PRODUCTION POTENTIAL OF UNRECOVERED
MOBILE OIL THROUGH INFIELD DEVELOPMENT:
INTEGRATED GEOLOGIC AND ENGINEERING

‘ STUDIES - OVERVIEW

PREPARED FOR:

U.S. DEPARTMENT OF ENERGY/
OFFICE OF FOSSIL ENERGY -

BY:
ICF RESOURCES INCORPORATED
AND

THE BUREAU OF ECONOMIC GEOLOGY
THE UNIVERSITY OF TEXAS AT AUSTIN

AUGUST 1989

9300 Lee Highway
Fairfax, Virginia
22031-1207

ICF RESOURCES INCORPORATED

QAe7564






FOREWORD

This report is part of a coordinated series of research efforts designed to prepare
preliminary evaluations of important components of the domestic unrecovered oil resource. The
specific resource of interest is the oil that is displaceable by water and remains in the Nation’s
reservoirs after conventional production. Integrated geologic, engineering, and economic
evaluations in this series estimate future reserve additions from this unrecovered mobile oil (UMO)
resource under various circumstances. The individual studies (Volumes 2 through 5) consider the
effects of changes in oil prices and advances in production technology on the economic recovery
potential of the UMO resource. This report (Volume 1) discusses and compares the approaches
and results of the individual studies. Several recovery technologies are evaluated, including the use
of waterflooding in conjunction with infill drilling to displace and produce UMO at decreased well

spacings.

The overall analysis series was conducted in two separate, but coordinated, parts: at a
detailed reservoir level and at a generalized regional level. At the reservoir level, detailed analyses
of three individual Texas reservoirs fully delineated the resource and the potential for UMO
recovery in each reservoir under a variety of development situations. Results of the individual
reservoir evaluations were extrapolated to groups of reservoirs with common depositional histories,
collectively known as "plays". At the regional level, reservoirs in three major oil producing states,
Texas, Oklahoma, and New Mexico, were analyzed to determine the resource volume, potential
recovery, and the costs and benefits associated with this recovery both in the individual states and
for the region as a whole. This analysis relied on the geologic classification of individual reservoirs,
specific rock and fluid properties, and production and development histories to quantify the
resource and to assess its potential for UMO recovery potential. Coordination of the studies at
two analytical levels proved advantageous -- the initial methods and results at both levels were
compared in order to calibrate and to modify the final approach at each level and can now be used
as a guide in future analyses. In addition to the specific results from the two analytical levels,

several shorter issue and summary papers have also been prepared.
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The individual reservoir and regional analyses reacihed similar conclusions. The potential

for additional production of the UMO resource appears to be established even at low oil prices.
At an oil price of $10 per barrel, many reservoirs could be developed to recover significant
additional quéntities of UMO, even at current levels of teéhnology. However, full exploitation of

the UMO resource hinges upon the emergence of efficieint methods. for characterizing reservoir

heterogeneity which would allow accurate assessments of features such as internal architecture, flow

paths and barriers to flow. Understanding and describing reservoir heterogeneity would enable the

geological targeting of new wells in the most productive porjtions of the reservoir. Such geologically
targeted drilling would increase oil recovery and would lower the oil prices necessary to implement
individual projects. Research that refines UMO déscriptiye and recovery techniques plays a vital

role in maximizing the economic production of the resource.

These analyses were conducted by ICF Resourcés ‘Incorporated, under contracts with the
U.S. Department of Energy. Dr. Jerry P. Brashear served as the director of ‘the overall study
series. ICF Resources activities were managed by Mr. Micljlael Godec, who was responsible for the
detailed reservoir studies, and Mr. Alan Becker, who mahaged the three-state regional analysis.
Mr. Vello Kuuskraa was the project director for the early development of the methodology and
the initial analyéis of the Dune Field, the first of the resérvoir-specific studies (Volume 2). The
Bureau of Economic Geology (BEG) at the University of ;Texas at Austin served as the principal
subcontractor for all analyses, providing critical geologic finterpretation, data review, and expert
consultation on the analysis and the interpretation of reslelts. Dr. Noel Tyler directed the BEG

efforts on these projects.

The staffs of ICF Resources and BEG performed the technical evaluations for the analyses
in this series. Mr. Matt Parsley, Mr. Don Remson, and Mr. Jay Rushing of ICF Resources
provided critical technical expertise in developing, modifying, and utilizing the methods for analyzing
UMO at the reservoir and play levels (Volumes 2, 3, and 4). Ms. Kathleen McFall provided
technical evaluations for the early development of the méthoddlogy and the initial analysis of the
Dune field and South Central Basin Platform Play (Volurhe 2). Mr. Khosrow Biglarbigi and Mr.
Hugh Guinn, in ICF Resources’ Bartlesville Office, were critical to the data preparation,

methodology development, model updates, and computer analysis completed in the three-state,
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regional analysis (Volume 5). - Mr. Neil Cohen served as researcher for the regional analysis and
- editor of the final reports.. The staff of BEG, including Mr. Bill Ambrose, Mr. Mark Holtz, Ms.
Nancy Banta, Mr. Seay Nance, and Mr. Brad Stokes, provided timely and essential support for each
of the analyses. Finally, the word processing efforts of Ms. Barbara Jones and Ms. Cheryl

LaBrecque of ICF Resources were crucial to the preparation of the reports in this series.

The analyses relied substantially on the data and models that make up the Tertiary Oil
Recovery Information System (TORIS). Use of the reservoir information in the TORIS data base
was instrumental in completing the regional level analysis and provided an additional source of data
for the detailed field studies. This system is maintained by the Bartlesville Project Office (BPO)
of the Department of Energy, which also provided computer time for the TORIS regional analysis.
Special thanks goes to Mr. R. Michael Ray, the deputy director of BPO, for his technical assistance

and critical advice in completing the project.

, BEG charactenzed major oil and gas reservoirs in Texas, New Mexico, and Oklahoma into
distinct and separate plays based upon an extensive literature review of depositional systems,v
trapping mechamsms, structural setting ‘and other ‘geologic information.  They assigned
' heterogeneity factors to each reservoir in the plays, thereby providing a geologic basis for estimating
the recovery potential of oil and associated gas recovery for the‘three-stete region. Reservoir data
used in the’recovery-potential estimates were reviewed and complemented by the BEG staff. BEG
also constructed several closely spaced permeabtlity cross sections in the Dune and West Ranch
(41-A) reservoirs. BEG and ICF Resources utilized these cross sections to develop pay-contmulty
functions that were later used in the determination of the volumes of recoverable mobile oil in

each of these Texas reservoirs and their associated plays.

Mr. H. William Hochheiser of the Office of Geoscience Research served as the technical
project ofﬁcer for the detailed' reservoir evaluations. - His timely reviews, input, and technical
guidance were essential to the completlon of these analyses. Mr. Thomas Wesson, dn'ector of
BPO, is the technical project offlcer of the TORIS contract and also provxded important

- suggestions, reviews, and. encouragement dunng the project.
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The studies were completed under DOE contracts DE-AC01-85FE60603 and DE-AC19-

86BC14000. While acknowledging the assistance of all contributors, errors in fact, analysis, or

interpretation are the responsibility of the principal contractor’s director and the individual project

managers.
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SUMMARY

Unrecovered mobile oil (UMO) is crude oil that lies in untapped compartments and
bypassed zones of reservoirs at the conclusion of conventional recovery. This oil remains
unrecovered because of reservoir heterogeneities and differences in mobility between the oil
produced and water injected during secondary recovery. Nationally, UMO is estimated to amount
to 99 billion barrels -- 20% of all oil ever discovered in the U.S. Unlike "residual” oil, which is
immobile to conventional primary and secondary recovery, portions of UMO can be produced by
enhancements to conventional recovery methods -- intensive infill drilling and advanced secondary
techniques -- if it can first be located within the reservoir. This resource is increasingly

acknowledged as a major potential source of future domestic production.

Historically, infill drilling was regarded as a way of accelerating production from a fixed
amount of reserves, not of increasing the amount of reserves. More recently, the recognition that
geologic heterogeneities in reservoirs cause trapping and bypassing of mobile oil has given rise to
the use of intensive infill drilling to increase crude oil reserves. To date, much of this drilling has
proceeded on the basis of limited geologic information. It has been hypothesized (Fisher, 1987,
Finley and others, 1988) that, with knowledge of the heterogeneity within a reservoir, infill drilling
and advanced secondary recovery techniques could produce a significant portion of the UMO
resource at relatively low cost by permitting the selective development of the more prolific
portions of reservoirs. In addition, advanced secondary recovery techniques to overcome reservoir
stratification through profile modification and to overcome unfavorable water-oil mobility through
polymer injection could further increase UMO production. This series of coordinated studies was
undertaken to evaluate whether the production potential is large enough to warrant further

investigation.

The UMO resource was characterized and assessed in detail at the reservoir level in three
Texas oil plays (a glossary of geologic terms appears in Appendix B) believed to be promising for
UMO development and was examined at the regional level in three major oil producing states --

Texas, New Mexico, and Oklahoma. The economic viability of UMO resource recovery was
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examined at several levels of geologic understanding of reservoir heterogeneities available to
operators and at several stages of development of advanced primary and secondary recovery

technology.

Three different approaches to infill development were examined in both the play and
regional analyses: a base case, a selective reservoir-wide case, and a geologically targeted case.
Each approach corresponded to an assumed level of geologic understanding of reservoir
heterogeneity available to operators. Where geologic information was limited, under the base case,
development in each reservoir proceeded with blanket infill drilling to a uniform pattern spacing
that was half of current pattern spacing (single drilldown). At a higher level of geologic
understanding, the selective reservoir-wide case assumed that the operator would obtain or develop
increased information that showed that extensive heterogeneities existed within certain reservoirs
but would still have no understanding of heterogeneity on an intra-reservoir scale. Under this
case, blanket infill drilling was usuhed to proceed to a minimum spacing economically justifiable
for each reservoir. The selective reservoir-wide approach would offer the operator information as
to which reservoirs would be most economically viable based on some degree of detailed geologic
information. At the most advanced level of technology assessed in this analysis, the geologically
targeted case assumed that geologic knowledge of intra-reservoir heterogeneities, facies distribution
and geometry, and flow boundaries would be identified and characterized by the operator. This
advanced level of knowledge would allow strategic development to proceed through the targeting
of infill drilling within the most economically prolific portions of the reservoir. In the three-state
study, the secondary recovery processes of polymer flooding and profile modification were assessed

in combination with infill drilling in each case.

The individual play analyses and the regional evaluation reached similar conclusions. Even
at oil prices as low as $10 per barrel, a significant portion of the UMO resource would be
economically producible. (Economic evaluations were performed in 1986 dollars in the play-level
studies and in 1987 dollars in the three-state study.) At oil prices in the range of $10 to $12 per
barrel, base case recovery ranged from 6 to 10% of the UMO resource across the three plays. In

the same price range, from 10 to 13% of the UMO resource could be economically recoverable

0610211 Page 2



_ under seleCtive reservoir-wide development ‘With advanced geologlcally targeted development
'almost 16% of the total UMO resource could be potentlally recovered over the same $10 to $12-

~ per barrel pr1ce range. In the two of the three plays in which -the geologically targeted case
» _ technology was analyzed, 06 b1ll1on barrels of the 3.7 mrlhon barrels UMO resource could be

economically produced.

: ~ The three-state study results mdrcated that 3 to 4% of the UMO resource was potentrally_
recoverable under the base case in the $10 to $12 per barrel price range, and that about 9% of
the UMO resource could be recovered under the selective reservorr-w1de case. As in the play‘
analyses, the reserve additions were maxrmrzed through geologlcally targeted infill drilling, with 11
to 14% of the UMO resource economrcally recoverable in this price range With geologlcally
targeted 1nﬁll development 3.4 billion barrels out of a total. analyzed UMO resource of 24.5 bllhon

barrels would be economlcally recoverable at $12 barrel

_ At $20 per barrel oil pnce, the three play studles demonstrated that 7 to 13% of the
‘UMO resource could be economlcally produced under the base case, 16 to 21% could be

: feconomrcally produced under selective reservorr-wrde development and 18 to- 24% could be

o economlcally produced under geologlcally targeted development In the two plays where targeted _

: ’development was evaluated, ov_er 0.8 billion barrels of the 3.7 billion barrel UMO resource would
 be economic to produce at this prlce Recovery did not increase substantially with higher oil
prrces in the three plays, however, indicating that most of the recoverable TEsource was economic

~at the lower prrces in these settmgs

Also at a $20 per barrel oil pnce, the three-state study 1 results showed that 5 to 7% of the :
' UMO target was economlcally recoverable under the base case, and about 16% was econormcally, '
- recoverable with selective reservo1r-w1de infill technology Advanced geologlc understandmg used

to target prohfic portlons of 1nd1v1dual reservorrs and 1mprove secondary recovery could mcrease'

productlon to 16 to 21% of the UMO resource or up to 5.2 billion barrels in the three states. At~

even. higher prices, substantral addltronal re_covery-. could be oobtained ‘with ,detalled geologrcb
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information and targeted infill development, as up to 28% of the evaluated UMO resource,

amounting to over 6.7 billion barrels of oil, was economically recoverable at $36 per barrel.

The results of these studies indicate that improved geologic understanding, geoiogicaﬂy
targeted infill drilling, and improved secondary recovery téchniques can significantly increase U.S.
crude oil reserves at low oil prices. These important findings warrant further detailed
investigations - to détermine the ‘.optimal techniques for low cost potential UMO recovery.
Suggestions for further research, which focus on improving the production of both mobile and

immobile oil, are discussed in Appendix A.
BACKGROUND AND PURPOSE

An estimated 99 billion barrels of unrecovered mobile oil (UMO) in excess of proved
reserves remain in known, mature U.S. reservoirs (Figure 1). This resource is displaceable by
primary recovery and waterflooding and is the target for intensive infill development and advanced
secondary recovery. In addition, 242 billion barrels of immobile: 0il remain in these reservoirs, with
over 88 billion barrels existing in portions of the zones that contain the UMO resource. Recovery
of immobile oil requires the injection of chemicals, miscible gases, or thermal energy to overcome

the forces that restrict oil recovery.

Mobile oil 1s left in reservoirs as a result of poor drainage by primary production and
inadequate waterflood sweep, both of which result principally from reservoir heterogeneity (Tyler
and others, 1984). Reservoir heterogéneity is controllcd primarily by the three-dimensional
geometry of the reservoir rock which, in turn, is controlled by depositional processes. = Other
important factors controlling reservoir heterogeneity are post-depositional processes that alter the
reservoir-rock properties. Wells drilled at conventional pattern spacings often do not effectively
contact all areas of the reservoir; many reservoir compartments remain essentially uncontécted or,
if contacted, are bypassed by secondary recovery operations. Uncontacted oil is trapped primarily
by areal reservoir heterogeneity and lies in reservoir compértments that are not in communication

with wells at the given pattern spacing. Bypassed oil is mobile oil that remains in reservoir strata
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Figure 1

Distribution of Known U.S. Oil Resource

Remaining
Producible 341 Bil BBL
172 Bil BBL (67%)
(3% Unrecovered Mobile Ol (UMO)
99 Bil BBL

(20%)

Cumulative Recovery
145 Bil BBL
(28%)

Immobile Oil
(In unswept
zones-18%)
92 Bil BBL

Immobile Oil

Reserves*
27 Bil BBL (In swept
(5%) zones-29%) Immobile Trapped Oil
150 Bil BBL 242 Bil BBL
(47%)

Total Original Oil-In-Place
513 Bil BBL

Source: BPO, 1989, API/AGA 1980, EIA 1980 - 87

*Includes proved EOR Reserves
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that is in communication with wellbores. This oil remains unrecovered due to vertical and
horizontal permeability stratification and an unfavorable mobility of water relative to oil.
Inefficient drilling and waterflood programs, especially at wide well spacings, leave large volumes

of mobile oil in reservoirs at relatively high oil saturati‘ons:)‘, -

The simplified diagram in Figure 2 illustrates the geologic heterogeneity and water-oil

mobility constraints that effectively limit mobile oil recovery by conventional primary and secondary
production methods. Figure 2-A shows an example of the complex architecture now thought to
be associated with a typical reservoir. This depiction repreéents;a departure. from the conventional

concept of reservoirs as uniform rock bodies with consistent properties. Reservoirs often consist

of numerous individual compartments, reﬂectmg mtra-zonal heterogeneity and varying reserv01r‘

properties at a given well spacing. At w1der spacmgs much of the reservoir may not be
| effectively contacted by (Le. in pressure communication mth) existing wells, leaving oil at or near
original conditions. These uncontacted compartments provide the target for future infill drilling,

which offers the prospect of increased recovery at closer spacing.

Moblle 011 also remains in parts of the reservoir that have been contacted but not

effectlvely swept by secondary recovery methods. Figure 2-B illustrates that, at large well spacings,

considerable volumes of oil are bypassed due to areal; variations in reservoir continuity and

differences between oil and water mobility in the reseWoir. The effectiveness of water injection
is further limited by the vertical layering of flooded zenesj., The cross section shown in Figure 2-
C illustrates that water preferentially flows through the more rpermeable layers of the reservoir,
sweeping most of the mobile oil in these layers but leavmg lower permeability zones relatlvely

unswept and therefore, at high 011 saturations.

- Current research on UMO recovery 1s pﬁmarily Iﬁotiva?ted by the :hy’pothesis that a more
thorough geologic and engineering understanding of reservoir heterogeneities to determine internal
reservoir architecture and flowpaths will lead to the use of "strategic' or targeted infill
‘development and advanced secondary recovery techniques to increase reservoir contact, to reduce

bypassing, and to iniprove oil recovery. - This hypothesis implies that increased knowledge of
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Figure 2

Trapping and Classification of Unrecovered Mobile Oil
Uncontacted and Bypassed Oil Targets
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reservoir heterogeneity and its effect on potential recovefy must first be pursued at the reservoir
~ level. Indeed, it has been argued that "each reservoir is uxiiqi.te" and thus requires individual study.
The time and cost associated with m-depth reservoir evaluations, however, would deter all but the

largest and most promising reservoirs from bemg addressed

A second hypothesis influencing current views of tfle UMO resource is that the knowledge
gained in the study of heterogeneity in one reservoir ma{y be applied to other reservoirs in the
same "play," since these reservoirs are, by definition, geoldgically similar. Knowledge gained from
the study of one reservoir could provide significant insight 'and could improve the potential
recovery from all reservoirs within the play. Moreover, this hypothesis of reservoir similarity could
logically be extended to argue that heterogeneity characteristics of a studied reservoir in one play
may apply, to a substantial degree, to reservoirs with similar depositional/diagenetic histories in
~ other plays, further expanding the "leverage" of the first 1:"lypothesisw The power of these
hypotheses is that r&séarch focused on a manageable ndmber of carefully selected "specimen” '

“reservoirs could prdvide critically important information about the heterogeneity, architectﬁre, aﬁd
. flow paths of broad classes of similar reservoirs, thus acceierating their economic development. If
these hypotheses prove true, major portions of the UMO resource, not simply the few "best"

reservoirs, could be cost-effectively addressed by focused research.

Although the UMO resource is large no systemauc study has yet been conducted to
quantlfy its economic recovery potential. In particular, the central hypothesis that improved
. geologic information on reservoir heterogeneity can reddce production costs and can increase
| recoveryuh'asv not been systematically evaluated. The results reported here summarize a
coordinatéd series of studies which present the conceptual framework and analytical methods fof
describing the UMO resource in greater detail and for. evaiuating its techﬁi_cal and economic
recovery potential in diverse geologic areas. These studies offer a preliminary evaluation of this
vpotentially important component of domestic -energyvsupélies and provide the basis for deciding

whether additional r_esearch is warranted.
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OVERVIEW OF APPROACH

The overall analytical series was conducted at two separate but coordinated levels -- at a
detailed reservoir level and at a more generalized, regional level. At the reservoir level, detailed
analyses of three Texas reservoirs defined the UMO resource and recovery potential under several
infill development scenarios. These scenarios varied the extent and placement of drilling based on
the amount of knowledge of heterogeneity, the level of assumed risk, and the timing of project
initiation. Results from the individual reservoir evaluations were used to extrapolate to the plays
of which the reservoirs were members. At the regional level, nearly 500 reservoirs in three major
oil producing states -- Texas, Oklahoma, and New Mexico -- were individually analyzed to
determine the resource volume, potential recovery, and costs and benefits of further development
from infill drilling. The three-state analysis also examined the potential recovery possible from the
application of advanced secondary recovery processes, which included injection profile modification
(reducing the permeability contrasts in the reservoir) and polymer-augmented waterflooding
(improving the mobility of water relative to oil). This analysis relied on the geologic classification,
specific rock and fluid properties, and production and development histories of the individual
reservoirs} to quantify thé UMO resource and to assess its recovery potential. Results of the
individual reservoir evaluations were summed to determine the total regional potential at each oil
price and technology level considered. No extrapolation was attempted in the three-state study,
and the results represent only the aggregated totals of the specific reservoirs analyzed. Preliminary
results obtained at both levels were compared and used to refine analytical methods and to

ultimately verify the final results.
CHARACTERIZATION OF RESERVOIR HETEROGENEITY

Reservoir heterogeneity can be characterized quantitatively in the form of continuity
functions which relate net pay contact to interwell distance or pattern spacing. Continuous net
pay in a reservoir is defined as the volume of hydrocarbon bearing porous rock that is connected
between any two wells. The ratio of the continuous porous rock volume to the total porous rock

volume between two wells is the fraction of pay continuity between those wells (Stiles, 1976).
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Two types of continuity functions, drainable and floodable, can be developed for different stages
of reservoir development. Drainable pay continuity is defined as the reservoir volume between
two wells that can be drained to a wellbore by primary recovery methods; floodable pay continuity
is defined as the reservoir volume between the producer-injector pair producible by secondary

recovery (waterflood) processes.

The method used in these studies to relate reservoir continuity to potential recovery studies
is illustrated in Figure 3 for an example reservoir. As indicated by this reservoir’s average
continuity curve, 50% of the net reservoir volume would be contacted by wells at a spacing of 40
acres per production well (point A). If the net productive thickness for this reservoir is 100 feet,
the zone would behave as having an effective or contacted pay thickness of 50 feet (0.50 x 100
feet) at 40-acre spacing. This net thickness would then be used in the prediction of oil recovery

at this spacing.

If the number of injectors and producers is doubled, resulting in a pattern spacing of 20
acres per producing well, the portion of the reservoir effectively contacted increases. This
decrease in Weﬂ spacing increases the effective reservoir contact from 50% at 40 acres to 64% at
20-acre spacing, as determined by moving along the average continuity curve from point A to point
B. Infill drilling to 20 acres per producer in the sample reservoir would result in a 28% increase
in the effective contacted reservoir volume modeled by adjusting the effective thickness from 50
feet to 64 feet (0.64 x 100 feet).

Geologically targeted infill drilling is conducted by dividing a reservoir into geologically
distinct segments. For example, as shown in Figure 3, a geologically simple reservoir can be
composed of two segments, a less heterogeneous, more continuous portion and a more
heterogeneous, less continuous portion. The net thickness contacted in the two reservoir segments

would be described at 40-acre spacing as follows:

¢ In the less heterogeneous portion (the upper curve), an effective thickness of 75
feet (0.75 x 100 feet) (Point A,).
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. In the more heterogeneous portion (the lower curve) an effect1ve thlckness of 30
. feet (O 30 x 100 feet) (Pomt Az) '

~The reserv01r can now be evaluated as two separate segments and correspondmgly, twov
d1screte producnon and economic evaluatlons can be performed. The decision to implement an
infill drilling program is based on the economic attractiveness of production from each segment
md1v1dually The additional effectrve thickness contacted in each segment is determmed from the
incremental reservon contact indicated by the continuity curves for the spec1fied segments For
modelmg the reservou “described in Flgure 3, the effective thickness in the less heterogeneous 3
portion (upper curve) would i improve marginally, from 75 feet at 40-acre spacmg (Pomt A;) to 81
feet at 20 acres per producer (Pomt B,). However, the effective thickness in the more
heterogeneous portion would increase mgmficantly with the same reductlon in average well spacmg :
from 30 feet (Point A,) to 50 feet (Point B,). The add1tlona1 wells requxred to reduce the spacing
by one-half would contact consrderably more incremental net pay in the ‘more heterogeneous
portion of this TeServoir. Clearly, 1t is the slope of the pay—contlnulty curve in the range of well |
spaczng actually being evaluated that determmes which reservorr portlon will have the greatest
relative increase in effective reservoir volume contacted and a potentlally greater response to mﬁllr "
drilling. - When pay continuity mformatlon is combined with the knowledge of other reservorr
properties and the estunated development costs for each reservoir portlon, the recovery potentlal .

for each discrete: port1on ‘of the reserv01r can be accurately modeled and a thorough economtc

assessment of the project can be conducted. The relationship between pay-cont1nu1ty and well‘ o

spacing, critical to a thorough evaluat1on of UMO recovery, can be determined only after a

detailed geolog1c analys1s of the reservoxr has been completed
DESCRIPTION OF OVERALLMEI‘HODQLOGY o

The mﬁll dnllmg approaches used for assessmg the recovery potentlal of the UMO' '
'resource were similar for both the reservo1r/play analyses and the three-state reg10nal study. Flrst ,
the recovery potentlal was exammed»assummg a blanketor uniform approach‘.to infill development.
Second, the recovery potential was evaluated a_ssuming 'a’stjrategic approach to infill development,

identifiedj as the geological targeted case, where the portions of the reservoir with greater infill
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potential were identified and geologically targeted for drilling. Finally, in the three-state regional
analysis, the potential of advanced secondary recovery techniques was evaluated for each infill

drilling approach.

Two potential approaches for blanket infill development were considered in the analyses.
The first approach, which was considered the base case, assumed that a single reduction in
waterflood pattern spacing, or one drilldown, would take place at a specific oil price, regardless of
the economics of further blanket development. Under this approach, the operator would be
unwilling to assume the risk of further development without the acquisition of additional geologic
information on reservoir heterogeneity. In the absence of this geologic knowledge, it was assumed
that most operators would take a "one-drilldown-at-a-time" approach, delaying dramatically the
production response that could potentially result from more intensive infill drilling programs. In
the three play analyses, a reduction in spacing from current levels to the next conventional pattern
spacing (either 40, 20, or 10 acres per well) was assumed while, in the three-state study, a single

one-half reduction in spacing from current levels was assumed.

The second blanket development approach, the selective reservoir-wide case, assumed that
infill drilling would proceed in subsequent spacing reductions to the minimum level determined to
be economically justified at a specified price. Under this approach, reservoir-wide infill
development would be conducted in reservoirs exhibiting significant heterogeneity; however, at this
level, no knowledge of intra-reservoir heterogeneities and compartmentalization would be available.
This approach assumed that the operator would be willing to accept the risk of continued infill
development well beyond the current pattern spacing in certain reservoirs given the collection and
analysis of additional geologic information on reservoir-wide characteristics and heterogeneity in
these reservoir types. This additional geologic information would reduce the risks associated with
infill drilling to close spacing and would allow the operator to quickly assess and to implement

drilling activity in highly promising reservoirs.

The advanced geologically targeted case assumed that sufficient geologic data would exist

to characterize the reservoir in terms of distinct segments, or facies, with reservoir parameters and
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- heterogeneity relationships developed independently fbr each segment. Detailed geologic
information on intra-reservoir heterogeneity, including facies distribution, facies géometries, and
flow boundaries would be available for operators to @aluate ‘the potential oil recovery using
 targeted infill development, allowing drilling in only the mbre economically prolific portions of the
reservoir.  This éase represents the most advanced $ta‘te of technological knowledge and

implementation assumed in the play and regional analyses.

Therefore, the three development‘ scenarios are based on three distinct levels of geologic
information on reservoir heterogeneity. For each scenarid,‘ operators ére. assumed to be willing to
pursue only those infill development projeqts which are economically viable given the risk -
commensurate with the level of geologic informat.ionf available for characterizing reservoir

heterogeneity.

- The first step in assessing the UMO potential in each set of analysés was to o‘rganizé the
geologically Siinilar reservoirs into plays. Previous work by Galloway and others (1983) classified -
major oil reservoirs in Texas (those with oil productionj:through 1981 of more than 10 million
barrels) into 48 distiﬁct oil plays. Three of the plays indicating significant potential for infill
drilling were chosen for more detailed analysis. The three plays selected were the San |
Andres/Grayburg Carbonate (South Central Basin Platforfn) Play (19 reservoirs), the Frio Barrier-
Strandplain Play (44 reservoirs), and the Clear Fork PIatform Carbonate Play (13 reservoirs).
Selection of these three plays was based on the combination of their-potentially large UMO
resource, data availability, potential to serve as analogues§ for other plays, and contrast in at least
two of the following characteristics: ﬁth’ology, depositiijnal nature, stratigraphic horizon, and
regional distribution. One reservoir for each play, was selected to be the representative reservoir
for that play. The selected reservoir exhibited- averagé characteristics for the play, and had
sufficient data available for detailed analysis. Given unique reservoir property data available for
other reservoirs in the play, the results from the detailed analysis of the selected reservoir were
then extrapolated to the other reservoirs in the play. The basis for the extrapolation was the |
assumption that the reservoir selected was, on ‘average, representative. Verification: of -this

assumption was beyond the scope of this study.
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In the three-state study, the oil reservoir data base developed as part of the Tertiary Oil
Recovery Information System (TORIS) was utilized. The TORIS data base, which contains rock
and fluid properties for each reservoir, was upgraded’ with additional geologic information,
including the assignment of individual reservoirs to plays, and individual plays to geologic types.

Each reservoir in the three-state study was analyzed separately, based on its unique properties.

The second step in the reservoir/play and state/regional analyses was the development of
reservoir data and analysis methods to characterize heterogeneity and the recovery potential of the
UMO resource analyzed. In the individual play studies, closely spaced cross sections, facies-specific
reservoir data, and historical development and production data were used to develop reservoir
continuity versus well spacing functions for the representative reservoirs, relating effective
contacted }eservoir volume to pattern spacing. In the three-state study, the development and
production histories of reservoirs in the TORIS data base were supplemented with heterogeneity
rankings for each play to develop continuity functions for specific categories of reservoirs. The
reservoir continuity functions were developed by relating mean areal sweep efficiency to well

spacing for all reservoirs with similar heterogeneity rankings.

The third step for both analyses was the determination of technically recoverable crude oil
and associated gas. This step consisted of two parts: the determination of primary and waterflood
oil recovery that would result if there were no further infill development; and the determination
of the incremental oil and associated gas that would be recovered by additional infill drilling from
current spacing to a minimum level. The latter calculation was made based on the continuity
relations and reservoir data established for the representative reservoirs. The technical recovery
potential from blanket development was estimated by using average reservoir properties and the
reservoir-average continuity functions. Similarly, the technical recovery potential of strategic, or
targeted, infill development was estimated by using continuity functions and reservoir properties

specifically delineated for distinct reservoir segments or facies.

In the three detailed play analyses, primary production was estimated using standard decline

curve analyses. Waterflood production in these analyses was estimated using a simplified

0610211 Page 15



waterflood model based on Craig (1973) In the three-stafe study, recoverable oil from primary

~and secondary recovery was also estimated from a dechne curve analysis. A model based on

Buckley-Leverett fractional flow (Buckley and Leverett 1942) was used in this study to assess -

ultimate waterflood production, both alone and in combmatlon with injection profile modlﬁcatron

and polymer ﬂoo‘dingv techniques.

,In the fourth step, economic and ﬁnanc1al analyses were conducted to establish the costs -

and economic feas1b1hty of oil recovery under the alternatlve development approaches. Discounted

cash flow models with recently validated costs were used. i m all cases. In the three reservoir/play -

analyses, the economic evaluation for the representatlve reservoir consisted: of solving for the

minimum oil pnce requlred to economically implement the mﬁll program and to achieve a 10%:

real (inflation adjusted) return on investment. In the three—state study, a cash flow analysis was
performed for individual development projects in each reservoir for the seven oil prices and two

technology levels. considered, solving for the after-tax rate of return for each case. Projects

- achieving a real rate of return exceeding 10% were considered economic at the specific oil price.

- Finally, the results: of the economic .evaluationsf for each of the individual' reservoirs

analyzed were aggregated to the play or regional level. In the three play analyses, the specific
‘volumetric and fluid flow characteristics for each reservoir (such as net pay, saturations, and
_ ‘permeability) and for each major facies within thereservoirl were combined with representatiVe
“continuity functions to estimate 're'servoir-wide and facies-specific recoverable oil. Economic
recovery at a given price for every reservoir analyzed in each play was d'eter'min'ed based on'the
recovery efficiency achieved at that price for the representatlve reservon' However, to account for
the economic effects of variations in permeability for dlfferent reservoirs  in the plays, the

economic viability of the representative reservoir for eacll play was evaluated assummg -varymg

values of permeability. The economic results for the different permeability cases for the

representative reservoir were then extrapolated to estimate the economic performance of reservoirs

" in the play with similar permeability values. Although variations in other properties for reservoirs

- (in addition to. permeability) would clearly affect project economics, sufficient data were not

available to analyze the differences in economic viability pertaining to these properties. The
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results of the economlc analyses for each of the reservoirs in the play were combined to establish

the economic potentlal of each play.

In the three-state rock and fluid, a number ‘of Teservoir properties were ."available for ,eachi
of the 500 reservoirs, including oil and water saturations, formation volume factors, injection and
production volumes, and porosity and permeability’ The reservoirs and their unique properties
were - analyzed individually to determine their technical and econormc recovery potential with
selected application of the recovery processes evaluated. The results were aggregated to estimate
the overall regional UMO recovery potentlal and are reported only for the reservoirs analyzed; no

attempt was made to extrapolate these results to the entire UMO resource in the three states.
OVERVIEW OF RESULTS

- The two studies were performed under a consistent conceptual framework and _set_‘of ’
fundamental assumptions. However, speciﬁc details in the two methods differed for reasons of
data availability and other constraints dictated by the structure and format of the existing analytical -
~ systems. Despite these  differences, the individual reservmr and regional analyses reach highly
similar conclusions. - The most s1gmﬁcant finding is that at prices as low as $10 per barrel many
reservoxrs can be developed to recover s1gn1ﬁcant additional quantltres of UMO The results of
-+ each study indicate the unportance of the successful development of refined UMO descriptive and
recovety techniques. - Of partxcular 1mportance is the development of practices where the most.
iproductivie portions of reservoirs are geologically.targetedjfor infill developmentl _ Geologically _

targeting infill drilling within individual reservoirs- could substantially enhance project economics
and could lead to improved recovery potenti'al.'v Full economic exploitation of the UMO resource
hinges upon the»emergence’of such methods that will enable increased oil recovery to be achieved

at lower cost.

~In addltlon, the three-state study demonstrated that while 1ntens1ve mfill development could

lead to the recovery of large amounts of UMO improved secondary recovery techniques could also

recover s1gmﬁcant ad_dltional quantities of crude oil, even at relatively low oil prices. Injection
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profile modiﬁcatioﬁ (permeability contrast reduction) andf» polymer-augmented waterflooding are
two currently epplied processes "shc/)wing the most promise., Beth processes increase the volume
of reservoir rock which- is effectively contacted .and swebt by conventional secOndary recovery
practices, thus allowing additional oil to be displaced. The applicability of the three techniques
analyzed in the three-state study, individually or inrcombination,‘depends on the properties and

- development history of the specific reservoir.

More detailed summaries of the methods and results of md1v1dual reservou/play studres and

the. three-state analysis are presented in the following sectlons
SUMMARY OF THE RESERVOIR/PLAY STUDIES

SUMMARY OF METHODS

Three major Texas oil plays -- the San Andres/Gréyburg ‘Carbonate (South Central Basin

Platform), the Frio Barrier-Strandplain, and the Clear Fork Platform ~Carbonate --- were
mvestlgated in detail. Chronologically, the studles were performed in the order presented;
important since methodological refinements and further ms1ghts were gained as the work on this
- effort preceeded. In each play, an individual reservoir considered to be representative of the rest
of the reserveirsh in the play was selected for detailed 'anélysis | Closely ‘spaced cross sections for

~ the reservoir were. developed using core. data, geophysical logs, productlon data, and development

. hlstory This information, in con]unctron with geologic analyses, was used to determme the lateral

continuity of and vertical communication among productlve reservoir zones at various interwell

distances (pattern spacings).

" The three plays investigated represent three dis?;inct depositional systems, resulting in
unique characterizations of reservoir architecture and heterogen*eity.“ The unique character of each
play is supported by differences in reservoir properties, cjharacteristic facies types, and geornetry

- and extent of facies. For example, most of the oil production in the carbonate reservoirs of the

San Andres/Grayburg Carbonate (South Central Basin Platform) Play is ‘from shallow-marine shelf
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grainstone bars (Bebout and others, 1987), whereas the clastic reservoirs of the Frio Barrier-
Strandplain Play produce primarily from three major facies -- barrier core, tidal inlet fill, and
marginal back-barrier (Galloway and Cheng, 1985). In the Clear Fork Platform Carbonate Play,
the primary producing facies is a shelf-margin oolite grainstone bar (Mazzullo, 1982). Although
the Clear Fork grainstone bars are similar in origin to those of the San Andres/Grayburg
Carbonate Play, depositional cycles during Clear Fork time were shorter in duration, resulting in
pay stringers which are ’much thinner and less continuous than those in the San Andres/Grayburg

Play.

For the representative reservoirs in the San Andres/Grayburg Carbonate and Frio Barrier-
Strandplain Plays, pay-continuity functions were developed and reservoir parameters were
established both for the entire reservoir and for each major facies within the reservoir. The
facies-specific functions made it possible to economically evaluate the strategic placement of infill
wells in each facies in order to identify those facies with the greatest development potential. The
potential of strategic infill development of the reservoir was compared to that obtained from
blanket infill drilling.

Estimates of the recoverable oil and associated natural gas for each reservoir and for each
facies within each reservoir were determined from the appropriate continuity functions and key
physical properties, using conventional reservoir engineering techniques. For each case, the
potential for both primary and waterflood oil recovery was determined. Incremental recoverable
oil from primary operations was determined from the representative reservoir’s drainable continuity
function, while the recoverable oil from waterflood operations was determined from the reservoir’s
floodable continuity curve. The estimate of recoverable oil from waterflood operations also
reflected the reservoir’s waterflood sweep efficiency. Waterflood sweep efficiency is a function of
vertical and areal heterogeneity, water-oil mobility, and the .quantity of fluid injected and was
determined based on history matches to past reservoir production. Oil saturations in the swept
portion of the reservoir were assumed to be residual, with the immobile oil saturation in each

reservoir determined based on evaluations of core flood tests.
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Economic and financial analyses were used to establish the costs and economic feasibility
of production under the base, selective reservoir-wide, and geologically targeted cases. The infill

program was initiated at different points in the life of a pi'oject for each approach. The resultant

optimal development scenario in each representative reservoir was extrapolated to the entire field -

analyzed and then to the other reservoirs in the play.

Finally, volumetric reservoir data, historical deveiopment and production data for each
reservoir in the play, and the pay-continuity functions established for the representative reservoir
were used to establish the UMO target for infill developnient for each reservoir in the play. The
economic analysis of the representative reservoir was used to estimate the economic recovery
potential for both the blanket and strategic infill development of the other reservoirs in the play,
with the exception of ethe Clear Fork Platform Carbonate Play, where only blanket infill drilling
was considered. This was accbmplished by adjusting recovery estimates in the other reservoirs

based on their demonstrated production histories and unique rock and fluid properties. The

results of the analysis of the other reservoirs in each play were combined to establish the potential

of the play.
DISCUSSION OF RESULTS

The results of the analyses for each of the three plays are summarized in Table 1. These

plays contained a total of over 19 billion barrels of original oil in place (OOIP). Nearly 11 billion

barrels of this OOIP are considered mobile and, therefore, potentially recoverable by primary and ‘

- secondary recovery techniques. The UMO target in these plays is the original mobile oil in place
~ less the estimated ultimate recovery from conventional technology at ‘currént spacing
(approximately 6 billion barrels), which amounts to about 5 billion barrels. Of this, approximately
1.2 billion barrels are estimated to be technically re‘coveral‘)le by infill drilling from current pattern

spacing to 10 acres per producer in the major reservoirs of the three plays.

In these three plays, 350 million barrels (MMB), or 7% of the 5 billion barrel UMO target,

would be potentially economically recoverable under base case development at $10 per barrel,
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| assummg one dnlldown, or a smgle blanket reductron in well spacmg in each reservoir from
- current levels to the next conventlonal pattern spacmg (40, 20 or 10 acres per well). - In the
selective reservoir-wide case, development to the minimum spacing economically justifiable (down.
to a minimum .level of 10 acres .p‘er producer) could result in 495 MMB, or 10%~of the UMO
target, heing economically recoverable at $10 per barrel. At $20 per barrel, 500 MMB, or 10%.
of the UMO target, could be economic to develop under the base case, while 825 MMB, or 16%

of the UMO target, could be economic to produce under the selective reservoir-wide. -

‘Under ‘the geOlogically targeted caSe, infill development of the - San Andres/Grayburg
Carbonate (South Central Basin.Platform) ‘and the Frio Barrier-Strandplain Plays, as shown in
Table 1. and »Figure 4, could result in significant increases in economic recovery. In the San
Andres/Grayburg Play, from 16 to 18% of therMQ target,cOuld'be economic to produce with
‘geologically targeted development at ol prices. between'.':$1'0 and $20 per barrel. Only 6 to 7% of
- the UMO target could'be ec0nomically produced at this price’in with base case conditioné, ‘while
- from-10 to 16% of the UMO target could be recoverable assuming selective reservoir-wide,

- development. In the Frio. Barner-Strandplam Play, from 17 to 24% of the UMO target could be
: economlcally produced under geologrcally targeted development at prices between $10 and $20 per
barrel.. Over this. pnce range, only 5 to 7% of the UMO target. could be economically produced
- under base case conditions, while from 13 to 21% of the UMO target could be recoverable from

~_selective reservoir-wide infill drilling,

Therefore geologlcally targeted mfill development, desrgned to explort the dlscrete fac1es S
| w1thm the reservoirs in these plays, srgmﬁcantly enhances the economic potentlal of UMO recovery
In addition, geologically targeted infill dnlhng projects can be implemented at lower oil pnces and
the recovery potential of targeted dnllmg, compared to less eﬂ'icrent blanket development is thus

_substantially larger.
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Table 1

Summa% of UMO Recovery Potential
in Three Major Texas Qil Plays*
(All Crude Oil Values in Millions of Barrels)

San Andres/Grayburg o ,
(South Central Basin Frio Barrier- ’ Clear Fork

Platform) Play Strandplain Play Platform Play

Original Oil 10417 - 4,184 | 4,449
in 1ace4' . ' : ‘

Original Mobile Oil 5,652 2,673 2,246
in Place : : :

Estimated Ultimate 2,825 1,763 925
Recovery by B !
Conventional Means A .

UMO Target 2,827 o 910 : 1,321
%rpasse 1,591 48 i 282

ncontacted 1,236 862 ‘ 1,039

Remaining Recoverable 624 263 - 308
- Infill O1l to 10 . : .
Acre Spacing

Economically Recoverable
at $10/Bbl ‘
 Base Case 165 (6%) %0 (10%) 95
‘Selective o 285 (10%) 115 (13%) 95

Reservoir-Wide : ,
Geologically - 440 (16%) 155 (17%) | - n/a
Targeted : S
at $20/Bbl
Base Case 210  (7%) 120 (13%) 170
Selective . 465  (16%) 190 (21%) 170
~ Reservoir-Wide o ,
Geologically 505  (18%) 215 (24%)  nja
Targeted

*Percentages represent- the fraction of the UMO target that is économically recoverable at that price and level of

development.

(19%)
(1%)

(13%)
(13%)

350
495

595

500

810

**Totals are for only the two plays where the strategic infill developnient potential was evaluated.

[3,737*%]

(1%)
(10%)

(16%)**

(10%)
(16%)

(22%)**
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F igure 4

Summary of the UMO Economlc Recovery
Potentlal for the Three Texas Oil Plays
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Results for the three plays also show that the tlmmg of the mﬁll program, in terms of the
. reservoir’s stage of development, is critical to the economic success of infill drilling pl‘O_]eCtS The

implementation of infill drilling early in a reservoir’s development increases recoverable reserves

and accelerates production. Delayed implementation, particularly until after a reservoir has been

. fully depleted, increases overall per-barrel recovery. costs and leads to lower economic oil

production levels.
 San Andres/Grayburg Carbonate (South Central Basin Platform) Play

The San Andres/Grayburg Carbonate (South Central Basin Platform) Play is a collection
of 19 carbonate reservoirs in the Permian Basm of West Texas. The representatrve study area
selected for this play was the 640-acre Section 15 within the Dune field. The location of the play
in Texas and the Dune field within the play are ﬂlustrated in Figure 5. |

| Carbonate strata of the producing San Andres and Grayburg Formatrons that make up the
reservoirs in the play were deposrted along the eastern margm of the Central Basin Platform during
Permian time in a semi-restricted, platform-margin ,settmg;, Relative sea level fluctuations were
common during 'depositl;on and resulted in the alternating landward and seaward shifting of
depositional environments and associated facies tracts for"}rnany nﬁles on the low-relief platform.
B During high sea level periods, subtidal carbonate oolite and skeletal grainstone ba‘rs_accumnlated

on the shelf. During periods of low sea level, mixed clastic and carbonate arid tidal-flat deposits

migrated basinward over the subtidal deposits. Repeated episodes of relative sea level fluctuations ,

resulted in stacked, cyclic sequences of interbe‘dded»shallow-marine and arid tidal-flat deposits.

‘The main reservoir facies in the San 'Andres/Grnyburg- -CarbonatePlay are dolomitized

- grainstone bars consisting of oolites and skeletal grains w;ith.leached’ secondary porosity. These

reservoir facies pinch out laterally into low-porosity fusulinid wackestones and mudstones and are -

| 'bounded on the landward side and overlain by:non-produotive, -anhydride-cemented arid'tidal-ﬂat
facies. - Although oil is present in a few vugs in the non-porous tidal-flat facies, no s1gmﬁcant

volume of hydrocarbons has been found in these facies (Bebout and others, 1987).
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Figure 5

| deation of San Andres/Grayburg'Carbonate’
 (South Central Basin Platform) Fields,
Dune Field and Section 15 Study Area

(after Galloway and others 1983)
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Most ‘traps in the play are combinations of structure and stratigraphic features Structural

traps in the play consist of drape closure and offsets along northwest-trendmg faults which resulted

from Pennsylvanian tectonic activity on the platform margin (Galley, 1958; Ward and others, 1986). |

- Stratigraphic trapping also plays a role, as permeable facies pinch out locally.

Because of the depositional cyclicity that eccurred on the Central Basin Platform, San

Andres and Grayburg reservoirs are highly stratified. In addition, depositional system complexities

resulted in a heterogeneous areal distribution of the productive - grainstone bar facies. |

‘Consequently, the reservoirs typically contain many individual permeable layers commonly less than
15 feet thick that pinch ‘outbabruptly from well to well.: vRecoveryefﬁciencies in the play are
typically low, averaging 26%, because of poor lateral and vertical reservoir continuity and weak
solution-gas drives. Large, unitized waterfloods or gas-injection programs _have been instituted in

“ all of these reservoirs (Galloway and others, 1983).

" Four carbonate zones in Section 15 of Dune Field, desiguated by Bebout and others (1987),

collectively contained approximately 30 million barrels of original oil in place distributed in net pay

ranging from almost 40 feet to over 160 feet thick. Depositional - cyclicity resulted in a complex

~ distribution of facies in Section 15. Because permeability varies with facies type in Section 15, a
complex distribution of permeability also occurs, as showu in the cross-section in Figure 6. This
type of complex distribution is typical of reservoirs w1th1n the San Andres/GTayburg Catbonate
(South Central Basin Platform) Play '

A northwest-southeast trendmg belt of net pay averagmg over 130 feet occupies the central

part of Section 15 and corresponds to a facies tract dommated by productlve grainstones with an

-average porosity of 11.5%. In contrast, the northeast and 3southwest corners of Section 15 contain

less than 100 feet of average net pay within a nongrainstone -fafxcies (mudstones and wackestones)
with an average porosity of only 8.8%. Geologic and engineering analyses clearly indicate that oil

and gas recovery potential is substantially greater in the grainstone belt in the section. -
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A quantitative method of relating facies pay-continuity to well spacing in Section 15 was
developed after Stiles (1976). This method calculates pay continuity by dividing the cross-sectional
area of pay zones that are continuous between a well pair by the total cross-sectional area of
continuous and noncontinuous pay zones between the well pair. Drainable and floodable pay-
continuity functions were established for each facies and for Section 15 as a whole to account for
oil recovery by primary solution gas drive and secondary waterflooding of the oil, respectively. The
drainable function was developed by combining data from implementation of the Stiles method
(1976), production history, and previous pay-continuity work on West Texas carbonate IEeservoirs
by George and Stiles (1978). ‘The floodable pay-continuity function was determined entirely from
the use of Section 15 permeability cross sections. Continuous pay between wells was measured as
floodable when there was less than two orders of magnitnde of contrast !aterally in permeability
from one well to the other. The area of continuous floodable pay was then divided by the tdtal
continuous and noncontinuous pay area between the well pair to establish the percont of floodable

pay-continuity at the distance between the wells.

Figure 7 shows the floodable continuity curves for Section 15 as a whole (combined curve),
as well as those for the grainstone-dominant and nongrainstone facies. The curves show that the
grainstone-dominant facies is more heterogeneous than the Section 15 averége and significantly
more heterogeneous than the nongrainstone facies. ‘The combined-facies curve represents the
continuity relationship corresponding to the blanket infill development of Section 15, while the
graimtone-dommant and nongrainstone - curves represent the continuity achieved from infill
development of these facies individually. Because other facies volumes for fields in the play were
not available, the distribution of mobile oil between the grainstone-dominant and nongrainstone
facies in the other reservoirs of the play was assumed to be the same as that for Section 15.
8 Although’_additional facies occur and produce oil in other portions of Dune Field, as well as other
fields in the play, it has been qualitatively shown that subtidal grainstones are commonly the

predominant producing- facies in other Central Basin Platform San Andres/Grayburg reservoirs

(Garber and ’Hafris, 1986; Ward and others, 1986).  Section 15 facies volumes were assumed for

the other fields in the play, then, to the estimate the potential of the play. Further work is
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required to determine a more precise distribution of ,faci;es and unrecovered mobile oil for the

other reservoirs in the play.

1
: |

Once established, the pay continuity functions for Section 15 were used to estimate the
: |

- P . g e | : o . o ’
volume of remaining mobile oil in the reservoir at current spacing. The facies-specific curves

indicate that pay-continuity in the gramstone-dommant facres has less drainable and floodable

continuity than the nongrainstone at the same well spacmg, 1mply1ng that the grainstone facies

contains more remalmng ‘mobile oil per equlvalent volume of rock and could be targeted for new

infill wells. For example, the floodable pay continuity curve for the grainstone dominant facies
indicates that an additional 8% of total net pay in this fames can be contacted by drilling from 20-
acre well spacing to 10-acre spacing in Section 15. This addrtlonal 8% contact corresponds to 470
thousand barrels (MB) of oil recoverable by waterﬂoodmg after infill drilling and pnmary
production in the grainstone facies. In contrast, only an addltlonal 100 MB of remaining mobile
oil, corresponding to an additional 4% of net pay in the thmner, nongramstone facies can be
- recovered through waterflooding after drilling from 20-acne to 10-acre well spacing in Section 15.

Figure 8 and Table 2 present the results of the economrc analyses for several - infill
development programs considered for Section 15. The analyses conslder infill development starting
at a pattern spacing of 80 acres per production well. Blanket mfill_prOJects- implemented in an
ongoing waterflood, for both a single drilldown (base ’cast:) and for selective reservoir-wide infill

development, are considered, along with geologically targeted inﬁll-'development in both an ongoing

waterflood and a depleted field. For blanket infill development m an ongomg waterflood, economic
recovery of 1.0 MMB is achievable at an oil price of $10 ] per barrel from infill drilling from 80 to
40 acres per producer. - Another one-half reduction in pattern spacing in Section 15 to 20 acres
per well i is economlcally feasible at $20 per barrel, where a total of 2.0 MMB are economic to
produce. Further blanket infill dnllmg below 20 acres per well i is not econormcally viable at pnces

- to $30 per barrel. | 1

A strategrc geologlcally targeted infill development program targets the more heterogeneous*

grainstone-dominant facies, allowing closer development i .1n this facies compared to that possible

t
|
I
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S Figwes

‘Results of the Economic Evaluation
- of Dune Field Section 15 for Several Different
e - Development Scenarios
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Table 2

Comparison Between Blanket and Targeted
Infill Drilling in Section 15, Dune Field

Blanket ) Targeted*
Crude Oil Minimum Econ. Econ, Recov Minimum Econ. Econ. Recov
Price Spacing Spacing
($/Bbl) (Acres/Well) (MMB) (Acres/Well) : (MMB)
Grainstone  Nongrainstone Grainstone = Nongrainstone

Ongoing Waterflood

$10 40 40 1.0 20 40 1.8

$20 20 20 2.0 10 | - 40 2.6

$30 20 20 2.0 10 40 2.6
- After Waterflood

$10 80 | 80 0 80 80 0

$20 40 40 08 20 40* 1.5

$30 20 20 1.6 10 40 2.1

*Blanket infill development to 40 acres/producer, where economic, was assumed in the targeted

development scenario.
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throughout the reservoir. Under the targeted infill drilling scenario, it was assumed that blanket -

development would "take place from 80 to 40 acres per producer. This assumes that a single

- reduction in spacing will take place reservoir-wide before advanced geologic understanding can lead

to geologically targeted infill drilling and greater €CONOmiC IECOVETYy.

The economic: analyses show that greater UMO recovery can be obtained from targeted

ki'nfill development over that obtained from blanket development. Table 2 compares the minimum

pattern spacing in each facies at which economic development can take place under both a targeted

and blanket infill development program. In addition, Table 2 and Flgure 8 show the economically

 recoverable oil for each price and development strategy considered. For example, at an oil price

of $10 per barrel, economic infill development in an ongoing waterflood in the grainstone-dominant

| facies is feasible to 20 acres per producer, compared to development to only 40 acres per well in
~ the nongrainstone facies. - (Blanket infill drilling was assumed to 40 acres per producer.)b At this
_price, a total of 1.8 MMB of UMO are economically recoverable from targeted drilling in the

~ grainstone-dominant facies, compared to 1.0 MMB recoverable from blanket development.

- To examine the effects of project timing on infill drilling economics, a scenario was

_considered where the operator waited to begin infill development until the end of waterflood
. "operations, when the section would be economically depleted at current spacing. The comparison

of the two- development timing scenarios shown in Figure 8 for the advanced targeted infill case

shows that delaying project implementation lowers the economic potent1a1 at all 011 prices and

dnllmg strategies cons1dered The early implementation of infill dnllmg results in an increase in

- reserves and an«acceleratlon in oil recovery, improving project economics. For example, at a price

of $10‘ per barrel, geologically targeted infill development is uneconomic in the depleted section,

but 1.8 MMB are economic to produce from targeted development in an ongoing waterﬂood

: Sumlar results are obtained at higher prices and for other development strategies. This analysis |
" clearly ‘demonstrates the time urgency of applying UMO recovery techniques in mature domestic

IESEIvVOIrs.

When blanket infill drilling to the minimum economic spacing is considered (selective

© reservoir-wide case), the difference in economic UMO recovery between geologically targeted and
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blanket infill drilling narrows as prices rise. This narrowing results because as prices increase, a
larger fraction of UMO in Section 15 becomes economic to develop by blanket infill drilling.

Consequently, a smaller share of the UMO target is availabl_e for strategic development. At lower

prices, less resource is economic to blanket infill drill, and therefore, the potential for strategic

development is greater.

Under blanket development, as prices rise, the; return from production in -the more
heterogeneous (grainstone-dominant) facies is sufﬁcientlv high such that the wells in the less
heterogeneous (nongrainstone) facies can be economically Esupported., For this reason, the resource
associated with these nongrainstone wells is considered economicaﬂy recoverable under a blanket
infill program. In fact, the less productive wells in the oonérainStone facies would not be economic
at the prices considered if evaluated separately. Important;ly, the economic viability of wells in the
grainstone-dominant facies improves considerably when t]?lese wells are no longer supporting the
less productive, nongrainstone wells. The wells in the graiﬁstone'-dominant facies can economically
produce at a considerably lower cost per barrel than an average well, allowing development to

closer spacing than possible under blanket development.,

In the extrapolation of the results of Section 15 to the other reservoirs in the play, each

' reservoir was assumed to be represented by the contlnulty curves for Section 15. Moreover, the.

reservoir pore volume distribution between the gramstone-dommant and nongralnstone facies was
- assumed i in all reservoirs to be the same as that emstlng m Section 15. Given this assumption, the
UMO target was determined individually for each reservorr in the San Andres/Grayburg Carbonate
(South Central Basin Platform) Play, and it was determmed ‘.that approximately 624 MMB of crude
oil represent the uncontacted mobile oil in the play techoically recoverable by infill drilling from
current spacing in each reservoir to 10 acres per producing well. Reservoir heterogeneity, as
controlled by the original depositionai system,‘ is the rrlajor5 factor inﬂuencing the remaining
recoverable mobile oil in the play. However, the prevallmg oil prices and the infill development

approach are the key factors that determine the economic recovery from the reservoirs in the play
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Under the base case, whrch assumes the 1mplementatlon of blanket infill pro;ects in ongorng- ‘

waterfloods, the followmg results were. obtalned for the play

e ‘ At an oil prrce of $10 per barrel 165 MMB would be recoverable representmg 6%
of the UMO target L v

o Ata $20 per barrel 011 pnce, 210 MMB are - economic to produce representmg 7%
- of the UMO target.

o At $30 per barrel, 220 MMB are economlcally recoverable, amountmg to 8% of the
- UMO target. =~ o : .

For' selective reservolr-wide infill vdevelopment,'.infill drilling continues to the ‘minimum

spacing economically justified in each reservoir.  This scenario assumes that sufficient geologic

' informatlon on reservou' heterogenerty is’ avarlable to assess and to 1mp1ement the dr1111ng program" '

in each reservorr where it appears feasrble and to reduce the risk associated with. reservorr-wrde 3

~infill development to closer spacmg Under this scenarlo, the potentral for the play is as. follows |

e i At an oil pnce of $10 per barrel 285 MMB would be recovered representlng 10%
R 'of the UMO target : g :

. L At a $20 per: barrel orl pnce, 465 MMB would be recovered representmg 16% of

SRR the UMO target : :

o At a price of $30 per barrel, econormcally recoverable reserves would mcrease to
o '535 MMB, 19% of the UMO target. '

A program of géolOgically targeted ‘inﬁll’development "based on a detailed, f-acies-speciﬁc -

. characterlzatlon of reservoir- heterogenerty, could appreciably i 1mprove UMO recovery economlcs

at low 011 pnces By drrectmg wells toward geologrcally favorable areas, the potentral of targeted :

* infill drlllmg in the play is estimated as follows

| « At an oil pnce of $10 per barrel recovery from targeted infill dnllmg would be 440‘v
- MMB (16% of the UMO target), 155 MMB more than could be recovered under .

- selective reservorr-w1de infill development, and 275 MMB more than that recovered' o

from the base ‘case.”
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e  Atanail price of $20 per barrel, 505 MMB of 011 (18% of the UMO target) would
be economically recoverable, 40 MMB more than that recovered from selective
- reservoir-wide infill drilling, and 295 MMB more than that recoverable from the base

case. 1

e At $30 per barrel, the recovery potentral ftom targeted drilling would decline shghtly
(from 535 to 530 MMB), relative to selective reservoir-wide infill development. The
recovery potential, however, is 310 MMB greater than that in the base case. In
addition, production in the more favorable areas would proceed at a consrderably
lower cost per barrel than average wells under blanket development at this price.

Even after infill drilling to close spacing, the San Andres/Grayburg Carbonate (South
Central Basin Platform) Play has 1,694 MMB of mobile oili that have been or will be contacted but
most of which has not been recovered, bypassed by secondary recovery operations. The recovery

_potential of this bypassed oil was not explicitly evaluated 1n thls study, although a portion of this
oil is included in the recoverable estimates. A further pdrtion of this resource would be
- recoverable from infill developrnent at closer spacing and from inrproved secondary recovery

techniques, such as profile modification and selective zone recompletion.

| X
Frio Barrier-Strandplain Play - ‘

The Frio Barrier-Strandplain Play produces oil and associated gas in the Texas Gulf Coast
Province from reservoirs characterized by a complex mterplay of clastic deposrtronal facies and
. structural elements. This prolific play is defined geologlcally by the intersection of the regionally
extensive Frio and Vicksburg Fault Zones and sandstqnes of the Greta-Carancahua barrier-
strandplain system of the Oligocene Frio Formation. The play consists of 44 major oil reaervoirs,
each having produced over 10 MMB of crude oil as df 1981.  Collectively, these reservoirs
contained original. oil in place estimated at 4.2 billion barrels. These reservoirs have produced over
1.8 billion barrels of oil to 1981 (Galloway and others, 1983) with remaining proved reserves of 0.4
billion barrels. Although overall recovery efficiencies m the Frio Barrier-Strandplain Play are
relatively high (52%, on average, considering past prodtictionr plus remaining proved reserves),
certain portions of the reservoirs have low recovery efficiencies_ and are very good,candidates for

~ infill development.
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The representatlve reserv01r selected for the Fno Barner-Strandplam Play was the 41—A' ‘

_ rreservorr in the West Ranch ﬁeld (Flgure 9) The 41-A reservorr is cons1dered to be representatlve '

~of the other reservous in the Frio Barner-Strandplam Play because it contams all of the
' predommant barner-strandplaln facxes in the play, such as barner core, txdal inlet, ﬂood-trdal delta
‘and . back- barrler lagoon Flgure 10 exh1b1ts the typ1cal facies components found 1n the play_

: ‘Addltronally, the values of many key reservoir propertles in the 41-A reservoir, such as. recovery‘ L

| efficrency, porosny, and res1dual 011 and water saturatlon, are similar to the average values for the

other reservorrs in the play

Galloway and Cheng (1985) prewously mapped the distribution of the three main barner-.' ‘

island fac1es in West Ranch ﬁeld The 41-A reserv01r consists of strlke-parallel barner-core facies

‘J with tabular geometrtes These barner-core fac1es have been eroded in somelsegments of the
 reservoir by d1p parallel tldal-mlet facws that are lentlcular in cross sectlon The tldal-mlet facies’ ‘ .
comprrses about 50% of the reservolr by volume and the Dbarrier- -core- facies constrtutes

: approxrmately 31% Both of these facres grade updrp into thm ﬂood-trdal delta and muddy back—‘
S :barner lagoonal fac1es wh1ch make up the remarmng 19% of the reservorr volume Although the o

barner-core fac1es is mternally homogeneous, the tldal-mlet facres is hlghly var1able 1in nature and‘ o

’ ‘contams large varlatlons in sandstone content and sedlmentary structures " Uncontacted =

= compartments in the 41-A reserv01r are located m the trdal-mlet fac1es as well as in the ﬂood-._

i ttdal deltas and washover fans wh1ch compnse the seaward side of the. back-bamer |

_ The Stlles (1976) pay—contmmty rnethod was mlttally consldered for use in the pay-contlnulty Sl

analysrs of the 41-A reservoir. However, this method was not apphcable to this reserv01r because

Cit was ongmally developed for reservous in Wthh the pay zones occur as- thln, dlscontmuous

strmgers In the relatrvely unstratlfled 41-A Teservoir, the StllCS method ylelded values of pay'

. ; ;contmulty that mcreased w1th d1stance between well parrs, mstead of decreasmg in accordance wrth
’ geologlcally based expectatlons Therefore, an’ alternate method of estabhshmg pay contmulty was'v

' "-dev1sed, based on kh (permeablhty multlphed by pay zone thlclcness) ratios between ad]acent wells e
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Data from 41 wells on five cross sections that'intersfect all major facies in the 41-A reservoir
were used in the pay-continuity analysis. - The kh values m each well were extrapolated from a
resistivity-permeability relationship between whole-core data and deep-induction resistivity log
response as developed by Galloway and Cheng (1985). For adjacent wells on the cross sections,
the pay continuity was defined simply as the kh ratio between the wells. To determine pay
continuity between two wells separated by large distances,rj the kh ratios between each intervening

well pair were multiplied together. This process resulted in decreasing pay continuity over

increasing distance ‘between wells. Individual pay-continuity functions were constructed for each |

facies in the 41-A reservoir, as well as for the reservoir as a whole. A comparison of the facies-
specific and reservoir-wide continuity curves in Figure 11 shows that. the back-barrier and tidal-
inlet facies are considerably more heterogeneous than the barrier-core facies and the reservoir as
a whole. The greater net pay thickness of the tidal-inlét fa{cies combined with its relatively low pay
continuity give it the greatest potential for infill development. In addition, other infill opportunities
exist along the edge of the back-barrier facies, where tidal-idelta and washover-fan sandstones pinch
out into lagdonal mudstones on one side and into barﬁer-cbre aﬁd tidal-inlet deposits on the other.
These sites coincide with areas where variations in lateral and vertical permeability are greatest in

the reservoir.

The results for the analysis of the 41-A résewojr show that geologically targeted infill

- development also leads to increased economic recovefry over that achieved under blanket

development. A compafison of the economic potential of blanket and geologically targeted infill

| drilling in the 41-A reservoir is shown in Figure 12 and in Table 3. For a single blanket reduction
in spacing in the reservoir from 80 to 40 acres per well '(the base case), only 13.0 MMB would be
‘ économically recoverable at an oil price of $10 per barrel. ;H0wiever, at the same price, 22.5 MMB
would be economically recoverable .from selective reservoifr—widé infill development to a minimum
spacing of 20 acres per well in all facies. No additional re$erve‘s are added from further reservoir-

wide development at oil prices up to $30 per barrel.

At $20 per barrel, 27.0 MMB could be economicalljr recoverable from targeted infill

“development, 20% more than selective reservoir-wide infill development and 108% more than that
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Figure 11

W P'ay-‘Continuity Functions in Major Facies
| and Combined Facies for the 41-A Reservoir,
R ‘West Ranch Field |

- (after Galloway and others, 1983; Tyler and others, 1984)
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Figure 12

| Comparison of the Economic Potential of
Blanket and Strategic Infill Drilling in the
West Ranch, 41-A Reservoir
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Companson Between Blanket and Targeted

Inﬁ]l Drilling in the 41-A Reservoir, West Ranch Field

Crude Oil
Price Spacing
(§/Bb1) (Acres/Well)
- $10 20
$20 20
$30 20

Minimum Economic Economically
) Recoverable Oil

TI = tidal-inlet facies -
BC = barrier-core facies
BB = back-barrier facies

(MMB)

22.5
22.5

22.5

Targeted

Minimum Economic Economically

Spacing Recoverable Oil

(Acres/Well) (MMB)

T BC BB

10 40 40 234

10 20 20 27.0

10 20 10 293
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from the base case. At $20 per barrel, the tidal-inlet faciesi could be developed to a pattern
spacing of 10 acres per well, while both the back-barrier anid barrier-core facies could be developed

‘to only 20 acres per well.

For purposes of extrapolating the results for the representative reservoir (and each facies
“within the reservoir) to the other reservoirs in the play, each reservoir was assigned a specific

volumetric distribution of facies. Each facies is characterized by a unique pay-continuity curve.

All of the reservoirs in the play were analyzed in order to determine an estimate of relative facies

volume in each. This analysis resulted in six facies volume-disfribution types, with each reservoir
being assigned to an appropriate type. Reservoirs for which facies-volume information was
unknown were assumed to be similar to the West Ranch 4i-A reservoir, and were assigned the 41-
A facies-volume distribution by default. Other individual reservoir properties, including porosity,
initial and residual oil saturation, and formation volume factors, were also used in analyzing the

play-wide recovery potential.

Under a program of infill development to 10 acres per producer, the technically recoverable
crude oil resource in the Frio Barrier-Strandplain Play is approﬁmately 263 MMB. The economic
viability of achieving this potential varies depending on' crude oil prices and the development
strategy undertaken. Since most of the reservoirs in the play produce from a strong water drive
and are already near the end of their project life at existing spacing, only infill development starting

at the end of current operations was considered..

Under base case conditions, assuming a' single, blanket reduction in spacing of all infill

projects in the play, the following results were obtained:
. At an oil price of $10 per barrel, 90 MMB of oil would be economic to produce,
. representing 10% of the UMO target.

° * At prices of $20 per barrel, 120 MMB are economlcally recoverable, representing
13% of the UMO target. ~

. At a price of $30 per barrel, 130 MMB are economically recoverable, representing
14% of the UMO target.
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- ~ Selective reservoir-wide 1nfill development to the minimum pattern spacing economically
Justlfled would be based on suffic1ent geologic information on reservoir-wide heterogeneity to
Resdbie . reduce the risk assocrated with 1nfill dnlhng programs of this: scale ~Under this »scenano, the -

o followmg results were obtarned

. At 011 pnces of $10 per barrel 115 MMB of 011 (representmg 13% of the UMO
; target) would be economlcally recoverable .

/ _ e Atan 011 price of $20 per barrel, 190 MMB of 011 (21% of the UMO target) would
~ be economrcally recoverable

S e Ata prlce of $30 per barrel 240 MMZB of oil (26% of the UMO target) would be
- ' ' economlcally recoverable

U A program of geologlcally dlrected mflll development based on a sugmficant level of intra-
- reservorr geologlc knowledge could apprec1ably 1mprove the economic v1ab111ty of crude oil recovery;

W in the play at low oil pnces

" e Atanoil price of $10 per barrel, approximately 150 MMB of oil (16% of the UMO
- target) is recoverable, 35 MMB more than is recoverable from selective, reservoir-
S wide infill development and 60 MMB more than that obtained from the base case.
The bulk of the: Iow-cost resouroe would be produced from the t1dal-1nlet fac1es

~ be economically recoverable, 25 MMB. of oil over that obtained from selective

' base case

. At a price of $30 per barrel 245 MMB of oil (27% of the UMO target) are
potentially recoverable. This is only 5 MMB over that obtained from selective,

‘base case. However, per barrel costs in the development of heterogeneous, more
‘ . »prohﬁc portions of reservoirs would be substantlally less than the average per. barrel o
S - costs under blanket development. .

mlmmum economlc spacmg narrows in’ the Fno Barner-Strandplam Play in a manner sunllar to
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e At an 011 pnce of $20 per barrel 215 MMB of oil (24% of the UMO target) would

R o reservoir-wide infill development, but 95 MMB more than that obtained from thev v .

reservorr-w1de infill development, but 115 MMB more than that achieved from the

The dlfference in recoverable oil from full blanket and. strateglc mfill development to a , ) |



that which would occdr in the San Andres/Grayburg Carhonate (South Central Basin Platform)

| Play. Under geologically targeted development, a large fraction of the total resource recoverable

at $30 per barrel is actually recoverable from the tidal-inljet facies at costs below $10 per barrel.
The remaining economically recoverable oil at prices of $3'(l pert barrel will come from the relatively
thin back-bamer facies and the relatively continuous barner-core facies. At lower prices, a much
smaller portion of the resource is recoverable under blanket development When higher prices are
achieved, more of the reservo1r becomes economic for blanket development, and the: economlcally
recoverable reserves under this scenario catch 1 up with that obtamable from strateglc development.

_ | _
Finally, in the Frio Barner-Strandplam Play, onl)) 48 MMB of ail would be cons1dered

bypassed, out of a total UMO resource of 910 MMB. The low proportion of bypassed oil occurs

because the clastic reservoirs of this play exhlblt low vertlcal heterogenelty, resulting in high vertical

sweep efficiencies. The average sweep effic1ency is alsol enhanced by the low oil viscosity and
strong natural water drive expenenced in most IESEIVOIrs | m the play. These factors combine to

: sxgmﬁcantly enhance the sweep efﬁc1ency of, and resultmg recovery by, primary and secondary, ’

~ recovery operations. ;

, . L

Clear Form Platform Carbonate Play
| ?

The Clear Fork Platform Carbonate Play, located on the Central Basin Platform of the

Permian Basin in West Texas, produces oil and assocrated gas from heterogeneous interbedded

~ carbonate and clastic reservoirs in the Leonardian Series of Perm1an age. The play cons1sts of 13

major reservoirs which have each produced over 10 MMB of crude oil as of 1981. Collectlvely, _
these reservoirs contamed over 4.4 billion barrels of ongnal 011 in place and have produced 840
mllhon barrels of oil to 1981 (Galloway and others, 1983). The high heterogeneity in these

reservoirs leads to low recovery efficiencies, and therefore, considerable quantities of unrecovered

" mobile oil. Al of these reservmrs have reached pnmary depletlon, and secondary recovery

programs are currently underway

TheRobert,son Clear Fork Unit in Robertson North field was selected as the representative

study area in this play (Flgure 13). Having undergone an? intehsive program of infill drilling, the
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F zgure 13

Locatlon of the Clear Fork Platform Play
. and Robertson Clear Forkanlt

(after Galloway and others, 1983)
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Robertson Clear Fork Unit served as a useful model for assessmg the potent1a1 for infill dnlhng
in other ﬁelds in the play. Because of insufficient data however, no facxes-spec1f1c geological
analyses were conducted, and therefore, no fac1es-spec1f1c contmulty relationships were established.
As a result only the potential of blanket infill development was assessed for this play. The

reservoir-wide drainable and floodable continuity functlons used for the analysis of Robertson Clear

~* Fork Unit, developed by Barbe and Schnoebelen (1987), - are shown in Figure 14. The Robertson

Clear Fork Unit is located in the southern part of the Rol:erts‘On North field on the northeastern
~ edge of the Central Basm Platform in southwestern Gam‘es County Robertson North is one of
several fields located within a trend of anticlinal structures | developed on the margin of the
platform; it occupies the southeast .end of a large asymmetncal anticline (Neel, 1957). Many of
the reservoir units in the Robertson North field, partlcularly in the Lower Clear Fork Formation,
are shelf dolomites with interbedded siltstone and shale (Phlpps, 1969)
l

The Clear Fork Platform Carbonate Play is geologlcally s1m1lar to, yet distinct from, the San
Andres/Grayburg Carbonate (South Central Basin Platform) Play. The reservoirs of both plays
produce crude oil predommantly from carbonate subtidal gramstone bars or shoals (Mazzullo, 1982;
Garber and - Harns, 1986; Bebout and others, 1987) Although reservoirs of both plays exhibit
extreme heterogeneity due to depositional compartmentahzatlon, Clear Fork reservoirs appear to

be more complex than San Andres/Grayburg IESEIVOirs as they exhibit up to 70 md1v1dual pay

: stnngers, each only 1 to 3 feet thick. The large number of thm pay stringers in the Clear Fork

Platform Carbonate Play may be attributed to a smaller scale but greater number of depositional
~ cycles than recognized in San Andres/Grayburg .Reservoirsjv. The slightly greater complexity of the
Clear Fork Platform Carbonate Play reservoirs is reﬂected in'lthe fact that their overall average
recovery efficiency of 21% is lower than the average Sant Andres/Grayburg recovery efficiency of
26% (Galloway and others, 1983; play recovery effic1ency average is welghted by the ongmal oil

~ in place of each reserv01r) : ' |
l

Post-deposrtlonal d1agenes1s in Clear Fork Platform ﬁelds was similar to that in other
~ Permian fields in West Texas such as Dune field (Bebout and" others, 1987). Although d1agenes1s

significantly decreased the amount of original poros1ty, the orlgmal deposmonal environment was

|
t
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Figure 14

Reservoir (Pay) Continuity Versus Horizontal
Distance Between Well Pairs,
‘Robertson Clear Fork Unit

Determined by Geologic, Pressure‘, and Numerical Analyses
(after Barbe and Schnoebelen, 1987)
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a controlling factor in the preservatlon of some 1nterpartlcle poros1ty Moldic and mterpartlcle

porosity are the most common porosity types in the reservous of both the Clear Fork Platform

- Carbonate Play and the San Andres/Grayburg Carbonate Play, but intercrystalline and vugular

porosity also occur. Minor occurrences of secondary vugular poros1ty in the Clear Fork was caused

by late-stage dissolution of dolomite and anhydride cememt

Crude oil prices, infill dr1ll1ng strategies, and the tlmmg[ of lllflll development again govern '

the economics of infill development in the play. This is ﬂlustrated by the results of the detailed

analysis of the Robertson Clear Fork Unit shown in Figujre 15 aud summarized below:

06L.0211.

At an oil price of $10 per barrel, approydmately 14 MMB would be economic to
develop 'from a single blanket drilldown in the unit from 80 to 40 acres per

producer.

At $10 per barrel, approximately 28 MMB of 011 would be economic to produce if

selective,. eserv01r-W1de infill development was 1mt1ated in an ongoing waterflood

* at an 80-acre pattern, with economic development feasible to 20 acres per producer _

|
[
l

If selective reservoir-wide infill development ‘was not initiated until waterflood
operations ceased on an 80-acre pattern, only 12.5 MMB of oil would be economic

to produce at a $10 per barrel oil price. E‘l’conoinic development would be feasible

only to a 40-acre waterflood pattern, representmg a smgle one-half reductlon in

pattern spacmg v ' ;

|

~ If oil prices rise to $20 per barrel no add1t10na1 incremental oil is economic to
produce from an ongoing waterflood in the unit. Tha_t is, 28 MMB would be -

recoverable at this price under selective reservoir-wide development, the same

volume that was economic at $10 per barrel.
' l
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o . If the selective reservoir-wide infill project was initiated after waterflood operations
had ceased at 80 acres, only 25 2 MMB are: economically recoverable at $20 per

barrel, with econom1c development feasible to-20 acres per producer.

Under a program of selective, reservoir-wide infill development from current spacing to 10.

acres per well in ongoing waterfloods in reservoirs in the play, the technical recovery potential in

the Clear Fork Platform Carbonate Play is 308 MMB of crude oil. The potential economic UMO
recovery in the play is approximately 95 MMB of oil (7% of the UMO target) at an oil price of

$10 per barrel under the base case, corresponding to the base case single reduction in spacing in

all reservoirs (most reservoirs in the play are at a current spacing of 40 acres per well or less).

Approximately 170 MMB of oil (13% of the UMO target) are recoverable under the base case at

il prices of $20 per barrel. At a $30 per barrel oil price, 210 MMB of oil (16% of the UMO

target) become economic to -produce from selective reservoir-wide infill developmenf to the

minimum spacing economically justified, while 170 MMB would be economic in the play under base

case conditions.

The Clear Fork Platform Carbonate Play has an estimated 282 MMB of mobile oil that are

currently contacted, but most of which is bypassed by current operations. Most of an additional

156 MMB of mobile oil would be contacted but bypassed under a blanket infill drilling program

to 10 acres per producer The economic recovery potentlal of this remaining bypassed oil, a total

of 438 MMB, would be the target for improved secondary recovery techniques.

 SUMMARY OF THE THREE-STATE REGIONAL ANALYSIS

SUMMARY OF METHODS

N ebarly 500 reservoirs containing almost 112 billion barrels of the original oil resource, over

one-half of the total resource in Tekas, Oklahoma, and New Mexico (and nearly one-quarter of -

“the total domestic resource), were evaluated in thisvanalysis. UMO potential was analyzed for the

three states using the expanded and upgraded TORIS system originally developed by the National
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Figure 15

| ~ Effect of Project Timing on the Economics

Economically Recoverable Crude Oil

- 0610211
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"Petroleum Councrl (NPC) in thelr 1984 assessment of enhanced orl recovery (NPC 1984) In 1988 »

DOE expanded the capabrhtles of TORIS to mclude the evaluatlon of the UMO resource. - This ‘

» expanslon 1ncluded the development of a senes of analytrcal models used in the TORIS system and
~an upgrade of the data base to mclude more detalled geologrc 1nforrnatron in Texas Oklahoma L

. _and New Me)nco '

Whrle TORIS was developed to evaluate the enhanced oil recovery of 1mmob1le oil, the |

- .system structure also proved to be’ well-sulted for analyzmg UMO recovery potentlal. TORIS‘ .

- utilizes detailed engmeermg evaluatlon techmques, cons1der1ng data for 1nd1v1dual TESErvoirs: to

L'predlct recovery, operatmg costs, requrred mvestments and ultlmately, prolect economrcs The

: 'system evaluates mvestment and other costs based on geographrc locat1on depth and operatmg

i .condltrons of the reservorr and can vary these costs along with the engmeermg des1gn and the oil
’ipnce bemg assessed Cntlcally 1mportant to the UMO recovery analysrs is, the ab111ty of TORIS’ -

“to evaluate individual reservorr performance based on dlstmct rock and fluid propertles ‘Another

- integral aspect of TORIS is its ablhty to model vanous economrc and technologrcal cond1tlons, o

‘ ﬂem’brhty which allowed UMO recovery evaluatrons to be conducted over arange of real oil pnces.

o ‘(from $12 to $36 per barrel) and under two technologrcal scenanos current and advanced

o The current technology scenano evaluated the mcremental recovery that would result from‘

o a systematlc UMO recovery program that utilized current productlon techmques Three recovery "

o ,‘processes currently used for 1mprovmg mobrle oil dlsplacement were evaluated infill dnlhng,.
permeabrhty rnod1ficat10n treatments, and polymer-augmented waterﬂoodmg Th1s analysrs was
. undertaken assummg two levels of geologrc understandmg and usmg two classes of polymers The
: ‘ frrst level correspondmg to a base case technology scenano reflected limited geologlc understand- '

_ing of reservorr heterogenelty and the techmcal shortcommgs of currently avallable polymers used
W:m the field The second level correspondmg to the advanced technology scenarro, reﬂected the B
" impact of a s1gmﬁcant1y lmproved understandlng of reservorr heterogene1ty and 1mProvements in |
advanced waterﬂoodmg techmques that increase the apphcablhty and productrvrty of these

ks :'processes In the advanced case, 1t was also assumed that 1mproved polymers would be avallable e
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’ increasing»the mardnmm temperature and salinity at whicﬂ advanced waterﬂooding processes can
be applied in selected reservoirs. L '
» Potentlal incremental - recovery from infill drlllmg was estlmated from the 1ncreased sweep
efficiency of similar reservoirs already operating at closer well spacing. - Continuity curves that
relate reserv01r areal sweep to well spacing were derived for various geologically classified reservoir
types. These curves were used to calculate the increase in reservoxr contact that would result from
a given decrease in well spacing. This incremental reservorr contact was then entered into a
predictive model to determine the additional waterflood recovery; associated with the given decrease

in well spacing. Costs were calculated based on the numl)er of new wells required to be drilled

i
|
|

|

1
and operated in order to achieve the reduced spacing level.
To ensure analytical consistency, the continuity curjves cleﬂved for the study were used as
the basis of both the current (blanket infill drilling) and advjanced technology (geologically targeted

_infill drilling and advanced secondary recovery) evaluationsl. The advanced geologic interpretation

assumption inherent in the advanced technology- evaluation was incorporated by dividing each

- reservoir into two segments -- a more heterogeneous: segment and a less heterogeneous segment
-- as previously displayed in Frgure 3. In the base case, mﬁll dnllmg ‘potential was estlmated
- reservoir-wide under the assumption that sufficient wells were drilled to reduce the entire reservoir

~ spacing to one-half its current level, with each well encountenng the "average" continuity for that

_ spacing. In addition, further reservoir-wide infill develoﬁment was considered to the minimum-

| pattern spacing economically justified at a specified pricef,' assnming the availability of sufficient
| geologic information to allow operators to justify the risk of sucli intensive blanket infill programs.
In the advanced case, each reservoir segment was analyzed mdependently, and drilling in exther

segment could continue down to five acres, or one-elghth of current spacing, the maxrmum decrease

in well spacing allowed in this evaluation. l

Each reservoir was mdrvrdually analyzed to determme the recovery processes that would be

economically vrable either in the entire reservoir or in 1nd1v1dual reservoir segments. The analytlcalv
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system then ass1gned one of these processes to each TESErvoir or reservorr segment by determmmg.

wh1ch process generated the largest mcremental oil recovery

: At each technology level, two separate" ‘anfalyses‘_w_ere- conducted.  The. first ’analysis o

evaluated incremental recovery when only one of the three recovery processes considered was .

assigned to each reservorr OT TESEIVOIr segment The second analy51s was structured to reflect the

economic v1ab111ty of selectively combrmng recovery. processes Since combrmng mﬁll dnlhng w1th -

"polymer ﬂoodmg or permeablhty contrast reductron further improves sweep efﬁcrencres the analysrs -

was conducted to examine the impact that these selective com_bmatrons had on incremental mobile

- oil recovery.

- DISCUS_SION‘ OF RESULTS

The results of the three-state study 1nd1cate that current UMO recovery techmques are

| economlcally viable at low oil pnces and could recover over one billion barrels of the resource

| analyzed at $12 per barrel, as dlsplayed in Flgure 16 This assumes base case cond1t10ns, or a

smgle, one-half reduction i in pattern spacmg for all reservoirs which are economic to develop by

“;blanket mfill dnllmg, and 1ncludes recovery from 1nﬁll development and conventronal advanced ,
o ‘secondary recovery processes Recovery would increase to nearly 1.4 billion barrels and-1.8 billion
‘barrels at $16 per barrel and $20 per barrel respectrvely, for the base case. Recovery is less
y sensrt1ve to further oil pnce escalatlon, growmg to 2.1 billion barrels at $28 per barrel and 23

~ billion barrels at $36 per barrel, the h1ghest 011 price analyzed

- Advanced technology‘substantially_increases UMO recovery potential. As Figure 16 also

shows, recovery from advanced techniques could ”practically triple recovery from the base case,

 leading to productlon totals between 3.5 billion (at $12 per barrel) and 6.8 blllron barrels (at $36 o
vf per barrel) The upper end of thls range represents recovery of over 28% of the UMO resource

*estlmated to reside in the analyzed IESEIVOIrs.
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In th1s analys1s, infill drﬂlmg was determmed to be the smgle most effectrve process for the‘ __ : 0

il E potentlal recovery of UMO accountmg for between 70% and 90% of the total recovery from the

analyzed reservorrs Figure 17 shows the recovery potent1a1 from only 1nﬁ11 dnlhng in the three
o states for three levels of infill development - base case; select1ve reservorr-w1de infill development -
. : to a nummum pattern spacing economlcally ]ustlfied (maxrmum of three dnlldowns), and

o geologlcally targeted infill development to a mmlmum economrc spacmg As stated prev10usly, base ’

: | 'case technology could result i m 0. 6 brlhon barrels of economlcally recoverable oil at. $12 per barrel -
1.3 bllllon barrels at $20 per barrel and L 8 billion barrels at $32 per barrel. This scenario assumes
that operators would be unwﬂhng to assume the nsk of further blanket development (i.e., more .
| than one dnlldown), w1thout the acqu151tlon of more detarled geologlc mformatron on reserv01r-b‘

heterogenelty However, if operators acqulred sufﬁcrent geolog1c mformatlon on their reserv01rs '
- to reduce the risks assoc1ated with' blanket 1nf111 dnllmg to very close spacmgs, then 23 bllhon
- ;barrels could be economlcally recoverable from selectwe reservorr-w1de infill development at $12
T per barrel, 4. 0 brlhon barrels could be recoverable at $20 per barrel and 5 1 bllhon barrels could.

be recoverable at an oil pnce of $32 per barrel

Geologlcally targeted mﬁll dnllmg could be between three and four tlmes nmore productrve = “

e than base case development Under geologlcally targeted development 28 bllhon barrels could be

econom1cally recoverable ata $12 per barrel 011 prlce, 45 bllhon barrels could be recoverable at o

: $20° per barrel and 5. 7 bllhon barrels could be econormcally recoverable at'a pnce of $32 per, o

barrel

 Advanced secondary recovery usmg polymer ﬂoodmg and profile mod1ﬁcat1on treatments L

would be less prollﬁc than mfill drlllmg but could result in over 300 million addltlonal barrels of = |

: UMO recovery in the three states. Polymer ﬂoodmg 1mproves the moblhty ratio of oil to water,

e ':wh1ch increases sweep efﬁcrency, wh11e profile: modrﬁcatlon increases the: sweep eff1c1ency of water

‘j:floods, mcreasmg orl recovery from zones of lower permeablhty ‘The most effectlve appl1cat10n

~of these processes is m combmatlon w1th mfill dnlhng These advanced methods of waterﬂoodmg. 5 h

o decrease water productlon m mature pro;ects reduce operatmg costs 1mprove cashﬂow, extend the- Ty

: -vkpro]ects economic hfe and i mcrease recovery The overall recovery attnbutable to these |
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Recovery Potentlal of Infill Drilling from
Analyzed Reservoirs in Three States
Texas, Oklahoma, and New Mexico
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_v 'techniques, alone or .inse:lected combination with infill drilling, could total 400 to 600 MMB of oil,
regardless-of the oil price. or level of technology | Although this volume is small when ‘compared ..
‘with the recovery potent1a1 from infill dr1llrng alone, these relatrvely low cost techmques have-
unique apphcatrons and’ represent the only economic altematlve for UMO recovery in many ’

Ieservoirs analyzed

Table 4 summarizes the results of the three-state study The nearly 500 reservoirs evaluated
_ongmally contamed 112 brlhon barrels of oil. After conventional pnmary and secondary productlon
~is complete, almost 25 billion barrels of mobile orl resource w111 remain unrecovered in these
:reservorrs This oil represents the UMO target for the Tecovery processes analyzed in this study v
~An oil price of $12 per barrel 640 MMB could be recovered in the base case. Given the
- -additional recovery poss1ble from - polymer flooding and profile mod1ficatron, as’ well as selective
: combinations of these advanced waterflooding processes w1th blanket infill dnlhng, recovery could
increase to 1.0 billion barrels, about 4% of the target resource. ‘An increase in oil pnces to $20 '

- per barrel could nearly double the recovery potential, with 1.3 billion barrels possible from 1nfill '

. dnllmg alone and nearly 1.8 billion barrels possrble from the apphcatlon of combmed processes '

 Advanced technology could dramatiCally‘ increase UMO recovery potential, even at lower
S oil prices;.'- At an oil price of $12 per barrel, -geologically» targeted infill .vdrilling; alone could recover
» nearly 2.8 billion barrels of UMO, over 11% of the total target resource evaluated. Combined

~ processes in the geologically targeted case are projected to produce nearly 35 billion barrels at this
price, around‘ 14% 'of 'the target oil. With h1gher oil prrces of $20 per barrel ‘these recovenes
“could increase to over 4.5 billion' barrels from strategrc dnlhng and over 5.2 bllhon barrels from

: comblned processes 18% to 21% of the analyzed UMO target respect1ver

Selective reservoir-wide infill development in- each reservoir could also increase recovery

" over that from the base case; assuming operators have sufﬁc1ent geologrc 1nformat1on to. justify the -

- risk of mtenswe blanket infill development of selected reservon‘s This information would 1dent1Iy RIS

those reservorrs with the greatest infill potentlal and would allow for the further development of

specrﬁc Teservoirs showrng promrse However the increase m recovery is not as great as that
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Table 4

Summary of Unrecovered Mobile Oil Recovery Potentlal from Analyzed

Reservoirs in Three States --

Texas, Oklahoma, and New Mexico

(All Crude Qil Values in Millions of Barrels)

Original Oil in Place
Original Mobile Oil in Place

Estimated Ultimate Recovery by
Current Means

Target Oil
Economic Recovery at $12/Bbl

Base Case

Selective, Reservoir-Wide Infill

Geologically Targeted Infill

Current Technology with Combined Processes
Advanced Technology with Combined Processes

Economic Recovery at $20/Bbl

Base Case

Selective, Reservoir-Wide Infill

Geologically Targeted Infill

Current Technology with Combined Processes
Advanced Technology with Combined Processes

111,700

63,200

38,700

24,500

- 641
2,305
2,794
1,042
3,462

1,290
3,997

4504

1,779
5,205

(3%)"

(O%)

(11%)

(4%)
(14%)

(5%)
(16%)
(18%)

(7%)
(21%)

*Percentages represent the fraction of the UMO target 011 economically recoverable at that pnce

and level of development.
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“Ufobtarned from geologlcally targeted 1nﬁll development and the apphcatlon of advanced secondary

recovery processes, s1nce 1t lacks facres—specrﬁc dehneatron and characterlzatron
X ,’COMPARlSON BETWEEN THE iREsERvoIR/PLAY A_ND':'I'HREESTATE STUDIES

E Both the reservorr/play studies and the three-state analysrs show that-a s1gn1ficant portlon
‘of the UMO resource could be economrcally recoverable at low-to-rnoderate oil pr1ces =
‘ ‘Furthermore, both studres show that at low oil | pnces, geologrcally targeted lllflll development could-

result in the recovery of consrderably more orl than that achieved from blanket development

For the two plays where strateglc mfill development was consrdered the results show that

at an 011 pnce of $10 per barrel approxlmately 16% of the UMO target is potentrally econom1cally

| ’recoverable from geologrcally targeted infill drrlhng, two to three tunes the oil recoverable from the

o base case (Table 1) At this price, targeted mtra-reservorr development could recover 30 to 50% .

more than selectrve reservorr-w1de mﬁll development to the rmmmum spacing economlcally o

L ‘»]ustrﬁable in each reservorr At an. 011 price of $20 per barrel, geologlcally and targeted strategrc , o

- development could recover 18 to 24% of the UMO target in the San Andres/Greyburg and Fno e |

i Barner-Strandplam Plays, respectrvely, over 150% more than that recoverable from the base case - o

. and 10 to 15% more than that recovered from selectrve reservon-wrde mﬁll development
~In the: three-state study, geologlcally targeted mﬁll development also results in substantrally‘,"
- more recoverable oil at low-to—moderate pnces than that achleved from blanket development At

~an oil prrce of $12. per barrel geologrcally targeted mﬁll development could recover 11% of the,

e UMO target At th1s pnce recovery could mcrease to 14% of the UMO target when advanced ‘

” secondary recovery processes are combmed with targeted infill dnlhng Th1s recovery is five times

- that. resultmg from the base case and 20 t0 50% more than that recovered from selective reservorr— .

 wide 1nfill development (Table 4). At $20 per | barrel targeted infill development recovers 18 to e

A "‘21% of the UMO target (dependmg on whether or not advanced secondary recovery processes are o

also cons1dered), three to four times that recovered from the base case and 15 to 30%. more than e

= that recovered from selectrve reservorr-wrde development
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A comparison of the results for the individual play analyses and the three-state study for

mﬁll drilling only is presented in Table 5. In the two relevant plays, targeted-infill development
could result in 150 to 300% more oil than blanket infill dnlhng at oil prices of $10 to $20 per
barrel, when compared to the base case. In the three-state study, targeted development could
recover 300 to 500% more oil than resulted from the base case for the same range in prices.
Thus, the difference in potential recovery between advanceEd‘ geologicallyvtargeted and blanket infill
drilling in the three-state study is roughly twice that "obtai}ned in the detailed play analyses. The -
- difference between blanket and targeted infill development in the play studies pertains to only the
further targeted development of the major reservoirs established initially as making up the play
(Galloway and others, 1983). In the three-state study, o?n the other hand, at least part of the
difference between blanket and geologically targeted infill development is due to the fact that more
UMO resource is considered for the geologically targetEed case. Additional reservoirs in the
regional study become economic under the more efficient, lgeologically targeted development case.
These reservoirsare not economic under blanket de\’relorimenti at the same price. This addition
of reservoirs results in a related increase in reserves. -On average, over the price range considered,

about 50% of the incremental reserve additions between blanket and geologically targeted
h development is the result of the further dev_elopment of reservorrs that were economic to blanket
infill drill at the same or lower prices, and 50% is attributable_to drilling in reservoirs which were
uneconomic to develop without geologically targeted infill dn]lmg If the addition of new reservoirs
in the three-state stndy is not considered the incremental r!ecovery'from targeted infill drilling over
that from blanket development is similar in the three-state regional analys1s and two reservoir/play
- studies in which geologically targeted infill dnlhng was analyzed ‘

In comparing the results for the reservoir/play studies and the three-state study, shoWn in

Table 5 for all prices and development strategies oons1dered the portion of the UMO recovered

was higher in the plays than in the three states as a whole This results because the 1nd1v1dual .

plays selected for detailed analysis exhibited high heterogenelty and thus, better-than-average infill
potential. In the three-state study, on the other hand, a w1de vanety of reservoirs was represented
and included reservorrs w1th various levels of reservoir heterogeneity Subsequently, both lower and

higher cost infill development candidates were represented and analyzed
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Table 5

Comparison of Results for the Individual Play
Analysis and the Three State Study for Infill Drilling Only*

(All Values are in Millions of Barrels)

Total of | Total of
Three Plays Three States
Original Oil in Place 19005 111,700
Original Mobile Oil in Place 10,571 . 63,200
Estimated Ultimate Recovery ’ . |
by Conventional Means _ 5,513 38,700
UMO Target 5,058 B,737]** 24,500
Economically Recoverable
at $10/Bbl
Base Case 350 (7%) 641 (B3%)
Selective Reservoir-Wide ' 495 (10%) 2,305 (9%)
Geologically Targeted 595 - (16%)** 2,794 (11%)
Economically Recoverable
at $20/Bbl
Base Case - | 500 (10%) 1,290  (5%)
- Selective Reservoir-Wide 825 (16%) 3,997 (16%)

Geologically Targeted - 810 (22%)** 4,504 (18%)

*Percentages represent the fraction of the UMO target oil economically recoverable at that price and level
- of development. ’

**Totals are for only the two plays where the strategic infill development potential was evaluated.
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Finally, the gap between geologically targeted and sellectix?e reservoir-wide infill development
tended to decrease as prices increased in the play and the three-state analysis. ~ As stated
previously in the presentation of the play'analyses results, as prices rise, a larger portion of the
target resource becomes economic for blanket developnlent, precluding substantial incremental

i

increases in recovery from further geologically targeted development.

‘An important ‘economic consideration, however, . 1s that given a fixed UMO resource,‘
geologically targeted infill development will result in lower costs per incremental barrel recovered
and, therefore, greater return on investment for operators. Substantlally lower costs will result even
where the incremental recovery of geologically targeted development over selective reservoir-wide
development is small, since under targeted infill dnlhng, development focuses on the most

promising portlons of the reservoir.

This is shown in Figure 18 for the San Andres/Grayburg Carbonate (South Central Basin
Platform) and Frio Barrier-Strandplain Plays. The total cost pei: barrel of oil recovered from infill
‘development is displayed for three oil prices and the three dulling scenanos considered. These
costs include all development and operating costs and tax obhgauons When comparing the results
in Figure 18 to the reserve additions results shown in Figure 4, the analyses show that the reserves
| added from targeted infill development are obtained at equivalent or lower costs compared to
reserves added from blanket development. At low oil pﬁces‘ near $10/Bbl, where the development
costs per barrel are- roughly equivalent, significantly more reserves are added from targeted
development. At higher oil prices near $30/Bbl, on the other hand, where reserve additions from
infill development are similar, the costs per barrel for targeted infill development are considerably

lower.

Similarly, in the three-state study, an analysis wa53 struotured to evaluate the effects that
geologically targeted wells would have on investment and operatmg costs in a common set of
reservoirs under similar development assumptions. First, the base case scenario estimated the costs

of a single blanket drilldown in each reservoir analyzed. Second, the evaluation was extended to
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Fi igure 18

Cost* Per Barrel Comparlson for
' Two Texas O|I Plays |

San Andres/Grayburg (South Central Basm Platform) Play, -
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e |
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_ Frio Barrier-Strandplain Play

24,
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16
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‘Cost Per: Barrel ($/Bb|)" T
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Geologically Tergetedf
Infill Development . -

Selectlve Heservonr-Wude
‘ infill Development ’

: Base Case

* lnvestment cost operatmg cost taxes royaltles -and: 10% retum on mvestment :
: L 080138 -
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‘estimate the change in project economics given highly targeted drilling only in reservoirs determined

to be economic in the base case. Therefore, this companson apphes to only the more economlcally |

attractive. reservoirs. Nonetheless, given a change from blanket to targeted drllhng techniques,
investment per barrel of oil recovered and total operatmg spendmg (investment plus operating
costs) per barrel of oil recovered decrease with a reduction in the number of wells required to

efficiently develop each reservoir. This method allows for c‘fiirectE comparison of the costs associated

with blanket and targeted drilling in the same reservoirs. The results of this analys1s are displayed

in Flgure 19. At an oil pnce of $12/Bbl investment costs under the base case total $3.43/Bbl of

oil recovered (F-A). Under a targeted drilling approach that limits the number of wells and

- maximizes recovery per well, this cost declines to $2. 87/Bbjl a 17% decrease. Comparable results
are also realized at an oil price of $24/Bbl, with 1nvestment costs declining from $6.54/Bbl the base

“case to $5.41/Bbl for geologlcally targeted wells. At the hlghest two oil prices considered ($32 and
$36/Bbl), the required investments per barrel for the base case are $8.34/Bbl and $8.85/Bbl; under
targeted drilling these requirements fall to $6.95/Bbl and 5?37,46)Bbl, respectively;

- The base case requires operator spendmg per barrel of $5.45/Bbl at the lowest 011 price
evaluated (F-B). This increases with oil prices to $10. 17/B'b1 at the oil price of $24/Bb1 and to over

$13. 50/Bbl at $36/Bbl, the highest oil price cons1dered Under targeted drilling, mcremental ,

spending is significantly lower in the resérvoirs evaluated. At the $12/Bbl oil price, operator costs

decline 14% to $4.70/Bbl. Slrmlar reductions occur across ‘the remainder ‘of the oil prices

considered. These costs do not reﬂect additional operator costs for royaltles taxes, and return on

capital which, if mcluded ‘would sum to the oil prices recogmzed in the field.
|
| Therefore, as demonstrated in both sets of analyses, depending on prevailing oil prices and
a firm’s development strategy, geologically targeted mﬁll d‘e\}elopment can result in increased
production (improved cash flow) or lower costs (iinprovejd project profitability). In many cases,

targeted infill development achieves both. :

|
|
|
I
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Figure19

4 ~ Blanket versus Targeted Infill Drilling
(in Reservoirs Found Economic in the Blanket Case)
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CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH

The recovery of UMO holds great promise for economic development of U.S. resources at
the low oil prices expected in the foreseeable future. Moreover, even though significant potential
exists with the modest extension of current development practices, even greater recovery can be
achieved with the development and application of increased knowledge of reservoir heterogeneities.
Classification and quantification of reservoir architecture and flow paths will make it possible to
accurately locate and describe UMO in a reservoir, thus allowing the development of techniques
that improve reservoir contact and waterflood sWeep efficiencies. These techniques include the
strategic placement of infill wells, expanding effective floodable reservoir volumes, reducing the
effects of high contrasts in permeability among reservoir strata, and improving mobility control in
waterfloods. Taken together, these improvements in geoscientific reservoir description and recovery
technologies could stimulate enough new production to potentially replace current proved reserves.
However, the timely development of improved technologies is essential if the resource is to be
exploited. The resource poi;ential shrinks significantly if the techniques are not applied before the

end of current operations, a date quickly approaching in many reservoirs.

This series of studies has examined the critically ‘important fundamental hypothesis that
improved geological understanding of reservoir heterogeneity can lead to the cost-effective
exploitation of the UMO resource. These studies have not tested this hypothesis; rather, they have
assumed it to be true and proceeded by evaluating whether its impact on future U.S. production
is large enough to warrant further investigation. The results of these studies clearly argue that

such further investigations are warranted:

. First, further investigations should test the validity of the fundamental research
hypotheses:

- Increased geologic and engineering understanding of reservoir heterogeneities
will improve recovery from selective infill drilling and advanced secondary
recovery techniques, reduce the volume of bypassed oil, and improve EOR
recovery (the "producibility” hypothesis).
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L Increased understandlng of heterogenelty ina partlcular reservoir in a play
' can be applied (a) to other reservoirs in that play, and (b) to reservoirs in
‘ other plays of the same deposrtlonal type (the "s1m11ar1ty" hypotheses)

e R Second 1f the fundamental hypotheses are found to be sound research should

S exp101t the resultant 1mp11cat10ns, d1rect1y leadmg to mcreased U S reserves

| BecauSe - the "sitnilafity hypotheses are crltlcal to cost-effectlve evaluatlon of the ﬁrst
: hypothes1s, they must be tested ﬁrst smce thelr vahdlty w111 d1rect the future and more thorough'

i testmg of the fundamental "produc1b111ty" hypothesrs

As the testmg of these hypotheses proceeds conmderable conceptual development w111 be '

' ,“_requlred As w1th any new research area the fundamental concepts must be defined and re- - y

- defined untll they have: operatronal utlhty In' the present series of studles for example all thel

’ ;numerous geologlc features that contnbute to the true heterogenelty of actual reserv01rs have

' :been abstracted mto the concept of contmulty because in the methodology used thxs relatlvely -

‘s1mple concept exh1b1ts desrrable analytlcal tractablhty and perm1ts evaluatton of the 1mphcat10ns J o

o of the hypotheses, the present objectlve Perhaps the s1m11ar1ty hypotheses will be found to mean >, L

: 'that facres or other reservorr unlts havmg common depos1t10ns will, in fact, have common contmulty‘

i -functlons However, more hlghly dlfferentlated descnptlons of heterogenerty and more complex"; B

5 mathematrcal representatlons may be requrred to fully test - these hypotheses The more

o 'parsrmomous the concept in terms of measurement descnptlon and quantlﬂcatlon, the broader its

applrcatlon The needed conceptual development should seek the sunplest formulatlons that are

fconsrstent with- practlcal apphcatlon Researchers should be prepared to ﬁnd the s1m11ar1t1es m-

- terms of relatlve proportlons among facles functlonal relatlonshlps between deposrtlonal events and
resultmg reservoir umts or stochastlc relatlonshlps Further reservoir modelers Wlll need to |
o develop techmques for s1mulatmg ﬂuld ﬂow in reservmrs descrlbed in such terms Moreover it is "

vposs1ble that the hypotheses may prove true for certam classes of deposmonal systems and not for

B ‘others or may prove true 1n dlfferent ways for dlﬂ:'erent classes Such ﬁndmgs would themselves,l S

g be. cr1t1cal for appropnately applymg the hypotheses
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Testing of the smulanty hypotheses can. proceed at three levels s1multaneously modern

environments, outcrops, and in actual reservoirs. The ﬁrst two. of these are relatlvely more rapid

and less costly to implement 1 than the third and could be used for a number of deposmonal classes
relatively early in the hypothesis testmg phase. Testmg 1n actual reservoirs, however, is the only
deﬁmtlve test of either the similarity or the producibility hypotheses Early tests of the hypotheses.
could use the three reservoir/play assessments of the present series as baselines for comparison
with other reserv01rs in the same plays and other plays of sumlar deposition.
l
- The testmg and later explortatron of these hypotheses should proceed in the depos1tlonal

classes of reservoirs with the greatest mcremental gain, attnbutable to the improved geologic

understandmg and more efﬁcrent recovery technologles Addltlonal criteria, espemally the urgency

defined by the time of expected abandonment of e)nstmg wells could also be applied. In either

case, careful selection of classes, plays, and reservoirs will lrequlre detailed analysis. [Expansion of |

- the TORIS system to all of the major orl-producmg states | will permlt judicious preliminary
selections; updating TORIS based on the results of the lesearch will mamtam and enhance the
capability for subsequent selections. The ab111ty of TORIS to support these selections would also
be improved by thorough peer review of the present methodology and by more complete
reconcﬂlatlon of the methods used in TORIS and the three reservmr/play level studies. This would

also define the ways in whlch field-level research results could be directly incorporated into TORIS

v | . o 2
While the discussion to this point has focused on recove‘ry of mobile oil, the same steps are

equally critical in making the recovery of the immobile resource predictably and econormcally viable.

More enhanced oil ‘Tecovery pro;ects have failed due to an inadequate understanding of the

reservmr than from any other cause. Thus, the selection of reservoirs should consider the potent1a1

incremental economic recovery of remaining oil due to R&D based on both mobile'and immobile
oil, separately and in combmatlon Additional TORIS development will also be needed to properly |

‘treat the synergies between recovery of unrecovered mob11e- oil, especially by infill drilling and

enhanced recovery of immobile oil. .

i
|
|
i
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Focusing a significant portion of oil research towards specific, well-selected plays could have
profound implications for future directions of the federal petroleum research program. Appendix -

A to this report develops some of the important strategic implications in greater detail.

In conclusion, the present series of studies has found that the UMO resource is large, with
| significant portions amenable to R&D that will make it economically recoverable at expected
future oil prices. Further research and development is clearly warranted. Because much of the
heterogeneity research required to make UMO producible is also required to make EOR cost-
effective, the entire known domestic oil resource is the proper research target.

The future for producing the unrecovered mobile oil resource appears bright; in synergy
with enhancéd oil recovery, even brighter. The challenge is clear for a strategically focused,
coordinated research frogram, integrating the contributions. of the many relevant disciplines to

make a major contribution to the nation’s well-being.
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APPENDIX A

UNDERSTANDING RESERVOIR I—IETEROGENEITY:
THE KEY TO A FEDERAL RESEARCH PROGRAM FOR THE

- EFFECTIVE DEVELOPMENT OF U.S. OIL AND GAS RESOURCES

"Goal and Objectives

¢

06L0211.APA

Goal:

Maximize technical and economic producibility of the known U.S. oil and gas
resource. This will reduce the nation’s trade and fiscal deficits, 1mprove its energy
security, and enhance 1ts environmental quality.

Program Objectives:

Increase the understanding and quantification of reservoir heterogeneity,
architecture, and flow paths sufficiently to:

- Define classes of reservoirs by assembling plays with common

deposmonal and diagenetic histories and groupmg such plays into
classes based on geologic similarity.

- Determine the location and condition of remaining oil and gas in

"specimen" reservoirs that are representatlve of the nation’s most
- significant classes of plays.

. Specn.fy the techmcal requlrements for increasing recovery; design

predictable, cost-effective recovery technologies for all classes of plays
with significant mcremental productlon potential.

Improve the predlctablhty, technical efficiency, and cost-effectiveness of
‘technologies capable of producing substantial volumes of the known

remaining oil and gas resources, e.g:

- Targeted infill and directional drilling of oil and gas reservoirs;
- Advaneed seCO‘ndary‘ oil and gas reeovery techniques; and

-~ Enhanced oil recovery.,‘ | |

Validate the technical and economic effectiveness of the above reservoir -
description and production technolog1es in order to:

- Support aggressive transfer of the technologies to all segments of the
producing mdustry



Resources and Applicable Technologies N 7 1
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- Promote expectatlons of increased overall recovery in exploratlon

decisions as well as 1n evaluatlons of propertles with known remaining
oil or gas. ' :

~ Ensure effective transfer of cost-e:ffectiive technologies to operators who
‘hold the most promising properties in such a manner as to encourage timely

application.

The remaim'ng domestic oil resource is larée an& essential to thesnation-

Of a total of more than 300 bllhon barrels of remalnmg oil, two major types

can be defined: : i .

- Immobile oil -- about 230 bllhon barrels that cannot be produced
by conventional recovery; and

- | Unre'covered mobile oil (UM())\ - about 100 billion barrels that could

be displaced by water or steam flooding if located and contacted.

' UMO holds great promise for economic development at the oil prices -

expected in the foreseeable future, espec1ally if UMO can be produced
more efﬁmently than at present. v

In a "perfectly homogeneous," relatively thin reservoir containing oil of a viscosity

near that of water (or steam), primary and secondary recovery at fairly broad well
spacing will produce most of the mobile 011 - However, reservoir architecture is
commonly -complex and fluid propertles are ‘variable, resultmg in relatively low
production efficxency at broad well spacmg

“Reservoir heterogeneltles and hlgher viscosities cause nnperfect sweep - -

efficiencies, resulting in two types of unrecovered mobile oil:
1

- Uncontacted mobile oil -- Lompartmentalized oil not in presSure

‘communication with wells; p‘nmanly the product of lateral reservoir

heterogeneity on the between—well scale.
- Bypassed oil -- mobile oil i 1q pressure communication w1th we]]s but
not produced due to: |

- Variations in permeablhty, with lower permeablhty zones

trapping oil while water sweeps more permeable zones; largely

a product of venlcal reservoir heterogeneity.

A2
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Adverse moblhty ratlos or. s1gmf1cant gravrty effects, as less, .

viscous water (or steam) cuts through, underrides, overrrdes, S

and bypasses more: v1scous or less dense oil.

fKnowledge of reservorr heterogenemes would allow relatlvely low cost
o »‘itechnologles to produce s1gmﬁcant portlons of the oil’ through

- :Targeted 1nﬁ11 drlllmg for uncontacted 011

:‘f;-v o Permeablhty contrast reductlon (by use of polymers, foams, etc) 1
i and selective well recomplet1ons for o1l bypassed due/to permeabrhty» i

o vanatlon :

v =-= Polymeruaugmented waterﬂoodlng and foam drvertmg agents n

- reservorrs with adverse moblhty ratros or s1gn1ﬁcant gravrty effects.

The add1t1onal 230 bllhon barrels of "res1dual" or 1mmob11e oil hes in known_ .
- reservoirs . trapped by viscous and capillary: forces that can' be overcome only by
- tertiary or enhanced oil recovery (EOR) -- injection of heat, gases, or chemicals.
- == which is generally more costly than pnmary and. secondary recovery

. As much as 60 bﬂhon barrels of thJs resource reside with the remaining
mobile oil in unswept Teservoir regions; the remammg 170 bllhon barrels lie .
Cin reservorr regrons swept by convenuonal recovery L

. Cost-effectxve and predlctable recovery of th1s orl also requrres detalled S
. knowledge of heterogenertles on: the between-well scale and the resultant SRR
'ﬂow paths 1n the reservorr 5 '

‘Lack of this knowledge is the prmcrpal reason behmd the unpredlctablef |

and economlcally dlsappomtmg performance of the majonty of fa11ed EOR

pro;ects

| /",Essentzally the same research is needed to deﬁne the cntzcal heterogeneztzes for eu‘her: :
‘advanced pnmary/secondary recovery (e g mﬁll dnllmg permeablllty contrast reductzon )
_or tertzary recovery : , Co

vKnown US. oil reservoirs are. bemg abandoned at record rates As ex1st1ng wells U
. reach their economic limits and are’ permanently plugged vrtal pomts of economlc L
. access to the remammg resources are lost R G

‘Recent research suggests that economic access to 30-40% of the natlonalj', L
; remammg oil resource may already be lost, with the rate of abandonment
. .recently rising from 1% to nearly 2% per year of the resource dlscovered in
- the US : . SR |

. ~'-A‘-' If orl pnces remam low and technology advances are not forthcommg,f',
. wells: accessing 65%. of ‘the ‘post-conventional resource will be" i

e abandoned by 1995 and could reach 75% by 2000



- Even if oil prices returned to the historically high levels of the early
1980s, wells accessing almost 2/3 of the resource could be abandoned
- by 2000. ‘

- Production of any s1gmﬁcant portlon of the remalmng oil resource
at current and projected oil prices will require use of the existing wells
and infrastructure; replacing them after abandonment would be

prohibitively costly.* {

e  Thus, there is pressing urgency to conduct the research on reservoir
heterogeneity and recovery systems that will permit cost-effective production
of the remaining resource before access to it is, for practical purposes, lost.

s | '
. Moreover, if understanding of reservoir E;heter.,ogeneities and overcoming  their
- limitations on production were to become routine, higher recovery efficiencies
would be expected from economically marginal, new exploratzon prospects, €.g.,
small and subtle traps, deep, offshore, and Arctlc TESEIVOIrs.

. To the extent these higher recovery iefﬁciencies become expectations
- incorporated in evaluation of marginal prospects more will be explored and
. developed.
e This development' would further 'ihcrease the potential of conventional,

advanced primary/secondary, and terttary recovery processes.

. Further, significant quantities of natural gas are believed to be trapped in known
reservoirs by heterogeneities identical to those that cause uncontacted oil, the
understanding of which would enable increased, cost-effective productlon

e As with oil, if improved understandmg of gas-trapping heterogeneities can
improve recovery from known reservoirs, the effects would be reflected in
~the evaluation of marginal exploratton targets and higher cost unconventlonal
gas resources. - |
. Increased recovery of domestlc gas and 1ts more extensive use, especially i in
'transportatlon, would directly benefit the environment by reducmg CO,
emissions beheved to contribute to global warmmg

¢ - Thus, zmproved understandmg of reservoir heterogenemes technologzes for descnbzng

. ‘them, and technologzes for overcoming their effects, are. critical and urgent if the
technical and economic producibility of U.S. ozl and gas resources -- both: known and
undiscovered -- is to be maximized. .

\
r
\

\ :

*Infill or directional drilling for purely uncontacted‘oﬂ would require the use of existing or
replacement infrastructure, but not necessarily of existing wel]s except for reservoir testing to locate
the uncontacted oil. In reservoirs with s1gmficant quantltles ‘of located, uncontacted oil, plugging
in emstmg wells would not necessarily result in prohibitive costs for redevelopment Such
reservoirs, however, are believed rare. '
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g Constramis on Present Federal Research in Developmg and Explortmg Improved Understandmgr o
- of Reservorr Heterogenemes : X

. Orgamzatron

»0- U S. orl and gas research has tended to be ﬁeld-spec1ﬁc (pnvate) or broadly' o
‘generlc but dlscrplme-specrfic (publrc) ‘

e True 1nterdrsc1phnary research is rare, but essentlal to the 1ntegrat10n of

- understanding of the  production limitations = imposed by geologlcal i

heterogenertles wrth des1gn of recovery systems to overcome them

-- _v Itis facrhtated by focusmg on speczﬁc, not global problems

el It is enhanced by clear ob]ectzves obtamable in speczﬁed tzme penods i E
| ..; “ “-,.Closest collaborat1on of geologrsts geophysrcrsts geochermsts geostatrstlcrans,f.

- - reservoir engmeers, ‘and supporting. dlsclplmes (e. g, chemrstry, phys1cs :
i,mathematlcs) is necessary for success. ‘

" ‘ »‘03"' The specrﬁcrty/generahzatlon problem
o" o "Genenc research when successful requrres many steps of translatron to be T
related to- specrﬁc reservorrs, often costmg srgmﬁcant time and- hnutmg
H.apphcablhty : - . : e

- , - L Some genenc research srmply loses relevance, regarded by pragmatlcb
' ‘operators and ﬁeld personnel as mapphcable

o f-v-" L Some genenc research to be manageable. and defimtlve at the
. same time, focuses on research toprcs S0 small as to have vamshmgly' o
L ’httle srgmﬁcance in field apphcation , v

ek An "each reservorr is umque attrtude devalues all but reservoir-

~ specific research, ‘straining both the federal role and the abrhty to

'conduct research cost-effectlvely for broad apphcatlon

o V, e - {n!However as extremely promlsmg workmg h}potheses the followmg can bev‘ s

: f‘posed

- ',_HypothesrsA(the ProducrblhtyHypothesm) reservoir heterogeneltresv R
. and resulting ﬂowpaths are determined by geologrc history (deposition.

~.and- diagenesis); * ‘knowledge of ‘these flowpaths will - permit -~

~development of cost-effectlve recovery technologles and/or, oA

o methodologles :



o
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Time orientatiow

The "scale of investigation" problem:

|

-- . Hypothesis B (the reservmr-to-play Sumlanty Hypothesrs) TESEIvoirs

~ with the same deposition, dlagenetlc and tectonic histories, collectively

considered a "play," exhiblt{ similar heterogeneities, and therefore
similar production constraints

- ‘Hypothesis C (the play-to-play Slmxlanty Hypothesrs) reservoirs in
‘ similar but separate plays w111 have similar heterogeneities because

of similar depos1tlonal hlstones

It these hypotheses prove true, results of research on one reservoir can be
generalized to its full play and from one play to other plays, thereby vastly

expandmg the relevance of the research ‘and accelerating its application.

- That is, if properly mterpreted through an mtegratmg framework,
heterogeneity research on speczﬁc, well selected "specimen" reservoirs
can also be generic in mterpretatlon to broader classes of other
reservoirs and plays, "leveraging” the research for broad application.

. L
- The specific "similarities" hypothejsmed may be of several forms, e.g
- valid generalizations as to shape, size, or properties of reservoir
components or generalized functional relationships between
depositional and diagenetic phenomena and the resultmg reservoir
architecture, flow paths, and other properties.. v

- Recogmzmg'substantrve 'dxfferences between reservoirs classes could

become important in avoiding errors of overgeneralizing research
results, thereby improving the quality of design of extraction processes
for specific reservoirs and avoiding "failed" tests of oversold but
- misapplied recovery systems.

Many advanced secondary and tertlary recovery techniques that might be
economically viable using existing wells wﬂl be unfeasible if these wells must
be redrilled or replaced.

The historic long-term orientation of federal research belies the potential

near-term loss of costly access points in; known reservoirs as existing wells
are bemg abandoned at acceleratmg rates.
1

’The urgency due to well abandonments varies significantly from play to play; -
for research to be relevant to a partlcular play, it must yield results before
' significant abandonment -- sometrmes urgently short-term, other times, much
, longer term. _ ; : »

Heterogeneities of interest range ﬁj’_om microscopic to miles in dimension.

i
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e Laboratory 1nvest1gat10ns of small-scale heterogenemes are s1gn1ﬁcant but do. v
o - not alone reveal extremely 1mportant macroscale reservoir archrtecture

- Larger scale heterogeneltres' must be exammed and 1nterpreted -
© . interwell areas, well patterns, multr-well sectrons, and sometrmes whole
 Teservoirs. =

- 'H1gher costs of large-scale 1nvest1gatlon cannot be avo1ded because g
. many of the phenomena of 1nterest exrst only at large scale

- ,LBut these hlgh costs can be. partlally mrtlgated by ]udICIOUS use of :

" an integrated mterpretatron framework, studies of ‘modern’
' fenvrronments and outcrops, geostatistics, and field case h1stor1es .
- v(wrth detailed simulation studles) x R

o . YA significant challenge remams as to the proper ways to comblne mformatlon :
' ‘of different scales. and to use it in an 1ntegrated form in the desrgn of '
extractlon systems in speclfic settmgs v

: . v‘ ..Supportrve versus "targeted" research

e 'fHeterogenerty research must be both basrc (e g, the fundamental nature'
~.of the heterogeneities, how they were formed, and how they determine flow
‘paths in the reservoir). and applied (e g., what specific heterogeneities affect -
“what' partrcular classes of plays and reservorrs and how these effects can be

o overcome) o - L

o The basrc-apphed dlStlIlCthl‘l is not part1cularly frultful in th1st :
B research '

e  To effectrvely meet the goal and ob]ectlves, both basrc and apphed research, R

' ,must be hrghly tatgeted on specrﬁc plays

‘"’»?-y S The play-specrﬁc focus permrts concrete problem deﬁmtlon that can - |
' “lead to specrfic and timely- solutlons ~ S

- ' 3" The play-specrﬁc onentatlon can focus and facrhtate concrete mu1t1~ :

- disciplinary exchange and the emergence of truly mterd1sc1plmary -

. approaches

e "However, "targeted" vesedrch: requrres s1gn1ﬁcant supportrve research to

-~ provide the measurement ‘and interpretation. techniques to be . used to

~ increase understandrng, and the recovery process techmques to overcome the
© effects of heterogeneltles ' L v , .

Focusmg on plays explorts both their snmlant1es (by permrttlng' R
judlClOllS generalization) and the1r drfferences (by avordlng 1rrelevant S
o s1de 1ssues) ' : : : R
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“The quantlty of and differences among plays:

which plays will be studied. |

|

i

|
- The distinction between "targeted” and "supportive" research could

permit both to play effective roles in reaching the overall objectives.

Much of current federal oil and gasi research concentrates on research that
would here be termed "supportive” in the belief that it is desirably "genenc,
"baslc," or "long-term, high risk." |

| , _
- Such research must contmue, but must be seen in its appropriate

~ addresses the goal and ob;ehhves‘
\

_context of supporting the targeted research that more dlrectly'

- Targeted research focusing on specrfic plays will encounter technical "

constraints in measurement, interpretation, modeling, and various
recovery technologies; relaxation or removal of these constraints could
become the objective of the supportmg research, providing a focus that
assures speczfic and relevant | appllcatzon

"Targeted" research has hrstoncally been de-emphasrzed due to apparent
lack of generalization and high cost. -
\
~ ~ If the Slmﬂanty Hypotheses prove true, however, highly targeted
o research can be generalized through use of an mtegrated, mterpretrve
geologic classrﬁcatlon framework.=

- High costs can be mitigated by cost-sharing with states and/or

operators.

Prospectrve plays in the US. number in the hundreds, with dozens of
different depositional/diagenetic types or classes.

Targeted, play-specific research requlres choices by federal officials as. to

|
H

“Several rele_vant criteria for seljection could be applied, including:

\
- Total resource (oil or gas) remammg
- Technically producible resource remammg v
- Economically producible resource remalmng :
- Urgency based on loss of economrc reservorr access through well
‘ abandonments. \
- Generalizability based on the numbers and magnitudes of plays with
comparable depositional hrstones

- Equity in distribution of research to most immediately benefit
respective geographic areas or mdustry types (e.g., majors versus

“large mdependents Versus sr;naller independents).

|
|
-
1
|
|

[T ey Pl Ty
[ ]



" :9‘“ o k A most. appropnate cntenon mrght be the magmtude of the ' gam fromv, |
R&D" -- the incremental reserves added due to successful completion and .
apphcatlon of the research --'as tempered by the other cr1ter1a S
P - Technology transfer
o ,Present technology transfer mechamsms (pubhcatlons and symposra) serve' :

‘ 'pnmanly the ‘most sophlstlcated audrences o

e Other researchers, pubhc and pnvate
- Ma]or operators w1th R&D staffs

o 'Broadened technology transfer, especrally of "targeted" research could reach' _ s

SRS : ~~ broader audiences faster and result in more raprd and wrdespread apphcatton
' ' e of new techniques. : . ,

--  New ‘audiences, approaches and formats for 1nformat10n may be R ‘

: needed to reach specrﬁc audlences

e ~If ‘the Slmllanty and Produc1b1hty Hypotheses prove ‘true, transfer of
R demonstrably effective techmques from the studied and tested specimen
- reservoir to other reservoirs in-the same play and from its play to others of '

. -the same class could be the key strategy ‘ L ‘

) i L e e o :The researchers mvolved w1th the speclmen reservoir could act as key agents;_ -
; [ : o of technology transfer, supported by an mtegratlve and mterpretrve analytrcal o
structure : : o s - RS
LI 'Momtonng of progress |

Htstoncally, the "long-range, h1gh-=r1sk“ nature of federal 011 and gas research*
~ has precluded dlrect momtonng of 1mpacts the response t1me was too: long o

e ‘Focusmg on speclﬁc plays, some w1th 1mmed1acy establrshed by
~ imminent abandonments, would permlt direct measurement of R&D

' impact, e.g., slowed abandonments, new. dnlhng, pI’OJeCtS 1mt1ated o

.reserves added productlon mcreased

: -- e Such momtonng could serve as dtrect feedback to the program to:-‘ |

~ evaluate the effectiveness “and relevance of its research and
R k SR T technology transfer and’ could dlrect m1d-course correctlons to
- B R “ assure meetmg 1ts ob]ecttves . o

| Research Requlrements to Overcome the Constramts

o ¢ Federal R&D to satlsfy the goal and ob]ectlves must be des1gned to overcome the i .
foregomg constraints. : !

COGLOILAPA A9
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The requirements, then, are as follows:

R&D must be committed to increasing the 'producibih'ty of domestic oil and
gas' L ) - .

R&D must be truly interdisciplinary, requlring a close, focused collaboration

of all relevant disciplines. | :

This interdisciplinary approach can be established and enforced by

emphasizing the necessary targeted rhsearéh, focusing on the heterogeneities

and production problems of speciﬁé, well-selected plays and reservoirs.

- Supportzve research must contmue, but be more speclfically directed
toward overcommg the problems and technical constraints being

defined in the targeted research

The plays and reservoirs for targeted research must be carefully selected
based on explicit criteria. l

- Such selectionﬂ requires deta‘iled an'alytical support
- - This analytical support, moreover, is also the key to- extrapolatlon
‘or generahzatron from one play to those that are similar and to
‘ aggressrve technology transfer

The results from the plays selected for targeted research must be interpreted

and generalized through an explicit | framework based on geologrc deposition

and diagenesis. -

| The specific research approaches to. be apphed to the selected plays must
- reflect the partlcular issues: affectlng the reservoirs of these plays, including:

o= -The partlcular geologlcal features constralnmg the productron of

- known oil and gas; |

|
|
)

- The technologles apphcable to overcommg these specrﬁc constramts

-- . The urgency of apphcatlon as deﬁned by the projected rate of

abandonments, and

- The economic conditions (pnces, costs, and taxes) expected to prevall'

as abandonment approaches

The resuits of the research must be |transferred aggressively and rap1dly, first
within the plays under mvestlgatlon, then to those with greatest geologlc

s1m11ar1ty, and then, by degree, to those w1th less similarity.

\
The impact of the research w1thm the ﬁelds and plays directly studied and
those subject to valid generahzatlon must be monitored and evaluated with

|

l
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appropnate modlﬁcatlons to. program structure and content to maxrrmze
effectlveness of the research , . : ,

A Research Strategy to Meet the Ob]ectlves and Requlrements (See Fg'ure A1 Summary Work e

Breakdown)

: A research strategy to meet: the goal and ob]ectlves and to satlsfy the foregomgv‘ I
requirements would utzllze mterdzsczplmary, play-speczﬁe task forces to test the key R
h}potheses ‘ . U : v

‘._,Ihe core of the program would be a number of mterdzsczplmary geologzc-‘ B |

engineering task forces focusmg on the producibility of specific plays or classes
or plays, supported by more. dzsczplme-speczﬁc research and program mtegratwn o

B ﬁmctzons

Best avallable mformatlon and analytlc tools would be used to- establlsh

o pnontles among spec1ﬁc plays and classes of plays for hlghly tmgeted research L 7

The 1mmed1ate research ob]ectlve of the strategy would be. to test the two o

Sumlanty H}potheses, in carefully selected, h1gh prronty plays

S Hypothems B Can the descnptlon of heterogenetty (mternal; B
R archrtecture, ﬂow paths, bamers, location and condition of the oiland .
. gas) in well selected speczmen sites. be generahzed to: other reserv01rs~ e

- in the same play"

: - nypothesrs C Can the descnptlon of the heterogenelty in one play
~ (or from its specimen: ‘reservoir) be generalized to the reservoirs of

- plays of the ‘same type of deposmonal tectomc, and dragenetlcv
"hlstory? . BT )

e The value of this hypothesrs testmg would be gauged by 1ncreased :

 0GLOZILAPA

'understandmg and the usability of thls understandmg in desrgnmg . B

cost-effectrve recovery systems j G

As these hypotheses are being tested and adequate descnptrons of the R

" heterogeneity of the selected reservoirs becomes: available, the strategy is to

. test the Produczbtlzty ‘Hypothesis (A): Can. unproved understandmg of S
g 'heterogenerty 1ncrease cost-effectrve producrbrhty" , R En

o .‘7"? ) "Thrs strategy would include desrgn of cost-effectlve recovery systems

“and their testmg in the laboratory, by smulator, and ultlmately, [
© TEServoir tests 5 _ O v

R L The value of testmg thlS hypothesrs would be mcreased cost-effectrve;_ o

_produciblhty

COAIL



Figure A-1: Summary Work Breakdown Structure

for Federal Qil and Gas Research

Goal: Maximize Technical and Economic
Producibility of Known U.S. Oil
and Gas Resources

Program Integration § Functions

Research Functions

Technology Transfer

d
Resource/Technology Assessment,
Monitoring, and Strategic Planning
~ Supporting Geological,
Geophysical, and
Geochemical Research
»
)

~ Play-Specific Inter-
Disciplinary Research
(Task Forces)

Heterogeneity Description
— (Testing the Similarity
Hypotheses)

Extraction Technology
Design/Testing

(Testing the Producibility
Hypothesis)

Supporting Extraction/
Engineering Research
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As these two steps test the key hypotheses (and assuming they prove true),

- these functions evolve into play-specific heterogeneity description and extraction
technology design/testing and turn to exploiting this knowledge in increasing

producibility in the play studied and in similar plays.

- As this progress is made, research in the next highest priority play
or classes of plays can be initiated.

As this highly targeted, interdisciplinary research is being conducted, technical

- constraints that limit progress will become identified; relaxation of these

constraints would be defined as the technical objectives for supporting

research of a more disciplinary nature in geology, geophysics, geochemlstry,

reservoir engineering, and related fields.

- The value of supporting research would be measured by the extent

important constralnts are relaxed

As targeted and supporting each research yields results and products,
aggressive technology transfer will make them available to operators and

~ others (e.g., consultants and service companies) who can make use of these

results, especially in the class of plays being investigated.

-- - The value of technology transfer would be measured by the extent
technologies are applied and reserves and production are increased.

Applications of research results and resultant increases in reserves and
production will be closely monitored, and problems anywhere in the strategy ’
will be identified for correction.

- Periodic, systematic reappraisals would be scheduled.

==+ The analytic tools used in the original prioritization -and selection of

target plays would be updated and revised to incorporate the new
‘'understandings and data as they become available.

- The value of such monitoring and adjustment lies in maintaining the
integration and high quality of all components of the strategy.

“These components are expected to be overlapping, continuing, and iterative for
optimal program achievement.

The specific work of each component can be described in general although details
- must await the selection of specific plays.

Each of the major components of the strategy is discussed in somewhat greater

detail below; the five parts of Figure A-2 illustrate the progression of the research

logic flow and Figure A-3 provides a more detailed, prototype Work Breakdown
~ Structure.

A3



’ ResOurce[I‘echnology‘Assessment, ‘Monitoring' 'and Strategic Pl‘anning (See Fgure A-2(a).)

¢
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This component weighs the initial pnor1t1eslbased on detailed analys1s, develops the
strategic plan, and monitors progress of the other components .

l
The priorities and strategy are expected to be revised as new information
becomes available.

Preliminary priontlzatlon would proceed irrmediately on the basis of best available
information as analyzed through the updated Tertlary Oil Recovery Informatlon

System (TORIS).

I
I

Enhance the database and models.

- Classify the reservoirs by geologic type and play; add development
history, production, and any other needed data.

- Peer review and modlfy or ccnfirm TORIS models for UMO recovery .

and recent updates in EOR.‘

Estimate the values of the key criteria '-fér each play

e Analyze the technical and economic potential of UMO recovery and

- EOR (singly or in combmatlon) for each class assuming (i) business-
as-usual and (ii) upgraded geolog:.cal/technologlcal capablhty, define
the difference between (i) and (ii) as incremental economic productzon
atiributable to enhanced capabzhty :

- -- . Estimate the amount of mcremental reserves and productlon lost to

abandonments as a functlon of tnne and economic conditions.
l

Group plays mto classes based on deposmon system (w1th subclasses based

on diagenesis and tectomcs) g

'Rank classes of plays and the plays w1th1n each class by the criteria of
- incremental economic productlon due to enhanced capability, urgency, and
" other cnterla, possibly using a systemauc multi-dimensional ranking techmque

- Select the highest pnonty classes and plays up to the number perrmtted by
,the avallable ‘budget. . Lo

!"

Orgamze task forces for each hlgh pnonty class of plays and assrgn them to
work on the highest priority play m the ! class

TORIS is currently capable of assessing the full 011 resources m the states of Texas,

Oklahoma, and New Mexrco

" Together, these three states account for 41% of the remaining oil resource.

)
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- | Figure A-2 (a) Strategic ngic Flow
: ~ for Federal Oil and Gas Research:

Prioritization and Strategy-Setting

RESOURCE/TECHNOLOGY ASSESSMENT, MONITORING ‘AND
STRATEGIC PLANNING ’

« Enhance Data and Models

- ¢ Estimate Criteria Values by Play

. : -- Potential Incremental Reserves, Production
-- Time to Abandonment

TECHNOLOGY

'RESOURCE Current | Advanced
Mobile Qil

| Immobile Oil

| Gas

¢ Group Plays by Depositional Class

¢ Rank Classes by Criteria

e Select Classes and Plays; Design Strategy for Each
(Timing, Geological Approach, Extraction Technologies)

« Organize Task Forces for Each Priority Play

-» < Monitor progress and update data and models

Rt |

Data from Monitoring ' | Selection of Priority Classes and Plays
and Heterogeneity ’
Description

(To Heterogeneity Description)
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Oil reservoirs in other states could be readied for the analysis in a period

of months.

A preliminary analytical system for natu}'al gas could be synthesized from

existing models and data in about one year; within two years, the gas model
“could approxrmate the capabilities exhibited by TORIS for the oil resource.

While TORIS (or a comparable gas model) should be used where poss1ble expert
judgement could be substituted for detailed analysis in the interim, to be confirmed

by detailed analysis when available.

As the research proceeds:

®

]’.mproved and expanded data from the heterogeneity research component will
be mcorporated as updated to TORIS data

: Slmllarly, as extraction systems are tested, TORIS recovery models will be

update¢

As the task forces move research products through technology transfer,
their application will be monitored in the appropriate plays.

Monitoring will consist of collecting and 'Einterpreting data on infill drilling and
injection programs initiated in the priority classes of reservoirs and comparing these
to lower priority classes of reservoirs or all reservoirs, nationwide.

€

- Heterogeneity Description (See Figure A-2(b).)

This provides a direct measure of the impact of the research on the goal of
increasing producibility of the resource and, ultimately, production.
Monitoring data on the performance of each. component of the strategy to
evaluate their progress and support‘ "'mid-course corrections."

\
|
[
\
|
\

The first ob]ectlve of the Heterogenelty Descrlptlon component of the strategy is

to test the two -Similarity Hypotheses for the hlghest priority plays and classes of

plays

In doing so, the reservoir architecture, barriers, flow paths, location and
condition of oil and gas will be refined for use in developing extraction
systems. o -

|
|
|
[
|

The hypothesis testing will be conducted at three levels for each class of plays:

\
i

Specxﬁc 'sites” for research at each ‘of three "levels" for the highest priority

classes; for each class, two or more‘ specific "sites” to address scales, styles,

~and dimensions of reservoir heterogeneity at the following "levels";

| Y
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Solutions from

Figure A-2 (b) Strategic Logic Flow
for Federal Oil and Gas Research:

Hypothesis Testing

Resource/Technology Assessment,
Monitoring and Strategic Planning

- Supporting Research

Solutions from

Supporting Research ;

06L0211.APA

Selection of Priority Classes
and Plays
Play N '
Play 2 _ v
Play 1 :
y D RIPTI
- Select Specific Sites (2 + Ea.)
-- Modern Environments
-- Qutcrops
-- Reservoirs Requirements
»1 . Collect Data/Interpret _ D
« Define Requirements for Supporting for Supporting
Research Research
o Test Site-to-Play Similarity Hypothesis
* Test Play-to-Play Similarity Hypothesis
+ Prepare Description for Extraction
System Design (Geologic Modeling) ,
o  § e
Reservoir - ! Description
Descriptions : Requirements
: ,
Play N. E
Play 2 v ' !
Play 1 Tl N N/
JESTING A
¢ Reservoir Modeling/History Match
¢ Preliminary Design ,
e Lab Test Design ¢ Simulate Design
+ Pilot Test Design _
+. Define Requirements for Supporting - Requirements
> Research o e R >
» Evaluate Results for Supporting
--" Predictability "Research
- - Cost-Effectiveness
.+ Test Producibility Hypothesis
= , A
Signal to Select = |
____________________ O
Demonstrated Technologies Ne'xt'Highest
(To Technology Transfer) Priority Plays
f\ - A-17
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- Modern environments

- Outcrops
- Reservoirs
. More classes may be selected for analysis of modern environments and

outcrops than for reservoir studies as these are less costly and faster to study
and may yield useful preliminary results; sowever, definitive results require
detailed work at the actual reservoir level.

v Modern environments.

e Compilation of areal and vertical sediment patterns with respect to potential
hydrocarbon flow units and barriers.

. Statistical analysis and synthesis of data.

. Possible development of formal models of depositional processes; models
from other disciplines, e.g., geography, climatology, civil engmeermg, may be
adapted.

Outcrops.

e _ Detarled architectural description of volumetrically important reservoir types,

emphasizing geometry and contmulty of: ﬂow units and flow barriers.
° 'Defimtlon of vertical and lateral vanablhty in petrophysical parameters

° Statistical synthesis of data mcludmg methods for estimating, assigning, and
- averaging rock properties.

e Mathematical descriptions of multi?component systems.

. Near-outerOp flood tests with fluid flows monitored at outcrops.
Reservoirs.

. Delineation and quantification of lreterogeneity with research ar the inter-

well and single-well scale:
o Inter-well scale research.
- Geological analysis.

- Develop methods for _rapid identification and delineation of
heterogeneity types from cores and well logs.
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- Integratlon of geologlcal ﬂow units w1th between-well se1sm1c, L
- engmeermg, and productlon data IR

- a Relnterpretatron of exrstlng well logsr
P ’ -Integratlon of data from core and ex1st1ng andv new well logs. .
-- ’ “ vGeophysmal analysrs | | | . .
5 ._ Three-dunensronal surface selsmlc techmques
| L o Between-wellﬁ s‘elsm'lc.and electncalstechnrqnes.r
- - ( Wellnto-surface selsrnrc»technrques L
e e Engmeermg analysrs | |
‘ Tracers. o
LR Pressure ,ftrans‘ient »testing.’»
: = ,' ‘Hlstory-matchmg through reservou' s1mu1at1on

' ,'4~-"-=' N _f‘:i Honzontalwells fordetermrmstlc quantlficatlonofmter-wellvanablhtytr‘:
’ ' '(selectrvely) e SOER '

o o 'Smgle-well scale research

S Rock and fluid propertles derived: from hlgher resolutlon, deepf |
"~ investigation logs, tracers, and/or log well tests - and their 1ntegrated )
B ,,mterpretatron S - _ S .

S "'"'Improved methods for mcorporatmg dlagenems 1nto the ﬂow umt, e
PR concept ' g LT

Detalled mtegrated reservou charactenzatlon ‘
- Quantlﬁcatlon of heterogenelty

- Inference and quantlﬁcatlon of contmurty and amsotropy of ﬂow !
’ propertles e B B

;' ~-Scale up of core and porosrty mformatron and scale down : E
S of seismic descnptors to. the mter-well Ievel whlle preservmg*'t G

geologlc reahty

At each level ‘the. Slmrlanty Hypotheses for hlghest pnonty class(es) wﬂl be tested 3 A

CooAde



) Results at the comparable sites for each level will be contrasted to determine
whether and how the hypothesis of similarity applies -- reservoir-to-play and

play-to-play.

e Hypotheses can be disproven for a given class at any level; the results of
the faster work (modern environments and outcrops) would expedite program
modification or selection of the next highest priority class if a higher ranked
class is disproven.

As each class is tested, work is commenced in the next highest priority class(es) to
the extent permitted by the budget.

As technical constraints are encountered, requlremcnts for supporting research will
be defined.

Active operator collaboration will be essential to rapid progress, especially at the
reservoir level in providing data or permitting access for collecting, new data and
testing concepts. Incentives to elicit such collaboration might be considered.

Extraction Technology Design/Testing (Also illustrated in Figure A-2(b).)

o
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The Extraction Technology Design/Testing component tests the Producibility
Hypothesis by using the detailed reservoir heterogeneity description to design
recovery systems and testing their predictability and cost-effectiveness.

The specific technologzes to be conszdered will vary with the reservoir and play

propertzes economic conditions, and the tzme available before access to the resource
is lost through well plugging.

In general, working closely with the geological description of the reservoir, four steps
would be followed:

e Reservoir modeling history matching for iterative confirmation of the
geological description and the simulator "set-up."

. Design of specific recovery system($) and approach(es).

«  Laboratory testing of the appfoach(es).

e Testing of the approach(és) by forrﬂal simulation, followed by refinement of
the design.

e Field testing of the design (generally by small scale pilot test) with indepth

diagnostics to evaluate predictability and cost-effectiveness.

As positive results are obtained from such tests, they will be converted into forms
suitable for technology transfer to all relevant audiences in the tested plays.
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. Assuming the Similarity Hypotheses have been demonstrated in the
Heterogeneity Description component, they must also be tested with respect
to the Producibility Hypothesis.

- If the Producibility Hypothesis is thus shown to be generaliiable to
~a full class, technology transfer can be expanded to the other plays
- in the class.

e As each studied class progresses to the point of technology transfer, the
-~ next highest priority classes and plays can be selected and the process
repeated to the extent available budgets permit. '

As in Heterogeneityv Description, as technical constraints on the cost-effectiveness
of available extraction systems are encountered, requirements for supporting research
will be defined.

Technology Transfer (See Figure A-2(c).)

¢

06LO0211.APA

This component is designed to quickly and effectively communicate the results,
findings, and products of the research to the target audiences who can use them:

e Major and independent operators.
e Consylting engineers aﬁd geologists.
° 'Ser\'(ice eonipanies. |

. Other researchers.,

Numerous channels for technology transfer will be used and evaluated for
effectiveness, e. g : B

s Pubhcatlcns.

. Workshops and symposia.

. Computer-aided "expert systems."

. Assistance to "petroleum extension agents' operating through state
: universities and geological survey. '

A critical part of the momtonng function (above) will be to ascertain the extent to

which the research products transferred to the target audiences are being put to use, -
resulting in increased U.S. reserves and producuon
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Figure A-2 (c) Straiegic Logic Flow
for Federal Oii and Gas Research:

Relationship of Core Program to Goal

Resource/Technology Assessment,
Monitoring, and Strategic
Planning (Define Priority Classes)

Resource/Technology Selection of
Data ) Priority Classes and Plays

Play N
Play 2
Play 1

Heterogeneity Description
(Test "Similarity" Hypotheses)

Reservoir Descriptions l ‘ y  Description Requirements
: [}

Piay N
Play 2.

Play 1 Extraction Technology Design/
Testing (Test "Producibility”
Hypothesis)

Demonstrated
Technologies

Y

Transfer Technology
(Al Applicable Piays)

Predictions of Increased
Producibility,

Max. Producibility of
Remaining U.S. Oil
-and Gas




Supportmg Research (See F'gure A-2(d))

.
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o Supportmg research is des1gned to respond to speczﬁc requzrements as defined by the
' techmcal constralnts encountered by the play-specﬂic task forces :

e  This provrdes cntena of relevance and value prevrously absent from federal‘f, s

genenc and "fundamental" research

e As certain constramts become recogmzed as apphcable to numerous classes

of plays, the concept of "generic" research is approximated, but the research
remains focused on solvmg real, articulated problems that limit the ability
‘ of the play-specrﬁc task forces to meet the programs obJectrves and goal .

- e In the early stages, falrly strict apphcatron of the cntenon of whether the _
i supportmg research truly seeks relaxation of specific, technical constraints ‘
~ (defined as important by the task forces) should be apphed to permlt sharp_ o

' focusmg of the supportmg research

S ~ “While multr-play supportmg research would be deﬁnable as. genenc," theu »
‘ nature of the specific constraints (and tlme ‘available to relax them) would
dlctate whether “fundamental" or "apph supportmg research is’ requlred S

' The speczﬁcs of suppartmg research cannot be deﬁned untzl the task forces deﬁne the o
..~ critical constraints; however, zt is probable that much of the federal program 5 present; e
-research would be germane ‘ . : , _

ot 'For purposes of 1llustrat10n, supportmg research is consrdered to be of two types o
* -~ geological, geophys1cal and geochemlcal research and extractlon engmeermg-_ '
. research : - ' ’ '

Examples of supportmg geologrcal geophys1cal and geochemlcal research RS v
E’- ‘ '-“Advanced mstrumentatlon | : '

e ngh resolutlon selsmrc, areal and downhole

= Logging-through-casinig. :
- Measurement-while-drilling. -

e 'Novel reserv01r mstrumentatron

e g ’Advanced mterpretatlon techmques |

e 'Geostatlstws
- Geological scalmg and modehng
=" Well testing. - o v
e ]Integrated mterpretatron methods and protocols;
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Figure A-2 (d) Strategic Logic Flow
for Federal Oil and Gas Research:

Role of Supporting Research

Resource/Technology Assessment,
Monitoring, and Strategic
Planning (Define Priority Classes)

Resource/Technoiogy i Selection of

Data Priority Classes and Plays
I Play N '
Piay 2 ,
Requirements Play 1 - . ' Requirements
Fem———— Heterogeneity Description @ H--——emmmmmcmmae -
g > Test "Similarity” Hypotheses = !
+ Soiutions ( ty P ) Soiutions 6
: . i Reservoir Descriptions ‘ Description Requrremenls
Supporting Geological @ — o L P e g 22RO R X .
H Supporting Extraction
Geophysical, Geochemical : ' ina R h
Research Piay N Engineering Researc
Piay 2 '
A : . - i
y ____Requirements | Play 1 Extraction Technology Desngn/ | Requiements __
T —— Pt  Testing (Test "'Producnblhty’ —
) Hypothesas) Solutions
i
Demonstrated
y Technologies
Transfer Technology

(All Applicabie Plays)

Predictions of increased
Producibility

Max. Producibility of
Remaining U.S. Oil
and Gas




Fundamental geoscience research.

- Reservoir chemistry and physics.
- Rock-fluid systems.
- Hydrology and environmental protection.

. Examples of supporting extraction engineering research:

Reservoir performance simulation (oil and gas) research.

Advanced primary/secondary recovery systems (oil and gas).

- Completion/stimulation techhiques.
- Permeability contrast reduction. -
- Waterflood/steamflood mobility control.

- Drilling--directional, horizontal; optimization.

- Operations and work-overs.

Advanced tertiary recovéry.

e Gas flooding.
- Chemical flooding.

- Thermal flooding.
- Combination processes.

- Microbial flooding.

- Novel tertiary processes.

* Advanced environmental _prqtection (oil and gas).

- Reversible well plugging.

- Environmentally acceptable disposal of dnllmg wastes and

produced fluids.

¢ Progress in supporting research will relax technical constraints encountered by the
task forces but will also often represent major contributions in its own right, so will
also be "packaged" for technology transfer.

. Comparisons, interpretations, and results will be made available as early as possible
through diverse media, allowing operators and other petroleum professionals to make
use of the information. These publications and presentations will attempt to advance
valid generalizations to reservoirs of the priority classes that were not specifically
studied as well as those that were. - '

Program Integration (See Figures A-2(e) and A-3.)

2 ~ Monitoring data would flow back to the plannmg function from. both the major
- program components and from the "real world" of U.S. reservoirs.

06L.0211.APA

A-25



VAV'I1Z0790 o

9TV

Figure A-2 (e) Strategic Logic Flow
for Federal Oil and Gas Research:

Overall View
s

(Ali Applicable Plays)

l Predictions. of Increased.

Producibility

Max. Producibility of
Remaining U.S. Oil

_______________________________ and Gas

Monitoring Data , - Resource/Technology Assessment, Signal to Select
FTTTTTTTT I > | Monitoring, and Strategic B T STmmmmmseses
~ o Next Highest
: : Planning (Define Pnonty Classes) Priority Play(s)
" i Resource/Tt echnology Selection of “
:. : Data - Priority Classes and Plays
:"““"“"““' """"" '1"“| Play 2
) Requirements 1 : Requirements
P emmm————— e J-_ P“‘” Heterogeneity Descnptlon ----------------- -
1 § i " .
B ' — Lp!  (Test "Similarity” Hypotheses) =" : !
: y| Solutions : Solutions ‘ l v
1 [Supporiing Geological - ’39_52’1’.".’.’_‘?233’.’5’2‘1'21_____*_ Koescrpon Requiements | Suooorton: Exacion
| Geophysical, Geochemical ' Play N ' — Enpgleerig Research
1 | Research : I Y g g
! . : I Play 2
1 A .
e | ¥ fequirements _;'_,—_——_— Play 1 Extractnon Technology Desugn/ ;_;.:.F.‘?ﬂ‘i'.’i”leﬂff:_:j
. L] "
: Solutions Testing (Test Producabuhty :
ﬂ e o o Hypothesls) Soiutions
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Frgure A-3: More Detarled Prototype Work Breakdown Structure
- for Federal Orl and Gas Research ’

Federal Oul & Gas Research Maxnmlze
- Technical and Economic Produclblllty
- of Known U S Orl and Gas Resources S

Research Integratlon Functrons

Resourcefr echnology
~Assessment, Monitoring
& Strateglc Planmng

~ Classification’

— - TORIS/Play AnaIysns/GeoIoglcaI

» Monitor’ Program Eﬂectlveness :
— Plann|ng/EvaIuatron/lntegratlon :

: ';Technology' -Transfer -

Publlcatlons & Workshops _
- " Computer-Alded Technology Transfer :
j Petroleum Extensmn Servrce Support

Research Functions

leasxa' FAVIGORE —

: Supportlng Geologlcal

Geophysical & Geochemlcal

Play Specific Interdlscipllnary S

- Supporting Extracnon
Engineering Research

S Research ERRE R

Research (Task Forces)

Advanced Instrumentation B

— Hi-res. Seismic
— Log-thru-Casing.

“.’.Novel Techniques

Advanced Interpreta’uon
Techniques ;

—-Geostatlstlcs PP
‘—=Well Testing: - . : o
}— Geological Scaling & Modellng
. —Integrated Interpret. Protocols :

1= Fundamental Geoscrence
' Research .

" | Reservoir Chemlstry &

Physics

—Q-Rock Flurd Systems '

Measurements-While- Dnlhng

ot

Heterogenerty Descrrptron

|~ Study of Modern Envrronments

— Study of Outcrops

o —Study of Resevoirs -

o v-—-FormaI Tests of "Srmllanty

Hypotheses -

Extraction Technology

-» Desrgn/T estlng

_Recovery System DeS|gn '
— Laboratory Testing -
- Simulator Testing -

— Field Testing of "Produclblllty

Hypothesrs ,

e - ReservorrPerfo‘rmance R

e Advanoed Tertiary Recovery

| Simulation Research

Advanced Primary/
Secondary Recovery

- Targeted Infill Drllllng
— Completion/Stimulation -
- Permeability Modification/
“Waterflood Mobility Control .~ :
Drilling: D|rechonal/Optlmlzatron/Oﬂ Mmlng .
— Workover/Clean-Up . ,

Thermal.

[ Advanced Enwronmental '
Protectlon R

,_.GaS - — Microbial
| Chemical 'Novel o

ReverSIbIe WeII Pluggmg /
Drnlhng Wastes and Produced FIurds
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]

‘ i
Momtormg data pertammg to apphcatlons of new technologies, and increases

in reserves and production from the studied classes of plays would directly =

measure progress toward the program goal.
- The absence of such progress may 1nd1cate a lack of effectrveness or
trmelmess in one or more of the program’s major logical components.

o - Data pertaining to’ the performance of the respective components provrdes
the basis for evaluation and correctrve actlon

- Seen as an- mtegrated whole the program would require substantially closer

B
|

|

i

integration than is now present.

o The close interaction of the program components, clear criteria of progress

in each, and the feedback of data to support evaluation of all necessitate

close program 1ntegrat10n |

. ' The requirement for integration, however, is not a requirement for a high

degree of centralization. -

e - Critical to the logic of the suggested program is a hrgh degree of

decentralization according to the classes of plays defined as the critical focus

of the research and the key to progress toward the program goal.

. l
° The combined need for close mtegratron of a program with a decentrahzed
research focus will i 1mpose management challenges not previously experienced.

The organization and specific focus of the central task forces would provide a bridge
* across disciplinary lines and would assure the interdisciplinary and practical approach -

requrred to convert R&D into unproved producrbrhty

At the same time, the supporting research can be placed in the practical context of
responding to the requirements defined by the task forces: but can explort the
strengths of discipline-specific research. .

In addition to benefiting the: natron, the work; of task forces, being tailored to
specific plays, directly benefits the state, regron and local operators.  Cost-sharing
(via Memoranda of Understandmg or consortia) is thus: appropriate and could be

- more readily arranged than " genenc ' research applying broadly to all, but specxﬁcally
to few |-

|
|
|

- Further, whrle provrdmg a broad umformlty‘m ob]ectlves and general approach the ,
suggested strategy tailors the geological, geophys1ca1 and engineering work to the

specific problems of mdlvrdual high pnorlty plays

i
l
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As the focused, tailored, practical solutions become available, technology transfer

~ can also become more focused, tailored, and practlcal speaking directly to operators,

technical professionals, and service compames facing the spec1f1c challenges ‘in -

»partrcular hlgh-pnonty plays

" The foregomg Strategy outline could be seen as an overview of the entire Fossil
Energy program in 011 and gas. geosmences and extractlon research

. It would require s1gn1ficant collaborat1on among emstmg headquarters and |
- field units to define respective responsibilities and integrative linkages;

. It would require significant management coordination to create, implement,

and evaluate these plans without unduly constrammg the tailored play—spec1ﬁc s
task force research and '

. __ It would require the understandmg and favor of other DOE units, OMB and B

key Congressronal leaders and subcommlttee staffs

_ But the outhned strategy constltutes a: srgmficant departure from the current, '

_program --
. A departure with a new focus on the most pressing issues -- reservoir -
o -,?heterogenelty and the urgency 1mposed by the 1mpendmg abandonment of
wells .
e A departure with srgmﬁcant promise of meetmg the. goal -- mcreasmg the -

_economlc and tlmely produc1b1hty of the natron s 011 and gas resources.
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APPENDIX B
GLOSSARY OF GEOLOGIC TERMS

anticline. In its simplest form, an anticline is an elongated fold in which the sides or limbs slope
downward away from the crest. This simple form may be greatly complicated during progressive
stages of folding. In a normal sequence of bedded rocks, the oldest beds are in the core of the
anticline and the youngest lie on the flanks.

‘back-barrier facies. The depositional environment consisting of sediments deposited landward of
and protected by a barrier island. Back-barrier subenvironments, include lagoon, bay, washover
fan, tidal delta, tidal flat, marsh and estuary. Most back-barrier sediments, except for those in
~ washover fan and tidal delta environments, are muddy, because they are depos1ted in low-energy
conditions.

barrier-core facies. The sand skeleton of the barrier island, deposited parallel to depositional
strike. The core is a composite of beach, dune, and upper-shoreface sands. These sands are
typically well- to moderately well-sorted, because they are deposited in high-energy conditions along
the shoreline.

- barrier island. A narrow elongate sand ridge rising slightly ébove high-tide level and extending
~ generally parallel with the coast, but separated from it by a lagoon. Modern examples are
Galveston Island on the Texas Gulf Coast and Cape Hatteras on the Atlantic Coast.

carbonates. Mineral compounds characterized by a fundamental anionic structure of CO3 .
Calcite and aragonite, CaCO; are examples of carbonates.

clastics. Pertaining to rocks or sediments composed principally of fragments derived from pre-
- existing rocks or minerals and transported some distance from their places of origin. The most
common clastics are sandstone and shale.

deposition. The act or process of accumulatmg natural materials into sediments. Deposmon_
“includes mechanical settling of material from bodies of water and ice or from the air, the
precipitation of material from solution by evaporation and other chemical actions, and the
accumulation of organic material through the life processes of plants and animals.

depositional system. A group of facies linked by a deposmonal environment and assoc1ated
. processes.

Note: The definitions supplied in Appendix A are drawn primarily from: Stokes, W.L. and
Varnes, D.J., "Glossary of Selected Geologic Terms", Colorado Scientific Society, 1955; Bates, R.L.,
and Jackson, J. A. (eds.), "Dictionary of Geological Terms," 3rd ed., American Geological Institute,
1984; Galloway, W.E., and Cheng, E.S., Reservoir facies architecture in a microtidal barrier system
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- Frio Formation, Texas Gulf Coast, The University of éTexas at Austin, Bureau of Economic
Geology Report of Investigations No. 144, 36 p. ?

diagenesis. All changes undergone by a sediment after its initial deposition, exclusive of
metamorphism. It includes processes (such as compaction, cementation, dissolution, and
replacement) that occur under conditions of pressure and temperature that are normal at shallow
depths in the outer part of the earth’s crust. ‘

facies. A facies is a three-d1mens1onal body of rock whose environmental origin can be inferred
from a set of observable characteristics. The features on which facies are named and recognized
are usually lithologic (lithofacies) or biologic (biofacies). The lithologic designation predominates
in this report. The term applies to a specific rock unit; a facies within the specific unit then
designates some particular or general feature by which a part differs from other parts deposited
at the same time. Example: deltaic facies of the Green River Formation.

fusulinid. Any of an important group of extinct, marine, one-celled animals (Class Sarcodina,
Phylum Protozoa) that have left an extensive fossil record for late Paleozoic time. Fusulinids are
characterized by a multi-channeled calcareous test, commonly resembling a grain of wheat. Because
of their small size, they are easily recovered from well cuttings and have proved of great value in
correlation of oil-bearing Pennsylvaman and Permian age, rocks. ‘

grainstone. A grain-supported sedimentary carbonate rock contaming no mud.

grainstone-dominant facies. A reservoir rock volume consisting primarily of small carbonate grains

cemented together, with only a minor amount of mud. This type of rock represents depositional

environment in which most of the mud-sized particles that may have previously exxsted have been

winnowed away by high-energy conditions. ;
lithology. The description of rocks on the basis of such characteristics as color, mineralogic
composition, grain size, grain type, and ‘grain distribution |

mudstone, A mud-supported sedrmentary carbonate rock contammg less than ten percent grains.

: nongramstone facies. The reservoir rock volume dommated by mud-supported carbonate, con31st1ng

primarily of mudstones and wackestones. This type of rock reflects a relatlvely low-energy
depositional environment. .

oil play. A family of oil reservoirs or fields sharmg a common geologlc history as  defined by
present day reservoir similarities. The most important parameters in play definition are reservoir

origin, trap style, and source rocks. Basic geologic, engineering, and production attributes are also

- considered in the designation of a play. The importance of a play is that its component fields are
considered ‘a geologic "unit" from which play to play COmparisons can be made.

oolite. a sedimentary rock, usually a limestone or dolostone, made up of small, rounded

accretionary bodies, or ooliths, cemented together. Ooliths resemble fish eggs, with a diameter of
0.25 to 2.0 mm. The concentric coatings of these grains precipitate inorganically around a nucleus.
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' packstone. A gram-supported sedlmentary carbonate rock contarmng some matrrx of carbonate,
: mud e -

o sedlment. Sohd natural matenal that has settled down from a state of suspensmn 1n water, alr, - - '
or. 1ce g o . : ,

R shoal. A submerged ridge, bank or bar of sand or. other unconsolrdated matenal rrslng ﬁom the i
i bed of a body of water to near the surface : v ,

o strandplam. A shore typlcally cons1stmg of narrow, sand beach ndges separated by w1de bands of '
- fine-grained sediments built seaward by waves and currents, and continuous for long distances along
- the coast. Modern examples are the chenier plams in Southwest Loursmna and the beach ndges L

" along Nayarit, Mexrco . . » : :

R tectomcs. A branch of geology deahng with the broad archltecture of the outer part of the: earth i
~ that is, the major structural or deformatlonal features and therr relatlons, or1g1n and h1stor1cal

evolution. -

“'trdal ﬂat. An extensrve nearly honzontal marshy or barren tract of land that is alternately covered» '

and uncovered by the trde, and conswtmg of unconsohdated sedlment

» "trdal-mlet facres. Erosronally bounded, dlp-onented deposrts that accumulated in tldal channelsf'
“cross-cutting the barrier-island. - This facies is characterized by 1) an erosional base and coarse -
debris lag, 2) an’ upward-ﬁnmg sequence 3)a supenmposed upward-coarsenmg sequence and 4)“
a cap “of beach deposrts ’ o

wackestone. A mud-supported sedrmentary carbonate rock contammg greater than ten percent-. |

- ’gralns (partlcles w1th drameters greater than 0. 2 mm)
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