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INTRODUCTION

Over 400 million barrels of il have been produced from shalow-shelf carbonate reservoirsin the
Pennsylvanian (Desmoinesian) Paradox Formation inthe Paradox basin of Utah, Colorado, and Arizona.
With the exception of the giant Greater Aneth field, 100 plusail fieldsin the basin typicdly contain2to 10
million barrels of origina-oil-in-place per field. To date, none of these small fields have been the Site of
secondary/tertiary recovery (carbon dioxide- [ CO,-] miscibleflood) techniquesusedinlarge carbonate
reservoirs. Mogt of thesefieldsare characterized by extremely highinitial production ratesfollowed by a
very short production life (primary) and hence early abandonment. At least 200 million barrelsof il are
at risk of being left behind inthese small fields because of inefficient recovery practicesand undrained
heterogeneous reservoirs.

The Utah Geologica Survey (UGS), the prime contractor, led amultidisciplinary team consisting
of the UGS, Harken Southwest Corporation (Harken), and several subcontractors. Thisresearch was
performed under the Class |1 Oil Program of the U.S. Department of Energy, National Petroleum
Technology Office in Tulsa, Oklahoma

During Budget Period |, we described thegeol ogica and reservoir characterigticsof fivesmall dgal
mound fieldsin the Paradox basin of southeastern Utah (figure 1), and conducted reservoir modeling and
smulation ontwo of theproject fidlds. Theactivitiesfor Budget Period 11, thefield demongtration, will be:
(1) implement apilot CO, flood on a selected field, (2) monitor testing and production, (3) evaluate
demongtration techniques and economic feasibility, (4) determine which project techniques are suitablefor
usein similar fields in the Paradox basin and throughout the U.S., and (5) technology transfer.

OBJECTIVE

The primary objective of thismulti-year project isto enhance domestic oil production and increase
reservesthrough detailed reservoir characterization and smulation. Thisobjectivewill be accomplished
viacase sudies of smdl fieldsin the Paradox basin of southeastern Utah, conducting afield demongtration
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Fig. 1. Location of project fields (dar k-shaded areaswith namesin bold type) in
southwestern Paradox basin on the Navajo Nation, San Juan County, Utah.

of secondary/tertiary recovery techniques, and transferring results of devel oped technologiesto industry.
If this project demongtrates atechnique with economic feasihility, the technique can be applied to about
100 additiona small fieldsin the Paradox basin done, and result inincreased recovery of 150t0 200 million
bbl of oil.

The objectives of Phase | were to characterize five, shallow-shelf carbonate reservoirsin the
Paradox Formation and choose the best candidate for a pilot demonstration project for either awaterflood
or CO,-flood project. Theobjectivesof Phasell, thefield demonstration, areto test the conclusi ons of
Phasel with apilot CO, flood and monitor field performance. Theseactivitieswill take place within the
Navajo Nation.

Thefina objectivesof thisproject will beto transfer the resultsand recommendations devel oped
to the petroleum industry and other researchers through a petroleum extension service, creation and
distribution of digital databases, technical workshopsand seminars, field trips, technical presentations at
nationa and regiona professona mesetings, and publicationsin newdetters and varioustechnicd or trade
journals.



APPROACH AND PROJECT DESCRIPTION
I ntroduction

Thegeological and reservoir characteristics of fivefields (Anasazi, Blue Hogan, Heron North,
Mule, and Runway) within the Navaj o Nation, San Juan County, Utah, were quantitatively determined to
rank eachfield’ ssuitability for enhanced recovery projects. Thesefieldsrepresent typical, small, shallow-
shelf carbonate reservairs producing oil and gas from the Desert Creek zone of the Paradox Formation.
Our study included: (1) andlyzing regiona faciesand outcrop analogs, (2) drilling development wells (one
horizontd), (3) determining reservoir heterogeneity, quaity, andlatera continuity or compartmentalization,
(4) determining diagenetic fabricsand history, (5) extensive mapping of reservoirs, (6) determining field
reserves, (7) laboratory testing and analogiesto large- scale waterflood/CO, flood, and (8) reservoir
modeling and simulation on two of the project fields.

Geological and Reservoir Characterization

Reservoir data, coresand cuttings, geophysica logs, variousreservoir maps, and other information
fromtheproject fieldsand regiond exploratory wellswere collected. Well [ocations, production reports,
completion tests, core anays's, formation tops, and other data were compiled and entered in a database
developed by the UGS.

Three generalized facies belts were mapped in the Desert Creek zone of the Paradox Formation
utilizing representative core and modern geophysical logs: (1) open-marine, (2) shallow-shef and shelf-
margin, and (3) intra-shelf, salinity-restricted facies (figure 2). Outcropsof the Paradox Formation Ismay
zone aong the San Juan River of southeastern Utah, provided small-scale analogues of the reservoir
heterogeneity, flow barriersand baffles, and lithof acies geometry observed in thefields. Theseanal ogues
include aphylloid-algal mound, (2) a“reef wall,” and (3) a carbonate detrital wedge and fan. These
outcrop characteristics were incorporated in the reservoir simulation models.

Geologicd characterization on aloca scaefocused onresarvoir heterogeneity, qudity, and laterd
continuity, aswell aspossi ble compartmentalization within each of thefive project fields. Structure contour
maps on the top of the Desert Creek zone of the Paradox Formation and gross Desert Creek interval
isopach maps were constructed for the project fields. These maps were combined to show carbonate
builduptrends, definelimitsof field potentid, and indi cate possi ble combination structural and stratigraphic
traps. Basic reservoir parameters and production histories for each field were also compiled and
summarized. Thetypica vertical sequence, or cycle, of lithofacies from each field, as determined from
conventional core, wastied to its corresponding log response. Diagenetic histories of the various Desert
Creek reservoirswere determined from petrographic examination of thin sectionsfrom representative
samples of conventional coresfrom each field. The petrographic descriptionswere used to rank each
field s suitability for enhanced recovery projects.

A team of geologists, reservoir engineers, and geophysicists from Harken eval uated potentia
development locations(for both vertical and horizontal wells) for theproject fields. Project development
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Figure 2. Generalized regional facies belts for the Desert Creek zone,
Pennsylvanian Paradox For mation, southeastern San Juan County, Utah.

wellswere designed to increase the wd | density from onewe| per 80 acres to onewd | per 30 to 40 acres.
Additional selsmic data were used to determine the extent of the algal mound in Mule field, and the
orientations and lengths of horizontal development drilling. The data obtained from these new wellsenabled
the project team to assess: (1) the frequency of reservoir compartment changes (reservoir heterogeneity)
inagiven areg, (2) the amount of communication between compartments, (3) how awaterflood or CO,
flood will flow from one compartment to another, and (4) the areal extent of an average compartment.

Reservoir M odeling and Simulation

Two fidds, Anasazi and Runway (figure 1), were selected for detailed geodtatistical modeling and
reservoir smulation in order to determine which fidld wasthe best candidate for apilot waterflood or CO,-
flood demonstration project. Detailed quantitative reservoir descriptions, coupled with geostatistical
modeling and composition simulations, were used to predict field performances under CO, flooding and
waterflooding recovery processes. Theinternal architecture of the reservoir between the wells was
model ed using amarked-point (Boolean) processfor emplacement of constituent lithotypes (figure 3).
Emplacement sequences were established and the re ative lithotype proportions varied sochastically. The
pair-wise, block-exchange processfor smulating Desert Creek reservoir porosity betweenthefield wells
was carried out using the well-known stochastic relaxation technique known as simulated annealing.
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Figure3. Block diagram displaying distribution of lithotypesin thereservoir smulation model, Anasazi field. Arrows
directed up are producing oil wells, arrowsdirected down are CO, injectors. Thelayersconsist of a 30 by 50 block
grid (1,500 blocks per layer or atotal of 22,500 blocks). Thelayer at the bottom of the “ cut away” isthe boundary
between mound-cor e and supra-mound intervals.



Sengtivity sudieswere conducted which indicated that most of the variation in effective reservoir properties
could beretained with careful scaling of porosity and permegbility. Lithotypeswere assgnedto gridblocks
in 15 layers. Porosity was volume-averaged for the 15-layer model, and effective permeability was
computed by solution of the pressure equation using the field-scale reservoir simulator.

Compositional smulation was used to history match (model) predicted production to actua past
production performance of thefields, aswell asto predict the performance of continued primary depletion
and various CO, floods (figure4). The simulation study employed the stochastically generated reservoir
description. Thereservoir fluid was characterized viaan equation-of-state calibrated using CO,-swelling
tests conducted on crude oil from Anasazi field and the origind,, black oil, pressure-volume-temperature
datafor bothfields. Gas-oil and water-oil relative permeability, capillary pressure, and rockpore volume
compressibility data were generated for the principal productive facies.

PROJECT RESULTS

Fig. 4. Block diagram displaying reservoir oil saturation distribution after 4 years of
CO,injection. Shownisa“cut away” through one of the proposed horizontal injector
wellsand the Runway Nos. 10G-1 and 10E-2 production well locations. SO (fraction) is
the oil saturation.



Geological and Reservoir Characterization
Regional Geological Setting

Facies belts and patterns are critical to the understanding of the heterogeneity and reservoir
capacity of each of thefive project fidlds evauated for the demondtration project. In addition, theanaysis
of the vertica facies sequencein each field areawas important in order to infer lateral relationships and
overdl depostiond geometries of thereservoir facies, and theintervasthat would tend to compartmentdize
production. All fiveproject fields, aswell asthe other Desert Creek fieldsin theregion, arelocated within
the shallow-shelf and shelf-margin faciesbelt (figure 2). Thisfacies bt includes shdlow-shdf carbonate
buildups, platform-margin cal carenites, and platform-interior carbonate mudsand sands. Theregional
lithofaciesmapindicated arel atively untested belt of shallow-shelf, cal carenite carbonate deposits(figure
2). Thisnarrow, but long, belt of cal carenitelithofaciesis between open marinelithofaciesand the margins
of intra-shelf, salinity-restricted lithofacies. Heron Northfield (figures 1 and 2), oneof five project fields,
isan excellent example of the type of field which potentialy lieswithin this 20-mi-long lithofacies belt.
Carbonate buildups | ocated within the open-marine and intra-shelf, salinity-restricted facies beltstypically
have poor reservoir quality.

Field correlations of wellswithin the Desert Creek interval werecritical to predicting reservoir
development and continuity. In addition, sequence stratigraphic analysis of the excellent outcropsaong
the San Juan River just west of the study area hel ped to determine the factors which control faciesand
reservoir development. Outcrop study showed that morphologically, the buildups consist of large,
northwest-trending algal banks separated by interbank troughs or channels. Smaller, secondary agal
mounds and intermounds define the upper surfaces of theaga banks. By andogy, the presence of certain
faciesinawell core might serve asaproximity indicator for amore prospective drilling target. Reservoir-
quality porosity may devel opeintroughs, detrita wedges, and fansidentified from coreand faciesmapping.
If these depositsarein communication with mound-reservoir faciesin the subsurface, they could serveas
conduitsfacilitating the sweep efficiency of secondary/tertiary recovery projects. However, therelatively
small sizesand the abundance of intermound troughs over short distances, asobserved along theriver,
suggests caution should be used when correl ating these faci es between devel opment wells. Faciesthat
gppear correlative and connected from one well to another may actudly be separated by |ow-permesability
facieswhich inhibit flow and decrease production potential.

Theresults of thesefield investigations were incorporated into the geologica condraintson facies
distributions in the geostatistical models. Reservoir models for possible water and CO, floods of small
Paradox basin fieldswere devel oped to determinethe most effective secondary/tertiary recovery method.
Themodelsincluded lithologic fabrics, flooding surfaces, and inter-mound troughs, based on the mound
complex exposed in the San Juan River Canyon.

Field-Scale Geologic Analysis

Field-scale geologic analysiswas used to identify reservoir and non-reservoir rock, determine
potentia unitssuitablefor water- and/or CO,-flood projects, and comparefield to non-field areas. The
typical vertica sequence, or cycle, of lithofaciesfrom each field, asdetermined from conventiona core, was
graphically tied toitscorresponding log response. Structure contour maps on thetop of the Desert Creek
zone of the Paradox Formation and isopach maps of the gross Desert Creek interval were constructed for



the project fields. These mapswere combined to show carbonate buildup trends, define limits of field
potential, and indicate possible combination structural and stratigraphic traps.

From these analyses, productive carbonate buildupswere divided into three types. (1) phylloid
agd, (2) cordlineagal, and (3) bryozoan. Hydrocarbons are stratigraphically trapped in porous and
permeabl e lithotypes within the mound-core and supra-mound intervals of Desert Creek carbonate
buildups. Primary oil recovery isabout 40 percent in mound-core intervals but 15 percent or lessin the
supra-mound intervals. In these traps, determining the nature, location, and extent of reservoir
heterogeneity was the key to increasing oil recovery.

Three factors create reservoir heterogeneity within productive mound-core and supra-mound
intervas: (1) variationsinlithotypes, (2) mound relief and flooding surfaces, and (3) diagenesis. Theextent
of thesefactors, and how they are combined, affect the degreetowhich they create barriersto fluid flow.
The mound-core intervals, the most homogenous part of these buildups, are dominated by bafflestones.
Theoverlying supra-mound intervalsexhibit the greatest heterogeneity with multiple combinations of
lithotypes and various lithofacies thicknesses.

Most shallow-shef/shelf margin carbonate buil dupsin the sudy areahad topographic relief which
was subaeridly exposed when sealevel dropped. Thisproduced four mgjor diagenetic environments: (1)
afresh water (meteoric) vadose zone (abovethewater table, generaly at or near sealevd), (2) ameteoric
phrestic zone (below the water table), (3) amarine phreatic zone, and (4) amixing zone. Neomorphism,
leaching/dissol ution, and fresh water cementationtook placewithin the vadose and meteoric phrestic zones.
Both the meteoric phreatic zone and marine phreatic zone were dynamic, changing with sealevel
fluctuations. These phreatic zones were separated by amixing zone (fresh and seawater) which aso
changed with sealeve fluctuation. Early dolomitizationtook placeinthe mixing zone. That portion of the
carbonate buildup facing the open-marine environment was generally asteep-wall complex where early-
marine cements were deposited from invading seawater pumping through the system. The other side of
the mound typically bordered a hypersaline lagoon. The dense brine from the lagoon seeped into the
phreatic zone, aprocesstermed seepagereflux, forming both early replacement dolomite and dolomite
cement.

Coredata, log data, pressure data, production data, PV T data, and oil-water relative permeability
data were collected or determined to characterize the reservoirsin three dimensions. Permeability,
porosity, heterogeneities, fractures, boundaries, layers, ineffective pay, and reservoir fluid and flow
characteristicswere cata oged and corrlated from well towell acrosseachfidd. Production historieswere
also plotted for each fidld. Primary recovery and origind oil in place were determined from volumetric
reserve caculations, materid balance caculations, and decline curve extrgpolations. Theinformation and
plotscompiled were merged with geol ogica characterization dataand incorporated into reservoir Satistical
models and simulations.

Drilling of Development Wells

Selsmic interpretation and mapping indicated that the mound buildup at Anasazi field (figure 1)
extended to thewest of the previoudy developed areas. A new well a amore westerly location could dso
serveasan Anasazi water/CO, injection well inthefuture. A new seismic program was a so permitted and
conducted inthe Mulefield (figure 1). The additional seismic datawere used to determine the extent of
thealgal-mound buildupinthefield and the orientationsand lengths of any horizontal development drilling.



These saismic datawereinterpreted and incorporated into theoveral interpretation of the southwest Aneth
region.

During thefirgt project year, one development well was drilled in the Anasazi field, the Anasazi No.
6H-1well. Evauation of the core suggeststhewd | missed the main buildup or mound-coreinterva (dga-
bafflestone reservoir) and penetrated poorer quality mound-flank deposits (mixed carbonate fabrics that
arebrecciated, dumped, and chaotic) instead. However, the dolomitesin the upper part of the buildup or
supra-mound may be connected to the upper Anasazi reservoirsintherest of thefield. Selected plugsfrom
thereservoir were used to determineoil/water and gas/oil relative permeability measurements, theresults
were incorporated into the Anasazi reservoir flow simulation model. The Anasazi No. 6H-1 well was
completed at adaily rate of 31.3 barrels of oil, 25 thousand cubic feet of gas, and 7.5 barrels of water per
day in the Desert Creek and Ismay zones.

The Mule No. 31 K-1 sidetrack, with a horizontal displacement of 939 feet in a northwest
direction, wasthefirst horizontal test of asmall algal buildup inthe Paradox basin. Drill cuttingsand the
mud log (no geophysical logswererun) indicated thewell intersected possibleintercrystalline porosity
zonesin the supramound interva of the buildup facies, lagoona overwash deposits (?), and mound-front
facies. The well was completed at a rate of 149 barrels of oil and 223 barrels of water per day,
respectively.

Reservoir Modeling and Simulation

Thekey to increasing ultimate recovery from the Anasazi and Runway fields (and smilar fiddsin
thebasin), isto design either waterflood or CO,-mi scible flood projects capable of forcing oil from high-
storage-capacity but |ow-recovery supra-mound unitsinto the high-recovery mound-coreunits. Theresults
of statistical modelswere used in reservoir smulationsto test and design those types of projects. The
secondary/tertiary recovery techniquessimulated (with appropriatevariations) werewaterflooding and
CO,-miscible flooding, as well as a combination of the two (water alternating gas [WAG]).

Geostatistical Models

The geometry, lithology, internd architecture and reservoir properties of the Anasazi and Runway
mound complexes were developed from avariety of data sources. Data sources included seismic, well
logs, core, outcrop data, and well test results. This data and itsinterpretation were used to construct
geodtatistically based architecturd representationsof anumber of different reservoir models, or redizations,
and the associated properties of the facies contained in the architectural elements (figure 3).

Thereservoir production history, and thevarious stages of depletion, weredefined using production
data, mechanistic, and full field smulation studies. Fluid property datawere used to calibrate equation of
states, which were subsequently used to conduct CO, process mechanistic studies and compositional
simulation studies to define CO, miscibility conditions.

A completereview of existing well test data, and new interpretations of this data, were completed.
| nterpretations provided new insight into fluid flow among the principal rock types, and quantitative data
to support reservoir characterization. Utilizing new reservoir property data, the calibrated equation of
gtates and number of different geodtatistically based reservoir models, acompostiona smulator was used
to history match past reservoir production performances. The reservoir properties that required
modification to obtain history matcheswerereviewed, and thefina predicted performances compared with
historical data.



Using the history-matched smulator, continued primary production depletion waspredicted. The
smulator wasused to predict performances of both CO, floods (figure 4) and waterfloods. Theinfluence
of the number of injectors, injector location, injector-well configuration (vertical versushorizontal), and
production well operating conditionswere assessed for both CO, floods and water flooding. 1n addition,
the operating pressure required to maintain CO,-crude oil miscibility and the impact of re-injecting
unprocessed (CO, and hydrocarbons not separated) produced gas on CO, flood performance were
assessed. Simulation resultsindicate that CO, flooding is superior to water flooding in terms of tota ail
recovery. Simulation results provided datato determinethe CO, gasvolumerequired and overdl project
injection requirements. Also, thefield performancewas s mulated to comparethe scenariosof continued
CO, injection versus CO, injection followed by reservoir blowdown.

Reservoir M echanistic Studies

Based onthe calibrated equation of states, multiple contact phase behavior calculations, and one-
dimensional compositional studies, it was concluded that:

1 The Anasazi and Runway crudes can be miscibility displaced by CO..

2. The CO, - crude mass transfer process can be characterized as a vaporizing gas drive
processwhere theinjected CO,, viaamultiple contact process, is enriched in intermediate
components vaporized or extracted from the in-place oil.

3. Using oil compositions representative of the original oil and depleted oil in Anasazi,
miscible displacement occurs over the pressure range of 2,400 to 3,100 pounds-per-
sguare-inch absolute (psa). A pressure of 3,100 psawas used asaguideinefor full fidd
smulation studies ng CO, injection. Using oil compositions representative of the
origina oil, miscible displacement will require a pressure in excess of 3,000 psiafor
Runway.

Two-dimensiona, mechanigtic, reservoir performance studies modeling the primary depl etion stagesof the
Anasazi reservoir provided thefollowing insightsinto basic reservoir prediction mechanismsfor both
reservoirs:

1. Theinitia Anasazi reservoir production behavior can becharacterized asliquid expansion
processesfollowed by asolution gasdrive. Thesolution gasdriveisaccompanied by free-
gas segregation into the supra-mound interval and the development of asecondary gas
cap. Thelatter stage of productionis characterized by secondary gas cap expansion and
gravity drainage of oil from the supra-mound interval into the underlying core-mound
interval (the dolomite/limestone unit).

2. Thelimestone unit (core-mound interva) contributesthe mgor portion of production (>99
percent), but is continually recharged from the overlying supra-mound interval.



3.

Verticd permesbility isakey parameter that controls reservoir processes. The extent and
nature of the supra-mound/core-mound (dolomite/limestone) communication plays a
controlling role in reservoir performance.

Anasazi Reservoir Performance Predictions

The history-matched ssmulator was used to predict the production performance of the Anasazi
reservoir under continued primary depletion, assessthe potential of CO, flooding, and identify operating
conditions needed to maximize CO, enhanced recovery (figure 5). In addition, the potential of water
flooding was assessed. Major results of the predicted reservoir performances are presented below

1.

The projected primary production through January 1, 2012 is 2.55 million stock tank
barrels (STB). Thisrepresents 54 percent of theorigina ail in place (OOIP) in the mound
complex proper and 22.3 percent of the OOIP in the total system.
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Figureb. Oil recovery - primary depletion ver suscontinuous CO.-flood
injection/flood recovery, Anasazi field.

An optimized CO, flood is predicted to recover atotal 4.21 million STB. Thisrepresents
anincreaseof 1.65 million STB over predicted primary depletion recovery asof January
1, 2012. The projected 4.21 million STB of oil production representsin excess of 89
percent of the OOIP in the mound complex and 36.8 percent of the OOIP of the total
sysemmodeled. Theincrementd recovery of 1.65 million STB requirestheinjection of
the 35.0 billion standard cubic feet (BSCF) of gas and the purchase of 11.5 BSCF of
CO..



10.

11.

Projected maximum CO, enhanced oil recovery will require pressurization of thereservoir
to over 2,700 psia (core-mound core pressure in excess of 2,500 psia). Thisisthe
projected average operating pressure needed to provide miscibility, given past production
and compositional changes.

Optimum recovery from CO, flooding will require one injector for each mound.

Vertical injection wellswithinjection restricted to the supra-mound interval providethe
best recovery. Horizontal CO, injection wellshave poorer recovery associated with early
CO, break through.

Conditioning of produced gasto remove hydrocarbons prior to re-injection is not required
to maintain miscible conditions in the reservoir and obtain high oil recovery.

The subject reservoir can maintain current production levels during reservoir fill-up without
adversely impacting the CO, enhanced recovery process.

Comparison of continuous CO, injection versus CO,injection followed by blowdown
favors continuousinjection, sSinceit is projected to recover 800,000 STB more ail than the
case using blowdown.

Predicted waterflooding recovery was substantially below the projected CO,-flood
performance. The best waterflooding exhibited an incremental increasein oil recovery
over primary production of 618,000 STB of oil versusthe 1.65 million STB of additiona
recovery for the best CO, flood.

Thelow mobility of water (relative CO,) and the corresponding poor injectivity of water
injectors would require producers to operate at low bottom hole pressure to enhance
water influx and improve water flood responsetime. Low reservoir pressurewould result
in three phase flow contributing to lower oil production rates and recovery.
Carbon dioxide flooding is favored over water flooding because:
a higher oil recovery is possible,
b. substantialy higher oil mobility which improvesail flow (CO,) exhibited
a maximum constrained rate of 1,500 STB/day versus a maximum
waterflood rate of less than 400 STB/day,

C. project lifeis shorter, and

d. the possibility of returnto primary depletion is possible after injecting
CO,; thisisunlikely after injection of water.



Two additional simulation prediction cases (A and B) were run to assess the sensitivity CO,
performance at Anasazi field to reductionsin the CO, injection rate and to serve asthe basisfor thefina
economic assessment of CO, flooding. The principal operating parameters and simulation-related data
used for these simulation cases were:

C CO, injection starts on January 1, 2000.

C Simulation case A usesaninjectionrate of 2.0 million standard cubic feet of gas per day
(MM SCFGPD)/well and case B uses an injection rate of 4.0 MM SCFGPD/well.
Injection was simulated through one well in each of the two mound |obes.

C Production wells Anasazi No. 1, Anasazi No. 5L-3, and Sahgzie No. 1 were alowed to
produce at the rate in effect on January 1, 2000 during reservoir fill-up.

C Produced gas was recycled to reduce CO, make-up gas purchases. Thus, no conditioning
was employed.

C CO, injection was continuous from the start of injection until January 1, 2012.

The data show that for case A, theincremental oil recovery above primary was 951,000 STB as
of January 1, 2012. Thisrequiredinjection of 17.5 BSCF of CO, and produced gas and purchase of 10.1
BSCF of CO,. Simulation prediction resultsindicatethat aCO jnjection rate of 2.0 million SCFGPD/well
would not be sufficient to meet ongoing production needs of the operator and generate acceptable
economicreturns. It would however, increaserecovery by closeto 1.0 million STB of oil over predicted
primary recovery as of January 1, 2012.

Thedatashow that for case B, theincremental oil recovery above primary was 1,654,000 STB
asof January 1, 2012. Thisrequired injection of 35.0 BSCF of CO, and produced gas, and purchase of
11.5BSCF of CO,. Specificdly, usng a4.0 million SCFGP/day/well injection rate from two injectors,
the CO, flood will recover 4.21 million STB. Thisrepresents an increase of 1.65 million STB over
predicted primary recovery asof January 1, 2012. The projected 4.21 million STB represents more than
89 percent of the OOIP in the mound complex and 36.8 percent of the OOIPin thetotal system modeled.

Runway Reservoir Performance Predictions
The history-matched smul ator was used to predict the performance of the Runway reservoir under

continued primary depletion, and assessthe potential of CO, flooding (figure 6). Major results of the
predicted reservoir performances are presented below.
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injection/flood recovery, Runway field.

The projected primary production through January 1, 2012is1.032 million STB. This
represents 31 percent of the OOIPin the mound complex proper and 21 percent of the
OOIP in the mound and off-mound areas and the platform interval.

Of the limited number of prediction cases completed, the best CO, flood is predicted to
recover atotal 2.4 million STB. Thisrepresentsan increase of 1.58 million STB over
predicted primary depletion recovery asof January 1, 2012. The projected 2.4 million
STB of oil production represents 71 percent of the OOIP in the mound complex and 48
percent of the ail in place of the total system modeled, excluding the Ismay. The
incrementd recovery of 1.58 million STB requirestheinjection of 51.0 BSCF of gasand
the purchase of 8.7 BSCF of CO,.

Projected maximum CO, enhanced oil recovery will require pressurization of thereservoir
toover 3,000 psia. Thisisthe projected average operating pressure needed to provide
miscibility, given past production and compositional changes.

Optimum recovery from CO, flooding may only require one horizontal injector.

The reservoir can maintain current production levels during reservoir fill-up without
adversely impacting the CO, enhanced recovery process.



6.

Additional prediction cases are needed to assessthe impact of operating the CO, flood
at variousinjection rates. The 8.0 MMSCFPD case resulted in marginal economics
despite reasonable overall oil recovery.

Economic Assessments of CO, Floods

Anasazi Field: Using reservoir simulation-based performance predictions and current CO, flood
implementation costs, detailed economic assessmentswere conducted for anumber of different CO, flood
options. These studies indicated that:

1.

A CO, flood of the Anasazi reservoir hasrobust economics. With U.S. Department of
Energy (DOE) participation the project would have arate-of -return (ROR) of 62 percent,
apayout of 35 months, aprofitability index (P1) of 15to 1, and adiscounted (10 percent)
net-present-value (NPV) in excess of $12,500,000. Harken's capital outlay would be
$1,728,000. Even without DOE participation the economics remain robust withaROR
of 48 percent, a payout of 39 months, a Pl of 8 to 1, and a discounted NPV of over
$11,000,000. The capital requirements would be $3,146,000.

L easing the compressor on afiveyear contract basisisbetter economically than purchasing
the compressor. Leasing improves the ROR by approximately $1.0 million.

The benefit from processing produced gas to separate CO, from the hydrocarbons and
using thehydrocarbonsfor fud and salesare offset by thelarge capitd investment required
for a membrane separation facility. Thus, re-injection of all produced gas without
conditioning is economically more attractive than implementing a CO, flood with gas
processing.

The difference between a minimum and maximum cost option for installation of
flow/injection lines and the CO, supply is approximately $1,000,000. However, the
economicsarestill robust. With DOE cost sharing, the ROR is 56 percent with a Pl of
11.5to 1.

Comparison of the economics of a process using blowdown after six years of CO,
injection versusthe continuous CO, injection caseindicates that the ROR and the Pl are
not significantly different, but the NPV issubstantially decreased (approximately $1.4
million). Thelower NPV isaresult of lower oil recovery for the blowdown case (800,000
STB less than the continuous injection case).

Production data and injection gas requirements, including CO, make-up purchases, from case B
information were used to assess, from an economic standpoint, the financid meritsof CO, floodwitha8.0
MM CFGPD total injection rate commencing January 1, 2000. Theeconomic assessment was conducted
assuming the following conditions:. (1) leased compressor (option 1 - $19,500/option 2 - $23,500 [same
compressor with adifferent enging]), (2) CO, supply line construction using the minimum costs option
($825,000), (3) no gas processing, and (4) cost sharing by the DOE. This assessment concludesthat CO,
flooding provides both an adequate flood response and an acceptable economic ROR of 32 percent and



Rate of Return %

30

Continuous CO; Injection
Recycle Produced Gas
No Gas Processing

Lease Compressor
Surface Lines — Zaplock
DOE Cost Sharing

Figure 7. Rate of return versus price of oil, Anasazi field Co,

flood at high rate.

20

22 24 26 28

Oil Price - $/STB

-
]

14

NPV @10% - $SMM

Continuous CO; Injection
Recycle Produced Gas
No Gas Processing

Lease Compressor
Surface Lines — Zaplock
DOE Cost Sharing

Figure8. Net present valueversuspriceof oil, Anasazi field CO,

flood at high rate.

18

20

x : N N
22 24 26 28

Qil Price - $/STB

a payout of 36 months. A
discounted (10 percent) NPV
of $5.9 million could be
realized by implementing a
CO, flood under the
proposed conditions.
Harken’s capital outlay with
DOE participation would be
$1,493,000.

In summary, if the
CO, flood performs as
predicted, it is afinancially
robust processfor increasing
the reserves of the Anasazi
reservoir.  However, the
ROR and NPV are very
sengtivetooil prices(figures
7 and 8). Therefore
economics should be rerun
beforeingtallation of injection
facilities.

Runway Field: Using
reservoir simulation-based
performance predictionsand
current CO, flood
implementation codts, detailed
€CoNoMIC assessments were
conducted for five different
CO, flood options. This set
of studiesindicated that:



1 A CO, flood of the Runway reservoir has acceptable economics. With DOE participation the
project would have aROR of 30 percent, apayout of 32 months, aPl of 5to 1, and adiscounted
(10 percent) NPV inexcess of $3,100,000. Harken’s capita outlay would be $1,532,000. Even
without DOE parti ci pation the economi cs remain acceptablewith aROR of 21 percent, apayout
of 39 months, a PI of 2.8 to 1, and a discounted NPV of amost $2,000,000. The capital
requirements would be $2,789,000.

2.

Based on the Anasazi study, |easing acompressor rather than purchase was adopted for
the Runway evaluation.

The difference between aminimum and maximum cost option for ingtallation of flow/injec-
tion lines and the CO, supply is approximately $233,000. However, the economicsare
still acceptable. With DOE cost sharing, the ROR is29 percent withaPl of 4.8to 1, and
adiscounted NPV of $2,900,000.

M ost economic eva uationsexhibited negative cash flowsintheyear 2008, when operating
costs exceed revenues. At this point the projects were terminated. However, the
reservoir process should have been changed from continuous CO, injection to blowdown
and theeconomicsre-run. The additiona recovery from blowdown, without the operating
costs associated with CO, injection, would improve economic returns. Thus, additiona
prediction runs should be compl eted to assess the conversion to blowdown on economics.

Insummary, if the CO, flood performs as predicted, it isafinancialy acceptable processfor increasing the
reserves of the Runway reservoir. However, the ROR and NPV are very sensitiveto oil prices (fig-

ures 9 and 10). Therefore
economics should be rerun
beforeingallation of injection
facilities.

Rate of Return %

Continuous CO; Injection
Recycle Produced Gas
No Gas Processing

Lease Compressor
Surface Lines — Zaplock
DOE Cost Sharing

Figure 9. Rateof return versuspriceof oil, Runway field CO,

flood at high rate.

18 20 22 24 26 28

Qil Price - $/STB




3 r
/
/
/
/
= 2 //
E y
1 //
2 /
® /
> /
& o / ) Continuous CO, Injection
/ ° Recycle Produced Gas
/ o No Gas Processing
/ L] Lease Compressor
- / ° Surface Lines — Zaplock
‘/ ®  DOE Cost Sharing
%o 12 14 16 i6 2 ) 24 % 2 30
Qil Price - $/STB

Figure10. Net present valueversuspriceof oil, Runway field CO,
flood at high rate.

Conclusions, and Reserve and Recovery Determinationsfor Project Fields

Theresultsof the Anasazi and Runway studies can be used to qualitatively assessthe CO, recovery
potential of other Paradox basin small, a gal-mound reservoirs containing fluids with similar properties.
However, the experience gained in history matching and predicting the performance of the Anasazi and
Runway reservoirsindicatesthat the overall mound geometry and internd faciesarchitectureiscritica to
matching and predicting performance.

The cumulative production for thefiveproject fidldsas of January 1, 1999, issummarized ontable
1. Heron Northfieldiscurrently shut-in. Primary recovery and OOIP (table 2) were determined from
volumetric reserve ca culations, materia bal ance calculations, and decline curve extrgpolations, aswell as
refined geologic characterization. Thesevolumetric calculationswere made by evaluating well logsand
reservoir agrid extent (asdefined by seismic data), coupled with reservoir geometry. Materid balanceand
declinecurve ca culationsutilized the production and pressure history. Knowing the OOIP and the primary
recovery, theamount of il left behindwascaculated. Lagly, utilizing theresultsfrom the smulation sudies
of Anasazi and Runway fields, sweep efficienciesfor CO, flooding and the ultimate enhanced recovery
were estimated for dl project fidds (table 2). Using the average predicted oil recovery rate of 71.8 percent
(percent recovery of remaining oil in placeafter primary recovery) for the Runway and Anasazi reservoirs,
the projected additionsto reservesif CO, isalso applied to adl the project fieldsis over 8.2 million STB
of ail.



Table 1. Cumulative production from project fields.

Project Cumulative Production*
Field
Oil (bbl) Gas (MCF) | Water (bbl)
Anasazi 1,883,393 1,625,892 29,942
Blue Hogan 311,842 303,938 1,903
Heron North 206,446 328,713 34,820
Mule 410,792 273,247 31,710
Runway 801,889 2,675,307 5,987

* As of January 1, 1999; source - Utah Division of Oil, Gas and Mining.

Table 2. Reserveand recovery deter minations.

Project OOQIP* Primary Recovery ROIP* CO, Flood Co,
Field (MSTB) (MSTB) Projected Flood
Recovery Recovery
Oil (MSTB) Gas (MCF) (MSTB) % ROIP
Anasazit 4,706 2,000 1,890,000 2,706 2,208 81.6
Blue Hogan 2,530% 321 968,000 2,209 1,586 71.8
Heron North 2,640% 216 2,650,000 2,424 1,740 71.8
Mule 2,000% 454 288,000 1,546 1,110 71.8
Runway 3,372 825 2,830,000 2,547 1,577 61.9
* Original oil in place (thousand stock tank barrels [MSTB]), mound-core and supra-mound intervals
(includes platform interval in Runway)
*x Remaining oil in place

High rate case starting CO, flood January 1, 2000
Estimate based on approximate volumetric data

+H —+

TECHNOLOGY TRANSFER

Project materids, results, and objectives were displayed at 13 professiond society meetings and
conventions. The UGS sponsored two workshops displaying core and resultsof the reservoir modeling.
The UGS aso conducted afield trip to the outcrops which served as reservoir analogs, and to field
facilities. Thirteen technical paperswith project resultswere presented at various professional society
conventions and 25 papers were published in professional journals, guidebooks, and periodicals.



The UGS established a web site on the Internet with a Paradox basin project home page
(http://utstdpwww.gtate.ut.us/~ugs/paradox.htm). TheUGSal so maintainsadatabasewhichincludesthose
companiesor individuals (over 300) specificaly interested in the Paradox basin project and who receive
the UGS Survey Notes and Petroleum News periodicals.

BENEFITS

The benefits expected from the project are: (1) increased recoverable reserves by identifying
untapped compartments created by reservoir heterogeneity, (2) increased deliverability through aCO,-
miscibleflood in other smal fieldsin the Paradox basin, (3) stimualtion of exploration for field extensions
and new fieldsaongidentified reservoir trendsand Paradox basin fairways, (4) use of project technology
inother basinswith amilar types of reservairs, (5) prevention of premature abandonment of numeroussmdl
fields, (6) reduction of development costs by more closely delineating minimum field size and other
parameters necessary to asuccessful flood, (7) more productive use of limited energy investment dollars,
and (8) increased royalty income to the Navajo Nation; Federal, state, and local governments; and fee
owners. Project benefitscould apply to other areasinthe Rocky Mountain region, theMichiganand lllinois
basins, and the Midcontinent region.

Budget Period | of the project showed that a CO, flood, not a waterflood, would be best
technicaly, aswell aseconomicaly feasible. For Anasazi field, an optimized CO, flood is predicted to
recover atotal 4.21 million STB of oil. Thisrepresents an increase of 1.65 million STB of oil over
predicted primary depletion recovery as of January 1, 2012. The projected 4.21 million STB of oil
production representsin excess of 89 percent of the OOIPin the mound complex and 36.8 percent of the
OOQIP of thetotal system modeled. For Runway field, the best CO, flood is predicted to recover atota
2.4million STB. Thisrepresentsanincreaseof 1.58 million STB of oil over predicted primary depletion
recovery asof January 1, 2012. The projected 2.4 million STB of oil production represents 71 percent
of the OOIP in the mound complex and 48 percent of the OOIP of the total system modeled, excluding
the Ismay reservoir.

FUTURE ACTIVITIES
Phase 1l will bea CO,-miscible flood demongtration project on Anasazi field, as determined from
the characterization sudy. Thistechnique wasidentified as having the grestest potentid for increased well
productivity and ultimate recovery. The demonstration project will include:
@ conducting a CO, injection test(s),
(b) acquiring a CO, source for the flood project,

(c) acquiring afuel gas source for the compressor,

(d) rerunning project economics,



(e drillingadevelopment well(s), vertically or horizontdly, tofacilitate sweep during thepil ot
flood,

()] purchasing and installing injection facilities,
(9) flood management, monitoring field performance, and evaluation of results, and

(h) determining thefeasibility of transferring the project technologiesto smilar fieldsin the
Paradox basin and throughout the U.S.

Theresults of this project will continue to be transferred to industry and other researchersthrough
a petroleum extension service, creation of digital databasesfor distribution, technical workshops and
seminars, fieldtrips, technical presentationsat national and regiona professiona meetings, maintaininga
project home page on the Internet, and publication in newd etters and varioustechnical or tradejournals.
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