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ABSTRACT

The Fossil Energy Research Working Group (FERWG),
at the request of J. W. Mares (Assistant Secretary for
Fossil Energy) and A. W. Trivelpiece (Director, Office
of Energy Research), has reviewed and evaluated the U.S.
programs on oil recovery from heavy oil sources and tar
sands. These studies were performed in order to provide
an independent assessment of research areas that affect
the prospects for oil recovery from these sources. This
report summarizes the findings and research recommenda-
tions of FERWG.
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FOREWORD

During the terminal phase of operation, FERWG was asked
by J. W. Mares(Assistant Secretary for Fossil Energy, DOE) and
A. W. Trivelpiece (Director, Office of Energy Research, DOE)
to conduct an “independent assessment providing for identifica-
tion of research needs associated with oil recovery from heavy
oil sources and tar sands.” The DOE objectives for FERWG are
defined in Appendix A. This assessment of oil-recovery techno-
logies was administered through a DOE contract to the Energy
Center at the University of California, San Diego, in La Jolla,
California.

~,~embersof FERWG performed an extensive schedule C)fSite
visits to process development units and facilities on tar sands
and heavy oil sources, as well as to university and DOE labora-
tories, in order to familiarize themselves with current and
planned research programs. Site-visit reports and evaluations,
with emphasis on identified process and fundamental research
needs, were prepared by participating FERWG members after each
site visit. These site-visit reports are reproduced in Appendix B.

FERWG members held discussions with the Assistant Secre-
tary for Fossil Energy, the Director of the Office of Energy
Research, members of their staffs, DOE program managers, di-
rectors of laboratories and development engineers who are in-
volved in oil recovery research and development (R&D) in both
industrial and governmental organizations, and with university-
based scientists and engineers who perform research related to
oil recovery from heavy oil sources and tar sands. In addition,
FERWG received written comments in response to the draft letter
reproduced in Appendix A.

The Executive Summary is followed by an introductory dis-
cussion (Chapter 1) in which we present the FERWG study objec-
tives, describe essential operating features of selected pro-
cesses for oil recovery from heavy oil sources and tar sands,
and summarize the research recommendations derived from our
site-visit evaluations. More detailed research recommendations
are discussed in Chapters 2-7.

The costing of oil recovery from heavy oil sources and
tar sands formed the subject of a separate workshop. The re-
sults derived from these activities are summarized in Chapter
7.



Our research recommendations cover a wide spectrum of ac-
tivities in recovery technologies for tar sands and heavy oils,
ranging from fundamental science to process engineering. They
have not been constructed to satisfy the desires of either the
scientist or the development engineer. Adequate research support
for programs relating to recovery technologies for tar sands and
heavy oils may aid commercial implementation of the right techno-
logies over the long term and may also be valuable in the defini-
tion and identification of new or different technologies that
merit commercialization.

The members of FERWG acknowledge with thanks the advice
and assistance given by many individuals in government, industry
and the universities. The following people, among others, have
contributed to our discussions, evaluations, and final recommen-
dations: F. Allhoff (DOE); J. Allsup (DOE/BETC); C. W. Bowman
(Alberta Oil Sands Technology and Research Authority [AOSTRA]);
W. E. Brigham (Stanford University); J. W. Bunger (University of
Utah); F. W. Burtch (DOE/BETC); M. A. Carrigy (AOSTRA); E. L.
Cook (Mobil Research); A. Crawley (DOE/BETC); P. Dana (DOE/LETC);
G. W. Dean (DOE/Oakland); A. Decors (DOE/LETC); J. Defir (Alberta
Environment) ; J. Dooley (DOE/BETC); J, H. Duerksen (Chevron Re-
search); R. Eson (Chemical Oil Recovery); R. G. Evans (Energy
Resources Conservation Board, Alberta); J. Fitch (Chemical Oil
Recovery); R. L. Folstein (DOE/BETC); F. Ghassemi (University
of Southern California); W. Good (DOE/BETC); L. L. Handy (Univer-
sity of Southern California); F. V. Hanson (University of Utah);
B. Harney (DOE); R. V. Henning (Alberta Municipal Affairs); L. G.
Hepler (AOSTRA); B. G. Holmes (Mobil Production Research); F.
Holzeiz (LLNL); A. Holzer (LLNL); J. Jennings (Gulf Research);
H. R. Johnson (DOE/BETC); L. Johnson (DOE/LETC); R. Jones (American
Petroleum Institute); G. Y. Jordy (DOE); N. Kilbourn (Sunoco Energy
Development ); C. A. Koch (Koch and Associates); L. Kronenberger
(Exxon USA); Y. Ksander (The Engineering Societies,Commission on
Energy); L. Lake (University of Texas); H. Lechtenberg (DOE/Oakland);
A. Leighton (DOE/Oakland); E. J. Lievens (DOE); E. W. Malmberg (Sun
Production Company); L. C. Marchant (DOE/LETC); C. Mathews (Shell
Research); J. D. ?iiiller (University of Utah); M. Misra (Univer-
sity of Utah); L. O’Brien (Union Oil); E. L. Oshlo (Conoco); T.
Owen (DOE/LETC); H. l’?.Parker (The Engineering Societies,Commis-
sion on Energy); R. Y, Pei (Rand Corp.); G. Peterson (DOE/Oakland);
K. E. Phillips (Rand Corp.); R. S. Phillips (AOSTRA); R. Porter
(DOE/BETC); R. Poulson (DOE/LETC); M. Ray (DOE/BETC); R. E.
Robertson, III (DOE); L. Romanowski (DOE/LETC); J. D. Seader
(University of Utah); W. E. Showalter (Union Oil); W. H. Somerton
(University of California, Berkeley); G. Standley (DOE/Oakland);
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EXECUTIVE SUMMARY

The Role of Federal Funding in Oil Recovery from Tar Sands and
Heavy-Oil Sources

Oil recoveries from heavy-oil sources and Canadian tar sands
represent currently commercial procedures, as is evident from the
fact that about 300,000 BPD of heavy oils and 200,000 BPD of tar-
sand oils are currently being produced. While only relatively
small pilot plants are in operation or planned for oil recovery
from Utah and other U.S. tar sands, several different recovery
procedures are generally viewed to be suitable for near-term com-
mercialization. The particular role of federal funding therefore
requires especially careful definition.

We have identified two very different primary areas of
concern that should properly be addressed through federally
funded R&D programs.

The first area of concern relates to implementation of ef-
fective but non-obstructive environmental controls at each of the——....—
many (m2500) sites where secondary and tertiary ‘oilrecovery is
implemented, as well as at each of the many potential sites in
the U.S. where oil recovery from tar sands may be practiced on
a commercial scale. While we recognize important site-specific
variations, the very large number of actual recovery areas
impliesthat only a relatively small set of control measurements
will be useful and that each of these will, in turn, be associated
with a large number of potential field sites for application. The
definition of measurement criteria and the identification of con-
trol parameters to assure resource recovery under acceptable, non-
obstructive constraints will require careful monitoring at many
sites, a substantial data base, and knowledgeable employees to
assist policy makers in writing and enforcing appropriate environ-
mental control legislation. Federal funding is needed to provide
knowledge in this area and to establish wise environmental
controls.

The second area of concern relates to the logical develop-
ment of field-recovery technologies by industrial firms on their__—.
own lands or on leased lands. The judgement of when and how to
proceed will necessarily and properly be made by an industrial
firm on the basis of financial returns during the anticipated
life of the operating facility. The efficiency of resource re-
covery enters parametrically because it is needed to make esti-
mates of return on investment. Economically viable enterprises
will generally be defined in terms of partial resource recovery.
Termination of commercial operations will accompany failure to
obtain adequate returns on investment. Implementation of new and
more costly recovery processes can only be expected to occur if
these are judged to be competitive with alternative investments.
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Generally applicable areas of R&Elproblems appear to be suit-
“able for federal support in order to define U.S. estimates of
potentials for conversion of resources to reserves.

Significant progress on environmental impact assessments
and control, as well as improved resource recovery, will be
achieved over the long term as a result of fundamental research
programs dealing with all aspects of these technologies. Com-
mercial implementation of entirely new recovery procedures may
be hoped for and will be based on technologies advanced by fun-
damental”research programs.

We summarize below important research areas for which mole
detailed justification is presented in the following chapters.

A.

o

B.

●

Resource Assessments (Chapter 2)

The magnitudes of U.S. tar-sand and heavy oil resources and
reserves should be assessed on a systematic basis, both in
terms of quantity and the physical and chemical properties’
of the oil in place.

Process Research Relating to Oil Recovery from Tar Sands
and Heavy-Oil Sources (Chapter 3)

Develop basic information required for modeling in situ
and aboveground recovery procedures and involving the use

——

of C02, steam, surfactants, caustic flooding, or combus-
tion. These models should describe sweep and conversion
efficiencies.

Develop improved procedures for injection of steam, addi-
tives, and combustion control.

Implementation of thermal processing techniques will re-
quire improved methods for solids removal from liquids,
gases,and combustion of coke on the pyrolyzed sand.

For improved in situ combustion recovery, the following
studies are n~d~ better designs for high-temperature
packers and insulation systems, steam generation in the
oil formations, cleanup and disposition of low-Btu gas,
and cost-benefit studies on the use of oxygen-enriched
air.

*
Research recommendations iepresent a general concensus but
each statement is not necessarily endorsed by all FERWG
members.
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● Such innovative studies as radiofrequency heating, mine-
assisted steam injection, and C02 huff-and-puff merit sup-
port .

● Other important studies include sand control to achieve
lasting oil-production improvements, transportation of
bitumen-water-sand slurries, and the augmented use of
down-hole steam generators, The presumed advantages of
sulfur removal and enhanced oil yield with downhole steam
generation ‘should be verified.

Process research is properly the primary responsibility of
industry. However, a federal role may be appropriate in joint
efforts on high-risk studies with significant potential benefits
to the entire industry.

c. Environmental Studies (Chapter 4)*

● Because environmental studies are strongly site-specific
and total production may ultimately be limited by emissions
regulations for SOX and NOX, research to improve scrubber
technologies should be supported.

● Improved understanding is needed of chemical processes in-
volving organic sulfur and nitrogen compounds and of air
dispersion in orographic regions.

● Hydrocarbons emitted to the atmosphere in appreciable con-
centrations require characterization and toxicological
evaluation. We expect refined oils to be comparable to
conventional petroleum products although newly formed
crudes may represent toxicological hazards that require
careful control,

● Long-term environmental constraints must be quantified be-
fore they limit commercial developments.

● Fundamental studies are needed on water treatment under con-
ditions encountered in regions where oil is recovered from
tar sands or heavy oil sources on commercial scales. Less
expensive procedures than are now available should be sought.
Methods are needed for the characterization and removal of
dissolved organic compounds.

“For further discussions, especially considerations of safety,
health, biological, and toxicological issues, we refer to the
following recently completed study: “Synfuels Facilities Safety,”
National Research Council, Assembly of Engineering, Committee on
Synfuels Facilities Safety, Washington, D.C,, April 1982.
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● The use of alkyl sulfonates in EOR may lead to special
control requirements in order to alleviate environmental
problems. Chemical studies should be performed to define
mechanisms and rates in the mobilization of oils by
micellar additives and heating with combustion products.
Studies should be supported on the migration and fate of
combustion products formed from bitumens.

D. Fundamental Research (Chapter 5)

o A long range, federally sponsored basic research program
in oil recovery is both appropriate and necessary.

● A level of effort in the range of 30 to 60 (1981) millions
of dollars per year
some FERWG members,
convincing case has
support.

● Important areas for

has been-judged to be justifiable by
while others do not believe that a
been made for substantial governmental

these studies include:

(a) resource and reservoir characterization;

(b) fundamentals of flows in porous media;

(c) studies in physical chemistry, including thermodyna-
mics and the surface behavior of oil/water/steam/C02/
sand systems;

(d) problems of corrosion related to (c);

(e) environmental problems encountered in recovery pro-
cesses.

E. Upgrading and Refining (Chapter 6)

e Refining technologies currently used on heavy petroleum
crudes can be employed with confidence on heavy oils and
bitumens. The development of improved processes may pro-
fit from better understanding of

(a) molecular structures and compositions of residua;

(b) mechanisms of asphaltene conversions;

(c) processes for the removal of sulfur and metals;
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(d) kinetic studies on coke gasification;

(e) mechanisms involving gasification catalysts;

(f) methods of utilizing high-sulfur cokes and
tars;

(g) coke desulfurization and utilization as synthetic
feedstock.

F. Cost Estimations (Chapter 7)

Uncertainties in costing will be reduced by process R&D
and, in the view of some but not all of the FERWG members,
perhaps also by fundamental research.

G. Prioritization of Federal Research Expenditures

● Highest priority is assigned to the development of improved
methods for resource characterization, process modeling, and
the relation between resource characteristics and recovery
costs . Basic studies leading to less costly control proce-
dures for SOX and NOX and to improved fundamental understand-
ing of flows in porous media also require urgent attention.
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NOMENCLATURE

B = barrel (42 gallons)

BPD = barrels per day

Cp = centipoise

es = centistoke

Mwe = megawatts of electrical power

TPD = (short) tons per day
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1

CHAPTER 1

OVERVIEW OF OIL RECOVERY
SOURCES AND TAR

FROM HEAVY OIL
SANDS

Recovery of oils from heavy oil sources and tar sands is

needed in order to satisfy near-term and intermediate term goals

for the U.S. to augment domestic fuel supplies for the transpor-

tation sector. Heavy oils currently contribute about 3 x 105

BPD to U.S. supplies, of which about 90% is recovered by steam

flooding and 10% by underground combustion. While oil recovery

from tar sands in the U.S. has not been implemented on commer–

cial scales, oil recovery by surface processing of tar sands

in Alberta, Canada, currently amounts to about 2 x 105 BPD and

is being expanded rapidly.

1.1 Oil Recovery from Heavy Oil Sources

A readable tutorial on enhanced oil recovery has been ~ub-

lished recently and we refer to this paper for background infor-
1mation concerning goals, methods and achievements. Here, we

content ourselves with a brief summary of essential features of

these processes.

A highly simplified schematic diagram of a well developed

steam-flood pattern is shown in Fig. 1.1-1. The initial reser-

voir temperature is raised by contacting with the steam flood

(generally, the steam has a quality well above zero), which is

preferably injected near the base of the reservoir. While the

contacted oil is heated, the steam is cooled and condensed,de-

pending on reservoir conditions. After some time, the bed per–

meability is effectively reduced and the steam will then tend to

override the productive oil layer with a concomitant decrease

‘T. M. Doscher, “Enhanced Recovery of Crude Oil,” American Scien-
tist ~, 193-199 (1981).
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in productivity (see Fig. 1.1-1), depending on the paths taken

by the steam between the injection and production wells. Also ,

when the steam loses less heat, it tends to be buoyed upward

more by gravitational forces.

It is apparent that the physiochemical processes

actually occurring during enhanced oil recovery (EOR) by

steam lnJectlon are very complex and depend on many features

and properties that are only poorly understood. A quantitative

model of the efficacy of enhanced oil recovery would require the

following types of information: physical properties of the oil-

bearing sands, including local values of permeability and poro-

sity and proper constitutive equations as functions of tempera-

ture and pressure for these porous beds; quantitative descrip-

tions of the geochemistry of oil-bearing sands and all other

strata that are located between the injection and production

wells; physiochemical data relating to mechanisms and rates of

the surface processes that are involved in the movements of

heavy oils through the formations as heat transfer from the

steam is effected; thermophysical data allowing quantitative

evaluations of rates of heat transfer from the steam (including

thermal diffusivities, heat capacities, heats of adsorption and

resorption, etc. ); adequate understanding of the fluid dynamics in

the flows of multiphase mixtures through non-uniform, porous media.

In practical applications, the problems are further com-

plicated when additives are introduced with the steam in vary-

ing proportions (without or with underground combustion) to en-

hance the mobility of the oils that are to be recovered.

Additives may be C02, air with or without oxygen enrichment to

facilitate combustion, surfactants to enhance removal of the

heavy oils from the oil-bearing sands, etc. Additives have also

been injected for the purpose of producing partial blockages of

passageways in the steam override region in order to augment

penetration of the productive beds by the injected steam or

other material.

A schematic diagram showing the use of fireflooding in

EOR is reproduced (compare p. AB-157) in Fig. 1.1-2.

3
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A good overview of the status of current technology of EOR

is provided by the conference proceedings prepared by the DOE

Fossil Energy Division, San Francisco Operations, for the “1981

Heavy Oil/EOR Contractor Reports,” July 28-30, 1981, San Fran-

cisco, California.* We “refer to this report and to our site visit

summaries appearing in the Appendix (AB) for further information

concerning the status of EOR.

The published studies indicate each of the following: num-

erous examples of successfully achieved heavy oil recoveries by

industrial firms, which justify the view that we are dealing with

commercially developed technologies; the use of simplified models

and their partial verification in bench-scale and pilot-size tests;

ingenious approaches by scientists and engineers in efforts to ob-

tain quantitative models and understanding of the processes in-

volved; incomplete understanding in commercial recovery schemes.

1.1.1 Some Properties of Heavy Oils

The following definitions are currently in use: (a) Heavy

crude oil has a gas-free viscosity of 100 to 10,000 mPa-s (centi-

poise) inclusive at original reservoir temperature or a density of

943 kg/m3 (20°API gravity) to 1,000 kg/m3 (lOOAPI gravity) in-

clusive at 15.6°C and atmospheric pressure. (b) Tar sand oil has

a gas–free viscosity greater than 10,000 mPa-s at original reser-

voir temperature or a density greater than 1,000 kg/m3 (less than

10°API gravity) at 15.6°C (60°F) and atmospheric pressure.

A variety of procedures is available for heavy oil proces-

sing, all of which involve desulfurization and nitrogen and

metals removal steps, as well as hydrotreating. Carbon-to-hydro-

gen weight ratios are typically around 8. Transportation and

application requirements determine the needed severity of refin-

ing. Sediments trom oil production or upgrading typically con-

5

*
Comments on this conference are contained in the Appendix, AB-6.



tain many heterocyclic aromatics, including organic nitrogen

compounds, with environmental and health effects varying from

strongly deleterious to harmless. Additional new facilities may

have to be built to upgrade heavy ends. The Appendix (cf.

PP. AB213-zII) to the site-visit report in AB-5 contains a

summary of heavy feed upgrading options and shows the follow-

ing important processing steps: for carbon rejection, fluid

coking or flexicoking, delayed coking, deasphalting; with

hydrogen addition, hydrodesulfurization and hydroconversion;

process-combination options are hydrotreating and coking,

hydrotreating with catalytic cracking, deasphalting with hydro-

desulfurization, and pretreatment such as demetallization.

1.1.2 Some Previously Identified R&D Needs

Joint discussions (cf. Appendix AB-6) between FERWG members

and representatives of the DOE Fossil Energy Division, San Fran-

cisco Operations, produced the listing of EOR R&D needs enumer-

ated below:

A. Steam Additives

The purpose of steam additives is to improve recovery ef-

ficiency with steam injection. Recovery efficiency will be

improved if (a) greater sweep efficiency is achieved and (b)

more oil is recovered from the swept volume. While flow models

are available that have been serving as a basis for achieving

increased recovery efficiency, each of the following fundamen-

tal areas of study has been inadequately explored: (a) phys-

iochemical studies (including thermochemical and rate measure-

ments) referring to interactions between steam, steam additives,

and oil-bearing sands; (b) physiochemical studies involved

in surface adsorption, resorption, and substitution; (c) effects
of pnysicai and chemical properties of multiphase fluid mixtures

on flows through porous media; (d) the interplay between fluid-

dynamic phenomena and physiochemical properties (density,

viscosity, surface properties) in producing channeling and

6
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instabilities during flows through porous media; (e) phase separ-

ations in steam-additive and oil-sand mixtures as functions

of temperature and pressure; (f) studies of the mechanisms

and rates of gel deposition on injection with steam and addi-

tives and of the subsequent degradation of encapsulated foams.

B, Down-Hole Steam Generation

Each of the following R&D programs may contribute to bet-

ter understanding and improved oil recovery in the long-term

utilization of down-hole steam generators: (a) combustion

research (including equipment changes, use of preheater, re-

circulation, etc.) to allow direct utilization of oil-field

crude in down-hole steam generation; (b) long-term environmen-

tal impact assessments (involving both gaseous effluents and

residue stability) with down-hole steam generation; (c) quan-

titative studies on the efficacy of mixtures of steam and com-

bustion products in enhancing oil recovery.

c. Alkaline Floods

The fundamental studies suggested by the use of alkaline

floods for EOR are similar to those previously enumerated under

additives. The key is mobility control of oil in an alkaline

flood with appropriate use of surfactants to lead to oil-in-

water or

mize the

tions of

sociated

D.

water-in-oil emulsions. Adequate control will mini-

consumption of caustic in the reservoir under condi-

extensive surfactant recovery. There is also am as-

requirement for water treatment.

Mine-Assisted Steam Injection

These studies relate especially to improved steam-con-

tacting with the reservoir bed. There are uncertainties in

every aspect of the processes involved: (a) the reservoir is

inadequately characterized and space-dependent estimates are

not available for porosity, oil in place, permeability, sur-



face properties; (b) if the reservoir bed were adequately

characterized, the flow of the reacting fluids through the

porous beds could be properly characterized only if constitutive

equations were available under reservoir conditions ; (c) i~pro.

ved and remote diagnostic procedures are needed to follow the

progress of steam floods w~th caustic and other additives

~~through the reservoir.

The idea that directional drilling and horizontal injec-

tion at selected reservoir depths will improve oil recovery

has practical appeal and the resulting ❑easurements may be ex-

pected to lead to improved reservoir-performance models.

E. Sand Control

In practice, the uncontrolled flow of (spent) sand from

unconsolidated reservoirs may represent a serious impediment

to achieving lasting output improvements. Fundamental problems

relate to the flow of reacting fluids through porous media, con-

stitutive equations for the original sand and for the spent

sand, and the fluid dynamics of multiphase flows through porous

media under defined pressure, temperature, and composition grad-

ients. Problems of this type cannot now be modeled under con-

trolled conditions and invite long-term investigations by

competent scientists.

F. Thermal-Front Mapping

In each of our previous FERWG studies, we have emphasized

the importance of developing well-calibrated instrumentation

for needed in situ diagnostics to allow sequential comparisons——

between field measurements and computer models designed to de-

scribe the physical phenomena under study. EOR offers parti-

cular challenges in this respect because of the lack of homo-

geneity in relatively inaccessible reservoirs. The suggested

uses of high frequency electromagnetic and controlled source

audio magnetotelluric mapping, as well as applications of tra-

cer techniques and other procedures, merit support. Priority

should be given to measurements with good spatial resolution

8



that have been carefully calibrated under well defined conditions

and adequately tested in inhomogeneous media. A wide range of
properties (including steam quality, temperature, pressure,

‘porosity, flow speeds, etc.) is of interest.

G. High-Temperature Packers and Insulation Systems

Materials problems and studies bear on the design of pack-

ers to confine fluids in the well annulus. The high-temperature

environments under which the packers must function for prolonged

periods of time pose special problems. Of particular importance

is maintenance of bottom-hole integrity with quantitative char-

acterization of heat and other losses.

H. In Situ Combustion.—

Fireflooding involves combustion processes in porous,

multi-phase media that have not been adequately studied and are

accordingly poorly understood. The wide spectrum of fundamen-

tal phenomena involves exothermic oxidation reactions on porous

beds, mass and heat transfer with mobilization of oil, and

movement of the resulting multiphase mixtures through reservoirs.

These represent a significant challenge to combustion scientists

and reservoir modelers

search effort in these

to become more than an

recovery.

alike. A long-range, fundamental re-

fields merits support if fireflooding is

empirical field effort for enchanced oil

I. Reservoir Properties Research

This

aspects of

proposed program should emphasize the fluid-dynamic

reservoir modeling. with Particular attention
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to physical properties that determine absolute and relative

permeabilities and fluid movements. Phase changes and super-

critical phenomena may play a role in these processes.

J. Steam Quality Measurements

While it should be relatively easy to develop techniques

for characterizing steam quality at injection (e.g., by the

use of multicolor infrared absorption measurements), the de-

sign of systems of this type for

through the use of fiber-optical

esting challenge. In general, a

priate for DOE research funds to

needed instrumentation.

down-hole monitoring (e.g.,

systems) represents an inter-

separate allocation is appro-

assist in the development of

K. Oxygen-Enriched Thermal Recovery

Work with oxygen-enriched air represents an obvious and

important special case of studies with additives to achieve

enhanced oil recovery.

L. Advanced Concepts

In a field as poorly understood, as empirically based,

and as practically important as EOR, there must be room for

innovation. The remaining total resource is sufficiently

large to justify long-term studies without specified constraints

other than that competent people should concentrate their re-

search efforts to achieve improved recovery under environmental-

ly acceptable conditions.



1.2 Oil Recovery from the Tar Sands of Alberta

Oil recovery from the tar sands of Alberta has been prac-

ticed for some years on commercial scales. A review of activi-

ties on oil recovery from this enormously rich resource is

therefore ~ppropriate.

In 1967, Spragins 2 gave the following estimates for the

Athabasca deposits: 625 x 109B with 285 x 109B recoverable

with “current” (1967) technology. The total Alberta deposits

are now generally classified as containing about 1.4 x 10
12B

11

of which 25-30% is considered to be recoverable with 1980 technology,

A Sun Company subsidiary, formerly called the Great Cana-

dian Oil Sands, Ltd. (GCOS) and now a division of Suncor, Inc., has

been developing this area for some years. Investments amounted

to $300 x 106 by 1973,at which time a cumulative deficit of

$90 x 106 had been incurred.3 The 1973 GCOS (now Suncor) pro-

duction in an open pit mine amounted to 0,055 x 106 BPD and in-

volved the use of 140,000 T of tar sands and removal of 130,000 T

of overburden per day; at 100% recovery (actual recoveries are

60-75%), these estimates correspond to an oil-to-sand weight ratio

of about 7 x 10-2. Production has been accomplished in a region

where the ratio of overburden-to-tar-sands thickness is less than

unity. The oil recovered contains bitumens, which are naturally

occurring hydrocarbons. The overburden is scraped away to allow

exposure of the bitumen-rich sands, which are then dug out with

giant bucket-wheel excavators before removal on conveyor belts4 to

2F. K. Spragins, “Mining at Athabasca - A New Approach to Oil
Production, “ Journal of Petroleum Technology ~, 1337-1343(1967).

3Various newspaper reports, December 1973.

4E. D. Innes and J, V. D. Fear, “Canada’s First Commercial Tar
Sand Development” in Proceedings of the Seventh World Petroleum
Congress, Volume 3, pp. 633-650, Elsevier Publishing Co., New
York, 1967.
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the bitumen recovery and upgrading plant.
4,5 While initial produc-

tion favored regions of low overburden, about 5.0 T of Canadian tar

sands and overburden must be handled on the average for each B of

oil produced. The producing area is covered by muskeg swamp (thick

deposits of partially decayed vegetable matter of wet boreal regions),

which is a semi-floating mass of decaying vegetation with sparse growth

of tamarack or larch (a pine family with short fascicled deciduous

leaves) and black spruce. Drainage networks are required for

water removal and should ideally be installed two years before

excavation begins. The low temperatures (to -50°F) encountered

in the region produce extremely cohesive quartz-bitumen matri-

ces, which are very difficult to penetrate and cause rapid

deterioration of the excavator alloy cutting teeth. Even with

the new and improved equipment that is now available, mining

operations are curtailed at temperatures below about -35°F. Dur-

ing the summers, temperatures may rise to 90°F and the tar sands now

become sticky with higher vapor pressures, but these features do not

interfere significantly with current mining operations. Tar sands

containing less than a critical amount of bitumen (6 to 8 weight

percent) are rejected. The mean bitumen content of the tar sands

(without overburden) for oil recovery in the GCOS operation3 is

12.4 weight percent.

The largest commercial tar sand project in Alberta is cur-

rently the Syncrude plant at Ft. McMurray. Site clearance began

in December 1973 and the project went on stream in July 1978.

Annual production reached around 125,000 BPD during 1980 and is

projected to increase up to 160,000 BPD in 1982. The total pro-

ject cost was about $3.25 x 109 in 1977 dollars and the current

owners are Imperial Oil (30%), Cities Service (30%) the Canadian

federal government (15%), Alberta (10%), Gulf Canada (10%), and

‘W. A. Bachman and D. H. Stormont, “Plant Starts, Athabasca Now
Yielding its Hydrocarbons,” Oil and Gas Journal Q, 69-88,
October 23, 1967.
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Ontario (5%). The Syncrude mine is one of the largest open-pit

mines in the world. The oil-bearing silica sands are surrounded

by films of water which, in turn, are surrounded by bitumen. The

estimated life of the mine is 25 years (to 2003) and a total of

about 1 x 109 B of oil is expected to be produced during this

period. The Syncrude plant area covers 5 km2, the open pit mine

25 km2 ,the tailing pond area 30 km2; the average muskeg depth is

3m, the overburden is 15 m thick, and the oil-sand depth is 42 m.

The peak-construction work force was 7500, while the current work

force on site is 3100. One m3 of oil sand yields 1.4 m3 of sand

and 0.22 m3 of bitumen from which 0.18 m3 of synthetic crude and

15 m3 of gas are recovered.

The mine is 4.2 km long, 7.5 km wide and 60 m deep. There

are 4 draglines, the buckets hold 60 m3, the booms are 110 m long,

and the draglines have a working radius of 104 m. The overall

weight of a dragline is 6100 mt and the electric power use is

10 Mwe. There are 4 bucket wheels in operation, each carrying

14 buckets with a capacity of 6400 mt/hr; individual buckets
3carry 2 m . Each bucket wheel uses 3.7 MWe, weighs 2250 mt, and

is 140 m long. Conveyor belts cover 17.7 km in the mine, 1.6 km

in the plant,and they are 2.1 m wide and 3 cm thick.

The extraction plant processes 11,800 mt/hr of oil sand

and produces 2050 mt/hr of bitumen-bearing froth. The froth-

treatment plant produces 676 dm3/sec of diluted bitumen.

The stack for upgrading facilities is 180 m high with a

20 m diameter at the base and an 8 m diameter at the top. There

are 2 fluidcokers in use which are 63 m high.

The utility plant has an installed capacity of 260 MWe of

which 185 MWe represent the normal operating load; 1 x 106 kg/hr

of steam are produced. The water-treatment plant has a maximum

flow of 850 cm3/sec.

The product bitumens are stored in a 477,000 m3 tank, a

191,100 m3 tank is used for gas oil and a tank with a capacity

of 83,500 m3 is used for naphtha.
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Shell CanadaLtd. filed an application in 1973 with the

Alberta Energy Resources Conservation Board for bitumen recovery

with the objective of 0.10 x 106 BPD recovery by 1980. In situ~——
recovery operations for deeper-lying bitumen were tested by the

Shell Oil Co. on 160,000 acres of leased land at Peace River (see

Fig. 1.2-1), where 38 test wells to a depth of 1,800 feet had

been drilled by the end of 1973. A prototype development plan

called for a $30 x 106 program on 50 closely-spaced injection

and production wells in 1974, with injection involving either

steam, hot water, or light petroleum. This type of injection-

recovery scheme should be contrasted with partial-burning pro-

cedures.6 It was anticipated that the porosity of the tar sands

was sufficient to allow successful development of in situ recov-.—
ery procedures. Current operations at Peace River are described

in Appendix AB-7.

A number of other oil companies (Imperial, Amoco, a

Japanese group, Mobil, Texaco, Chevron, Petro-Canada, Gulf,

British Petroleum) are also experimenting with in situ recovery.—
schemes. Many in situ projects are partly supported by the——
Alberta Oil Sands Technology and Reservoir Authority.

6F. W. Camp, “The Tar Sands of Alberta, Canada,” Cameron Engi-
neers, Denver, Colorado, 1970.
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Fig. 1.2-1 Tar sand sites. The enclosed areas indicate the
principal location of oil sands in the State of
Alberta in Canada.



1.2.1 The GCOS (Suncor) Recovery and Upgrading Procedure
of Oil from Tar Sands (Clark Process)

The GCOS recovery process begins with excavation of bitumen–

containing sands consisting, for example, of a mixture of 11,700
TPD of bitumens and 81,000 TPD of minerals [@in Fig. 1.2.1–1] .

This mixture is introduced into a conditioning drum [~ in Fig.

1.2.1-1], together with caustic soda, water, and steam for reduction
of sand-lump size. The smaller particles pass a vibrating screen [@

in Fig. 1.2.1-1], while oversize particles are discarded. More water

is added to the particles passing the screen prior to introduction

into a three-layer separation cell [@ in Fig.1,2.l-1]. The

bitumen floats to the top of the separation cell and is largely

recovered in this top-layer froth [@ in Fig.1.2.l-1],while sand

is discarded at the bottom and the middlings of intermediate

density are partly returned to the separator for recycling and

partly forwarded to a scavenger separation cell [@ in Fig.

1.2.1-1]for separate treatment in a froth settler [@ in Fig,

1.2.Ll]. The top-froth layers from the separation cell [@ in

Fig.1.2.l-1] and the froth settler [@ in Fig.1.2.l-1] are mixed

with naphtha before introduction for upgrading in centrifuges

[@ in Fig.1.2.l-1], from which tailings (bitumen-to-minerals

weight ratio = 0.21) and upgraded feed (bitumen-to-minerals

weight ratio = 51) for the coker are supplied; about 87% of the

feed bitumen enters the coker. This feed bitumen is an 8° API

oil containing 4% of sulfur.

The GCOS upgrading process for the tar-sand bitumens is shown

schematically in Fig.1.2.l-2and is reproduced from Roberts.
7

The total mined tar sand input is 0.105 x 106 TPD corresponds

to 0.065 x 106 BPD and produces 0.050 x 10
6 BPD of syncrude

(77% conversion), as well as 2.58 x 103 TPD of coke and 350 TPD

of sulfur. The flow diagram shown in Fig.1.2.l-2 is self-exPlan–

story. The overall hydrogen consumption is about 1000 SCF per B of

7R. V. Roberts, “Comparative Economics of Tar Sands Conversion
Processes, “ Stanford Research Institute, Menlo Park, Califor-
nia, 1970.
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high-quality

1.2.2

syncrude containing less than 0.1% of Sx“

The Syncrude Recovery and Upgrading Procedure of
Oil from Tar Sands

The Syncrude recovery process is also a version of the Clark

process; the upgrading procedure involves fluid coking of bitumen

in such a manner that the released gases contain appreciable amounts

of H2S. The resulting liquid product is a mixture of butanes, oil

residue, and intermediate fractions containing naphtha and light and

heavy gases, which are further hydrotreated catalytically. The

syncrude-to-bitumen recovery ratio is raised to 87% but with

somewhat higher sulfur content than the GCOS syncrude.

Details concerning current Syncrude operations are des-

cribed in Appendix AB-7.

1.3 Oil Recovery from the Tar Sands of Utah*

1.3.1 Introduction

The United States has large deposits of heavy oils which

resemble heavy petroleum residues, as well as tar sands with

hydrocarbons known as bitumens that are generally more viscous

than petroleum resids and black oils. The resource base of

black oil and tar sands in the U.S.A. l,laybe as high as 1011 B

in place. A definition regarding what a tar sand is has not

yet been acceptably established by the scientific and engineer-

ing communities, but the D.O.E. has recently proposed that a tar

sand deposit is a deposit containing bitumen with a viscosity in

excess of 10,000 cp at reservoir temperature.

The U.S. deposits of tar sands have been estimated to be

about 36 x 109B in place (Table 1.3.1-1). Examination of Table

1.3.1-1Aows that most of these tar sands are in Utah (Fig. 1.3.1-1).

‘An overview of U.S. tar sands resources and recovery projects
has been prepared by L. C. Marcilantand C. A. Koch and is repro-
duced in Appendix AB-8.
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Table 1.3.1-1 Deposits of bitumen-bearing rocks in the
United States with resources over 1 x 106 B;
prepared by workers at the Laramie Energy
Technology Center of the Department of Energy.

Estirr,atedResources
Stateand!;aneof De?osit (Millionsof Earrels)

,LIFGRJM: Low— !!.W
Oxnard 565.0
‘SantaFaria 500.0 2,000.0
Edna 141.4 175.0
SouthCasnalia 46.4
NorthCasmalia 40.0
Richfield 40.0
ParisValley 30.0 100.0
Sisquoc 29.0 106.0
SantaCruz 10.0
McKittrick 4.8 9.0
PointArena 1.2

CALIFORNIATOTAL 1,407.8 3,092.6

:NTUCKT:
KyrockArea 18.4
Davis-DismalArea 7.5 11.3
Bee SpringArea 7.6

KENTUCKYTOTAL 33.5 37.3

~’MEXICO:SantaRosa 57.2 600.0

IXAS:Uvalde 124.1 3,000.0

iAH :

Tar SandTria=gle 12,504.0 16,004.0
P. R. Spring 4,000.0 4,500.0
Sunnyside 3,500.0 4,000.0
CircleCliffs 1,000.0 1,507.0
AsphaltRidge 1,000.0 1,200.0
BillCreek 300.0 1,160.0
SanRafaelSwellArea 385.0 470.0
AsphaltRidge,Xorthwest 100.0
RavenRidge

125.0
75.0 100.0

h%iterocks 65.0 125.0
Wicliiup 60.0 75.0
ArgyleCanyon 50.0 75.0
RimRock 25.0 30.0
Cottoavood-JacksCanyon 20.0 25.0
Pariette 12.0 15.0
WhiteCanyon 12.0 15.0
?ffrmie%xx5Creek 10.0 25.0
VillovCreek 10.0 15.o
LittlevaterHills 3.0.0 12.0
Lake Fork 6.5 10.0
Nine Mile Canyon 5.0 10.0
ChapitaXells 7.5 8.0
TenMileWash 1.5 6.o
?abiona 1.3 4.6
Thistle 2.2 2.5
SpringBranch 1.5 2.0
cowWash 1.0 1.2

UTAHTOTAL 23,164.5 29,512.3

UNITEOSTATESTOTAL 2L.787.l 36,~~2.2
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Fig. 1.3.1-1 Major tar sand deposits in the State of Utah.



22

The work of Ritzma and his associates at the Utah Geological and

Mineral Survey in defining these deposits has been responsible for

generating much of the present interest in Utah tar sands.8 More

recent studies on Utah tar sands have been performed by Kuuskraa et

al 9 and by workers at Enercor.10 Definitions and characterizations

of Us. tar sands as a resource are still incomplete and much

more must be done before commercialization can begin. Reliable

estimates of resources suitable for commercial exploitation,

either by in situ recovery procedures or by mining and bitumen.—
recovery involving processes similar to those used in Canada or

other technologies, are not generally available,

A survey of the literature on technology relating to bitu-

men recovery from U.S. tar sands in the early 1970s, using

in situ methods or mining and aboveground processing, showed that.—
little information was available. The literature on Canadian

tar sands is, however, extensive. Workers at the U.S. Bureau of

Mines had performed bench scale work on water extraction in 1948.

There have been several attempts at pilot operations in the field

for both in situ and aboveground processing. Backyard inventors.—
have been active in extracting oil from Utah tar sands for many

years, mainly by solvent extraction, but none of these processes

has led to significant commercial activity. This situation be-

gan to change during the middle 1970s when larger scale work be-

gan at LETC on in situ recovery and at the University of Utah——
on aboveground processing of tar sands. Recently, groups in

private industry have become active in developing technology for

processing Utah tar sands.

8

9

10

H. R. Ritzma, “Commercial Aspects of Utah’s Oil-Impregnated
Sandstone Deposits,” paper presented to Interstate Oil Compact.
Comm. , New Orleans, December 3, 1973.
V. A. Kuuskraa, S. Chalton, and T. M. Doscher, “The Economic
Potential of Domestic Tar Sands,” D.O.E. Report #HCP/T9014-01,
U.S.C.-91, Los Angeles, California, January 1978.
private communication from Enercor, Inc.~ 57 W 2nd South,
Salt Lake City, Utah, 1981.
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1.3.2 The Utah Resource Base

Estimates of in place bitumens for Utah tar sands are

given in Table 1.3.2-1. These estimates are based on Ritzma’s

data.8 The bitumen contents shown are based on data of Wood
11and Ritzma. The bitumen contents in any deposit vary widely

from point to point within the deposit and much more work is

required to substantiate these estimates.

Recent estimates at Enercor 10 of material recoverable by

mining and aboveground processing are shown in Table 1.3.2-2.

Previous estimates in Ref. 9 were much lower than those shown

in Table 1.3.2-2. The following criteria were used in Ref. 9 to

define tar-sand deposits suitable for mining and aboveground proces–

sing: 8% or higher bitumen content (grade); overburden-to-ore ratio=

0.4 for the Tar Sand Triangle, P. R. Spring, Sunnyside, and Hill

Creek deposits and 1.0 for Asphalt Ridge. When these require-

ments were combined with a minimum overburden of 350 ft for in.
situ recovery, the following estimates were obtained: 100-200

x 106 B are suitable for mining at Asphalt Ridge (no suitable

deposits were found elsewhere on the basis of available core

data) and possibly as much as 2.o x 109 B are technically and

economically feasible for recovery by using in situ techniques.—
from the Tar Sand Triangle (1.5 x 109 B) and Sunnyside

(0.5 x 109 B).

1.3.3 Chemical Analyses of Utah Tar Sands d?

Utah tar-sand bitumens may be classified into two general

groups. Those in the Uinta Basin are believed to be of lacus-

trine origin and those of south central Utah are thought to be

llR. E. Wood and H. R. Ritzma, Special Study 39, Utah Geological
and Mineralogical Survey and University of Utah, Salt Lake City,
January 1972.
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Table 1.3.2-1 Tar-sand deposits in Utah; from Ref. 11.

Deposit

Tar Sand Triangle

P. R. Spring

Sunnyside

Hill Creek

Circle Cliff

Asphalt Ridge

White Rocks

Bitumen in Place

(109B)

12.4 - 16.0

4.0 - 4.5

3.5 - 4.0

1.2

1.3

1.15

0.6 - 1.25

5-8 I
6.5 - 14

8-9

6-7

5-7

8-14

4-7
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Table 1.3.2-2 Estimates of mineable tar sands assuming 3
cubic yards of overburden per B; reproduced
from Ref. 11.

Deposit B Recoverable

Asphalt Ridge 150 x 106

White Rocks 100 x 106

P. R. Spring 1.5 x 109

Sunnyside 2.0 x 109



of marine origin. Uinta Basin bitumens are low in sulfur and

aromatic content while those in the Tar Sand Triangle area have

similar properties to Athabasca bitumens and also have similar

sulfur and aromatic contents (Table 1.3.3-1). Generally,

the Utah bitumens are one to four times more viscous

than Athabasca bitumens (Fig. 1.3.3-1). Estimates of tbe bitu-

men content of the Utah tar sands vary from 4 to 14% (see Table

1.3.2-1). As with the Athabasca deposits, the grade varies

within the deposits. More thorough definition is needed to firm

up these rough estimates of grade, which are derived from out-

crops and analyses of available core samples.

The mineral part of the Utah tar sands is largely quartz

(beach sand) with some small amounts of other minerals. Figure

1.3.3-2 shows particle size distributions for various sands in

Utah. The mineral matter in Utah sands contains very little, if

any, clay material, as opposed to the Athabasca sands which con-

tain as much as 8% finely divided clay minerals,some of which

exhibit swelling in water. The clay minerals contribute to the

formation of sludge in the Clark hot water process employed in

Alberta and make the large settling ponds necessary for disposal

of tailings. Large tailing ponds that are maintained for many

years will probably not be needed in processing Utah tar sands.

Another occasional difference between Utah tar sands and

those at Athabasca is the water content of the freshly mined sand.

Some of the Utah tar sands are dry and contain less than 0,5 wt.%

of connate water while others are similar to Athabasca tar sands

and contain 3-5 wt.% or more. This difference makes for important

processing differences, as will be discussed in the following

sections.

1.3.4 Recovery Technology

There are two basic technologies used for the recovery

of oil from tar sands. These are: (i) mining and above-

-groundprocessing with (a) hot-water recovery, (b) solvent

26



sands deposits.
Table 1.3.3-1 Typical bitumen properties for general groups of

1

I
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tar-

Group 1: Asphalt Group 2: Tar Sand
Ridge, Sunnyside Triangle, Utah, and

Properties and P. R. Spring, Athabasca, Canada
Utah

Carbon weight % 85 83

Hydrogen 11.4 10.3

Nitrogen 1.0 0.5

Sulfur 0.5 4.7

Oxygen Variable Variable

C/H atomic ratio 0.60-0.65 0.65-0.70

Vanadium (ppm) 25 100-300

Nickel (ppm) 120 50-100

‘~~c~~i~~c~$,~;~e)
3-3oxl& O.4-1.5X1O4

Penetration l/10m, <300 <300
50 g, 5 sec

Specific gravity 0.985 1.00

API gravity, degrees 12.0 10

Carbon residue 3-12 10-22
(Rammsbottom)

Asphaltenes (pentane) 4-16 16-26

Avg. M.w. (VPO-benzene) 660-800 540-600

Heating value (Btu/lb) 18,500 17,800

% Volatiles at 530°C TBP 50 60

\
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1.3.3-1 Arrhenius-type plot illustrating the effect
of temperature on viscosity for bitumens from
various Utah and from Athabasca tar sand
deposits.
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extraction, or (c) thermal recovery; (ii) in situ processing.—
with (a) thermal methods with partial combustion or (b) steam

injection.

Since 1973-74, A. G. Oblad et al (with federal funding) at

the University of Utah have studied most of these alternatives and

selected to concentrate on mining and aboveground processing. Study

of the three recovery alternatives for aboveground processing indica-

ted that the best prospects were hot water processing and thermal re-

covery. In the latter, a Promising alternative appeared to be the use

of fluid-bed technologies similar to the procedures applied in the

petroleum industry for catalytic cracking. The in situ work has——
been continued at the Laramie Energy Technology Center.

1.3.5 Hot-Water Recovery Process

The University of Utah process takes into account the dif-

ferences between Athabasca and Utah tar sands, i.e., the much

higher viscosity of the Utah bitumens and the absence of a water

film coating the sand between the oil and the sand surface. The

process involves a digestion of the sand in hot water under high

shear conditions, adjustment of the reaction pH with alkali, and

final separation by a modified flotation technique. The main

variables in the digestion step are temperature, H20/sand weight

ratio, pH, degree of agitation, time, viscosity of the bitumen,

and grade of the tar sand. The main variables in the flotation

step are temperature, time and rate of air injection.

A process has been developed in which the variables have been

optimized. Laboratory recoveries in the 95% range have been achieved

consistently with both high and low grade materials, including

the P. R. Spring, Asphalt Ridge, Sunnyside, and White Rocks de-

posits in Utah. Good results have also been obtained with

low grade tar sands of Kentucky. The oil contents of the concentrate

vary from 30 to 75%, depending on tar-sand grade, viscosity
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of the bitumen and sand particle-size distribution. Methods

have been developed for upgrading the concentrate to 98 wt.%

bitumen or better.

1.3.6 Fluid Bed Thermal Recovery

Heating of tar sands to temperatures as high as 500°C leads

to vaporization and cracking of the bitumen content. Gaseous

and vaporized yields of liquids are typical of those achieved in

coking a heavy petroleum residuum. Coke produced remains with

the sand. The coked sand can be burned cleanly by using air at

500°C and higher. A substantial effort has been made by various

workers at Utah to translate these findings into successful pro-

cesses. No commercial operations are as yet in existence.

After considering a range of possibilities for thermal re-

covery (including the use of Lurgi reactors, rotary kilns and

fluid beds), fluid bed reactors were chosen. It was observed

early in the program that cleanly burning tar sands can be readily

fluidized. Hence, a study of this system was carried out. The

effects of temperature, retention time and sand particle-size

distribution on the recovery of syncrude were studied. The re-

sults showed that recoveries of liquid products in excess of

70 wt.% and perhaps as high as 80 wt.% are possible, with coke and

gas makes of 15-20 wt.% and 10-20 wt.%, respectively. Properties of

the synthetic crudes vary widely, depending on the properties of

the bitumen contained in the sand, temperature of reaction and re-

tention time. The crudes are similar to heavy crude oils and

are in the 15-25°API range.

All thermal routes for oil recovery require much energy,

which may be obtained by burning the coke from the sand. Theore-

tically, there is more than enough energy released in this step to

provide the heat needed for the coking step. With this in mind, an in-

tegrated process scheme has been designed, which involves coking and
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burning of the sand in separate steps and transfer of heat from

burning to coking by recycle of burned sand. This sequence is

similar to catalytic cracking and is shown schematically in Fig.

1.3.6-1.

Analysis of such a scheme by computer modeling shows that

the most promising version is one of upgrading the bitumen grade

to 25-40% and using this concentrate as feed to the thermal sys-

tem. This step, which can be carried out readily with hot water

recovery or by ambient temperature techniques now under develop-

ment at the University of Utah, removes as much as 75% of the sand,

which then does not need to be handled further. Thus , the thermal

equipment can be greatly reduced in size, the recycle ratio (hot

sand/feed) can be brought to a reasonable level, and the sand burn-

ing temperature can be limited.

1.3.7 Upgrading of the Recovered Bitumens

The bitumens from Utah tar sands have been characterized

and subjected to the techniques used in the U.S. petroleum in-

dustry for upgrading heavy petroleum fractions. Visbreaking,

thermal cracking, coking, catalytic cracking, hydrotreating, and

hydropyrolysis (a new technique) have been employed. Coking,

catalytic cracking and hydropyrolysis appear to be promising

routes for upgrading (see Table 1.3,7-1). The important conclu-

sion derived from these investigations is that high grade, syn-

thetic crudes similar to those made commercially in Canada can be

obtained from Utah tar sands. The design of the optimal process-

ing scheme will require thorough economic analysis for elucidation.

1.3.8 Pilot Plant Studies

Many important pilot plants are currently being tested, in-

cluding a pilot plant to test the University of Utah hot water re-

covery process which has been constructed near the Chevron Refinery
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Table 1.3.7-1 Comparison of yield and conversion results for the primary
processing of Asphalt Ridge bitumen; conversion is defined
as the ~ercenta~e of material boiling above 538°C that is
convert~d to ma~erial boiling below ~38°C.

Process

Visbreaking (VB)

Coking TC(80)

Catalytic cracking (CC)

Coking TC(0)

Hydropyrolysis (HP)

Gases

1

7

10

4

27

Yield of

Liquids

99

70

74

83

73

Total gases
and liquids

in wt.%

100

77

84

87

100

% Liquids
distillable

67

100

99

97

85

Conversion

46

62

72

74

82
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in North Salt Lake City. The plant is producing a concentrate

which can be upgraded, The upgrading will not be done at the

pilot plant, but the product bitumen will be tested elsewhere.

Technology for upgrading by coking is already available, Up-

grading by catalytic cracking or by hydropyrolysis will have to

be tested at a pilot plant scale before these technologies can

be commercialized. A flow sheet for the pilot plant is shown

in Fig. 1.3.8-1.

.,

1.3.9 Q Situ Recovery

Workers at the Laramie Energy Technology Center have car-

ried out three in situ tests at Asphalt Ridge since 1975. The——
site selected for these tests is located at the north end of the

deposits. Two of these tests involved reverse combustion and a

more recent third test was carried out using steam injection.

The combustion tests were done on a 12-ft seam of sand,which is

350-450 ft below the surface; the steam flood tests were done on

a 45-50 ft seam at a depth of 550 ft. In the second test employ-

ing reverse combustion, up to 25% of the bitumen values were re-

covered as upgraded oil, About 50% of the air injected was ac-

counted for in the recovered gases. The steam flood was similar

in concept to those being used in Alberta at Peace River and Cold

Lake. Steam was injected at 360-530 psig. Total production dur-

ing 160 days of operation was 1,150 B of oil and 6,250 B of water.

The total steam injected was equivalent to 65,700 B of water.

1.3.10 Economics of Bitumen Recovery from Utah Tar Sands

A recent economic assessment (based on small-scale laboratory

studies) of a 2000 BPD demonstration plant for producing synthetic

crude oil from Utah tar sands was made available by Enercor (cf.

Appendix AB-1) and involves mining, hot-water extraction and
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Table 1.3.10-1 Summary of projected capital and o~eratinz.
COStS <660,000-BPY). -

Capital Costs in $103 I

Mine development 3,980

Permits and project direction 300

Engineering 1,500

Processing plant and materials handling 12,648

Offsites 1,638

Subtotal 20,066

Contingency of 20% 4,013

Total 24,079

Operating and Product Costs

Annual Opera- Product
ting Costs$$103 Cost $/bbl

Plant labor 1,787 2.71

Labor, fringe benefits 518 0.78

Maintenance materials 565 0.85

Utilities 2,366 3.59

Chemicals 169 0.26

Taxes and insurance 339 0.51

Royalties 2,838 4.30

General administration 355 0.54

Mining costs (1,850,000 TPY)
at $3.64/ton 6,654 10.08

Contingency, 10% of non-mining
costs 894 1.35

‘TotalCost 16,485 24.97
e
z



38

coking of the clean bitumen. The site for the operation is State

Lands at a Northeast P. R. Spring site. The tar sand at that site

is in a 24 foot thick seam with an average bitumen content of 8%.

The average overburden is 0.92 ton per ton of tar sand and recovery

was set at 75% liquid yield by volume, The data are presented in

Table 1.3.10-1. No depreciation costs are shown nor are profit-

ability estimates made. Depreciation will depend on what is done

with the plant after the demonstration is completed. The sale

price of the products, which will include coke and syncrude pro-

duced in the coker, has not yet been established on a firm basis.

1.3.11 Environmental Aspects of Tar Sand Development

The environmental issues that will have to be addressed in

tar-sand

i.

ii.

iii.

iv.

v.

vi.

vii.

development are as follows:

Requirements for auxiliary energy sources and for water

and other renewable resources.

Maintenance

Maintenance

supplies.

of local and regional air quality.

of local and regional water quality and

Land disturbances and reclamation or reconstruction.

Preservation of archeological and historical sites.

Survival and health of terrestrial and aquatic eco-

systems.
.

Population growth and socioeconomic impacts of a large

developing industry,

12R. J. Barrett, “Projected Cost of the Combustion Process in
Utah Tar Sand,” Los Alamos Scientific Laboratory, Los Alamos,
New Mexico, paper presented at a Meeting of the Interstate Oil
Compact. Comm., Vail, Colorado, June 1980.



It is

have modest

carried out

39

expected that the development of Utah tar sands will

environmental effects. Studies are currently being

to assess these effects at LETC and by the BLM and

private industry. Water use is expected to be in the range of

2-4 B/B of bitumen produced.

The main environmental impacts will involve land distur-

bances and air pollution in the case of mining and aboveground

processing. As we have already noted, the large tailing ponds

required in Canada are not expected to be required for Utah tar

sands because of high bitumen recoveries and the very low clay

contents of the sands. These two factors are the principal

causes of the sludge produced in Athabasca tar-sand processing

and make the very large tailings ponds necessary. For in situ——
recovery, the main impacts will involve air pollution and,

possibly, long-range modifications of regional hydrology.



1.4 Research Recommendations on Oil Recovery from Tar Sands
Derived from Site Visits and Discussions

Site visits and discussions involving FERWG members are

summarized in Appendix B. In connection with these activities,

R&D needs were repeatedly discussed. A compilation of research

recommendations derived from these activities is given in Table

1.4-1. The topics identified in Table 1.4-1 are repeated else-

where in this report in connection with discussions of R&D needs

for specific purposes.

1,5 Selected Examples of Current Studies Relating to Oil
Recovery from Heavy-Oil Sources and Tar Sands

There is an extensive literature on many aspects of oil re-

covery from tar sands and heavy-oil sources. A useful sample of

current research may be found in a monograph published in 1977.
13

Topics include an overview of Alberta oil sands as a potential

oil “source and its geochemical history; included are the regional

and cross-sectional maps reproduced in Figs. 1.5-1 and 1.5-2, re-

spectively. K. N. Jha, D. S. Montgomery and O. P. Strausz (Ref.

13, pp. 33-54) discuss the composition of gases in Alberta bitu-

mens and derived from low-temperature thermolysis of asphaltenes

and maltenes; A. E. George, G. T. Smiley and H. Sawatzky (Ref.13,

PP. 55-77) discuss changes in chemical composition during thermal

hydrocracking of Athabasca bitumen; hydrocracking and separation

are shown schematically in Fig. 1.5-3. Laboratory studies

lROil Sand & Oil Shale Chemistry, edited by O. P. Strausz and E.
M. Lown, Verlag Chemie, New York and Weinheim 1978, Symposium
on “Oil Sand and Oil Shale Chemistry, Montre-alQu6bec, 1977.
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Table 1.4-1 Summary of research recommendations derived irom site visits and discus-
sions(compiledfromdatain AppendixB).

Applications R&D Requirements

Bitumen recovery from Development of improved ambient and hot-water digestion-
mined Utah tar sands. flotation techniques; improved thermal recovery techni-

ques; shear stresses required to separate bitumens from
sands; separation of bitumens by air flotation; solvent
extraction of bitumens.

In situ recovery of Evaluation of the relative merits of forward and of re-
=t= from tar sands. verse combustion processes; comparisons of steam drive

and combustion techniques; identification of factors de-
termining recovery efficiencies; development of quantita-
tive models to define recovery efficiencies for well char-
acterized resources;recovery and cleaning of product
waters; development of down-hole steam generators.

Generic problems common Use of coal in fluidized-bed combustors as fuel for steam
to many recovery pro- generation. Process-water purficiation; verification of
cesses of oil from tar recovery performance; scale-up to commerical sizes; up–
sands. grading and refining; minimization of steam-to-sand ra-

tios and of associated energy costs; downhole steam gen-
eration; control of heterogeneity effects.

Long-term research and Resource assessments; use of RF heating; numerical model-
novel techniques rela- ing of resource beds during recovery; scale-up of opera-
ting to oil recovery tions; coke desulfurization and processing for feedstock;
from tar sands. upgrading and refining.

Oil recovery from heavy- Assessments of long-term toxicity of chemical compounds
oil sources. used in heavy-oil recovery; production of stable foams (for

use in permeability control) at elevated temperatures; up-
grading and refining of recovered oils; mobility matclllng
to improve reservoir performance; reservoir flooding with
COZ, surfactants, Dolymers, or caustic compounds; utiliza-
tion of thermal recovery methods, fireflooding; analytical
Procedures and distillate characterization; down-hole
steam generation; water availability and purity; migration
of added chemicals through the oil reservoir; degradative
pathways for chemicals introduced in EOR; adsorption and
mobility of chemicals used in EOR.
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of fireflooding are described by D. W. Bennion et al (Ref. 13,

pp. 79-100); weight loss of heated oil sands was studied as a

function of time by P. C. Stangeby and P. L. Sears (Ref. 13,

pp. 101-118), while separation of oil sand bitumens into geochem-

ical constituents forms the subject of a study by M. L. Selucky,

T. C. S. Rue, and O. P. Strausz (Ref. 13, pp. 119-144). Micro-

bial extraction of bitumen from oil sands was examined by J. E.

Zajic and D. F. Gerson (Ref. 13, pp. 145-161), whereas R. J.

Crawford, C. Spyckerelle, and D. W. S. Westlake (Ref. 13, pp.

163-176) and 1; Rubinstein and O. P. Strausz (Ref. 13, pp. 177-

189) studied biodegradation of oil”reservoirs and its relation to

the origin of the Alberta oil sands; the degradation of aromatic

hydrocarbons by bacteria and fungi is further discussed by C. E.

Cerniglia and D. T. Gibson (Ref. 13, pp. 191-210). Other topics

considered in Ref. 13 include comparisons between natural and

synthetic asphaltenes (pp.211-222) and the nature of sulfur com-

pounds found in heavy oils, oil sands, and oil shales (pp. 223-243).

A major additional publication dealing with oil recovery

from heavy oils and tar sands has been published recently.
14 The

following representative publications dealing with R&D are in-

cluded: numerical simulation of a steam drive; identification of

critical problem areas in oil recovery from Alberta tar sands,

including cost reductions in overburden removal and handling,

Clark-process modifications to allow shortened water-recycle times

in tailing ponds, recovery from “oil-wet” sands, economical

recovery from deeply buried sands and thin zones, bitumen re-

covery from carbonates, clean-up and reuse of product water

(C. W. Bowman and M. A. Carrigy); innovative approaches for

heavy (10-22°API) crude processing, including the use of sol-

vents (e.g.,pentanes-plus) to effect 35-55% recovery with low

14UNITAR, First International Conference on the Future of Heavy
Crude and Tar Sands, Alberta, Canada, 1981.
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solvent losses, use of agents to prevent viscosity increases in

the well and production string, use of such compounds as poly-

isobutylines to serve as “slickers” in pipelining, fireflooding

with 02 or oxygen-rich air to reduce air-compression costs, meta-

bolic processes involving applications of bacteria or enzymes,

generation of open-cycle steam in a wet combustion process to

increase the ratio(product oil value/steam cost)(Z. G. Havlena);

new ways for upgrading of tars and heavy crude (F. H, Adams et

al); recovery of residual bitumen from aqueous tailings by

sparging (E. S. Hall and E. L. Tollefson); role of asphaltenes

in heavy crudes and tar sands (T. F. Yen); heavy crude oil and

tar sand resources in the U.S. (R. L. Whiting); pipeline trans-

portation of heavy oils (A. Sloan et al); fuels and chemicals

from heavy crude and tar sands (J. W. Mohlman); experimental and

mathematical modelling of in situ combustion in oil recovery (A.——
Satman et al); radiofrequency heating to recover oil from Utah

tar sands (J. Bridges et al); water conservation in a steam stim-

ulation project (M. J. Whalley and T. M. Wilson); stress and

volume changes in gas-saturated, very dense sands (M. B. Dusseault);

the chemistry of oil sand bitumen (D. P. Strausz); introduction to

heavy oil upgrading (J. M. Wilkinson).



CHAPTER 2

RESOURCE ASSESSMENTS

2.1 Introduction and Definitions

2.1.1 Introduction

The definition of tar sand is presently being consider-

ed by DOE as a hydrocarbon resource having a viscosity at

reservoir temperatures of >10,000 cp and the deposit must be

produced through mining. Heavy oil,on the other hand,has no

such clear definition. Many surveys do not include viscosity

with resource descriptions. For the purpose of this chapter,

we shall consider oils on a specific gravity basis rather than

a viscosity basis as this property is more closely related to

crude chemical properties and significance to upgrading.

Viscosity relates crudely to specific gravity though

correlations are highly scattered. Examples are provided in

Table 2.1.l-l,where we show specific gravities and viscosi-

ties of various crudes.

The significance of these data to production can be

realized by considering that at 60”F conventional crudes of

30-45”API have viscosities of only 3.5-48 centipoise and

thus require several orders of magnitude less force to

move through th,eground than would be needed for heavy crudes.

The gravities of the heavy oil or bitumen deposits ap-

pear to center around 8-12°API, but the observed range in some

reservoirs is greater or may be shifted by several degrees to-

ward lower or higher gravities. There is no generally accepted

gravity definition for heavy oil.

47



48

Table 2.1.1-1. Variations in viscosity with APIa gravities (see
Refs. 1 and 2). Modified from data in Leverson
(1956),1Carrigy ~ Kramers (1973)2and selected
journais.

Bitumen f~Om

Bradford, Pennsylvania

Rodessa, Texas

Abqaiq, Saudi Arabia

Rangely, Colorado

Walters, Kansas

Lagunillas, Venezuela

Spring Creek, Wyoming

Cold Lake, Alberta

Athabasca, Alberta

Specific
gravity

0.801

0.812

0.840

0.850

0.879

0.948

0.980

1.003

1.0-1.02

‘API
(60°F)

45.2

42.8

37.0

35.2

29.3

17.8

12.6

9.5

10.0-6.0

Viscosity 1
(centipoise)b !

(1OO”F)

2.81

3.14

3.55

4.88

17.47 “

203.50

1,276.20+

200,000C

300,000

30,005000C 1

a. In this chapter, API gravity is used as the measure of specific
gravity. High API gravity is an indication of good quality to
a refiner. Specific gravity and API gravity are related as
follows:

‘API = 141.5
sp. gr. at 60/60Dl?- 131.5 .

Thus , a crude with API = 10 has the specific gravity of water
and crude with API gravity higher than 10 will float while that
with less than 10 will sink in water.

b. One centipoise equals 1/100 of a poise. A fluid has a viscosity
of 1 poise when a tangential force of 1 dyne causes a plane sur-
face of 1 cmz area, spaced 1 cm from a stationary plane surface,
to move with a constant velocity of 1 cm/see, the space between
the planes being filled with the viscous fluid (API Bul. 228,
1941).

c. Viscosities measured at 60°F.

lA. I. Leverson, The Geology of Petroleum, p. 703, W. H. Freeman and
Company, San Francisco, California, 1956.

~~1. A. Carrigy and J. W. Kramers, editors, “Guide to the Athabasca
Oil Sands Area,” p. 213. Contribution No. 628, Information Series
65, Alberta Research Council, Edmonton, Alberta, Canada, 1973.
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.
Dietzman> defined heavy oil as having a gravity

of 25° API or less. However, much oil in the range 12-25°

API is producible “in its natural state through a well by

ordinary production methods.” In fact, still flowing giant

fields have oil with gravities of 12-20° API (e.g., in

Mexico: Ebano-Panuco, 12.5° API and exceptionally high

viscosity of about 1,500 centipoise at 122°F; Golden Lane,

average 20° API; in Venezuela: Tia Juana\Maracaibo, average

18.8° API). In eastern Venezuela, the giant Quiriquire field,

with 16.3° API oil, was initially flowing. An earlier survey

by the Bureau of Mines assessing the resource, reserve and

potential for production of heavy oils in the United States

also defined heavy oils as <25° API.4

Heavy oils as defined in this chapter include all

naturally-occurring petroleum resources having API gravities

of less than 20. Crudes of this nature generally are highly

viscous and flow only slowly unless heated. This makes them

difficult to produce and transport. Even with the least

viscous heavy oils, less than 10% of the 011 in place

can be produced by primary means (natural pressure or pumping) .

Heavy oils contain high concentrations of asphaltic components

and normally less than 50% can be distilled. These

features make them unacceptable as major feedstocks to pre-

sent-day refineries.

Waxy crudes, which are not discussed in this chapter,

have higher API gravities (generally >20). Although they

are also difficult to produce and transport, they may be up-

graded with existing technology and are acceptable major

feedstocks to present-day refineries.

sW.D. Dietzman, M. Carrales, Jr.~ and C.J. Jirik ,
“Heavy Crude Oil Reservoirs in the U.S., a Survey.” U.S.
Dept. Int., Bur. Mines, Inf. Circ. 8263, ~fashington,D.C., 1965.

4
Bureau of Mines Circular 8352 “Heavy Crude Cil - Resource,
Reserve and Potential Production in the U.S.” U.S. Dept.
of Interior, Washington, D.C., 1967.
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The above definition for heavy oils encompasses a

wide variety of petroleum resources,which have been referred

to by a number of different subclassifications.

2.1.2 Definitions of Heavy Oil Classifications

All heavy oils fall within the broad classification

of bitumen. A bitumen is defined as any petroliferous ,

naturally-occurring material which is extractable by common

organic solvents (usually CS2) from the rock in which it is

found or, when not associated with rock,it can be dissolved.

These bitumens are all dark in color (black or deep brown)

and exist as solids or highly viscous liquids at room temper-

ature.

Within the classification of bitumen, there are a

number of subclassifications which overlap; distinctions

between these have often been arbitrary. These subclassifi-

cations are summarized in Table 2.1.2-1 and are defined

below. They are listed in increasing order of desirability

as feedstocks to present-day refineries.

Table 2.1.2-1 Classification of heavy oils.

Bitumens Range of API Gravity 4 3 21

Asphaltites -15 to 5
$

Native Asphalt -5 to 12 !Il1!

Tar Sand

Oil Sand I
I

Carbonate-Oil Sand
I

Heavy Crude Oil



Asphaltites5

ally are not

in the range
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These are natural solid bitumens which gener-

associated with rock. They have API gravities

of -15°to 5°,exhibit high fusing points (>230°F),

and contain little or no distillable components. On pyrolysis

(800°C),they leave >20% carbonaceous residue (fixed

carbon) . Most materials of this type are considered to be

organic minerals and have been so named.. I?epresentative

examples are gilsonite and uintaite which are prevalent in Utah,

glance pitch (or Manjak) found in Mexico, South America

and the Mid West, and grahamite which is found in North and

South America.

Native Asphalt5 Bitumens of this type have API gravities

in the range of -5°to 12°,are generally fusible at <200°F,

and contain small amounts of distillate, They may or may not

be found in association with porous rock. Traditionally,

these materials have been used as caulking materials for boats

or for road paving. Representative examples are found in

Asphalt Ridge (Utah), Santa Cruz (California), Asphalt Lake

(Trinidad), and Guanoco Asphalt Lake (Venezuela).

Tar Sand, Oil Sand, Carbonate-Oil Sand The majority of the

heavy oils fall within this category. API gravities range

from 6°to 12°,bitumens are semi-solids or viscous liquids at

room temperature, and they contain significant amounts of

distillates. The majority of these resouces are found in

single,massive deposits. Representative examples are the

Athabasca Oil Sands of Alberta, the Orinoco Tar Belt of

Venezuela, the Melekess Oil Sands of Russia.

.

?H. Abraham, Asphalts and Allied Substances, vol. 2, D. Van
Nostrand Company, Inc., Princeton, New Jersey, 1960.
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all viscous liquids

having API gravities in the range of 10 to 20 and generally

contain >30% of distillable materials. They represent

the only subclass of heavy oils which can be produced by

primary methods (natural pressure or pumping). Generally,

primary production yields <10% of the oil in place,

Representative examples include the following oil fields:

San Ardo (California), Lloydminster (Alberta), Gels (Italy),

Ebano Pancuo (Mexico), and Boscan (Venezuela).

The significance of tar sands and heavy oils is that

they are potentially the third most abundant energy source

in the world and the largest source of naturally-occurring

petroleum. Several single deposits of heavy oils individually

contain more petroleun than the total known world reserves

of conventional light oil.6 However, they have not been

exploited.

Heavy oils were historically the first petroleum

resources to be utilized by man. Several references to the

use of heavy oil for caulking boats occur in the Book of

Genesis, and the first directly recorded uses were in 3800-

2500 B.C. by the Sumerians.5 The reason for their early

exploitation is the fact that heavy oils often occur as

natural seepages or at shallow depths.

Generally, in a given location,heavy oils follow a

rule-of-thumb that the API gravity increases with depth.

Thus, the most accessible oils have the lowest value as

sources of the petroleum hydrocarbons that are presently

6G.J. Demaison, “Tar Sands and Super Giant Oil Fields,”
presented at the 157th Meeting of CIM, Canada-Venezuela
Oil Sands Symposium, Edmonton, Alberta, May 1977.



needed. An unfortunate aspect of compositional difference

with depth is that the credibility of reserve statistics also

decreases with depth. Heavy crudes of low API gravity (10-

20 ‘API) are often disregarded in present statistical surveys

as they are often classified as unproducible by conventional

techniques. Although many heavy oils occur as massive single

deposits, within most deposits there are multiple seams or

producible zones. The oil in these zones may be from the same

or a different source and can therefore have different physi-

cal and chemical properties. Generally, lower zones

have higher API gravities and lower viscosities and are

therefore easier to produce. 7 Within a single deposit, if

one portion of the field is near the surface and another

portion is deep, the quality of the crude may vary with in-

creasing depth.8 API gravity is highest in lower levels, and

commonly the paraffin content increases with depth. Examples

of the various types of deposits and production zones in

which heavy oils are found are illustrated in Figs. 2.1+2-1

through 2.1.2-4.

Because of the complexity of multiple seams and vary-

ing quality with depth, no distinction will be made

as to the quantity of the individual subclasses or

different quality crudes found within a given geographical

location. Accordingly, the quantity of bitumen which is

found in different locations will be referred to as the amount

of oil in place and will be defined as the resource for

that location.

7F.J. Gutierex, “The Orinoco Tar Belt of Venezuela’ in Ref. 6.

8 C.W.D. Milner, M.A. Rogers and C.R. Evans, J. Geochem.
ExP1. ~, 101 (1977).
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● Sw

Fig. 2.1.2-1 Geologic cross profile, Asphalt Ridge
Area,.Utah.g

—

-.

Fig; 2.1. 2-2 ‘Schematic geologic-al E-1? cross section showing
the geological setting of the Athabasca Tar
Sands .9

Many heavy oil deposits occur in multiple zones and often in
different formations. As shown above, Wabasca consists of two
formations. San Ardor California (not shown in this figure)
similarly has two production zones. Lower lying formations
generally have higher API gravities.

9P.H. Phizackerley and L.O. Scott, “Major Tar Sand Deposits
of the World,” presented at the 7th World Petroleum
Congress ~, 551 (1967).
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crude can vary considerably with depth as biological degradation of the
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In a few instances,heavy oils occur in massive deposits of almost
pure bitumen,as in the case of asphalt lakes.
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I 2.2 Available Physical Property Data
on Tar Sands and Heavy Oils
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I
To assess the value of a given crude, physical

property data are very important. Crude oil physical

property data are scattered in a multitude of reports that I
vary from detailed analytical and processing studies10 to

a mere listing of API gravity and sulfur. Viscosity data

are very often omitted in present surveys. I

(1) A systematic accumulation of data is, however,

furnished by the Bureau of Mines as assays in the form of

a multitude of Research Investigations (RI) of various I

crudes. Data reported by the Bureau of Mines are exempli-

fied by Table 2.2-1 for 11.1 “API San Ardo, California,crude.

In addition to these printed RI, data for 9,000 Bureau of

Mines assays are available in the form of punched cards in

Fortran language for computer-manipulated searches.

(2) Another source of information is API search tapes,

including Petroleum Abstracts. References retrieved by

these searches refer only to information published in the

standard literature and do not include proprietary assay

data published by oil companies or the Bureau of Mines. I
Typical printouts are shown in Table 2.2-2.

Viscosity data,which are critical to production assess-
m

ment for heavy crudes at different temperatures, are poorly

documented. However, from available data it may be concluded

that the viscosity change with temperature is fairly uniform

for crudes with the same viscosity. Furthermore, the viscos-

ities of the majority of heavy crudes appear to respond to

‘“’’GulfKuwait Crude Oil Handbook,” Gulf Oil Corporation Re-
port No. 753RAO06, Pittsburgh, Pennsylvania, 1970.
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Table 2.2-1 A representative Bureau of Mines
data report.
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Table 2.2-2 Example of data retrievable from API tapes.

PAGE 1
PHYSICAL PROPS OF liEAVY OILS & BIT UhlENS - 76-216 (ENGLISH)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -------- -------- -- . . . . . . .

Jlti . 2?5184
11 - AVERAGE TEhlPERA:URE f.lEASUREfJENT l)J STGRAGE TANKS

AU - LCAVER R H

so - PETROL TIh!Es v ec. NO 2031. PP 3a. 41. 7/9/76

DE - “t.BGVEGROUNO ST(JR Ffl.CIl.ITY:’ AVERAGING: CALCULATING: CHANGE:
C@K~;ECTION: CtJN~’&RsION; CRUCE Ott, CICNSITY: OETECTOR: .ELECTRICAL

PROIERTY: EMPJR[CAL ANdLYSIS: ENGLISH: FLOW hlEASUR1~:G: FLOWdETER;
FLUID FLOW: GRADIENT: HEATING. HEATING COUIPMENT: ‘lNSTRLWENT;
MATHEMATICAL ANLLYSIS: MATHEMATICS: .vEASUR!~JG: OIL DENSITY;
PETROLEUh~: ●PHY>iCAL PROPERTY. POKER: PRCOUCT: “RE51STIVITY:
sOLf.R ENERGY: “5TORJ.GE FACILITY: TANK: .TENPERATURE MEASURING:
TEST PROBE: *TESTING; THERrfl~L G2AO[E?JT: THERMAL PROPERTY:
●THERMOhlETER: vISCOUS CRUOE OIL: VOLU1.!E

Ati - 22456S
TI - THEN!*?AL CHARACTERISTICS OF ANALCIKE AND 11S EFFECT ON HEAT

REQUIREMENTS FOR OIL-SHALE RETORTING
AU - JOHNSON D R: ROEEI W A: YOUNG N B

- FUEL V 54, NO 4. PP 249-252, OCT 1975 (AO)

:: - ‘AN2LCIhlE: CENOZOIC: CHANGE: “CONVERSION PRoCESS:. CRUDE OIL:

CRYSTALLIZATION. DECOX!POSITION: DEVELCJPrJENT: DISTRIBUTION: EARTti
AGE: ENERGY SOURCE: ENGLISH. EOCE~lE: C,EOLOGIC STRUCTURE: “GREEN
RIVER f!,!:hlANUFJiCTURED CRUDE OIL: ‘MINERAL; NORTH AKERIcA: ‘OIL
AND GAS RECOVER’{: ‘OIL RECOvERy: OIL SHALE: PETROLEUL1: PHASE
BEHCVIOR: PJiA5E CHAFJGE: “PHYsICAL PROPERTY: “PYROLYSIS:
RESERVOIR; “RETf)RTING: ROCK: SEDIfJENTARY ROCK: SHALE: SHALE OIL:
●SH;.LE OIL RECO”JERY: SHALE RESERVOIR: ●SILICATE hlINERAL:
SOLIOIFICATION: TEMPERATURE: TERTIARY PERIOO: THERMAL
OECGMPOSITION: ‘THERMAL, PROPERTY: UNITED STATES

AN - 2>4265

11 - Properties OF UTAH TAR SANDS: NORTH SEEP RIDGE ARE4. P.R. SPRING
DEPOSIT

- CuPKS C C): UOHN50N L A: hlARCHANT L C

;; - LARt.hlIE ENERGY fiES CENTER REP NO LERC/’RI--76/6. 19 PP. NOV 1975
(AO)

DE - ALT FUELS + ENEfiGY SOURCES: ANALYTICAL hlETHOD: ●BITUMINOUS
SANDSTONE: ●CHARACTERISTIC; COhlPOSITICJN: ‘CRUDE OIL: C)ENSITY:
●ENERGY SOURCE: ENGLISH: FLUIO PROFERTY: FORMATION THICKNESS:
MANUFACTURED CRUDE OIL: N!TROGEN CONTENT; NORTH AMERICA: ‘OIL AND
GAS RECOVERY: “OIL RECOVERY: OIL SATURATION: p R SPRING AREA:
PER%EABILITY: PERMEABILITY (ROCK). “PETROLEUM: ●PHYSICA”L
PROFERTY: PORE ‘VOLUr;E: POROSITY: POROSITY (ROCK): ●RESERVOIR
CHARACTERISTIC: RESULT: ●ROCK. “SANDSTONE: SATURATION:
●SEOIhlENTARY ROCK: SULFUR CONTENT: *TAR SAND: ‘TAR SAND OIL: ●TAR
SANO OIL RECOVERY: TESTING: THICKNESS: UNITED STAT\S; UTAH;
VISCOUS CRUOE OIL: VOLUME
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changes in temperature in a common manner. It is

unlikely to cause unusual changes in viscosity by a simple

change in the temperature of a heavy crude. However, it

has been reported that some heavy crudes are non-Newtonian

fluids and some shear stress has to be applied before

movement begins. This has been found to be very important

11 The yield point as ain pipelininq Venezuelan heavy oils.

function of temperature for a variety of heavy crudes gave

a fairly linear response for most crudes. However, in one

case (PAO-IX, a Venezuelan crude), a very sharp change in

yield point with a small change in temperature was observed.ll

This fact indicates the importance of considering other approaches

to traditional observations, e.g., ASTM viscosity, obtained

for normal crudes. It has been recommendedll that all

viscosity measurements for heavy oils should be made under

at least one standard shear rate. The viscosity is dramatically

reduced with an increase of shear rate up to 40 lbs/100 ft2;

beyond that point, little effect is noted.11 Reduction of

viscosity by blending with cutter stocks is an extensively

used and well-defined procedure in the manufacture of heavy

fuel oils from residues. However, the use of such a proce-

dure for viscosity reduction of heavy crudes is not well

defined or documented. Information of this nature should be

obtained and included in reports of crude oil physical

properties to aid in assessment potential.

Lack of critical physical data often limits

credibility of resource assessment. A recommended

physical properties to be determined on U.S. heavy

is provided in Table 2.2-3.

..

the

list of

crudes

4JR.G. Gunzalo, “Theological Behavior of Extra Heavy Crudes
from the Orinoco Petroleum Belt,” presented at Canadian-
Venezuela Oil Sands Symposium 77; Edmonton, Alberta,
May 31, 1977.



Table 2. 2-3 Desir
for h
assay

ab1
eav
da

e composito
‘y oils for
tabanks.

nal
incl

and pr
.usion

60

oduction data
in heavy crude

Geographical, Geological and Production Summary

P

,ti
!ld
io
~e
me
Cn
“

‘o
~r
F

Type of Pay Z
VT Properties
“API Gravity
Separator
Reservoir

Viscosity at

Gravi
Speci
I)isti
IBP

5
10
20
30
40
50
60
70

Fract

at

e
ic
on
,ti
-..

one

.ionfic

n

Uurcl
lmmat m
mati{ .
‘orma .on f
of Pay Zon

Rese

“rem
e

Surface

rvoir C!ond,itions

Bu
vi

Oi

Ga

,bble Point Pre
scosity at
Formation Con

1 Formation
Volume Factor

.s Formation
Volume Factor

Crude Oil Summary - Bureau of Mines Classification

ty ,
fic
hat

PCT

ion

API
Gravit
:ion

Vol Re

y, 6

cove

40Q-500F,

0\60F

red

PCT Vol

Gravity, API
Mercaptan Sulfur, F

Flash Point, F, (TAG)
Pour Point, F, (uppez
Viscosity

Kinematic, 60F (15.
100F (37.
130F (54.

‘PM

“)

6c)
8c)
4C)

Cs
Cs
Cs

!s

.d

sure

.ition

Carbon Residue, PCT
Aniline Point, “F
Sulfur, PCT WT
Hydrogen Sulfide, P
Neutralization No.,
Water and Sedim.ent~
Salt Content, pound

WT

PM
Tot
PCT
s/lo

(CCR)

al Acid
Vo1
00B

Reid Vapor Pres
Nitrogen, Total
Nickel, PPM
Vanadium, PPM
Ash, PPM
Carbon, Pet WY

ure,
PPM

pounds

Hydrogen, Pet Wt
Carbon\Hydrogen Ra.tio

Distillation Summary
Gasoline-Naphtha, IBP-
Kerosine, 392-527°F
Light Gas Oil, 527-690
Heavy Gas Oil, 690-790
Residuum, 790°F+

392°F,

“F
“F

%

s

Vc



2.3 Resources and I?eservesof Heavy Oils

2.3.1 Definitions

Estimating the amount of oil contained in the United

States is a difficult task because not all of the oil present in

the ground can be economically produced. Accordingly, at

least two

e

o

numbers need to be considered:

Resource Quantity - The total stock-tank
volume of heavy oil and tar sand remaining
in a reservoir,without regard to techno-
logic or economic feasibility of recovery.

Proved Reserve Quantity - That Dart of the
heavy oil or tar sand ~hat can ~e recover-
ed under existing economic and operating
conditions in a given year.

Another term often used is “Potential Reserve,v’which repre-

sents that part of a resource that could become proved

reserve using enhanced recovery operations (e.g., steam,

stimulation) .

The significance of the distinctions between the various

definitions becomes clear when one considers some recent,well-

documented studies of the oil found in Canada.12 The in-place

resources of Alberta are presently estimated as 2601 x 109

barrels* of heavy oil and tar sand. By contrast,the proved

recoverable reserves are estimated to be between 157 and

472 x 109 barrels.

12
C.D. Outtrim and R.G. Evans, “Alberta’s Oil Sand Reserves
and Their Evaluation,’?presented at the 157th Meeting of
CIM, Canada-Venezuela Oil Sands Symposium, Edmonton,
Alberta, May 1977.
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* In this chapter, all resources are reported in units of
billions of barrels. To put this in perspective, 1 x 109
barrels represents a volume the size of a football field
22 mi.high. The United States presently consumes over 5
billion barrels of oil each year.
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2.3.2 Resources of Heavy Oils and Tar Sands

The occurrences, quantity of resources, and histor-

ical uses of asphaltites and asphalts have been described

in detail.5 Tar sands etc. and extractable bitumens (<12

API) of the world have been extensively surveyed
3,4,6,9,12-18

and the reader is referred to these papers for detailed infor-

mation. More recently, workers at the Laramie Energy Technology

Center have surveyed the tar sands resources of the United

States. Figure 2.3.2-1 indicates the location of U.S. tar

sands and Table 2.3.2-1 provides the latest estimates of the

in-place resources of tar sands in the U.S. Figure 2.3.2-1

s%ould be compared with earlier surveys. which included all
.

accumulations of oil in shallow deposits. Figure 2.3.2-2

represents a superimposition of two such earlier surveys

conducted by the U.S. Department of Interior.3’15 These

earlier reports showed more extensive deposits, although

some of these resources were undoubtedly heavy oils rather than

tar sands as now defined.

13V.A. Kuuskraa, S. Chalton and T.M. Doscher, “The Economic
Potential of Domestic Tar Sands,”DOE Contract Number
9014-018-021-22004, Washington, D.C., 1978.

14 C.A. Koch, “Oil Resources in Tar Sand Deposits in the
United States,” DOE Order Number DE-AP-2O-8OLCO1O22, Washing-
ton, D.C.

15Ball Associates, Ltd., “Surface and Shallow Oil-Impregnated
Rocks and Shallow Oil Fields in the United States,” U.S.

of Interior,l~~~eau of Mines, Monograph 12,
_~a~;~ngton, D.C., .
‘bD. Ball, “United States Tar Sands as a Petroleum Source”,
Paper presented.at the symposium “An Assessment of Some
Factors Affecting the Availability of Oil and Gas in the
United States through 1980,” U.S. Dept. of Interior,
Washington, D.C.)March 1967.

17H
● R. Ritzma:, “Oil Impregnated Sandstone Deposits of

Utah - A Progress Report,” Interstate Oil Compact Comm.
Bull. 11, No. 2, 24-34 (December L969).—

18H
. R. Ritzma , “Location Map and Oil Impregnated Rock Deposits

of Utah,” Utah Geological and Mineralogical Survey, Map No.
33, Salt Lake City, Utah, April 1973.
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Table 2.3.2-1 Deposits of bitumen-bearing rocks in
the U.S. with resources over 1,000,000
barrels; prepared by workers at LETC,
Laramie, Wyoming.

EstimatedResources

Stateand Name of Deposit

C}:I~CRiiI).:

Zxaard
Santa Maria
Zha
South Casmalia
North Casrnalia
Richfield
Paris Valley
Sisquoc
Santa Cruz
}lcKittrick
Point Arena

California Total

KENTUCKY:
Kyrock Area
Davis-Dismal Area
Eee Spring Area

Kentucky Total

NEW MEXICO:
Santa Rosa

TEXAS:
Uvalde

~AH :
Tar Sand Triangle
P.R. Spring
Sunnyside
Circle Cliffs
Asphalt Ridge
Hill Creek
San Rafael Swell Area
Asphalt Ridge, Northwest
Raven Ridge
Whiterocks
Wickiup
Argyle Canyon
Riu,Rock
Cottonwood-Jacks Canyon
Pariette
!ihite Canyon
Minnie Maud Creek
Willow Creek
Littlewater Hills
Lake Fork
Nine Mile Canyon
Chapita Wells
Ten Mile Wash
Tabiona
Thistle
Slprinu Branch
Cow Wash

Utah Total

UNITED STATES TOTAL

(Billions of Barrels)

Low High

565
:500

141
:046
.040
.040

030
:029
.010
.005
.001

1.407

01s
:007

*

.057

.124

12.504
4.000
3.500
1.000
1.000

300
:385

100,“
.075
.065
.060
.050
025

:020
.012
.012

010
:010
.010
.007
.005
.008
.002
.001
.002
.002

23+%
24.787

2.OGO
.175

:100
.106

.Oog

3.093

.011

.037

.600

3.000

16.004
4.500
4.000
1.507
1.200
1.160

470
:125
.100
.125
.075
.075
.030
.025

:?)::
.015
.015
.012
.010
.010

008
:006
.005
.003
.002
.001

Zr-rr’3

36.243
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fields in the [Init.ed States.
from two reports (Refs. 3 & 15) ,
heavy oil accumulations, and

FiE. 2.3.2-2 Geo.~raphicallocati~n ol_heavy oil
This map illustrates the Sllperpos’ztio?? of data

which included information on heavy crude f.ields~
petroliferous rocks. Deposits in Wyoming, Oklahoma, and Kansas, although large in
areal extent, are disperse. Major deposits having high local concentrations of

m
m

heavy oils occur in Utah and California.
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Resource estimates of heavy crudes are muqh

less definitive. Heavy crudes are of particular

interest~ however~ in that some primary production (10% )

is possible with these materials and large amounts are pre-

sently being produced by thermal stimulation techniques.

Such crudes represent a larger fraction of the U.S. oil

resource than tar sands. A survey of crudes of <25 API with

some mobility in place was conducted in 1966 by the U.S.

Bureau of Mines.4 This survey further classified the resources

with respect to ease of recovery as follows:

Class 1 - Desirable characteristics for thermal
recovery operations -- sandstone reservoirs at
depths of less than 3,000 feet, greater than 10
feet thickness, stock tank oil saturations of
750 bbl\acre-ft or greater, viscosity of oil
sufficient for mobility at existing conditions.

Class 2 - Some of the above desirable charac-
teristics, but not all.

Class 3 - Only a few of the above desirable
characteristics.

For the purpose of this chapter, we have considered only those

crudes with API gravities <20. Accordingly, the.locations of

known resources of heavy crudes of the U.S. are shown in

Fig. 2.3.2-3, and their ease of production is indicated

in Table 2.3.2-2. As can be seen from the table, about 55.5

billion barrels of heavy crude (<20 API) were in place in

1966. Had we chosen crudes <25 API, the estimate would have

been much larger (106.8 billion barrels).

Magnitudes for the resources of heavy oils and tar

sands of Kansas-Missouri-Oklahoma have fluctuated dramatically

in the past few years. Estimates as high as 100 billion bbl
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PAD Petroleum Administration Division District

~ S+otesc.ntaining heavy oil that ore included jn this study

Fig. 2.3.2-3 States containing heavy crude oil included in
this study.
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Table 2.3.2-2 United States heavy crude oil resources
(less t?~an20”API with some mobility).

=2== “’’;’’’;;”:’‘eseu:cebllllons of bbl Class 1 Llass 2 Class 3

1 EastCoast o 0 0 0
(mostly Florida)

2 Illinois 0.0003 0.0003 0 0

2 Indiana o.0102 0 0 00102

2 Kansas 0.0002 0 0 0.0002

2 Mfchigan 0.0010

2 Oklahoma 0.472 0.039 0.035 0.398

3 Alabama-Mississippi 4.548 3.919 0.612 0.017

3 Louisiana 0.486 0.384 0.032 0.070

3 New Mexico 0.051 0 0 0$041

3 Texas 10.310 0.670 2.730 6.910

4 Colorado 0.010 0 0 0.010

4 Montana 0.010 0.005 0.001 0.003

4 Utah 0.633 0.616 0 0.017

4 Wyoming 1.032 0.752 0.270 0.010

5 California 36.339 29.010 3.656 3.673

5 Alaska 0.013

TOTAL: 55.546 35.396 8.734 11.416
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of oil have been made. 19 However, recent estimates by each

state’s geological survey office have tended to he much

less optimistic.

Evaluation of heavy oil and tar sands in Bourbon,

Crawford and Cherokee Counties, Kansas, by the Kansas Geolo-

gical Survey, December 1977, has indicated a resource base of

“0.200-0.225billion barrels of oil-in-place, none of which is

recoverable under 1977 existing technology and economics.

The estimates of resource size are severely downgraded from

earlier estimates due to discontinuous nature, thinness and

shaliness of the reservoir sandstone bodies.zo

An evaluation of the heavy oil potential of northeastern

Craig and northwestern Ottawa Counties, Oklahoma, by the

Oklahoma Geological Survey, June 1979, concludes that insig-

nificant quantities of heavy oil are present.21

An inventory of heavy oil in western Missouri, by the

Missouri Department “of Natural Resources, Division of Geology

Survey, September 1979, estimates that a resource of 1.4 to

1.9 billion barrels of oil-in-place is present, none of which

is considered in a reserve category under present economics

and technological parameters. 22

Many heavy oil reservoirs are presently being produced

using thermal techniques. A recent summary of U.S. thermal
23

projects is provided in Table 2.3.2-3. A similar list can

be found in Ref. 4. Table 2.3.2-4 provides some additional

and

data on the production of ,heavy crudes. The total U.S. reserves
24

estimated in 1975 were 2.6 billion barrels.

19R.T. Johansen, “Chemical and Physical Principles of Enhanced
Recovery Processes,” presented at the Fossil Fuel and Energy

~OConf. (CoNF~), Saratoga, Wyoming, July 1977.
BETC Publication #RI-77/20, Bartlesville, Oklahoma, December

~11977.
BETC Publication #1812-1, DOE #ET-76-S-031812, Bartlesville,

220klahoma, June, 1979.
BETC Publication #1808-1, DOE #ET-76-S-03-1808, Bartlesville,

230klahoma, September 1979.
~40il and Gas J. ~, 107 (April 5, 1976).
- International Petroleum Encyclopedia 1975, Petroleum Publishing
.Company, Tulsa, Oklahoma, 1975.



Table 2.3.2–3 Thermal recovery l~rojectsin the United States (Ref. 23).
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Table 2.3.2-4 Major heavy oil fields around the world24

(all crudes <20 APIO are included).

AREA, FIELD,DISC.

INDONESIA,Kitty

ITALY,Ragusa

MEXICO,Ebano-Panuco

NEUTRALZONE
WAFRA:Eocene

UNITEDSTATES
ARKANSAS:Smackover
CALIFORNIA
San Joaquin Valley:
Belridge South
13uena Vista
Coalinga
Cymric
Edison
FruitVale
KernFront
KernRiver
LostHills
McKitkrick
MidwaySunset
MountPeso
RioBravo
CoastalArea:
catCanyon
Orcutt
SanArdo
SantaMariaValley
LosAngelesBasin:
BreaOlinda
HuntingtonBeach
Inglewod
Montebello
Richfield
SantaFeSprings
Torrance

NO.
WELLS

6

30

467

220

I

2,667
1,137
2,219
746
537
349
952

4,531
1,149
952

6,027
498“
48

590
176
913
214

721
1,118
432
178
304
242
364

974
‘ROD..—

1’

2

3

7

3

0
4
6
3
1

:
27
2
7
5
3
.2

6
2
13
4

3
19
4
.6
1
.8
3

YILLIONS01
EUMULhTIV~
PRODUCTION
1/1/75

3

106

931

357

508

195
617
i633
131
113
102
135
636
119
206

1,197
168
113

174
149
274
159

344
924
297
185
165
601
182

3BL
3STIMATE[
RESERVES
1/1/75

147

90

373

3,604

21

70
32
66
24
13
11
30

850
22
43

420
21

2

48
13

104
27

1:;
25

5
16
11
18

PAY,FEET

4,000

12,460

1,450

2,200

2#000

1,042
1,800
1,899
3;(325
5,825
4,690
2,350
913
6,048
9,144
1,740+
2,616
11,611

6,000
2,700
2,150
5,738

2,698
2,100
2,200
7,650
3,000
2,117
4,400

API
GRAVITY”——

17.3-22.8

19.7

12.0

18.5

19.0

17
17-32
15-37
13-42
13-42
18-20
14-21
13
13-32
14-34
15-25
14-17
12-40

12-23
14-31
11
12-17

18-31
12-28
19-30
19-44 ,
16-25
11
14-30

, ——.. .._. ._____

continued. ..
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1.10
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2.25
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Table 2.3.2-4 (Cont.inued)

— —-—
MILL1ONS OF,BOL

.—.—— ——

CUMULATIVE ESTIMATED
No. 1974 PRODUCTION RESERVES API SULFUR

AREA, FIELD, DISC. wELLS PROD. 1/1/75 1/1/75 PAY,FEET GRAVITY“ WT%

UNITEDSTATES(con’t)

LOUISIANAONSHORE:
LakeBarre 119 5 171 49 3,400+ 10-45 0.49
LOUISIANAOFFSHORE:
WestDelta Blk. 30 216 22 312 137 2,152+ ““18-34 0.33

MISSISSIPPI,Baxterville190 7 167 60 3,158+ 12-19 2.71
TEXAS
District3:
Hull-Merchant 385 2 194 11 400
HumbleAll 413
MagnetWithersAll

1 L62 28
18-50 0.35

286
700+

3 81 44
18-44 ....

838+
RaccoonBend 135

15-59
2 92 33 900+

....

WestColumbia 193 1 150
19-39

12
.....

600+. 18-60 ....
District4:
QuitmanAll 246 3 80 29 3,980+ 16-67 ....
District8:
Dollarhide 147 6 150 60 6,500+ 18-45 ....

WYOMING
HamiltonDome 246 4 218 36 2,000 15-25 3.07

VENEZUELA
Anzoategul:Merey 252 9 17$
Monagas:

73 5,700 11.4 ....

Morichol 106 10 115 90 3,312 10.7
Quiriquire 372 722

....
768 7,200 16.4

Zulia:
....

Boscan 279 26 494 542 . 7,500 10.3 5.53
MeneGrande 310 580 588 4,132
TiaJuana 11:

18.8 2.65
1,827 2,909 1,586 3,000 18.8 1.49

——

T O T A L (nOn-U.S.) 3,800

,.
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2.3.3 Ultimate Recovery of Heavy Oils
(Proved Reserves)

In the above discussion,the term resource has been

used to designate the amount of oil-in-place. Typically,

only about on-third of this oil is recoverable by conven-

tional technology. This means that one-third of the oil

in the ground can be brought to the surface. However, in

the production of heavy oils, heat must be applied to the

reservoir to render the oil fluid. This is generally done

by the injection of steam,which also aids in pushing the oil

to the production well. This steam,in turn,is commonly

generated by burning a portion of the crude that has already

been produced. As much as 401 of the produced crude

oil may be consumed to generate the required steam. Thus ,

only 20% of the original oil-in-place would be avail-

able for sale. This saleable heavy crude oil will require

upgrading to conventional crude quality,which results in

additional losses of resource.

In the case of recovery of heavy oils by above-ground

mining of tar sands, much energy is consumed in the removal

of overburden, mining of the tar sands, and land reclamation.

This energy may have to be supplied by the crude which is

produced. Thus, only about 50% of the original heavy

oil would be recovered for sale or upgrading.

Accordingly, the province of Alberta has recently

initiated economic studies to assess the ultimate recoverable

resources and the ultimate yield of upgraded crude for

each of the major tar-sand deposits in Alberta.12 Similar

studies were recently conducted for United States tar sands

using somewhat different criteria for reserve estimation. 13

In the Alberta study,individual zones of Cold Lake

and Wabasca were treated separately. The reader is referred
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to the above-cited work for specific details. A summary of

the reported conclusions is presented in Table 2.3.3-1. A

summary of the areas of economic recoverability of Alberta

deposits is provided in Fig. 2.3.3-1. As can be seen from

the table, only a small fraction of the original oil in

place is estimated to be actually recoverable as upgraded

crude oil.

It is significant to note that the fractional re-

covery from mined sands is about twice that for in situ——
production of Athabasca sands. Thus, mining is the pre-

ferred route where possible. _In situ production from other

reservoirs in Athabasca provides very low yields of recover-

able oils (2-6%).

For economical recovery of the bitumen from a given

deposit, certain criteria must be met. The authors of the

cited paperlz have made assumptions for mineability based

on the weight percent of raw bitumen present, the overburden

thickness and the energy required for mining the bitumen.

Accordingly, they obtain a “mineability factor” which they

assume must be >5 to have an economically viable recovery.

Figure 2.3.3-1 shows the zones which meet this criterion in

Athabasca.

Similarly,when the bitumen is produced via steam

injection, a certain fraction of the crude must be burned

to generate steam. For such steaming to be economical,a

criterion of “thermal ratio” (crude produced vs. crude

burned) was developed.12 A value of four was believed to

be required for economic production. In Fig. 2.3.3-1, the

zones of economic producibility by steam for Alberta’s

tar sands are presented.

One basic flaw in these calculations is the

assumption that all forms of energy are equivalent.



FRACTION OF FP.ACTiON OF F?.ACTIO:JOF
OIL IN PLACE OIL IN PLACE ~LT’IvAYE OR IGI::AL

TOTAL ECCSO?+ICALLY ACTUALLY VLTINATE RECOVERABLE OIL IN ?LACE
P2vJmJc - RESOUFSE P.ECOVF.P-4BLE RECOVSRED BY RECOVEWBLE SYXTIIETIC
TION

cCN.5.WE3 TO
IN PLACE BY METHOD* ● PRODUCTION
bbl X109

RSSOURCE CR’JiIE 012 S7i:<TiiSTIC
?..CSOWCE hETEoD (total area] METHOD bb 1 X 109 bbl X lo~ c W.2?

A:haba SCa Strip 74.2 0.54 0.90 40.9 27.1 0.37 -
(<50 feet Mining
overburden)

Athabasca In Situ 747.9 0.205 0.431 143.0

(>75 feet Steam
110.1 0.15

overburden)

Peace River “ 91.8 0.088 0.410 2.6 2.0 0.02

Cold Lake AI “ 7s.5 O .065 0.418 1.6 1.2 @ .02

Cold Lake AZ “ 120.8 0.171 0.426 8.8 6.6 0.05

cold Lake B “ 40.3 0.100 0.412 1.9 1.4 0.03

Cold Lake C “ 34.0 0.395
Wa5asca A

. 66.1 0.236 0.397 4.8 3.7 0.06

Kabasca B . 52.8 0.370

76

Table 2.3.3-1 Ultimate recoverabilityof tar-sand
bitumen in Alberta;* from Ref.1?.

“Sot all data have been entered. These figures represent the most reasonable es txxates for
favorable ●conomic recovery of the resources . For all data and banes the reader is referred
to the original paper.
..This fiwr= rePre~ent9 that fraction of the de~sit which lends itseif to product~on by

the method being considered. Economic criteria are defined in Ref.12.
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Replacement of the energy source for the production by a

less valuable fuel (e.g., coal) could provide the same BTUS

at lower cost. This, in turn, would allow higher ultimate

yields of upgraded crude. Imperial Oil has considered coal

as a heat source in Alberta.

Similar studies in the United States,conducted under

Contract 9014-018-021-22004 for DOE in 1978,provided a detailed

analysis of the ultimate producibility of U.S. tar sands. The

authors of this report concluded that only =0.1-0.2 billion

barrels of U.S. tar sands could be recovered by mining and

-2 billion barrels of oil could be recbvered by in situ.—
techniques.

An assessment of the potential recoverable reserves of

heavy oils (<20 API with some mobility in place) was con-

ducted in 1966; at that time, estimates of 2.5 to 5.S billion

barrels of recoverable reserves were made. However, these

data did not include information on Alaskan oil. Many new

heavy oil reservoirs have been identified since that time

and it would be advisable to update these earlier figures.

2.4 Recommendations

This brief review of the resources and.reserves of

the United States clearly shows that much valuable informa-

tion is lacking on potential contributions of heavy oils

and tar sands to the future energy needs of the United States.

Resources and reserves need to be much more clearlv defined>

both in terms of resource quantity and the physical and

chemical properties of the oil-in-place. We recommend that

a systematic assessment of the U.S. tar sands and heavy ’oil

resources be undertaken. This assessment should include

enough detailed information about the criticalities in

either mining or in situ stimulation to allow reasonable——



estimates of the proved and potential reserves from all

major U.S. reservoirs. An approach similar to that taken

in Alberta12 and in past surveys in the U.S.13 is strongly

recommended. This information should be made available in

a manner similar to the Bureau of Mines crude assay data

bank (either in the form of computer cards or tapes) so

that commercial ventures can be encouraged.

79
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CHAPTER 3

PROCESS RESEARCH RELATING
OIL RECOVERY FROM TAR SANDS

HEAVY OIL SOURCES

The following discussion deals with

tar sands and heavy oil sources,

First-generation technology for oil

TO
AND

oil recovery from

recovery from tar

sands through surface mining and aboveground processing is being

practiced commercially in Canada (cf. Sec. 1.2). Considerable

work is in progress to demonstrate modified and alternative ex-

traction concepts in place of the hot water process practiced

in Canada. These operations are being conducted in large-scale

demonstration plants located in the field. The concepts involve
1

solvent extraction, incorporation of a high shear mixing step

in the hot water process, 2 and pyrolysis. 3

Laboratory testing of advanced concepts using fluid-bed

pyrolysis 4 are under way.

.
L “In California Diatomite May Yield Petroleum,” Geotimes,

March 1981; G. Karnofsky, “Solvent Extraction of Bitumen from
Tar Sands and Diatomaceous Earth,” Dravo Engineers & Construc–

2 tors
J. E. Sepulveda and J. D. Miller, “Separation of Bitumen from
Utah Tar Sands by a Hot Water Digestion-Flotation Technique,”
Technical Papers; J. R. Smith and J. D. Miller, Society of
Mining Engineers of AIME, Preprint No. 80-100, AIME Annual
Meeting, Las Vegas, Nevada, February 24-28, 1980; M. Misra and
J. D. Miller, “The Effect of Feed Source in the Hot Water Pro-
cessing of Utah Tar Sand,” Mining Engineering, March 1980; J. D.
Miller and M. Misra, “Concentration of Utah Tar Sands by an Am-
bient Temperature Flotation Process,” University of Utah, Salt
Lake City, Utah, 1981.

3 R. W. Rammler, Canadian Journal of Chemical Engineering ~, 552
(1970).

4 V. N. Venkatesam, F. V. Hanson,and A. G. Oblad, “The Thermal Re-
covery of a Synthetic Crude from the Bituminous Sands of the
Sunnyside ,(Vtah) Deposit,” First International Conference on
the Future of Heavy Crude and Tar Sands, Edmonton, Alberta,
Canada, June 4-12, 1979.



The major portion of the tar sands resource will have to

be processed by applying in situ techniques. In situ processing—— .—
has not been commercialized on tar sands and is currently limited

to field tests. Two of the ongoing projects are described in the

site visit reports on the Shell Canada test site at Peace River

(AB-7) and the Saner Ranch work of Mobil ~nd Continental Oil

(AB-5). Combustion and steam drives are being investigated.

Novel ideas dealing with radio frequency heating and combina-

tions of mining and in situ methods have also been proposed but——
have not been tested on substantial scales.

3.1 Surface Mining and Aboveground Processing of Tar Sands

The large and long-duration settling ponds associated with

the water extraction process present a challenging and serious

problem and may be needed for some U.S. tar sands. Development

work on ways to reduce the oil content of the aqueous residues

from the process should be supported at both the laboratory and

demonstration scales. It is also desirable to develop economical

methods for diminishing the settled volumes of inorganic fines in

the ponds, thereby reducing the ultimate sizes needed for the ponds.

Purification of large volumes of clarified water will generally be

a site-specific investigation. Successful fundamental studies

should provide leads relating to the effectiveness of the use of

resins , microbial action, flotation, oxidation, colloidal techni-

ques, flocculati~n, etc,

Solvent extraction of tar sands eliminates serious problems

encountered in connection with use of the settling ponds that

are needed in the hot-water Clark process. On the other hand,

the use of solvents entails the disadvantages associated with

handling large amounts of expensive, flammable solvents and the

associated augmented capital and operating costs. An item re-

quiring special attention is the reduction of hydrocarbons in
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“.

the discharge sand streams to acceptable levels in view of exis-

ting air standards. A number of industry-sponsored projects is

currently underway utilizing solvent extractions. Because of

these proprietary investigations, only fundamental research is

recommended in this area. However, the support of field pro-

jects may be appropriate when the federal government is involved

as a partner.

Thermal processing techniques,such as those proposed by

Lurgi and Taciuk, 5 as well as the use of fluid-bed technologies,

will involve the common problems of solids removal from liquids

and gases and combustion of coke on the pyrolyzed sand. Improved

methods and apparatus for implementing these processes should be

supported at both the laboratory and demonstration scales.

3.2 In Situ Processing of Tar Sands and Heavy Oil Sources.—

In situ processing has two characteristics which are funda–.—
mentally different from mining followed by aboveground processing.

These bear importantly on the choice of appropriate research top–

ics and on prospects for success. In situ recovery involves well-.—
bore technology. This statement implies that only very limited

control can be exercised over flow processes in the reservoir.

fi~thermore , it is not possible to obtain exact information on

reservoir properties and flow conditions. Secondly, it is prac-

ticed in hundreds of reservoirs. There are, perhaps, thousands

of candidate reservoirs. Each site or potential site represents

a unique situation characterized by oil properties, host-rock,

reservoir fluid, geology, resource size, etc. This diversity

means that each site or potential site has many characteristics

that require site-specific approaches. The search for a general

solution to improved in situ recovery may not be fruitful.——

5Taciuk Oil Sands Processor, Nonconfidential Disclosure and
Consultive Participation Information Brochure, Alberta Oil
Sands Technology and Research Authority and UMATAC Industrial
Processes, Ltd., April 1981.
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3.2.1 Intensive Oil and Rock Properties

Those oil and rock properties which depend on the composi-

tion but not the spatial arrangement of oil and host rock are

most susceptible to fruitful laboratory studies. Generally, this

means defining the chemistry of the reservoir of interest. Topics

for study in this category include, for instance, (a) rock miner-

alogy, (b) chemical compositions of oils, (c) interactions of

clay with caustic, (d) absorption and adsorption data on surfac-

tants, (e) reservoir brine compositions, (f) interracial tension

modification by surfactants, (g) sacrificial surfactants, (h)

oxidation processes occurring underground, (i) reservoir pressures

as functions of variables, (j) reservoir temperatures as functions

of other parameters.

In many cases, examination of intensive oil, rock, and

reservoir properties will narrow the range of possible EOR

techniques and suggest likely candidates, The thermodynamics

of oil-rock interactions has been formulated with elegance and
6generality. Unfortunately, the data tend to be highly speci-

fic to the intensive properties of the candidate reservoir under

study . Possibly, if the required data were available in many

cases, they could be used to estimate upper limits on recovery

possibilities. At present, such estimates can probably be pro-

duced to useful accuracy by rules-of-thumb or by assumption.

It has been suggested that amassing data banks covering many

reservoirs will be useful. This hypothesis seems questionable

because, since reservoir data are extremely site-specific, the

data bank may have limited general utility. At the present time,

it is still necessary that holders of individual candidate reser-

voirs develop the specific data needed for their own particular

resource.

6C. w. Bowman, “Molecular and Interracial Properties of Athabasca
Tar Sands,” 7th World Petroleum Congress, Vol. 3, pp. 583-640,
Elsevier, 1967.
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3.2.2 Reservoir Descriptions and Modeling

Real reservoirs regularly contain faults, inhomogeneities,

and other such unpredictable structures that it is not to be ex-

pected that laboratory results will be matched in the field.

Mathematical reservoir modeling has proved to be useful in rela-

ting physical descriptions of a reservoir with data on oil, rock,

and other intensive properties to suggest in situ process contro.—
strategies and to predict performance results for given control

strategies.

As the computational art has advanced, models have be-

come larger and more sophisticated. Not surprisingly, there

is a continuing demand for larger and more exact models

(which, of course, require better input data) and for more

exact resource characterization (which requires better models

to utilize the data). There is no limit, in a practical sense,

to the size and sophistication of models nor to the detail

with which data may be developed. It is, however, axiomatic

that perfect reservoir descriptions can never be had.

Each specific proposal must necessarily be judged on its

merits. Criteria such as the following may be useful:

(a) Will more data (improved resource characterization, indi-

rectly measured ~ situ diagnostics) cause a given model

to produce different results?

(b) Will an improved model formulation (e.g., more exact flow

equations) utilize data which can be obtained at reasonable

cost?

(c) Given new information (model predictions) from (a) and

(b), can this information be implemented in new and practi-

cal field operating procedures?

(d) Will the new procedures improve project economics?

If affirmative answers are not expected at the outset,
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healthy skepticism about the proposed new data and/or model-

ing seems in order.

3.2.3 Tar-Sands Processing

Because the viscosity of oil decreases exponentially as

the temperature is raised, heat injection or in situ heat gen-.—

eration in a reservoir may be desirable procedures if the re-

servoir conditions are favorable. Two methods for heating the

reservoir are steam injection and in situ combustion of hydro-.—
carbons (coke).

3.2.4 Thermal Recovery with Steam

A useful steam soaking technique is huff-and-puff steam-

ing. In this procedure, steam is injected for a period of time

into the well and the flow of steam is then terminated after

soaking. The well is subsequently put on production. For suit–

able formations, augmented production will result for an accept–

ably long period of time.

An alternative idea involves steam drive. In this pro-

cess, the steam flows into the oil reservoir through injection

wells and the reservoir oil is produced through adjacent pro-

duction wells. Formation permeability and oil saturation must

be adequate for implementation of this procedure.

The following application areas should benefit from a

field-test support program: (a) establishment and maintenance

of flows; (b) generation of lower cost steam, e.g., by fluid-

bed combustion using lower cost fuels than are produced; (c)

improvement of down-hole steam generation; (d) measurements of

down-hole steam quality; (e) determinations of benefits derived

from the use of clay stabilizers by multiple-well testing in a

sensitive fresh-water formation; (f) improved processes for re-

cycling water to the steam-generation plant or preparing the

water for disposal; (g) steam distributions to produce reductions

of channeling and of steam override; (h) the use of reduced well

spacing; (i) use of drainholes; (j) high-pressure injection of

steam into low permeability formations.
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3.2.5 Thermal Recovery with Combustion

In situ combustion methods are used in a number of varia-.—
tions. These encompass dry combustion using only air injection

and quenched in situ combustion which utilizes simultaneous or.—

alternate injection of air and water into a reservoir that sup-

ports burning. Quenched combustion produces flows of flue gases

through the formations. High-pressure, down-hole steam genera-

tion also induces flows of the flue gases through the formations.

The sequential use of reverse combustion during a prepar-

atory stage, followed by a forward combustion drive, has been

reported.

Support of field projects is desirable in each of the

following areas. (a) The development of high-temperature packers

and insulation systems merits support. (b) Steam generation in

the oil formations by means of in situ combustion and water.—

injection, with supplementary injection of fuel for in situ——
combustion, is an untested technique that may improve the

in situ generation of steam. (c) Cleanup and disposition of.—
low Btu gases and their use for cogeneration of air compress-

ion are possibilities. (d) The determination of benefits

derived from injection of oxygen-enriched air or pure oxygen

should be studied.

3.2.6 Novel Techniques

The following discussion covers some novel ideas which

may be applicable to in situ-processing. Support for these con-——
cepts at the pilot plant and field stages is worthy of considera-

tion,

A. Radio-Frequency Heating

As proposed by workers at the Illinois Institute of Tech-

nology, a pattern of bore holes is drilled at a suitable site.

This pattern of conductors is designed in such a manner that

radiofrequency energy may be applied. The formation is first
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I
heated to 100”C and,subsequently,the bore holes are converted

into injection and production wells. A hot caustic flood has

been proposed for later injection.

B. Mine-Assisted Steam Injection

Several concepts have been proposed for mine-assisted

I steam injection. A modified in situ process involves rubbliz-——
ing the formation so that in situ techniques can be used in——

I
highly permeable sections. Another idea requires drilling of

tunnels upward. Heat is injected to cause the oil to drain in-

to the tunnels. Alternatively, caverns could be mined and hori- I
zontal radial wells drilled into the formations.

9
These concepts relate especially to improved steam-con-

tacting within the reservoir bed. There are uncertainties in

every aspect of the processes involved: (i) the reservoir may

be inadeauatelv characterized and space-dependent estimates will I

not be available for porosity, oil in place, permeability, sur-

face properties, (ii) if the reservoir bed were adequately char-

acterized, the flow of the reacting fluids through the porous

beds could be described quantitatively only if constitutive equa-

tions were available under reservoir conditions; (iii) improved

in situ diagnostic procedures are needed to follow the progress——
of steam floods through the reservoir beds.

The idea that directional drilling and horizontal injec-

tion at selected reservoir depths will improve oil recovery has

practical appeal and the resulting measurements may be expected

to lead to improved reservoir-performance models.

c. C02 Huff and Puff

Alternate injection and release of C02 in a formation

with suitable integrity, both with and without steam preheating,

offers possible advantages that are worth pursuing.
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3.2.7 Process Research Relating to Heavy Oil Sources

As with mining and aboveground processing of tar sands,

EOR for heavy oil sources is commercial technology. In fact,

U.S. oil production from these sources is about twice the

rate of Canadian syncrude production.

The in situ techniques used with the tar sands are ap-——
plicable to heavy oil sources. These include thermal processes

using steam, combustion, a combination of steam and combustion,

C02 injection, etc. In addition, surfactant chemicals are

sometimes employed.

3.2.8 Fundamental Supporting Research

The following research items cover both laboratory and

field tests and apply to either or both surface or in situ pro-——
cesses.

A. Basic Clay Research

An area of research applicable to both surface and in situ.—
tar sands processing is related to the effects of fresh water

solutions on some clays. Basic research on the properties of

clays, using the best available analytical techniques and tools,

will be useful for two reasons: (a) better understanding of

clay properties should lead to reductions of oil loss in silts

and clays and consequent reductions of the sizes needed for the

holding ponds encountered in practice when the hot-water bitumen-

recovery process is employed; (b) new approaches may lead to

the stabilization of fresh-water sensitive formations containing

swelling clays.

Fundamental work should be pursued on purifying the clari-

fied process waters to make them environmentally acceptable.

>
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B. Sand Control

In practice, the present need to control the flow of sand

may represent a serious impediment to achieving lasting oil-

production improvements. Alternatives to sand control in uncon-

solidated formations should be investigated. The sand-bitumen

mixture could be produced and separated at the

method of lifting could involve a pump capable

slurry. Development work on such a pump would

surface. The

of handling a

be appropriate.

3.2.9 Transportation of Bitumen-Water-Sand Slurries

Bitumen-water-sand slurries7 have been shown to have greatly

reduced viscosities at moderate temperatures. A large scale

field test to determine the feasibility of using slurries rather

than diluents would be of interest.

3.2.10 Down-Hole Steam Generation

Each of the following R8zDprograms may contribute to bet-

ter understanding and improved oil recovery in the long-term

utilization of down-hole steam generators: (a) combustion re-

search (including equipment changes, use of preheater,

recirculation, etc.) to allow direct utilization of oil-field

crude in down-hole steam generation; (b) long-term environmen-

tal impact assessments (involving both gaseous effluents and

residue stability) with down-hole steam generation; (c) quan-

titative studies on the efficacy of mixtures of steam and com-

bustion products in enhancing oil recovery.

‘ R. Simon and W. G. Poynter, Patent No. 3,519,006 on “Pipe-
lining Oil/Water Mixtures”; Patent No. 3,425,429 to Chevron,
“Method of Moving Viscous Crude Oil through Pipeline”; R.
Simon and W. G. Poynter, “Downhole Emulsification for Improv-
ing Viscous Crude Production,” Journal of Petroleum Technology
~> 1349 (1968).



90

3.2.11 High-Temperature Packers and Insulation Systems

Material problems and studies bear on the design of pack-

ers to confine fluids in the well annulus. The high-temperature

environments under which the packers and insulations systems

must function for prolonged periods of time pose special prob-

1ems. Of particular importance is maintenance of bottom-hole

integrity with quantitative characterization of heat and other

losses.

3.2.12 Reservoir Properties Research

This program will presumably emphasize the fluid-dynamic

aspects of reservoir modeling, with particular attention to phy-

sical properties that determine

abilities and fluid movements.

,

absolute and relative perme-

3.2.13 Compatibility Studies

Transportation of the bitumen produced from in situ pro-——
cessing usually requires addition of a diluent. Compatibility

studies for projected mixtures would be useful.
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CHAPTER 4

E~VIRONMENTAL ASPECTS*

Oil from tar sands and heavy oil crudes cannot readily

be extracted because of their high viscosities at reservoir

temperatures. They are found in a variety of deposits and

display a wide spectrum of site-specific properties. The

nobilities of these oils are increased by using a variety of

heating techniques or by extraction with chemical additives.

Both in situ and aboveground treatments are used. Domestic——
reserves of heavy oil sources need to be better characterized

and are currently estimated at 110 to 125 billion barrels of

which 7.5-20.5 billion barrels appear to be recoverable at

competitive costs. Current domestic production from EOR is

about 300,000 barrels per day. Expanded production has been

restricted by economic and environmental constraints. Cur-

rent domestic production is accomplished by using in situ ~0~..—

Domestic aboveground processes are still at the model study

stage.

Most of the environmental problems can be solved through

application of existing control technologies. However, cur-

rently available control technologies may be costly. There are

areas where research would be expected not only to lessen en-

vironmental impacts but also to improve process economics. We

focus here on key environmental issues for which further research

may be expected to have a significant impact on production. Our

discussion is not meant to represent a review of all of the

many environmental problems which could be addressed. Important

issues relate to air, water and land disturbances.

*
This chapter should be read in conjunction with a recently com-
pleted NRC study entitled “Synfuels Facilities Safety,” National
Research Council, Assembly of Engineering, Committee on Synfuels
Facilities Safety, Washington, D.C., April 1982.
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4.1 Air Quality

Air-quality constraints are potentially limiting in the

use of thermal methods for enhanced oil recovery when the com-

bustion phase takes place above ground. Steam-injection tech-

nology is widely used in Kern County and air-quality considera-

tions in this area illustrate the serious nature of the problem,

If crude oil is burned as a heat source, problems may arise

from the production of SOX, NOX, particulate matter, and hydro-

carbons. Roughly one barrel of oil is burned for everv

to three net barrels of oil produced.
The sulfur contents are typically 1-1.5%. During

tion, 99% of this sulfur is converted to S02 along with

two

combus-

1% of

S03. Thus , 7.5 pounds of S02 are produced for every barrel of

oil burned. The current Kern County emissions limits are 250

tons of S02 daily.

The NOX emissions are produced, in part, by combustion

using air (thermal NOX) and, in part, from nitrogen in the fuel.

The steam generators used in Kern County have typical NOX emis-

sions of 3.5 pounds per barrel of crude burned. The total NOX

emissions from thermally enhanced crude oil production in Kern

County are about 120 tons per day. Uncontrolled emissions of

particulate matter are 0.66 pounds per barrel burned, with cur-

rent daily emissions estimated to be 23 tons per day. During

steam drive, hydrocarbons are emitted along with excess steam

from the well casing. These emissions are estimated to be 337

tons per day for all of the wells in Kern County.

There currently exist partial technical solutions to these

emission problems. The SOX emissions are most commonly controlled

by flue-gas desulfurization using exposure to a single pass through

sodium hydroxide, lime or limestone slurry, or double alkali so-

lutions. With all three of these methods, 95% reductions in

SOX are achieved, Sodium hydroxide and lime are currently in
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additional

oil-field steam generators. These methods produce

environmental problems in the disposal of the scrub-

ber waste stream, either through reinfection into the well, in

a holding pond, or another storage area. The wastes are clas-

sified under current regulations of the Resource Conservation

and Reclamation Act. Disposal sites in Kern County are rapidly

running out of capacity. The scrubbers are not cheap and they

have been estimated to contribute as much as $6-9 per barrel of

oil produced to the final product cost.

The NOx emissions are partially controlled through combus-

tion modification techniques. With some commercially available

burners, NOX emissions are lowered by 50%. These are the most

cost effective available procedures for reducing NOX emissions.

A flue gas clean-u~ technique has been developed in which am-

monia is added to reduce NOX in the gas stream at 1750°F. A

patented, commercially available system is Thermal DeNOx, which

is licensed by Exxon. This NOX removal system has a very narrow

temperature window for effective operation, as well as other

critical process variables.

Particulate emissions are currently partially controlled

by the SOX clean-up procedures. Conventional SOX scrubbers re-

move roughly 50% of particulate matter. Other scrubbers have

been designed to reduce particulate emissions by up to 90%.

Electrostatic precipitators and baghouses may also be used.

Hydrocarbon emissions can be controlled by trapping the emitted

steam at the wellhead and passing it through separators and con-

densers. The Getty Oil Company has used these systems in Kern

County with excellent results.

Since SOX emissions are currently believed to be poten-

tially limiting, they should receive priority attention. There

is a need for improved scrubber technology and this improved

technology should also be of potential benefit in other synfuels
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processes such as direct coal utilization. Current work on

down-hole steam generators should be vigorously pursued since

recent Sandia studies have shown that most of the emissions

will be trapped by the deposits underground. Down-hole steam

generation is a more efficient thermal technique than above-

-groundsteam generation and is applicable for deep deposits.

Another useful research area involves approaches for lower-

ing the sulfur contents of fuels before they are burned. This

reduction may be accomplished by using available refining tech-

nologies but the economics for this approach are unattractive.

Research on inexpensive methods for sulfur removal is a high

priority recommendation.

A 1979 study by A. Goodley of the California Air Resources

Board suggested that NOX emissions could be the constraining

element for enhanced oil recovery in Kern County. Hence, im-

proved methods should be developed for scrubbing NOX from flue

gases, including procedures for trapping the nitrogen in usable

form for applications in fertilizers and other commercial pro-

ducts .

Among priority research items, we note the need for air-

dispersion models over mountainous regions,as well quantitative

measurements of organic effluents and their toxicological char-

acterization.

4.2 Water Quality

Potential problems in enhanced oil recovery or tar sands

development are water availability and maintenance of water

quality. These are not near or even medium term problems. At

steady-state production, it is estimated that 2 to 4 barrels of

water will be used for each barrel of oil produced; for compari-

son, we note that enhanced oil recovery by steam stimulation in
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barrel.
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Lake region of Alberta involves the use of 2.5 barrels/

Because in current processes little use is made of pro-

cess waters, there are several waste streams to be

The largest of these (%1,5 barrelsibarrel) and the

to treat is the produced water, which is a mixture

disposed of.

most difficult

of condensed

steam and the usually saline waters within the reservoirs that

are contaminated by an array of not well characterized, dissolved

organic materials.

As for air emissions, it appears that water cleanup should

be achievable by using currently available technologies. Two

potential problems should be emphasized. A probable disposal

route could be reinfection into the formation through a deep well.

The hydrology of each deposit would have to be well known in

order to avoid contamination of high-quality aquifers. IIowever,

such aquifers appear to be uncommon at most recovery sites.

“ Standards are now being set, on a state by state basis, for

underground injection codes. The proposed Utah code would exempt

some aquifers from regulation but would otherwise require model-

ing and monitoring. The theoretical basis for this type of model-

ing is not well understood and there have been difficulties in

monitoring highly complex hydrological systems. Further studies

in these areas, as well as research on improving the quality of

recycle waters, are recommended.

Special problems arise with the use of alkyl sulfonates as

micellar additives. Studies coordinated at LETC*have shown ad-

verse biological effects for these materials. Investigations are

needed to define the migration and ultimate fates of these mater-

ials. Similar studies should be performed on the combustion pro-

ducts from bitumens that will be left after applying in situ——

combustion technologies.

A major problem encountered in the Canadian tar sands in-

dustry involves large, highly alkaline tailings ponds. This

problem may be absent in the processing of Utah tar sands

*
LETC = Laramie Energy Technology Center.
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according to studies performed at the University of Utah. On

the other hand, for other resources, aboveground treatments

may be used on oils bound to deposits with high clay contents.

For these, research on clay chemistry could serve to ameliorate

the settling pond problem when it arises. These investigations

should include fundamental studies of the effects of surfactants

of all types, including microbial surfactants, in enhancing

I
settling rates in tailings ponds.

A long range, fundamental program on water recycling and

cleanup, under the special conditions arising in oil recovery

from tar sands, should be started. The problem of removing dis-

solved organics is a priority concern. I

4.3 Land

We have not noted land-use problems produced by under-

ground enhanced oil recovery. Since the proposed development

of the Utah tar sands will utilize surface mining, there is

an issue of land reclamation. This problem can, however, be

readily solved with good mining practices. The sand returned

to the mine will be cleaner than the material that is originally

removed. We have not identified research needs relating to

land reclamation.
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FUNDAh~NTAL RESEARCH ON OIL
RECOVERY l?ROklHEAVY OIL SOURCES AND TAR SANDS

5.1 Basic Research Policy

A growing domestic population and continued political

and economic uncertainty associated with imported oil have

placed an increasing premium on the utilization of oil from

tar sands and heavy oil sources, as well as on all other do-

mestic energy supplies. The nature of the supply problems has

moved the government to intervene in the energy scene. This

intervention, despite current signs of a movement towards de-

tachment, is probably permanent. Against this background, the

evolution of long range, joint government-industry policy and

action in relation to energy resources are both necessary and

appropriate. It is particularly important that these joint

endeavors focus on the level and content of the basic research

program associated with the development of EOR, heavy oil and

bitumen production, and use in the U.S.A.

Basic research requires stable funding, is long range, and

is not usually addressed to the solution of near-term problems,

although it may be motivated by and relate to these. The impact

of basic research often becomes evident in social and technolo-

gical applications some 20 to 35 years after a discovery is

made. This lead time is reduced to 10 to 15 years in rare in-

stances. Such a long time span for potential payout is not an

attractive use of available funds, particularly when many short-

term opportunities for more rapid payout are generally available.

For this reason, even the most technologically advanced and re-

search oriented industries have generally chosen to put only a

small fraction (0-8Z) of their R&D efforts into basic research.

Traditionally, the investments of private industry in the energy



area in research and

with correspondingly

development

very modest

have been relatively smaller,

investments in basic research.
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This policy is puzzling in view of the fact that many recent

advances in this industry have arisen from basic research. An

example of the resources allocated to basic research is provided

by the Gas Research Institute, which is a cooperative venture

sponsored by the public utilities providing natural gas in the

Us. About 87Lof the R&D effort has been earmarked for basic

research (in 1982, about $4 million). This amount should be con-

trasted with about $Z5 billion in sales generated annually by

the U.S. gas utilities.

To enhance the level of basic research, the government can

stimulate private industry,either through incentives or by pro-

viding funds for this purpose. Without these, the level of fund-

ing for basic research on energy is not likely to be commensurate

with apparent needs and potential. It has long been known that

heavy oils and bitumens exist in quantity in the U.S.A., but it

is only in recent times that serious development efforts have

been implemented to recover these fuels. While the performance

of basic research does not guarantee technological development,

our past experience with basic research is that it is the most

cost-effective way of making significant new technological dis-

coveries.

A critical question is the level of government effort that

is reasonable. Using estimates that have prevailed historically

in the petroleum industry with respect to R&ilexpenditures rela-

tive to sales, we estimate that the oil industry will spend $30

to $60 million per year on basic research in the E@l?and tar oil

industries as these resources are phased into production. ~er-

suasive arguments can be made that a comparable sum should be

spent in a government program. Historically, private sector and

government expenditures in R&l)have been about equal.
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5.2 Examples of Basic Research Relating to Oil Recovery from
Heavy Oil Sources and Tar Sands

In this section,we list key areas of basic research. In

the following sections, we discuss some of these areas in detail.

A,

‘B.

In

Resource Characterizations:

1. properties of heavy oils and tar sands;

2. methods for resource characterizations;

3. geochemistry of oil-bearing rocks, including
the structures of clays, sands, sandstones, etc.

Reservoir Characterizations:

1. electromagnetic methods;

2. diagnostics using sound-propagation;

3. studies of elastic waves in reservoirs;

4. nuclear signatures;

5. seismic data;

6. characterizations using a multiplicity of tech-
niques.

all cases, the emphasis should be on understanding how

the measurements yield information on the structure of the porous

media and’containment of fluids. An instructive example is pro-

vided by dielectric constant measurements, for which combinations

of theory, laboratory experiments on simulated porous media, ex–

periments on rocks and ~ands, and finally field tests are required

to establish assessments for the utility of these data as a func–

tion of frequency.

c. Flows in Porous Media:

1. the theory of one-component flows in non-isothermal
porous media (for various gas-surface interaction
models), as verified by laboratory experiments;

2. flows of mixtures with two and more components
through porous media;

3. multiphase, multicomponent flows.



100

For these important studies, applicable constitutive equa-

tions are required, which must be solved with proper allowance

for thermal, diffusive and reactive processes, subject to well

defined initial and boundary conditions.

D.

E.

F.

G.

Physico-Chemical Phenomena:

1,

2.

3.

4.

5.

6.

7.

thermodynamic equilibrium data for appropriate
multicomponent systems;

thermochemical and transport coefficients;

interracial phenomena;

wetting of porous media; .,

surfactant designs and mechanisms by which they
act, including studies of emulsification;

behavior of polymers that have been added to
effect drag reductions, oil/water compatibility,
modifications of surface forces, etc. ;

interactions of chemical additives with oil-bearing
sands and rock surfaces, including especially stud=
ies of the influence of pH.

Reservoir Engineering:

1. simulation of forced flow patterns in rock matrices;

2. improvements in modeling multiphase flows in porous
media during resource recovery.

Thermal Recovery:

1.

2.

3.

in situ combustion phenomenology, with emphasis on
~a~ront propagation, wave stability, reproduci-
bility of measurements, and model validation;

steam flow patterns and steam recovery;

reservoir integrity during resource recovery, ther-
mal front mapping,- and comparisons with model pre-
dictions.

ltiaterialsProblems:

1. down-hole erosion and corrosion assessments;

2. pumps and valves for operation in high-temperature,
high-salinity environments.
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5.3 Resource Characterization

Unusual problems result from resource inhomogeneities.

There is no one characteristic or canonical heavy oil or tar

sand. There are many sources and products, varying broadly in

chemical composition and physical properties and occurring under

an extraordinary diversity of conditions and terrains. This

variability has profound effects on the technologies that may be

used in the recovery of heavy oils from a given location. A Suc-

cessful approach in one deposit does not guarantee similar success

in another, even in a nearby field.

The diversity of oil-sand materials suggests that a prime

task is establishment of major categories of heavy oils and of

sand formations, If this program succeeds, then a central sample

bank could be used to make comparisons of results obtained at

different locations. Resource classification programs of this

type exist for coal and shale. Even the conclusion that a character-

ization program cannot be developed is useful because this fact

will profoundly influence the types of work that can be done and

the kinds of results that can be expected. Of equal importance

is the need to define recovery costs in terms of resource-char-

acterization parameters.

Work on flow properties in heavy-oil deposits depends on

the physical structures of the formations, as well as on their

depths, porosities, and dimensions. It is of interest to attempt

classification according to these properties. The owner of an

oil field will be interested, almost exclusively, in his own field.

lf every field is substantially different from every other field,

a basic research program may not be fruitful.

5.4 Thermal Recovery Methods

To extract heavy oils, they must be mobilized, which is cur-

rently done by heating or by dissolution. The temperatures needed

are 100 to 200°C and higher. A variety of methods has been used
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to heat oil fields. These include steam injection, hot fluid

injection, hot COZ injection, _and in situ combustion. These

techniques are currently applied empirically. Several operators

have developed programs to model oil-field response to steam/

water treatments. At temperatures above about 350°C, heavy oils

begin to pyrolyse and release lower molecular weight gas and

fluids, as well as non-volatile chars. Pyrolysis has profound

and irreversible effects on flow properties through the deposits.

In situ combustion produces heat directly in the deposit,——
thereby obviating the necessity to transport thermal energy down

a long pipe. It also appears to reduce environmental problems

associated with power generation, since some of the exhaust gases

from the burners are absorbed in the oil formations. However,

the effects of the higher temperatures on the oil and sand, as

well as the influence of hot exhaust gases from the combustion

zone on oil-sand properties, are not well understood. A program

of study of the effects of combustion on the physical (flow) and

chemical properties of oil-sand formations should prove to be

fruitful. Common to all of these thermal methods is the trans-

port of heat by gases (steam, COZ, etc.), fluids such as hot

water, or alkaline solutions. Thermal energy transports should

be modeled quantitatively for various types of oil-sand forma-

tions and a theoretical effort aimed at improved understanding

of thermal ,transports in low-porosity media might yield substan-

tial rewards.

Theoretical modeling should be done of flow properties in

oil-sand media under treatments such as steam drive, alkaline

flooding, steam or CO drive, etc.2 Theoretical efforts should

be closely coupled to tests. The empirical approaches actually

used are often employed in the absence of detailed characteriza-

tion of the field. Thus, when they are totally or partially un-

successful, reasons for the failures are not generally apparent.
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Heating of a heavy oil deposit involves heat transport

and fluid flows under conditions of high pressure and partial

or total immiscibility. Transport of heat by conduction is so

slow that we must rely on convective heat transfer in the field.

Convection involves motion of gases, liquids or both through

the field. Steam has a vapor pressure of 69 psia at 150°C and

225 psia at 200°C. If the field pressure exceeds these values

at the specified temperatures, the steam will change to liquid

water, which is much denser, has a much greater viscosity, and

flows extremely slowly in capillaries wetted by oil.

The steam quality is an important parameter in steam-

drive techniques. A part of the problem with hot water drive

is that the water, being much less viscous than the oil, will

move more rapidly through sandstone pores which are not wetted

by oil. \4hile this is desirable for heating, it introduces the

heat in the wrong part of the formation. This area is susceptible

to theoretical analysis and detailed modeling. The steam-water

composition changes quickly and depends on field pressures

and temperatures, as well as on source temperature.

Hot COZ may have advantages over water-steam mixtures because

it is a gas soluble in oil and, furthermore, oil/C02 solutions

have lower viscosities than pure oil. However, C02 is more ex-

pensive to use,than water. In addition, COZ also moves rapidly

through the more porous parts of the field so that its use occurs

effectively in a huff-and-puff mode. lt is pumped into a closed

field without open channels.

A study of the transport properties and phase behavior of

COZ in heavy oils is essential for understanding its use.

Although some information of this type may already exist in un-

published industry reports, it is not generally available.
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5.5 Chemical Additives

Chemical additives have been used to improve the efficiency

of the steam/water drive. In principle, the mechanism of oil re-

lease by hot water is to heat the oil first in the sandstone

capillaries to the point where it expands and then flows. In

contact with hot water, the oil will tend to form droplets and

emulsions. The use of alkaline water enhances oil flows and emul-

sion formation, presumably by lowering the water/oil interracial

tension.

Water-soluble polymers have been used to increase the vis-

cosity of the water and make its flow match the oil flow. Sur-

factants have also been used to enhance emulsion formation by

lowering the surface tension of water and thus improve water-sand–

oil nettability.

A major problem with additives, including inexpensive

alkali solutions, is the high loss rate of the chemicals to the

sandstone formation. A study of the mechanism of this uptake is

important in understanding whether the losses can be diminished.

This type of research could provide important guidelines on the

potential uses of additives.

Important in all of these considerations is the realiza-

tion that many oil fields contain large amounts of brine and

other salt deposits, which may significantly influence the phase

behavior, flow and surface tensions of the oil-water-additive

systems. Studies designed to explore the interactions and mech-

anisms of additive behavior should be extended to include the

effects of locally occurring salt deposits.

One of the potentially interesting uses of additives relates

to the movement of clays and fine sand particles in heavy oil

deposits. The various fluid treatments used to recover the oil

can initiate the movement of fine sand particles in the deposit.

In general, this motion has a degrading influence on the perme–

ability of the deposit. It is important to investigate the cc)ndi–
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tions under which these phenomena are produced and to explore the

use of chemical additives which may retard the movement of fines.

Thixotropic additives are used in drilling oil wells to prevent

similar fine sand deposition,which would tend to impede or even

freeze the drilling motion. Perhaps similar additives will be

effective in heavy oil treatments.

5.6 Environmental Problems

Basic and applied research on environmental problems are

discussed in Chapter 4. Here, we note only that an opportunity

may arise in connection with the upgrading of heavy oils and

tar sand oils in relation to heavy metal contents. Vanadium

and nickel can occur in these oils in amounts up to 300 ppm.

Methods for their removal and, possibly, recovery should be ex-

plored. At 100 ppm each, there are about 0.4 oz. of nickel and

0.4 oz. of vanadium in every barrel of crude. Nickel and vana-

dium are both valuable metals. Sulfur is one of the most impor-

tant industrial chemicals. Nitrogen may lead to fertilizers.

A program to recover and use trace metals, as well as sulfur and

nitrogen compounds, could pay dividends to the fossil fuel in-

dustry and might be worth some federally sponsored effort.
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CHAPTER 6

UPGRADING AND REFIIfING

6.1 Introduction

Potential problems associated with upgrading and refining

of heavy oils and bitumens produced in various enhanced oil-

recovery and tar-sand extraction processes are very different

from those associated with synthetic crudes produced from oil

shale and coal. Colorado shale oils produced by state-of-the-

art retorting technologies are mainly distillates and are chemi-

cally and structurally different from petroleum crudes in hetero-

atom contents, particularly nitrogen, oxygen, arsenic, and iron.

Synthetic crude fractions for down-stream refining from direct

coal-liquefaction processes such as EDS, SCR-11 and H Coal are

also mainly distillates and are again chemically and structurally

different from petroleum crudes, being very high in ring struc-

ture and aromatic content and correspondingly different in hydro-

gen concentration. The heavy oils and bitumens (hereafter col-

lectively referred to as residua) discussed in this chapter are

chemically and structurally similar to many petroleum crudes,

particularly asphaltinic crudes, but may be very much higher in

resid content. For this reason, modern refining technologies

being practiced on heavy petroleum crudes can be employed with

confidence on these materials,

The major problem envisioned for a refiner facing a sub-

stantial shift in crude input to these higher resid content oils

is bottom of the barrel conversion capacity. Further discussion

in this chapter will be limited to the residuum conversion and

upgrading to produce specification transportation fuels. Up-

grading for use as power plant fuels will not be discussed.
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6.2 Residuum Conversion Alternatives

kforethan a dozen residuum conversion processes and combin-

ations are commercially practical process alternatives and may

be used for converting the bottom of the barrel (residuum) into

light products. These processes are summarized in Table 6.2-1.

Each of these listed processes has attributes and disad-

vantages, depending on the specific refinery application, viz. :

a. Visbreaking is usually the least expensive process but

provides only a modest degree of residuum conversion. Its appli-

cability is further constrained by oil-quality considerations in-

volving stability and compatibility.

b. Delayed coking is relatively easy to implement, re-

quires moderate investments, provides a high degree of conver-

sion, but may produce a large volume of low value coke. Resid-

uum desulfurization, coupled with coking,reduces the volume of

low valued by-product coke and produces mid-distillates, but it

is relatively expensive.

c. Fluid coking is similar to delayed coking in many respects

but produces higher yields. However, the coke produced usually has a

lower value and the gas oils are somewhat more difficult to refine.

d. Gasification, followed by Fischer-Tropsch synthesis and

including methanol production, is commercially feasible but expen-

sive.
e. Solvent deasphalting is an especially attractive option

for converting residua that contain very high levels (>300 ppm)

of metals. Since deasphalting is accomplished in a separation

process, the deasphalted oil must usually undergo extensive

hydrotreating and cracking before conversion to light products.

In addition, a low quality pitch is formed which may be difficult

to dispose of.
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Table 6.2-1 Residuum conversion alternatives.

Thermal processing: delayed coking, fluid coking,
visbreaking; the Japanese Kureha process which in-
volves high temperature thermal cracking.

Fischer-Tropsch synthesis including methanol
production.

Solvent deasphalting,

Residuum catalytic cracking.

Hydroprocessing, including desulfurization, hydro-
cracking, asphaltene hydrocracking.

Combined processing using combinations of the pre-
ceding alternatives.
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f. Resid catalytic cracking alone or combined with resi-

duum hydrotreating are characterized by conversion capabilities

similar to coking, but the processes are expensive, produce

large quantities of high-pressure steam, and the product is pri-

marily gasoline.

g. Catalytic residuum hydrotreating (H-Oil or L-C fining)

is relatively expensive, produces relatively low quality distil-

late products and residual tar, and some plants may have rela-

tively low operating factors.

In evaluating’residuum processing alternatives, economics

play an important role. Each of the following factors affects

the economic outcome significantly: (i) product yields and

qualities; (ii) by-products; (iii) investments; (iv) operating

costs , particularly fuel requirements ; (v) the extent of pro-

cess commercialization , i.e., the proven record of operating

success ; (vi) environmental controls. The volume of light pro-

ducts produced is particularly important in view of the differ-

entials that have existed in the marketplace between light and

heavy products.

Another important consideration is that of by-product dis-

posal, which is common to all residuum conversion processes. In

fact , the final process selection may depend upon whether or not

there is an economic outlet for the by-product. In Table 6.2-2,

we list by-products associated with the specified residuum-con-

version alternatives.

In summary, there is a variety of residuum conversion al-

ternatives available for the design of new refineries or for

modification of existing refineries. These will accommodate

substantial increases in the conversion of heavy oils and bitu-

mens to transportation fuels. All procedures have costs and

problems. The optimal cost-effective process selection will be

highly site- and project-specific.
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Table 6.2-2 Residuum conversion of by-products.

Conversion to special fuels:

a. high viscosity, high sulfur tar or pitch
from residuum hydrocracking, solvent de-
asphalting;

b. high sulfur delayed coke;

c. low to medium sulfur delayed coke;

d. fluid coke;

e. low-btu fuel gas from flexicoking,

Use of non-liquefiable by-products for energy
production:

a. steam or electric power from residuum fluid
catalytic cracking or partial oxidation.

Use for by-product upgrading:

a. low-sulfur coke from coke calcination;

b. hydrogen by gasification of tar or coke.



6.3 Research Needs

Many of the residuum-conversion alternatives, particularly

the less expensive ones not employing high cost manufactured

hydrogen and extensive hydrocracking conversion, involve some

form of hydrogen disproportination. Thus, parts of the resid are

converted to a liquid with higher hydrogen to carbon ratio and the

concurrent production of solids with lower hydrogen to carbon ratio

or of liquid by-products of marginal market value. Research pro-

grams should include both primary conversion technologies and cost–

effective recovery of energy values from by-products.

The following suggested studies could lead to the develop-

ment of more cost-effective processes;

a. llorecomprehensive knowledge is needed of the molecular

compositions and structures of residua, including bitumens. Par-

ticularly important are identifications of asphaltenes and metals

contents.

b. The mechanisms and selectivity of asphaltene conversion

reactions require study.

c. New reactions should be sought for the removal

fur and metals from residuum and by-products of residuum

of sul-

conversion.

d. The kinetics of petroleum coke gasification processes,

including the use of catalysts, should be investigated.

e. Improved catalysts are needed for residuum hydrocrack-

ing and should be sought through basic research.

f. Novel and efficient processes are needed for recover-

ing energy values from high-sulfur cokes and tars.

—
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CHAPTER 7

COSTING OF OILS FROM EOR AND

Some cost information and data

the site-visit reports.

UTAH TAR SANDS

will be found in most of

While we have not arrived at generally useful cost esti-

mations for oils from EOR and Utah tar sands, the attached

Appendix 7-I by K. E. Phillips highlights the technical areas

in which studies must be performed in order to refine cost esti-

mations prior to commercialization.

For EOR, the principal uncertainties deal with reservoir

characterization and with achievable resource recovery using di-

verse technologies.

For oil recovery from some of the Utah tar sands, primary

uncertainties deal with a possible cost advantage derived from the

use of oil-wet sands without intermediate water layers, bitumen

production with lower sulfur contents, and the possibility of elim-

inating an intermediate centrifuging step in the primary clean-up

of bitumens; a disadvantage is associated with the initial produc-

tion of Utah bitumens with greatly increased viscosity compared to

the bitumens obtained from the Athabasca tar sands.

Since EOR and bitumen recovery from Canadian tar sands are

currently commercial processes, we are not concerned with estab-

lishing commercially competitive industries but rather with cost

reductions for processes which are known to be economically

viable.
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Appendix 7-1

COSTING OF OIL FROM HEAVY OIL
SOURCES AND TAR SANDS~

A7-I.1 Application of Statistical Cost and Performance
Methodology to Enhanced Oil IlecoveryTechnologies

We first comment briefly on a previous Rand study.1 This

pioneer plants study was an attempt to design statistical methods

for (a) applying proper contingencies to conventionally derived

engineering estimates and (b) for predicting overall levels of

plant performance during the first year after startup. The sta-

tistical equations that were developed applied to projects that

were clearly capital intensive and that contained any number of

continuously linked process units, i.e. , the models were cali-

brated toward process plants.

In current form, neither the mathematical structure of

our models nor their parameter estimates are suitable for direct

application to EOR technologies. However, the logic and some of

the technical issues captured in the equations appear relevant

and suggest some reasonable directions for future EOR research.

A common structure underlying both the cost and performance

equations derives from a recognition that uncertainties can be

quantified if they can be approximated by measures of how much

is known (i.e., what has actually been accomplished) concerning

the stage of process development. A second and separate area,

relevant mainly for understanding project costs, concerns the

state of information about the physical project itself, i.e. ,

'prepareds::t:"M:;i:::l::;:+o;:;a~;::ogorpor~1700 Main~Street, .
d. Merrow, K. E. Phillips, and C, Myers, “understanding cost
Growth and Performance Shortfall in Pioneer Process Plants,”
The Rand Corporation, Santa Monica, California 90406, Report
No. R-2569, September, 1981.
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locational specifics and site requirements that must (at least

for process plants) affect the civil and structural engineering

designs and, consequently, overall project costs. The first

area can probably be addressed via statistical predictive models

for EOR technologies using information that now exists in the

literature. The second area appears to have no direct analogy

at the present time.

For our research on first-of-a-kind plants, we focused on

the level of process development to help determine the state of

knowledge about the basic conversions and unit operations going

on within the plant itself. We developed several measures to

approximate the level of process understanding including: .(a)

difficulties encountered in specifying the balance equations

for the plant; (b) problems with impurity buildups and recycle

streams; (c) problems with waste handling; (d) assessments of

the general stage of process R&D. These measures were incorpor-

ated into statistical models to isolate the cost and performance

difficulties associated specifically with unknowns about the

major conversions and unit operations within the system.

In parallel fashion, a potentially useful area of research

involving EOR technologies would first identify parameters that

are consistent and replicable from one technology to the next

and then to develop variables to approximate the stage of uncer-

tainty that remains about each relevant parameter, The latter

task presents the greatest challenge for it requires not only

isolating the critical issues governing project costs and perfor-

mance but, more importantly, it requires the development of appro-

priate measurement scales for these variables. During our re-

search on first-of-a-kind plants, the first 18 months were

required for accomplishing these general tasks.

The second area of interest, the measurement of project

definition, was found to be critical for the analysis of project

costs but not for understanding plant performance. It is in



this area that the analogy between our research and application

to EOR technologies is weakest. Our key findings showed that

the ability to estimate project costs accurately depended upon

the complete specification of the project site, along with mea-

sures of the level of engineering definition associated with

each critical site characteristic. Based on discussions with

FERWG members, the arguments presented in the literature, find-

ings presented at the DOE Contractor Conference, and preliminary

indications given at the AOSTRA meetings, it appears that, given

the current state of technology, developing an accurate horizon-

tal profile of any reservoir that is a candidate for some EOR

method is both costly and subject to considerable errors. This

fact suggests that the portion of total cost that is related

to information about the project site will be difficult to ob-

tain. Further complicating the problem is the general

relationship that exists between thorough site characterization

and the recovery of original oil in place. In other words, con-

trary to our findings for new process plants, system performance

in EOR technologies is dependent on thorou~h site characteriza-

tion,

In those areas where current information can contribute to

greater understanding through statistical models, such work

is worth pursuing. The primary difficulty is that process

aspects represent only a portion of the total information

requirements for accurate prediction of costs and ultimate re-

covery. We conclude that, when thinking about the applicability

of a statistical methodology for EOR technologies, the limita-

tions posed by reservoir characterization constitute a binding
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constraint . This statement is consistent with arguments offered

in the past.



We have no detailed data on project-specific cost estimates

for a substantial extraction and upgrading plant designed to pro-

cess Utah tar sands. Consequently, we are unable to suggest what

level of cost contingency or first year performance would be ap-

propriate for a given level of engineering and process develop-

ment required to generate a real cost estimate. It is possible,

however, to make some observations concerning the following

points: (a) the manner in which handling and processing require-

ments for Utah tar sands might differ from those of Canada; (b)

the general direction in which these differences might influence

costs .

Regarding concern about lessons from the Canadian exper-

ience, some general observations on the design differences be-

tween the Suncor and Syncrude plants might prove helpful for

isolating performance problems that derive not from feedstock

differences (since both plants process the same Athabasca sands)

but from design differences between the two units.

Cost estimates for the Suncor plant were close approxima-

tions to actual project costs. Problems were confined primarily to

performance difficulties that plagued the project during its early

years of operation. The most severe difficulties pertained to

materials handling and not to the process portions of the plant.

A notable exception involved failures in the bitumen-coke-fired

power boilers. More specifically, the large wheel and bucket

excavators suffered severe damage (i.e.,millionsof dollarsin costs)

when encountering the frozen and abrasive tar sands. Solutions

to this problem involved explosive rubblization of the seam

face in winter and designs for stronger teeth on the excavators.

Furthermore, belts used to convey the excavated tar sands suffer-

ed severe clogging and efforts to unclog them using conventional
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kerosene solvent resulted in belt destruction. Solutions here

involved the development of new rubber compounds for belt fab-

rication. All of these technical difficulties were eventually

resolved and the plant reached steady state performance at

design capacity approximately 24 months after the July 1967

start-up date.

Available information on the Syncrude unit is sketchy.

However, the known problem areas occurred at precisely those

points where Syncrude chose to deviate from the Suncor experience.

Specifically, .the use of fluid coking, as opposed to delayed

coking, and the use of drag-line in place of wheel-and-bucket

excavation, both resulted in performance problems and necessary

correction costs. The Syncrude plant, therefore, experienced

problems both in materials handling and in a major portion of

the process.

These brief comparisons lead one to expect that the mining

and materials handling operations in a Utah tar sands plant will

pose some challenges, especially if the chosen techniques deviate

from those with which there is available commercial experience.

Since these problems emerge after construction, during the first

year of startup, product costs may suffer considerably. Replace-

ment’of equipment and hardware will affect the capital cost por-

tion of the product costs, while the loss in plant performance

will drive product costs even higher.

We now address what may prove to be significant design dif-

ferences between the process portions of the Canadian plants and

those that would be built to handle Utah tar sands. The feed-

stock differences between the Canadian and Utah sands might af–

feet the plant design in three specific areas, including (a)

environmental and waste handling difficulties, (b) dilution or

visbreaking requirements for the extracted bitumen, and (c) sul-

fur-removal requirements. The environmental issues related to

tailing-pond effluents and the danger of perpetual emulsions,
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that cannot be safely disposed of, may be a lesser problem

in Utah. We expect these differences to follow from the oil-

wet character of the Utah tar sands in contrast to the water-wet

sands in the Athabasca deposit. This important difference be-

tween the two feedstocks may contribute significantly toward

obtaining the political and environmental clearances to move

ahead with this particular alternative energy source in the

United States. Furthermore, one can reasonably conclude that a

plant processing Utah sands would enjoy considerable cost savings

if the earth moving and expensive equipment for tailings pond

construction can be dispensed with.

The second issue of concern, dilution of the extracted

bitumen for viscosity reduction, may affect costs for the Utah

plant in a negative manner. The Utah sands are between 2 and 5

orders of magnitude more viscous than those in the Athabasca de-

posit . Where the Suncor and Syncrude plants achieve post-extrac-

tion viscosity reduction with simple naptha dilution, more severe

treatment might be required for handling the Utah feedstocks. An

extra process step, possibly a mild thermal cracking or visbreak-

ing, may be required to achieve the required viscosity character-

istics for further processing.

A third area of interest might involve the extent to which

a plant in Utah could reduce the costs required for the initial

cleanup of the extracted and viscosity-treated bitumen. The

Suncor plant, for example, utilizes centrifuging to remove water

and grit from the partially processed feedstock. Since Utah con-

tains oil-wet tar sands and because clays are confined to easily

detectable lenses, a processing facility located in Utah may

achieve some cost reduction by eliminating the centrifuge step.

Since the literature on process-equipment failures indicates ab-

normally high failure rates on rotating machinery, the elimina-

tion of this step could also improve long-run plant performance,

as well as reduce the costs of plant maintenance.
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A final point of interest involves sulfur-removal re-

quirements, The Utah tar sands contain only 10-13% of the

average sulfur level in the Athabasca deposits. The Canadian

plants each require two separate sulfur removal operations.

The first is accomplished when the bitumen is coked (delayed

coking at Suncor and fluid coking at Syncrude) to remove bot-

toms and heavy trace metals. The second is accomplished (at

Suncor) after the coked bitumen is sent to distillation towers

for fractionation into napthas, middle distillates and fuel

oils. In separate unifiers, each stream is hydrogenated

under pressure to remove more sulfur and also nitrogen and oxy-

gen. At Syncrude, the coke bitumen is not fractioned with

separate stream treatment but there is a sulfur-removal plant

that treats the sour fuel gas. The synthetic crude and the

coke retain the rest of the sulfur.

If a plant located in Utah were designed only for the

production of synthetic crude, the much lower sulfur levels

might justify eliminating much of the post-coking sulfur re-

moval. Perhaps a lower sulfur crude would yield lower sulfur

coke, while cleaner off gases could still be obtained. One

could , therefore, expect significant cost savings in sulfur re-

moval. On the other hand, if the Utah plant were designed to

process the crude on site, as is done by Suncor, and produce

final products, additional sulfur removal might be required.

However, some cost savings should still be realized because

of the lower severity of sulfur treatment.



EXTENSION

of Studies by the Fossil Energy Research Working Group-III

March 1, 1981 -- December 31, 1981:

OIL RECOVERY FROM TAR SANDS AND HEAVY OILS

STATEMENT OF WORK

The objective of this addition to the current program is to

conduct an independent assessment providing for identification of

research needs associated with oil recovery from tar sands and heavy

oils, using all available means for effective processing of these

resources. This work

for research programs

long-term development

and heavy oils.

is expected to include recommendations to DOE

that can best contribute to the successful

of new oil recovery technologies from tar sands

In fulfillment of the project objectives, the contractor will

be expected to work with both the academic community and industry.

The assessment will consider all of the basic disciplines involved

in the development of techniques for oil recovery from tar sands

and heavy oil sources. Members of FERWG will be expected to gain

first-hand familiarity with operational aspects of usable technolo–

gies through site visits, interviews, examination of development

studies and reports, and other means.

Typical of the kinds of long-range issues that will be addressed

are the following:

1. How much cheaper or more efficient may we expect oil recovery

from tar sands and heavy oils to be in the future, compared

with those that are now in use or under development?
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2. Can we identify the scientific and engineering directions that

will be useful in making these technological improvements?

3. What are likely near-term and long-term environmental impact

assessments for large-scale commercialization of these tech-

nologies?

4. What scientific and technical areas that are key to the success

of ongoing oil recovery R&D from tar sands and heavy oils are

still “open” areas for research and are likely to profit from

a broader or deeper look?

5* What disciplinary or interdisciplinary fields or research ideas

should be supported because they hold long-range potential for

generating innovative and useful technologies in these fields?

AA2



UNIVERSITY OF CALIFORNIA, SAN DIEGO

BSIRKELEY . DAVIS - IRVINE . LOS ANGELEs . RIVERSIDE - SAN DIEGO . SA.N FRANCISCO SANYA BARBASU . SAXTA CRUZ

ENERGY CENTER MAILCODE B-O1O
LA JOLLA, CALIFORNIA 92093
TELEPHONE: (714) 452-4284

January5, 1981

DRAFT LETTER TO REVIEWERS

Enclosed you will find a preliminary version of a report dealing
with oil recovery from tar sands and heavy oils, which has been pre-
pared by the DOE Fossil Energy Research Working Group. A very lorig
Appendix contains site-visit reports sad is not included.

In view of your aclcriowledgedexpertise in these programs, I
would greatly appreciate your reviewing the enclosed document and
commenting in writing as appropriate. We prefer responses that we
may bind and include in our final report, which will be widely distri-
buted. Any errors to which you call our attention will, of course, be
corrected in the final text. However, important omissions and differ-
ences in points of view are best handled by including your response
over your signature.

Please accept my sincere expression of appreciation for your time
and advice in preparing a document that may be of grester utility to
policy planners.

Sincerely yours,

S. S. Penner
Professorof EngineeringPhysicsand
Director,EnergyCenter
Chairman,DOE FossilEnergyResearch
WorkingGroup

SSP/in
encl.
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Oil Company

January19,

Dr. S. S. Penner

Chairman, DOE Fossil Energy Research
Working Group
Mail Code B-O1O
La Jolla, California 92093

OneShe!l Plaza
PO. 60X 2463

Houston, Texas 77001

982

Dear Dr. Penner:

I have read “Assessment of Research Needs for Oil Recovery from Heavy Oil
Sources and Tar Sands”, as requested in your letter of January 5, 1982.
In summary,my opinion is that the report contains a good description of the ,
state-of-the-art of tar sands recovery methods. It also clearly points out
the necessity to develop site-specific recovery techniques for each field case.
It does not, in my opinion, make a clear case for additional basic research.

Production from U. S. tar sands is almost non-existent. To make a case for
tar sands basic research the report would need to discuss: (1) What are the
factors that inhibit production of U. S. Tar Sands? (2) On which of these
factors could research make a difference? (for example research could not
change a lean tar sand into a richer one).

Additional analysis, such as used in section 3.2,2 would be helpful in qualify-
ing the need for research.

Much is already known about multi-phase fluid flow, heat transfer, combustion,
kinetics, interracial forces, wetting, capillarity, sandstone and carbonate
deposition, fracturing, etc. This knowledge is being used currently in
exploitation of heavy oils. You need to show how additional knowledge in one
or more of these areas would be beneficial to tar sands.

You are to be commended for attacking a difficult problem. Tar sands have been
known in the U. S. for many years. Many have tried to exploit them, yet few
have succeeded. Current higher energy prices should help. But the technical
problems remain formidable. Perhaps the work of your committee will help to
stimulate some answers.

Yours truly,

ww-..L
C. S. Matthews
Sr. Consulting Petroleum Engineer

CSM:rgb Head Office
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Department of Energy
BartlesviHe Energy Technology Center
P.O. BOX 1398
Bartlesvdle. Oklahoma 74003

Dr. S. S. Penner
Professor of Engineering Physics and

Director, Energy Center
Chairman, DOE Fossil Energy Research

Working Group
University of California, San Diego
Mail Code B-O1O
La Jolla, CA 92093

January 25, 1982

Dear Dr. Penner:

Thank you very much for providing us with the opportunity to review the
third revised draft of a report dealing with oil recovery from tar sands and
heavy oils prepared by Fossil Energy Research k!orking Group- 111A
(FERIJG-IIIA). The attached copy has been marked up for your use. In
addition, we would like to make some comments about the report.

In gerwral, the report is well written. The cne aspect of the report that

was noted and commented on by all BETC reviewers was that of prioritization.

One reviewer’s remarks that reflect those of the others is as follows:
“Important research areas are provided [by] a general ‘shopping list’
approach in the report, but are only given brief prioritization in Secticn G
of the Executive Summary. It seems that some systematic development of the
research need priorities should be provided.”

When budgets are limited, setting priorities serves a useful purpose in
establishing a research program. BETC wculd like to be involved in any
discussion of priorities for tar sands and heavy oil research that the
FERk!G-IIIAmay have in the future.

The members of the Fossil Energy Research Working Group have made a real
contribution in terms of time and thought to the preparation of this
document. We would like to express the appreciation of the Bartlesville

Energy Technology Center for this effort.

Si erely,’

k[~~

/f

!

,.,-

Aar;’ .
““- d’

~ ‘hnscn
Director (~,
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Department of Energy
San Francisco Operations Office
13~3Broadway
Oakland, California 94612

February 3, 1982

Professor S. S. Penner
Director, Energy Center
University of California
Mail Code B-O1O
La Jolla, CA 92093

Dear Dr. Penner:

Our Fossil Energy Division at Oakland has reviewed the FERWG draft
report on Heavy Oil and Tar Sands research. We believe that FERWG
has done a good job in pointing out research needs and we have no
further comments to make on the draft. Our previous comments made
on two previous reviews of report drafts are adequately covered
in the current report. Thank you for the opportunity to provide
input to your group on this very important and timely exercise.

/

/Sincerel ,“
--------. <,/ ...

“\\, A,’;<L’.... ., ,, ‘$ , . ‘ . .
-..

Gordon W. Dean, Director
Fossil Energy Division
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American Petroleum Institute
2101 L Street, Northwest
Washington, ‘D.C. 20037

202-457-7170

~1)

Ronald L. Jones
Refining Director

February 8, 1982
Ref: M-15

Mr. s. S. Penner
University of California, San Diego
Mail Code B 010
La Jolla, CA 92093

Dear Professor Penner:

We have reviewed the documents attached to your letter of
January 5, 1982, and find that technical review by the Insti-
tute is not needed. Several members of Fossil Energy Working
Group 111A lead technical activities covering tar sands and
heavy oil subjects within the Institute. Thus the use of our
review mechanism would be redundant in this case, particularly
in view of the advanced stage of development of this report.

Please do not
the Institute
We would like
Department.

interpret this to reflect any unwillingness by
to participate in future work by your group.
to participate when we can be helpful to the

Very truly your~,

An equal opportunity employer

AA7
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SCHOOL OF ENGINEERING
DEPARTMENT OF CIVILENGINEERING

March 15, 1982

Dr. S. S. Penner
University of California, San Diego
Energy Center
Mai1 Code B-010
La Jolla, CA 92093

Dear Dr. Penner: ..

I and my associates have thoroughly read your report dealing with
oil recovery from tar sands and heavy oil;’which you have prepared for
the DOE Fossil Research Energy Group. Let me say that the document is
well prepared. However, I personally feel that the following aspects
need to be stressed further.

One very important aspect is the need to characterize for heavy
oil as well as the bitumens of tar sand. In my definition, both materials
are a mixture of bitumen and oil (see my enclosed statement for the First
International Conference on Heavy Oi1 and Tar Sands). I feel that class-
ification of heavy oil and tar sands, as well as their chemical constitution
is very important for recovery. Please also refer to my suggestion at the
New York UNITAR Organizing Committee Meeting, as well as the paper presented
at the Second International Conference on Heavy Oil and Tar Sands, which
are also enclosed. The fact is ifwe understand the chemical nature of the
oil, then the recovery method can be developed accordinq to the difference

in the composition of-heavy oil. For example, an asphaltene-rich oil wi”
precipitate out and plug the pores during recovery if C02 is used.

Another point is, in some selected reservoirs, microbes may enhance
heavy oil recovery. DOE sponsors several projects related to microbial
enhancement of oil recovery. Some bacterial species are able toutilize
heavy ends. The reduction in oil viscosity supposedly leads to enhanced

1

recovery. Microbial enhanced oil recovery has also been known to occur by

other mechanisms like biosurfactant and biogas production, etc. More deta
work on characterization of heavy components needs to be done. In some
information on component properties is necessary:

1) the composition of heavy oil, and
2) the possible utilization of the heavy components by microbes.

I hope the above will be helpful in your decision making process. I
apologize for the delay in answering your letter.

Sincer ly,: ~

4/

...

+F
o ~’

[

Enclosures: as stated
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