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NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Department of Energy, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefuliness of any
information, apparatus, product, or process disciosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, mark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.




PREFACE

The objective of this work is to provide in-depth, guantitative
analysis in support of strategic planning for ERDA's Enhanced

Oil Recovery Program. The study directly addresses the guestions
of ERDA's role in RD&D in enhanced oil recovery (EOR) and the best
composition and size of ERDA's EOR program.

The report is printed in three parts:

Part 1: Overview
Part 2: The Program
Part 3: The Methodology
The analysis contained in these volumes was the principal input to

ERDA's "Management Plan for Enhanced Oil Recovery", which will be
forthcoming shortly.
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CHAPTER I
INTRODUCTION TO PART 2

The final report, Research and Development in Enhanced 071
Recovery, consists of three parts. This volume -- Part 2 -- provides
detailed analyses of the status of the technology and of the ERDA pro-
grams in each EOR technique. Part 1 provides an overview for advanc-
ing this technology. Part 3 addresses the major methodological issues
in detail.

This Chapter provides a summary of the EOR technology and
the analyzed ERDA R&D programs.

Current Status of the Technology

Enhanced oil recovery is far from a proven technology. Years
of testing have yielded only one process -- steam drive -- that approaches
being a conventionally tested technique. Even with the experience of
187 projects and with over 130 thousand acres under current development
summarized by technique and type in Exhibit I-1, enhanced 0il recovery
has advanced sTowly. The current status of the technology can be sum-
marized thus:

e EOR currently produces over 240,000 barrels per day
(including hydrocarbon miscible bUt not cyclic steam
projects).
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EXHIBIT I-1
FIELD ACTIVITY IN ENHANCED OIL RECOVERY

(Number of EOR Projects)

Acreage Under
Current

Current Development

Technical Economic Field Wide
Pilots Pilots Development
Technique Total Current Total Current Total
Steam Drive 17 13 15 14 15 15
In Situ Combustion 17 3 7 5 19 10
C02 Miscible and
Non-Miscible _ 5 4 6 6 2 2
Surfactant/Polymer 12 10 7 7 2 2
Polymer Augmented
Waterflooding 3 0 14 9 14 11
Caustic Augmented
Waterflooding 5 1 2 0 ) 0
Hydrocarbon Miscible 9 7 s s 10 8
ToTALS 68 44 57 47 &2 48

15,682

4,548

38,618

1,418

14,624

63

56,782

131,735

*This is an update to the status report on EOR provided in The Potential and

Economics of Enhanced 0il1 Recovery by Lewin & Associates, Inc., April, 1976.

While this file may not contain some current EOR projects, it contains

all that have been reported in the literature and several that are described

only in company reports submitted directly to the study.
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® Steam drive accounts for the largest portion of this
production, 110,000 barrels per day, hydrocarbon mis-
cible provides 70,000 barrels per .day; carbon dioxide
miscible contributes 40,000 barrels per day; in situ
combustion, surfactant/polymer, and polymer caustic
augmented waterflooding provide the remaining 20,000
barrels per day.

e Two important changes are underway that could signifi-
cantly influence the amounts of enhanced o1l being
produced:

-- First, several majorkoperators indicate plans for
converting their existing steam soak projects to
steam drive. This alone could increase production
by an additional 200,000 barrels per day should
West Coast environmental problems be overcome and
a market be established for heavy o0il. (Should
this occur, total EOR production would be on the
order of 400-500 thousand barrels per day.)

-- Second, due to the recent increases in natural gas
prices, few major new efforts will rely on hydro-
carbon miscible flooding. Several of the hydro-
carbon miscible projects are converting (or already
have converted) to other injection fluids, such as
flue gas or carbon dioxide. In the future, carbon
dioxide miscible flooding must fill the void created
by the retrenchment of hydrocarbon miscible flooding.
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Substantial technical uncertainty besets the application
of EOR: |

-- Unpredictable process performance in the reservoir.

-- Unreliable data on reservoir characteristics, espe-
" cially residual oil saturations and distributions.

-- Uncertain costs of application.
The uncertainties vary substantially by technique:

-~ Steam drive is approaching conventional application
in the shallow, high saturation reservoirs in which
it has typically beenkapp]ied.

-- In situ combustion, while having experienced substan-
tial testing, remains unproven and difficult to
predict.

-— Carbon dioxide miscible flooding projects have not
yet produced sufficient data to evaluate this tech-
nique's true potential. Some Timits on its appli-
cability have begun to appear.

-- Chemical processes have not fared well in the transi-
tion from laboratory to field pilot operation. Sur-
factant, polymer and caustic applications are the
least predictabie and the farthest from conventional
application.
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e Major difficulties with many techniques have been encountered
in extrapolating from laboratory results to field tests.
Demonstrations of effectiveness in the lab have not been
replicated in the field. This argues that substantial
basic research, both in the lab and in the field, is
required for the less proven techniques.

® 0Ongoing and planned research and development by industry
is concentrating on improving the effectiveness of EOR
techniques for the most favorable reservoirs which the
specific operators control. Little attention is going
toward solving the problems of less favorable reservoirs

- or toward finding generic solutions that would apply to

large numbers of reservoirs. That is, future industry
research and development will closely resemble current
pilots in the field.

e Industry's expansion plans are limited. For the foresee-
able future, industry will develop the most favorable
reservoirs and will push a portion of the technology
to conventional application. However, these develop-
ments will produce additional o0il only slowly -- after
industry's own research has made the technigues more
predictable.

The Base Case

Taking these factors into account an estimate was made of
the Base Case -- the pace of.technological development and the addi-
tions to recovery projected for industry with no ERDA programs.
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Given the upper tier price and current taxes (referred to
below as the Standard Economics Case), it is estimated that industry
will ultimately recover approximately 11.9 billion barrels through
enhanced oil recovery. Over half of this (6.2 billion barrels) will
be from steam drive. Carbon dioxide miscible will contribute almost
forty percent (4.7 billion barrels). Small additional amounts will
be produced using in situ combustion (0.9 billion barrels) and polymer
waterflooding (0.1 billion barrels). Under these economic conditions,
no production from surfactant is expected. The majority of ongoing
projects using this process are uneconomic, a fact recently confirmed
by several operators of major surfactant projects.

Exhibit I-2 shows the production rates for the Base Case under
Standard Economics conditions. In 1985, the production rate will be
just under 600 thousand barrels per day. The production rate stays at
this level through 1990, then declines slightly to 550 thousand barrels
per day. Steam drive continues to produce at approximately its current
rate throughout the period of interest, due primarily to the constraints
imposed by environmental and market considerations in California. The
rate for carbon dioxide miscible rises steadily until 1985, when it,
too, becomes constrained, in this case by the Timited supply of carbon
dioxide. The rates for combustion and polymer rise until 1985, then
stabilize as the number of candidate reservoirs becomes exhausted.

Exhibit I-3 shows the cumulative production for the Base Case.
By 1995, given the current constraints on EOR production, less than one
third of the ultimate recovery - 3.7 billion barrels -- will have been
produced. ‘
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EXHIBIT I-2

1000 . EXPECTED PRODUCTION RATES FOR THE INDUSTRY BASE CASE
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4 //POLYMER WATERFLOODING
S00 L
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Should price/tax contingencies other than those assumed in
the Standard Economics Case come about, these estimates would change
somewhat (see Exhibit I-4).l/' If EOR projects were afforded less
favorable -tax treatment (the Lower Bound Case), ultimate recovery
would decrease slightly. If prices were to rise from upper tier to
the world o0il price level of $13.00 per barrel (as in Cases 2 and 4),
ultimate recovery would increase by about ten percent. At these price
levels, the surfactant/polymer technique would become economic in the
more favorable reservoirs. If the price were to rise still further,
to the price of alternate fuels, assumed to be $20.00 per barrel (shown
in the Upper Bound Case), then ultimate recovery would rise to approxi-
mately 17 billion barrels.

More favorable tax/price conditions not only yield addi-
tional ultimate recovery, they accelerate the rate of production (see
Exhibit I-5). At world oil prices and favorable taxes, the 1990 pro-
duction rate increases only slightly over the Standard Economics Case;
but, at alternate fuels prices, the production rate increases by fifty
percent. Moreover, at the higher prices, production rates continue to
escalate through 1995 rather than experiencing the slight decline noted
in the Standard Economics Case.

The increments in Cases 2 and 4 (world oil price) are due to
slightly increased in situ combustion and polymer production, coupled
with slowly climbing production from the surfactant process. For the
Upper Bound Case (alternate fuels prices with favorable taxes), the
additional production results from significant increases from the
surfactant process. ‘
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EXHIBIT I-4
SENSITIVITY OF INDUSTRY BASE CASE EXPECTED ULTIMATE RECOVERY
To PRICE/TAX CONTINGENCIES

POLYMER WA‘:TERFLCDD ING

SURFACTANT/ SURFACTANT/
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.0 POL.YMER
15.04 POLYMER POLYMER POLYMER Y
WAT WA DODING
WATERFL OODING ERFLOODING TERFLOODI
n POLYMER
E WATERFLOODING
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o] DIOXIDE DIOXIDE DIOXIDE DIOXIDE
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s
o 5.0.4.
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1400 £ EXHIBIT I -5
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The ERDA Program

Given the extensive technological and economic uncertainties,
industry's current plans for EOR research and development are limited,
Teaving numerous opportunities for expanded R&D. The opportunities
arise from several factors:

e The research and development in enhanced oil recovery
are costly. Moreover, many of the benefits of this
research could not be internalized by the company that
bears the costs; the benefits would flow to all opera-
tors with similar reservoirs, while the costs would be
borne by only a few. '

o The benefits of the required research and development
are 1ikely to occur far in the future, so that in a
private company's present value terms, they are severely
discounted.

e Relative to the large front end costs and the distant
and uncertain benefits, industry currently has more
attractive investment opportunities, both within and
beyond the petroleum field.

Under these circumstances, publicly sponsored research and
development that complements, not duplicates, industry's ongoing and
planned research could well provide the catalysts to make otherwise
unexploited EOR opportunities more attractive to industry. Public
R&D can stimulate industry to develop more of the reservoirs that
would otherwise be deferred or left fallow, resulting in either greater
ultimate recovery, accelerated production, or -- most likely -- both.



The analytic approach used in identifying the most promising
of these research opportunities consisted of: (a) examining the major
reservoirs of the U.S. relative to their technical and economic poten-
tial for EOR application, (b) identifying the research and development
achievements necessary to develop and produce these reservoirs, and
(c) analyzing the breakthroughs and future applications likely to be
achieved by Industry (these formed the Industry Base Case described
above). This left a number of potential areas where ERDA's research
and development might stimulate Industry activity.

Exhibit I-6 displays these target areas of opportunity (com-
binations of techniques with reservoir types) -- and R&D strategies
(generic classes of research achievements) -- that resulted from this
analysis. Entries in the table denote the relevant strategy that must
be pursued for each specific target to be made attractive to industry.
For each such intersection of a target with an R&D strategy, an ERDA
program was defined. The entries on the Exhibit, e.g., SD-1, are the
designations for the ERDA programs used in subsequent chapters.

For these programs, more detailed objectives and activities
were developed, and the costs of these activities were estimated. Exhibit
I-7 displays these program activities in physical units (person—years
and field projects), over the next five years. Considerable emphasis
is p]acéd on verifying the resource base (through measurement, data
base acquisition and analysis) and a laboratory based, fundamental
research effort. These two activities are intended to reduce the
major uncertainties that contribute to the current level of technological
risks in EOR and to develop improved processes for the future. As the
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EXHIBIT I-7. ERDA PROGRAM ACTIVITIES IN PHYSICAL UNITS

5-YEAR
ACTIVITY 1977 | 1978 | 1979 |i1980 |1981 | TOTAL

1. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):

A. RESIDUAL CIL MEASUREMENT & IMPROVED

MEASUREMENT TECHNIQUES 8.3] 3.3 1.7 1.7 15.0
RESERVOIR DATA BASE .3} 3.0 1.0 12.3
RECOVERY MODELS © 11.3]13.5 11.5  10.5 3.5 50.3
D. ECONOMIC & OTHER FEASIBILITY STUDIES 15.8118.0 9.5 5.0 2.0 50.3
E. PROCESS/FIELD TEST EVALUATION 3.3] 3.0 3.0 1.0 1.0 11°3
II. CONDUCT NON-FIELD BASED RESEARCH AND
BEL ATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY © 54.31 76.7 76.7 -} 64.0 | 52.0 |323.7
FLOW STUDIES 49,0}108.0 }126.0 |126.0 ] 99.0 (508.0
C. FIELD LIAISON & ENG. STUDIES 35.9| 53.5 49.8 | 36.8 | 34.5 }1210.5
D. LAB EQUIPMENT & FACILITIES * * * * * * *

I11. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMINSTRATIONS (PROJECTS):

A.  TARGET IDENTIFICATION/FIELD

SUPPORT/MATERIALS * * * * * *
B. MINI-TESTS 4 1.0| '15.0 12.0 | 1.0 29.0
C.  TECHNICAL PILOTS & 1.0} 4.0 1 1.0 6.0
D.  ECONOMIC PILOTS & 8.0 1.0 1.0 10.0

IV. TRANSFER & SUSTAIN EOR TECHNOLCGY
THROUGHOUT INDUSTRY (PERSON-YEARS):

A. PROVIDE TECHN. TO INDEPENDENTS

B. SHARE INDUSTRY/ERDA DEVELOP.

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.

= 111 B,C,D: FIGURES SHOWN ARE FOR PROJECTS STARTIMNG IN EACH YEAR: MANY PROJECTS LAST
MORE THAN A SINGLE YEAR. (SEE. DETAILED CHARTS FOR INDIVIDUAL PROGRAMS., )
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results of these measurements and basic research efforts become avail-
able, the emphasis shifts to mini-tests to confirm that extrapolation
from laboratory conditions to the actual reservoir is viable. The
results of such tests afe then fed back into the analysis and labora-
tory efforts to validate or modify the basic models and process designs.
Limited use is made of economic scale pilots except where the urgency

of the reservoir conditions precludes the careful sequence of laboratory,
mini-tests and technical pilots. The general principle applied in the
analysis is that industry, given the appropriate support and economic
situation, will conduct the economic pilots and commercial development.

In estimating the costs of individual programs, it was assumed
that all person-year costs in activity Categories I, II and IV were fully
borne by ERDA. In Category III, field-based research, tests, and demons-
trations, a variable rate of cost-sharing between industry and ERDA was
applied. ERDA would be responsible for all target identification acti-
vities, but the rate of sharing for mini-tests and pilots varied in pro-
portion to the risks involved. In all cases, industry supplies, in kind,
existing lease developments, equipment, etc., these in-kind costs have
not been included in estimating the costs of field projects. Beyond these
contributions, industry's share ranges from zero to fifty percent of incre-
mental, out-of-pocket costs, with ERDA assuming the balance. For example,
industry's share would be 25 percent for the pilots involved in improving
recovery efficiency of steam drive in shallow reservoirs, but would be
50 percent for attaining acceptable oil/carbon dioxide ratios in high
saturation carbonate reservoirs. Given the variable in-kind contribu-
tions, these assumptions are in accord with ERDA's guidelines for cost-
sharing with industry.



Exhibit I-8 shows the costs of these programs in current
(1976) dollars. The cost per year of the programs roughly doubles
over the first three years, peaks in 1980, then declines. The total
cost for the five-year period is about 260 million dollars, of which
the ERDA portion is approximately 244 million dollars.

While it seems reasonable that a successful execution of
these programs will stimulate industry to increase ultimate recovery
and to recover the oil at a more rapid rate, there is considerable
uncertainty as to the likelihood of achieving the R&D objectives.

Thus, the estimates of potentia1 recovery and production were reduced
by using an expectation of success for each program. Appendix A to
this chapter shows the expected production stimulated by each program.l/

Given upper tier priCés and current tax provisions (the Stan-
dard Economics Case), the expected ultimate recovery attributable to
stimulation by the ERDA programs is estimated at 14.3 billion barrels.
Added to the anticipated recovery by industry alone, 11.9 billion
barrels, expected ultimate recovery from EOR reaches 26.2 billion barrels.
The ERDA programs combined with industry activity stimulate about a
doubling of the industry-alone production in steam drive, carbon dioxide
miscible, and polymer waterflooding. Surfactant/polymer flooding
becomes feasible in the most favorable reservoirs, contributing one
billion barrels to the total and a slight increase is realized from
in situ, about 0.1 billion barre]é. The special target reservoirs --
Spraberry Trend, Prudhoe Bay, Elk Hills, and offshore Louisiana --
together add about two billjon barrels to expected ultimate recovery.

1/ See Chapter II of Part 3 for a discussion of the approach used
for deriving the individual values for expectations of success.
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EXHIBIT I-8. ERDA PROGRAM COSTS —- FIVE YEARS

(THOUSANDS OF 1976 DOLLAR COSTS)

5-YR.
ACTIVITY 1977 | 1978 1979 | 1980 | 1981 | TOTAL
I. VERIFY RESOURCE BASE AMD REDUCE
ENG,ZECCH . UNCERTAINTY )
A. RESIDUAL OIL MEASUREMENT & s
IMPROVED MEAS. TECHNIQUES 500 200 100} 100 - 900
B. RESERVDIR DATA BASE 495 180 60 - - 735
C. RECOVERY MODELS - 745 830 590 780 ] 280} 3225
D. ECONOMIC & OTHER FEASIB. STUDIES 9451 1080 570} 300 120§ 3015
E. PROCESS/FIELD TEST EVALUATION 210 180 180 60 60 690
IT. CONDUCT NON-FIELD BASED RESEARCH
AND RTLATED ACTIVITIES
A. RECOVERY PROCESS BENCH STUWDIES )
AND ' THEORY 3260 4615 4600} 3840 3120 | 19435
B. FLOW STWDIES 3180 ] 6480 7560} 7200 6060 | 30480
C. FIELD LIAISCN & ENG. STUDIES 2337 | 3735 3350 | 2425 2250 | 14097
D. LAB EQUIPMENT & FACILITIES 4510 | 10000 6725 | 3950 2500 | 27685
I1I. COMDUCT FIELD BASED RESEARCH,
JESTS AND -DEMDNSTRATIONS
A. TARGET IDENTIFICATION/FIELD ; ;
SUPPORT/MATERIALS 7350 11350 7300 | 6800 2500 35300
B. MINI-TESTS 1500 | 5000 | 18250 Ezsoo 19250 |66500
C. TECHNICAL PILOTS 1000 | 6000 6000 | 7500 7000 |27s500
D. ECONOMIC PILOTS 500 | 1500 7500 | 8500 | 11500 |29500
IV. TRANSFER ¢ SUSTAIN EOR TECHNOLOGY
JHROUCHAUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS.
: . - 90 165 90 210 555
B. SHARE INDUSTRY/ERDA DEVELOP. o
TOTAL ‘26532 [51240:) | 62950 {64045 | 54850 259617
ERDA SHARE 24827 47365 | 58905 }60205 | 52725 244117
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Exhibit I-9 shows the expected production rate induced by
the ERDA programs under the Standard Economics Case. Because these
are increments to the Industry Base Case, they are shown as augment-
ing the production rates achieved without ERDA's stimulation. (Each
Tine is added to the next lower line.)h By 1985, total expected daily
production reaches 1.7 million barrels per day. By 1990, it rises
to nearly 2.6 million, and by 1995, the rate is 2.9 million barrels
per day. Steam drive and carbon dioxide miscible contribute the
~majority of the production. |

Exhibit I-10 shows the cumulative production in response to
ERDA stimulation (again under the Standard Economics Case). Cumulative
recovery by 1985 more than doubles over the Industry Base Case. By |
1990, almost three times as much has been produced and by 1995 cumula-
tive production reaches 13 billion barrels, nearly three and a half
times as much as would have been obta1ned in the Industry Base Case
alone. Even with this acce]erat1on, nearly half of the total expected
ultimate recovery remains, indicating substantial recovery for the
twenty-first century.

Economic conditions different from upper tier prices at $11.63
per barrel and current tax provisions (as assumed in the Standard Econo-
mics Case) would significantly affect these outcomes. Exhibit I-11
displays the effects of the price/tax contingencies analyzed in this
study on the total expected ultimate recovery. Contrasting the Standard
Economics Case to the Lower Bound Case shows that ultimate recovery is
reduced about eight percent, primarily by requiring the cap1ta11zat1on
of injected materials. The effect is strongest, of course for carbon
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dioxide and surfactant processes. Raising prices from upper tier to
world o0il price levels of $13.00 per barrel, as in Case 2, increases
expected ultimate recovery by nearly fifteen percent, from 26 to 30
billion barrels. Adding an improved investment tax credit, Case 4,
appears to have negligible effect. Applying further increases in

~ price, up to the alternate fuels price of $20.00 per barrel (the
Upper Bound Case) increases ultimate recovery to 37 billion barrels.

Exhibit I-12 shows the influence of three selected price/‘i

- tax contingencies on the EOR production rate. Higher prices have
negligible effect before 1980. After that time, however, the higher
the price, the more rapid the rate of production. At world oil prices,
the 1990 production rate increases by about one-third, from 2.6 million
barrels to 3.4 million barrels per day. Moving to alternate fuels
price will provide about 4.3 million barrels per day.

Structure of Part 2

The remainder of Part 2 describes these results in greater
detail. It is organized according to the five major techniques, with
the final chapter devoted to the special R&D targets.

Fach chapter discusses the current activities and the status
. of the technology. These are then translated into quantitative esti-
mates of the Industry Base Case -- projections of industry production

~ without the stimulation of an ERDA program. The ERDA programs are

then defined and analyzed in detail for these techniques. Projections
of potential and expected production are presented, along with cost-
effectiveness indices for each program. Finally, the Industry Base
Case and the production attributable to ERDA's stimulation are analyzed
for their sensitivity to price/tax contingencies.
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CHAPTER II

STEAM DRIVE

SECTION A: GENERAL DISCUSSION

Description and Current App]icatibn of the Technology

Of all the EOR processes, steam drive comes closest to being
considered a proven and widely used technique. Sufficient empirical
information has been accumulated and disseminated in the engineering
literature to allow steam drive to approach conventional usage.

The first modern attempt to use the steam drive technique
occurred in Venezuela in the late fifties. The test was aborted when
it was found by accident that the steam soak injecting steam into a
well, then stopping and resuming production from the same well, was a
more useful and profitable technique for accelerating oil production
from heavy 0il reservoirs. The steam soak (or cyclic steam), however,
is generally limited in the amount of the reservoir the steam can con-
tact and as a result recovery efficiency from the entire reservoir is
Timited.

Steam drive involves the injection of steam into a set of
injection wells and the production of 0il from another, offsetting
pattern of producing wells, much as in waterflooding. The steam works
by dehydrating and de-0iling the reservoir adjacent to the injection
well, and driving the water and o0il ahead to form an o0il bank ahead
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of the steamed out zone. The oil bank under ideal conditions is driven
ahead, increasing in size, until it is produced at the offsetting pro-
duction well. In actual operation, it is difficult to maintain the
stability of the steam zone in back of the bank, and eventually steam
breaks through into the producing well. Following steam breakthrough,
0il production may be continued for some time by reducing injection
rates and pressure, and the steam will now act to "drag" the heated

0il into the producing wells.

Industry activity in using steam drive can be summarized in
terms of past and current steam drive projects, as shown below in
Exhibit II-1. |

EXHIBIT II-1

Steam Drive Activity Summary

Technical Economic Fieldwide
Pilots Pilots Development
Total Current Total Current Total Current

Projects 17 13 15 14 . 15 15
Reservoirs 13 9 12 8 11 11

In addition, current activity is characterized by the follow-
ing facts:
e Currently, 15,682 acres are under development.

e The majority of projects and by far the majority of
the acreage under steam drive are in California.



® Additional field activity occurs in Arkansas, Louisiana,
Texas, and Wyoming, but is mostly early in development.

e In 1975 the use of steam drive provided over 100,000
barrels of oil per day, mostly in California.

® Current project activity is in relatively shallow
reservoirs. No fieldwide development or economic
pilot is deeper than 2300 feet. Only one technical
pilot has gone as deep as 2500 feet.

® Steam drive projects tend to be in thicker pays bear-
ing heavy viscous but flowing oils.

Even for such ideal reservoirs, the instability of the steam
zone results in part of the formation being swept by hot water. This
problem is compounded in that the current practice is to inject steam
of less than 100% quality. Considerable problems exist in generating
high quality steam with available brackish waters. As a result the
injected steam segregates into hot water and live steam in the well
bore and in the formation immediately at the start of the process,
the water sweeping through the bottom part of the reservoir. The frac-
tion so swept depends on reservoir and operating characteristics. The
research problems associated with steam drive are further discussed
below.

Problems and Opportunities

The current technological status of and industry activity
in steam drive is characterized by numerous constraints that impede
its maximum utilization. Thus, even this relatively proven process
presents numerous research opportunities:
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1. The areal sweep of a steam drive in any single, relatively
uniform sand is very high. This occurs despite the apparent poor
mobility process. However, vertical sweep is affected by heterogenei-
ties in the sand package, in fingering through depleted zones, and by
the segregation of the vapor and steam condensate. Since the steam
condensate is not as effective a displacement agent as the steam vapor
(i.e., it does not reduce the residual saturation to as low a value),
the overall reservoir recovery is limited. Displacement and sweep
efficiency might be improved by introducing substances mixed with steam,
alternating with steam, and/or following steam to reduce the residual
saturation in those parts of the reservoir swept by steam condensate,
or to isolate or plug thief zones and depleted zones.

2. Steam drive is an energy intensive scheme. In a typical steam
drive project, nearly one-third of the produced crude is consumed in
generating the required steam. Should one be able to substitute coal
(or the less valuable refinery bottoms) for crude oil or fuel oil in
generating steam, the domestic availability of crude 0il or liquid fuels
would be increased by the amount of such substitution. Such a substitu-
tion would: (a) extend economic limits of steam drive projects, and (b)
increase the number of economically attractive candidate reservoirs.
Therefore, recovery efficiency from already operating reservoirs and
the number of economically feasible reservoirs would increase with a
decrease in fuel costs.

3. Regulations in California now Timit the amount of emissions
that can be introduced into the air. The maintenance of clear air
provisions 1limit these emissions to the total amount of emissions known
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to exist in 1972. As a result, new steam drive operations cannot be
implemented until others are suspended. Therefore, no expansion in

the production of crude oil by steam drive can be anticipated until
either a variance from maintenance of clean air regulations is obtained
or lower emission methods for steam generation are devised and imple-
mented. While no greater ultimate production would be expected from
these estimates, the production rates could be substantially increased
during the critical period 1985-1995.

4. Heavy crude oil production is geographically centered in the
San Joaquin Valley (California), with substantial production also being
achieved in the Los Angeles Basin fields. These crudes are transported
to those refineries which have the capability of processing them and
disposing of the additional quantities of pitch or coke that they yield.
In late 1977, the West Coast anticipates the influx of North Slope oil.
It will be a Targe source of crude of somewhat higher gravity than steam-
produced crudes, but nevertheless, for refinery purposes, having some of
the same characteristics. While it is not known at this time the exact
competitive position of the heavy San Joaquin crude streams viz-a-viz
the Prudhoe Bay crude, it seems Tikely that there will be an oversupply
relative to available refinery capacity on the West Coast. Redistribu-
tion or alternate uses of the crude supply or expansion of capacity (and
associated production distribution) should be envisioned. There is also
evidence that the current "entitlements" program works to the disadvan-
tage of heavy California crudes relative to imported, higher gravity
crudes. Unless these problems are solved, it appears that the produc-
tion of heavy 0ils using steam drive could be significantly Timited.

Fd



It is distinctly possible that alternate uses of the heavy
crude streams from California can be found. They can be topped on
location and a more valuable distillate sent to the refinery, with
the residues being used for boiler fuel or in combined power facilities
where power and intermediates (such as hydrogen, carbon dioxide) are
generated, in addition to steam for local use. :

5. Depth poses a major limitation for steam drive. Fieldwide
development and the economic pilots are all at less than 2300 feet,
with the majority at less than 1500 feet. Only limited industry effort
is being devoted to recovering oil at greater depths. In deep reser-
voirs, the radial heat losses from the injection string and difficul-
ties in maintaining the mechanical integrity of the string itself have
‘placed a depth Timitation on the application of the steam drive process
when other conditions would indicate its usefulness. The problem is
compounded when the reservoir pressure and steam injection rates are
such as to require the use of high pressure to inject the steam. Now,
because so much of the heat of the steam is contained in the sensible
heat of the 1iquid, steam bank development is retarded and much of the
heat is produced in hot water reaching the producing wells. For the
process to be efficient, heat recuperative techniques have to be applied.
Possible solutions include combining displacement and sweep efficiencies;
adding inert gases to reduce the partial pressure of the steam, thus
reducing the temperature and consequent heat losses (but enabling the
process to maintain a high total pressure upstream of the oil bank) ;
and combining steam and air to supply heat by oxidation of the crude
to supplement the latent heat of the injected steam.
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6. Since steam will drive the contacted o0il to a producer,
and practically sweep clean a formation containing residual 1ight
0il (because of the additional effects of oil volatility), it is
well to consider how this very effective displacement process can
be extended to reservoirs other than the heavy oils of California.
A substantial number of shallow, Tight oil reservoirs in Texas, Louisiana,
and mid-continent have characteristics such as low residual oil satura-
tions, thin pays, and/or Tow permeabilities that appear to make them
economically unattractive for tertiary production. The chemical reco-
very processes that could be applied to these fields are unproven and
even when proven would be costly. Under current economic limits imposed
by an oil/steam ratio based on a fuel of comparable value to produced
crude, steam drive is also economically unattractive. Without some form
of improvement, these reservoirs would remain unproduced in the foresee-
able future. However, process improvements such as the use of alterna-
tive fuels and additives to the steam could make such reservoirs highly
attractive.

7. Steam drive or modifications of this process have, to date,
been tried in only a limited way in accumulations of non-flowing heavy
oils. Although non-flowing oils near the surface may be mineable, the
deeper accumulations have so far eluded recovery. Even these, however,
may be exploitable if they meet conditions by which the heat content
of steam can be transferred to the oil. These conditions would include
the presence of depleted gas zones, water zones, or fractures that
would disseminate the heat. Fracturing along with steam drive might
make these deposits acceséib]e.
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Future Directions of Industry Application -- The Base Case

Our discussions with industry practitioners, interviews with
producers' management, and examination of the Titerature on steam drive
support the conclusion that future industry activity will closely resem-
ble that already underway. The environmental and market constraints,
coupled with the present, relatively profitable operations, suggest that
there is and will be only limited industry effort applied to the prob-
lems and opportunities described above. Based on examination of exist-
ing projects, this argues that industry's efforts will be strongly
concentrated in relatively heavy (but flowing), shallow, oil reservoirs
with high bulk oil saturations. ‘ '

Taking into account the constraints on production due to
refinery demand and environmental regulations and the types of reser-
voirs currently being tested and produced by industry, the Industry Base
Casel/ for steam drive is:

Ultimate Recovery 6.2 billion barrels

Production Rate In:

1985 ' 110 thousand barrels per day
1990 110
1995 110

Cumulative Production By:

1985 540 million barrels
1990 740
1995 940

1/ See Part 3, Chapter I, for a discussion of the methodology
used for estimating the Base Case.



These estimates assume the Standard Economics price and tax
contingency (i.e., upper tier price and current tax laws). The com-
parable effects of other price/tax contingencies are displayed 1in
Exhibit II-2. Neither rising prices nor changes in taxes affect the
production rate or cumulative production in the period of interest
because of the non-EOR process constraints in California. Likewise,
tax changes have no effect on ultimate recovery. Major increases in
price and ultimate recovery, such as moving from the upper tier ($11.63/
bb1) to alternate fuels Tevels ($20.00/bb1), adds 600 million barrels
to ultimate recovery.

Overview of the Steam Drive Program

The generic problems and opportunities described above lead
directly to the definitions of targets and research and development
strategies for steam drive. These targets and strategies are as
follows:

e Shallow, heavy oil reservoirs, less than about 2500
feet with unstimulated influx, and with oil gravities
greater than about 110 to 12° API (and less than 250
API).

-- Apply and extend the current technology
-- Improve recovery efficiency

-- Use cheaper non-petroleum fuels (rather than
crude oil and fuel 0il) to generate steam
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-~ Overcome emission problems or secure a variance
on emissions

-- Examine alternative use of heavy crudes and/or
markets for West Coast oil.

Deeper, heavy reservoirs, deeper than 2500 feet,
with unstimulated influx, and with oil gravities
greater than about 120 API (and less than 25° API).

-- Overcome heat loss problems in injection string,
design reliable injection string, and develop
efficient techniques for recuperating produced
heat in deeper, heavy o0il reservoirs.

Light oil reservoirs (greater than 25% API), typically
marked by thinner pays, lower permeability, and lower
0il saturations than the first group of reservoirs
listed above.

~-- Extend the application of the process to such
reservoirs by using cheaper fuels for generat-
ing steam.

Heavy oil reservoirs with no influx and with gravities
between 8° API and 11° API.

-~ Extend the application of the process to non-
flowing oils. )
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Research programs were defined and costed for each combina-
tion of strategies and targets. Exhibit II-3 shows the structure of
the steam drive programs and the designations for the programs, which
are described in Section B of this Chapter.

Exhibit II-4 summarizes these programs in physical units,
either in person years or number of field projects. The steam drive
programs grow from $4.7 mm in 1977 to a peak of $16.6 mm in 1979, then
decline slightly. The total five-year cost is $61.2 mm, with ERDA's
share being estimated at $57.6 mm.

Exhibit II-5 sets forth the costs of the steam drive pro-
grams, using constant, 1976 dollars.

The potential recovery and production attributable to the
steam drive research programs (and calculated under the Standard
Economics assumptions) is shown in Exhibit II-6.

The potential production multiplied by the expectation of
success derives the expected recovery and production, as shown on
Exhibit 11-7.%/

2/ The methodology used for calculating potential and expected
recovery and production is described in Part 3, Chapters I
and V.
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EXHIBIT II-4. ALL STEAM DRIVE PROGRAMS —- PHYSICAL UNITS

. S5-YEAR
ACTIVITY 1977 | 1978 | 1979 |1980 |1s81 | TOTAL
1. VERIFY RESOURCE BASE AND'REDUCE
ENG/ECDON. UNCERTAINTY (PERSON-YEARS):
A. RESIDUAL OIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES -
B. RESERVOIR DATA BASE 2 1.0 1.
C. RECOVERY MODELS 1 2.5 1
D. ECONOMIC & OTHER FEASIBILITY STUDIES 6 6.5 2 . 21
E. PROCESS/FIELD TEST EVALUATION 1 1.0 1.0 1. 1 5
I1. CONDUCT NON-FIELD BASED RESEARCH AMND
RELATED ACTIVITIES (PERSCN YEARS):
A. RECOVERY PROCESS BENCH STUDIES ;
AND THEORY 5 10 11 13 11 50
B. .FLOW STUDIES 17 | 30 29 30 28 134
C. FIELD LIAISON & ENG. STUDIES 9 22 18 6.5 6.5 62

D. LAB EQUIPMENT & FACILITIES * * * * * * *

11I. CONDUCT FIELD BASED RESEARCH. TESTS
AND DEMCNSTRATIONS (PROJECTS):

A.  TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS * * * * * *

B. MINI-TESTS . : I -
C. TECHNICAL PILOTS -
D. - ECONOMIC PILOTS -9 g 9

IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):

A. PROVIDE TECHN. TO INDEPENDENTS
B. SHARE INDUSTRY/ERDA DEVELOP.

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UWNIT.OF MEASURE.
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PGM: ALL CD
EXHIBIT IV-5. THE CARBON DIOXIDE PROGRAMS
IN 1976 DOLLARS
5-YR.
ACTIVITY 1977 1978 1979 1980 19081 | TOTALY
I. VERIFY RESOURCE BASE AND REDUCE
ENG. ZECON. UNCERTAINTY
A. RESIDUAL DIL MSASUREMENT & _
IMPROVED MEAS. TECHNIQUES
60 60
B. RESERVOIR DATA BASE
120 60 180
C. RECOVERY MODELS
240| 240 300 120 900
D. ECONSMIC & DTHER FEASIB. STUDIES
E. .PROCESS/FIELD TEST EVALUATICN 60 60 120
IT. CONDUCT NON-FIELD BASED RESEARCH
AND RZLATED ACTIVITIES
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY 540{ 960{ 1020| 900 840 | 4260
B.  FLOW STUDIES 360 1620] 2400/| 2400| 2040 8820
C. FIELD LIAISON & ENG. STUDIES 1771 295] 390| 390 315| 1567
D. LAS EQUIPMENT & FACILITIES 1000} 2750} 1600) 600 600 6550
IIT. CCDUCT FIELD BASED RESEARCH,
TJESTS AND DEMOMSTRATIONS ’
A. TARGET IDENTIFICATION/FIELD
5250
SUPPORT/MATERIALS 3000} 2250
B. MINI-TESTS 1750) 6500| 9000] 6250 23500
C. ' TECHNICAL PILOTS 1000| 3000} 2000 1500| 3000 10500
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EDOR TECHNOLOGY
THEROUZHDUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS.
60 60 60 60 240
8. SHARE INDUSTRY/ERDA DEVELCP.
TOTAL 6557[13045|14270 | 14970 13105| 61047
ERDA SHARE 5557110545 12020 13720 12980 54822
(ERDAHSHARE BASED ON 50% CD-1 FIELD; 50% CD-3 FIELD FOR 1977, 78, 79)
1/

POST 1981 COMMITMENTS:
INITIATED FIELD OPERATIONS.

$7,500,000 EACH IN 1982 AND 1983, TO PREVIOUSLY
IN ADDITION,

AN AVERAGE COMMITMENT OF

$3.7 MILLION PER YEAR IS ANTICIPATED FROM 1982 TD 1986,
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For the full set of steam drive programs, the total benefits

are:
Potential Expected
Production Production
Ultimate Recovery 12.9-17.9 6.7-7.3 billion barrels
Production Rate
1985 1750 890 thousand barrels
1990 2850 1470 per day
1995 2500 1320
Cumulative Production
1985 2770 1420 miilion barrels
1990 7510 3840
1995 12480 6460

To relate research costs to expected production, a series of
cost-effectiveness indices were calculated for each program, as shown
in Exhibit II-8. Under the Standard Economics contingency, all the steam
drive programs were found to be highly cost-effective. On the basis of
ultimate recovery, the programs for flowing o0ils range from 88 to 451
expected barrels per ERDA dollar (equivalent to an R&D investment of
less than $0.01 per recovered barrel). In 1990 production rates, a
dollar of ERDA funds yields between 4 and 138 additional barrels per
year. The lack of data concerning non-flowing oils (tar sands) makes
the calculation of its cost-effectiveness uncertain, but this program
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could provide up to 44 barrels of expected ultimate recovery per ERDA
R&D dollar.d

Finally, steam drive programs were Subjected to sensiti-
vity analysis of five price/tax contingencies. Exhibit II-9 shows
the effects of these contingencies on the expected production of the
steam drive programs.

Tax and price (maintained in real terms relative to costs)
appear to directly affect the expected ultimate recovery from the ERDA
stimulated programs, although price has the stronger influence. Ulti-
mate recovery would rise from 7.0 to 8.7 billion barrels. If the price
changed from upper tier to world price, it could reach 9.2 billion bar-
rels under a $20.00 per barrel alternate fuels price. Similarly, pro-
duction in 1990 could range from 1,500 MB/D (under the Standard Econo-
mics Case) to nearly 2,000 MB/D (under world prices/more favorable taxes)
and up to over 2300 MB/D given alternate fuels price. The production
rate peaks around 1990, at the mid-point of the most critical period
under all the price/tax contingencies. Cumulative production by 1995
could range from 6.4 to over 9 Bi]]ion barrels, depending on price/
tax contingencies.

3/ The activities conducted for one class of reservoir can have
certain beneficial effects on other reservoir classes. For
example, the use of cheaper fuels (Research Program SD-2)
while analyzed for shallow, heavy oils, will directly benefit
the production of light oils and will have secondary effects
on deeper heavy oils. Similarly, the benefits of overcoming
non-process constraints in California (allocated to shallow,
heavy 0ils) will enable the deeper oils in that state to be
developed. These secondary and spili-over benefits have not
been quantified in the above measures of effectiveness.
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SUMMARY: Combined Effects of Industry Activity and the Steam
Drive Programs

The total potential of steam drive can be examined by combining
the Industry Base Case with Industry's production stimulated by the ERDA
programs. Under the Standard Economics condition, total expected ulti-
mate recovery would be 12.9 to 13.5 billion barrels, depending on the
feasibility of non-flowing oil reservoirs. Exhibits II-10 and II-11
show the expected production rates and cumulative production for all
of steam drive. (In both Exhibits the contribution of each program is
added to that of the next lower tier.) The combined production rate,
in 1990, is expected to be nearly 1.6 million barrels per day. More-
over, steam drive is the one application proven to have the quickest
response. For example, assuming a vigorous application of the research
program, steam drive could provide over 7 billion barrels of oil between
now and 1995.

A substantial portion of the production shown comes from the
application of currently existing technology. The Industry Base Case
is constrained to its flat level by the non-EOR processes factors of
environmental regulations and market restrictions. Achieving break-
throughs that relax these constraints would permit industry to further.
apply the current, almost conventional technology in reservoirs where
it is proved. The impact of this step can be seen by adding the quantities
for the Base Case to those of SD-3 and SD-4 (the programs to deal with
these constraints). Approximately 30 percent of the peak year (1990)
production would come from current technology. This application also
accounts for over a third of the cumulative production by 1995.
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EXHIBIT II-10

EXPECTED STEAM DRIVE PRODUCTION RATES
(STANDARD ECONOMICS)
SD-6
SD-5
“Sb-2
SD-1
SD-3 & 4
——
; BASE CASE
(] 1 1
¥ 1 ¥ ¥
1975 1980 1985 1990 1995
EXHIBIT II- 11
EXPECTED STEAM DRIVE CUMULATIVE PRODUCTION
(STANDARD EcCONOMICS)
BASE CASE
f 2 I 4 I3

1990

1995
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The combined ultimate recovery of the Base Case and the ERDA
program's stimulation responds only slightly to changes in prices and
taxes. Exhibit II-12 displays expected ultimate recovery under each
price/tax contingency. Movement from upper tier to world prices
brings the largest portion of the increment, mostly through the enlarge-
ment of the benefits of SD-5, deeper, heavy oil reservoirs -- and SD-6 -~
the poorer, light oil reservoirs.

Although ultimate recovery shows little sensitivity, the
production rate shows more pronounced effects. From three cases shown
in Exhibit II-13, movement of price from upper tier to world levels
yields the bulk of both the higher peak and the acceleration, relative
to the increment from moving to alternate fuels price. As noted earlier,
the steam drive production rate peaks around 1990 and declines thereafter
under all price/tax contingencies. Because this period is the most cri-
tical in terms of dependence on imports, however, steam drive is a most
important technique from the national perspective.
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EXHIBIT II-12

EXPECTED ULTIMATE RECOVERY UNDER

PRICE/TAX CONTINGENCIES FROM STEAM DRIVE PROGRAMS

sD-7
sD-7 sD-7 N
15.0 L L .
sp—7 s‘o—‘r sD-6
Y N SD-6 sD-6
sD-6 SD-6
sD-5
.0 L P 5= sD-5 SD-5 -
3
SD-2 SD-2 SD-2 sb-2
sD-1 sD-1 sD-1 sD-1 sb-1
s.0 L
BASE BASE BASE BASE ?::‘2;
CASE CASE CASE CASE
STANDARD LOWER BOUND CASE 2 CASE 4 WPPER BOUND
ECONOMICS (UPPER TIER (WORLD PRICE (WORLD PRICE (ALTERNATE FUELS
(UPPER TIER UNFAVORABLE CURRENT TAX) FAVORABLE TAX) PRICE
CURRENT TAX)  TAX) FAVORABLE TAX)
EXHIBIT II-13
EXPECTED STEAM DRIVE PRODUCTION RATES UNDER
SELECTED PRICE/TAX CONTINGLCNCIES
(COMBINED BAse CASE AND ERDA PROGRAMS)
2400 _ -
/D
~
/
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SECTION B: INDIVIDUAL STEAM DRIVE PROGRAMS
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TARGET A-1: SHALLOW, HEAVY OIL RESERVOIRS; LESS THAN 2500', WITH SOME
UNSTIMULATED INFLUX

R&D STRATEGY SD-1: IMPROVE RECOVERY EFFICIENCY

1. CENTRAL PROBLEM

While improving recovery efficiency is a research strategy that
cuts across each of the steam drive targets, it has been highlighted for
this particular target (group of reservoirs) because, once developed, it
can be rapidly applied to the reservoirs already under full scale steam
drive development.

The areal sweep of a steam drive in any single, relatively uni-
form sand is very high. This occurs despite the apparent poor mobility
ratio of steam compared to oil because of the unique steam displacement
process. However, vertical sweep is affected by heterogeneities in the
sand package, in fingering through depleted zones, and by the segregation
of the vapor and steam condensate. Since the steam condensate is not as
effective a displacement agent as the steam vapor (i.e., it does not reduce
the residual saturation to as low a value) the overall reservoir recovery
is limited.

2. R&D GOALS

e To improve displacement efficiency by introducing sub-
stances mixed with steam, alternating with steam, and/or
following steam to reduce the residual saturation in
those parts of the reservoir swept by steam condensate.
The substances to be tested include surfactants, sol-
vents, soluble gases, pH controlling agents, and polymers.
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@ To investigate improvements in sweep efficiency by

isolating or plugging thief zones and depleted zones
by the application of well completion techniques or
by injection reacting mixtures or foam-

forming systems.

The eventual R&D goal is to improve the overall recovery
efficiency of steam drive by 50%.

R&D ACTIVITIES

The R&D activities would consist of a sequence of tasks as

II.

I1I.

IV.

Building the Knowledge Base: starting in 1977
-- Evaluations of past and ongoing industry efforts.

-- Mathematical reservoir simulation.

Basic and Applied Research: starting in 1977
-- Physical chemistry bench experiments.

-- Flow tests in cores, sand packs, and scaled physical models.

Field Based Activities

~- Identify appropriate targets for the economic pilot
starting in 1977.

-~ Economic pilot tests in reservoirs currently being
exploited by steam drive operations, starting in 1978.

Transfer and Dissemination
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PeM; _S_El
4. ReD ACTIVITIES —-PHYSICAL UNITS
5-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECDON. UNCERTAINTY (PFRSON-YEARS):
A. RESIDUAL DIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES -
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS -
D. ECONOMIC & OTHER FEASIBILITY STUDIES -
E. PROCESS/FIELD TEST EVALUATION 1 1 1 1 1 5
II. CONDUCT NON-FIELD BASED RESEARCH AND
BELATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY 4 7 7 7 7 32
B. FLOW STUDIES 10 20 20 20 20 90
C. FIELD LIAISON ¢ ENG. STUDIES 1 2.5 2.5 2.5 2. 11
D. LAB EQUIPMENT & FACILITIES * * * * * * *
II1. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A.  TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS
B. MINI-TESTS -
C. TECHNICAL PILOTS -
D.  ECONOMIC PILOTS 8 »sl/
IV. . TRANSFER & SUSTAIN EOR TECHNOLOGY 2/
THROUGHOUT INDUSTRY (PERSONfYEARS)=
A. PROVIDE TECHN. TO INDEPENDENTS 27
B. SHARE INDUSTRY/ERDA DEVELOP. 2/

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.

o4 FIELD OPERATIONS WILL BE SUPERIMPORSED ON ONGOING, COMMERCIAL OPERATIONS.

2/

INCLUDED IN ABOVE FIGURES.
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PcM: §&1
5, COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
%4
5-YR.
ACTIVITY 1977 1978 1579 1980 1981 | TOTAL
I. VERIFY RESQURCE BASE AND REDUCE
ENG,/ECON. UNCERTAINTY
A. RESIDUAL DIL MSEASUREMENT &
IMPROVED MEAS. TECHNIQUES -
B. RESERVOIR DATA BASE N
C. RECOVERY MODELS _
D. ECONOMIC & OTHER FEASIB. STWDIES -
E. PROCESS/FIELD TEST EVALUATION 60 60 60 60 60 300
JI. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STUDIES .
AND THEORY 240 420 420 420 420 1920
8. FLOW STWIES 600 | 1200 | 1200 | 1200 1200 5400
C. FIELD LIAISON & ENG. STUDIES 60 150 150 150 150 660
D. LAB EQUIPMENT & FACILITIES 650 | 2000 } 1500 500 300 4950
I11. CONDUCT FIELD BASED RESEARCH,
JESTS AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS -
8. MINI-TESTS -
C. TECHNICAL PILOTS - 2/
D. ECONOMIC PILOTS 500 1500 | 2500 | 5000 5000! 14500
IV. TRANSFER & SUSTAIN ECR TECHNOLOGY
THROUGHOUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. £
B. SHARE INDUSTRY/ERDA DEVELORP. 3/
TOTAL 2110 | 5330 | 5830 | 7330 7130 27730
ERDA SHARE 1985 | 4955 | 5205 } 6080 5880 24105

1
—/PDST 1981 COMMITMENTS: AN AVERAGE OF $2,000,000 PER YEAR FOR S YEARS, 1982-1986

2 .
JFIELD OPERATIONS WItL BE SUPERIMPOSED ON ONGOING, COMMERCIAL OPERATIONS

3
¥ INCLUDED IN ABOVE COSTS
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PeM: _SD-1

6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR COST  TOTAL PROGRAM

ToTAL CosTs 23103 " 28973
ERDA's SHARE 20184 26053

7. EXPECTATION OF SUCCESS: 75%

8. DUTCOMES OF THE Ref) PROGRAM:

POTENTI AL EXPECTED,,  COST-EFFECTIVENESS
Propuction Y PropbucTIiON & InDEX 37
ULTIMATE RECOVERY 3,100 2,300 88
DAILY PRODUCTION IN:
1985 315 236 3.3
1990 426 319 4.4
1995 414 310 4.3
CUMULATIVE PRODUC-
TION BY:
1985 532 399 15
1990 1302 977 38
1995 2017 1513 58
NOTES:

17 UNITS: ULTIMATE RECOVERY —-— MILLIONS OF BARRELS; DAILY PRODUCTION —

THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION — MILLIONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

3/ UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA's COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA'S COST



TARGET A-1 (Continued)

R&D STRATEGY SD-2: USE CHEAPER NON-PETROLEUM FUELS (RATHER THAN CRUDE
OIL AND FUEL OIL) TO GENERATE STEAM

1. CENTRAL PROBLEM

Steam drive is an energy intensive scheme. (In a typical steam
drive project, nearly one-third of the produced crude is consumed in
generating the required steam.) Should one be able to substitute coal
(or the less valuable refinery bottoms) for crude oil or fuel oil in
generating steam, the domestic availability of crude oil or Tiquid fuels
would be increased by the amount of such substitution.

A second prob]em facing the application of steam drive is that
the economic limit for injecting steam is reached when the oil/steam ratio
falls to such a value that operating costs are equal to the value of the
produced crude. Operating costs are dominated by fuel costs for generating
steam. It follows that cheaper fuels result in (a) the extension of the
economic 1imit and (b) increasing the number of economically attractive
candidate reservoirs. Therefore, both recovery efficiency from an already
operating reservoir and the number of economically feasible reservoirs
will increase with a decrease in fuel costs.

This strategy when realized: (a) will have immediate application
to the Target A-1 reservoirs (those already being produced and similar to
those in production); (b) will be vital to the successful development of
Target A-3, Steam Drive in Light 0i1 Reservoirs; and (c) will have secondary
benefits in Target A-2, the deeper heavy oil reservoirs.
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3.
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R&D GOALS

® To demonstrate that steam generators using cheaper fuels,

particularly coal, are feasible for oil field service.
The overall goal is the design and ultimate development
of steam generators that use coal as fuel and are econo-
mically and environmentally preferable to the use of o0il-
and gas-fired generators. Feasibility studies on the
transportation and storage of coal to oil field locations
will be required askan integral part of the study. The
environmental influence of such proposed operations will
need to be carefully spelled out so that an appropriate
socio-economic assessment of the use of coal for such
purposes can be made.

The first order R&D goal is to make available, for other
domestic usage, the crude oi1/fuel oil now used for
generating steam. Complementary goals will be to: (a)
realize sufficiently low steam costs to make economic
the currently economically unfavorable Target A-3 light
0il reservoirs; and (b) extend the economic 1imit of
already being produced Target A-1, shallow, heavy oil
reservoirs.

R&D ACTIVITIES

The R&D activities would consist of a sequence of tasks as

Building the Knowledge Base: starting in 1977

-- Studying economic feasibility of coal shipments
and storage on-site.

-- Environmental studies of coal usage on-site.



II.
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Basic and Applied Research: starting in 1977
-- Design work on coal fired steam generators.
-- Tests of alternate size models for economic scale.
-- Examination into alternate means for transporting

the generators among sites.

Field Based Activities

-- Prototype construction of boilers to verify laboratory
results, starting in 1979.

-- Economic pilots in conjunction with field based
activities being considered for Programs SD-1 and
SD-6, starting in 1979.
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4. ReD ACTIVITIES —- PHYSICAL UNITS

5~-YEAR

ACTIVITY 1977 { 1978 | 1979 J19s0 [19e1 | TOTAL

I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON, UNCERTAINTY (PERSON-YEARS):

A. RESIDUAL OIL MEASUREMENT ¢ IMPROVED
MEASUREMENT TECHNIQUES -

B. RESERVOIR DATA BASE -
C. RECOVERY MODELS -
D. ECONOMIC ¢ OTHER FEASIBILITY STUDIES =2 2 2 1 1 8
E. PROCESS/FIELD TEST EVALUATION -

II. CONDUCT. NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):

A. RECOVERY PROCESS BENCH STUDIES

AND THEORY -
- B.  FLOW STUDIES ‘ -
C. FIELD LIAISDN & ENG. STUDIES 2 12 6 20

D. LAB EQUIPMENT & FACILITIES * -

III. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):

A.  TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS .. 1 ), e

B. MINI-TESTS ‘ _
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS 2/

IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):

A. PROVIDE TECHN. TO INDEPENDENTS 3

B. SHARE INDUSTRY/ERDA DEVELOP. g

*  ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.
1/ PROTOTYPES
2/ FIELD OPERATIONS TO BE CONDUCTED WITH RUD PROGRAMS SD-1 AND SD-6.

& INCLUDED IN THE ABOVE FIGURES.
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PeM:  SD-2
§. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS) ¢
1
S-YR.
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESQOURCE BASE AND REDUCE
ENG, /ECON. UNCERTAINTY
A. RESIDUAL OTL MSASUREMENT &
IMPROVED MEAS. TECHNIQUES _
B. RESERVOIR DATA BASE _
C. RECDVERY MODELS _
D. ECONOMIC & OTHER FEASIB. STWIES 120 120 120 60 60 480
E. PROCESS/FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH
AND _RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STWDIES
AND THEORY _
B. FLOW STUDIES _
C. FIELD LIAISON & ENG. STUDIES 200 1080 500 1780
D. LAB EQUIPMENT & FACILITIES -
III. CONDUCT FIELD BASED RESEARCH,
JESTS AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS 250 | 2000 500 2750
B. MINI-TESTS -
C. TECHNICAL PILOTS _
D. ECONOMIC PILOTS 2/
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
JHROUGHQUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. =74
B. SHARE INDUSTRY/ERDA DEVELOP. 3
TOTAL 320 1200 870 | 2060 560 5010
ERDA SHARE 320 1200 870 |2060 560 5010

'L/PDST 1981 COMMITMENTS: $250,000 PER YEAR FROM 1982 TO 1986.

& FIELD OPERATIONS TO BE CONDUCTED WITH ReD PROGRAMS SD-1 AND SD-6.

3
¥ INCLUDED IN ABOVE COSTS.
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PRESENT VALUE QF COSTS (THOUSANDS OF 1976 DOLLARS):

TotAL CosTs
ERDA's SHARE

EXPECTATION OF SUCCESS: 33x%

OUTCOMES OF THE ReD PROGRAM:

ULTIMATE RECOVERY

DAILY PRODUCTION IN

1985
1990
1995

CUMULATIVE PRODUC-

TION BY:
1985

1990
1995

NOTES:

1/ UNITS:

POTENTIAL

PropucTION 17

3100

375
434
344

570
1360
2050

SD-2
5-YEAR CoST  TOTAL PROGRAM
4224 4958
DO DO
EXPECTEDZ/ COST-EFFECTIVENESS
PRODUCTION < INDEX 3/
1023 206
124 9.1
143 10.5
114 8.4
190 38
450 91
685 136

ULTIMATE RECOVERY —— MILLIONS OF BARRELS; DAILY PRODUCTION --—

THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION.—— MILLIONS OF

BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION CoLuMN

37 UNITS:

ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — EXPECTED

BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cOsT
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TARGET A-1 (Continued)

R&D STRATEGY SD-3: OVERCOME EMISSION PROBLEMS AND/OR SECURE
VARTANCE ON EMISSIONS

1. CENTRAL PROBLEM

Regulations now 1imit the amount of emissions that can be intro-
duced into the air. The maintenance of clean air provisions limit these
emissions to the total amount of emissions known to exist in 1972. As a
result, new thermal operations cannot be implemented unti]kothers are sus-
pended. Therefore, no expansion in the production of crude oil by thermal
operations can be anticipated until some vériance from maintenance of
clean air regulations is obtained or less polluting methods of steam
generation are devised. However, any suspension of regulations on, for
example, carbon dioxide emissions, would have to be won by limiting the
simultaneous emission of some of the more detrimental products such as
sulphurous oxides and nitrogen oxides.

2. R&D GOALS

e To develop steam generators and/or ancillary techni-
ques for controlling emissions of steam generators,
and/or systems of fuel utilization which reduce the
levels of proscribed combustion products to accept-
able levels. ' ‘

e The eventual R&D goal is to remove the current pro-
ducﬁion ceiling on Target A-1 reservoirs; secondary
benefits would be realized as Target A-2 reservoirs
are brought under development. '
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3. R&D ACTIVITIES

The R&D activities would consist of a sequence of tasks as
follows: '

I. Building the Knowledge Base: starting in 1977

-~ Conduct cost/benefit studies in socio-economic
terms of the effects of allowing greater
flexibility in the application of emission
standards.

-- Examine the effect of ancillary techniques
for controlling emissions on the economic
threshold of steam drive,

I1. Basic and Applied Research: starting in 1977

-- Study means of controlling levels of proscribed
combustion effluents from field steam generators.

-~ Study effect of using alternate fuels on such
levels.

-- Study effect of using integrated field usage
of produced crude, viz., topping and use of heavy
ends in combined power cycles for generation of
steam and other products, see Target A-1,
Strategy SD-4.

III. Field-Based Activities

-- Test findings using field based activities in
program SD-1 and SD-6,
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PeM: _ SD-3
4. ReD ACIVITIES —— PHYSICAL UNITS

5-YEAR

ACTIVITY 1977 | 1978 {1979 {1980 |1981 TOTAL

1. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):

A. RESIDUAL OIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES

B. RESERVOIR DATA BASE
C. RECOVERY MODELS

D. ECONOMIC & OTHER FEASIBILITY STUDIES 1 1 2
E. PROCESS/FIELD TEST EVALUATION

1I. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):

A. RECOVERY PROCESS BENCH STUDIES
AND THEORY -

B. FLOW STUDIES -
C. FIELD LIAISON & ENG. STUDIES 1 1 1 3

D.” LAB EQUIPMENT & FACILITIES * -

I1I. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PRCJECTS):

A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS -

B.  MINI-TESTS -
C.  TECHNICAL PILOTS -
D.  ECONOMIC PILOTS 1/

IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):

A. PROVIDE TECHN. TO INDEPENDENTS

R R

B. SHARE INDUSTRY/ERDA DEVELOP.

*  ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.
1/ FIELD OPERATIONS TO BE CONDUCTER WITH ReD PORGRAMS SD-1 AND SD-6.

27 INDLUDED IN ABOVE FIGURES.
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PeM: 5&3
§. COSTS OF ReD ACTIVIES (THOUSANDS OF 1976 DOLLARS):
5-YR.
ACTIVITY 1977 1978 1979 1980 1981 | TOTAL

I. VERIFY RESOURCE BASE AND REDUCE
ENG. #/ECON. UNCERTAINTY

A. RESIDUAL OIL MSASUREMENT &
IMPROVED MEAS. TECHNIQUES

B. RESERVOIR DATA BASE
C. RECOVERY MODELS

D. ECONOMIC & OTHER FEASIH. STWIES 60 60 120
E. PROCESS/FIELD TEST EVALUATION

II. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES

A. RECOVERY PROCESS BENCH STWDIES
AND THEORY

B. FLOW STUWDIES
C. FIELD LIAISON ¢ ENG. STUDIES 60 60 60 180
D. LAB EQUIPMENT & FACILITIES ‘

ITI. CONDUCT FIELD BASED RESEARCH,
JESTS AND DEMONSTRATIONS

A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS

B. MINI-TESTS
C. TECHNICAL PILOTS
D. ECONOMIC PILOTS ~ 1/

IV. TRANSFER & SUSTAIN ECR TECHNOLOGY
JHRQUGHOUT INDUSTRY

A. PROVIDE TECHNOLOGY TO INDEPENDTS. 2/
B. SHARE INDUSTRY/ERDA DEVELOCP. 27/
TOTAL 120 120 60 300
ERDA SHARE 120 120 60 300

l/FIELD OPERATIONS TO BE CONDUCTED WITH ReD PROGRAMS SD-1 AND SD-6.

z/INCLUDED IN ABOVE COSTS.
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NOTE: Please see R& strategy SD-4 for the discussion of items:

6. Present Value of Costs.
7. Expectation of Success.
8. Outcome of the R&D Program,
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TARGET A-1 (Continued)

R&D STRATEGY SD-4: EXAMINE ALTERNATE USE OF HEAVY CRUDES AND/OR
MARKETS FOR WEST COAST OIL

1. CENTRAL PROBLEM

Heavy crude oil production is geographically centered in the
San Joaquin Valley (California) with some lesser production being achieved
in the Los Angeles Basin fields. These crudes are transported to those
refineries which have the capability of processing them and disposing of
the additional quantities of pitch or coke that they yield. In Tate 1977
the West Coast anticipates the influx of North Slope oil. It will be
another large source of crude of somewhat higher gravity than steam-
produced crudes, but nevertheless for refinery purposes having some of
the same characteristics. While it is not known at this time the exact
competitive position of the heavy San Joaquin crude stream viz-a-viz
the Prudhoe Bay crude, it seems likely that there will be an oversupply
available on the West Coast and redistribution or alternate uses of the
crude supply should be envisioned. Unless this problem is solved, it
appears that the production of heavy 0ils using steam drive could be
significantly curtailed.

2. R&D GOALS

o To study alternate economic uses for the San Joaquin
Valley heavy crude stream, to maximize its value as a
refinery intake stream, a source of local fuel and
power, and/or as feed stock for petrochemicals.
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e The eventual R&D goal is to remove the current produc-

tion ceiling on Target A-1 reservoirs, thus this strategy
is complementary to strategy SD-3 (overcoming emission
problems); secondary benefits would be realized as

Target A-2 reservoirs are brought on stream.

R&D ACTIVITIES

The R&D activities would consist of a sequence of tasks as

II.

Building the Knowledge Base: starting in 1977

-~ Study the feasibility of using the total crude stream
for large scale generation of electric power for .
California and neighboring states.

-- Study the feasibility of using the total crude stream,
or the pitch or residue from topping operations in
- combined power cycle plants for generation of power,
process steam, carbon dioxide if needed for enhanced
recovery operations, and hydrogen (for further petro-
chemical processing or a world scale ammonia plant).

Basic and Applied Research: starting in 1977

-- Study the feasibility of central collection and process-
ing of the heavy crude stream to a pitch or coke for
use in steam generators and a distillate of consider-
ably higher value as a refinery intake stream.

-- Stidy alternative approaches of boiler design for
using such pitch or coke for central steam genera-
tion facilities.
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PGM:  Sp—4

5-YEAR

ACTIVITY 1977 1978 1979 1980 1981 TOTAL

1. VERIFY RESOURCE BASE AND REDUCE
ENG/,ECON, UNCERTAINTY (PERSON-YEARS):

A. RESIDUAL DIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES -

RESERVOIR DATA BASE ' -
RECOVERY MODELS -
ECONCMIC & OTHER FEASIBILITY STUDIES 2 2 4
PROCESS/FIELD TEST EVALUATION -

mo o W

I1. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):

A. RECOVERY PROCESS BENCH STUDIES

AND THEORY -
B.  FLOW STUDIES ‘ ’ -
C. FIELD LIAISON & ENG. STUDIES 1 3 5 9

D. LAB EQUIPMENT & FACILITIES * -

III. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):

A.  TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS -

B. MINI-TESTS -
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS v

IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):

A. PROVIDE TECHN. TO INDEPENDENTS

R R

B.  SHARE INDUSTRY/ERDA DEVELOP.

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.
1/ FIELD OPERATIONS TO BE CONDUCTED WITH ReD PROGRAMS SD-1 AND SD-6.

27 INCLUDED IN ABOVE FIGURES.
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PeM:  SD-g
5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
' 5-YR.
ACTIVITY 1977 1978 1979 1980 1981 | TOTAL
I. VERIFY RESOURCE BASE AMND REDUCE
ENG./ECON. UNCERTAINTY
A. RESIDUAL OIL MSASUREMENT &
IMPROVED MEAS. TECHNIQUES -
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS -
D. ECONOMIC & OTHER FEASIB. STWDIES 120 120 240
E. PROCESS/FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH
AND REILATED ACTIVITIES
A. RECOVERY PROCESS BENCH STWDIES
AND THEORY . -
B. FLOW STUIES -
C. FIELD LIAISON & ENG. STUDIES 60 180 300 540
D. LAB EQUIPMENT & FACILITIES -
IT1I. CCHDUCT FIELD BASED RESEARCH,
JESTS AND DEMANSTRATIONS
A. TARGET IDENTIFICATION/FIELD
S!'PPORT/MATERIALS -
B. MINI-TESTS -
C. TECHNICAL PILOTS-V , _
D. ECONOMIC PILOTS 17
IV. TRANSFER & SUSTAIN EOR TECHNCLOGY
JHROUGHBUT INDUSTRY 27
A. PROVIDE TECHNOLOGY TO INDEPENDTS. ~
B. SHARE INDUSTRY/ERDA DEVELOP. &
TOTAL 180 300 300 780
ERDA SHARE 180 300 | 300 780

'VFIE-J_D OPERATIONS TO BE CONDUCTED WITH ReD PrROGRAMS SD-1 AND SD-6.
2/Ich_UDED IN ABOVE COSTS.
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PeM: SD-3/4

6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR COST  TQTAL PROGRAM

SD-3 283 283
ALL ERDA SD-4 71 715
) TOTAL 7 o98 998
7. EXPECTATION OF SUCCESS: 50% (SD-3 AND 4 COMBINED)

8. DUTCOMES OF THE ReD PROGRAM:

POTENTIAL ~ EXPECTED,, COST-EFFECTIVENESS
PrODUCTION &/ PrODUCTION & INDEX 3/
ULTIMATE RECOVERY NZA N7A ' N/A
DAILY PRODUCTION IN:
1985 640 320 117.0
1990 755 377 e 137.9
1995 583 291 106.4
CUMULATIVE PRODUC-
TION BY:
1985 1313 656 657
1990 2794 1397 1400
1995 3916 1963 1967
NOTES:

A/ UNITS: ULTIMATE RECOVERY -~ MILLIONS OF BARRELS; DAILY PRODUCTION — ‘
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION — MILLIONS OF
BARRELS

27 EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PrODUCTION CoOLUMN

37 UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA'S cOST
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TARGET A-2: HEAVY QIL RESERVOIRS, GREATER THAN 2500', PRESSURE ABOVE
———————— 1000 PSI, SOME UNSTIMULATED INFLUX

R&D STRATEGY SD-5: OVERCOME HEAT LOSS PROBLEMS IN INJECTION STRING,
" DESIGN RELIABLE INJECTION STRING, AND DEVELOP
EFFICIENT TECHNIQUES FOR RECUPERATING PRODUCED HEAT

1. CENTRAL PROBLEM

Depth poses a major limitation for steam drive. Field wide
development and the economic pilots are all at less than 2,300 feet, with
the majority at less than 1,500 feet, and only limited industry effort
is being devoted to recovering oil at greater depths. For example, only
one of the eleven reported technical pilots is as deep as 2,500 feet and

none are reported (as currently being attempted) below that depth.

, In deep reservoirs, the radial heat losses from the injection
string and difficulties in maintaining the mechanical integrity of the
string itself have placed a depth limitation on the application of the
steam drive process when other conditions would indicate its usefulness.
The problem is compounded when the reservoir pressure and steam injection
rates are such as to require the use of a -high pressure to inject the
steam. Now, because so much of the heat of the steam is contaihed in
the sensible heat of the liquid, steam bank development is retarded and
much of the heat is produced in hot water reaching the producing wells.
For the process to be efficient, heat recuperative techniques have to be
applied.
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R&D GOALS

e To develop economic well completion techniques that permit
successful injection of steam at depths greater than 2500'.

¢ To determine if reduction in the partial pressure of steam
(by using steam/gas mixtures) will Tower oil/steam ratios
(increase thermal efficiency) without sacrificing overall
volumetric recovery of crude.

® To determine if heat recuperative systems can be economi-
cally applied.

@ To construct reservoir recovery and cost models fok
reliably predicting anticipated results in this class
of reservoir.

® The eventual R&D goal is to first bring on the heavy oil
reservoirs between 2500 and 5000 feet of depth and
second to make the steam drive a conventionally applied
technique at these depths.

R&D ACTIVITIES

The R&D activities would consist of a sequence of tasks as

I. Building the Knowledge Base: starting in 1977

-- Mathematical reservoir simulation studies of steam
drive operations at partial pressures of steam less
than unity.

-- Extrapolation of studies under Target A-1 (SD-1).
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II. Basic and Applied Research: starting in 1978
-~ Design studies of injection strings.
-- Design studies of heat recuperativeksystems.
- Sca]ed phyéica] model studies.
III. Field Based Activities

-- Field injectivity operations using single wel]
‘tests in 1979.

IV. Transfer and Dissemination
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PeM:___SD-5
4. ReD ACTIVITIES —-— PHYSICAL UNITS
: 5-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
1. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):
A. RESIDUAL DIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES : -
B.  RESERVDIR DATA BASE , ‘ i -
C.  RECOVERY MODELS 0.5 0.5] o.s5 0.5 2
D. ECONOMIC & OTHER FEASIBILITY STUDIES 0.5 0.5 2
E. PROCESS/,FIELD TEST EVALUATION 1
I1. CONDUCT NDN—FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A.  RECOVERY PROCESS BENCH STUDIES -
AND THEORY S : ;
B. FLOW STUDIES =
C. FIELD LIAISON & ENG. STUDIES ; 2 1.5 1.5 2.0f 2.0f
D.  LAB EQUIPMENT ¢ FACILITIES * * S * '
II1. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A. . TARGET IDENTIFICATION/FIELD o 2,
SUPPORT/MATERIALS 1.0 1.0 2=
B.  MINI-TESTS , V -
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS ' -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY - (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS
0.5 0.5 G.5 0.5 2
B. SHARE INDUSTRY/ERDA DEVELOP.

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT.OF MEASURE ..
1/ USES THE RESULTS OF SD-1.
27 SINGLE WELL TESTS
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PGM:- SD-5
5. - COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
s-YR.
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
1. VERIFY RESOURCE BASE AND REDUCE
ENG, /ECCN. UNCERTAINTY
A. RESIDUAL OIL MEASUREMENT & : ,
IMPROVED MEAS. TECHNIQUES -
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS 30 30 30 30 120
D. ECONOMIC & OTHER FEASIB. STUDIES 60 30 30 120
E..  PROCESS/FIELD TEST EVALUATION >
11. CONDUCT NON-FIELD BASED RESEARCH
AND REULATED AGTIVITIES :
A. RECDVERY PROCESS BENCH STUDIES _
~  AND THEORY
B. FLOW STUDIES : -
C. FIELD LIAISON & ENG. STUDIES 120 90 20 120 120 540
D. LAB EQUIPMENT & FACILITIES 500 500 | so00 1500

I1T1I. COMDUCT FIELD BASED RESEARCH,
N EMAINSTRATIO

A. TARGET IDENTIFICATION/FIELD :
SUPPORT/MATERIALS 500 { 500 1000

B. MINI-TESTS

C. TECHNICAL PILOTS

D. ECONOMIC PILOTS -

IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
JHROUGHOUT INDUSTRY.

A. PROVIDE TECHNOLOGY TO INDEPENDTS. 30 30 30 30 120
B. SHARE INDUSTRY/ERDA DEVELOP.

TOTAL 180 680 1180 [1i80 180 3400
ERDA SHARE 180 | 680 1180 {1180 180 3400

1/ Uses THE RESWLTS OF SD-1.
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PRESENT VALUE QOF COSTS (THOUSANDS OF 1976 DOLLARS):

TorAL CosTs
ERDA'S SHARE

EXPECTATION OF SUCCESS:

0 OF _THE PROGRAM:

POTENTIAL
PropucTION 1/
ULTIMATE RECDVERY 3600
DAILY PRODUCTION IN :
1985 , 265
1990 541
1995 505
CUMULATIVE PRODUC—~
TION BY:
1985 250
1990 1080
1995 o 2130
NOTES:

PoM; SD-5

5-YEAR CosST  TOTAL PROGRAM

2890 2890
DO DO
EXPECTEDZ/ COST-EFFECTIVENESS

"~ 'PRODUCTION = INDEX 3/

1620 561
119 15.0
243 © 30.7
117 28.7

110 3%

480 167

960 332

1/ UNITS: ULTIMATE RECOVERY —— MILLIONS OF BARRELS; DAILY PRODUCTION --—

THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUL..

BARRELS

IN — MILLIONS OF

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PropucTION COLUMN

3/ UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION —— EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cOsT
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TARGET A-3: LIGHT OIL RESERVOIRS, THIN, LOW PERMEABILITY, LOW RESIDUAL OIL
——————  SATURATION RESERVOIRS

R&D STRATEGY SD-6 with SD-2: EXTEND APPLICABILITY OF PROCESS BY USING
- CHEAPER FUELS FOR GENERATING STEAM

1. CENTRAL PROBLEM

A substantial number of shallow, light o0il reservoirs in Texas,
Louisiana and mid-continent have characteristics such as Tow residual oil
saturations, thin pays and/or Tow permeabilities that make them economically
unattractive for tertiary production. The chemica] recovery processes that
could be applied to these fields are unproven and even when proven would be
high cost. Under current economic 1imits imposed by an oil/steam ratio
based on a fuel of comparable value to produced crude, steam drive is also
economically unattractive. Without some form of improvement these reservoirs
would remain unproduced in the foreseeable future.

2. _R&D GOALS

e Using a relatively cheaper fuel than the crude oil, such as
has already been described under Target A-1 (SD-2), show that
economic production of crude oil from such reservoirs is pos-
sible using steam drive techniques. Essential to this first
goal will be the design and ultimate development of steam
generators that use coal as fuel and are economically operable
in the oil field environment.

e Establish the technical basis of Such operations and show
that calculated results are confirmed or improved upon in
practice.
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e This goal would be reached in two stages. The first stage
would involve technical and economic demonstrations of the
feasibility of using a Tower cost steam drive process in
these reservoirs. The second stage would be designed to
bring the application of steam drive in these reservoirs
to a conventional application.

3. R&D ACTIVITIES

, The R&D activities would consist of a sequence of tasks as
follows:
I. Building the Knowledge Base: starting in 1977

-- Physical model studies on steam displacement in light
0il reservoirs. :

-- Mathematical reservoir simulation studies.

-~ Extrapolation of results of studies under Target A-1 (SD-1).

IT. Basic and Applied Research: starting in 1977

-- Design and development work on coal fired steam generators
and economic feasibility studies of coal usage (see Target
A-1, SD-1).
ITI. Field Based Activities

-- Technical field studies of well completions, steam
injectivity, and profile control in such reservoirs,
starting in 1978.

-- Large economic pilots, starting in 1979.

IV. Transfer and Dissemination



I1-56

PeM:__SD-6
4. ReD ACTIVITIES —— PHYSICAL UNITS:

5-YEAR
ACTIVITY 1977 | 1978 | 1979 {1980 |1981 | TOTAL

I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON, UNCERTAINTY. (PERSON-YEARS):

A. RESIDUAL OIL MEASUREMENT & IMPROVED

MEASUREMENT TECHNIQUES 2/
B.  RESERVOIR DATA BASE 1 1
C. RECOVERY MODELS 1 1
D. ECONOMIC & OTHER FEASIBILITY STUDIES 1 1
E. PROCESS/FIELD TEST EVALUATION 3
II. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY 1 2 2 1 6
B. FLOW STUDIES 5 5 4 5 4 23
C. FIELD LIAISON & ENG. STUDIES 1 1 1 1 1
D. LAB EQUIPMENT & FACILITIES * * * * * *

III. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):

A. . TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS * * *

B.  MINI-TESTS
C. TECHNICAL PILOTS -

4/
D. ECONOMIC PILOTS 1 1
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS 5/
B. SHARE INDUSTRY/ERDA DEVELOP. =4

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.
17 USED WITH SD-2

2/ RELIES ON RESIDUAL MEASUREMENT PROGRAM ST-4

3/ UseES RESULTS OF SD-1

4/ LARGE ECONOMIC PILOT

57 INCLUDED IN ABOVE FIGURES
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5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):

S—YR- 2/
ACTIVITY 1977 1978 1979 1980 1981 | TOTAL ™
I. VERIFY RESOURCE BASE AMD REDUCE
ENG.ZECON., UNCERTAINTY
A. RESIDUAL OIL MEASUREMENT &
IMPROVED MEAS. TECHNIQUES 3
B. RESERVOIR DATA BASE 60 60
C. RECOVERY MODELS 60 60
D. ECONOMIC & OTHER FEASIB. STUWDIES 60 60
E. PROCESS/FIELD TEST EVALUATION ’ 4/
I11. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY 60 120 120 60 360
B. FLOW STUWDIES 300 300 240 300 240 1380
5/
€. FIELD LIAISON & ENG. STUDIES 60 60 60 60 60 300~
D. LAB EQUIPMENT & FACILITIES 400 | 1000 500 300 | 250 2450
II1. COMNDUCT FIELD BASED RESEARCH,
JESTS AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD )
SUPPORT/MATERIALS 350 | 1000 1350
B. MINI-TESTS -
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS 5000 | 2000 { 2000 9000
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY"
THROUGHOUT INNUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. &/
B. SHARE INDUSTRY/ERDA DEVELOP. &/
TOTAL 1170 | 2480 5980 2780| 2610 15020
ERDA SHARE 1170 | 2480 5980 2780} 2610 | 15020

UseD WITH SD-2
PosT 1981 COMMITMENTS: $500,000 PER YEAR FROM 1982 TO. 1986
RELIES ON RESIDUAL MEASUREMENT PROGRAM ST-4

Uses RESW. TS OF SD-1
REQUIRES POST 1981 FUNDING COMMI TMENTS

RR RRRK

INCLUDED IN ABOVE COSTS
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PeM: Sb-6

6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR _CoOsT  TOTAL PROGRAM

TotAL CosTs

ALL ERDA 12718 14186
ERDA'S SHARE : :
7. EXPECTATION OF SUCCFSS: 57%
8. OMES O E PROGRAM: (SEE NOTE ON NEXT PAGE)
POTENTIAL1 EXPECTED,,  COST-EFFECTIVENESS
PrRODUCTION ¥  PRODUCTION = InpEX 37
ULTIMATE RECOVERY 3100 1767 125
DAILY PRODUCTION IN:
1985 163 93 2.4
1990 687 392 ; 10.1
1995 669 381 9.8
CUMULATIVE PRODUC-
TION BY:
1985 110" 60 5
1990 980 ‘560 40
1995 2360 1350 95

NOTES:

1/ UNITS: ULTIMATE RECOVERY -~ MILLIONS OF BARRELS; DAILY PRODUCTION —
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION — MILLIONS OF
BARRELS

27 EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PrRODUCTION COLUMN

37 UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — EXPECTED

BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cOsT
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Note on Production Benefits of SD-6 with SD-2:

The reservoirs in this target are light oil reservoirs
previously screened into one of three categories.

e kSurfactant/po]ymer
e Polymer waterflooding

® EOR not applicable

While some reservoirs in the first two categories may be
counted twice the bulk of the reservoirs in the first two categories
proved uneconomic in their original EOR technique. Thus most of

these reservoirs would be rejected based on the economic screen
making the double counting minimal.
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TARGET A-4: HEAVY OIL RESERVOIRS WITH NO INFLUX (8° - 11° API)

R&D STRATEGY SD-7: EXTEND APPLICABILITY OF STEAM DRIVE PROCESS

1. CENTRAL PROBLEM

A wide range of opinion exists as to the actual resource and
reserve base of oils that are too viscous to flow without artificial
stimulation -- the estimates range from 5 to over 50 billion barrels.
A recent National Academy of Sciences estimate placed the potential at
29 billion barrels. -

There are two distinct categories of such accumulations: one
is a near-surface accumulation that may be mined and processed to sepa-
rate the hydrocarbon material from the mineral matrix; the second is
enough for the application of in situ processing but the reservoir energy
is insufficient to establish any sustained influx by stimﬁ]ation of the
producing wells. Without the energy required to sustain influx, piston-
type drive processes cannot succeed. Without the possibility of deplet-
ing the reservoir by stimulation, fluid injection is impossible unless
the reservoir contains high saturation gas or water zones that can serve
to disseminate heat between wells, or fractures can be induced which will
serve to communicate heat throughout the formation.

2. R&D GOALS

e The first and foremost goal of any program aimed at this
target must be to establish that a real target exists.
None of the existing studies on the occurrence of such
accumulations have been sufficiently critical nor aware
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of .the problems to reach a valid assessment of the
resource and that part of it which could conceivably
be a target for recovery schemes.

A second goal is to determine if the targets do have
depleted zones, gas zones or water zones, or can be
successfully (horizontally) fractured to permit injec-
tivity of steam, including studies on the technical
feasibility of exploitation by such techniques.

A third goal is to examine those accumulations near the
surface, which preclude in situ exploitation for the
technical and economic feasibility of mining and sur-
face separation of the resource.

The eventual R&D goa] for this target is the accumula-
tion of sufficient knowledge to make judicious longer
term decisions for recovering this resource.

3. R&D ACTIVITIES

follows:

The R&D activity would consist of a sequence of tasks as

Building the Knowledge Base: starting in 1977

-- Define the resource and fraction amenable to
recovery.

-~ Define communicating channels, zones, etc.
in any indicated amenable accumulations.
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~-- Examine economic feasibility of exploitation by
mining or developing communication channels.

II. Basic and Applied Research: starting in 1978

-~ Examine feasibility of mining and surface process-
ing schemes of any indicated amenable accumulations.

-- Examine feasibility of developing communicating
channels by depletion, or fracturing.

-- Conduct scaled physical model studies/mathematical
reservoir simulation studies of process.

ITI. Field Based Activities

-- Conduct technical pilots of developing communication
channels, starting in 1978. '

-- Technical pilots of mining operations, should the
resource prove to be economically recoverable,
would begin after 1981.
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PeM: SD-7

4. ReD ACTIVITIES -— PHYSICAL UNITS
> 5-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AND RFDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):
A. RESIDUAL OIL MEASUREMENT & IMPROVED]. ’
MEASUREMENT TECHNIQUES (SEE JACTIVITY III.AD -
B. RESERVOIR DATA BASE 1 1 1 - 3
c. RECOVERY MODELS 1 1 1 3
D. ECONOMIC & OTHER FEASIBILITY STUDIES 1 1 1 1 4
E. PROCESS/FIELD TEST EVALUATION -
I1. CONDUCT NON-FIELD BASED RESEARCH AND
BEILATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES .
AND THEORY ‘ i 2 2 4 3 12
B. FLOW STUDIES 2 5 5 5 3 21,
cC. FIELD LIAISON & ENG. STUDIES 1 1 1 1 1 5
D. LAB EQUIPMENT & FACILITIES * * * * * * *
I1I. CONDUCT FIELD BASED RESEARCH, TESTS
AMD DEMCNSTRATIONS (PROJECTS):
1/
A. TARGET IDENTIFICATION/FIELD A larm——
SUPPORT/MATERIALS y 3 1/
B. MINI-TESTS R
C.  TECHNICAL PILOTS : » -
D. ECONOMIC PILOTS . o _
IV. TRANSFER & SUSTAIN ECOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS 2/
B.  SHARE INDUSTRY.ERDA DEVELOP. &

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE .
P .

1 15 CORE HOLES AND 3 TESTS OF MINING DEPOSITS. (III-A)

2/

= INCLUDED IN ABOVE FIGURES.
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PeM: _SD-7
5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
5-YR. 3,
ACTIVITY 1977 } 1978 | 1979 | 1980 | ‘1981 | TOTAL™
1. VERIFY RESQURCE BASE AND REDUCE
ENG, /ECON. UNCERTAINTY
A. RESIDUAL OIL MEASUREMENT &
IMPROVED MEAS. TECHNIQUES : (SEE ACTIVITY III1.AD
B. RESERVOIR DATA BASE 60 60 60 180
C. RECOVERY MODELS ‘ 60 60 60 180
D. ECONOMIC & DTHER FEASIB. STWIES 60 | 60 60 60 240
E. PROCESS/FIELD TEST EVALUATION -
JI. CONDUCT NON-FIELD BASED RESEARCH
AND RFE|ATED ACTIVITIES
A. “RECOVERY PROCESS BENCH STUDIES
AND THEORY ; 60 120 120 240 180 720
B. FLOW STWDOIES 120 300 300} 300 240, 1260
C. FIELD LIAISON & ENG. STUDIES 75 75 75 75 75 375
D. LAB EQUIPMENT & FACILITIES 250 500 250 | 250 250 ‘| 1500
III. CONDUCT FIELD BASED RESEARCH,
TESTS AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS 1500 1500 |1is00 4500
B. MINI-TESTS B
C. TECHNICAL PILOTS - 1/
D. ECONOMIC PILOTS 7 -
IV.  TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY
A. PROVIDE TECHNOLDGY TO INDEPENDTS. 2/
B. SHARE INDUSTRY/ERDA DEVELOR. i 2/
TOTAL 625 675 2425 |2425 805 8955
ERDA SHARE 625 2675 2425 | 2425 | 805 8955

L7 POST 1981 COMMITMENTS: $10 MILLION FOR TECHNICAL PILOT IF FEASIBILITY IS ESTABLISHED.

£/ INCLUDED IN ABOVE COSTS.
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PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

TOTAL COSTS
ERDA'S SHARE

ALL ERDA

12%

EXPECTATION OF SUCCESS:

OQUTCOMES OF THE ReD PROGRAM:

POTENTIAL
RODUCTICON 17

ULTIMATE RECOVERY 0-5000

DAILY PRODUCTION IN:
1985
1990 4/
1995

CUMUL_ATIVE PRODUC-
TION BY:

1985

1990 &/
1995

NOTES:

17 UNITS:

PeM; SD-7
5-YEAR COST = TOTAL PROGRAM
7698 13567
EXPECTEDz/ CosT-EFFECTIVENESS
PRODUCTION < INDEX 37
0-44

ULTIMATE RECOVERY —— MILLIONS OF BARRELS; DAILY PRODUCTION ——

THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION —— MILLIONS OF

BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALWES IN POTENTIAL PRODUCTION COLUMN

37 UNITS:

ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION -— EXPECTED

BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cOSsT

4/ INUSFFICIENT DATA FOR MAKING PRODUCTION ESTIMATES:

FEA'S ENERGY OUTLOOK

(1976) ESTIMATES ANNUAL PRODUCTION AT 200,000 BARRELS PER DAY IN 1985 AND

300,000 BARRELS PER DAY IN 1989:

WE BEL.IEVE THESE ESIMTATES ARE TOO HIGH

GIVEN THE POORLY UNDERSTOOD NATURE OF THE RESOURCE BASE AND THE CURRENT
LACK OF AN ECONOMIC TECHNOLOGY FOR RECOVERING THIS OIL.






CHAPTER III

IN SITU COMBUSTION

Description and Current Application of the Technology

" An alternative to steam drive for introducing heat and pressure
into a reservoir is the use of in situ combustion, or "fire flooding".
Spontaneous combustion was accidentally triggered during the'air injec-
tion pressure maintenance efforts of the early 1900s and the initial
patent was issued to F.A. Howard (Standard Development Company) in 1923.
However, even after this considerable passage of time, the process is
still considered risky and only partly proven.

The basic process consists of the injection of air into the
reservoir to burn some of the oil-in-place. By controlling the air
injection, the amount of oil burned (and therefore heat generated) is
kept within desired 1imits. The hot combustion gases’ thus generated
flow toward production wells, pushing or carrying the oil as they pass.
In some cases, cyclic steam injection may be used in conjunction with
projects of this type to increase 011 recovery rates.

Typically, air is injected into the reservoir to create a gas
saturation high enough to allow-the large air flows necessary to sus-
tain combustion. When the air flow is large enough, spontaneous com-
bustion may take place, otherwise, a downhole heater may be used in the
injection well to initiate the combustion. The temperature of the
combustion is maintained at about 900° F. and the burning oil front
proceeds slowly through the reservoir. Higher rates of air injection
tend to burn excessive amounts of the oil in the reservoirs and may
cause the burning front to override the oil.
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Although the temperature can be controlled by changing the
air injection rate, a more recently developed method accomplishes this
by forward combustion and water. This method cools the combustion zone
by vaporizing the water and the resulting hot vapor helps to move the
heat through the reservoir ahead of the combustion front. While this
process is still economically unproven, it appears promisfng as reported

in a series of small pilots and in one large (930 acre) field test at the
Sloss Field, in Nebraska. ‘

Industry activity using in situ combustion is described in
the summary of past and current projects, shown in Exhibit III-1, below:

EXHIBIT III-I
In situ Combustion Activity Summary

Technical Economic ; Fieldwide
Pilots ' Pilots ~ Development
Total Current  Total Current Total Current
Projects 17 9 7 6 19 10
Reservoirs 16 8 7 6 18 9

In situ combustion activity is further characterized by the
following:

e 4,548 acres are under current development; this is down sharply
from only a few years ago
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e In response to a variety of problems, the newer projects
tend to be smaller technical pilots rather than the
larger economic tests or fieldwide efforts

¢ In situ combustion tends to be used in deeper, thinner
pay zone and Tower residual o0il saturation on fields
than steam drive -

e Current R&D appears to be taking in situ combustion
to greater depths. Whereas only one fieldwide project
is deeper than 5,000 feet, all the technical pilots are
at or below this depth. One economfc pilot at 11,800
feet, 1s‘reported as profitab]e and pfomising.

Although numerous in situ combustion pilots have been conducted
in the United States, the early efforts have provided generally discouraging
results. Based on this and the substitution of steam drive in many of the
shallower, heavy oil reservoirs of California, field application and
research in in situ combustion has declined. Some of the operating
probiems are described in the next section.

Problems and Opportunities

While several firms, including some independent operators, have
developed considerable expertise in applying combustion and remain bullish
on its prospects, the majority of operators have encountered substantial
problems. These problems have led to a decrease in overall activity.

One of the attractions of combustion is that it can rely on a
"free good", the previously unrecovered oil in the reservoir, to provide
the major source of fuel. Compensating for the "free fue]",khowever,
is the fact that air must be compressed and delivered to the formation
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and that burning the 0il in the reservoir reduces the amount available
for recovery. The fuel required for compressing the air together with
lthe purchase and maintenance costs of the compressor are high enough
that the overall costs for delivering-air to the reservoir can

be substantial. Relative to energy-intensive steam drive, the costs for
in situ combustion are lower only when the formation is Tess than 30 to
50 feet in thickness. For thicker reservoirs, the heat losses during a

steam drive are Tow enough to enable the heat to be delivered at
a lower cost.

Other problems have also arisen in the application of the in situ
combustion process that have detracted from its wide spread application
in thin reservoirs. These include: the relatively Tow sweep of the fire
~front because of the instability of the frontal advance (compared to the
relatively high stability of the steam front); the high incidence of
corrosion and burnouts at producing wells; and the problems in producing
wells at high gas-0il ratios, because combustion gases must be produced
in amounts approximately equal to the amount for the injected air.

Finally, because many combustion opportunities are in California,
the constraints due to environmental restrictions and market opportunities
that 1imit steam drive also contrain combustion applicatiouns.

Currently available literature is not adequate to establish
which of these problems -- or others -- accounts for the discouraging
results to date. It is important to determine if the problems are at
all subject to economic correction. Considerable investigative research
seems justified because of the distinct value of developing a process
which is capable of economically recovering oil from reservoirs that are
too thin or too deep for steam drive.
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Future Directions of Industry Application--The Base Case

Discussions with industry experts and an examination of the
literature on in situ combustion support the conclusion that research
and field application of in situ combustion are at a crossroad. The
standard procedures l-/for computing the Base Case (described in Chapter
I of Part 3) were used, with one modification. Because ERDA is currently
funding about 20 percent of the on-going R&D in combustion, 20 percent
-of the production from the Base Case reservoirs is attributed to ERDA.
Under Standard Economics, the resulting Base Case for combustion is as

follows:

Ultimate Recovery , 900 million barrels
Production Rate in:
1985 ‘ 60 thousand barrels pér day
1990 70 |
1995 40
Cumulative Production by:
1985 140 million barrels
1990 250
1995 380

As can be seen, the production rate peaks in 1990, when the
earlier candidate reservoirs begin to decline and are not replaced by
other reservoirs.

Exhibit III-2 shows the sensitivity of these Base Case estimates
tax contingencies analyzed in the study. Given the Timited opportunities
assumed available for in situ combustion, changes in prices have only a
small effect and changes in taxes have no measurable effect.

1 .
Y Including the constraints on California heavy crude production.
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Ultimate recovery increases from 900 to 1,100 million barrels,
as the price goes from upper tier ($11.63) to the alternate fuels level
($20.00) and the production rate increases by about 20,000 barrels per
day.

The In Situ Combustion Programs

Two in situ combustion programs are analyzed. The first pro-
gram (referred to as IC-1, below) examines improved process efficiencies.
The second program (IC-2), should the first program show the process to
be capable of improvement, tests the process in the field.

Because these programs are so highly interactive, they are
discussed together in the following section. Overcoming California
environmental and market constraints would be dependent on the effec-
tiveness of the SD-2 research program in steam drive.
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TARGET B-1: PRODUCTION OF HEAVY CRUDES BY THE USE OF IN SITU COMBUSTION

R&D STRATEGY IC-1 AND IC-2: DETERMINE APPLICABILITY OF THE IN
SITU COMBUSTION PROCESS

1. CENTRAL PROBLEM

The original promise of in situ combustion as a scheme for
increasing the recovery of heavy oils has not been realized. Of the
numerous attempts to implement the process, few have survived as com-
mercial ventures. Most new ventures have been concentrated in shallow
sands in Northern Louisiana because of environmental and market con-
straints in California. The problems that have been encountered fall
into three categories: poor fuel/oil ratios, poor reservoir sweep, and
difficulty in maintaining the integrity of producing wells. The last
problem is associated with high temperatures, corrosive gas production,
and high,sand velocities resulting from the high gas-oil ratios of un-
consolidated sands that are characteristic of many of the reservoirs
in which combustion operations have been attempted.

The published literature is not sufficiently complete to permit
an assessment to be made of the cause of the major problems. Conse-
quently, neither the technical viability of the process nor its com-
petitive position relative to steam operations can be evaluated.

2. R&D GOALS

e To determine whether the poor results of many past
in situ combustion operations can be attributed to
a dominant factor, viz., difficulty of maintaining
operations at a reasonable cost, or due to ineffi-
cient reservoir performance.
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e To evaluate the potential for overcoming the negative
effects of such factors by engineering study and labo-
ratory model experiments.

e To demonstrate the feasibility of improved operations
in a field application.

e The eventual R&D goal, should the problems be overcome,
would be to make the process conventionally applicable
with recoveries and costs comparable to those being
experienced in the shallower sandstones of Texas and
Northern Louisiana.

R&D ACTIVITIES

I. Building a Knowledge Base

-- A detailed and systematic assessment of all the
available data on in situ combustion would be
first priority for any future activity for in
situ combustion.

-- A second supporting effort would be focused on
constructing improved recovery models and on
verifying the economic feasibility of the process.

II. Basic and Applied Research

-- If the studies above prove there is merit in such
an approach, laboratory and engineering design
studies would be initiated to elaborate on those
parameters that need further demonstration and
improvement to make in situ combustion technologi-
cally viable.
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Iv.
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Field Operations

-- A small mini-test would be conducted if positive
information is developed by the preceding
“activities; it would start in 1979.

-- Should the mini-tést prove successful, an
economic pilot would be started in 1980.

Transfer and Dissemination
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4. ReD ACTIVITIES — PHYSICAL UNITS - PeM:  IC-Ie2
5-YR.
ACTIVITY 1977 1978 1979 1580 1981 TOTAL

I. VERIFY RESOURCE BASE AND REDUCE
ENG. 2ECON. UNCERTAINTY

A. RESIDUAL OIL MEASUREMENT & :
IMPROVED MEAS. TECHNIQUES -

B. RESERVOIR DATA BASE -
C. RECOVERY MODELS -
D. ECONOMIC & OTHER FEASIB. STUDIES i -
E. PROCESS/FIELD TEST EVALUATION 1 1

I1. CONDUCT NON-FIELD BASED RESEARCH
ANO RELATED ACTIVITIES (PERSON YEARS)

A. RECOVERY PROCESS BENCH STUWDIES

AND THEORY 1 1
B. FLOW STUWDIES » 2 8 8 - 26
C. FIELD LIAISON & ENG. STUDIES 0.2 0.7 0.1 1
D. LAB EQUIPMENT & FACILITIES * * * * *

I11. CONDUCT FIELD BASED RESEARCH, ,
JESTS AND DEMONMSTRATIONS (NUMBER)

A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS -

B. MINI-TESTS 1 1
C. TECHNICAL PILOTS ; -
D. ECONOMIC PILOTS 1 1

- IV. TRANSFER & SUSTAIN EQR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON YEARS)

A. PROVIDE TECHNOLOGY TO INDEPENDTS. 1 1
B. SHARE INDUSTRY/ERDA DEVELOP.

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.
4/ CoRe HOLES.
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5. COSTS OF ‘ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):

5-YR. v
ACTIVITY 1977 1978 1979 198¢C 1981 TOTAL
I. VERIFY RESOURCE BASE AMND REDUCE
ENG, ZECCN. UNCERTAINTY
A. RESIDUAL 0OIL MEASUREMENT &
IMPROVED MEAS. TECHNIQUES -
B. RESERVOIR DATA BASE -
C. RECDVERY MODELS ; -
D. ECONOMIC & OTHER FEASIB. STUWDIES -
E. PROCESS/FIELD TEST EVALUATION 75 ‘ 75
II. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STWDIES
AND THEORY 75 75
B. FLOW STUDIES 120 480 480 480 1560
C. FIELD LIAISON & ENG. STUDIES : 25 75 15 115
D. LAB EQUIPMENT & FACILITIES 100 750 500 500 1850

II1. CONDUCT FIELD BASED RESEARCH,
JESTS AND DEMINSTRATIONS

A. TARGET IDENTIFICATION/FIELD ’ ;
SUPPORT/MATERIALS 250 250

B. MINI-TESTS
C. TECHNICAL PILOTS
D. ECONOMIC PILODTS 1500 4500 6000

1V.. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY

A. PROVIDE TECHNOLOGY TO INDEPENDTS.

_ 60 60
B. SHARE INDUSTRY/ERDA DEVELOP.

TOTAL 75 295 | 1505 | 2555 5555 9985
ERDA SHARE ‘ 75 295 | 1505 | 2555 5555 9985

v PosT 1981 COMMITMENTS: - $2,000,000 IN EACH YEAR, 1982 AND 1983.
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6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

7.

8.

TOTAL CosTs

ERDA'S SHARE

EXPECTATION OF SUCCFSS.

OUTCOMES OF THE ReD PROGRAM:

ULTIMATE RECOVERY

DAILY PRODUCTION IN:

1985
1990
1995

CUMULATIVE PRODUC—
TION BY:

1985

1990
1995

NOTES:

Y/ UNITS:

400

120

120
90

220
500
660

POTENTIAL

PrOpUCTION 17

5-YEAR COST ToTAL PROGRAM
7750 10371
DO DO
EXPECTEDZ/ CoST-EFFECTIVENESS
PRODUCTION < INDEX 37
120 12
40 1.3
40 1.4
30 1.0
70 6
150 14
200 19

ULTIMATE RECOVERY —— MILLIONS OF BARRELS; DAILY PRODUCTION —

THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION —- MILLIONS OF

BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

UNITS:

K

ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — EXPECTED

BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA'S cOsT
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Item 8, on the preceding page, shows that production for the
ERDA stimulated combustion projects peaks in 1990 as the opportunities
for this technique become exhausted.

Also notable in Item 8 are the cost-effectiveness measures.
While these are not as high as for some other programs, they are sub-
stantial. Twelve barrels of ultimate recovery per dollar of ERDA
expenditure are anticipated, equivalent to about eight cents per barrel
of ERDA R&D stimulated production. Because this production peaks during
the critical period, the majority of this oil is recovered when the need
is greatest. '

The apparently anomaly of cumulative production in excess of
ultimate recovery arises from the convention used in this study to
allocate benefits between ERDA and industry when non-EOR process con-
straints are present. Lifting of these constraints leads to an accelera-
tion of production, allocated to ERDA stimulation for the period 1985-
1995. However, since industry would have eventually produced the oil
without ERDA stimulation, it retains the allocation of ultimate recovery.
When the production figures for the Base Case are combined with those
from the ERDA programs, the apparent anomaly is reconciled.

The effects of the price/tax contingencies analyzed in this
study are displayed in Exhibit III-3. Tax effects on combustion pro-
jects appear to be negligible. Only at the extreme, as represented
by alternate fuels price of $20.00 per barrel, does price have effect
on production -- and this only a slight acceleration of production
rates and cumulative recovery.
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SUMMARY: Combined Effects of Industry Activity and the ERDA R&D
Program for In situ Combustion

The production stimulated by the ERDA programs is expected
to add about 100 million barrels to ultimate recovery and to accelerate
the rate of production over the comparable figures for the Industry
Base Case, under Standard Economics. Exhibits III-4 and III-5
show the expected production rate and cumulative production for the
combined Industry Base Case and ERDA R&D programs under the Standard
Economics case. Peak expected production rates, at slightly
over 100 MB/D, occurs in 1990 -- the middle of the period of the
critical shortage and cumulative production by 1995 is expected
to be nearly 500 million barrels.

These projections have assumed the conditions of the Standard
Economics Case. The effects of price/tax contingencies are shown
in Exhibit I1II-6 for ultimate recovery and in Exhibit III-7 for the
production rates.

As noted earlier, changes in taxes have no effect on
in situ combustion. In terms of ultimate recovery, raising price
from upper tier to world levels increases the size of the Base Case,
but does not effect the ERDA-stimulated portion. Further increasing
price -- up to the alternate fuel Tevel of $20.00 per barrel --
increases the size of the Industry Base Case and the ERDA increment.
Note that in situ combustion is a technique for which raising
prices represents an alternative to public R&D. That is, combustion
at alternate fuels price -- without an ERDA program -- yields as
much ultimate recovery as the upper tier price with an ERDA program.
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EXHIBIT I11I-4
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ExHinlT Ill-6

EXPECTED ULTIMATE RECOVERY OF IN SITU COMBUSTION
UNDER PRICE/TAX CONTINGENCIES

1.5 ]
IC-1 & IC-2
1.0 ] IC-1 & IC-2 IC-1 & IC-
I1C-1 & IC-2 1C-1 & 1C-2
.5 BASE CASE
BASE CASE BASE CASE BASE CASE BASE CASE
STANDARD LOWER BOUND CASE 2 CASE 4 UPPER BOUND
ECONOMICS (UPPER TIER (WORLD PRICE (WORLD PRICE (ALTERNATE
(UPPER TIER UNFAVORABLE CURRENT TAX) FAVORABLE TAX) FUELS PRICE
CURRENT TAX) TAX) : FAVORABLE TAX)
ExHiBIT III-7
EXPECTED PRODUCTION RATES OF IN SI1Tu COMBUSTION
UNDER SELECTED PRICE/TAX CONTINGENCIES
120 |
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90 _
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FAVORABLE
TAX)
60 STANDARD ECONOMICS
(UPPER TIER, CURRENT TAX)
30
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Increasing price also increases the rate of production. At
world prices, combustion production reaches and maintains its peak
five years earlier than at upper tier prices. The alternate fuels
price yie]dsya higher rate and more rapid production. Under all
price/tax contingencies, the production rate drops off after 1990

as the candidate reservoirs begin to decline and no new ones are
added.






CHAPTER IV
CARBON DIOXIDE MISCIBLE FLOODING

SECTION A: GENERAL DISCUSSION

Description and Current Application of the Technology

Miscible recovery processes, theoretically, hold the promise
of meeting the ultimate objective of enhanced 0il recovery -- produc-
tion of 100 percent of the oil-in-place. For such a process to work,
the injection fluid must be completely miscible with the reservoir
crude oil and the injected material must invade all regions of the
reservoir.

The carbon dioxide flood is one of several embodiments of
the miscible drive process that have been proposed. As distinguished
from non-miscible drives in which the displacing phase acts primarily
as the transmitter of the pressure gradiénts required to displace the
ckude, a miscible drive affects the volumetric relations between the
residual oil and water as well as supplying the required pressure
gradients.

In a miscible flood, the injected material dissolves in or
is dissolved by the residual oil which it contacts, resulting in an
increase in volume of the oil phase. The volume of the 011 phase
increases until it reaches a pore saturation level where it is mobile.
(In tertiary application, it follows that the interstitial water must
be displaced ahead of the miscible fluid; otherwise a volume increase
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in the 011 phase would be impossible.) The mobile oil phase, moving
through the reservoir, encounters additional quantities of residual
0il which are assimilated into the growing oil bank. If injection

of the miscible fluid continues, the oil will be completely swept out
of all portions of the reservoir contacted by the fluid. In the end,
the reservoir will be filled with the solution of the miscible agent
and crude oil and an irreducible water saturation.

Available solvents, or miscible fluids, however, are too
expensive to be used in this manner. It is necessary to use only a
slug of solvent, which in turn is displaced by water. This slug of
solvent must be large enough that it is not reduced in saturation to
a residual level by the displacing water before the o0il bank is pro-
duced. If the solvent slug is not of sufficient size, then the advancing
water will be able to penetrate the oil bank and an immiscible displace-
ment process will then prevail.

In its current application, because the solvents have a much
lower viscosity than the crude, the solvent will finger its way through
the 01l bank and even ahead of it. The solvent then acts only as an
extractant for the residual oil in the paths that are adjacent to the
one being followed by the highly mobile solvent. Heterogeneities in
the formation accentuate this fingering process. To the extent that
fingering occurs, recovery efficiency is reduced, and an economically
profitable operation becomes difficult to achieve.

Several miscible agents have been applied, notably alcohols,
hydrocarbon gases, and carbon dioxide. While alcohols are miscible
with the reservoir oil, their general use is limited by substantial



Iv-3

technical problems and their high costs. Recent rises in value of
hydrocarbon gases have made this process uneconomic also.

Thus, only carbon dioxide appears to be an economically viable
solvent. Engineering experience with the earlier miscible processes,
especially hydrocarbon miscible, however, provides some insights into
the carbon dioxide process.

Carbon dioxide dissolves in most crudes, and at increasing
pressures the solubility increases. For some crudes, it has been
reported that at high enough pressures carbon dioxide and the crude
become miscible. However, carbon dioxide, in the super critical condi-
tion it must be in to be miscible, is very mobile. 1Its viscosity is of
the order of one tenth that of most low viscosity crude oils. Thus,
the problem of fingering is still present. As a result, its successful
application has so far been limited to situations where fingering can
be reduced by gravity stabilization (dipping reservoirs), or where it
is so cheap that it can be "wasted" in circulation through the reservoir.

Reduction in mobility of the carbon dioxide has been attempted
by alternating the injection of carbon dioxide with water, relying on
the Jamin forces to increase the resistance to flow. Although such a
procedure will slow down the flow of the carbon dioxide, it detracts
from the efficiency of the process by decreasing the saturation of the
oil/solvent bank. '
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Industry field activity in carbon dioxide and hydrocarbon

miscible projects is summarized in Exhibit IV-1 below:

EXHIBIT IV-1
Miscible Displacement Activity Summary

Technical Economic
Pilots Pilots
Total Current Total Current
Carbon
Dioxide
Projects 5 4
Reservoirs 5 , 4
Miscible

Hydrcarbon

Projects
Reservoirs

Fieldwide
Development
Total Current

(o]

10
10

00

In addition, current activity in using the miscib]e processes

is characterized by the following:

e Currently 38,618 acres are under carbon dioxide
flooding with an additional 56,782 acres under
hydrocarbon miscible flooding.
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The large-scale, 29,000 acre, secondary base application
of carbon dioxide in the SACROC unit of the Kelly-Snyder
field (in West Texas) promises to add several hundred
million barrels of additional recovery.

In Crossett, another West Texas field, secondary appli-
cation of carbon dioxide flooding is projected to more
than double the amount of o0il recovered through previous
primary and secondary operations.

Few, if any, additional hydrocarbon miscible projects
are anticipated due to increased gas prices; many hydro-
carbon projects are being evaluated for conversion to
carbon dioxide or flue gas where available.

Field experience has only recently begun to accumulate
with carbon dioxide miscible flooding. Al1 the projects
reported have been begun since 1972, thus only limited
empirical data is currently available.

Whether the carbon dioxide achieves and maintains misci-
bility in the current pilots is subject to discussion
and at Teast two of the twelve are clearly immiscible
floods.

The majority of current tests are in reservoirs with
high oil saturations -- ten of the twelve had greater
than 50 percent o0il saturation at project initiation.
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e Whereas these tests have shown the effectiveness of the
process when used in secondary model (before waterflood-
ing), the use of carbon dioxide miscible in tertiary mode
(after waterflooding) is more problematic. In another
portion of SACROC and at Little Creek, tertiary carbon
dioxide floods developed the desired bank and oil was
produced, but the amount of carbon dioxide required was
uneconomically excessive.

e As recently reported in the trade lTiterature, AMOCO is
actively field testing this technique and, if proven
successful, estimates that they could add 1.5 to 2
billion barrels of reserves from their holdings in
West Texas alone. '

Problems and Opportunities

Although the small number and still incomplete nature of pro-
jects using carbon dioxide miscible flooding 1imit the amount of empirical
data available, the results to date have been sufficient to identify
several major problems and opportunities with the technique:

1. The first problem concerns the threshold level of o0il satura-
tion. Efficiency of the process appears to be reduced when applied to
reservoirs with Tower saturation, as after waterfliooding. Achieving
miscibility and maintaining the required bank are impeded by the finger-
ing induced through the watered out channels. Experience in SACROC has
been that the same process applied before and after waterflooding had
markedly different results -- success in the former and failure in
the Tatter. Since many carbon dioxide candidates, indeed most in some
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regions (e.g., West Texas) have been or are being actively waterflooded,
high oil saturations will be the exception and not the rule. A possible
technique for overcoming this defect is to initially reinject a signifi-
cant slug of produced crude ahead of the carbon dioxide.- This is almost
prohibitively expensive on a reservoir basis. However, if the problem
is approached from a province-wide viewpoint it may be feasible. If

use of a slug of produced crude is staggered and initial well spacing

is reduced by infilling, it might be possible to build up a viable pro-
vince-wide operation. In terms of future production and recovery gains,
such a scheme might more than offset the initial production declines

due to reinjection.

For those candidate reservoirs that have not been watered out,
the alternative is to bypass the waterflood, using carbon dioxide mis-
cible in the secondary mode. To exploit this opportunity, however,
requires an acceleration of carbon dioxide application as increasing
numbers of candidate reservoirs are reaching waterflood residual oil
saturations.

2. The second problem concerns the uncertainty in the actual
level and distribution of the residual oil. The one direct and con-
sistent way to evaluate this quantity of residual is to subtract the
sum of production and reserves (which together equal the ultimate
recovery from the reservoir) from that quantity of o0il which was reported
to be in place upon discovery of the reservoir. Although this is a con-
sistent and straightforward approach, the result is subject to possibly
substantial error. This error arises from either an initial error in
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estimating the original oil-in-place in the reservoir and/or the non-
uniformity with which the reservoir is depleted by conventional tech-
nology. Seventy-five percent of the o0il that has been discovered was
found prior to 1950 when the techniques for evaluation and measurement
were not as accurate as they have become, due to subsequent technologi-
cal development. Thus the possibility exists for errors in the original
oil-in-place and oil saturation. Depletion in many cases is suspected
of being non-uniform and therefore some of the total residual oil will
not be accessible to the injection fluid. It may well be that the esti-
mated amount of residual oil, derived by the material balance method
described above, provides an optimistic estimate of the oil that is the
target for recovery. This cloud of uncertainty has discouraged wide-
scale application of the carbon dioxide miscible process.

Given the sensitivity of project success to variations in oil
saturation, and the uncertainty as to the amount and distribution of
the residual oil, engineering a successful project becomes a highly spe-
culative matter. In such cases many operators will table this option in
favor of the more predictable waterflood, thus tending to slow the number
of carbon dioxide applications and practically ensuring a reduction in
incremental recovery efficiency, when attempted later at a lower saturation.

3. A third problem common to all miscible flooding is mobility
control. Even where the displacing phase is absolutely miscible with
the crude under all conceivable in situ conditions, an unfavorable mobi-
lity ratio leads to fingering and thus low recovery efficiency. Since
the viscosity of super-critical carbon dioxide is of the order of 0.2 cp.,
the viscosity ratio will clearly be unfavorable even with the highest
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gravity crudes. In order to secure a favorable mobility ratio, the
relative permeability of carbon dioxide would have to be lowered to

a value which is a ffaction of the relative permeability to the oil
ahead of the carbon dioxide front. Many research avenues for examin-
ing mobility control of carbon dioxide remain uninvestigated, includ-
ing the effects of temperature and fluid composition, use of foams,
PH control in sandstone reservoirs, and selective perforations to
minimize carbon dioxide channeling.

4. It now is apparent that carbon dioxide is not always miscible
on first contact with crudes contained in reservoirs for which the pro-
cess superficially appears applicable. Although miscibility developed
on multiple contact will eventually result in some downstream displace-
ment, the overall recovery will have been penalized by this delay in
reaching miscibility. Recent publications have also indicated miscibility
may not be achieved even on multiple contact and that the phase relation-
ships are very complex. If miscibility is not achieved, then the best
performance that can be envisioned is that of an immiscible gas displace-
ment resulting from increased pressure, reduced viscosity and increased
bulk volume.

Short core tests may fail completely in assessing the potential
of carbon dioxide flooding. The true conditions existing around an injec-
tion well may not be recreated with any faithfulness by waterflooding a
short core. This is important, since the initial oi1 bank build-up engen-
dered by carbon dioxide flooding may well be dependent upon the exact
conditions existing around such injectors. Moreover, the complex equili-
bria between carbon dioxide and crude oil are definitely a function of
pressure, temperature and fluid-fluid contact sequences. The appropriate
range of conditions which would exist in a reservoir operation may not
be easily replicated in short core tests.
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5. Widespread application of carbon dioxide miscible flooding is
constrained by the limited availability of nearby, naturally dccurring
carbon dioxide. While substantial quantities of naturally occurring car-
bon dioxide are often found associated with natural gas, it has histori-
cally been considered a waste product and released into the air (except
for the small amount captured for industrial use, e.g., for making dry
ice). Several major natural sources of carbon dioxide have been recently
identified, but these are located considerable distances from the most
favorable areas for application. The economics of carbon dioxide develop-
ment are dependent on economies of scale and constant, predictable Tevels
of use. The scarcity and cost of carbon dioxide may be alleviated some-
what, since it can be produced with the recovered oil and reused. This
recycling of the carbon dioxide, however, requires purification, pres-
surization, and reinjection. These are costly and capital intensive pro-
cesses that require further economic evaluation.

6. Carbon dioxide is a by-product of numerous manufacturing pro-
cesses used in ammonia, gasoline, and chemical plants. It may be possible
to extract carbon dioxide from manufacturing operations or from stack |
gases more inexpensively than obtaining it from natural sourceskrequiring
considerable transportation. For example, combined power cycle plants,
using residual fuels (and in some cases ash-bearing solids such as coal
and Tignite) can be designed to optimize the production of carbon dioxide,
power, and hydrogen (which may be used for additional power generation
or ammonia manufacture). Recovery from stack gases has not yet been
sufficiently studied to make an economic evaluation. One of the signi-
ficant items not yet specified is the exact degree of purity required for
carbon dioxide in various reservoirs. This is crucial in that the cost
of purifying the carbon dioxide is exponentially related to the level of
purity required.
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Future Directions of Industry Application -- The Base Case

Discussions with researchers, interviews with production managers,
and examination of the literature on carbon dioxide miscible flooding lead
to the assumption that the more favorable reservoirs -- those with high
01 saturations, still under primary development or in the very early
stages of waterflooding, will be developed by industry. Reservoirs where
there are economic pilot activity currently underway will be developed
first. These will be followed by reservoirs similar to those currently
under development, in the order of their profitability.

Because of limited supplies of carbon dioxide, production will
be constrained at about 400 thousand barrels per day. Industry wf]] pro-
bably acquire the required amount of carbon dioxide without public assis-
tance up to this level.

Industry research and development during this period will be
directed primarily toward improving the predictability and recovery per-
formance of the process as applied to the most favorable reservoirs.
While these efforts will add to ultimate recovery, the lTimited avail-
ability of carbon dioxide will push any incremental recovery to beyond
1995,  Should 011 prices increase dramatically in the near term, industry
will begin to apply the process in additional reservoirs, thus gaining
credit for increases in ultimate recovery; but, because of Timitations
on carbon dioxide supply, this will provide no additional production.
during the critical period.

Using these assumptions, the detailed procedures for computing
the Base Case (described in Chapter I of Part 3) were applied, with one
exception. It was assumed that an alternate fuel price of $20.00 per
barre] would escalate the Tevel of industry R&D and would result in a ;
reallocation of production benefits from ERDA to industry, thus increasing
the Industry Base Case under the Upper Bound price/tax contingency.
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The Industry Base Case for carbon dioxide miscible, under
Standard Economics conditions, was estimated as follows:

Ultimate Recovery 4.7 billion barrels

Production Rate

1985 : 400
1990 : 400 Thousand barrels per day
1995 - 400
CumuTative Production
1985 880
1990 1610 Million barrels
1995 2340

Under other possible price/tax contingencies (see Exhibit IV-2),
ultimate recovery varies, but production rates stay the same due to
1imitations on carbon dioxide availability. Comparing the first two
columns shows the éffect of less favorable taxes. The fairly sizeable
difference is attributable principally to the requirement, in the Lower
Boundary case, that the injected carbon dioxide be capitalized. Reading
across, a small increase in ultimate recovery results from a price
increase from upper tier to world levels. A much greater rise in ultimate
recovery is noted as the price increases to the alternate fuels price.

A substantial portion of this jump is attributable to increased industry
R&D stimulated by the higher price.

Price changes also affect cumulative production, but only
slightly. This is because the higher prices bring on the projects
faster, so the constrained maximum production is reached
sooner, increasing the cumulative recovery for the dates shown.
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Overview of the Carbon Dioxide Programs

Because industry will concentrate on the more favorable
reservoirs and because of the constraint on carbon dioxide, numerous
targets and strategies remain unexploited except for possibly publicly
sponsored research and development. From the Base Case and the problems

and opportunities described above, the following targets and strategies
have been defined:

e Carbonate reservoirs in the Southwest (West Texas and
Southeastern New Mexico) and Montana with high oil saturations
(current saturations of 50% or greater)

-- And with high anticipated residual oil saturations
(average residual saturations of 45% or greater)

- Apply and extend the technology as currently defined
- Improve recovery efficiency
- Develop adequate and cheaper supplies of carbon dioxide

-- And with low anticipated residual oil saturations
(average residual saturations of less than 45%)

- Accelerate the application of the process prior to
the waterflood residual being reached, and achieve

improved efficiency using acceptable oil/carbon dioxide
ratios

e Carbonate reservoirs in the Southwest and Montana with current
011 saturations already reduced by waterflooding to 45% or less.

-- Extend the application of the process to reservoirs with
low current o0il saturations.
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e Gulf Coast (East Texas and Southern Louisiana) sand-
stone reservoirs with a significant dip, having low
saturations, due to efficient waterfloods.

-- Make the process economic in these high dip
reservoirs by gravity-stabilizing the carbon
dioxide drive.

e (Other sandstone reservoirs, especially in California
and Appalachia.

-- Extend the application of the process to these
tight sandstone reservoirs with varying degrees
of depletion.

Programs of activities were defined that would carry out each
of the strategies for the relevant targets. Exhibit IV-3 shows the
carbon dioxide miscible programs (by the designations used below) and
the targets and generic strategies to which they relate, Exhibit
IV-4 summarizes these programs in physical units (person-years and
projects) and Exhibit IV-5 shows their costs in current (1976) dollars.
As can be seen, the program costs double after the first year, then
increase slowly to a maximum of just under fourteen million dollars
in 1980, after which they decline slowly. The total five-year ERDA
cost is approximately $55 million; the total cost of the carbon dioxide
programs, including industry's share, is about $62 million.
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EXHIBIT IV-4. THE CARBON DIDXIDE PROGRAMS
IN PHYSICAL UNITS

5-YEAR

ACTIVITY 1977 | 1978 {1979 |1980 |[1981 TOTAL

I.  VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):

A. RESIDUAL OIL MEASUREMENT & IMPROVED \ -
MEASUREMENT TECHNIQUES

B.  RESERVOIR DATA BASE 1
C.  RECOVERY MODELS 2 1 3
D. ECONOMIC & OTHER FEASIBILITY STUDIES 4
E. PROCESS/FIELD TEST EVALUATION 1

II. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):

A. RECOVERY PROCESS BENCH STUDIES
AND THEORY 9 16 17 15 14 71

B. FLOW STUDIES 6 27 40 40 34 147
C. FIELD LIAISON & ENG. STUDIES 2.8 3.9 5.2 5.2 4.2 21.3
D. LAB EQUIPMENT ¢ FACILITIES * * * * * * *
I1I. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A.  TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS * * *
B. MINI-TESTS 1 4 5 3 13
C.  TECHNICAL PILOTS 2 o 2
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS }
1 1 1 1 4

B. SHARE INDUSTRY/ERDA DEVELOP.

¥ ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL WNIT.OF MEASURE.
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EXHIBIT IV-5. THE CARBON DIOXIDE PROGRAMS
IN 1976 DOLLARS

s5-YR.
ACTIVITY 1977 1978 1979 1950 1981 ToTALY,
I. VERIFY RESOURCE BASE AND REDUCE
ENG,/ECON, UNCERTAINTY
A. RESIDUAL OIL MSASUREMENT & _
IMPROVED MEAS. TECHNIQUES
60 60
B. RESERVOIR DATA BASE
120 60 180
C. RECOVERY MODELS
240]| 240] 300| 120 900
D. ECONCMIC & OTHER FEASIB. STUWDIES
E. PROCESS/FIELD TEST EVALUATICN 60 60 120
II. CONDUCT NON-FIEZLD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STUDIES
AND THECRY s40] o960 1020{ o900| 840} 4260
B. FLOW STWDIES 360| 1620| 2400| 2400| 2040 8820
C. FIELD LIAISON & ENG. STUDIES 177| 295| 390} 3901 315} 1567
D. LAB EQUIPMENT & FACILITIES 1000} 2750} 1600| 600} 600} 65350
II1. COMDUCT FIELD BASED RESEARCH,
JESTS. AND DEMENMSTRATICHS
A. TARGET IDENTIFICATION/FIELD
5250
SUPPORT/MATERIALS 3000} 2250 ‘
B. MINI-TESTS 1750| 6500 9000{ 6250 | 23500
C. TECHNICAL PILOTS 1000| 3000| 2000| 1500| 3000 10500
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHDUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS.
60 60 60 60 240
B. SHARE INDUSTRY/ERDA DEVELOP.
TOTAL 6557 [ 13045] 14270 14970 13105] 61947
ERDA SHARE 5557 | 1054512020 1372d 12980 s4822

(ERDAHSHARE BASED ON 50% CD-1 FIELD; 50% CD-3 FIELD FOR 1977, 78, 79)

o PosT 1981 COMMITMENTS: $7,500,000 EACH IN 1982 AND 1983, TO PREVIOUSLY
INITIATED FIELD OPERATIONS. IN ADDITION, AN AVERAGE COMMITMENT OF
$3.7 MILLION PER YEAR IS ANTICIPATED FROM 1982 TO 1986.
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The potential and expected production from investing in
research in carbon dioxide programs was estimated as described 1in
Chapters I and V of Part 3. Exhibits IV-6 and IV-7 summarize these
projections under the Standard Economics contingency. For the full
set of carbon dioxide programs, the combination of ERDA R&D and industry
activity production benefits are:

Potential Expected
Production Production
Ultimate Recovery 7.5 4.0 billion barrels
Production Rate
1985 270 150
1990 700 430 thousand barrels per
1995 1540 939 Per day
Cumulative Production
1985 310 180 Mililion barrels
1990 1290 800
1995 3510 2120

To relate costs to the expected production benefits, measures
of effectiveness were calculated by dividing the expected production by
the present value of the ERDA program budget. Exhibit IV-3 shows these
cost-effectiveness measures for the carbon dioxide programs. These
programs were found to be highly cost-effective in terms of ultimate
recovery. Here the indices range from eight to two hundred and forty-
nine expected barrels per dollar of ERDA expenditure. This is equivalent
to investing from Tess than one to twelve cents per barrel to assure
substantial amounts of additional domestic production.
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The R&D programs designed to improve recovery efficiency and to develop
adequate supplies of carbon dioxide (CD-1 and CD-5) also have highly
favorable cost-effectiveness indices on production rates and cumulative
production research. Because of the lengthy Tead-times, the Southwest,
Gulf Coast and Other Sandstone targets (CD-2, CD-3, and CD-4) show less
favorable production rate and cumulative production indices, the

Towest being for the Southwest and Montana carbonates that have

already been waterflooded. However, using ultimate recovery even

these programs are cost-effective -- requiring about six cents per
barrel for R&D. Moreover, as the footnote in the exhibit indicates,
these ratios would improve substantially if the process were to

become less risky -- down to the level of conventional processes.
Similarly, improved predictability would improve the performance of

the other programs. To be conservative, we have assumed that this
development will not take place. Several industry analysts, however,
have argued that this is not out of reach, given proper research

and development.

The activities conducted for one class of reservoirs can have
beneficial effects in other reservoirs. In the case of carbon dioxide,
the benefits ascribed to developing adequate quantities of carbon dioxide
were only attributed to the reservoirs with higher 0il saturations in
the Southwest and Montana. While secondary effects of achieving this
objective aid in production from other reservoirs, these secondary
benefits have not been included in the cost-effectiveness index.

The contingencies presented by changing prices and taxes from
the Standard Economics Case have substantial effects on the expected
production from the carbon dioxide programs (see Exhibit IV-9).
Comparing the Standard Economics and the Lower Bound Cases shows the
effect of making taxes favorable. The pronounced effect -- the loss
of 700 mi]]ioh barrels -- is due to the change from expensing to
capitalizing the injected carbon dioxide. Comparing the Standard
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Economics Case with Case 2 shows the effect of raising the price from
the upper tier ($11.63 per barrel) to the world oil price ($13.00 per
barrel): an additional 1.1 billion barrels is recovered ultimately
with the production coming on stream substantially sooner. More
favorable tax treatment (Case 4) has only marginal effect at world oil
prices. Further, raising the price to the alternate fuels level of
the Upper Bound Case ($20.00 per barrel) yields greater ultimate
recovery, but only slight improvements in the production rate before
1995.

SUMMARY: Combined Effects of Industry Activity and Carbon Dioxide
Miscible Programs

Combining the production stimulated by the ERDA R&D program
with industry's activity shows that substantial quantities of o0il may
be recoverable by using carbon dioxide miscible flooding. Under the
Standard Economics Case, the total ultimate recovery from carbon
dioxide miscible would be 8.7 billion barrels. Exhibits IV-10 and
IV-11 show the expected production of all of carbon dioxide applications.
(In both figures, the curves are each added to the next lower). The
Industfy,Base Case rises until it meets the constraint on carbon dioxide
availability -- at 400 MB/D. The curve for CD-5 represents the relax-
ation of this constraint, raising production to 480 MB/D in 1990.
This amount is available using current technology in the highly favorable
reservoirs. The contribution of CD-1 begins to be felt as early as 1980,
but significant escalation of production rate occurs after 1985. By
1990, CD-1 has brought the expected production to 820 MB/D. As noted
earlier, the other carbon dioxide'programs have Tater impacts --
contributing substantially to ultimate recovery only after 1995.
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The total carbon dioxide production (from the Industry: Base
Case and the ERDA program) was seen to be sensitive to price/tax con-
tingencies. Exhibit IV-12 displays expected ultimate recovery under
each of the contingencies analyzed. Exhibit IV-13 shows the effects
of the most salient price/tax contingencies on production rates.

As can be seen in Exhibit IV-12 (comparing the first two bars),
removal of the opportunity to expense the injected carbon dioxide results
in a substantial reduction in ultimate recovery, as the Industry Base
Case shrinks and only one ERDA program stimulates additional production.
With prices rising to the world o0il price (Case 2 and 4), 0il recovery
~ from the Industry Base Case and that stimulated by ERDA's programs increase.
Comparing these two cases shows the small effect that moderate (3%)
increases in the investment tax credit have on ultimate recovery. Further
increases in price -- up to alternate fuels level -- expand the ultimate
recovery of the Industry Base Case and of ERDA's program. The relatively
smaller contribution of CD-1 is due to the allocation of some of this
benefit to industry R&D, i.e., it is incorporated into the Base Case at
this price level. (Note that the reason CD-5 does not appear in this
figure is because its contribution is acceleration of production by relax-
ing the limitations posed by lack of carbon dioxide supply. Thus, it
does not add to ultimate recovery -- the Industry Base Case contains that
recovery but this would be produced at a slow rate and thus at a later
date.)

As seen in the lower figure, the acceleration of the overall
production rate due to improved economics is almost unnoticeable before
1985, but begins to have significant effect after 1990. This accelera-
tion effect is most pronounced under the alternate fuels price.
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ExHisrT IV-12

ULTIMATE RECOVERY UNDER PRICE/TAX CONTINGENCIES

FROM CARBON DIOXIDE PROGRAMS
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SECTION B: INDIVIDUAL CARBON DIOXIDE MISCIBLE PROJECTS
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TARGET C-1: (CARBON DIOXIDE MISCIBLE DISPLACEMENT IN CARBONATE RESERVOIRS
—————— HAVING A HIGH (45% or greater) RESIDUAL OIL SATURATION

R&D STRATEGY CD-1: SECURE ADEQUATE RECOVERY OF CRUDE AT ACCEPTABLE
0IL/C0, RATIOS

1. CENTRAL PROBLEM

To achieve effective miscible displacement of érude 0il, the
carbon dioxide must be miscible relatively soon after injection into the
reservoir. Moreover, its mobility must be as close to that or even less than
that of the crude oil bank being formed ahead of the carbon dioxide.

Carbon dioxide is a very low viscosity fluid under the super-
critical conditions at which it is used to achieve miscibility. Therefore,
a bank of high oil saturation (and high mobility) and the absence of any
watered-out channels available for by-passing will promote effective dijs-
placement of the crude by carbon dioxide. The 45% saturation is presumed
to be a cut-off for classifying reservoirs into this category.*

*The cut-off of 45% is a presumed one, and of course cannot be expected to
represent a sharp and absolute demarcation between reservoirs ‘that will
respond well and those that will not respond to carbon dioxide. The value
of 45% is derived from reconstructing the saturations which existed in the
SACROC reservoir prior to initiating the carbon dioxide floods. In the
SACROC unit, a carbon dioxide flood was initiated in the area of the reser-
voir early in the 1ife of a waterflood, and a pilot was also initiated in
the area that was completely watered out. Using the operator's published
data on the performance of the reservoir and anticipated performance to
continued conventional operations, calculations were made which indicate
the oil saturation in the area that was not reduced to a water flood
residual saturation was at 0.60 oil saturation, and the residual saturation
in the watered out area was 0.43. (These saturations are average values
and do not take into account areal sweep effects. The calculations lead-
ing to such representation of saturations give boundary values, viz., the
actual values in the two areas of the reservoir are probably somewhat Tower
and higher, respectively.) Based on this calculation, a conclusion would
be that if the reservoir saturation in such a carbonate is 43% or less,

a carbon dioxide flood would not be applicable at this time, and a minimum
saturation somewhere between 43 and 60% would be required for successful
application.
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The problem is that currently operators, except in special cases,
tend to wait until the end of the waterflood before initiating or even con-
sidering the injection of carbon dioxide. Should the 01l saturations in
these reservoirs be driven below 45%, the technical and economic application
of carbon dioxideiin a tertiary mode could be severely impaired.

Second, mobility control is a major problem in miscible flooding.
Even where the displacing phase is absolutely miscible with the crude under
all conceivable in situ conditions, an unfavorable mobility ratio will lead to
fingering and low recovery efficiency. Since the viscosity of super-critical
CO, is of the order of 0.2 cp., the viscosity ratio will clearly be unfavor-
able even with the highest gravity crudes. In order to secure a favorable
mobility ratio, the relative permeability of 002 would have to be lowered
to a value which is a fraction of the relative permeability to the oil ahead
of the CO, front.

2. R&D GOALS

® To establish (a) the range of physical conditions under which
carbon dioxide is miscible with the crude o0ils of these target
reservoirs; (b) the nature of additives that might promote
miscibility; and (c) where mis¢ibility is not achieved on first
contact, the point in the reservoir at which miscibility can
be expected to be achieved.

¢ To establish the cut-off oil saturation at which the
performance of carbon dioxide floods degenerates rapidly,
as a function of reservoir lithology and other reservoir
parameters.
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® To determine the possibility of affecting the mobility
ratio without vitiating miscibility by additions or
alternation of injection materials with the carbon
dioxide.

e To determine the possibility of overcoming the innate
heterogeneities of the formation by well completions,
well locations, and flooding patterns, or other operat-
ing practices.

® The eventual R&D goals are twofold:

a) to accelerate the application of CO2 prior to a
reservoir reaching the critical oil saturation
level and;

b) to improve the sweep efficiency of the process by
50% over that currently attributed to carbon
dioxide flooding.

3. R&D ACTIVITIES

I. Building the Knowledge Base; starting in 1977
~-- Determine current levels of oil saturation.

-- Examine and evaluate ongoing industry applications.
of carbon dioxide.

-- Construct recovery models with sweeps and displace-
ment parameters dependent on reservoir characteristics.
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Basic and Applied Research: starting in 1977

-- Phase relations studies of crude oil/carbon dioxide/additive
systems under the range of physical conditions and con-
tact anticipated in the reservoir.

-- Long core/sandpack studies to determine extension of
phase relations studies to dynamic flow system.

-- In-depth 1ithological studies of porous media in target
reservoirs to assess conditions imposed by heterogeneity
of carbonate rocks.

-~ Displacement studies in carbonate cores, slabs, and in
large, scaled physical models if the latter are feasible.

-- Study of additives that may improve recovery perfor-
mance: effective range of use of alternating slugs of
water, use of foaming agents, emulsifiers, polymeric
additives, graded (viscosity) slugs of carbon dioxide
and crude, and pre-injection of crude.

Field Based Activities

-- Mini-tests in selected reservoirs, starting in 1977.
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PcM: CD-1
4. ReD ACTIVITIES —- PHYSICAL UNITS
5-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):
A. RESIDUAL DIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES -
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS -
D. ECONOMIC & OTHER FEASIBILITY STUDIES -
E. PROCESS,FIELD TEST EVALUATION 1 1 2
II. CONDUCT NON-FIELD BASED RESEARCH AND
REIATED ACTIVITIES (PERSON YEARS) :
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY 3 6 5 3 3 20
B. FLOW STUDIES 4 16 20 | 12 10 62
C. FIELD LIAISON & ENG. STUDIES 1 2 2 1
D. LAB EQUIPMENT & FACILITIES * * * * *
III1. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A.  TARGET IDENTIFICATION/FIELD 6l 6 Y
SUPPORT/MATERIALS
B. MINI-TESTS 3 3
C. TECHNICAL PILOTS _
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY

THROUGHBUT INDUSTRY (PERSON-YEARS):

A. PROVIDE TECHN. TO INDEPENDENTS

B.

SHARE INDUSTRY/ERDA DEVELOP. }

*®

1/

ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL WNIT OF MEASURE.

CORE - HOLES
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PGM: Qu~1
5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
5-YR.
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AMND REDUCE
ENG, /ECCN. UNCERTAINTY
A. RESIDUAL OIL MEASUREMENT &
IMPROVED MEAS. TECHNIQUES -
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS -
D. ECONOMIC & OTHER FEASIB. STUWDIES -
1/
E. PROCESS/FIELD TEST EVALUATION 60 60 120
JI. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STUDIES 1/
AND THEORY 180 360 300 180 180 1200
B. FLOW STWDIES 240l 960 | 1200 720 600 3720
C. FIELD LIAISON & ENG. STUDIES 60 150}t 150 150 75 585
D. LAB EQUIPMENT & FACILITIES 750 | 2000 750 | 250 250 | 4000
IIT1. COMDUCT FIELD BASED RESEARCH,
TJESTS AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS 1000 | 250 1250
B. MINI-TESTS 1750 | 2500 | 2500 250 7000
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOCLOGY
THROUGHOUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. 60 60 60 60 240
B. SHARE INDUSTRY/ERDA DEVELOP.
TOTAL 2290 | 5590 | 4960 }|38B60 |} 1415 }18115
ERDA SHARE 1790 | 4590 {3710 {2610 | 1290 }13990

l/PDST 1981 COMMITMENT:

1982-1986 INCLUSIVE

AN ESTIMATED EXPENDITURE OF $500,000 PER YEAR,
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PeM: _CD-1

6. [PRESENT VALUC OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR CosT  TOTAL PROGRAM

TotaL COsTs 15823 17290
ERDA's SHARE 12141 13708

7. EXPECTATION OF SUCCESS. 57%

8. QOUTCOMES Or THE ReD PROGRAM:

2

POTENTTAL EXPECTED, ,  COST-EFFECTIVENESS
PropucTION & PRODUCTION & sy 37
ULTIMATE RECOVERY 6000 3420 249
DAILY PRODUCTION IN
1985 239 136 3.6
1990 594 339 9.0
1995 1182 674 17.9
CUMULATIVE PRODUC-
TION BY:
1085 282 161 .
1990 1064 607 118
2830 1614
1995
NOTES:
17 UNITS: ULTIMATE RECGVERY. —— MILLICNS OF BARRELS; DAILY PRODUCTION —~—
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION —— MILLICNS OF
BARRELS

27 EXPECTATION OF SUCCESS TIMES VALLES IN POTENTIAL PRODUCTION COLUN

3/ UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — EXPECTED
BARRELS PER PRESENT VALUZE DOLLAR CF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANMUALIZED, THEREFORE UNITS  ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF -ERDA'S COsT
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TARGET C-1 (Continued)

R&D STRATEGY CD-5: DEVELOP ADEQUATE/CHEAPER SUPPLIES OF CARBON DIOQXIDE

1. CENTRAL PROBLEM

Widespread use of carbon dioxide miscible disp]acement schemes
will be dependent upon the availability of cheap and adequate sources of
carbon dioxide. There is, as of today, no firm understanding as to the
adequacy of natural or manufactured supplies of carbon dioxide in the
Southwest and Montana regions to serve the potential targets for this
scheme. The assumption is presently made that there is currently an adequate
economic supply of carbon dioxide available for production of 400,000 B/D of
crude 0il and that industry exploration/R&D efforts will secure sufficient
new supplies of carbon dioxide to achieve their base case production targets.

2. R&D GOALS

@ To establish the range of available natural and manufactured
supplies of carbon dioxide at various price levels delivered
to locations in the Southwest and Montana.

@ The eventual R&D goal is to overcome any ceilings on produc-
tion imposed by inadequate supplies of carbon dioxide.

3. R&D ACTIVITIES

I. Building the Knowledge Base

-~ Study and survey available documentation on natural
sources of carbon dioxide.
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-- Conduct studies and surveys on available supply of
by-product carbon dioxide, individual engineering/
economic feasibility studies for recovering it.

Basic and Applied Research

-- Conduct engineering/economic feasibility studies of
specialty manufacturing schemes for producing car-
bon dioxide.

-- Conduct engineering/economic studies of transporta-
tion and recycling of carbon dioxide. '
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Ch-5
' PGM:
4, ReD ACTIVITIES ~— PHYSICAL UNITS
5-YEAR
ACTIVITY 1977 1978 1979 198¢C 1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINIY (PERSON-YEARS):
A. RESIDUAL OIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES -
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS -
D. ECONOMIC ¢ OTHER FEASIBILITY STUDIES 4 4 4 2 14
E. PROCESS/FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH AND
REILATED ACTIVITIES (PERSOM YEARS):
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY -
FLOW STUDIES -
C. FIELD LIAISON & ENG. STUDIES _
D. LAB EQUIPMENT & FACILITIES * -
I11. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS -
B. MINI-TESTS -
TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS i/
B. SHARE INDUSTRY/ERDA DEVELOP. 1/

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.

1
4 INCLUDED IN ABOVE FIGURES
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PGM: -5
5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
5-YR.
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG. ZECON. UNCERTAINTY
A. RESIDUAL OIL MEASUREMENT &
IMPROVED MEAS. TECHNIQUES -
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS -
D. ECONOMIC & OTHER FEASIB. STUDIES 240 240 240 120 840
E. PROCESS/FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STUDIES _
AND THEORY
B. FLOW STUDIES -
C. FIELD LIAISON & ENG. STUDIES -
p. LAB EQUIPMENT & FACILITIES -
ITI. CONDUCT FIELD BASED RESEARCH,
JESTS AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD _
SUPPORT/MATERIALS
B. MINI-TESTS -
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT IMNDUSTRY.
A. PROVIDE TECHNOLOGY TO INDEPENDTS. i/
B. SHARE INDUSTRY/ERDA DEVELOP. L/
TOTAL 4240 240 240 120 840
ERDA SHARE 240 240 240 120 840
p Vg

INCLUDED IN ABOVE COSTS
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Pem: _CD-5

6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR COST  TOTAL_PROGRAM

ToTaL CosTs ALL ERDA 763 763
ERDA's SHARE

7. PECTATION OF S : N/A

8. DUTCOMES OF THE ReD PROGRAM:

POTENTI ALl/ EXPECTED,,  COST-EFFECTIVENESS
PRODUCTION = PRODUCTION < INDEY, 2

ULTIMATE RECOVERY o - B
DAILY PRODUCTION IN

1985 10 10 4.8

1990 85 85 40.7

1995 165 165 78.9
CUMULATIVE PRODUC—

TION BY:

1985 4 4 S

1990 164 164 215

1995 389 389 510
NOTES:

1/ UNITS: ULTIMATE RECOVERY -~ MILLIONS OF BARRELS; DAILY PRODUCTION —

THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION —— MILLIONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

3/ UNITS: ULTIMATE RECOVERY: AND CUMULATIVE PRODUCTION —— EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S €OST; FIGURES. IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFODRE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cOST
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TARGET C-2: CARBON DIOXIDE MISCIBLE DISPLACEMENT IN THE SOUTHWEST AND
——————— MONTANA CARBONATE RESERVOIRS HAVING A SATURATION LESS
THAN 45%

R&D STRATEGY CD-2: EXTEND APPLICABiLITY OF PROCESS TO RESERVOIRS
WITH LOW OIL SATURATION

1. CENTRAL PROBLEM

It is apparent from the results that have appeared of technical
‘and economic COp floods that the efficiency of the flood, both in terms of
/ recovery of crude and the 011/C02 ratio, decreases with saturation of oil
in the reservoir. (See discussion of Target C-1 for strategies designed
to define the critical saturation range at which flooding efficiency begins
to degenerate rapidly.)

The problems stemming from Tow oil saturation in these reservoirs
are compounded by the adverse mobility ratio of the displacing fluid and
the crude o0il causing overriding and fingering of the carbon dioxide through
the crude oil. Further, it now appears that carbon dioxide is not always
miscible on first contact with the crudes, a problem that appears to be
magnified in instances of low 0il saturation.

2. R&D GOALS

® To determine the possibility of conducting a successful
carbon dioxide flood at low residual oil saturation
given that conditions for miscibility can be attained.
(Target C-1, strategy CD-1.)

® The eventual R&D goal would be to achieve a level of
recovery in these reservoirs comparable to those being
projected under current technology for the favorable
reservoirs.
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R&D ACTIVITIES

I.

IT.

Building the Knowledge Base: starting in 1977
-- Determine current levels of oil saturation.

-- Construct recovery models with sweep and displace-
ment parameters dependent on reservoir characteristics.

-- Examine the economic feasibility of applying the
process, observing particularly those problems posed by
the Tow 01l saturations.

-- Examine and evaluate ongoing industry applications
of carbon dioxide on Target C-1 reservoirs.

Basic and Applied Research: starting in 1977

-- Phase relations studies of crude oil/carbon dioxide/additive
systems under the range of physical conditions and con-
tact anticipated in the reservoir.

-- Long core/sandpack studies to determine extension of
phase relations studies to dynamic flow system.

-- In-depth 1ithological studies of porous media in target
reservoirs to assess conditions imposed by heterogeneity
of carbonate rocks.

-- Displacement studies in carbonate cores, slabs, and in
large, scaled physical models if the latter are feasible.
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-- Study of additives that may improve recovery perfor-
mance: effective range of use of alternating slugs
of water, use of foaming agents, emulsifiers, poly-
meric additives, graded (viscosity) slugs of carbon
dioxide and crude, and pré¥1njection of crude.

-- Emphasis on studies which will lead to early build-
up of an oil bank, other than by CO, injection, which
subsequently can be driven through the formation by
the C02 industry concentrated surfactant systems,
microemulsions, 0il slugs, and steam slugs.

Field Based Activities
-- Pre-evaluation of amenable reservoirs, starting in 1977.

-- Mini-tests in selected reservoirs, starting in 1978.

-- Technical pilots, starting in 1981
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PGM: ChD-2

4. ReD ACTIVITIES —— PHYSICAL UNITS

5-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):
A. RESIDUAL OIL MEASUREMENT ‘& IMPROVED
MEASUREMENT - TECHNIQUES 1
B. RESERVOIR DATA BASE 1 1
. RECOVERY MODELS 1 1
D. ECONOMIC & OTHER FEASIBILITY STUDIES 1 1
E. PROCESS/FIELD TEST EVALUATION —
II. CONDUCT NON-FIELD BASED RESEARCH AND
BELATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY 3 5 7 10 10 35
B. FLOW STUDIES 6 12 14 14 %6
C. FIELD LIAISON & ENG. STUDIES 1 1 2
D. LAB EQUIPMENT & FACILITIES #* * *
ITI. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A.  TARGET IDENTIFICATION/FIELD 2)
SUPPORT/MATERIALS = | & 10 &
B. MINI-TESTS 6 6
C.  TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS 3
B. SHARE INDUSTRY~/ERDA DEVELOP.

3/

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT.OF MEASURE,

v RELIES ON RESIDUAL MEASUREMENTS PROGRAM, ST-4,

2/ Core HoLEs
3/ INCLUDED. IN ABOVE FIGURES
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PGM: CD-2
5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
5-YR.
ACTIVITY ; 1977 | 1978 | 1979 | 1980 | 1981 | TOTAL &/
I. VERIFY RESOURCE BASE AMD REDUCE
ENG. /ECON. UNCERTAINTY
A. RESIDUAL OIL MEASUREMENT &
IMPROVED MEAS. TECHNIQUES 2/
B. RESERVOIR DATA BASE 60 60
C. RECOVERY MODELS : 60 6.0
D. ECONOMIC & OTHER FEASIB. STUDIES 60 | 60
E. PROCESS/FIELD TEST EVALUATION ‘ -
TI. CONDUCT NON-FIELD BASED RESEARCH
AND RZIATED ACTIVITIES
A. RECOVERY PROCESS BENCH STUWDIES
AND THEORY 180 300 420 600 600 2100 7
B. FLOW STWDIES 360 720 840 840 2760 17
C. FIELD LIAISON & ENG., STUDIES 60 75 150 150 150 585 1/
D. LAB EQUIPMENT & FACILITIES 500 750 250 250 1750
ITI. CONDUCT FIELD BASED RESEARCH,
TESTS AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS 1000 | 1000 2000
B. MINI-TESTS 2500 | 4000 | 5000 11500
C. TECHNICAL PILOTS
D. ECONOMIC PILOTS -
IV. TRANSFER ¢ SUSTAIN EOR TECHNOLOGY
THROUGHIUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. 3
B. SHARE INDUSTRY/ERDA DEVELOP. - 3,
TOTAL 1300 { 2295 | 4600 | 5840 | 6840 | 20875
ERDA SHARE 4 1300 | 2295 | 4600 } 5840 | 6840 | 20875

17 PosT 1981 COMMITMENTS: $5,000,000 IN 1981 AND %2,500,000 IN 1983
: RESPECTIVELY, FOR FIELD WORK. IN ADDITION, AN AVERAGE COMMITMENT OF
$2,500,000 PER YEAR FROM 1982 TO 1986,

N

RELIES ON RESIDUAL MEASUREMENTS PROGRAM, PROGRAM ST-4

w
I\

INCLUDED IN ABOVE COSTS
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Pem: _CD-2

6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR COST  TOTAL_PROGRAM

ToTAL CosTs  ALL ERDA : 17032 29348
ERDA's SHARE
7. EXPECTATION OF SUCCESS: 40%

8. QUTCOMES OF THE ReD PROGRAM:

PDTENTIALl/ EXPECTED, , -~ COST-EFFECTIVENESS
PRODUCTION_- PRODUCTION = INDEX 27
ULTIMATE RECOVERY 600 240 8
DAILY PRODUCTION IN:
1685 6 2 :
1990 6 2
1995 95 38 0.5
CUMULATIVE PRODUC-
TION BY:
1985 20 8 ::
1990 33 13
1995 126 50 2
NOTES:
1/ UNITS: ULTIMATE RECOVERY —— MILLIONS OF BARRELS; DAILY PRODUCTION ——
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION — MILLIONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

3/ UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION —— EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA's COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cosT

* LESS THAN 0.1

**  |LESS THAN 1
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Note on Production Benefits and Cost-Effectiveness Indices of Program CD-2

The production benefits shown assume upper-tier prices and
high risk (20% real) rate of return requirement. The assumption that
the risk premium will not be reduced through the program is highly
sensitive. Should CO2 miscible become a conventional technology

(i.e., require an 8% real rate of return), the impact would be as shown:
below:

HIGH RISK CONVENTIONAL
(NOTED ABOVE) RISK
POTENTIAL PRODUCTION BENFFITS: B
ULTIMATE RECOVERY (MMB) 600 2100
DAILY PRODUCTION
MB/D) IN:
1985 6 11
1990 6 22
1995 95 332
CUMULATIVE PRODUCTION
(MMB) BY:
1985 20 25
1990 33 60
1995 126 383
COST/EFFECTIVENESS INDICES:
ULTIMATE RECOVERY/ '
CosT 8 29
ANNUAL PRODUCTION/
COST
1985 * *
1990 * 0.1
1995 0.5 1.
CUMULATIVE PRODUCTION/
CosT
1985 %ok ok
19580 * 3k 1
1995 2 5

* | ESS THAN 0.1
** | ESS THAN 1
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The sensitivity of these results to the risk premium
assumption should be borne in mind in evaluating Program CD-2. It
is not currently possible to assign a probability to making CO2
conventional for these targets. The substantial program described
above sets the stage for subsequent efforts after 1981 designed
to make this program a conventional recovery technology.
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TARGET C-3: CARBON DIOXIDE MISCIBLE DISPLACEMENT IN GULF COAST SANDSTONES

R&D STRATEGY CD-3: EXTEND APPLICABILITY OF PROCESS

1. CENTRAL PROBLEM

There are two distinct types of reservoirs for which CO2 is to
be considered in this region: one type of reservoir is a dipping reser-
voir in which a CO2 flood can be gravity stabilized, and the second type
is the more typical flat sand which has been driven to a low residual
saturation by a water drive. Applications to the latter will encounter
much the same problems as those detailed under Target C-2. Differences
will occur due to the uniformity of the sands, higher attainable veloci-
ties, and possible differences in the phase relations between the carbon
dioxide and crudes, and under the pressure and temperature conditions
of the Gulf Coast.

The sands in which gravity stabilized floods can be developed
will be effective if the carbon dioxide can be secured cheaply enough or
if it can be displaced with air so that the carbon dioxide can be re-used
in another operation. Recovery of the carbon dioxide is required if
cheap material cannot be secured because the reservoir must be filled
with the reagent at the conclusion of the operation, (Displacement by
water is obviously impossible if the gravity stabilization is to be
maintained.)

2, R&D GOALS

e For the Tow saturation reservoirs, determine the
possibility of conducting a successful carbon
dioxide flood at Tow residual oil saturation given
that conditions for miscibility can be attained.

e The eventual R&D goal for the flat sand reservoirs
will be the same as for Target C-2, strategy CD-2.
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e For the dipping reservoirs, establish the potential of
the effects of combining miscibility and gravity drain-
age on conducting a successful carbon dioxide flood.

e The eventUa1 R&D goal for the dipping sandstone reservoirs
would be to achieve a total sweep efficiency of approxi-
mately 60%.

3. R&D ACTIVITIES

I. Building the Knowledge Base: starting in 1977
~- Determine current levels of oil saturation.

-- Construct recovery models with sweep and displace-
ment parameters dependent on reservoir characteristics.

-~ Examine the economic feasibility of using carbon
dioxide with attention to the differences due to
reservoir 1ithology, reservoir conditions, and the
nature of the crude oil.

-- Examine and evaluate ongoing industry applications
of carbon dioxide under Target C-1 reservoirs.

II. Basic and Applied Research: starting in 1977

-- Phase relations studies of crude oil/carbon dioxide/additive
systems under the range of physical conditions and con-
tact anticipated in the reservoir.
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Long core/sandpack studies to determine extension
of phase relations studies to dynamic flow system.

In-depth Tithological studies of porous media
in target reservoirs to assess conditions imposed
by heterogeneity of carbonate rocks.

Displacement studies in carbonate cores, slabs, and
in large scaled physical models if the latter
are feasible.

Study of additjves that may improve recovery
performance: effective range of use of alternating
slugs of water, use of foaming agents, emulsifiers,
polymeric additives, graded (viscosity) slugs of
carbon dioxide and crude, and pre-injection of
crude.

IIT. Field Based Activities

For the dipping reservoirs, search for a suitable
dipping reservoir comprised of a sufficiently small
fault block in which a technical pilot can be
operated, starting in 1977.

Coordinate with the field work on Targets C-1, C-2,
and C-4 for making performance projections on the
flat, sandstone reservoirs.

Mini-test in 1980 in a flat reservoir.

Conduct technical pilots, in non-dipping sandstone
reservoirs, should successful results be realized in
the above field work, starting in 1980.
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ReD _ACTIVITIES —— PHYSICAL UNITS

PaM; CD-3

5-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
1.  VERIFY RESDURCE BASE AND REDUCE
ENG/ECON. UNCERTAIMTY (PERSON-YEARS):
A. RESIDUAL DIL MEASUREMENT ¢ IMPROVED
MEASUREMENT TECHNIQUES 1
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS 1 1
D. ECONOMIC & OTHER FEASIBILITY STUDIES -
E. PROCESS/FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH AND
BELATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY 1 2 2 5
B. FLOW STUDIES 2 2 6 2 12
C. FIELD LIAISON & ENG. STUDIES 0.6 0.6 0.6 0.6 o. 3
D. LAB EQUIPMENT & FACILITIES
1II. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A.  TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS -
B.  MINI-TESTS e 1
C. TECHNICAL PILOTS t o 1
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THRCUGHOUT INDUSTRY (PERSON-YEARS): 2/
A. PROVIDE TECHN. TO INDEPENDENTS 2/
B. SHARE INDUSTRY/ERDA DEVELOP.
*  ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.
1/

RELIES ON RESIDUAL MEASUREMENTS PROGRAM, ST-4
INCLUDED IN ABQVE FIGURES
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5. 'COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):

5-YR.
ACTIVITY 1977 | 1978 | 1979 | 1980} 1981 | TOTALLY
I. VERIFY RESJQURCE BASE AND REDUCE
ENG.ZECCN. UNCERTAINTY
A. RESIDUAL DIL MEASUREMENT & -
IMPROVED MEZAS. TECHNIQUES 2/
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS 60 ] 60
D. ECONCMIC & OTHSR FEASIB. STWDIES -
E. PROCESS/FIELD TEST EVALUATION -
II. CONDUCT MNON-FICSLD BASED RESEARCH
AND PELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STWDIES
AND THEORY 60 120 120 300
B. FLCW STUDIES 120 120 360 120 720
FIELD LIAISON & ENG. STUDIES 45 45 45 45 45 225
LABR EQUIPMENT & FACILITIES -
ITII. COMNDUCT FIELD BASED RESEARCH,
JESTS AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD -
SUPPORT/MATERIALS
B. MINI-TESTS 1000 | 1000 | 2000
TECHNICAL PILOTS 1000 3000 2000 1000 2000 9000
ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNDOLOGY
THRIUGEDUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. 3
B. SHARZ INDUSTRY/ERDA DEVELOP. 3
TOTAL 1165 | 3285 2285 | 2405 | 3165 12305
ERDA SHARE 665 1785 1285 | 2405 | 3165 9305
4 POST 1981 COMMITMENTS $1,000,000 IN 1982 AND $3,000,000 IN 1083
RESPECTIVELY FOR FIELD WORK. IN ADDITION, AN AVERAGE COMMITMENT OF $2,000,000 PER
YEAR FROM 1982 TO 1986,
2/

/
~ INCLUDED IN ABOVE COSTS

RELIES ON RESIDUAL MEASUREMENTS PROGRAM, PROGRAM ST-4
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PcM: CD-3

6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR C0ST  TOTAL_PROGRAM

ToTAL CosTs 10,401 13,660
ERDA's SHARE 7,655 10,914

7. EXPECTATIDN OF SUCCESS: 75% (ASSUMING DIPPING RESERVOIRS; 25% FOR RESERVOIRS
THAT DO NOT DIP. ALL THAT WERE ECONOMIC IN THIS TARGET
WERE DRIPPING RESERVOIRS.)

8. QUTCOMES DOF THE ReD PRDOGRAM:

PDTENTIAL1 EXPECTEDZ/ COST-EFFECTIVENESS
PropucTIoN LY PRODUCTION & INDEX 37
ULTIMATE RECOVERY 300 200 18
DAILY PRODUCTION IN
1985 1 1 *
1990 4 3 0.1
1995 34 25 0.8
CUMULATIVE PRODUC—
TION BY:
1985 5 4 *
1990 11 8 1
1995 ' 43 32 3
NOTES:
1/ UNITS: ULTIMATE RECOVERY —— MILLIONS OF BARRELS; DAILY PRODUCTION ——
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION —— MILLIDONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

3/ UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — ZXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUAL IZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA'S cDST

¥ |ESS THAN 0.1
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TARGET C-4: CARBON DIOXIDE MISCIBLE FLOODING IN SANDSTONES OTHER THAN
THOSE ALONG THE GULF COAST

R&D STRATEGY CD-4: EXTEND APPLICABILITY OF PROCESS OF CARBON DIOXIDE
FLOODING

1. CENTRAL PROBLEM

A substantial number of sandstone reservoirs in California, Appalachia

and other areas appear to be amenable only to carbon djoxide recovery. However,
Tittle is known of the conditions required for miscibility, injectivity of
carbon dioxide, and total availability of carbon dioxide at these locations.
Considerable basic study and information seems essential before one can

knowledgeably discuss the potential of the carbon dioxide process in such
reservoirs.

2. R&D GOALS

® To determine the technical feasibility of extending
carbon dioxide to first the California and Appalachia
sandstones and then to the other sandstone reservoirs.

@ To establish the availability of carbon dioxide at
affordable prices at such locations.

3. R&D ACTIVITIES
I. Building the Knowledge Base: starting in 1977

-- Assimilation of results of activities under
Target C-1.
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-- Establishing the residual oil saturations.
-- Building a detailed data base on these reservoirs.

-- Constructing reliable recovery models of the process
as applied to this category of reservoirs.

-- Studying the economic feasibility of applying the
process and obtaining supplies of carbon dioxide.

Basic and Applied Research: starting in 1977

-- Phase relations studies of crude oil/carbon dioxide/additive
systems under the range of physical conditions and
contact anticipated in the reservoir.

-- In-depth 1ithological studies of porous media in target
reservoirs to assess conditions imposed by heterogeneity .
of rock and distribution of residual oil.

-- Displacement studies in long cores, and in large, scaled
physical model studies if the latter are feasible.

Field Based Activities

-- Coordinate with the field pilots under Targets C-1, C-2
and C-3, utilizing the already ongoing pilots in the
Appalachia region and introducing an additional mini-
test/technical pilot in the California region.

-- Mini-tests (or technical pilots) in selected reservoirs.
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PeM:__CD-4
4. ReD ACTIVITIES —— PHYSICAL UNITS
5-YEAR
ACTIVITY 1977 1978 1979 1980 1681 TOTAL
1. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS) :
A. RESIDUAL OIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES 1/
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS 1 1
D. ECONODMIC & OTHER FEASIBILITY STUDIES -
E. PROCESS,FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES 2 3 3 2 ' Bt
AND THEORY
B. FLOW STUDIES 2 3 6 8 8 27
C. FIELD LIAISON & ENG. STUDIES 0.2 0.3 0.6 0.6 0.6 2.3
D. LAB EQUIPMENT & FACILITIES * * * * * * *
1II. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A.  TARGET IDENTIFICATION/FIELD ,
SUPPORT /MATERIALS 52/ 52 102/
B. MINI-TESTS 3 - 3
C. TECHNICAL PILOTS ¥ > 1
D. ECONOMIC PILOTS -
IV.. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS 3
B. SHARE INDUSTRY,ERDA DEVELOP. 3

®  ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT.OF MEASURE.

1/ RELIES ON RESIDUAL MEASUREMENT- PROGRAM ST-4
2/ CORE-HOLES

3/ INCLUDED IN ABOVE FIGURES.
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PeM:s CD-g4
5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
S—-YR.1
ACTIVITY 1977 1978 1979 1980 1981 TDTAL‘/
I. VERIFY RESOURCE BASE AND REDUCE
ENG, 2ECON, UNCERTAINTY
A. RESIDUAL 0OIL MEASUREMENT & 2/
IMPROVED MEAS. TECHNIQUES
B. RESERVOIR DATA BASE , -
C. RECOVERY MODELS 60 60
D. ECONOMIC & OTHER FEASIB. STUDIES : -
E. . PROCESS/FIELD TEST EVALUATION -
I1. CONDUCT MNON-FIELD BASED RESEARCH
AND BELATED ACTIVITIES
A. RECQOVERY PROCESS BENCH STUWDIES
AND ' THEORY 120 180 180 120 60 660
B. FLOW STUWDIES 120 {180 360 | 480 480 1620
C. FIELD LIAISCN & ENG. STUDIES 12 25 45 45 45 172
D. LAB EQUIPMENT & FACILITIES 250 | 250 100 100 100 800
III. CONDUCT FIELD BASED RESFARCH,
TESTS AND DEMINSTRATIONS
A. TARGET IDENTIFICATION/FIELD 1000 | 1000 2000
SUPPORT/MATERIALS
B. MINI-TESTS 15001 1500 3000
C. TECHNICAL PILOTS 500 | 1000 1500
D. ECONOMIC PILOTS . : -
IV. TRANSFER ¢ SUSTAIN EOR TECHNOLOGY
THRIUGHIUT TNOUSTRY.
A. PROVIDE TECHNOLOGY TO INDEPENDTS. 3/
B. SHARE INDUSTRY/ERDA DEVELGP. 3
TOTAL 1562| 1635 | 2185 | 2745 | 1685 9812
ERDA SHARE 1562 1635 2185 2745 1685 9812

1/ POST 1981 COMMITMENT: $1,500,000 IN 1982 AND $2,000,000 IN 1983 RESPECTIVELY FOR
FIELD WORK. IN ADDITION, AN AVERAGE COMMITMENT OF $500,000 PER YEAR FROM 1982 TO 1986.
27 RELIES ON RESIDUAL MEASUREMENTS PROGRAM ST-4

3/ COSTS INCLUDED ABOVE.




IV-60

PeM: __CD-4
6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

S-YEAR COST  TOTAL PROGRAM

ToTaL CosTs ALL. ERDA 8367 12114
ERDA'S SHARE
7. EXPECTATION OF SUCCESS: 32%

8. QUTCOMES OF THE ReD PROGRAM:

PDTENTIALI/ EXPECTEDg/ CosST-EFFECTIVENESS
PropucTION 1 PRODUCTION INDEX 37
ULTIMATE RECOVERY 600 192 16
DAILY PRODUCTION IN
1985 6 2 0.1
1990 20 6 0.2
1995 83 27 0.8
CUMULATIVE PRODUC—
TION BY:
1985 4 1 *
1990 32 10 !
1995 121 39 2
NOTES:

1/ UNITS: ULTIMATE RECOVERY —— MILLIONS OF BARRELS; DAILY PRODUCTION —

THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION —— MILLIONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALLES IN POTENTIAL PRODUCTION COLUMN

3/ UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION —— EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cOsT



CHAPTER V

SURFACTANT/POLYMER FLOODING

SECTION A: GENERAL DISCUSSION

Description and Current Application of the Technology

The use of surfactants to displace crude oil is the most recent
and least proven of the enhanced recovery processes. O0il displacement by
a surfactant slug or micellar solution, while not truly miscib]e,l/ is at
such Tow interfacial tensions that miscibiiity is approached. Under these
conditions virtually all of the oil could be displaced. Therefore, dis-
placement efficiency and the maximum potentially obtainable recovery are
nearly the same as for the miscible slug processes (see Chapter IV of
this Part). Although theoretic possibilities and initial laboratory
results were highly promising, field experience to date has been largely
disappointing.

The surfactants used in this process are generally mixtures of
petroleum sulfonates and other chemicals (alcohols and cosurfactants) in
aqueous solutions or in microemulsion dispersed in o0il (the micellar for-
mulation). A variation is the in situ formation of similar substances
that results from the injection of caustic into reservoirs with oil of
certain specific compositions. The displacing agent is driven through
the reservoir by water. Polymer solutions are frequently injected after
the surfactants to improve mobility control. The specific surfactant
system must be engineered to the particulars of given reservoir and
fluid characteristics.

1/ Some researchers argue that surfactants are truly miscible in
certain crude oils.



Substantial quantities of oil are trapped in the porous rock
medium of the reservoir by capillary action. Capillary trapping is
the resistance of a non-wetting fluid (o0il) to flow through a micro-
scopic pore or cconstriction which is wetted by a second fluid (water).
One way these forces can be overcome is through establishing an enormous
pressure gradient, to push the oil. The magnitude of this gradient, how-
ever, is impracticably large, given the Timitations of the reservoir
structure and Tithology. The original concept for using surfactants
was as an alternative to such pressures -- to overcome the capillary
forces by reducing the interfacial tension between the two fluids.

Tremendous decreases in interfacial tension, however, are
required at ordinary pressure gradients to release or prevent the trap-
ping of residual oil by capillary action. Values of 107% dynes per
centimeter, compared to the ordinary level of 30 dynes per centimeter
between 0il and water, are required to effect any significant reduction
in the amount of oil held by capillary action. Early attempts to achieve
these low values encountered problems with adsorption of the surfactants
so that after a short travel through the reservoir, the surfactants were
depleted from solution. Further recovery of oil following such a deple-
tion could only be attributable to a relatively dilute emulsion of the
oil.

More recent activity in this field has involved the preparation

2/

of rather highly concentrated slugs of surfactants=' for injection into
reservoirs. The surfactant slugs are nearly miscible with the oil

2/ Some operators are also testing low-concentration slugs.
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and displace the 0il over a significant length of the reservoir -- just
as in the case of the injection of simpler, miscible fluids (see the
discussion of Carbon Dioxide Flooding). Adsorption is reduced by the
formulation of the slug or merely reduced to negligible importance by
using slugs of high concentration. Mobility of the surfactant slug

is controlled either by the addition of water-soluble polymers or by
slug formulation which results in a viscosity-building process when

the slug contacts reservoir fluids.

Ultimately, the surfactant slug is displaced by a less mobile
(more viscous) solution of polymer thickened water. Under laboratory
conditions, the chemical flood has been shown to be effective using a
wide variety of surfactant/polymer formulations. Thus, it would appear
that the ideal, highly ef%ective, mobility controlied displacement pro-
cess is available through the use of surfactants and polymers, and that
this process has applicability to large numbers of reservoirs in diverse
geological provinces. ‘

Field results, however, have shown much poorer performance than
would have been anticipated based on the laboratory studies. This has
been so prevalent that it may be concluded that the actual reservoir and
its configuration of oil and water has not been modeled well in the labo-
ratory, or that the process 1is vitiated by factors which have not been
taken into account in assessing the results of laboratory studies.

It is probable that both of these shortcomings exist in labo-
ratory studies. Degradation of the polymer and surfactant effective-
ness can be traced to salinity, temperature, and adsorption effects
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which just cannot be reproduced in the short systems used in laboratory
studies. Of even greater suspected effect is the inability of the sur-
factant/polymer systems to initiate the build-up of an o0il bank which
is vital to the propagation of an effective process through the forma-
tion. The distribution of residual oil and water around an injection
well after the injection of large quantities of water under high pres-
sure gradients may also not be reproducible in the laboratory. As a
result, in the laboratory the build-up of the oil bank occurs much more
readily. Without the initiation of the 0il bank, the process will behave
more like the unstable injection of a surfactant solution alone, where
the oil is produced by entrainment (emulsification) in the flowing sur-
factant stream. Indeed, many results of field pilots have suggested
this to be the prevailing production mechanism.

The formulation which has been claimed to come close to econo-
mic application involves the use of the surfactant dispersed and/or dis-
solved in an oil slug. The comparative effectiveness of this system may |
be indeed related to the presence of the oil in initiating the formation
of an oil bank in the reservoir. Regardless of the exact cause, it would
appear that near term implementation of this chemical flood process will
be 1Timited to the use of this and related systems in shallow reservoirs
with closely spaced well patterns.
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Field testing of surfactant processes to date is summarized
in Exhibit V-1, below:

EXHIBIT V-1
SURFACTANT/POLYMER AND CAUSTIC FLOODING ACTIVITY SUMMARY

Technical Economic Fieldwide
Surfactant/ Pilots Pilots Development
Polymer Total Current Total Cprrent Total Current
Projects 12 10 7 7 2 2
Reservoirs 11 10 6 6 1 1
" Caustic
Floods
Projects 5 1
Reservoirs 5 1

In addition, surfactant/polymer and caustic flooding activity
can be characterized by the following:

e Currently, 1,418 acres are under surfactant develop-
ment; caustic is being applied to 63 acres.

e The amount of testing has accelerated from five pro-
jects in 1970 to 19 currently active.
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Most of the projects that have been tried are quite
small, the majority being less than ten acres.

Except for Texaco's two small pilots in carbonates,
all of the ongoing and planned efforts are in sand-
stone reservoirs.

The majority of the field efforts have been in rela-
tively shallow sands; all economic pilots and field-
wide developments are at less than 3000 feet; only
two technical pilots are deeper than 5000 feet.

The mid-continent (e.g., I1linois, Oklahoma, Wyoming,
etc.) appear to offer the most immediate and most
favorable targets for surfactant/polymer recovery;

14 of the 19 current surfactant pilots are located

in this section of the country.

Marathon, one of surfactant's strongest advocates,
has recently announced that, at current $11.63
"upper tier" prices, their Robinson tests -- in a
shallow, homogeneous, nearly ideal reservoir -- are
not economic. World oil prices of $13.00 plus
improved taxes would be required to ensure the
economic viability for continuing their planned
expansion in the Robinson field. They have, how-
ever, been successful in recovering a considerable
portion of the remaining oil-in-place.
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That surfactant processes have been used to date primarily
in the most favorable reservoirs -- and have been economically unsuc-
cessful -- is indicative of the number of difficult problems remaining
to be overcome before surfactant/polymer floods will significantly add
to the nation's o0il supply. Some of these problems are highlighted in
the next section. ‘

Problems and Opportunities

Theoretically, if an aqueous system is introduced into a
reservoir which provides a low interfacial tension against the crude
(10"4 dynes/cm) and mobility less than that of the resulting oil bank,
and the surfactant (low tension) system is in turn displaced with a
still less mobile interfacially inactive phase, then an almost perfect
recovery will be achieved.

This theory has been amply demonstrated in the laboratory,
but has been seldom replicated in the field. Numerous problems beset
the translation of lab results to recovery in the field, including:

1. The hiatus between laboratory tests and field results suggests
that a major gap in understanding persists as a constraint on applica-
tion. Little is known concretely about the actual behavior of the com-
plex surfactant systems under reservoir conditions. Theories abound
but progress towards understanding the causes of the field failures has
been difficult because of the proprietary nature of a number of the
systems that have been used and because, in general, the field experi-
ments have been relatively heavily weighted towards demonstrating
recovery rather than seeking to validate extrapolation of laboratory
performance.
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The additional expense of measurement through core holes,
mini-tests, tracers, etc., has been larger than most project operators
have been willing to bear. Even measurement of exact reservoir con-
ditions into which surfactants have been injected has been inadequate
to replicate these conditions in laboratories. Some of the conditions,
e.g., the distances the slug must travel, cannot be replicated in the
laboratory. Thus, an important opportunity for improving surfactant
performance 1ies in learning more about how it behaves in the field.
More thorough measurement of existing projects, mini-tests in a variety
of resefvoirs, and more sophisticated laboratory designs will all aid
in overcoming the basic knowledge gap. As this understanding accumu-
lates, improved surfactant systems can be engineered. More than any
other EOR process, basic research on the performance of surfactant
systems flowing through porous mediums is required for these systems.

2. Several reservoir conditions present major hazards to the
application of surfactants. High temperatures (resulting from the
depth of reservoirs), high salinity, and the presence of heavy metal
ions cause the surfactants to degrade. Low permeability can reduce
the velocity of the slug to the point where the necessary oil bank fails
to form. Clays in the reservoir may adsorb the surfactant. Each of
these problems reduces the number of reservoirs amenable to surfactants
or reduces the effectiveness of the surfactant performance. Each
represents an area where special engineering may be able to achieve
the breakthroughs needed to make the process viable. For example,
salinity and jon exchange problems may be overcome by pre-flushing
the reservoir with low salinity water with an effective ion balance.
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3. As with carbon dioxide, mobility control remains a problem.
Additional development of appropriate polymers (or other substances)
is required before fingering and overriding of the surfactant slug
and its oil bank can be avoided.

One school of thought advances that initiation of the sur-
factant/polymer process early in a reservoir's life could circumvent
adverse mobility ratios caused by low o0il saturations. Currently,
however, operators are opting to test the surfactant systems only in
reservoirs that have been well-defined (and thus depleted) by water-

flooding. Work on earlier initiation of the process could yield valuable
results.

4. The success of the surfactant process is highly sensitive
to variations in residual o0il saturation and location. As discussed
in the preceding chapter, these factors have not been adequately defined
for many reservoirs, particularly the older ones for which EOR might be
considered in the near term. Errors in initial estimation of oil-in-
place, uncertainty as to the uniformity of the previous depletion, and
unknown geology of the formations can lead to highly divergent estimates
of saturations and distributions. Because these factors are so critical
to performance and profitability, most operators will hesitate to apply
surfactant processes. Substantial measurement of reservoir and fluid
conditions will need to be conducted before rapid application of this
process will take place in the field.

5. The chemicals that comprise the surfactant system dre costly.
Currently, estimates of the costs of these surfactants on a mass-pro-
duced basis vary by almost 100 percent. Surfactant costs are critical



in the economics of the process because this chemical is the principal
component in the injection slug. Uncertainty as to the costs of sur-
factants and other chemicals could cause some operators to delay imple-
menting surfactant processes, even when proved.

Future Directions of Industry Application -- The Base Case

The disappointing history of surfactant pilots, coupled with
the current views of practitioners, suggests 1ittle or no new signifi-
cant field activity in surfactants. Expansion of existing projects is
uniikely unless economic conditions change. Limited Taboratory work
will continue, but at the rate consistent with current prices and taxes,
this research will have Tittle effect during the period of interest.
(Industry practitioners suggest that improved price/tax conditions could
accelerate the rate of R&D.) ‘

These qualitative conclusions were borne out in the quantita-
tive estimate of the Base Case.g/ Where the Base Case calculations
were made under the Standard Economics Case, no current surfactant candi-
dates were found to meet the respective economic hurdle rates. Because
this substantiated very recent reports from the field, it was not sur-
prising. It was concluded that, under upper tier prices and current
tax policies, industry would not pursue surfactant other than -in the
laboratory.

Increasing prices to the world price level, however, made a
few, highly* favorable candidate reservoirs marginally economic (see
Exhibit V-2). These shallow, homogeneous reservoirs in the mid-continent

2/ The assumptions and methods used in estimating the Base Case
are described in Chapters I and V of Part 3.
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(where much of the current testing is being conducted), yield a small
but not insignificant amount of production. This production, however,
is quite late, most of it occurring after the period of concern. Note
that, once the price is adequate to initiate production, tax changes
have the effect of somewhat accelerating production. In this case, the
tax change was relatively slight (a 3 percent increase in the investment
tax credit -- equivalent to about 20 to 30 cents per barrel), but these
reservoirs are so close to the margin that even this small change can
have substantial effect.

Further increases in price, up to the alternate fuels level
of $20.00 per barrel, is projected to result in a substantial increase
in industry R&D,gf resulting in a number of additional reservoirs being
developed. At this price, surfactant can make a major contribution to
the overall supply.

Overview of the Surfactant/Polymer Programs

Overcoming the classes of problems described above, parti-
cularly for the most favorable reservoir application, defines the poten-
tial targets and strategies for an ERDA program in surfactant/polymer
flooding. These are:

3/ This additional production, attributed to industry, was computed
based on an assumption of substantial R&D by industry. It repre-
sents the achievement of several major breakthroughs that industry
is not currently contemplating. To this extent, it is something
of a speculation that industry would respond to higher prices by
increasing surfactant research. The substantially higher produc-
tion attributed to industry is due to an allocation of these bene-
fits from ERDA to industry. One-half of the production attributable
to _the research was assigned to ERDA; the other half to industry.
This somewhat artificial allocation was necessary because the
alternate fuels price so far exceeds the price industry currently
assumes that industry's current R&D plans cannot be extrapolated
with accuracy for this contingency. Because the reservoir base
is relatively firm, the estimate of total recovery is relatively
firm, but the allocation of the benefits between ERDA and industry
may be imprecise.




Basic surfactant: Build basic understanding that will

improve recovery efficiency for target reservoirs through-
out the U.S. through the development of surfactant systems
which maintain their effectiveness in the sub-surface environ-
ment. Develop cheaper and adequate supplies or surfactants.

Shallow, homogeneous sandstone reservoirs (e.g., I1linois
basin).

-- Assume adequate recovery efficiency and make the pro-
cess conventional in shallow I11inois sandstones where
economic pilots have indicated proximate success.

California sandstone reservoirs.

-- Extend the application of the process to California
sandstone reservoirs, which generally are laden with
clays (high adsorptive and cation exchange values).

Gulf Coast (East Texas and Southern Louisiana) sandstones
marked by high salinity, high temperature, but with poten-
tial for high fluid flow velocity and relatively high homo-
geneity.

-- Improve recovery efficiency and extend the appli-
cation of the process to Gulf Coast sandstone
reservoirs.

Other sandstones, including the Mid-Continent, Rocky
Mountains, and Appalachian regions.



-- Examine the application of the surfactant recovery
system in these sandstone reservoirs, which will
range in clay content and permeability variance.

Programs of activities were defined to carry out these strategies
and the costs of these programs were estimated. Exhibit V-3 relates the
programs, targets and strategies and shows the program designations used
be]ow.ﬂ/ Exhibits V-4 and V-5 summarize these programs in physical units
and constant (1976) dollars, respectively. Both non-field and field
research are required, with the field work consisting of core holes and
mini-tests. The program costs build to a peak in 1979, then stabilize
for an extended period. No cost-sharing is anticipated because of the
nature of the research programs and industry's flagging interest in sur-
factants. The five-year total budget is slightly over fifty million
dollars. : :

4/ The Basic Surfactant Program, designated SP in Section B, is
not shown because it affects all targets together.
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EXHIBIT V-4. ALL SURFACTANT POLYMER PROGRAMS —— PHYSICAL UNITS
5-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL

I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):

A, RESIDUAL OIL MEASUREMENT & IMPROVED -
MEASUREMENT TECHNIQUES
B. RESERVOIR DATA BASE 1.25 1.25
C. RECOVERY MODELS 1.25 1.25
D. ECONOMIC & OTHER FEASIBILITY STUDIES3.25 3 6.25
E. PROCESS/FIELD TEST EVALUATION 525 .25
I1. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A. QESO¥EESR$RDCESS BENCH STUDIES 17 220 19 ‘16 16 88
B. FLOW STUDIES 14 19 17 18 13 81
C. FIELD LIAISON & ENG. STUDIES 3.77 | 3.77 3.15 |4.15 | 4.15 19
D. LAB EQUIPMENT & FACILITIES * * * * * * *
IIT. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A.  TARGET IDENTIFICATION/FIELD 1 i
SUPPORT/MATERIALS 22= I 22~
B.  MINI-TESTS 1 12 — 13
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS -

IV. TRANSFER & SUSTAIN ECOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS): 2/

A. PROVIDE TECHN. TO INDEPENDENTS

B.

SHARE INDUSTRY/ERDA DEVELCP.

¥ ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.

31/ Core HoLESs
2/ INCLUDED IN ABOVE FIGURES EXCEPT AS NOTED




EXHIBIT V-5. ALL SURFACTANT/POLYMER PROGRAMS

(IN THOUSANDS QF 1974 DNLLARS COSTS)

5-YR.
ACTIVITY 1977 1078 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AMND REDUCE
ENG, ZECON. UNCERTATINTY \
A. RESIDUAL DIL MEASUREMENT &
IMPROVED MEAS. TECHNIQUES -
B. RESERVOIR DATA BASE
C. RECOVERY MODELS 360 180 R 540
D. ECONOMIC & OTHER FEASIB. STUDIES
E. PROCESS/FIELD TEST EVALUATICN
II. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STUWDIES 1020 (1120 l1140 960 960 5280
AND THEORY
B. FLOW STWOIES 900 |1140 }i1020 900 900 4860
C. FIiELD LIAISON & ENG., STUDIES 275 275 225 300 300 1375
D. LAB EQUIPMENT & FACILITIES 1210 600 375 300 300 2785
II1. COMNDUCT FIELD BASED RESEARCH,
TESTS ANN REMONMSTRATIONS
A. TARGET IDENTIFICATION/FIELD 1000 |2500 {1000 4500
SUPPORT/MATERIALS
B. MINI-TESTS 1500 |2250 |8750 |9500 |9000 | 31000
C. TECHNICAL PILOTS _
D. ECONOMIC PILOTS _
IV. TRANSFER & SUSTAIN EOR TECHNOLUGY-
THROUGHOUT INMOUSTRY
A. PROVIDE TECHNCLOGY TO 1NDEPENDTS.
B. SHARE INDUSTRY/ERDA DEVELOR. 75 75
TOTAL 6265 |8145 [12585 [11960(11460 | 50415
ERDA SHARE 6265 18145 12585 1196011460 | 50415

LAB WORK.

PosT 1981 COMMITMENTS: COMPLETION OF THE FIELD WORK COMPONENT WILL REQUIRE $3.5
MILLION IN 1982 AND 2 MILLION IN 1983 TO COMPLETE THE RESERVOTR IDENTIFICATION AND MINI-—
TESTS STAGE; $1.2 MILLION PER YEAR FOR 1982 THROUGH 1986 WILL BE NEEDED FOR PERSONNEL AND

(THE ASSUMPTION IS THAT THE MINI-TESTS WILL ALSO SUBSTITUTE FOR THE TECHNICAL

PILOTS AND -THAT INDUSTRY WILL CONDUCT THE ECONOMIC PILOTS REQUIRED TO BRING THIS PROCESS
TO COMMERCIAL APPLICATION.)




The potential production stimulated by ERDA's surfactant
research programs (calculated under Standard Economics assumptions)
is shown in Exhibit V-6. Multiplying the potential production by
the expectation of success yields the expected production shown in
Exhibit V-7. 5 For the full surfactant research program, the
following results are predicted.

Potential Expected
Production Production
Ultimate Recovery 2300 1000 million barrels
Production Rate
1985 10 0 thousand barrels
1990 70 30 per day
1995 , 230 90
Cumulative Production
1985 30 10 million barrels
1990 ‘ - 80 30
1995 : 240 90

These numbers indicate that, while substantial ultimate
recovery can be stimulated by ERDA research, this production will come
relatively Tate in the period of interest. The preponderance of
surfactant production will occur after the year 2000.

5/ The procedures for estimating potential and expected production
are described in Part 3, Chapters I, II, and V.
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The last two exhibits also illustrate that, under Standard
Economics, two of the surfactant targets will not become economic even
with the ERDA research program. These programs do, however, yield posi-
tive economic results under different price/tax contingencies, as dis-
cussed in Section B of this chapter.

To relate ERDA's costs to the production benefits stimulated
by ERDA's programs, cost-effectiveness measures were calculated for each
program by dividing the expected production by the present value of ERDA's
total expenditure. These indices are displayed in Exhibit V-8. Because
of the previously noted lack of economic results for two surfactant/
polymer programs, no cost-effectiveness indices are shown. As shown
in the footnote, reduction in risk to conventional levels would make
these marginally attractive. Moreover, alternative price/tax contingen-
cies also make them more attractive. SP-5 produces substantial benefits
at the world price level and SP-4 brings additional reservoirs under
development at the alternate fuels price.éf

The two surfactant/polymer programs that show positive results
under the Standard Economics contingency are highly productiye in terms
of ultimate recovery. Between one and two cents per barrel is the pre-
dicted cost of the research and development programs for the I1linois
and California sandstones. Because their production is later, however,
the indices for production rate and cumulative production are less favor-
able than the indices for programs in some of the other techniques.

It should be noted that all the program benefits shown pre-
suppose successful completion of a basic research program (referred to
as SP in Section B, below) that is not specific to any particular

§/ These effects are discussed in Section B for the individual
program.
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reservoir targets. The costs of this program were spread evenly across
the four targets shown. Had they been allocated only to the programs
that resulted in economic production under Standard Economics, the
indices would be reduced slightly, but not substantially. On the basis
of ultimate recovery, the research costs would still be on the order
of four to eight cents per barrel for these two programs.

The surfactant/polymer programs were analyzed for their sensi-
tivities to five different price/tax contingencies. Exhibit V-9 shows
the effects of these contingencies on the expected production of the
surfactant/polymer programs. The Lower Bound and the Standard Economics
case differ principally in that the former assumes capitalized injection
materials, whereas the latter assumes expensed injection materials. This
change in tax provisions has a clearly detrimental effect, dropping ulti-
mate production by sixty percent and practically eliminating production
in the period of interest. Raising prices from upper tier to world level
adds substantially to surfactant production. These effects would be even
more marked except that some of the production at world prices was
attributed to industry in the Base Case. A three percent increase in
the investment tax credit (Case 4 compared to Case 2) yields additional
ultimate recovery, but has little impact on the production rate. Finally,
raising the price to the alternate fuels level accelerates production
dramatically in the early years, but does not add to the ERDA-stimulated
ultimate recovery. Again, however, this is explained by a large alloca-
tion to an accelerated industry research and development effort, dis-
cussed earlier.
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SUMMARY: Combined Effects of Industry Activity and the Surfactant/
Polymer Programs

Under the Standard Economics condition, no production was
attributable to industry without ERDA research and development.
Industry is expected to respond to ERDA's programs, however, as shown
in Exhibits V-10 and V-11. (In both figures, the curves are added.)
Under these economic conditions, all the production is attributable
to ERDA's stimulation, so no Base Case appears. Ultimate recovery
from surfactants then, would be about one billion barrels, with the
production rate only beginning to climb by 1985. Ten years later,
however, total surfactant production reaches 90 thousand barrels per
day. By 1995, over 90 million barrels will have been produced by
this process.

At higher prices, it is anticipated that industry will begin
to take a substantial interest in surfactant/polymer research and thus
bring on a portion of the surfactant/polymer potential. Exhibit V-12
shows expected ultimate recovery by the surfactant/polymer process
under five of the price/tax contingencies analyzed. At upper tier
prices, only ERDA-stimulated production is present, but at world prices,
industry R&D has begun to contribute. The allocation rules employed
in the analysis essentially assigned the benefits of SP-1 and SP-2 to
industry. At these prices, ERDA'a program SP-5 (reservoirs in
Appalachia, mid-continent etc.) makes a major contribution. At alter-
nate fuels price, the Industry Base Case grows to five times its size
as at world prices. In addition, ERDA's efforts in the Gulf Coast
(SP-4) begin to contribute. Thus, ultimate recovery by surfactant/
polymer is highly sensitive to both price and tax contingencies.
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EXHIBIT V-10

EXPECTED SURFACTANT/POLYMER PRODUCTION RATES
(STANDARD ECONOMICS)

1980 - 1985 ) -.11990 : 1995

EXHIBIT V-11
EXPECTED SURFACTANT/POLYMER CUMULATIVE PRODUCTION
(STANDARD ECONOMICS)

1980 1985 1990 1995
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EXHIBIT V~12
EXPECTED ULTIMATE RECOVERY UNDER PRICE/TAX CONTINGENCIES
FROM SURFACTANT/POLYMER PROGRAMS

5,0 $u
4 sp-5
SP-4
sp-3
3-0 L ol
T BASE CASE
Sp_s SP-5
1.0 ope 5 SP-3
sP-3 SP-3
sP-1 6 2 ISP—l & 2 ] BASE CASE BASE CASE
T ) N R o
STANDARD LOWER BOUND CASE 2 CASE 4 UPPER BOUND
ECONOMICS (UPPER TIER (WORLD PRICE (WORLD PRICE (ALTERNATE
(UPPER TIER UNFAVORABLE CURRENT TAX) FAVORABLE TAX) FUELS PRICE
CURRENT TAX) TAX) FAVORABLE TAX)
EXHIBIT V-13
EXPECTED SURFACTANT/POLYMER PRODUCTION RATES UMNDER
7
501' UNDER SELECTED PRICE/TAX CONTINGENCIES
(COMBINED BASE CASE AND ERDA PROGRAMS)
600 L
UPPER BOUND
(ALTERNATE FUELS
PR1CE, FAVORABL.E
TAX)
450 .
CASE 4
(WORLD PRICE,
FAVORABLE TAX)
300 i
STANDARD
150 4. ECONOMICS
(UPPER TIER
CURRENT TAX)
(]

1975 1980 1985 1890 1995
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The rate of production (and hence cumulative production)
are also highly sensitive to price/tax contingencies. Exhibit V-13
shows the production rates for the three prices. Clearly, raising
the price not only brings on more surfactant production, it brings
the production on much sooner. The 1995 rates of production at world
pfice is more than six and one-half times the rate at upper tier
price; at alternate fuels price, it is nine times higher than at
the upper tier price.
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SECTION B: INDIVIDUAL SURFACTANT/POLYMER PROGRAMS
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TARGET D: ALL SURFACTANT RESERVOIRS

R&D STRATEGY SP: BASIC SURFACTANT: IMPROVE RECOVERY EFFICIENCY FOR TARGET
RESERVOIRS THROUGHOUT U.S. BY USE OF SURFACTANT SYSTEMS

Because of the still evolving nature of the surfactant/polymer
0il recovery technology the R&D targets and strategies will be presented
somewhat differently than the other sections. Two challenges face the
researchers in the surfactant technologies: (a) basic, across target
problems of making the process work under less than ideal conditions;
and (b) having achieved success with the basic technology, adapting and
proving the technology under a variety of distinct reservoir conditions.
Thus, the central problems and R&D goals will first be presented for an
overall program (SP) in surfactant technology with individual R&D
strategies being discussed on a geographical basis (under R&D strategies
SP1 - SP6).

1. CENTRAL PROBLEM

Flooding 0il1 reservoirs with surfactant systems has been Tooked
upon as one of the most promising recovery schemes. A perfectly formulated
system will in effect be "miscible" and sufficiently viscous to achieve
both high displacement and high sweep efficiencies.

The weight of experience to date has been negative. With one
exception, all attempts to reduce the recovery scheme to practice have
failed.

Progress towards understanding the causes of the failures has
been difficult because of the proprietary nature of a number of the
systems that have been used and because, in general, the field experi-
ments have been relatively heavily weighted towards demonstrating
recovery rather than seeking to validate extrapolation of performance.
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There are, of course, valid reasons for such weighting given the great
cost of the operations. Nevertheless, based on the reported results
in comparison with those emanating from the R& bench scale tests, it
is obvious that a hiatus exists between the lab and the field.

Theoretically, if an aqueous system is introduced into a
reservoir which provides a low interfacial tension against the crude
(10'4 dynes/cm.) and mobility less than that of the resulting oil bank,
and the surfactant (low tension) system is in turn displaced with a
still less mobile interfacially inactive phase, then an almost perfect
recovery will be achieved. ‘

The problem seems to be attaining in the field the behavior
secured in the laboratory, and possibly, in addition, determining the
exact conditions prevailing in the sub-surface so that appropriate
experiments may be performed in the laboratory.

Clear progress in this program is a necessary condition for
meeting the objectives of the other surfactant programs, although pre-
Timinary steps may be taken concurrently with the others. Because this
program is a prerequisite to all the others, it would be misieading to
present its costs, benefits, or probability of success separately from
the programs in which the results of this effort are applied. These
costs and benefits, then, have been allocated to the other surfactant
programs.

2. R&D GOALS

e To develop surfactant systems which are sufficiently
viable under reservoir conditions to achieve the high
ultimate recovery promised by theoretical studies.

e To develop surfactants which will give the greatest
cost-benefit results in reducing interfacial tension
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in the reservoir environment (viz. saline environment,
temperature, velocity, activity of mineral surfaces,
crude oil chemistry, and Tithology).

e UWhile substantial polymer development will be pursued
under Target E, other development is required for this
target to secure compatible operations of both surfac-
tant and polymer in reservoir operations.

e The eventual R&D goal is to develop surfactant fiooding
systems that will economically recover the residual oil
in reservoirs following waterflooding.

3. R&D ACTIVITIES

I. Building the KnowTedge Base: starting in 1977

-- Accumulation and evaluation of the prolific litera-
ture on surfactant flooding, and attempt to secure
industry information on field test operations.

IT. Basic and Applied Research: starting in 1979

-- Physical chemistry bench studies on surfactant/
polymer and surfactant-forming (e.g., NaOH) systems.

-- Core studies, long cores and slabs. Scaled physical
models to be investigated but probably not applicable.

-- Polymer development and formulation (costed and
described under Target E).

-- Surfactant development and formulation.

II1. Field Based Activities:

-- See individual program SP1-SP5.
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Probability of success, costs of the program, and production
benefits are incorporated into programs SP-1 - SP5, In
addition to the costs shown in these programs, approximately
two-thirds of the non-field based costs of the polymer
programs, IW-1 and IW-2, (totaling $4,357,000 for the five-
year period and $9,357,000 overall) are required for success
in the surfactant programs. If the polymer programs are not

included in the overall plan, these costs must be added to
the surfactant programs.
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TARGET D-1: SHALLOW, HOMOGENEOUS SANDSTONES IN ILLINOIS

R&D STRATEGY SP-1 AND SP-2: IMPROVE RECOVERY EFFICIENCY AND MAKE THE
PROCESS CONVENTIONAL

1. CENTRAL PROBLEM:

It is in these sands that technological success has been
reported using a proprietary formulation of the surfactant/polymer
system. Because of this past experience and the relatively Tow cost
of drilling and operations in these shallow sands, they are an ideal
setting for operating a series of mini-tests using different formulations
of the surfactant/polymer systems. Such tests permit comparisons
of chemical stability, displacement efficiency, injectivity, and overall
performance of alternative systems.

2. R&D GOALS:

® Obtain basic data for examining process performance,
recovery, economic feasibility, and process efficiencies.

e Demonstrate the commercial applicablility of the surfactant/
polymer in the shallow homogeneous I11inois Basin sand-
stones.

3. R&D ACTIVITIES:

I&II. Building the Knowledge Base and Conducting Basic
and Applied Research:

(to be accomplished under the Basic Surfactant Program -
SP)
III. Field Based Activities:

-- Mini tests of preferred systems in order to diagnose
seeming divergences in laboratory and field behavior,
starting in 1977.
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PeM: SP-1 § 2

4. ReD ACTIVITIES ~- PHYSICAL UNITS
5~YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):
A. RESIDUAL 0IL MEASUREMENT & IMPROVED -
MEASUREMENT TECHNIQUES
B. RESERVOIR DATA BASE
C. RECOVERY MODELS 1 1
D. ECONOMIC & OTHER FEASIBILITY STUDIES
E. PROCESS/FIELD TEST EVALUATION
II. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY -
B. FLOW STUDIES 2 2 4
C. FIELD LIAISON & ENG. STUDIES 1 1 2
D. LAB EQUIPMENT & FACILITIES * * *
I111. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS -
B. MINI-TESTS 1 1 1 3
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY !

THROUGHOUT INDUSTRY (PERSON-YEARS):

A. PROVIDE TECHN. TO INDEPENDENTS
B. SHARE INDUSTRY/ERDA DEVELOP.

*

ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.




V-36

PeM: SP-1 ¢ 2

5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
5-YR.
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG, /ECON. UNCERTAINTY
A. RESIDUAL DIL MEASUREMENT &
IMPROVED MEAS. TECHNIQUES - -
B. RESERVOIR DATA BASE
C. RECDVERY MODELS
60 60
D. ECONOMIC & OTHER FEASIB. STWDIES
E. .PROCESS/FIELD TEST EVALUATION
II. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STWDIES _
AND THEORY
B. FLOW STUDIES . 120 120 240
C. FIELD LIAISON & ENG. STUDIES 75 75 150
D. LAB EQUIPMENT & FACILITIES 60 60
ITI. COMDUCT FIELD BASED RESEARCH,
TESTS AND DENMIONSTRATIONS
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS -
B. MINI-TESTS 1500 1500 1500 4500
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EQOR TECHNOLOGY
THROUGHQUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. 75 75
B. SHARE INDUSTRY/ERDA DEVELOP.
TOTAL isis 1695 1575 -~ - 5085
ERDA SHARE 1815 1695 1575} -~ - 5085
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PGM: SP — 162

PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR CosT ToTAlL _PROGRAM

TotaL CosTts ERDA 4807.* 4807%
ERDA's SHARE ALL
EXPECTATION OF SUCCESS: 7s5%

OUTCOMES OF THE ReD PROGRAM:

POTENTIAL EXPECTED CosT-EFFECTIVENESS
1/ 2/
PRODUCTION = PRODUCTION < INDEX 27

ULTIMATE RECDVERY 600" 450 94
DAILY PRODUCTION IN?

1985 0 0 0

1990 ‘ 0 0 0

1995 10 ’ 0.5
CUMULATIVE PRODUC—

TION BY:

1985 5 4

1990 6 4 1

1995 6 4
NOTES:

17 UNITS: ULTIMATE RECOVERY —— MILLIONS OF BARRELS; DAILY PRODUCTION ——
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION — MILLIONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

37 UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION —— EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S.COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cOsT

*  INCLUDES 25% OF ERDA NPV FOR SP-6
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TARGET D: ALL SURFACTANT RESERVOIRS

R&D STRATEGY SP-6: DEVELOPMENT OF CHEAPER AND ADEQUATE SUPPLIES OF
SURFACTANTS

1. CENTRAL PROBLEM

Estimates of the costs of surfactants on a mass-produced basis
range from 20 to 37 cents per pound. Surfactant costs are critical in
the economics of the process because these chemicals are the principal
components in the injection stage. Uncertainty as to the costs of sur-
factants and other chemicals could cause some operators to hesitate in
implementing surfactant processes even if proved in programs SP-1 through
SP-5. This program is to reduce this uncertainty. Because its benefits
are shared across the targets, the costs, benefits, and probability of
success have been incorporated ip the respective calculations of the
programs.

2. R&D GOALS

o To develop precise estimates of the costs of mass-
produced chemicals (batch and continuous process)
under various demand conditions.

e To determine whether there is a need for cost-
reduction engineering studies in surfactant
components.
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3. R&D ACTIVITIES:

I. Building the Knowledge Base

-- Economic/engineering studies of the costs of
manufacturing critical chemicals and their
sensitivity to demand.

-~ Studies of the feasibility of cost reduction
through plant engineering on improved distri-
bution.

II. Basic and Applied Research

-- Any further work relies on the results of those
listed above.
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PeM: SP-6
4, ReD ACTIVITIES -~ PHYSICAL UNITS
5-YEAR
1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON, UNCERTAINTY (PERSOM-YEARS) s
A. RESIDUAL DOIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES -
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS -
D. ECONOMIC & OTHER FEASIBILITY STUDIES » 3 5
E. PROCESS/FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES -
AND THEDRY
B.  FLOW STUDIES -
C. FIELD LIAISON & ENG. STUDIES -
D. LAB EQUIPMENT & FACILITIES -
I11. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A. TARGET IDENTIFICATION/FIELD -
SUPPORT/MATERIALS
B. MINI-TESTS -
c. TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EQR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS 1/
B. SHARE INDUSTRY/ERDA DEVELOP., 1s

1/ INCLUDED IN ABOVE FIGURES
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PGM: SP-6
5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
5-YR.
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG,7ECON. UNCERTAINTY
A. RESIDUAL OIL MEASUREMENT & _
IMPROVED MEAS. TECHNIQUES
B. RESERVOIR DATA BASE -
C. RECOVERY MODELS -
D. ECONOMIC & OTHER FEASIB. STUDIES 120 180 300
E. PROCESS/FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STWDIES 3
AND THEORY
B. FLOW STUDIES -
C. FIELD LIAISON & ENG. STUDIES -
D. LAB EQUIPMENT & FACILITIES -
I11. CONDUCT FIELD BASED RESEARCH,
JESTS AND DEMIMSTRATIONS
A. TARGET IDENTIFICATION/FIELD -
SUPPORT/MATERIALS
B. MINI-TESTS -
TECHNICAL PILOTS N -
ECONOMIC PILOTS B
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHJUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. i/
B. SHARE INDUSTRY/ERDA DEVELOP. B
ERDA SHARE 120 180 - - - 300
1/ CosTs INCLUDED ABOVE
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PeM: SP-6

PRESENT VALUE DOF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR COST  TOTAL _PROGRAM

ToTAL COSTS (APPORTIONED AMONG TARGETS D-1 THROUGH D-4)
ERDA's SHARE

EXPECTATION OF SUCCESS: (INCORPORATED INTO PROBABILITIES OF PROGRAMS SP-1
THROUGH SP-5)

QUTCOMES OF THE ReD PROGRAM:

POTENTIAL EXPECTEDZ/ COST-EFFECTIVENESS
PropucTION & PrOobDUCTION INDEX 37
ULTIMATE RECOVERY
DAILY PRODUCTION IN:
1985
1990
1995
CUMULATIVE PRODUC- (BENEFITS OF LOWER COST SURFACTAWTS ALREADY
TION BY: COUNTED IN SP-1 THROUGH SP-s)
1985
1990
1995
NOTES :
3/ UNITS: ULTIMATE RECOVERY —- MILLIONS OF BARRELS; DAILY PRCDUCTION ——
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION — MILLIONS OF
BARRELS

2/. EXPECTATION OF SUCCESS TIMES VALLES IN POTENTIAL PRODUCTION COLUMN

37 UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA'S cosT
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TARGET D-2: CALIFORNIA SANDSTONES

R&D STRATEGY SP-3: EXTEND APPLICATION OF PROCESS

1. CENTRAL PROBLEM

In addition to the general problems of applying surfactants
under reservoir conditions, California sandstones present the problem
that they are high in clay content. The clays lead to high rates of
absorption of the surfactants, ion exchange, and reduced permeability due
to clay swelling. These special problems must be overcome to realize
the potential of California surfactant reservoirs.

Included in this program, however, is the assesment of the
potential of processes in which the surfactant is formed in situ. Most
California crudes, having a naphthenic base, show some reactivity
towards caustic solutions. The reaction results in the formation of a
sodium naphthenate which is very interfacially active under certain
conditions and shows promise of increasing recovery efficiency.

2. R&D GOALS:

® Study the application of caustic injection combined
with other additives in the dispiacing phase.

@ Determine the preferred surfactant/polymer system for
the California reservoirs.

@ Test the preferred system to the point of technical
feasibility.

3. R&D ACTIVITIES:

1&11. (to be accomplished under Basic Surfactant Program, SP)



III. Field Based Activities:

-- Testing and measurements to identify favorable
pilot test candidates, starting in 1977

-- Mini tests in the high potential reservoirs,
starting in 1978



V-45

PcM: SP-3
4., RgD ACTIVITIES —— PHYSICAL UNITS
S-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):
A. RESIDUAL OIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES L1~/ i/ 17
B. RESERVOIR DATA BASE
C. RECOVERY MODELS 1 1
D. ECONOMIC & OTHER FEASIBILITY STUDIES
E. PRDCESS/FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES 3 5.5 6 4 4 22.5
AND THEORY
B. FLOW STUDIES 2 6 6 6 2 22
C. FIELD LIAISON & ENG. STUDIES 1 1 1 1 1
D. LAB EQUIPMENT & FACILITIES * * * * * *
IITI. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A.  TARGET IDENTIFICATION/FIELD 1087 1027
SUPPORT/MATERIALS
B. MINI-TESTS 4
C.  TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNDLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS 37/
B. SHARE INDUSTRY/ERDA DEVELGQP. 3/

# ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT.OF MEASURE.
1/RELTES ON RESIDUAL MEASUREMENTS PROGRAM ST-4

2./ CORE HOLES
3/7INCLUDED IN ABOVE FIGURES.
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PcM: SP-3
5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
S—YR._I/
ACTIVITY 1977 1978 1979 1980 1981 | TOTAL
I. VERIFY RESQOURCE BASE AMND REDUCE
ENG./ECON. UNCERTAINTY
A. RESIDUAL DIL M=EASUREMENT & 27 27
IMPROVED MEAS. TECHNIQUES
8. RESERVDIR DATA BASE
C. RECOVERY MODELS
60 60
D. ECONOMIC & OTHER FEASIB. STWDIES
E. PROCESS/FIELD TEST EVALUATION -
IT. CONDUCT NON-FIELD BASED RESEARCH
AND REIATED ACTIVITIES
A. RECOVERY PROCESS BENCH STWDIES 180 330 360 240 240 1350 1/
AND THEORY
B. FLOW STUDIES 180 360 360 180 240 1320 17/
C. FIELD LIAISCN & ENG. STUWIES 75 75 75 75 75 375 1/
D. LAB EQUIPMENT & FACILITIES 250 400 125 100 100 975
III. CONDUCT FIELD BASED RESEARCH,
JESTS AND DEMANSTRATIONS
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS S00 | 1000} 500 2000
B. MINI-TESTS 250} 1250 3000] 2500 7000 1/
C. TECHNICAL PILOTS - _
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY
A. 'PROVIDE TECHNOLOGY TO INDEPENDTS. 37/
B. SHARE INDUSTRY/ERDA DEVELOP. h 3
TOTAL 1245 2415 )1 2670 | 3595 3155 13080
ERDA SHARE 1245 2415 § 2670 | 3595 3155 13080

1/P0ST 1981 COMMITMENTS: $2,500,000 IN 1982, $5000.000 IN 1983, FOR FIELDWORK; IN ADDITION,
AN AVERAGE OF $600,000 PER YEAR 1982-1986 FOR PERSONNEL -AND .LAB WORK.

2/ RELIES ON RESIDUAL MEASUREMENT PRQGRAM ST-4

3/ . CoSTS INCLUDED ABOVE
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PemM: SP-3

6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR CoST  TOTAL_PROGRAM

ToTAL CosTs : 11015% 11015*
ERDA'S SHARE

7. EXPECTATION OF SUCCESS: 38x

8. OUTCOMES OF THE ReD PROGRAM:

PDTENTIALI/ EXPECTEDZ/ COST-EFFECTIVENESS
PRODUCTION PRODUCTICN & INDEX 37
ULTIMATE RECOVERY 1700 646 59
DAILY PRODUCTION IN:
1985 5 2 0.1
1990 69 26 0.9
1995 216 82 2.7
CUMULATIVE PRODUC—
TION BY:
1985 4 2 =
1990 52 20 2
1995 213 81 ’
NOTES:

1/ UNITS: ULTIMATE RECOVERY -~- MILLIONS OF BARRELS; DAILY PRODUCTION ~-
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION —— MILLIONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION CoLumn

37 UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION =— EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's coOsT

*¥ INCLUDES 25% DOF ERDA NPV FOR SP-6
#% | FSS THAN 1
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NOTE: Production Benefits and Cost-Effectiveness Indices of Program SP-3

The production benefits shown assume upper tier prices and high
risk (20% real) rate of return requirement. The assumption that the
risk premium will not be reduced through the program is relatively
sensitive. Should surfactant/polymer become a conventional technology
in California (i.e., carry an 8% real rate of return), the impact would
be as below:

HIGH RISK CONVENTIONAL
(NOTED ABGVE) RISK
POTENTIAL PRODUCTION BENEFTTS:
ULTIMATE RECOVERY (MMB) 1700 2500
DAILY PRODUCTION
MB/D) IN:
1985 5 55
1990 69 127
1995 216 487
CUMULATIVE PRODUCTICN
(MMB) BY:
1985 4 29
1990 52 144
1995 213 852
COST-EFFECTIVENESS INDICES
ULTIMATE RECOVERY/
COST 59 86
ANNUAL PRODUCTION/
COSsT
1985 0.1 0.7
1990 0.9 1.6
1995 2.7 6.1
CUMULATIVE PRODUCTIGN/
CosT
1985 %%k 1
1990 2 5
1995 7 29

** | EFSS THAN 1
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The sensitivity of these results to the risk premium assump-
tion should be borne in mind in evaluating Program SP-3. It is not
currently possible to assign a probability to making surfactant/polymer
conventional for these targets. The substantial program described
above sets the stage for subsequent efforts after 1981 designed to
make this program a conventional recovery technology.



V-50
TARGET D-3: GULF COAST RESERVOIRS

R&D STRATEGY SP-4: EXTEND APPLICATION OF PROCESS

1.  CENTRAL PROBLEM:

Sandstones of the Gulf Coast are ideal candidates for
the surfactant/polymer process because of thejr general uniformity
and high permeability. These two characteristics, combined,
enabTe high velocities to be achieved and fingering to be minimized,
greatly contributing to the success of the process. 0On the other
hand, the generally higher temperatures of the Gulf Coast sands and
the higher operating costs, both due to greater depths, may
offset these advantages. Certain specially formulated surfactants
and polymers may have to be developed for these higher temperature
reservoirs.

Salinity of these reservoirs will also be greater than
that of many other 011 provinces, but this to some extent depends
on whether the sand was displaced by a natural water drive or
was subjected to a water flood using water with high salinity.
Although salinity is a recognized problem in maintiaining the
activity of surfactants, the problems may be minimized by the
prior history of flooding in the reservoir. Moreover, pre-
flushes of various sorts can be used to reduce the reservoir
salinity in many reservoirs.

2. R&D GOALS:

® Develop surfactant/polymer systems that will stand up
to the higher salinity, and higher temperature
conditions faced in Gulf Coast Sandstones.

e Verify the technical feasibility of improving recovery
efficiency in watered out Gulf Coast sandstones.
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R&D ACTIVITIES:

I. Building the Knowledge Base

(Rely on activities under Basic Surfactant
Program SP) '

II. Basic and Applied Research

-- Augment the activities under Basic Surfactant
with special research and development focused
on the development of surfactant systems that
can cope with higher salinities and higher
temperatures.

I1I11. Field Based Activities

-- Identify suitable reservoir targets, starting
in 1978

-- Mini tests, starting in 1979
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PGM: SP-4
4, ReD ACTIVITIES —— PHYSICAL WNITS
S-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS) :
A.  RESIDUAL OIL MEASUREMENT & IMPROVED 1/
MEASUREMENT TECHNIQUES
B.  RESERVOIR DATA BASE
C. RECOVERY MODELS . )
D. ECONDMIC & OTHER FEASIBILITY STUDIES
E. PROCESS/FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS) :
A.  RECOVERY PROCESS BENCH STUDIES . 8 6.5 5.5 | 5.5 325
AND THEORY
FLOW STUDIES 5 6 5 5 4 25
FIELD LIAISON & ENG. STUDIES 0.77 1 0.77 | 1.15 | 1.15] 1.15
D. LAB EQUIPMENT & FACILITIES * * * * * *
III. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A.  TARGET IDENTIFICATION/FIELD 2 "y
SUPPORT/MATERIALS 2& 2 &
B.  MINI-TESTS 2 —| 2
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHDUT INDUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS 3/
B.  SHARE INDUSTRY,ERDA DEVELOP. ¥

* ACTIVITY INVOLVES

1/ RELIES ON RESIDUAL MEASUREMENTS PROGRAM, ST—4
2/ CORE HOLES

3/ INCLUDED IN ABOVE FIGURES

COSTS HAVING NO CONSISTENT PHYSICAL WUNIT.OF MEASURE.
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5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
5-YR.
ACTIVITY 1977 1978 1979 1980 1981 TOTALY
I. VERIFY RESOURCE BASE AND REDUCE
. ENG,/ECON. UNCERTAINTY
A. RESIDUAL OIL MEASUREMENT & 2/
IMPROVED MEAS. TECHNIQUES
B. RESERVOIR DATA BASE
C. RECOVERY MODELS 60 60
D. ECONOMIC & OTHER FEASIB. STWDIES
E. PROCESS/FIELD TEST EVALUATION - -
1I. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STUDIES 1/
AND THEORY 420 480 390 330 330 1950 =
B. FLOW STUDIES 300 360 300} 300 240 1500 &/
1/
C. FIELD LIAISON & ENG. STUDIES 50 50 75 75 75 325 =
D. LAB EQUIPMENT & FACILITIES 450 100f 125} 100 | 100 875
III. CONDUCT FIELD BASED RESEARCH,
TESTS AND DEMIONSTRATIONS
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS 500 500
B. MINI-TESTS 4000 | 4000 | 4000 12000
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY
"3/
A. PROVIDE TECHNOLOGY TO INDEPENDTS. by
B. SHARE INDUSTRY/ERDA DEVELOCP.
TOTAL 1280 1490 4890 |4805 | 4745 17210
ERDA SHARE 1280 1490 | 4890 }4805 | 4745 17210

1/PosT 1981 COMMITMENTS: $4,000,000 IN 1982 PLUS AN AVERAGE OF $500,000 PER YEAR 1982-1986

FOR PERSONNEL AND LAB WORK.
2/ RELIES ON RESIDUAL MEASUREMENT PROGRAM ST-4
37 COST INCLUDED ABOVE
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PeM: _SP-4

6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR CosT  ToTAL PROGRAM

ToTaL CosTs ALL ERDA 14226* 14226*
ERDA's SHARE
7. EXPECTATION OF SUCCESS: 42%

8. DUTCOMES OF THE ReD PROGRAM: **

POTENTIAL y EXPECTEDZ/ COST-EFFECTIVENESS
PRODUCTION - PRODUCTION & INDEX 3/
ULTIMATE RECOVERY 0
DAILY PRODUCTION IN:
A

1985 0

1990 0

1995 (o)
CUMULATIVE PRODUC-—

TION BY:

1985 Y

1990 %

1995 0
NOTES:

Y/ UNITS: ULTIMATE RECOVERY -— MILLIONS OF BARRELS; DAILY PRODUCTION —-
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION — MILLIONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

37 UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — TXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED. BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cOsT

* INCLUDES 25% OF ERDA NPV FOR SP-6
** SeE NOTE ON NEXT PAGE
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Production Benefits and Cost-Effectiveness Indices of

Program SP-4

The production benefits shown in item 8 in the foregoing
assume the Standard Economics conditions. This means that
these benefits are computed using upper tier prices (with
current tax policies). As shown below, the production
benefits and cost-effectiveness indices are sensitive to
large changes in price.

Comparing the Case 2 column to the Standard Economics,

High Risk column shows the effect of raising the price
from upper tier to world levels. Moderate price increases
have no effect. As the last column shows, however, if
prices should rise to the alternate fuels price level, this
program would stimulate substantial production.
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SP-4
STANDARD ~ CASE UPPER
ECONOMICS 2 BOUND
POTENTIAL PRODUCTION BENFFITS:
ULTIMATE RECOVERY (MMB) 0 0 200
DAILY PRODUCTION
MB/D) IN:
1985 0 0 0
1990 : 0 0 2
1995 0 : ) 1
CUMULATIVE PRODUCTION
(MMB) BY:
1985 0 0 o}
1990 0 0 1
1995 0 0 7
COST-EFFECTIVENESS INDICES:
ULTIMATE RECOVERY/ - - 6
CcosT
ANNUAL PRODUCTION/
COST
1985 | - - o}
1990 - _ *
1995 - - *
CUMULATIVE PRODUCTION/
COST
1985 - - 0
1990 - - Rk
1995 - - ek

* LESS THAN 0.1
** | FSS THAN 1
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TARGET D-4: OTHER SANDSTONE RESERVOIRS

R&D STRATEGY SP-5: EXTEND THE APPLICATION OF THE PROCESS

1. CENTRAL PROBLEMS:

A11 other sandstone reservoirs, not included in the above
targets, will be included in this target: the reservoirs will range
from Appalachia to the Rockies to the Mid-Continent and South Texas.
The reservoir conditions will vary and will correspond %o some of
the conditions described for Targets SP-1 to SP-4 above, although in
most cases, incremental R&D will be required for each.

2. R&D GOALS

e Determine the technical validity of the surfactant
system under a variety of reservoir conditions.

3. R&D ACTIVITIES:

I&II. (Draw on the Bank being performed under Basic
Surfactant, SP)

IIT. Field Based Activity

-- Identify and delineate target reservoirs
starting in 1977.

-- Conduct mini-tests starting in 1978
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PeM: SP-5
4. ReD ACTIVITIES --— PHYSICAL UNITS
5-YEAR
ACTIVITY 1977 | 1978 {1979 1930 |1981 TOTAL
I. VERIFY RESCOURCE BASE AND REQUCE
ENG/ECON, UNCEETATINTY (PERSON-YEARS):
A. RESIDUAL OTL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES i1/ 1/
B. RESERVOIR DATA BASE
C. RECOVERY MODELS 1 1
D. ECONOMIC & OTHZR FEASIBILITY STUDIES
E. PROCESS/FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED AZTIVITIZS (PE3SOM YEARS):
A. RECOVERY PROCESS BENCH STUDIES 7 6.5 6.5 6.5 6.5 33
AND THEORY
B. FLOW STUDIES 5 5 6 7 7 30
FIELD LIAISON & ENG. STUDIES 1 1 1 2 2 7
D. LAB EQUIPMENT & FACILITIES * * * * . * * *
I11. CONDUCT FIELD BASZD RESEARCH, TESTS
AND DEMDNSTRATICNS (PROJECTS):
A. TARGET IDENTIFICATION/FIELD o/ 2/
SUPPORT/MATERIALS 10= 105
B. MINI-TESTS 4. 4
TECHNICAL PILOTS -
D. ECONOMIC PILOTS ~-
IV. TRANSFER ¢ SUSTAIN EOR TECHNOLOGY
THROUGHOUT INSUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS 3/
B. SHARE INDUSTRY/ERDA DEVELOP. 3/

*

1/ RELIES ON RESIDUAL MEASUREMENT PROGRAM, ST-4
27 CORE HOLES

3/ INCLUDED IN ABOVE FIGURES

ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL WNIT OF MEASURE,
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PGM: SP-s
5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
5-YR. 1/
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AMD REDUCE
ENG, /ZECON. UNCERTAINTY.
A. RESIDUAL OIL MSASUREMENT &
IMPROVED MEAS. TECHNIQUES 2/ 2/
B. RESERVOIR DATA BASE
C. RECOVERY MODELS 60 60
D. ECONOMIC & OTHER FEASIB. STWIES
E. PROCESS/FIELD TEST EVALUATION - -
I1. CONDUCT NON-FIELD BASED RESEARCH
AND PELATEN ACTIVITIES
A. RECOVERY PROCESS BENCH STUWDIES
AND THECRY 420 390 390 390 390 1980
B. FLOW STUDIES 300 300 360 420 420 1800
C. FIELD LIAISON & ENG. STUDIES 75 75 75 150 150 525
D. LAB EQUIPMENT & FACILITIES 450 100 125 100 100 875
II1. CCHDUCT FIELD BASED RESEARCH,
JESTS AND DENVOMSTRATIONS
A. TARGET IDENTIFICATION/FIELD _
SUPPORT/MATERIALS 500 | 1000 500 2000
B. MINI-TESTS 500 | 2000 | 2s500| 2500 | 7500 1/
C. TECHNICAL PILOTS -
D. ECONCMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHIUT INDUSTRY
3/
A. PROVIDE TECHNOLOGY TO INDEPENDTS. 3,
B. SHARE INDUSTRY/ERDA DEVELOP.
TOTAL 1805 2365 3450 3560 3560 14740
ERDA SHARE 1805 2365 3450 3560 3560 14740

1/°0sT 1981 COMMITMENTS: $2,500,000 IN 1982 FOR FIELDWORK PLUS AN AVERAGE OF $700,000
PER YEAR 2982-1986 FOR PERSONNEL AND LAB WORK.

2/ RELIES ON RESIDUAL MEASUREMENT PROGRAM ST-4
3/ C0STS INCLUDED ABOVE
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Pem: SP-5

PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS) :

5-YEAR COST  TOTAL PROGRAM

TotaL CosTs

12467% 12467%
ERDA'sS SHARE Do Do
EXPECTATION OF SUCCESS: 38%
Ak
OUTCOMES OF THE_ReD PROGRAM: *
POTENTIAL EXPECTEDZ/ CoST-EFFECTIVENESS
PropucTion Y PropucTion & INDEX 37
ULTIMATE RECOVERY *% ** -
DAILY PRODUCTION IN :
1985 1 wEE -
1990 o 0 -
1995 0 Y -
CUMULATIVE PRODUC-
TION BY:
1985 17 6 **
1990 17 6 ::
1995 17 6
NOTES:
s UNITS: ULTIMATE RECOVERY —— MILLIONS OF BARRELS; DAILY PRODUCTION ——
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION —— MILLIDONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALLES IN POTENTIAL PRODUCTION COLUMN

{g

UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION —-— EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS AMNNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA'S cosT

*  INCLUDED 25% 0OF ERDA NPV FOR SP-6

*x LESS THAN 1
*%¥% | ESS THAN 0.1
**k%x  Se NOTE ON NEXT PAGE
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Production Benefits and Cost-Effectiveness Indices of

Program SP-5

The production benefits and cost-effectiveness indices shown
in Item 8 in the foregoing assume the Standard Economics
conditions and that the technology remains highly risky.
This means that these benefits were computed at upper tier
prices (with current taxes) and 20 percent real rate of
return requirement. As shown below, the benefit estimates
are highly sensitive to both price and risk assumptions.
Contrasting of the second and third columns to the first
shows that either reduced risk (dropping the real rate of
return requirement from 20 to 8 percent) or a price rise

to world levels (without a reduction in risk) would add
considerably to estimated ultimate recovery and production.
The price rise would result in somewhat more and earlier
production. Further increases in price or reduction in risk
at the higher price would contribute additional production.
Substantially higher prices would also stimulate additional
research and development by industry.

This analysis clearly indicates that numerous candidate
reservoirs in Appalachia, the Mid-Continent, the Rockies,
and South Texas are very close to being economic. Either
risk-reducing technological breakthroughs or a rise in

price could bring them into production. It should be under-
stood, however, that the more limited technological achieve-
ments of ERDA's program have been assumed into the price-
sensitivity calculation. That is, the production that is
related to a rise in price is available only if the ERDA
research and development are carried out.
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STANDARD ECONOMICS Casg 2
(UPPFR TIER PRICE. CURRENT TAX)
HIGH RiIsk CONVENTIONAL RIsk HIGH Risk
n ' ONE
ULTIMATE RECOVERY (MMB) *¥ 1800 2100
DAILY PRODUCTION
MB/D) IN:
1985 1 0 17
1990 0 0 418
1995 O 159 405
CUMULATIVE PRODUCTION
(MMB) BY:
1985 | 17 ‘17 4
1990 17 23 588
1995 ; 17 176 1367
DST-EFFECTIVENESS IN
ULTIMATE RECOVERY/
COST % % 55 64
ANNUAL PRODUCTION/
COSsT
1985 * 0 0.2
1990 0 0 4.7
1995 0 1.8 4.5
CUMULATIVE PRODUCTION/
CosT
1985 %3k ok *¥
1990 %k 1 18
1995 *k 5 42

* LESS THAN 0.1
** |ESS THAN 1



CHAPTER VI

POLYMER AUGMENTED WATERFLOODING

Description and Current Application of the Technology

The sweep efficiency of any fluid drive can be increased if the
mobility of the displacing fluid is Tower than that of the crude being
displaced. This fact can be demonstrated by relatively simple analysis
using well-established fractional flow relationships. More sophisticated
proof can be secured with mathematical reservoir simulation techniques.
In this sense, efficiency refers to the amount of water required to drive
the o0il saturation down to its "absolute" residual value. Moreover, in
a real reservoir the sweep, even with a favorable mobility ratio, is
affected by the heterogeneity of the formation. As a result of pertur-
bations in fluid flow and a range of permeabilities in parallel paths,
sweep efficiency is lowered. This is accentuated when the mobility ratio
is unfavorable (where the mobility of the displacing fluid is Tess than
that of the crude) and significant areas of the reservoir are bypassed.

Early attempts to increase the viscosity of the injected water
used natural gums which were subject to rapid hydrolytic and bacterical
decomposition. About ten years ago, the hydrolyzed polyacrylamides were
introduced as stable, water soluble polymers for increasing the viscosity
of water. Somewhat more recently, polysaccharides have also been offered
on the market. Both additives exhibit. the desired properties in the
laboratory -- they "thicken" the water so less bypassing and fingering
occur.
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Numerous pilot and field scale development operations have
been carried out with polymers. The results to date have been either
inconclusive or negative. Since the theoretical basis for expecting
improved sweep (horizontally and vertically) is so firm and the abi-
Tity of the polymers to raise and maintain the higher viscosity in
laboratory operations is so well defined, it is necessary to determine
why the results of theoretical and model studies cannot be extrapolated
to the field. Two serious questions must be addressed: 1is the sweep
of reservoirs with slightly unfavorable mobility ratios as poor as pre-
dicted by theoretical and model analyses? Does the polymer's effective-
ness survive the many months and years of contact in the sub-surface with
reservoir rock, fluids, and reservoir ambience? The experimental work
in the field conducted to date has not examined these questions. Rather,
it has been primarily concerned with a production response.

The level and types of industry field activity to date are
summarized in Exhibit VI-1, below:

EXHIBIT VI-1

Polymer Waterflood Activity Summary

Technical Economic Fieldwide

Pilots Pilots Development
Total Current Total Current Total Current
Projects 3 0 14 9 14 11

Reservoirs 3 0 14 9 13 10



Polymer flooding activity is further characterized by the
following:

. Currently, 14,624 acres are under development.

e The general reduction in the number of tests is largely
attributable to negative results.

e Substantial amounts of this field testing is relatively
recent, much in the last two years.

e ERDA is supporting two of the newer projects, in the
Stanley Stringer (Oklahoma) and Coalinga (California)
fields.

Because of the initially uninspiring results, and because many
polymer candidates are also amenable to more efficient enhanced recovery
processes, the target for polymer is relatively small. Polymer problems,
however, must also be overcome to allow the surfactant/polymer systems
to operate effectively. These problems are the subject of the next
section.

Problems and Opportunities

Although the process 1is concepfua]]y simple and well understood
in terms of the laws of fluid behavior and in laboratory results, it is
not well understood under reservoir conditions. The Teading hypothesis
for explaining the discouraging results to date is that the polymers
degrade in the reservoir.
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It is known that both polyacrylamides and polysaccharides
have defects which 1imit their use under various reservoir conditions.
No systematic field efforts have shown the exact limits of their appli-
cability. The research and development efforts that have been con-
ducted so far have been more concerned with recovery than with the
type of measurement needed to define these Timits or to make them less
constraining.

Since polymer projects have been generally conducted as part
of conventional waterfliooding (with some exceptions, such as Getty's
projects in the Robinson Sand in I11inois), determining the incremental
production over anticipated waterflood recovery is difficult. Compound-
ing the problem is the fact that incremental recovery attributable to
polymer recovery is generally small, on the order of 10 to 20% over
anticipated waterflood recovery and on the order of three percent of
the original oil. Several operators have come to express serious doubt
that polymers increase total recovery at alil. ‘

When applied after a waterflood, incremental production is
quite Tow, and often uneconomic. Moreover, many candidate reservoirs
for tertiary application of polymer floods are also amenable to other,
more efficient enhanced recovery techniques. Thus, by and large, only
those reservoirs regarded as marginal for other EOR processes are con-
sidered for polymers.

Substantial opportunities exist, however, for using alterna-
tive formulations of polymers or polymers in different forms (e.g.,
foams) to increase effectiveness. Further, polymers may be useful
in correcting certain reservoir deficiencies so that production rates
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increase over waterflood rates, even if there is no incremental ultimate
recovery attributable to the polymers. Finally, improvements in poly-
mers will translate directly into increased efficiency of the surfactant
processes, in which the polymers are critical to protecting the oil-
displacing slug.

Future Directions of Industry Application -- The Base Case

Discussions with engineers and managers in operating companies
and examination of the recent literature on polymer flooding suggests
that industry plans to proceed only in the most favorable reservoirs
and -- in them -- very cautiously., Many look to ERDA for further develop-
ment of the technique. Thus, the standard procedures for estimating the
Base Casel/ were modified for polymer flooding. Because ERDA-supported
projects are so much in the forefront of the development of this technique,
fifty percent of production by polymer flooding from reservoirs where
there is current, economic activity and from reservoirs very similar to
the ones under development, has been attributed to ERDA's stimulation.
The balance of this production was estimated to be produced by industry
without ERDA's assistance. Under Standard Economics conditions, the
resulting Base Case for polymer is as follows:

Ultimate Recovery 80 million barrels

Production Rate in:

1985 14 thousand barrels per day
1990 8
1995 0

Cumulative Production by:

1985 46 million barrels
1990 71
1995 77

1/ See Chapter I of Part 3.
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Although the estimated ultimate recovery is relatively small,
production comes on rather early -- over half has been produced by 1985.
The decline toward the end of the period is due to the number of candi-
date reservoirs being exhausted.

Exhibit VI-2 shows the sensitivity of the Polymer Base Case
estimates to changes in prices and taxes. The tax changes analyzed
have only negligible impact. Price changes up to the world level bring
on only slightly more 0il. At alternate fuels price, substantially

more o1l is produced. The rate of production in each case peaks in
1985.
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The Polymer Waterflood Programs

Two polymer programs have been designed. The first (PW-1)
is to develop means for improving the recovery efficiency of the pro-
cess. The second (PW-2), assuming success of the first, is to reduce
the risks of polymer flooding to the level of conventional application.
Because the two are so closely intertwined, they are discussed together
below, in the standard program description format.
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TARGET E-1: POLYMER WATERFLOODING

R&D STRATEGY PW-1 AND PW-2: IMPROVE RECOVERY EFFICIENCY AND MAKE
POLYMER FLOODING A CONVENTIONAL TECHNOLOGY

1. CENTRAL PROBLEM

Theoretically, polymer augmentation of a water flood alters
the mobility ratio so as to substantially improve the efficiency of
the flood. This is due both to reducing the mobility of the water,
relative to the crude, and to dampening the perturbations caused by
heterogeneities in the rock matrix. Field trials using polymer aug-
mented waterfloods have failed to yield encouraging results. Because
the fluid flow relationships are well understood and have been fre-
quently demonstrated under Taboratory conditions, the results in the
field must be attributed to failures of the polymers themselves. Thus,
work is needed to understand the in situ performance of the polymers
and to formulate more stable and effective polymers for field use.

2. R&D GOALS

e To improve recovery efficiency from reservoirs in
which flooding with available water is at an unfavor-
able mobility ratio, by using more viscous aqueous
displacing phases.

e To develop required expertise to use polymers in
real reservoirs effectively and economically.
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° Td conduct basic studies on the development and manu-
facture of polymers.

e The eventual R&D goal is to improve overall sweep
efficiency of the immiscible, displacing aqueous
phase. (The production benefits estimated below
apply only to the reservoirs flooded by polymer
waterflooding, and do not include the collateral
benefits from improved polymers attributed to the
surfactant/polymer process. Thus, the polymer pro-
duction benefits are understated because this pro-
gram benefits both processes. This understatement
was necessary to avoid double counting of benefits.
Should the surfactant process fail or be slow to
‘materialize, additional recovery and production
could be obtained from the polymer programs since
the reservoirs assigned to surfactants would then
be déve]oped for polymer augmented waterflooding.)

3. R&D ACTIVITIES

I. Building a Knowledge Base
-- Evaluation of past efforts at using polymers.

-- Confirmation of theoretical conclusions on
effectiveness of mobility control.

-- Structuring of specific data base to show
applicability of process in reservoirs with
poor mobility ratio.



II.

I1I.

IvV.
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Basic and Applied Research
-- Evaluation of currently available polymers,

-- Development of new polymers and improvements in
molecular structure or conditions of commercially
available polymers.

-~ Study of foams and foam forming systems to provide
effective viscosity control of displacing aqueous
phase.

-- Analyses of polymer-manufacturing process for possible
cost reductions on economies of scale.

-- Flow tests in cores and scaled, physical models
including continued simulation studies, starting in 1978.

Field Based Activities

-- Injectivity tests and mini-tests to validate per-
formance of polymers, starting in 1978.

Transfer and Dissemination
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4. ReD ACTIVITIES —— PHYSICAL UNITS

PeM:__PW-1 & PW-2

5-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
1. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):
A.  RESIDUAL OIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES EV4 § V4
B.  RESERVOIR DATA BASE 1 1
C. RECOVERY MODELS 1 1
D. ECONOMIC & OTHER FEASIBILITY STUDIES 1 1
E. PROCESS,FIELD TEST EVALUATION 1 1
II. CONDUCT NON-FIELD BASED RESEARCH AND
ELATED ACTIVITIES (PERSON YEARS) :
A. RECOVERY PROCESS BENCH STUDIES
AND THEQORY 9.3 15.7 15.7 6 5] 51
B. FLOW STUDIES 4 8 8 8 8 36
FIELD LIAISON & ENG. STUDIES 2 3 3 3 13
D. LAB EQUIPMENT & FACILITIES * * * * * *
III. CONDUCT FIELD BASED RESEARCH, TESTS
AMD DEMONSTRATIONS (PROJECTS):
A.  TARGET IDENTIFICATION/FIELD a o 2
SUPPORT/MATERIALS 2= 4=
B.  MINI-TESTS 3 - 3
C.  TECHNICAL PILOTS -
D. ECONOMIC PILOTS -

IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):

A. PROVIDE TECHN. TO INDEPENDENTS

B.

SHARE INDUSTRY/ERDA DEVELCP.

3

1/ RELIES ON RESIDUAL MEASUREMENT PROGRAM, ST-4.

2/ SINGLE-WELL TESTS.

ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.
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PGM: ST-1A (ELK HILLS)

5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):

5-YR.
ACTIVITY 1977 1978 1979 1980 1981 | TOTAL
1. VERIFY RESOURCE BASE AMND REDUCE
ENG, /ECON. UNCERTAINTY
A. RESIDUAL DIL MEASUREMENT & 1/
IMPROVED MEAS. TECHNIQUES
30
B. RESERVOIR DATA BASE 30
60
RECOVERY MODELS 60
ECONOMIC & OTHSR FEASIB. STUDIES 60 60
E. .PROCESS/FIELD TEST EVALUATION 30 30
I11. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A i:go¥;2;R$RDCESS BENCH STUDIES 360 360 360 360 240 1680
FLOW STUDIES 240 360 360 360 240 1560
270 270 1050
FIELD LIAISON & ENG. STUDIES 604 180, 270
D. LAB EQUIPMENT & FACILITIES 250 500 250 250 100 1350
II1I. COMNDUCT FIELD BASED RESEARCH,
TESTS AND DEMOMSTRATIONS
A. TARGET IDENTIFICATION/FIELD 1000
SUPPORT/MATERIALS 1000
MINI-TESTS B
TECHNICAL PILOTS 2000 | 3000 | 3000| 2000 | 10000
ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHIUT INDUSTRY ’
2/
‘A. PROVIDE TECHNOLOGY TO INDEPENDTS.
B. SHARE INDUSTRY/ERDA DEVELOPR. 2/
TOTAL s000| 3490} 4240 | 4240| 2850 | 16820
ERDA SHARE 2000 | 3490 4240 | 4240| 2850 | 16820

1/ RELIES ON RESIDUAL MEASUREMENT PROGRAM — PROGRAM ST-4

2/ CosTs INCLUDED ABOVE




VI-14

PeM: PW-1 & PW-2

6. PRESENT VALUE OF_COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR COST TOTAL PROGRAM

ToTtAL CosTs 18961 21896
ERDA's SHARE DO DO

7. EXPECTATION OF SUCCESS: 50% (FOR FIELD APPLICATION OF POLYMERS ONLY
NOT INCLUDING APPLICATIONS WITH SURFACTANTS.)

8. QOUTCOMES OF THE ReD PROGRAM: 47

POTENTIAL EXPECTED, ,  COST-EFFECTIVENESS
ProDUCTION 1Y ProbUCTION & INDEX 37
ULTIMATE RECOVERY 140 70 , 3
DAILY PRODUCTION IN:
1985 31 16 0.3
1990 9 5 0.1
1995 0 0 -
CUMULATIVE PRODUC—
TION BY:
1985 99 50 2
1990 133 67 3
1995 140 70 3
NOTES:

17 UNITS: ULTIMATE RECOVERY —— MILLIDNS OF BARRELS; DAILY PRODUCTION —
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION — MILLIONS OF
BARRELS

27 EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

3/ UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cOsT

4/  POLYMER PRODUCTION BENEFITS ONLY, I.E., NOT INCLUDING SURFACTANT BENEFITS;
SEE NOTE ON NEXT PAGE.
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NOTE: Cost-Effectiveness Indices of Programs.PW-1 and PW-2

The indices shown are computed on the basis of the full
costs of the polymer program. If the portion of these costs that
aid the surfactant program are stripped out, this could reduce the
costs to $18,115,000 total NPV ERDA. The impact on the benefit/cost
indices is shown below: |

FULL COST PW _ONLY
COST-EFFECTIVENESS INDICES:
ULTIMATE RECOVERY/
COST 3 4
ANNUAL PRODUCTION/
CosT :
1985 0.3 0.3
1990 0.1 0.1
1995 ; - -
CUMULATIVE PRODUCTION/
COST
1985 2 3
1990 3 4
1995 3 4

Thus, the impact on benefit/cost indices of the joint portion
of the costs is negligible.
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From item 8 in the foregoing, it can be seen that, like the
Industry Base Case, the ERDA-stimulated polymer projects show peak
production around 1985, with-a decline after that as the candidate
reservoirs are exhausted. As the cost-effectiveness indices show,
three barrels of production -- all within the period of interest --
are available for each dollar of ERDA expenditure. This is the
equivalent of about 33 cents per barrel for research and development
costs.

«

The effects of the price/tax contingencies on production are
shown in Exhibit VI-3. Contrasting the Standard Economics condition
with the Lower Bound case shows that requiring that the injected po1y-
mers be capitalized suppresses the rate of production, but the effect
is slight. Increasing the price to the world levels presents the appa-
rentyanoma1y of reduced production rates and cumulative production.

The explanation for this is that a higher price will enable industry

to develop the now marginal reservoirs without ERDA stimu]ation, thereby
reducing the number of reservoirs in which ERDA's impact is felt. This,
then, is one limited case in which price increase can substitute for
_some research and development. Increasing price to the alternate fuel
\price adds no more recovery, but accelerates the production rate.
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SUMMARY: Combined Effects of Industry Activity and the Polymer
Waterflood Programs

The production stimulated by the ERDA program is expected to
add 70 million barrels ultimate recovery to the 100 million barrels to
be produced in the Industry Base Case under Standard Economic conditions.
The ERDA program, however, would accelerate production for each case.
Exhibits VI-4 and VI-5 display the expected production and cumulative
production for the Base Case and that stimulated by ERDA programs. Peak
production from polymer floods occur about 1985 -- relatively early in
the period of interest. Cumulative production is expected to be nearly
150 million barrels by 1995. By that time, production by polymer flood-
ing is exhausted.

These projections have assumed the conditions of the Standard
Economics Case. Just as each of the elements of total polymer production
were seen to be influenced somewhat by price/tax contingencies, their
combination is also affected, as shown in Exhibit VI-6 for ultimate
recovery and in Exhibit VI-7 for production rates.

As noted earlier, improvement in taxes has negligible effect
on production by polymer waterflooding; but, the requirement that the
injected polymer be capitalized would supress the amount of production
that is economic. In terms of ultimate recovery, raising price from
upper tier to world levels somewhat increases the size of the Base Case,
but as price increases to the alternate fuels level, the size of both
the Base Case and the ERDA increment increase. (Note that polymer
waterflooding is a technique for which raising prices represents an
alternative to public R&. That is, polymer at alternate fuels price --
without an ERDA program -- yields about as much ultimate recovery as
the upper tier price with an ERDA program.)
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EXHIBIT VI-4

EXPECTED POLYMER WATERFLDODING PRODUCTION RATES

( STANDARD ECONOMICS)
30 §
20 §
10 1
T BASE CASE
-~
1 L] 1
1975 1980 1985 1990 1995
EXHIBIT VI-5
ExPECTED POLYMER WATERFLOODING CUMULATIVE PRODUCTION
(STANDARD ECONOMICS)
1504-
1004
soll

1975 1980 1985 1990 1995
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ExHIBIT VI-6

EXPECTED ULTIMATE RECOVERY UNDER PRICE/TAX CONTINGENCIES

0.3,
h
FROM POLYMER WATERFLOODING PROGRAMS
PW-1 & 2
0.2
PW-1 & 2 PW-1 & 2
PW-1 & 2
0.1 w-1 €& 2
P BASE CASE
BASE CASE BASE CASE|
BASE CASE BASE CASE
STANDARD LOWER BOUND CASE 2 CASE 4 UPPER BOUND
ECONOMICS (UPPER TIER (WORLD PRICE (WORLD PRICE (ALTERNATE
(UPPER TIER UNFAVORABLE CURRENT TAX) FAVORABLE TAX) FUELS PRICE
CURRENT TAX) TAX) FAVORABLE TAX)
ExHIBIT VI-7
EXPECTED POLYMER WATERFLOODING PRODUCTION RATES
UNDER SELECTED PRICE/TAX CONTINGENCIES
(COMBINED BASE CAsg AND ERDA PROGRAMS)
63 §
-4 UPPER BOUND
(ALTERNATE FUELS PRICE
FAVORABLE TAX)
45 &
CASE 4
27 &4 (WORLD PRICE
FAVORABLE TAX)
STANDARD ECONOMICS
(UPPER TIER
CURRENT TAX)
O o
-

1980

1985 1995
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Examination of the production rates for the three cases
shown reveals that increasing price also increases the rate of pro-
duction. At world prices, production comes on sooner and peaks higher
than at upper tier prices. Alternate fuels price, of course, yields
both a higher rate and more rapid production. Under all price/tax
contingencies, the production rate drops off after 1985 as the candi-
date reservoirs begin to decline and no new ones are added.






CHAPTER VII
- SPECIAL TARGETS

Introduction

In addition to the targets discussed in the five preceding
chapters, four additional areas of inquiry offer fruitful opportunities
for an ERDA involvement. These are areas in which industry currently
does not plan activity but which, with preliminary research and develop-
ment by ERDA, could become attractive to industry. The reasons that
industry is not actively pursuing these areas vary, and are best under-

4

stood in the context of each program.

Three of these special targets are classes of reservoirs in
which no EOR is currently anticipated. Because they hold considerable
resource potential, intensive study to determine the feasibility of
EOR application could be rewarded by substantial incremental production.
These reservoir classes are:

1. Giant, virgin and partially depleted reservoirs. It has

been argued in the preceding chapters that EOR processes are most
effective when applied at higher oil saturations. Application of
suitable EOR techniques early in the 1ife of a reservoir could sub-
stantially increase total production at a Tower overall cost. Prudhoe
Bay and Elk Hills are two such reservoirs. New discoveries will add
to this category. The operators in these fields are unlikely to con-
sider EOR at the current time because primary production by itself is
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quite profitable and the operators seek to recover the substantial out-
lays they have already made without the burden of additional investment.
Intensive study by ERDA could lead to a reassessment of the optimal
development pattern of these reservoirs either by the operators or by
the jurisdictions in which they lie.

2. Low recovery reservoirs. Some huge reservoirs in the U.S.

have had relatively Tow rates of recovery under conventional operations,
on the order of five to ten percent of the original oil. Severe prob-
lems owing to reservoir characteristics have limited production.

Because of the very poor response of these reservoirs to con-
ventional attempts to increase recovery, and the fact that they will
probably yield only to a massive and novel research approach, it is
highly unlikely that any single operator would make the necessary invest-
ment in development activity. The chances for success are indeed small,
but the more eclectic and imaginative the program that is brought to bear
on the problem, the more 1likely the problem could be solved. The Spra-
berry Trend in Texas is one such reservoir. Because its remaining oil
is on the order of seven billion barrels, even a small improvement could
add several hundred million barrels in ultimate recovery.

3. "Time window" reservoirs. Many U.S. reservoirs are nearing

their economic 1imits, even under stripper production. Once abandoned,
they would have to be reopened to permit EQOR development. Except for
very deep reservoirs, this represents relatively 1ittle problem on land.
Wells in these older reservoirs would require redrilling or costly work-
overs whenever EOR is begun. Offshore operations, however, present quite
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a different situation. Especially in the Gulf of Mexico, natural water
drives cause thése reservoirs to deplete rapidly. High operating costs
cause the economic limits to be reached much earlier than for comparable
onshore operations. Once abandoned, the costs of redeveloping these
reservoirs would be prohibitively high, in that platforms are generally
removed and wells are not just capped, as they are onshore, but are filled
with concrete to protect against environmental hazards. Many operations
in the Gulf are currently approaching abandonment. Thus, if any EOR
technique is to be tried, the necessary R&D must begin immediately.
Operators are deterred from engaging in this R&D because, to each indivi-
dually, it would be quite costly and, even if appropriate schemes were
developed the problems of transporting and storing injection materials
would remain. ERDA could initiate the necessary recovery process R&D

on a regional basis, which would make the results available to all the
operators. Moreover, with ERDA's assistance, a regional system for trans-
portation and storage could also be devised.

4. Other Targets. The fourth area for ERDA involvement cuts
across nearly all potential EOR reservoirs. As pointed out in earlier
chapters, recovery is highly sensitive to the amount and distribution
of the residual 0il. Uncertainty about this key parameter currently deters
EOR development in many reservoirs, especially for carbon dioxide, sur-
factant, and polymer candidates. The interviews with operators brought
out: (a) that no consensus exists as to the oil saturations in many of
the largest reservoirs, and (b) that actual measurement of residual satura-
tion would acce]erate'EOR applications. Thus, ERDA's role in this case is
to take the measurements, so that the pace of EOR applications by industry
will increase. This activity is a prerequisite to achieving the benefits
of the carbon dioxide and surfactant targets, and of the light oil steam
targets.

Because these four areas are so diverse, they are discussed
individually below, in the standard program format.
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SPECIAL TARGET F-1: GIANT, VIRGIN AND PARTIALLY DEPLETED RESERVOIRS

R&D STRATEGY ST-1: ASSESS VALUE OF EARLY VS. STEP-WISE IMPLEMENTATION
OF ENHANCED RECOVERY PROCESSES

1. CENTRAL PROBLEM

As noted and discussed further under Target F-4, the efficiency of most
proposed tertiary schemes increases with an increase in the oil saturation
at the time of inception of the process. From this observation it may be
surmised that implementation of a suitable tertiary scheme of recovery in
a near virgin, or only partially depleted reservoir, should result in an
overall recovery that is higher than could be achieved by step-wise imple-
mentation of a primary, secondary, and tertiary recovery. Two giant reser-
voirs in the United States which could be examined in this Tight are Prudhoe
Bay and Elk Hills.

Since the characteristics of the two fields in question

may not be generally known, the following information has been
assembled:

A. Prudhoe Bay. Available public reports indicate the main
Prudhoe Bay accumulation contains a significant gas cap which
overlaps about 1/3 to 1/2 of the o0il column. A water leg on the
south flank may or may not be a sufficiently strong aquifer to
equal the anticipated high withdrawal rate. If not, it would have
to be supplemented by water injection. In either case, a recovery
efficiency of 40 to 45% is anticipated if water encroachment does
keep up with withdrawals. (Considering the apparent heterogeneity
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of the sands, this may be an optimistic estimate.) If water is to
be injected then consideration can be given to early inclusion of
surfactants and/or polymers that will reduce the residual saturation
and increase recovery. Not only will the surfactant/polymer system
be acting on a higher oil saturation, but the cost of combined
pressure maintenance/secondary/tertiary would be consolidated to

a major extent. An alternative approach would be to inject carbon
dioxide/methane/propane mixtures, as a supplement to displacement by
water contact. The density of the carbon dioxide rich fluid could be
adjusted to a value between that of the crude and the national gas.
The drainage residual would be expected to be 5%, and thus a
significant increase in recovery would accrue. While the Bureau

of Mines has indicated that Alaskan natural gas is rich with

carbon dioxide, it is not known whether sufficient quantities of
carbon dioxide would be available or could be economically

generated on-site. (The foregoing suggestions are not offered

as definitive proposals, but only to note that possibilities exist
for securing increased recovery from the field.) A 10% increase

in absolute recovery efficiency would amount to over 2 billion
barrels of crude oil.

B. Elk Hills. The Elk Hills field includes the upper
Etchegoin Sand which is reported to have prodUced about 20% of the
original viscous (35 cps.) oil-in-place and the lower Stevens Zone
that contains 31 pools from which only a small fraction of the original
0i1 has been withdrawn. For both reservoirs it is optimistically
anticipated that a recovery efficiency of 40% or more will be
secured by primary recovery and water flooding. The Etchegoin Sand
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is deeper than most steam drive prospects, but considering the

size of the reservoir, intensive study should be given to a
technique which would be able to recover more than water flooding
from such a viscous oil reservoir. For the Stevens Zong depending
upon a structural configuration of the many small traps, ultimate
recovery systems superior to mere waterflooding, e.g., carbon
dioxide or surfactant, may be able to increase the anticipated
recovery efficiency. A 10% increase in absolute recovery efficiency
in each of the two reservoirs would amount to nearly 300 million
barrels of crude oil. |

2. R&D GOALS

@ To ascertain the value of early implementation of the
ultimate recovery scheme versus the traditional step-
wise implementation of primary, secondary, and tertiary
operations.

8 To improve the ultimate recovery from the Prudhoe Bay and
ETk Hills fields by developing and initiating an early
application of an advanced improved recovery technique.

® The eventual R&D goal is to improve the absolute recovery in
the Prudhoe Bay reservoirs by 10% and in the Elk Hi1ls
reservoirs by 20%.
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R&D ACTIVITIES

II.

1II.

Extending the Knowledge Base

-- Comprehensive reservoir study of both fields

—- Technical and economic evaluations of the efficiency
of currently contemplated recovery processes.

-- Development of new recovery models

-- Economic feasibility studies of ultimate recovery
processes.

Basic and Applied Research

—- Crude oil and mineral studies and physical chemistry
bench scale studies

-- Laboratory, scaled model, and simulation studies
of feasible recovery processes.

Field Based Activities

-- Two technical pilot tests in the Elk Hills Field,
starting in the Etchegoin Sand in 1978 and the
Stevens Zone in 1979. |
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4. ReD ACTIVITIES — PHYSICAL UNITS

S—YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
1. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS) :
A. RESIDUAL DIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES i
B. RESERVOIR DATA BASE 0.5 0.5
C. RECOVERY MODELS 1 1
D. [ECONOMIC & OTHER FEASIBILITY STUDIES 1 1
E. PROCESS/FIELD TEST EVALUATION 0.5 0.5
I1. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A.  RECOVERY PROCESS BENCH STUDIES
AND THEORY 6 6 6 6 4 28
B. FLOW STUDIES 4 ) 6 6 4 26
C. FIELD LIAISON ¢ ENG. STUDIES 1 3 4.5 4.5 4.5 17.5
D. LAB EQUIPMENT & FACILITIES * * * * * * *
111. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A.  TARGET IDENTIFICATION/FIELD .
SUPFORT /MATERIALS *
B. MINI-TESTS -
C. TECHNICAL PILOTS 2 2
D.  ECONOMIC PILOTS -
IV. TRANSFER ¢ SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENDENTS 2/
B.  SHARE INDUSTRY/ERDA DEVELOP. 2/

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE,
1/ RELIES ON RESIDUAL MEASUREMENT PROGRAM, ST-4.

2/ INCLUDED IN ABOVE FIGURES.
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PGM: ST—1A (ELK HILLS)

5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):

5-YR.
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
I. VERIFY RESOURCE BASE AMND REDUCE
ENG,/ECON. UNCERTAINTY
A. RESIDUAL OIL MSASUREMENT & 1/
IMPROVED MEAS. TECHNIQUES
B. RESERVOIR DATA BASE 30 30
60
C. RECOVERY MODELS 60
D. ECONOMIC & OTHER FEASIB. STUDIES : 60 60
E. PROCESS/FIELD TEST EVALUATION 30 30
II. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH ST
A;D T:EORY = CH STUDIES 360 360 360 360 240 1680
B. FLOW STUDIES 240 360 360 360 240 1560
; 270 | 1050
FIELD LIAISON & ENG. STUDIES 60} 180 270} 270
D. LAB EQUIPMENT & FACILITIES 250 500 250 250 100 1350
III. CCMNOUCT FIELD BASED RESEARCH,
JESTS AND DEMPOMSTRATIONS
A. TARGET IDENTIFICATION/FIELD o
SUPPORT/MATERIALS 1000 100
MINI-TESTS -
TECHNICAL PILOTS 2000 | 3000 | 3000} 2000 | 10000
ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOQOR TECHNOLOGY
THROUGHIUT INDUSTRY )
2/
A. PROVIDE TECHNDLOGY TO INDEPENDTS.
8. SHARE INDUSTRY/ERDA DEVELOP. 2/
TOTAL ‘ 2000 | 3490} 4240 ] 4240] 2850 | 16820
ERDA SHARE 2000 | 3490 4240 | 4240 2850 | 16820

1/ RELIES ON RESIDUAL MEASUREMENT PROGRAM - PROGRAM ST-4
2/ COosTS INCLUDED ABOVE
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6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS);:

5-YEAR COST  TOTAL_PROGRAM

ToTAL CosTs 14327 15688
ERDA's SHARE Do

7. EXPECTATION OF SUCCESS: 75%

8. DUICOMES OF THE ReD PROGRAM:

POTENTIAL EXPECTED, ,  COST-EFFECTIVENESS
ProbucTION Y PrODUCTION & InpEX 37

ULTIMATE RECOVERY 200~-400 150-300 10-19
DAILY PRODUCTION IN:

1985

1990

1995

- (REQUIRES FURTHER STUDY BEFORE
C%gﬁ;?I;yF PROBUC RELIABLE ESTIMATES OF INCREMENTAL
ECR PRODUCTION CAN BE MADE.)

1985

1990

1995

NOTES:

1/ UNITS: ULTIMATE RECOVERY ~— MILLIONS OF BARRELS; DAILY PRODUCTION ——

THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION —— MILLIONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

3/ UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION —— EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA'S cOST
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4. ReD ACTIVITIES -— PHYSICAL UNITS'

5-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
1. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY ¢ PERSON-YEARS ) :
A. RESIDUAL DIL MEASUREMENT & IMPROVED ,
MEASUREMENT TECHNIQUES : 1
B. RESERVOIR DATA BASE 0.5 0.5
C. RECOVERY MODELS 1 ) 1
D. ECONOMIC & DOTHER FEASIBILITY STUDIES 1 1
E. PROCESS/FIELD TEST EVALUATION 0.5 0.5
1I. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY 6 6 6 6 24
8. FLOW STUDIES 4 10 12 10 36
C. FIELD LIAISON & ENG. STUDIES 3.5 10 11 8 40.5
D: LAB EQUIPMENT & FACILITIES * * * * *
III. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS
B. MINI-TESTS
ReLIEY ON FIELD OPERATOR
C. TECHNICAL PILOTS
D. ECONOMIC PILOTS
IV. TRANSFER & SUSTAIN EQOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS) s
A. PROVIDE TECHN. TO INDEPENDENTS 2/
B. SHARE INDUSTRY/ERDA DEVELOP. 2

* ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.
1/ RELIES ON RESIDUAL MEASUREMENT PROGRAM ST-4.

2/ INCLUDED IN ABOVE FIGURES.
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PGM: ST-1B (PRUDHOE BAY)
5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
5-YR.
ACTIVITY 1977 1978 1979 1980 1981 | TOTAL
I. VERIFY RESOURCE BASE AMD REDUCE
ENG, 7ECCN. UNCERTAINTY
A. RESIDUAL OIL MSASUREMENT & 1/
IMPROVED MEAS. TECHNIQUES
B. RESERVOIR DATA BASE 30 30
C. RECOVERY MODELS 60 60
D. ECONOMIC & OTHER FEASIB. STLDIES 60 60
E. .PROCESS/FIELD TEST EVALUATION 30 30
IT. CONDUCT NON-FIELD BASED RESEARCH
~ AND_RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STWIES
AND THEORY 360 360 360 360 1440
B. ‘FLOW STWIES 240 600 720 600 2160
C. FIELD LIAISON & ENG. STUDIES 210 610 700 480 480 2480
D. LAB EQUIPMENT & FACILITIES 250 j1000 250 250 1750
III. CCNDUCT FIELD BASED RESEARCH,
JESTS _AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS
8. MINI-TESTS RELIES ON FIELD OPERATOR
C. TECHNICAL PILOTS
D. ECONDMIC PILOTS
IV. TRANSFER & SUSTAIN ECR TECHNOLOGY
3 THROUGHIUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. 2/
B. SHARE INDUSTRY/ERDA DEVELOP. 2/
TOTAL. ‘1150 2660 2030} 1690 480 8010
ERDA SHARE 1150 |2660 2030} 1690 480 ] 8010

1/RELTES ON RESIDUAL MEASUREMENT PROGRAM - .

2/C0STS INCLUDED ABOVE
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6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR CoST  TOTAL PROGRAM

ToTtAL COSTS 7048 7048
ERDA'S SHARE D [ve)
7. EXPECTATION OF SUCCESS: 75%

8. DUTCOMES OF THE ReD PROGRAM:

PDTENTIALI/ EXPECTEDZ/ COST-EFFECTIVENESS
PRODUCTION L/ PrODUCTION < INDEX 3/
ULTIMATE RECOVERY 2000-2500 1500-1875 213-266

DAILY PRODUCTION IN:

- 1985
1990
1995

(REQUIRES FURTHER STUDY BEFORE
CUMULATIVE PRODUC— RELIABLE ESTIMATES OF IMCREMENTAL
TION BY: EOR PRODUCTION CAM BE MADE.)
1985
1990
1995

NOTES:

17 UNITS: ULTIMATE RECOVERY —— MILLIONS OF BARRELS; DAILY PRODUCTIOM —
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION — MILLIONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

37 UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA's COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cOsT ‘
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SPECIAL TARGET F-2: LOW RECOVERY RESERVOIRS (SPRABERRY TREND)

R&D STRATEGY ST-2: SEEK NOVEL SYSTEM FOR INCREASING RECOVERY EFFICIENCY

1. CENTRAL PROBLEM

The principal reservoir in the Spraberry Trend has been identi-
fied as the matrix siltstone with a porosity of some 8% and a permeability
of less than one millidarcy (an average of 0.5 md. is reported). The low
permeability is apparently due to argillaceous material in the pores of
the rock, and productivity appears to be related to the intensity of local
(natural) fracturing. Over the last three decades, repeated fracturing.
acidization, and the introduction of waterflooding in selected locations
have been unable to raise the forecasted recovery efficiency above 5 to 6%.

Yet, since the Spraberry Trend reservoirs are reported to have
contained 7.7 billion barrels of original oil in place, it is a massive
resource where even a small boost in the recovery efficiency could add
several hundred million barrels of reserves.

2. R&D GOALS

e To confirm the values of original oil-in-place, and
that a residual oil accumulation of some 7 billion
barrels currently exists.

e To seek out any recovery technique that might achieve
an increase in absolute recovery of 5% or more.
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R&D ACTIVITIES

I.

IT.

Building the Knowledge Base

-- Bring together all the information available on the
geology and lithology of the Trend.

-- Study the performance of the water floods and stimula-
tion techniques that have been used to date.

-- Increase the data base as necessary by field observa-

tions, simulation studies, and possibly additional
core holes to confirm the state of depletion in active
producing areas.

Basic and Applied Research

-- Investigate the stimulation schemes that have been
used, and the possibility of using novel techniques:
nuclear fracturing has not been attempted in these
sands although the thickness is sufficient to contain
such detonations (matrix flow is apparently sufficient
to sustain production where fractures exist).

-- Investigate new production schemes including a reinvesti-
gation of water imbibition and soaking by other reagents.
Since the argillaceous content of the siltstone is pre-
sumed to be responsible for the low permeability,
soaking by reagents specifically designed to reduce
such impairment and the use of carbon dioxide flooding
and cyclic application in producing wells should be
investigated.
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ITI. Field Based Activities
-- Field definition studies starting in 1977.

-- Pilot technical operations of stimulation or flooding
schemes shown to be favorable from the Basic and
Applied Research activities above, starting in 1978.

IV. Dissemination of Information
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4, ReD ACTIVITIES —- PHYSICAL UNITS

5-YEAR
ACTIVITY 1977 1978 1979 1980 1981 TOTAL
1. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINMNTY (PERSON-YEARS):
A. RESIDUAL 0OIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES 1/
B. RESERVODIR DATA BASE 1 1 2
C. RECOVERY MODELS 1 1
ECONOMIC & OTHER FEASIBILITY STUDIES 1 1 2
E. PROCESS/FIELD TEST EVALUATION 1 1
I1. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY 2 2 2 2 2 10
B. FLOW STUDIES 6 6 6 4 22
FIELD LIAISON & ENG. STUDIES 2 2 3 3 4 14
D. LAB EQUIPMENT & FACILITIES * * * * *
II1. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMGNSTRATIDNS_(PROJECTS)=
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS * *
‘B.  MINI-TESTS _
. TECHNICAL PILOTS 2 2
D. ECONCMIC PILOTS. i -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS):
A. PROVIDE TECHN. TO INDEPENCENTS 2/
B. SHARE INDUSTRY~ERDA DEVELOP. 2/

*  ACTIVITY INVOLVES COSTS HAVING NO CONSISTENT PHYSICAL UNIT OF MEASURE.
1/ RELIES ON RESIDUAL MEASUREMENT PROGRAM, ST-4.
2/ TINCLUDED IN ABOVE FIGURES.
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5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):

5-YR.
ACTIVITY 1977 | 1978 | 1979 | 1980 | 1981 | TOTAL*1/
I. VERIFY RESOURCE BASE AND REDUCE
ENG./ECON. UNCERTAINTY
A. RESIDUAL OIL MEASUREMENT & 2
IMPROVED MEAS. TECHNIQUES
B. RESERVOIR DATA BASE 60 60 120
60
C. RECOVERY MODELS 60
D. ECONOMIC & OTHER FEASIB. STWDIES 60 - 60 120
E. PROCESS/FIELD TEST EVALUATION 60 60
II. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. RECOVERY PROCESS BENCH STWDIES
AND THEORY 120 120 120 120 120 600
B. FLOW STUWIES 360 360 360} 240 1320
C. FIELD LIAISON & ENG. STUDIES 120} 120} 180} 180} 240 840
D. LAB EQUIPMENT & FACILITIES { 30041 250} 250f 100} 900
II1. COMDUCT FIELD BASED RESEARCH,
JESTS AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD 500 500
SUPPORT/MATERIALS
B. MINI-TESTS -
€. TECHNICAL PILOTS 1000 | 1000 | 3000 2000 7000
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
JHROUGHOUT INNDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. 3/
B. SHARE INDUSTRY/ERDA DEVELOP. - 3/
TOTAL 860 | 2020 } 1970 | 3970 | 2700 11520
ERDA SHARE 860 | 2020} 1970 {3970] 2700 | 11520

PDsST 1981 COMMITMENT $2,000,000 IN 1982
RELIES ON RESIDUAL MEASUREMENT PROGRAM ST-4
COsSTS INCLUDED ABOVE

o~
NN
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6. PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR COST  TOTAL PROGRAM

TorAL CosTs 9555 10917
ERDA'S SHARE DO Do
7 PECTATION OF S . 10%

8. QDUTCOMES OF THE ReD PROGRAM:

POTENTIAL EXPECTED,,  COST-EFFECTIVENESS
PropucTION 1Y PrODUCTION < INDEX 3/
ULTIMATE RECOVERY 300-400 30-40 3-4
DAILY PRODUCTION IN:
1985
1990
1995 (REQUIRES FURTHER STUDY BEFORE RELIABLE
ESTIMATES OF INCREMENTAL EOR PRODUCTION
CUMULATIVE PRODUC— CAN BE MADE.)
TION BY:
1985
1990
1995

NOTES:

17 UNITS: ULTIMATE RECDVERY —— MILLIONS OF BARRELS; DAILY PRODUCTION ——
THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION — MILL IONS OF
BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

3/ UNITS: ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION — EXPECTED
BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT. VALUE DOLLAR OF ERDA's cOsT



VII-20

SPECTAL TARGET F-3: TIME WINDOW RESERVOIRS (GULF .COAST OFFSHORE EARLY
, "ABANDONMENT)

R&D STRATEGY ST-3: TO ASCERTAIN IF SIGNIFICANT OFFSHORE ABANDONMENTS:
WILL OCCUR WITHIN A FIVE YEAR PERIOD, ASCERTAIN
PREFERRED RECOVERY SCHEMES, AND ACCELERATE APPROPRIATE
TARGET ACTIVITY, ACCORDINGLY

1.  CENTRAL PROBLEM

Because of the high operating costs and environmental
problems of operating offshore, the economic limit of individual
wells (and platforms) may be reached earlier than corresponding
wells onshore. Also, because of the nature of the reservoirs,
0i1 production drops in a precipitous fashion from many locations
following the breakthrough of water. Once offshore wells
are abandoned, the cost of reactivating a platform is so excessive
that it could not be contemplated for a subsequently developed
enhanced recovery process.

It is not clear at this time what the appropriate schemes
are for enhancing recovery in these reservoirs under the Gulf.
Because of the relatively high recovery that has been experienced,
it is necessary, more so than in other producing provinces, to
reach a high degree of understanding of where the residual oil
is in these reservoirs and what are the factors that 1imit recovery.
It may well be asked if success in restricting influx of water into
the well bore would not only eliminate operating problems but
permit still higher recovery without any tertiary scheme being
called for. An inquiry must also be made as to whether vertical
conformance is the weak 1ink in achieving higher recovery efficiency.
If so, then more sophisticated recompletion and interval-exclusion
techniques could well be the route to enhanced recovery. If
horizontal or areal conformance prove to be a limiting factor on
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recovery then an inquiry must be made as to the value (cost benefit) of
infill drilling. These matters require answers in the case of the South
Louisiana reservoirs because of the superficially very high recoveries
that are reported for these reservoirs.

Should it prove to be the microscopic displacement that is
the 1imiting factor, then a tertiary scheme, in the sense usually used,
will be required. At this time it would have to be said that carbon
dioxide flooding or surfactant flooding are the only two schemes that
have promise. |

2. R&D GOALS

e To assess the anticipated rate of abandonment of
offshore wells in the coming two five-year periods
using the best estimates of production rates and
prices available.

e To ascertain the most technically and economically
feasible recovery process for this group of reservoirs.

3. R&D ACTIVITIES

I. Extend the Knowledge Base
-- Conduct economic studies of offshore operations.

-- Assess rate of offshore abandonment.

II. Basic and Applied Research

-- Test suitable recovery processes.

III. Field Based Activities
-- Reservoir definition.

-- (If the magnitude of abandonments is significant,
accelerate the introduction of enhanced recovery
operations.)



4. ReD ACTIVITIES —— PHYSICAL UNITS
‘ i/ 1/ 1/ 5-YEAR
ACTIVITY 1977 | 1978 | 1979 |1980 {1981 | TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENGZECON. UNCERTAINTY (PERSON-YEARS):
A. RESIDUAL OIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES 2/
B. RESERVOIR DATA BASE 1 1 2
C. RECOVERY MODELS 1 1 2
D. ECONOMIC & OTHER FEASIBILITY STUDIES 1.5 1.¢ 3
E. PROCESS/FIELD TEST EVALUATION -
IT. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY -
B. FLOW STUDIES -
FIELD LIAISON & ENG. STUDIES 3.5 3. 7
D. LAB EQUIPMENT & FACILITIES * -
II1. CONDUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS) :
A. TARGET IDENTIFICATION/EIELD
SUPPORT/MATERIALS . 4 4 g
B. MINI-TESTS -
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY (PERSON-YEARS ) : 4~
A. PROVIDE TECHN. TO INDEPENDENTS 4/
B. SHARE INDUSTRY/ERDA DEVELOP. 4/

1/ POST 1978+  DEPENDENT ON FINDINGS FROM ACTIVIT
2/ RELIES ON RESIDUAL MEASUREMENT PROGRAM ST-4.
3
74

CORE HOLES.
INCLUDED IN ABOVE FIGLRES.

1ES CONDUCTED IN 1977 AND 1978,




5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
1/ v X7 5-YR.1/
ACTIVITY 1977 1978 1979 1980 1981 | TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG, /ECON. UNCERTAINTY
A. RESIDUAL DIL MEASUREMENT & 2/
IMPROVED MEAS. TECHNIQUES -
B. RESERVOIR DATA BASE 60 60 120
120
C. RECOVERY MODELS 60 60 2
180
D. ECONOMIC & OTHER FEASIB. STUWDIES 90 90
E. PROCESS/FIELD TEST EVALUATION -
I1. CONDUCT NON-FIELD BASED RESEARCH
AND R-LATED ACTIVITIES
A. RECOVERY PROCESS BENCH STUDIES
AND THEORY -
FLOW STUDIES -
FIELD LIAISON & ENG. STUDIES 210 210 420
D. LAB EQUIPMENT & FACILITIES -
II1. CONDUCT FIELD BASED RESEARCH,
TESTS AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS 1000} 1000 2000
B. MINI-TESTS -
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHIUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. 3
B. SHARE INDUSTRY/ERDA DEVELOP. 3/
TOTAL 1420| 1420 2840
ERDA SHARE 1420| 1420 2840
1/ PosT 1978: DEPENDENT ON FINDINGS FROM ACTIVITIES CONDUCTED IN 1977

AND 1978

2/ RELIES ON RESIDUAL MEASUREMENT PROGRAM - PROGRAM ST-4

3/ CosSTS INCLUDED ABOVE
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PeM; ST-3

PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

ToTAL CosTs
ERDA's SHARE

30%

EXPECTATION OF SUCCESS.

QUTCOMES OF THE ReD PROGRAM:

POTENTIAL
PrOpuCTION 17

ULTIMATE RECOVERY 600-700
DAILY PRODUCTION 1IN :
1985

1990
1995

CUMULATIVE PRODUC-
TION BY:

5-YEAR COST  TOTAL PROGRAM

2735 2735
DO DO

EXPECTED2 COST-EFFECTIVENESS
PRODUCTION = INDEX 3/

180-210 66-77

(REQUIRES FURTHER STUDY BEFORE

RELIABLE ESTIMATES OF INCREMENTAL

1985
1990
1985

NOTES:

1/ UNITS:

EOR PRODUCTION CAN BE MADE.)

ULTIMATE RECOVERY —— MILLIONS OF BARRELS; DAILY PRODUCTION ——

THOUSANDS OF BARRELS PER DAY; CUMULATIVE PRODUCTION — MILLIONS OF

BARRELS

2/ EXPECTATION OF SUCCESS TIMES VALUES IN POTENTIAL PRODUCTION COLUMN

37 UNITS:

ULTIMATE RECOVERY AND CUMULATIVE PRODUCTION —— EXPECTED

BARRELS PER PRESENT VALUE DOLLAR OF ERDA'S COST; FIGURES IN DAILY
PRODUCTION ROWS ANNUALIZED, THEREFORE UNITS ARE EXPECTED BARRELS
PER YEAR PER PRESENT VALUE DOLLAR OF ERDA's cOsT
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SPECIAL TARGET F-4: ALL POTENTIAL EOR RESERVOIRS

R&D STRATEGY ST-4: MEASUREMENT AND DEFINITION OF RESIDUAL OIL SATURATION
AND 175 DISTRIBUTION |

1. CENTRAL PROBLEM

The exact amount of the residual oil saturation and its distribu-
tion determine the accessibility of the residual oi] to injected fluids.
This has been recognized as a significant factor in determining the pot-
ential and the economic success of any proposed enhanced oil recovery
scheme.

Moreover, this study, and others, have argued that the residual
saturation may also be a critical parameter in determining the technolo-
gical success of such processes. It appears that this might be a general
observation for all the proposed processes except, perhaps, steam drive.

Because of the problems involved in averaging reservoir para-
meters which are measured at isolated locations of drilled wells, and the
fact that parameter measuring techniques have shown much improvement in
recent years, older measurements and estimates of the original oil-in-place
are now being seriously questioned. Estimates of residual saturation that
rely on estimates of original oil and of reservoir parameters that were
measured by older techniques are proving inadequate for the more advanced,
reservoir sensitive tertiary recovery operations.

2. R&D GOALS

e To establish the true potential for enhanced recovery
operations by accurate determinations or calculations
of the residual oil in major target reservoirs.
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@ The eventual R&D goal would be to ensure that future
research expenditures are judiciously made on the
proper target, and that the industry has sufficient
confidence in the levels and distributions of the
residual oil to assume the commercial application of
technically proven processes, such as are being
contemplated for Targets A-2, A-4, B-1, C-2, C-3, C-4
and D-2, D-3 and D-4.

3. R&D ACTIVITIES

e Plan and implement a regional program of residual satura-
tion measurement using field operators in the major
reservoirs.

® Test reservoir simulation techniques to determine their
usefulness in supplementing and in part substituting
for field determination of residual saturation.

® Seek correlations between newly measured and/or cal-
culated values of residual determinations with those
resulting from volumetric and material balances using
prior estimates/reservoir parameters.
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4. ReD ACTIVITIES -—— PHYSICAL UNITS
5-YEAR
ACTIVITY {1977 | 1978 § 1979 |1980 |1981 TOTAL
I. VERIFY RESOURCE BASE AND REDUCE
ENG/ECON. UNCERTAINTY (PERSON-YEARS):
A.  RESIDUAL OIL MEASUREMENT & IMPROVED
MEASUREMENT TECHNIQUES ; 8.3 3.3 1.7 1.7 15
B. RESERVDIR DATA BASE -
C.  RECOVERY MODELS 3 7 7 10 | 3 30
D. ECONOMIC & OTHER FEASIBILITY STUDIES -
E. PROCESS,FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH AND
RELATED ACTIVITIES (PERSON YEARS):
A.  RECOVERY PROCESS BENCH STUDIES -
AND THEORY
B. FLOW STUDIES | -
C. FIELD LIAISON & ENG. STUDIES 8.3 3.3 1.7 1.7 15

D. LAB EQUIPMENT & FACILITIES

I1I. CONODUCT FIELD BASED RESEARCH, TESTS
AND DEMONSTRATIONS (PROJECTS):

A.  TARGET IDENTIFICATION/FIELD
SUPPORT/MATERIALS | v 17 ¥ 1 Vv BV ke

B.  MINI-TESTS -
C. TECHNICAL PILOTS -
D. ECONOMIC PILQTS ‘ -

IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY‘(PERSDN—YEARS):

A. PROVIDE TECHN. TO INDEPENDENTS 74
B. SHARE INDUSTRY/ERDA DEVELOP. a/

1/ NUMBER OF CORE HOLES, ETC., TO BE DETERMINED AFTER FIRST YEAR.
27 INCLUDED IN ABOVE FIGURES.
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PGM: ST-4
5. COSTS OF ReD ACTIVITIES (THOUSANDS OF 1976 DOLLARS):
. 5-YR,
ACTIVITY 1977 1978 1979 1980 1981 | TOTAL
I. VERIFY RESQURCE BASE AMND REDUCE
ENG./ECGN. UNCERTAINTY
A. RESIDUAL OIL MEASUREMENT &
IMPROVED MEAS. TECHNIQLES 500 200 100 100 900
" B. RESERVOIR DATA BASE
250 500 500 750 250 2250
C. RECOVERY MODELS
D. ECONOMIC & OTHER FEASIB. STWDIES -
E. PROCESS/FIELD TEST EVALUATION -
II. CONDUCT NON-FIELD BASED RESEARCH
AND RELATED ACTIVITIES
A. 'RECOVERY PROCESS BENCH STUWDIES _
AND THEQRY
B. FLOW STUDIES N
C. FIELD LIAISON & ENG. STUDIES 500} 200} 100} 100 900
D. LAB EQUIPMENT & FACILITIES -
III. COMDUCT FIELD BASED RESEARCH,
JESTS AND DEMONSTRATIONS
A. TARGET IDENTIFICATION/FIELD 500! 2100} 2800 | 2800! 2000 | 10200
SUPPORT/MATERIALS
B. MINI-TESTS -
C. TECHNICAL PILOTS -
D. ECONOMIC PILOTS -
IV. TRANSFER & SUSTAIN EOR TECHNOLOGY
THROUGHOUT INDUSTRY
A. PROVIDE TECHNOLOGY TO INDEPENDTS. 1/
B. SHARE INDUSTRY/ERDA DEVELOP. i
TOTAL 1750 | 3000 3500 | 3750} 2250 14250
ERDA SHARE 1170 2000 2330 ] 2500 1500 9500 -

1/ CosTs INCLUDED ABOVE




6.

7.

8.

VII-29
Pem; _ST-4

PRESENT VALUE OF COSTS (THOUSANDS OF 1976 DOLLARS):

5-YEAR CosT  TOTAL PROGRAM

ToTaL COSTS 12159, 12159
ERDA'S SHARE 8107 8107

EXPECTATION OF SUCCESS: N/A

OQUTCOMES OF THE ReD PROGRAM: ProGeaM ST-4 IS A NECESSARY PRE-REQUISITE TO
ACHIEVING THE BENEFITS DF TARGETS:

B-1
C-2, C-3, AND C-4
D-2, D-3, AND D-4

o © o o

(THE COsT EFFECTIVENESS INDEX IS NOT APPLICABLE)

SPECIAL NOTE — COST SHARING: THE MEASUREMENT AND DEFINITION OF RESIDUAL oIL
SATURATION AND ITS DISTRIBUTION CALLS FOR ERDA AND INDUSTRY TO EQUALLY SHARE
THE COST OF THE FIELD-BASE MEASUREMENT ACTIVITIES, SHOWN IN ITEM 4-I1I AND 5-II1
ON THE PREVIOUS PAGES. IT IS ASSWMED THAT ERDA wOULD BEAR THE FULL COST OF

THE NON-FIELD BASED ReD ACTIVITIES. THIS COST SHARING IS REFLECTED IN THE
PROGRAM COSTS SHOWN IN ITEM 6 ABOVE.



VII-30

Price/Tax Sensitivities for Special Target Reservoirs

Due to the limited data available on the reservoirs included
as special targets, detailed examination of the effects on production
of changes in prices and taxes was infeasible. It was felt, however,
that substantial price increases (up to the alternate fuel price) could
provide greater flexibility to the range of possible novel solutions and
would increase the expectation that the potential ultimate recovery would
be actualized. For Spraberry Trend this resulted in making an upward
adjustment in the expectation of success from 12 to 18 percent; and for
the offshore reservoirs, an upward adjustment from 30 to 40 percent.
No adjustment was necessary for Elk Hills and Prudhoe Bay because the
expectation for these was already high. ‘

Using the mid-points of the estimated ranges, these adjust-
ments had the effect of increasing the expected recovery from Spraberry
Trend by 35 million barrels and that from the Gulf offshore by 65
million barrels.











