R. G. Mallon and R. L. Braun

Abstract

Pyrolysis of organic material in oil shale results in formation of a

carbonaceous residue (char) in the spent shale. This char is an important

fuel component, which can contribute a substantial amount of energy

required for advancing the retorting front.

The reactivity of char was investigated by experiemnts on individual

blocks ofoil shale (15 cm diameter and 15 to 25 cm length)with a controlled

temperature and gas environment. The results illustrated that the char-02

reaction rate is limited by the rate ofO2 diffusion. The effective diffusivity of

02 increaseswith the square of the kerogen concentration of the raw shale,

as predicted by theoretical considerations. However, measured dif-

fusivities are appreciably greater than theoretical diffusivities. The differ

ence is attributed to the network of small cracks that develop during the

early part of the retorting process.

The results also clearly demonstrated another important mechanism

for consumption ofchar within the oil shale block: the reaction ofcharwith

the C02 produced from the decomposition of dolomite and calcite. This

reaction is important in accurate retort modeling, since it constitutes a

mechanism for removal of char from the interior of the oil shale block at a

rate that is much greater than the diffusion-limited rate of the char-02

Authors are with Lawrence Livermore Laboratory, University of California, Livermore,
California 94550. Work was performed under auspices of U.S. Energy Research and De

velopment Administration, contract no. W-7405-Eng-48.
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reaction at elevated temperatures. Although the char-C02 reaction is en-

dothermic, the CO produced can subsequently react readilywith 02 in the

extgerior gas stream to provide additional heat.

A calculational model for oxygen diffusion, carbonate decomposition,
and the simultaneous removal of char by reaction with 02 and C02 is

presented. The calculated results are in good agreement with the experi

mental data.

Introduction

For the past several years, the Lawrence Livermore Laboratory has

been activelyworking on a process for underground pyrolysis ofoil shale. A

detailed description of the overall process, called rubble in situ extraction

(RISE), has been given by Rothman (1975) and Lewis and Rothman (1975).

The process is described as modified in situ, since a small portion of the

shale is removed by mining to provide the necessary underground void

space for fluid flow.

In the RISE process, as with any process that produces oil from shale

by pyrolysis, a carbonaceous material remains in the shale after the gas and

oil have been removed. This residue, usually called
"char,"

is a potentially

valuable fuel. Char provides heat for pyrolysis ofadditional shale by direct

reaction with 02, or by reaction with C02 to produce CO, which may then

be oxidized. Experiments on reaction ofchar with air have been reported

by Dockter (1975).

We have performed experiments to identify and quantify the chemical

reactions that occurwith char in a retorting environment. The results have

been used to construct a computermodel ofchar reaction. This model can

be included in a computer analysis of the complete retorting process.

Our early experiments showed two chemical reactions of char that

contribute to its use as fuel. The first of these is combustion. The rate of

combustion is determined by availability of 02 in the interior of a shale

block. The other important reaction of char is combination with C02 to

produce CO. The C02 is present in the shale block interior because of

thermal decomposition of carbonate minerals. The CO produced is dis

charged into the gas surrounding the block and will burn if02 is present.

Our experiments were directed at understanding the two char reactions.
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Experiments

The shale blocks were cylinders 15 cm in diameter and varied in

height from 15 to 25 cm. The cylinder axis was perpendicular to the shale

bedding plane. Cylinderswere cut from large pieces ofshale obtained from

the Bureau ofMines facility at Anvil Points, Colorado. The approximate

range in shale grade was 6 to 44 gallons per ton.

To study each of the char reactions, three temperatures and two gas

conditions were used. The constant or plateau temperatures were 538C,

620C, and 704C. Figure 1 shows a typical time vs temperature relation

ship. In all runs, the first step was heating to the plateau temperature with

the block in N2, duringwhich kerogen decomposed to produce oil, gas, and

char. Oil production was complete by about 500C. The block was also

cooled in N2.

For those blocks in which only the char-COz reaction was studied, the

gas was N2 throughout the run. Gas flow rate was kept low enough to

permit accurate measurement of gases, produced by the block during the

run, bymetering the inlet gas flow, and taking samples of the discharge gas

for analysis bymass spectrometer. These runs weremade at 620 and 704C.

For those blocks in which only char combustion was studied, the gas

was half N2 and half air. A high gas flow rate was used so that gases

produced by the block did not significantly alter the gas composition in the

retort. The plateau temperature was 538C.

The simultaneous reaction of char with 02 and C02 was also studied,

using halfN2 and half air and at a high flow rate. The plateau temperature

was 704C.

Experiments were performed in an electrially-heated retort. The

block was supported on a steel grate carried on alumina insulators above a

base plate. Figure 2 shows the retort configuration. Incoming gas was

preheated to the temperature ofthe block. The gas and oil produced flowed

down to a collector; the gas was vented through a smoke eliminator.

Surface and internal temperatures were measured with chromel-

alumel thermocouples. Surface measurements were made on the top,

bottom, and at two side points, diametrically opposite to each other.

Internal measurements were made at two points on the cylinder axis. The

thermocouple hole was sealed with sauereisen cement. Shale chips, ob

tained in drilling the hole, were used for chemical and x-ray analysis.

When a run was complete and the block cooled, the heater was lifted

off the base plate to expose the block. Figure 3 shows such a block after a

run in N2 at 620C. Thermocouple leads were cut off at the block surface.

Plastic tape was wrapped on the sides and top of the block before it was
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FIGURE 1. Typical time-temperature relationship.

lifted off the grate to prevent disintegration of the heat-treated blocks.

Lack of integrity was most extreme for high grade blocks. Blocks were cut

in half lengthwise to show the distribution of remaining char. Figure 4

shows the char pattern in the block in figure 3. The horizontal light streaks

are regions in which the char has been largely removed. This, we believe,
results from a higher than average concentration of carbonate, probably

dolomite, which produces a local high rate of C02 and CO production.

Figure 5 shows a cut block that was run in an N2-air mixture at 538C.

The pattern of char removal by combustion is apparent. The char in the

interior has been unaffected by 02 at the block surface; the char near the

surface has been totally removed by oxidation. Demarcation between the
two regions is very sharp. As the figure shows, the depth ofpenetration of

the oxidized region is nearly uniform along the edge of the block. It appears

that the oxidized region is wider on the right side than on the left. This is an

illusion, caused by minor disintegration of the shale near the right edge by
the band-saw blade, cutting from left to right. Measured average penetra

tion depth of oxidation was used to calculate the effective diffusivity for

transport of gases in the shale parallel to the bedding plane.
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Figure 2. Retort configuration.

After the block was cut lengthwise, one halfwas used as samples for

chemical and x-ray analysis. These samples were taken by drilling parallel

to the cylinder axis at various radial positions, both in the oxidized and

unoxidized regions. These samples were taken along about 70 percent of

the length of the block, with the material near each end excluded, as being
not representative of material at that particular radial position.

Temperature measurements showed that the blocks were very nearly

at uniform temperature. This was due to slow heating and small block size.
At the time that the surface reached the plateau temperature, the tempera

ture on the axis was 20 to 50C lower, depending on heating rate. This

difference essentially disappeared in 1 to 2 hours: For runs using N2-air

mixtures, block temperatures were allowed to become uniform before air

was admitted to the retort. Char combustion caused the interior to become

slightly hotter than the surface, the maximum difference being about 5C.
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Figure 3. Block at completion of N2 run at 620C.

During runs made in N2, samples of the discharge gas were taken for

analysis. Figure 6 shows the variation in production rate ofCO and CO2 for

a run at 704C.

Chemical Reactions

There are four principal chemical reactions with which we are con

cerned: the thermal decomposition ofdolomite and calcite; the reaction of

char with the CO2 produced from the carbonate decomposition; and the

reaction ofchar with the O2 diffusing into the shale sample. The following
equations show the stoichiometry of these reactions.
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\J5

Figure 4. Section of block from run in N2 at 620C.

CaMg(C03)2 -? CaCOs + MgO + CO2

CaCOa -* CaO + CO2

C + CO2 -> 2CO

C + O2 -> CO2

(1)

(2)

(3)

(4)

X-ray diffraction analyses of the raw shale indicated essentially com

plete absence of nahcolite (NaHCOs) and dawsonite (NaAl(OH)2C03).

The actual composition of dolomite in our oil shale samples was not

strictlyCaMg(C03)2.Chemical analysis showed it tobe ferroan dolomite, in
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Figure 5. Section of block from run in N2-air mixture at 538C.
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which about 15 mol% of the Mg was replaced by Fe. However, the initial

amount of dolomite in a given sample was computed on the basis of

CaMg(C03)2 so that the stoichiometry shown in Eq. (1) could be used.

X-ray diffraction analysis ofsamples heated at 538C (below the decomposi

tion temperature of calcite) indicated that the principal products of the

decomposition ofdolomite were those in Eq. (1). X-ray diffraction analysis

revealed no detectable amounts ofdiopside, which Taylor (1976) reported

as a product of the reaction of dolomite and silica.

For the thermal decomposition of calcite, Eq. (2) merely illustrates

the gross reaction for the production ofC02.The complete reaction actually
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involves other chemical species. X-ray diffraction analyses revealed the

presence of appreciable quantities of spurrite (CasSjfeOsCOs) in samples that

had been heated at 704C long enough for most of the calcite to react.

Production of spurrite, which apparently decomposed at a much slower

rate, would tie up at most 20 percent ofthe CO2 from the calcite. However,

the actual amount of CO2, remaining at the end of the experiments, was

less than that. The value to be used for the mass stoichiometry factor for the

production ofCO2 from calcite is in question. Depending on the amount of

spurrite, the factor will be between 80 and 100 percent of the value

prescribed by Eq. (2). Since the results ofcalculations presented laterwere

found to be insensitive to the precise value of this factor, it was taken as 90

percent of the value prescribed by Eq. (2). This corresponds to 10 percent

of the CO2 from the calcite, existing as a carbonate mineral, which decom

posed much more slowly than calcite.

Computations

Basic Assumptions

The following basic assumptions are made in formulating the govern

ing equations for the computation. First, the temperature of the shale

sample is uniform. Although this is not strictly valid during the heating and

cooling of the sample, it was valid while the sample was at its maximum

temperature. Since the latter constituted the major portion of each exper

iment, and since most of the chemical reactions occurred at the maximum

temperature, the assumption of uniform temperature is appropriate and

greatly simplifies the computations.

Second, the decomposition of dolomite and calcite occurs uniformly

throughout the entire shale sample. This is partly a consequence of the

uniform temperature of the sample. However, it also depends upon the

absence of radial gradients in the partial pressure ofCO2. The distribution

of unreacted carbonate at the end of an experiment was not precisely

uniform, but the differences were small compared with the amount of

reacted carbonate. It is also assumed that these decomposition reactions

are first order with respect to the carbonate concentration.

Third, the reaction between char and O2 follows a shrinking core

model. That is, the reaction occurs at a sharp interface, between an

unreacted core and the surrounding reacted shell, at a rate limited by the
rate of O2 diffusion through the reacted shell.This proved to be an excellent

assumption in the temperature range investigated (538 to 704C). For
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calculation of the shrinking core, the geometry assumed is an infinite,

circular cylinder.

Finally, the reaction between char and CO2 occurs uniformly

throughout the unreacted core at a rate that is first order with respect to

char concentration and to the partial pressure of CO2. Departures from

uniformity of the reaction were experimentally determined; however, as

with carbonate decomposition, the differences were generally small com

pared with the amount of reacted char.

Nomenclature

Ui = Dolomite concentration (kg/m3)
U2 = Calcite concentration (kg/m3)
U3 = Char concentration in unreacted core (kg/m3)
ro

= Radium of cylindrical sample (m)

rc
= Radius of unreacted core (m)

T = Temperature of sample (K)

De = Effective diffusivity of O2 (m2/s)
Co = O2 concentration of gas at sample surface (kg/m3)
ki = First-order rate coefficient for dolomite decomposi

tion (s-i)
lc2 = First-order rate coefficient for calcite decomposition

(s-i)
lc3 = First-order rate coefficient for reaction of char with

CO2 (si)
fi = 0.2385 (Mass stoichiometry factor for production of

CO2 from dolomite)
fi = 0.3960 (Mass stoichiometry factor for production of

CO2 from calcite)

fe = 3.6667 (Mass stoichiometry factor for production or

consumption of CO2 from char)

U = 4.6667 (Mass stoichiometry factor for production of

CO from char)

fs = 2.6667 (Mass stoichiometry factor for consumption of

O2 from char)

f<3 = 0.5421 (Mass stoichiometry factor for production of

calcite from colomite)

XC02 = Mole fraction of CO2 in gas within unreacted core

MC02 = Molecular weight of CO2

MCO = Molecular weight of CO
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RC02 = Rate ofCO2 production from carbonate decomposition

RCO = Rate ofCO production from char in the unreacted core

(mol/m3*s)

Governing Equations

With the framework of the preceding assumptions, the chemically

reacting system can be described by the following differential equations:

^L=-kiUi (5)

at

*HL = fekiUi - k2U2 (6)

at

^=- bU3XC02 (7)

at

arr _
_

DcCo

at fsU3rcln / rQ \

(8)

Equations (5) and (6) give the net rate of change of dolomite and calcite,
respectively. Equation (7) gives the rate ofdecrease in char concentration

in the unreacted core. Equation (8) describes a diffusion-limited reaction

occurring on the surface of a shrinking cylindrical core.

Auxiliary Equations

Solution of the governing equations also require a supplementary

equation for XC02, derived in the following way: The molar rate of CO2

production from carbonate decomposition is given by

RC02 = (fikiUi + f2k2U2)/MC02 (9)

The molar rate of CO production from char reaction with CO2 in the

unreacted core is given by

RCO = f4k3U3xC02/MCO (10)
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Since Vi mol of CO2 is consumed per mol of CO produced, the net mol

fraction of CO2 in the gas within the unreacted core is given by

xr0o =
RCQ2 ~ % Rco

.

(n)
RCOz + 1 Rc0 + K

In the latter equation, we have inserted a constant, K, in the denominator,

to adjust for the presence of gases other than CO2 and CO in the shale,

particularly at a very low rate ofCO2 production. An empirical value ofK =

0.0001, best described this effect, although the overall computation is not

sensitive to precision in this term. Equations (9), (10) and (11) can thus be

evaluated quadratically for XC02.

Two auxiliary equations are needed to compare the calculated and

measured gas evolution data. The net rate ofCO evolution per unit sample

volume is

Rco = f4k3U3XC02/ rc
\2

(12)

m
The net rate of CO2 evolution per unit sample volume is

RC02 = fikiUi + f2k2U2 +
2f3DeCo

- fek3U3xC02/AY (13)
fsr2olnro \ro /

rc

In the latter equation, the first term is CO2 production from dolomite; the

second is production from calcite; the third is production from the char

reactionwith O2; and the fourth is consumption from the char reactionwith

CO2.

Solution ofEquations

Equations (5), (6), (7), and (8) were numerically integrated with the

GEAR package of computer subroutines (Hindmarsh 1974). The heating
schedule for the integration is shown in table 1. The samplewas heated and

cooled at a linear rate between 500C and the maximum temperature (fig.

i).

Initial values for Ui, U2, and U3 are derived from the data in table 2.

No direct laboratorymeasurement ofdolomite and calcite was satisfactory.
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TABLE 2. Experimental data and computational results

Experiment

2 3

Specific gravity of raw shale

Organic carbon (wt%)

Kerogen (wt%)

Dolomite (wt%)

Calcite (wt%)

Maximum temperature (C)

3
0 concentration (kg/m )

Effective diffusivity of 0

(10~6

m2/s)

2.252 2.287 2.266 2.273 2.246

9.30 7.80 8.20 8.00 8.89

11.63 9.75 10.25 10.00 11.10

33.77 35.58 32.31 35.58 33.56

19.00 20.02 18.18 20.02 18.88

620 704 538 704 704

0. 0. 0.0503 0.0418 0.0418

6.27

C02 (wt%)

8.24 9.93

Initial measured 24.47 25.78 23.41 25.78 24.32

Final measured 14.65 2.73 17.79 4.25 9.05

Final calculated 14.69 3.49 17.01 3.49 8.52

Organic Carbon in Unreacted Core
(wt%)*

Initial (after py rolysis of

kerogen) 1.92 1.61 1.97 1.65 1.83

Final measured 1.77 0.33 1.97 0.38 1.14

Final calculated 1.71 0.40 1.95 0.42 0.97

Radius of Unreacted Core (mm)

Initial (after pyrolysis of

kerogen) 73.0 73.0 73.0 73.0 73.0

Final measured 73.0 73.0 52.4 ^33 59.1

Final calculated 73.0 73.0 52.4 32.2 57.9

All wt% data are for raw shale.

Therefore, for experiment 1, the initial dolomite content (33.77 percent by

weight) was empirically determined bymatching the measured and calcu

lated rates ofCO2 evolution during the early part of the experiment when

mostofthe CO2was produced from dolomite decomposition. In doing this,

the first-order rate coefficient for decomposition ofdolomite at 1 atm CO2,

measured by Jukkola and others (1953), was used. The initial calcite

content (19.00 percent by weight) was then calculated from the initial
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dolomite content, and from the measured initial CO2 content of the sample

(24.47 percent byweight). For the remaining four experiments in table 2, it

was assumed that the initial calcite and dolomite contentswere in the same

ratio as in experiment 1. Absolute amounts were then determinted from

the measured initial CO2 contents of the samples.

Solution of the governing equations was accomplished by using the

following first-order rate coefficients (reciprocal seconds):

ki = 2.1 x 103e -1490/T (14)

k2 = 2.87 x 108
e -29330/T (15)

k3 = 7.6 x 105
e -22770/T (16)

These expressions for the rate coefficients are shown in figure 7, alongwith

the data from which they were determined. Data for determining ki are

from Jukkola and others (1953), for the decomposition of dolomite, as it

occurs in oil shale, at 1 atm CO2. Data for calcite decomposition in oil shale

are also measurements by Jukkola and others (1953), but only at tempera

tures above 675C. Since we are concerned with calcite decomposition, at

temperatures at and below 704C, sufficient data were not available from

the literature to predetermine temperature dependence of k2. Equation

(15) is an empirically determined rate coefficient for calcite decomposition

that gives the best overall agreement with the final measured amounts of

undecomposed carbonate in our five experiments. The value of k2, shown

in figure 7, is intermediate between
Jukkola'

s rate coefficients for decom

position at 1 atmC02and at 1 atm N2. Finally, the data for determining k3,
for the reaction of coal char with CO2 at 1 atm CO2, were taken from

measurements by Taylor and Bowen (1976). These were used in the

absence of similar rate data for oil shale char.

Results and Discussion

Reaction ofChar with CO2

Experiments 1 and 2 were conducted in the absence of O2. Solution of

the governing equations for these two experiments could therefore be

obtained without specifying the effect diffusivity of02.The calculated and
measured rates ofevolution ofCO2 andCO are shown in figures 8 and 9 for

experiment 1 (620C) and in figures 10 and 11 for experiment 2 (704C). For
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Figure 7. Rate coefficients. 0, dolomite decomposition at 1 atm CO2 (Jukkola and others

1953); o, calcite decomposition at 1 atm CO2 (Jukkola and others 1953); a, calcite

decomposition at 1 atm N2 (Jukkola and others 1953); A, char-C02 reaction at 1
atm CO2 (Taylor and Bowen 1976).

both experiments, calculated rates ofCO2 evolution are in excellent agree

ment with the measured rates. Agreement for CO production is poorer.

This is probably a result of the value used for rate constant and the form of

the equation for CO generation. The value for the rate constant was ob

tained from measurements on coal char; its applicability to oil-shale char is



326 Quarterly of the Colorado School of Mines

to

oo

o>

cu
+->

fO

S-

c

o

O

o

Q.

CVJ

O

+->

CU

0

x Experimental data points

Calculated from model

0 20 25

Time - h after reaching temperature plateau

Figure 8. CO2 production at 620C. Acid released CO2 at wt% of raw shale: initial

measured, 24.47; final measured, 14.65; final calculated, 14.69.

questionable. The form of the equation forCO generation shows first-order

dependence on quantity ofchar present. This is the most convenient form

for computation. Sincewe are, in this case, concernedwith reaction ofa gas

with a solid that is finely dividedwithin an inertmatrix, it is not certain that

the true order ofdependence has a constant value ofunity. In view ofthese

uncertainties, we regard the agreement between measured and calculated

CO generation as satisfactory.

Additional comparisons are shown in the first two columns of table 2,

which indicate the overall acceptable accuracy of the calculation. The final

calculated amounts of unreacted carbonate (percent byweight ofC02)and

unreacted char (percent by weight of organic carbon) are in substantial

agreement with the final measured amounts.

Reaction ofChar with O2

In the presence of 02, solution of the governing equations requires
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Figure 9. CO production at 620C. Organic carbon as wt% ofraw shale: initial after kerogen

pyrolysis, 1.92; final measured, 1.77; final calculated, 1.71.

knowledge of the effective diffusivity of02. It is seldom possible to predict

diffusion rates in porous materials by simply correcting bulk-phase dif-

fusivities for the reduction in cross-sectional area resulting from the solid

phase (Smith 1970). Therefore, effective diffusivity was calculated from the

measured radius of the unreacted core for combustion experiments per

formed at 538C. At this temperature, the rate of reaction between char

and C02 is negligible. Concentration of char in the unreacted core is,

therefore, essentially constant; and Eq. (8) can be integrated to give

4PeCt=
/jA2

f21n/lA -

l]
fsUaro2

\ro/ L \r/ J
+ 1. (17)

The results of thesemeasurements ofeffective diffusivity are shown in

figure 12. The measured effective diffusivity increased with the square of
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Figure 10. CO2 production at 704C. Acid released CO2 as wt<7c of raw shale: initial

measured, 25.78; final measured, 2.73; final calculated, 3.49.

the initial kerogen concentration. Such a correlation could be expected

from theoretical considerations, as shown by the lower line of figure 12.

The theoretical line is derived by assuming that effective diffusivity is

proportional to the square ofporosity, as proposed byWeisz and Schwartz

(1962), and by assuming that the porosity is that produced only by removal

ofthe kerogen. Themolecular diffusivity for the C02-air system (Wilke and

Lee 1955) was used in calculating the theoretical effective diffusivities.

Actually, the porosity of the burned shale will have at least two

components in addition to that resulting from kerogen removal: First, the

decomposition of carbonate minerals will introduce porosity, which is not

included in the calculation of the theoretical line of figure 12. Second, oil

shale develops a network of small cracks as it is heated, and the porosity of

these cracks is not included in the theoretical line.

The first of these effects, carbonate decomposition, should have only a

very small effect on the diffusivities shown on figure 12. These runs were all
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Figure 11 COproduction at 704C. Organic carbon as wt% of raw shale: initial after kerogen

pyrolysis, 1.61; final measured, 0.33; final calculated, 0.40.

made at 538C. As can be seen from experiment 3, table 2, the fraction of

carbonate mineral that decomposes under these conditions is small.

We believe the second effect, cracking, is important in some cases.

Much of the cracking ofoil shale apparently results from internal pressure

caused by gas generation. Since more rapid heating ofa block (compared to

our method) would result in more rapid gas generation and increased

cracking, diffusivity in a rapidly heated block would be expected to be

greater than in a slowly heated block. Our data confirm this.

For the data shown on figure 12, the heating rates varied from 0.2C/

min to 4C/min. Two data points are shown for kerogen concentration of

about 460 kg/m3. The upper point, 0, represents a runwith a heating rate of

about 3C/min. The lower point, A, represents a run with a heating rate of

about 0.2C/min. These two runs showed about the same amount of

carbonate decomposition. We conclude that the observed difference in

diffusivity is due to greater cracking in the more rapidly heated block.



330 Quarterly of the Colorado School of Mines

1.0

0.5

co

C\J

>>
-l->

CO

3

0.1-

i r i r

/ :

Experimental^ 0
^ A>

cu

>

U

CU

0.05

0.01

r /

/

/
o

V

Theoretical
.

100

Kerogen concentration kg/m

Figure 12. Effective diffusivity of O2 in burned shale

1000

3

The range of heating rates covers the range of interest for in-situ

retorting. We have therefore approximated these datawith the dashed line

shown on figure 12 for use in the computer model.

For kerogen concentration above 250 kg/m3, the data of Dockter
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(1975) are in good agreement with the dashed line in figure 12. For lower

kerogen concentration, Dockter's diffusivities are much higher than those

indicated by the dashed line. We have no explanation for this difference.

Simultaneous Reaction ofChar with O2 and CO2

Experiments 4 and 5 were conducted in the presence of O2, at a

temperature (704C), where the rate ofreaction between char and CO2was

appreciable. The essential difference between these two experiments was

the duration ofO2 introduction (table 1). To obtain the effective diffusivity
of O2, used in the calculations at 704C, the upper fine in figure 12 was

scaled proportional to the 1.7 power of the absolute temperature (Wilke

and Lee 1955).

Comparisons for experiments 4 and 5, between the finalmeasured and

calculated results, are shown in the last two columns of table 2. Good

agreement is seen in the unreacted carbonate, the unreacted char, and the

radius of the unreacted core for experiment 4. The radius of the unreacted

core could only be approximately measured (about 33 mm) because of the

diffuse interface between the reacted shall and the unreacted core. The

diffuse interfacewas a result of the nearly complete depletion ofchar in the

unreacted core from the char-C02 reaction. The comparisons for experi

ment 5 are equally good, with the exception of the unreacted char. The

final calculated value oforganic carbon, remaining in the unreacted core,

indicates that 47 percent of the initial amount had reacted; while the final

measured value indicates that only 38 percent had reacted. However, as

was seen for experiment 4, this discrepancy did not persist when the

reactions were permitted to progress further toward completion.

At 704C, appreciable decomposition ofdolomite and calcite results in

a further increase of shale porosity. For a random pore network, an

increase in porosity would increase effective diffusivity of O2. However,
partial separation of the bedding planes, during prior heating of the sam

ple, minimizes the effect ofany further increase in porosity. Furthermore,

a small increase in effective diffusivity of O2, resulting from increased

porosity, is countered by the outward flow ofCO2. Neglectingboth ofthese

effects, we find satisfactory agreement between the final measured and

calculated radius of the unreacted core.

Conclusions

From the results presented above, we conclude that the computer

model, used for the calculations, fits satisfactorily with the experimental
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data. Because of the simplicity of the model, it can be readily incorporated

into a computer analysis of an in-situ retorting process.

To use this model, one modification is required: Effective diffusivity,

determined from the experiments, is for transport parallel to the shale

bedding plane. Experiments show that diffusivity for transport, perpen

dicular to the bedding plane, is about one half that for parallel transport.

Thus, the correct surface-average value for a lump is about 84 percent of

the value obtained for parallel-to-bedding transport.

The maximum temperature used in these experiments was 704C. If

shale temperatures are much higher than this, the carbonate decomposi

tion and char reaction rates may differ from those shown in figure 7.

Finally, the computer model assumes that the block is isothermal.

Although this is a good approximation for these experiments, it is not

necessarily satisfactory for the largest pieces in an in situ retort. For such

pieces, it may be necessary to do a more rigorous calculation for greater

accuracy.
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Editors Note: For reasons of space, the five papers dealing with the

cultural resource program and its impact on oil shale development are

presented in summary form below.

TRI-STATE OIL SHALE ARCHAEOLOGY

AND

CULTURAL RESOURCE MANAGEMENT

Bruce E. Rippeteau

Summary

Side by side, or intermingled, with the oil shale resource is an impor

tant cultural resource, evidence of human behavior in prehistoric and

historical time. This second resource is considered sufficiently valuable to

be protected by both state and federal laws. One of the duties of the state

archaeologist's office is to protect these evidences ofman's past, and yet not

obstruct or delay development of the oil shale resource.

Cultural resource management, under the body of law enacted over

the last 20 years, is primarily a federal responsibility, but administration of

the program is handled by both state and federal agencies, usually assisted

by qualified archaeologists, working under contract.

Bruce E. Rippeteau, state archaeologist, University ofColorado, Boulder, Colorado 80302.
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Most people, or firms, concerned with oil shale development, are

aware of their responsibilities under the laws governing cultural resources;

most would comply with established administration procedures if they

thought them feasible.

To make the cultural resource program work, the state and federal

agencies in charge ofthe program need timely information on which to base

management decisions. The oil shale development industry can also help

by offering possible solutions to any problems that may arise in the course

of normal operations.



COORDINATION OF FEDERAL CULTURAL

RESOURCE PROGRAMS

Roy Reaves III

Summary

Over the past century, there has been a growing concern for this

nation's cultural resources, embodied in a considerable body of law and

executive orders. Chiefamong these are the Archaeological and Historical

Preservation Act of 1974, which greatly expanded the authority, respon

sibilities and funding of the Interagency Archaeological Salvage Program,
stimulated reorganization of the traditional salvage program, and estab

lished a national salvage program.

Equally important is Public Law 93-291, an amendment to the Reser

voir Salvage Act of 1960, which extends the authority conferred by that act

to all federal projects that involve alteration of the terrain, outside the

national parks. It also provides sources of funding, both general and

special, and charges the Secretary of Interior with coordinating all federal

survey and recovery activities conducted under its terms. Powers confer

red by P.L. 93-291 become operative only after alternatives to destruction

have been explored and a systematic attempt made to reduce the destruc

tive effects of a project on cultural resources.

The Interagency Archaeological Services Division, whose local office

is in Denver, Colorado, is part of the coordinated national program,

covering survey and recovery activities. The agency
plans to carry out its

Roy Reaves III, Division ofInteragency Services, National Park Service, Denver, Colorado.
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task of administering the law by contracting archaeological work to qual

ified professional individuals and organizations.

Most of the laws and orders affecting cultural resources are mandat

ory, not discretionary, carrying requirements which federal agencies must

complywith. There are, however, many areas ofoverlapping responsibility

and authority that can result in duplication ofeffort and confusion. Coordi

nation of federal recovery activities, through the medium of the Intera

gency Archaeological Services, should help resolve some of these prob

lems.

The principal concern of federal agencies, however, will be com

pliance with the laws and orders that guide their actions. Professional

archaeologists and those engaged in developing resources on federal lands

must learn to work within this framework. Basically, this means subor

dinating personal interests towhat best fits the national interest in preserv

ing cultural resources.



ROLE OF BUREAU OF LAND MANAGEMENT

IN ENFORCING FEDERAL ANTIQUITIES

LEGISLATION AND POLICIES

Roberto Costales

Summary

In the course of managing the public lands, the Bureau of Land

Management (BLM) must work within the context of more than 1,000

different laws, regulations, executive orders and departmental directives.

Among these are more than 20 different laws, opinions, decisions, execu

tive orders and federal regulations related to the archaeological and histori

cal resources on lands managed by the Bureau.

How to resolve the conflicts, real or apparent, inherent in this mass of

material is a very real problem.

A typical example is the conflict between the steps required under

Executive Order 11593 to preserve cultural resources, spelled out in the

Code of Federal Regulations, Title 36, Part 800, and the executive order

and policy statement to the effect that we will be energy independent by
1985. Ifpreservation requirements were strictly followed, Tracts C-a and

C-b would not have been leased until after alLthe information needed to

evaluate cultural resources and environmental impacts was in hand. In

stead, some individual within the Bureau went ahead and took a chance:

leasing was authorized while the steps required for preservation were

going on. Because of this type of action, the BLM sees itselfmore as an

interaction agency than as an enforcer.

Roberto Costales, Bureau ofLandManagement, Federal Center, Denver, Colorado 80225.
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BLM's highest priority program is minerals, especially energy
miner

als; livestock is second. The Bureau also manages other resources: water

sheds, wildlife, forestry, recreation, and transfers and exchanges of land to

help oil shale development. It facilitates the development of natural re

sources and, at the same time, makes sure that the environment, the

cultural heritage and even the visual appearance of the public lands are

protected.



OBJECTIVES OF NATIONAL ADVISORY COUNCIL IN

CULTURAL RESOURCE MANAGEMENT

Louis Wall

Summary

The Advisory Council is an independent agency of the Executive

Branch ofthe federal government, established under authority ofTitle II of

the National Historic Preservation Act of 1966. The purpose of the Council

is to advise the President and the Congress on historical preservation

matters in general, and to comment to federal agencies on undertakings

that affect properties included in, or eligible for, inclusion in the National

Register of Historic Places.

The Council's powers are only advisory, assisting all federal agencies

in finding ways to accomplish their missions while, at the same time, all

cultural resources are protected. It also has the obligation to seek the

public interest where missions are incompatible with such protection.

The National Historic Preservation Act directs the Secretary of In

terior to expand and maintain a National Register ofproperties important

in American history, architecture, archaeology and culture, including
those important to states, regions or localities.

Major differences exist between nominating a property for inclusion in

the National Register and determining its eligibility for inclusion. Knowing
when and how to do both can save an agency a great deal offrustration and

Louis Wall, Office of Review and Compliance, Advisory Council on History Preservation,
Regional Office, Denver, Colorado.
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time. Learning the compliance process requires study and careful use of

the terms, as defined.

Getting a property put on the National Register or seeking determina

tion ofeligibility is the responsibility of federal managers. And, they must

do so under Executive Order 11593, if the property meets the criteria for

inclusion in the Register. Failure to complywith the various acts, executive

orders, procedures and directives may open the door to an injunction,

causing a further and unnecessary delay of a project.

The regional office is available by telephone to help solve problems

connected with cultural resource preservation and management.



WHAT DOES THE ARCHAEOLOGIST

LOOK FOR AND WHY?

Calvin H. Jennings

Summary

There are many different ways of doing archaeology and at least as

many ways ofjustifying the study of man's past. The field is not a mature

science in which past work consistently contributes to present studies. An

individual view ofwhat the archaeologist looks for begins by definingwhat

archaeology is and is not.

Archaeologists are not paleontologists; they do not deal with the

reamins ofpast life forms. The archaeologist is a student ofman's behavior,
a kind ofanthropologist or historian, generally not muchmore interested in

human anatomical remains than in dinosaur fossila. Ofprimary interest are

the objects associatedwith individuals and groups of individuals. From the

study of the material remains ofpast human behavior, archaeologists make

interpretations, reconstructions and generalizations.

People legitimately calling themselves archaeologists can be divided

into classical, historical-industrial, and prehistoric types. Classical ar

chaeologists deal with civilizations of classical antiquity Greece, Italy,

the Middle East. Historical-industrial archaeologists emphasize the study

of the remains of more recent societies, principally those of the indus

trializedWest. Both classical and historical-industrial have the advantage

of written records on which to base much of their interpretations or

conclusions.

Calvin H. Jennings, Colorado State University, Fort Collins, Colorado 80521,
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The prehistorians deal with a much greater range of time: the entire

span, dating from the arrival of man in the region under study, to the

introduction of writing. Emphasis is on the systematic nature of human

behavior. The vast bulk of archaeological data present in the oil shale

regions ofColorado, Utah andWyoming is prehistoric. Studies made up to

now confirm earlier assumptions that use ofthe region by ancient andmore

recent prehistoric peoples was extensive and varied. To understand these

prehistoric peoples, the archaeologist looks for artifacts and features that

will indicate the presence ofarchaeological sites. Sites are localities where

ancient groups concentrated their activities; the nature of those activities is

shown by the kinds of artifacts and features found at the site.

Perhaps the most important contribution of archaeology is the open

ing of new areas of understanding about ourselves based on past human

behavior. Principal areas ofchange have been in terms ofour understand

ing ofman's relationships with his environment, particularly the impact of

material or technological development.
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